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1.1 General overview on organoboranes 

Nowadays, organoboranes are relevant compounds as they can be used as 

intermediates in the synthesis of many functionalized molecules.[1] Moreover, 

organoboron reagents have potential applications in biochemistry and biome-

dical sciences due to their biological activity.[2] Organoboranes can be easily 

prepared through well established protocols.[3] Particularly, the catalytic C-B 

bond formation is interesting because it serves as a platform for further trans-

formations with total control of the chemo-, regio- and stereoselectivity of the 

product formation (Scheme 1.1).[4] 

 

Scheme 1.1. Some of the typical transformations of the C-B bond. 

Boron reagents have been widely studied and utilized during the last century, 

disclosing a broad range of reactions and applications in many areas, especial-

ly in organic synthesis. A clear example was the 1979 Nobel Prize in Chemis-

try, awarded to H. C. Brown and Georg Wittig “for their development of the 

use of boron and phosphorus-containing compounds, respectively, into im-

portant reagents in organic chemistry”.[5] In particular, H. C. Brown was pio-

neer in the hydroboration reaction.[6] 

The hydroboration is described as the reaction of a borane reagent with un-

saturated molecules and it is used to introduce a boryl moiety into the sub-

strate. The addition occurs in a syn-manner and the boron moiety occupies the 

less hindered position (Scheme 1.2). 
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Scheme 1.2. General alkene hydroboration reaction. 

This methodology revolutioned the synthetic chemistry since it allowed the 

regioselective addition of boron moieties which could be afterwards trans-

formed into C-C,[7] C-N,[8] C-O and C-X bonds as well as homologated 

(Scheme 1.1).[9] Many other useful transformations have been discovered and 

reported in the literature[10] and subsequently, organoborons have become key 

reagents in organic synthesis.[3a, 11] Recently, Akira Suzuki was awarded as 

well, along with Richard F. Heck and Ei-ichi Negishi with the 2010 Nobel Prize 

in Chemistry “for palladium-catalyzed cross-couplings in organic synthesis” 

(Suzuki-Miyaura cross-coupling), using organoboron compounds (Scheme 

1.3).[12] 

 

Scheme 1.3. Reaction scheme of a Suzuki-Miyaura cross-coupling. 

Organoboronic esters are the most frequently used organoboranes in organic 

synthesis due to three main reasons: 

a) They present relative stability to the air, water and silica gel chromatog-

raphy depending on their structure. Thus, bulky, aliphatic and cyclic 

organoboronic ester compounds are, in general, easier to purify, store and 

handle while the unhindered, aromatic and acyclic ones are more unstable.[13] 

This fact is related to the partial donation of the lone pair of electrons of the 

oxygen atoms into the empty p-orbital of the boron.  

b) Secondly, there is a large scope of organoboronic esters readily commer-

cially available or easy to synthesize. There are two general synthetic routes to 

prepare organoboronic esters. The first one is the transmetallation of the cor-

responding trialkoxyborane with organomagnesium or organolithium reagents 

(Scheme 1.4, path A). This methodology is non convenient due to the low 

atom economy and the rigorously anhydrous conditions required.[3a, 14] The 
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second one (Scheme 1.4, path B) is the esterification of organoboronic acid 

with the corresponding alcohol or diol.[15] 

 

Scheme 1.4. General synthetic methods of organoboronic esters. 

These synthetic routes allow the modification of the backbone of the boryl 

moiety giving rise to a wide number of organoboronic esters. The nature of the 

substituent in the borane reagents changes their Lewis acidity and conse-

quently their stability and reactivity (Figure 1.1). 

 

Figure 1.1. Palette of organoboronic esters. 
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c) The addition of organoboronic esters to unsaturated carbon-carbon bonds 

provides an alternative synthetic methodology to obtain organoboron com-

pounds (Scheme 1.5). 

 

Scheme 1.5. Alternative route to the synthesis of organoboron compounds by addition 

of the boron reagent to an unsaturated substrate. 

Taking into consideration the last point, the addition of a borane reagent to 

C=C or C≡C can be divided into two main groups depending on the nature of 

the borane reagent: hydroboranes (HB(OR)2) and diboranes (B2(OR)4). In this 

thesis we focus on diboranes and their reactivity. 

1.2 The diboron reagents. Synthesis and reactivity 

Concerning the diboron reagents, tetraalkoxydiborons of general formula 

B2(OR)4 are more stable to the air, water and silica gel than B2H4,
[16] B2X4

[17] 

or B2R4.
[18] But in some cases, depending on their structure they are less ro-

bust and quite sensible to the media.  

Diboron tetrahalides (B2X4, X= Cl-, F-, Br-) can react with alkenes and alkynes 

in the absence of any catalyst. However, these reagents are rather difficult to 

prepare and handle and are unstable towards disproportionation.[19] On the 

other hand, tetraalkoxydiborons are relatively easy to synthesize and are quite 

stable and easy to handle. 

The synthesis of diboranes involves a multiple-step strategy based on the 

works of Brotheron and co-workers.[20] One of the best established methods 

involves the formation of tris(alkylamino)borane as an intermediate (Scheme 

1.6, path a). This synthesis was developed by Nöth[21] and improved by 

Marder[22] and Srebnik.[23] Hartwig and co-workers reported an alternative 

synthesis from homocoupling of the halocatecholboranes[24] (Scheme 1.6, path 

b), failing in the synthesis of tetraalkoxydiboron reagents. 
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Scheme 1.6. Synthetic routes for the preparation of tetraalkoxydiborons. 

A wide scope of diboron reagents can be synthesized through well established 

methods (Figure 1.2). Bis(pinacolato)diboron (B2pin2) and bis(catecholato)-

diboron (B2cat2) are the most commonly used diborons due to its commercial 

availability. This type of B2(OR)4 compounds contain a 6-atom-5-σ-bond-

8-π-electron system which results in a π-bond order of 0 between the two 

boron atoms. Thus, the net B-B bond order of 1 arises from the σ-bond alone. 

The B-B bond distance depends on the alkyl or aryl nature of the substituents. 

Therefore, for bis(catecholato)diboron the B-B distance (1.678 Å) is somewhat 

shorter than for bis(pinacolato)diboron (1.711 Å) or bis(neopentyl-

glycolato)diboron (2.029 Å), within a comparative dihedral angle of 0º for the 

three structures.[22b] 

 

Figure 1.2. Diboron species B2pin2, B2cat2, B2neop2, B2hex2. 

Diboron compounds are generally used to introduce simultaneously two boryl 

units into a substrate molecule. Their addition to unsaturated carbon-carbon 

bond proceeds in syn fashion. The diboration reaction is an atom economical 
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and very versatile procedure because both boryl units can be transformed 

independently into different functional groups (Scheme 1.7).[25] 

 

Scheme 1.7. Examples of catalytic diboration reactions and subsequent independent 

transformations of the C-B bonds. 

However, diboron reagents present different behavior depending on the reac-

tion conditions and the nature of the substrate they react with. Thus, other 

less atomic economical reactions such us β-boration, hydroboration and 

borylation of unsaturated compounds can happen (Scheme 1.8). 

 

Scheme 1.8. Alternative reactions of diboranes: β-boration (a), hydroboration (b) and 

borylation (c). 

It is well known that the B-B bond is rather strong (104 kcal·mol-1)[22a] and 

this might be the cause of the unsuccessful direct addition of diboron reagents 

to C-C multiple bonds.[26] Therefore, tetralkoxydiborons need to be activated 

to react with unsaturated substrates. The most extended method to activate 

diboron reagents is mainly performed by transition metal catalysts via 

homolytic oxidative addition or via σ-bond metathesis although nowadays the 

organocatalytic approaches are getting more relevance. 
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1.2.1 Activation of diboron reagents by transition metal cata-

lysts 

1.2.1.1 Activation via oxidative addition 

Diborons can be oxidatively added to low valent late transition metals through 

the B-B bond cleavage, subsequently allowing the catalytic transfer of the 

diboron reagent to unsaturated organic substrates,[27] due to the kinetic labil-

ity of the resulting boryl-metal complexes. Thus, the use of transition metal 

complexes guarantees, first, the activation of tetraalkoxy- and tetraaryl-

oxydiborons by oxidative addition, and second, the reductive elimination to-

wards the diboron products in a catalytic cycle.[28] 

The use of an adequate transition metal complex facilitates the control of the 

chemo- and regioselectivity in the formation of the new C-B bonds. In addi-

tion, the modification of the catalyst precursor with chiral ligands opens the 

door to the enantioselective formation of these bonds. 

The boryl-metal complexes are the key species of a catalytic cycle in which 

several consecutive steps transform unsaturated molecules into mono- and 

diborated compounds.[29] 

Bearing in mind that metal-promoted 1,2-diboration offers many advantages 

over the uncatalyzed reaction, researchers have been exploring  and improv-

ing catalytic systems since Miyaura and co-workers’ first report.[30] They were 

pioneers in the catalyzed diboration of alkynes using platinum-phosphine sys-

tems as catalytic precursors. They reported that tetrakis (tri-

phenylphosphine)platinum(0), [Pt(PPh3)4], catalyzed the clean addition of 

B2pin2 to both terminal and internal alkynes, resulting in the formation of cis-

alkene bis-boronate esters. The two C-B bonds formed in this reaction were 

transformed into two C-C bonds through the previously mentioned palladium-

catalyzed Suzuki-Miyaura cross-coupling reaction (Scheme 1.9).[30] 

 

Scheme 1.9. First Pt-catalyzed diboration of alkynes reported by Miyaura and Suzuki 

and next derivatization through cross coupling reaction. 
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Miyaura and co-workers also reported spectroscopic evidences for the for-

mation of the cis-bis(boryl)metal complex cis-[Pt(PPh3)2(Bpin)2], which was 

isolated and structurally characterized by single-crystal X-ray diffraction con-

firming that the diboron reagent was added to the metal center via oxidative 

addition. Taking into account this information the authors proposed the follow-

ing catalytic cycle (Scheme 1.10). The oxidative addition of diboron reagents 

to the metal center is followed by coordination of the substrate, 1,2-insertion 

into the M-B bond, finishing with the reductive elimination that regenerates 

the active species and provides the diborated product. Subsequent experi-

mental [31] and theoretical studies were in accordance with this proposal.[32] 

 

Scheme 1.10. Pt-mediated mechanism for the diboration reaction proposed by Suzuki 

and co-workers. 

Importantly, the nature of the diboron reagent was found to be critical in the 

relative stability of the resulting bisboryl-Pt(II) species. [Pt(Bpin)2(PPh3)2] with 

B2cat2 gave [Pt(Bcat)2(PPh3)2] and B2pin2, suggesting stronger Pt-B bonding 

interactions in Pt-Bcat rather than in Pt-Bpin, (Scheme 1.11).[33] The presence 

of sp2 carbons, and the aromatic ring capability of removal electron density 

from the oxygen atoms, causes the B-O bonds in Bcat to be weaker than those 

in Bpin. The pair of electrons in the σ bond with the metal center is less elec-

tron releasing for M-Bcat than M-Bpin, therefore Bcat exert a weaker trans 

influence than Bpin.[29, 34] Thus, formation of [Pt(Bcat)2(PPh3)2] and B2pin2 is 

thermodynamically favored over [Pt(Bpin)2(PPh3)2] and B2cat2. The reaction 
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takes place in the inner coordination sphere of the transition metal and gives 

the syn diborated products. 

 

Scheme 1.11. Addition of B2pin2 to Pt(0) complex and the relative stability of the met-

al-boryl species. 

Along with Pt complexes, Rh(I) complexes were also explored in the activation 

of the diboron reagents towards the diboration reaction. 

The nature of the catalytic system in diboration reaction is crucial. Both transi-

tion metal complexes modified with phosphorous ligands and also phosphine-

free metal complexes have been tested,[31] but in all these approaches the 

catalytic diboration of alkenes gave a complex mixture of hydroborated, 

diborated and triborated organoboron products.[35] 

This complex reaction outcome can be understood from a mechanistic point of 

view. The catalytic cycle starts with an oxidative addition of the diboron rea-

gent to the metal center, leading to a metal-diboryl complex, as explained 

previously in the Scheme 1.10 for the Pt system. The desired 1,2-diborated 

product arises from the alkene insertion into a M-B bond and a subsequent 

reductive elimination. However, a β-hydride elimination reaction competes 

with the reductive elimination yielding the monoborated alkene species and a 

[RhH(B(OR)2)L2] species capable to produce hydroborated product. 

The nature of the boryl moiety also influences the ratio of the products.[35] For 

instance the diborons B2pin2 or B2neop2 seem to favor the β-hydride elimina-

tion versus the reductive elimination and on the other hand B2cat2 seems to 

favor the reductive elimination and consequently the 1,2-diboration, when the 
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catalyst precursor is trans-[RhCl(CO)(PPh3)2] in the presence of CH3CN as 

solvent.[36] Alternatively, the activation of B2cat3 (Figure 1.3) by [Rh(acac)L2] 

provides a zwitterionic complex, which facilitates the reductive elimination 

towards the 1,2-diborated product, disfavoring the β-H elimination step.[37] 

 

Figure 1.3. Tris(catecholato)diboron (B2cat3). 

Alternative strategies with different catalytic systems have lead to high 

chemoselectivities in the formation of organodiboronic esters from C=C, C=N 

and C=S substrates.[38] 

In 2010, it was demonstrated that an unsymmetrical diboron reagent can 

regioselectively be added to terminal alkynes in the presence of Ir or Pt cata-

lyst, leading to the formation of 1-alkene-1,2-diboron derivatives, in which the 

internal boryl moiety (Bpin) is more reactive towards further functionalization 

(Scheme 1.12).[39] 

 

Scheme 1.12. Example of diboration of alkynes with unsymmetrical diboron agent. 

The first asymmetric catalytic diboration attempts were carried out by Marder 

and co-workers using chiral diboron reagents.[40] They studied the platinum 

mediated addition of enantiomerically pure chiral diboron compounds to 

vinylarenes. The reaction resulted to be very slow and after 3 days of reaction 

time at 4ºC, 80% of diborated product was obtained with a diastereomeric 

excess (d.e.) of 60% (Scheme 1.13). 
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Scheme 1.13. First reported reaction of asymmetric diboration. 

Later on, the modification of transition metal complexes with chiral ligands 

opened new doors for asymmetric induction. Morken and co-workers were 

pioneers in the field of enantioselective diboration reaction of alkenes, by mod-

ification of rhodium complexes with the P,N-ligand (R)-QUINAP (Scheme 

1.14).[41] 

 

Scheme 1.14. An example of enantioselective diboration of simple alkenes with 

(R)-QUINAP. 

Morken and co-workers next described a very active and selective Pt catalytic 

system modified with chiral phosphonites (with TADDOL backbone) achieving 

enantioselectives up to 92% for a large scope of terminal alkenes.[25c] They 

also developed catalytic systems towards the enantioselective diboration of 

cyclic dienes.[42] In contrast to the previous studies, this platinum/phosphonite 

system is the first catalytic system providing high enantioselectivity using 

B2pin2 as the diboron source (Scheme 1.15). 
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Scheme 1.15. Examples of enantioselective diboration of simple alkenes and cyclic 

dienes with Pt/Phosphonite system. 

Mono- and dinuclear palladium species have been proved to work by Morken 

and co-workers in the asymmetric diboration of allenes giving moderate to 

high selectivities (Scheme 1.16).[43] Theoretical studies have also been per-

formed in the Pd(0) catalyzed diboration.[44] 

 

Scheme 1.16. Pd/phosphoramidite catalyzed enantioselective diboration and 

subsequent derivatization of allenes. 

Tetranuclear palladium species have also been shown to mediate the 

diboration of vinylarenes and aliphatic 1-alkenes, under mild and basic reac-

tion conditions, producing a variety of 1,2-diborated compounds in excellent 

yields and chemoselectivities.[45] On the other hand, B2cat2 promotes the re-

duction of Pd(II) into Pd(0) nanoparticles which seem to be responsible for the 

catalytic diboration[45] as it was also demonstrated for an analogue example 

from Au(I) to Au(0)-nanoparticles.[46] 

Among activated olefins, α,β-unsaturated carbonyl compounds are challenging 

substrates because the carbonyl functional group has a direct electronic influ-

ence on the double bond. It is reported that the use of hydroboranes directly 

reduces the carbonyl group; however the use of diboron compounds allows the 

1,4-diboration reaction. 
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The first 1,4-diboration of α,β-unsatured carbonyl compounds was carried out 

by Marder and co-workers[47] with platinum complexes. They described the 

reaction as a 1,4-diboration, which generated the corresponding β-borated 

product after the hydrolytic work up (Scheme 1.17). The β-boration reaction 

has a poor atom economy because only one boryl unit from the diboron rea-

gent is incorporated into the final product. 

 

Scheme 1.17. First catalytic β-boration of α,β-unsatured ketones. 

Marder and co-workers[48] focused their efforts on the observation and isola-

tion of diborated intermediates, consequently contributing to the understand-

ing of the mechanisms of the metal catalyzed β-boration reaction. They ob-

served that the second generation of Pt(0) catalyst (Scheme 1.18) displayed 

different reactivity between α,β-unsaturated ketones and esters. The activated 

ketones gave the expected 1,4-diboration and the activated esters formed the 

unprecedented 3,4-diborated products. 

Scheme 1.18. β-boration of α,β-unsaturated ketones and esters with second generation 

Pt(0) catalyst. 

Kabalka and co-workers reported in 2002 the catalytic β-boration of a large 

scope of α,β-unsaturated carbonyl compounds (cyclic and acyclic ketones, 

esters, aldehydes and nitriles) using Wilkinson catalyst [RhCl(PPh3)3].
[49] Later 

on, these boronic acids were tested in boron neutron capture therapy.[50] This 

work solved some problems associated with the high catalyst loadings previ-

ously reported by Miyaura.[51] Thus, only 10 mol% of Wilkinson’s catalyst was 
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required, compared to the stoichiometric copper catalyst loadings in the 

Miyaura’s β-boration protocol. From the mechanistic point of view, it has been 

reported that diboron reagents can be added to Rh(I) and Pt(0) via oxidative 

addition, and the substrate could be coordinated to the metal center, to pro-

mote further Michael addition type 3,4-insertion and consequent boryl migra-

tion to the β position. From that point of view, two possible pathways could 

complete the catalytic cycle, depending on the nature of the substrate: direct 

reductive elimination to give the 3,4-diborated product, or tautomerization 

followed by the reductive elimination to give the 1,4-diborated product 

(Scheme 1.19). 

 

Scheme 1.19. Proposed catalytic cycle for the β-boration of activated alkenes. 

In 2013 Nishiyama and co-workers reported a highly enantioselective 

diboration of terminal alkenes utilizing a chiral [Rh(Phebox-ip)] species and 

B2pin2. Through oxidation of the diboron adducts, they obtained optically ac-

tive 1,2-diols in high yields and high enantioselectivities (Scheme 1.20).[52] 

 

Scheme 1.20. Rh-catalyzed enantioselective diboration of alkenes.  
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Recently, Santos and co-workers have reported the Pt-catalyzed diboration of 

allenes with the mixed diboron pinB-Bdan. Remarkably, they have achieved a 

terminal diboration, contrarily to Miyaura’s and Morken’s previous works 

(Scheme 1.21).[53] 

 

Scheme 1.21. Pt-catalyzed terminal diboration of allenes. 

In 2007 our group reported a novel catalytic activation of the diboron reagent 

by palladium(II)-NHC complexes towards the chemoselective 1,2-diboration of 

alkenes. The presence of a mild base (NaOAc) and an excess of the diboron 

reagent are required, suggesting the heterolytic cleavage of diboron rather 

than oxidative addition of a B–B bond to the metal. 

1.2.1.2 Activation via σ-bond metathesis 

Usually, transition metals with lower d orbital energies fail in the activation of 

diboron reagents via oxidative addition, but some transition metal complexes 

react with tetralkoxydiboranes without changing the formal oxidation state of 

the metal and causing the heterolytic cleavage of the B-B bond. Therefore, in 

these cases the activation of the diboron reagent can be considered as σ-bond 

metathesis between the diboron reagent and the M-X unit (X= anionic ligand, 

alkoxide preferentially).  

The first copper mediated diboration reaction was previously developed by our 

group. It was found that Cu(I) complexes modified with NHC (N-heterocyclic 

carbene) ligands activated bis(catecholato)diboron and promoted a selective 

addition to alkenes and alkynes with B2cat2 (Scheme 1.22). The B2pin2 reagent 

was found to be less efficient in this reaction.[54] 
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Scheme 1.22. Cu/NHC catalyzed first diboration of alkenes. 

Theoretical Density Functional Theory (DFT) calculations were carried out in 

order to clarify the nature of the interaction between Cu/NHC complexes and 

B2cat2. The results were conclusive in favor of the formation of a sigma com-

plex, and excluded the possibility of the oxidative addition due to the fact that 

its activation energy was 69.2 kcal·mol-1 higher than the sigma complex for-

mation. The [Cu(I)(NHC)(σ-B2cat2)]
+ could further undergo a σ-bond metathe-

sis to deliver the active Cu-boryl species (Scheme 1.23).[54] 

 

Scheme 1.23. Activation of B2cat2 with [Cu(NHC)](I) complexes via σ-bond metathesis. 

Further DFT calculations reported by Marder and Lin pointed out the differ-

ences in reactivity between the two diboron reagents, B2cat2 and B2pin2.
[55] 

Both metathesis reactions have similar and very small Gibbs free energy barri-

ers (∆G≠= 6.5 kcal·mol-1 and 2.5 kcal·mol-1 respectively). However, the nature 

of the diboron reagent is again important in the activation pathway, as binding 

of B2cat2 appears to be much more favorable (∆G= -15.6 kcal·mol-1) than for 

B2pin2 (∆G= -1.8 kcal·mol-1), as a matter of the enhanced Lewis acid proper-

ties of the B2cat2. 

Catalytic diboration of alkenes with transition metal complexes based on coin-

age metals (copper, silver and gold) was first explored by Marder and co-

workers.[35] The catalytic system tested was [Au(PEt3)Cl]/1,2-bis(di-

cyclohexylphosphino)ethane, because the gold system, as an example of metal 
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with lower d orbital energy, disfavors the β-hydride elimination pathway. The 

authors found that terminal alkenes could be chemoselectively transformed 

into the 1,2-diborated products, although high temperatures (80 ºC) and long 

reaction times (84 hours) were required. 

The reaction mechanism might involve the heterolytic cleavage of the diboron 

reagent by σ-bond metathesis, leading to the formation of the boryl complex, 

subsequent alkene coordination, insertion and another σ-bond metathesis with 

the diboron reagent to provide the desirable product and regenerate the active 

species. The generation of the metal-boryl species was required to start the 

catalytic cycle (Scheme 1.24). 

 

Scheme 1.24. Proposed catalytic cycle for the diboration reaction through σ-bond me-

tathesis.  

Our group was able to demonstrate that gold(0) nanoparticles stabilized with 

diphosphines were responsible for the diboration of alkenes, providing com-

plete chemoselectivity towards the 1,2-bis(boronate)esters.[46] Of particular 

importance are the mild reaction conditions, the low catalyst loading and the 

substrate scope. 

Alternative catalytic systems based on silver complexes modified with 

N-heterocyclic carbene ligands were also found to promote the chemoselective 

diboration of alkenes.[56] 

In 2005, Sadighi and co-workers[57] reported the activation of diborons with 

Cu(I) salts, and the application of copper-boryl systems in boron addition reac-
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tions. The early approach by Sadighi and co-workers was the isolation of LCu-

Bpin species (whereby L= N-heterocyclic carbene ligand) from LCu-OtBu and 

B2pin2 through σ-bond metathesis (Scheme 1.25, path a).[57a] Another im-

portant discovery by Sadighi’s team involved the use of NHC-Cu-Bpin species 

in the reduction of CO2 to CO (Scheme 1.25, path b), and the diboration of 

aldehydes (Scheme 1.25, path c).[57b] 

 

Scheme 1.25. Sadighi and co-workers’ approaches towards copper-boryl synthesis and 

applications. 

The use of copper salts in borylation reactions became very popular. Thus, 

β-boration of α,β-unsaturated carbonyl substrates was explored by Miyaura 

and co-workers,[51] and Hosomi and co-workers,[58] at the same time but inde-

pendently. They reported that Cu(I) salts in the presence of the suitable addi-

tives, catalyzed the β-boration of α,β-unsaturated ketones and esters. In both 

cases the products were obtained after the aqueous work-up, and the possible 

primary 1,4- or 3,4-diborated products were not observed. 

Miyaura and co-workers used copper chloride as precursor and potassium ace-

tate (KOAc) as additive. The authors were able to study that the base assisted 

the transmetallation between the CuCl and the B2pin2 by 1H NMR spectroscopy 

(Scheme 1.26). 

 

Scheme 1.26. Base assisted transmetallation between B2pin2 and CuCl. 
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Both systems were fairly efficient in the β-boration of α,β-unsaturated carbon-

yl compounds, even though long reaction times were required in order to ob-

tain good yields. This drawback was overcome in 2006, when Yun and co-

workers optimized the reaction conditions introducing MeOH as an additive to 

facilitate the recovery of the catalytically active species and provide a H+ 

source for the formation of the desired β-borated product.[59] Apart from 

MeOH, other alcohols were also tested in order to accelerate the reaction and 

achieve complete conversions with alkenes[59] and alkynes,[60] at room tem-

perature within short reaction times. The catalytic system consists on inexpen-

sive copper chloride salt and a phosphine ligand, a catalytic amount of base 

(usually sodium tert-butoxide), a diboron reagent (B2pin2) and methanol. 

The authors postulated a mechanism whereby the base activated the CuCl by 

substitution of the chloride ligand with tBuO-, and σ-bond metathesis between 

the copper-alkoxide and the diboron reagent, B2pin2, lead to the catalytically 

active Cu-Bpin species. 

Coordination of the substrate and Michael type migratory insertion of the Bpin 

moiety provided the 4-Bpin-3-copper-alkyl intermediate, which could form the 

copper-enolate intermediate by tautomerization. Methanolysis of both species 

provided the product and copper(I)-methoxide, which interacted with B2pin2 to 

regenerate the catalytically active species (Scheme 1.27). 

 

Scheme 1.27. Postulated catalytic cycle of the Cu-catalyzed β-boration of 

α,β-unsaturated carbonyl compounds. 
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However, the first successful approach to the enantioselective catalytic 

β-boration reaction was developed in 2006 by Yun and co-workers,[59] utilizing 

a chiral diphosphine that modified the copper-boryl catalytic system. After 

further optimization, the authors reported in 2008 that ferrocenyl type chiral 

diphosphines were very efficient to promote high values of enantioselectivity in 

the β-boration of α,β-unsaturated esters and nitriles (up to 94%).[61] 

Also in 2008 Lin, Marder and co-workers carried out a comparative DFT study 

on the copper catalyzed β-boration of acrolein and methylacrylate.[62] They 

have shown that the model substrate, α,β-unsaturated aldehyde and ester, 

reacted with copper-boryl complexes through C=C insertion into the Cu-B 

bond, forming the corresponding Michael addition product. The aldehyde un-

dergoes keto-enol tautomerization and forms the corresponding Cu-enolate, 

while in the case of the ester the tautomerization did not occur due to the 

inertness of the ester group.[55] 

Lately, our group found out that iron(II) and (III) complexes can promote the 

β-boration reaction of a wide range of α,β-unsaturated carbonyl com-

pounds.[63] In this case, a pre-activation of the substrate by the Lewis acidic 

Fe(II) and Fe(III) salts seems to have a beneficial influence on the reaction 

outcome (Scheme 1.28). 

 

Scheme 1.28. Iron activation of the substrates in the β-boration reaction. 

The same year, our group in collaboration with Whiting’s group was able to 

achieve a highly enantio- and diastereo-selective synthesis of γ-amino alcohols 

from α,β-unsaturated imines through a one pot Cu(I) catalyzed β-boration / 

reduction / oxidation sequence (Scheme 1.29).[64] This methodology was also 

applied in the total synthesis of bioactive species.[64g] 
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Scheme 1.29. One pot synthesis of γ-amino alcohols. 

In 2012, Santos and co-workers contributed to the field of copper mediated 

β-boration with a Cu(II) system, that is not oxygen sensitive and allowed the 

reaction to be carried out in water.[65] 

Recently, Nakamura’s group has successfully performed the first iron-catalyzed 

diboration and carboboration of alkynes, representing an outstanding advance 

due to the iron catalysts’ lower cost.[66] By changing the MeO-B(OR)2 additive, 

they have been able to obtain a number of mixed diborated products avoiding 

the arduous task of preparing the mixed diborons (Scheme 1.30). 

 

Scheme 1.30. Iron-catalyzed diboration and carboboration of alkynes. 

In 2014 Sepúlveda-Escribano’s group found out that platinum nanoparticles 

supported on titania efficiently catalyze the diboration of alkynes and alkenes 

under solvent- and ligand-free conditions in air. The cis-1,2-diborylalkenes and 

1,2-diborylalkanes were obtained in moderate to excellent yields following, in 

most cases, a simple filtration workup protocol. The versatility of the cis-1,2-

diborylalkene compounds was demonstrated in a series of organic transfor-

mations, including the Suzuki-Miyaura cross coupling and the boron-halogen 

exchange.[67] 
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1.2.2 Activation of diboron reagents by organocatalytic ap-

proaches. Applications 

Intermolecular activation of symmetrical diborons such as B2pin2 can create a 

significant nucleophilic boryl synthon, which in the absence of any transition 

metal complexes can efficiently be transferred to the Cβ of α,β-unsaturated 

carbonyl compounds. The so-called “pull-push effect” of B is understood as the 

quaternization of one B atom of the diboron forming an activated adduct which 

subsequently releases a boryl unit with enhanced nucleophilicity. This 

quaternization can be achieved by many ways. 

Back in 2009, Hoveyda and co-workers reported the first metal-free system 

able to activate tetraalkoxydiborons towards the efficient C-B bond formation 

using 10 mol% of an imidazolium salt and equimolar amouts of sodium tert-

butoxide (Scheme 1.31).[68] The authors postulated that the in situ generated 

nucleophilic N-heterocyclic carbene could interact with the Lewis acidic boron 

atoms of B2pin2 to activate the B-B bond.[68-69] Under this reaction conditions 

(Scheme 1.31), cyclic and acyclic α,β-unsaturated ketones or esters were 

β-borated in up to >98% yield. Remarkably, they also demonstrated that un-

der those metal-free conditions, the reactivity and site-selectivity levels were 

comparable to the use of a Cu-catalyzed system. 

 

Scheme 1.31. Representative scheme of the reaction conditions for the metal-free 

β-boration reaction reported by Hoveyda and co-workers. 

Importantly, by means of spectroscopic and DFT studies, Marder and co-

workers later on 2011 demonstrated the existence of a neutral Lewis acid-base 

adduct of B2pin2 and an N-heterocyclic carbene (NHC) both in solution and in 

the solid state.[70] They observed that the B-carbene binding was weak in solu-

tion and NMR spectroscopy revealed a rapid exchange of the NHC between the 

two boron centers. DFT calculations demonstrated that the exchange involved 
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dissociation and re-association of the NHC rather than an intramolecular pro-

cess. 

In this context, our group successfully developed the first asymmetric 

organocatalytic β-boration reaction based on the use of a Brönsted base, 

methanol and chiral phosphines in the presence of B2pin2.
[71] By employing the 

suitable phosphine, high conversions and high levels of enantioselection could 

be obtained for a wide range of α,β-unsaturated carbonyl compounds (Scheme 

1.32).[71] Both inorganic and organic bases deprotonated MeOH and the result-

ing methoxide formed a Lewis acid-base adduct with the diboron reagents. 

Other similar adducts have also been reported by Kleeberg and Marder.[72] 

 

Scheme 1.32. General scheme for the first asymmetric metal-free β-boration reaction. 

During this process, the sp2 boron of the [B2pin2·MeO-] adduct gained a pro-

nounced nucleophilic character and attacked the electron deficient olefins. The 

frontier orbitals that are involved in the attack that leads to the transition state 

are the polarized σ-B-B bond and the π*C=C of the activated olefin. From the 

transition state the anionic organic intermediate is formed directly via the 

heterolytic cleavage of the B sp2-B sp3 bond and the formation of the new C-B 

bond. Protonation of the anionic intermediate with MeOH provided the product 

and generated another methoxide anion, converting the reaction into a cata-

lytic process (Scheme 1.33). The efficiency of the catalytic system has been 

found to depend on the nature of the base that is used to deprotonate the 

MeOH. It has been observed that the organic Verkade base is able to promote 

quantitatively the MeO- formation to consequently activate diborons such as 

B2pin2, B2cat2, B2hex2, and B2neop2.
[73] 
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Scheme 1.33. Proposed catalytic cycle for the methoxide-mediated metal-free 

β-boration of α,β-unsaturated compounds with B2pin2. 

Later on, Hoveyda and co-workers reported the asymmetric version of the 

organocatalytic β-boration utilizing chiral NHC.[74] Using 7.5 mol% of 

imidazolium salt, 30 mol% of dbu (1,8-Diazabicyclo [5.4.0]undec-7-ene.), 60 

eq of MeOH the authors were able to perform the β-boration of a series of 

α,β-unsaturated compounds with relatively high levels of enantioinduction in a 

range of 22-50 ºC. Even though the addition of MeOH was crucial for an active 

system, the authors suggested that the NHC activates the diboron reagent by 

a Lewis acid-base adduct (Scheme 1.34). 
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Scheme 1.34. Mechanistic proposal for the NHC-mediated enantioselective metal-free 

β-boration reaction.[74] 

Recently, the same author performed an exhaustive study by means of NMR 

and DFT to justify the role of each reagent in the reaction and explain the dif-

ferent observed behavior of the chiral and non-chiral NHC.[75] Hoveyda justifies 

the need of a huge excess of base and methanol to the methanolysis and sub-

sequent formation of less hindered boryl species that allow a better B-NHC 

coordination, as well as a number of species such as base-B2pin2 adduct 

(Scheme 1.35). He also discards other possible pathways such as the pre-

activation of the substrate by the carbene or a radical-based mechanism. 

 

Scheme 1.35. Hoveyda’s reported relevant species formed in the NHC reaction with 

B2pin2 in the presence of an excess of methanol and dbu. 

Also this year, Ma and co-workers[76] following the same line, reported an 

enantioselective conjugate addition of boron to α,β-unsaturated ketones cata-
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lyzed by either a NHC or a copper–carbene complex generated in situ from a 

new chiral bicyclic triazolium salt. Both approaches afford a number of chiral 

β-boryl ketones in good yields and enantioselectivities although the dual chiral 

NHC–Cu catalyst presents significant advantages over the organocatalytic pro-

cess (Scheme 1.36). 

 

Scheme 1.36. Enantioselective boron conjugate addition catalyzed by a chiral NHC. 

In 2011, our group was able to conduct the first successful metal-free 

diboration reaction of non-activated olefins and allenes (Scheme 1.37).[77] 

Remarkably, the diboration was achieved using a number of diboron reagents 

and substrates. The reaction mechanism was also unraveled by means of DFT 

methods. Interestingly, a transition state is directly connected to another one 

lower in energy (Scheme 1.38).[77] This phenomena was reported in 2008 by 

Houk and co-workers and it is known as bifurcation.[78] 

 

Scheme 1.37. Transition metal-free diboration of alkenes and allenes. 
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Scheme 1.38. Proposed mechanism for the organocatalytic diboration reaction. Elec-

tronic energy and Gibbs free energy (in parentheses) computed at M06 level relative to 

the adduct [MeO·B2pin2]
- plus propylene. All energies are in kcal·mol-1.[77] 

In 2014 Morken and co-workers reported an alkoxide-catalyzed directed 

diboration of alkenyl alcohols. This reaction occurs in a stereoselective fashion 

and its scope includes cyclic and acyclic homoallylic and bishomoallylic alcohol 

substrates. After oxidation, the reaction generates 1,2-diols, representing a 

method for the stereoselective directed dihydroxylation of alkenes (Scheme 

1.39). Remarkably, this process can be performed at >5 g scale and at open 

air flasks.[79] 

 

Scheme 1.39. Organocatalytic hydroxyl-directed stereoselective diboration of alkenes. 

During the following years, our group has gained even more expertise in the 

field of organocatalysis, being able to achieve the first examples of metal-free 

β-boration[80]  and diboration[81] reactions with the mixed diboron “pinB-Bdan” 

(Scheme 1.40). Interestingly, in the β-boration reaction, the Bdan moiety is 

preferably transferred to the substrate. This fact was also rationalized by DFT 
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studies.[80] Also, in the 1,2-diboration reaction, the Bdan is first transferred to 

the substrate and after the rearrangement and the second boryl attack, the 

Bdan moiety remains in the internal position.[81] 

Scheme 1.40. Reaction of alkenes with the mixed diboron reagent pinB-Bdan. 

More recently, the unprecedented enantioselective β-boration of in situ gener-

ated imines was successfully performed in our group (Scheme 1.41).[82] Sub-

sequent reduction and oxidation reactions were performed towards the for-

mation of the corresponing γ-amino alcohols. DFT studies showed that the 

activation energies for the β-boration of imines are higher than for the ke-

tones, esters and aldehydes.[73] 

 

Scheme 1.41. In situ formation of β-borylated imines and subsequent reduction and 

oxidation protocol. 

Early this year, Suginome and co-workers have reported the organocatalytic 

diboration using 4,4′-bipyridine species. They mention that a “reductive addi-

tion” of the B-B (σ-bond) occurs, due to the reduction of the organocatalyst 

that takes place. They have isolated the bypiridine catalytic species and have 

successfully achieved the diboration of a number of pyrazines (Scheme 

1.42).[83] 

 

Scheme 1.42. Organocatalytic diboration of pyrazines. 
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1.3 The pull-push effect of B on B-Y containing reagents 

As explained above, quaternization of one boron atom in species containing 

B-B and B-Y bonds (Y= elements from group 14) induces the heterolytic 

cleavage of these stable bonds. The pull-push effect of B has also been studied 

with silanoboranes, enabling the introduction of nucleophilic silyl moieties by 

forming the Lewis acid-base adducts [Nu-B(OR)2-SiMe2Ph]. In the first exam-

ple reported in 2011 by Hoveyda and co-workers, the authors were able to 

enantioselectively obtain a number of β-silylated ketones utilizing chiral 

imidazolium salts in a mixture of THF and H2O (Scheme 1.43).[84] 

 

Scheme 1.43. Hoveyda’s enantioselective β-silylation of α,β-unsaturated ketones. 

Next year, Suginome and co-workers performed a transition metal-free 

diboration, silaboration and hydroboration of a number of pyrazines (Scheme 

1.44).[85] 

 

Scheme 1.44. Metal-free silaboration of pyrazines. 

Also in 2012, Yamamoto and co-workers reported the potassium tert-butoxide-

mediated regioselective silaboration of aromatic alkenes. The reaction pro-

ceeded in a highly regioselective manner, with only a single regioisomer being 

detected. Only a loading of 10% of the base was needed to achieve up to 99% 

yield (Scheme 1.45). Interestingly, they were also able to observe the activat-

ed adduct [tBuO·Bpin-SiMe2Ph]- by 11B NMR (δ= 3.9 ppm).[86] 
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Scheme 1.45. Metal-free silaboration of aromatic alkenes. 

Early this year, Sawamura and co-workers have reported an anti-selective 

vicinal silaboration and diboration of a number of alkynoates through phos-

phine organocatalysis. Further reactions afforded a family of (Z)-tamoxifen-

type of compounds (Scheme 1.46).[87] 

 

Scheme 1.46. Organocatalytic selective silaboration and diboration of alkynoates. 

Our group has also studied the metal-free activation of aminoboranes through 

the same sort of adducts [Nu-B(OR)2-NR’2] and their reaction with 

α,β-unsaturated carbonyl compounds. In addition, a further reduction with 

NaBH4 yielded the corresponding γ-amino alcohols with a good syn selectivity 

(Scheme 1.47).[88] 

 

Scheme 1.47. Metal-free aminoboration of α,β-unsaturated carbonyl compounds and 

subsequent reduction towards the γ-amino alcohols. 
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1.4 Computational studies in the field of catalysis 

The continuous advances and improvement of the computational methods 

during the past years has led the comprehension of chemistry to the next lev-

el, becoming nowadays an indispensable tool to understand many chemical 

processes. In particular, computational chemistry has been very successful in 

catalysis. Its potential arises from the capability of determining reaction mech-

anisms with suitable accuracy in a reasonable time, and accordingly under-

standing and often predicting the behavior of catalytic systems.  

On the other hand, computational chemistry needs to be understood as a 

complementary tool of experimental chemistry. Thus, a comparison of ob-

tained experimental and theoretical results leads to a better reaction compre-

hension. It is also worthy to mention that the choice of the computational 

method is crucial in the obtaining of coherent results. The main objectives of 

any modeling technique are to reproduce the experimental values and to iden-

tify and rationalize the catalytic process in order to obtain a mechanistic com-

prehension. The importance of computational chemistry in catalysis was re-

flected in the 2013 Nobel Prize in Chemistry, awarded to Martin Karplus, Mi-

chael Levitt and Arieh Warshel “for their contribution in the development of 

multiscale models for complex chemical systems”.[89] 

In homogeneous catalysis the computational strategy most frequently used is 

based in determining the key transition states (TS) using electronic structure 

methods, and it is frequently referred to TS-based approach. This approach 

requires the determination of the geometries and the energies of the reac-

tants, products and all relevant intermediates and transition states of the reac-

tion. This can be achieved through the localization of stationary points of the 

potential energy surface (PES) and their energy evaluation. Optimization of 

the geometries is usually done through gradient techniques. In this procedure, 

all degrees of freedom are varied simultaneously until the gradient (first deriv-

atives) of the energy is zero. The characterization of the stationary points in-

volves the differentiation between the local minima (intermediates, reactants 

and products) and saddle points (transition states), by computing the matrix 

of the second derivatives of the energy with respect to molecular coordinates 

(Hessian matrix). In the case of local minima all the eigenvalues or the Hessi-

an matrix are positive, whereas in the saddle points, there is one and only one 
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negative eigenvalue. Based on this information, it is possible to identify the 

energy of each one of the involved species and determine the activity- and the 

selectivity-determining step of the catalytic cycle. 

In this regard, Density Functional Theory (DFT) provides a suitable and time-

economic way to handle a huge diversity of chemical systems. Such methods 

were developed based on the Thomas-Fermi-Dirac model (1920’s) and on the 

work of Slater in quantum chemistry (1950’s). Due to their importance, their 

authors Walter Kohn and John A. Pople were awarded with the Nobel Prize in 

Chemistry 1998 "for his development of the density-functional theory" and "for 

his development of computational methods in quantum chemistry" respective-

ly.[90] DFT methods are similar to ab initio methods at a much less computa-

tional cost: they require approximately the same amount of computation re-

sources as Hartree-Fock theory, the least costly ab initio method. 

Density Functional Theory methods rely on the electron density rather than the 

wave function. This simplification is possible thanks to the development of the 

Hohenberg & Kohn theorem,[91] which states that all-ground state properties of 

a system are functions of the electron density. A functional is described as a 

function of a function, but the theorem does not provide the form of such func-

tional. The most common implementation is the Kohn-Sham formalism,[92] 

which allows optimizing the energy by solving a set of one-electron equations, 

the so-called Kohn-Sham equations which are equivalent to Hartree-Fock 

equations. 

The derived one-electron functions, the Kohn-Sham orbitals, can be also ex-

pressed as a linear combination of atomic orbitals. One of the main ad-

vantages of DFT methods is that they include electron correlation with a little 

computational cost compared to wavefunction-based methods. This term, elec-

tron correlation, referring to instantaneous repulsive interactions, is absent in 

Hartree-Fock theory. In the framework of wavefunction-based methods, elec-

tron correlation has to be introduced through computationally demanding 

schemes as configuration interaction or perturbation-methods.  

The accuracy of a DFT calculation strongly depends on the quality of the ex-

change-correlation functional. As the exact expression of this functional is not 

known, some approximations are therefore needed. The quest for more accu-
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rate DFT functional consists of variations and improvements on how to address 

this term. This is done nowadays by following two main approaches: 

- From the theoretical physics side: Developing mathematical equations that 

allow the development of new functionals. 

- From the computational chemists side: Fitting combinations of functionals 

to experimental data, which creates new methods. 

The first DFT approximation was the local density approximation (LDA) where 

the functional depended only on the value of the electron density. It assumed 

that the charge varies slowly throughout the molecule so that the density can 

be treated as an uniform electron gas. The LDA approximation generally gives 

good results for the determination of structural features of the system, as well 

as for vibrational frequencies and dipole moments. However, it usually overes-

timates the binding energies.  

Local spin-density approximation (LSDA) also includes electron spin. These 

functionals were good for solid state physics, but failed when calculating 

chemical properties. This was significantly improved by adding gradient correc-

tions to the exchange correlation functional, through terms that involve the 

gradient of the density. It has been proposed several functionals belonging to 

this class of methods, named generalized gradient approximation (GGA). GGA 

methods take into account the fact that the electron density varies through the 

space, and as such, the approximation is more complex than that of the LDA 

method. GGA functionals typically estimate the energy of the systems with a 

reasonable accuracy, improving the results obtained with LDA functionals. 

Their performance is however limited in a number of cases, for instance when 

accurate description of van der Waals interactions is needed.[93]  

Among the numerous functionals following the GGA approximation, BP86,[94] 

and BLYP[94a, 95] have been widely used. The accuracy of this functional can be 

improved by using higher level DFT meta-GGA approaches, in which the gradi-

ent of the density and its Laplacian (second derivative) are included too.  

Another popular class of functionals is the hybrid-GGA, which combines the 

exchange-correlation term of the GGA approximation with a part of the exact 

Hartree-Fock exchange term. These functionals are now widely used because 

of the significant improvement obtained for the description of a wide range of 
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molecular properties. Probably, the most popular hybrid is the B3LYP sche-

me.[95-96] It owes its origins to a proposal by Becke for a parameterized hybrid 

approximation involving the Perdew correlation functional,[97] which lately was 

substituted by the LYP correlation functional.[95, 98]  

More recently, Truhlar and co-workers have developed a suit of meta-hybrid 

density functionals including M06, M06-HF, M06-2X, M05 and M05-2X.[99] Me-

ta-hybrid-GGA functionals are increasingly used in chemical modeling, since 

some of them appear to describe accurately molecular systems containing 

weak interactions (such as van der Waals interactions).  

A good alternative is the use of DFT methods that include dispersion correction 

(DFT-D) such as B97D,[100] B97D3[101] or wB97XD.[102] 

The more complex functionals (developed through a more complex approxima-

tion) describe more precisely the electron density, and by extension provide 

more accurate descriptions of the molecular properties as it is represented by 

the Jacob’s ladder of exchange-correlation functionals (Figure 1.4).[103] 

 

Figure 1.4. Jacob’s ladder of exchange-correlation functionals. 

As it has been explained above, the choice of a particular method compromis-

es the quality of the results and the time spent for the calculation. In this PhD 

thesis, various functional have been used, mainly the meta-hybrid M06-2X, 

the GGA BP86, and occasionally the hybrid B3LYP.  
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1.5 Objectives of the thesis 

The quaternization of a boron atom in B-B and B-Y bonds serves as a platform 

to introduce a nucleophilic moiety into unsaturated molecules. This thesis fo-

cuses in the so-called pull-push effect of B on B-B and B-Y (Y= S, Se) contain-

ing reagents to selectively introduce nucleophiles on different sort of sub-

strates. Thus, these are the objectives of the thesis: 

Objective 1: The use of the Lewis acid-base diboron adducts to undergo a 

borylative ring opening of vinyl epoxides and aziridines. In addition, the devel-

opment of DFT studies in order to complete the understanding of this approach 

(Scheme 1.48). 

 

Scheme 1.48. Metal-free borylative ring opening of vinyl epoxides and aziridines. 

Objective 2: The study of the synthesis of β-seleno and β-sulfido carbonyl 

compounds through the addition of a novel B-Se and B-S reagents to enones. 

The deep understanding of the plausible mechanism and reactivity by means 

of computational studies (Scheme 1.49, a). 

Objective 3: To tackle from a theoretical point of view the selenoboration and 

thioboration of propargyl ketones and compare the obtained results to our 

group’s experimental results to complete the understanding of the reaction 

(Scheme 1.49, b). 

Objective 4: To explore experimentally the epoxide interaction with the novel 

B-Se and B-S reagents to promote the ring opening, in a metal-free context, 

and obtain β-hydroxy selenides and sulfides (Scheme 1.49, c). 
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Scheme 1.49. Metal-free reaction of the ArY-Bpin reagents with different substrates. 
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2.1 Introduction 

2.1.1 Vinyl epoxides and aziridines. Use and main reactivity 

Vinyl epoxides are versatile organic substrates because of their wide reactivity 

with different reagents.[1] The strained oxirane ring is already a reactive moie-

ty by itself and joint with the presence of a conjugated double bond the mole-

cule exhibits a unique reactivity that is not observed by the two of them sepa-

rately. Of great interest is their reactivity with nucleophiles called “nucleophilic 

opening” reaction and this reaction has been observed at all four electrophilic 

reactive sites (Figure 2.1). Generally, soft nucleophiles tend to attack vinyl 

epoxides via an SN2’ process (Figure 2.1, pathway a), while hard nucleophiles 

prefer the SN2 attack (Figure 2.1, pathway b).[2] Attack via pathway c is an 

alternative SN2 attack that occurs when this reaction site is particularly unhin-

dered compared to attack via pathway b, or if the nucleophile is internal and 

the ring size disfavors pathway b, or when there are directing groups. 

Nucleophilic addition via pathway d has been observed only for the substrates 

where R is an electron-withdrawing group that competes with the reactivity of 

the epoxide.  

 

Figure 2.1. Nucleophilic ring-opening pathways of vinyl epoxides. 

This reaction can be performed with different sorts of nucleophiles such as 

nitrogen nucleophiles,[3] oxygen nucleophiles,[4] sulfur nucleophiles,[5] halide 

nucleophiles,[6] carbon nucleophiles[7] and other nucleophiles (Scheme 2.1).[1] 
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Scheme 2.1. Several examples of nucleophilic attack to vinyl epoxides. 

On the other hand, vinyl aziridines are a kind of substrates that present a very 

similar chemical behavior to vinyl epoxides. They have been used as key in-

termediates in the synthesis of diverse nitrogen-containing natural products. 

The nucleophilic ring opening reaction is also the most useful transformation of 

the vinyl aziridines towards complex organic molecules (Scheme 2.2).[8] Ho-

wever, the nucleophilic ring opening of vinyl aziridines has been less explored 

than the same reaction for epoxides. 

 

Scheme 2.2. Nucleophilic ring opening of a vinyl aziridine in organic synthesis. 

Despite the fact that boron compounds are well-known for their Lewis acidity 

and their electrophilic character, they can also act as nucleophiles, as it has 

been widely explained in the first chapter. Hence, regarding boron nucleo-

philes, the borylative ring opening reaction of vinyl epoxides and aziridines has 

been explored during the past years. 
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2.1.2 Borylative Ring Opening reaction 

The use of organoboronic compounds as mild carbon nucleophiles for the ring 

opening reaction remains limited to particular classes of epoxides and 

aziridines. In a seminal paper in 1982, Suzuki and Miyaura reported a cross-

coupling of 1-alkenylboranes with 1,3-butadiene monoepoxide catalyzed by 

nickel or palladium complexes, which occurs with in some cases high 

regioselectivity (Scheme 2.3). Interestingly, the ratio of the two dienols can be 

reversed by changing the metal complex.[9] 

 

Scheme 2.3. Palladium and nickel catalyzed first example of cross-coupling between 

organoboron compounds and vinyl epoxides. 

The first approach to the borylative ring opening reaction was described in 

2005 by Szabó and co-workers[10] who reported the borylation of vinyl 

cyclopropanes and aziridines using palladium pincer complexes. This process is 

a SN2’ reaction where the nucleophilic boron moiety attacks to the double bond 

causing the subsequent ring opening. Afterwards, the authors transformed the 

allyl boronate species into potassium trifluoro(allyl)borates (Scheme 2.4). 

 

Scheme 2.4. Borylative ring opening of vinyl cyclopropanes, aziridines and allylacetates 

catalyzed by palladium pincer complexes. 

The borylation of vinyl epoxides was reported in 2009 by Pineschi and co-

workers utilizing Ni(cod)2 as catalyst. Addition of B2pin2 to cyclic vinyl epoxides 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL UNDERSTANDING OF THE PULL-PUSH EFFECT ON THE SYNTHESIS OF ORGANO-BORANES, 
SULFIDES AND SELENIDES 
Xavier Sanz López 
 



2. Metal-free borylative ring opening of vinyl epoxides and aziridines 

52 

 

and aziridines occurred stereoselectively in an anti-SN2′ fashion.[11] The 

borylated product was unstable to chromatographic column but reacted in situ 

with benzaldehyde to afford 1,3-diols containing three contiguous 

stereocenters in high yields and excellent selectivity (Scheme 2.5). Acyclic 

vinyl epoxides, such as butadiene monoxide and isoprene oxide, were also 

examined under the same conditions. However, although the reaction pro-

ceeded, the selectivity was poor in those cases. 

Scheme 2.5. Nickel catalyzed borylative ring opening of cyclic vinyl epoxides and 

tosylaziridines. 

Tortosa later on 2011 reported a copper(I) catalyzed selective syn and anti 

1,4-diol formation afforded by the proper choice of the double bond and 

oxirane geometries. This process starts with the CuCl/Xantphos catalyzed ad-

dition of B2pin2 to vinyl epoxides and the formation of the corresponding 

boronates and the subsequent in situ oxidation with alkaline H2O2 (Scheme 

2.6).[12] Moderate to very good yields of 1,4-diols were obtained with good 

diastereoselectivity. Alternatively, it is possible to in situ protect the allyl bo-

rate before the oxidation. In this manner, monoprotected 1,4-diols could be 

isolated in 60−80% yields. In addition, cyclic derivatives could be obtained in 

60−75% yields with excellent diastereoselectivity from cyclic vinyl epoxides. 

 

Scheme 2.6. Cu(I) catalyzed borylative ring opening of vinyl epoxides and subsequent 

alcohol formation. 
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The proposed catalytic cycle starts with the reaction of the copper salt with the 

base via transmetalation to form the CuOtBu species which undergoes a 

σ-bond metathesis with a B2pin2 molecule and coordinating a Xantphos ligand 

forming the active species L-Cu-Bpin. This bisphosphine−copper−boron com-

plex coordinates to the double bond of the vinyl epoxide anti with respect to 

the stereochemistry of the epoxide. Then a 1,2-insertion occurs followed by an 

elimination with the epoxide ring opening to form the copper alkoxide species. 

This species finally proceeds to another σ-bond metathesis with B2pin2 rege-

nerating the active species L-Cu-Bpin and completing the catalytic cycle 

(Scheme 2.7). 

 

Scheme 2.7. Proposed mechanism of the copper(I) catalyzed borylative ring opening of 

vinyl epoxides. 

2.2 Motivation 

Since all the previously reported borylative ring opening reactions took place in 

the presence of transition metal catalysts (Pd, Ni or Cu)[13] our aim was to 

promote the same reaction in absence of any transition metal. To do so, and 

based on our previously developed protocols in the field of the metal-free 

diboron activation by simple alkoxides;[14] we focused our efforts to study the 

transfer of a nucleophilic boryl unit[15] from an in situ formed [MeO·B2pin2]
- 

adduct,[14i, 16] to vinyl epoxides and vinyl aziridines (Scheme 2.8). 
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Scheme 2.8. Predicted reaction of vinyl epoxides and aziridines with the activated 

[MeO·B2pin2]
- adduct. 

Moreover, our aims also included the identification, isolation and the charac-

terization of the borylated products, as well as their derivatized products. 

At the same time we wanted to perform DFT studies in order to explain and 

predict the experimental results and to propose a plausible mechanism. As the 

activation of the B2pin2 reagent has been previously theoretically well studied 

in our group,[14i] we wanted to explore the reactivity of this activated adduct 

when interacting with this sort of substrates. 

2.3 Results and discussion 

2.3.1 Experimental results  

We considered first a reaction of the model epoxide substrate 3,4-epoxy-1-

cyclohexene (1) with B2pin2 in THF. As expected, no conversion of the sub-

strate was observed since the diboron reagent was not activated. However, 

the addition of a catalytic amount of base such as Cs2CO3 and MeOH favored 

the activation of the diboron by the formation of the Lewis acid-base adduct 

[B2pin2·OMe]-, and after 6 hours of reaction at room temperature, a new 

organoboron product was observed. 

The reaction was followed by 1H NMR spectroscopy, and it was possible to 

observe the appearance of two new coupled signals at 5.6 and 5.7 ppm that 

correspond to two different olefinic protons. Also, a new peak in the 11B NMR 

at 33.8 ppm was observed, confirming the presence of a borylated product. 

We suggested that the nucleophilic pinacolboryl unit exclusively attacked the 

double bond providing the 4-pinacolboryl-2-cyclohexen-1-ol (2) species via a 

SN2’ pathway. Remarkably, this single product was exclusively obtained 

(Scheme 2.9). 
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Scheme 2.9. Observed reactivity of the model vinyl epoxide 1 with B2pin2. 

After screening a number of bases and solvents we realized that a 20 mol% of 

NaOMe and an excess of MeOH in THF provided the best conversion values 

towards the borylated product 2 (Table 2.1, entry 1). The optimal conditions 

for our system required 1.5 equivalents of the diboron reagent and total con-

version of the substrate was achieved within 6 hours at room temperature. 

Also it is important to remark that the addition of catalytic amounts of basic 

phosphines such as PCy3 contributed significantly to the improvement of the 

conversion (from 55 to 99%). The essential role of the phosphine in the acti-

vation of this kind of systems has already been studied.
[17]

 

Table 2.1. Screening of bases for the borylative ring opening of 1. 

Entry 
Base 

(mol%) 
T (ºC) Time (h) 

Conv. 

(%) 

I. Y. 

(%) 

1 NaOMe (20) 25 6 99 62 

2 NaOMe (10) 25 6 72 - 

3 NaOtBu (10) 25 6 71 - 

4 Cs2CO3 (10) 25 6 20 - 

The organoborane 2 could be isolated and fully characterized for the very first 

time in a 62% I.Y. (Table 2.1, entry 1). One single diastereomer was formed 

in the reaction which was identified as the trans isomer by the subsequent 

derivatization in two ways: (i) oxidizing the C-B bond with NaBO3 (Scheme 

2.10 a) and (ii) reacting the organoboron with benzaldehyde following the 

previously reported protocols (Scheme 2.10 b).[11] The stereostructures of the 

corresponding 1,4-diol (3) and 1,3-diol (4) were determined by 1H NMR spec-

troscopy.  
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Scheme 2.10. Metal-free borylative ring opening reaction of 3,4-epoxy-1-cyclohexene 

(1) and further derivatization reactions towards the diols 3 and 4. 

In addition, we carried out a comparative study using CuCl to activate the 

B2pin2 and we found out that the transition metal catalyzed reaction afforded 

the 2-pinacolboryl-3-cyclohexen-1-ol (5) via SN2 addition. Thus, the presence 

of Cu(I) catalyst and a base favored the formation of Cu-Bpin species,[1,9] and 

the nucleophilic Bpin moiety attacked the oxirane group, while the C=C double 

bond remained intact. In this particular case, the product 5 could not be iso-

lated but its reaction with benzaldehyde provided the expected 4-hydroxy-

cyclohex-2-enyl-phenyl-methanol (6) species (Scheme 2.11). The X-Ray 

structure of 6 confirmed the cis arrangement of the 1,4-substituents on the 

disubstituted cyclohexene (Scheme 2.11). This results are clearly different to 

the ones reported by Tortosa[12] that have been explained above, where the 

obtained product is the anti 1,4-product. This different behavior of the copper 

salt must be due to the absence of phosphine in our case, which would make 

the copper more likely to directly attack the oxirane ring. 

 

Scheme 2.11. Copper (I) mediated chemoselective borylation of the epoxide functional 

group of 3,4-epoxy-1-cyclohexene (1). X-Ray structure of 4-hydroxy-cyclohex-2-enyl-

phenyl-methanol (6) species. 

To survey the scope of the organocatalytic borylative ring-opening methodolo-

gy, we next studied the reaction between the adduct [B2pin2·OMe]- and 2-

methyl-2-vinyloxirane (7). We found out that, as in the case of the cyclic 
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epoxide 1, the C-B bond was formed via a bimolecular allylic substitution. This 

reaction was carried out at 50 ºC and left overnight to achieve complete con-

version. 

The relative position of the functional groups was determined by the oxidation 

of the allylboronate 8 with NaBO3 to afford the corresponding diol 2-methyl-

1,4-but-2-endiol (9) (Scheme 2.12). By comparison with previously reported 

1H NMR data for the E isomer of 9,[18] we determined that 8, was formed ex-

clusively as the E isomer. 

 

Scheme 2.12. Borylative ring opening of the vinyl epoxide 7 and subsequent oxidation 

of the allylboronate 8 with NaBO3. 

Next we focused our efforts on the synthesis of vinyl aziridines to be subse-

quently tested under our borylative ring opening methodology. We synthesized 

the vinyl aziridine 3,4-aziridine-1-cyclohexene (10) by the Evans-type direct 

monoaziridination of cyclohexadiene with the Yamada reagent [N-(p-

toluenesulfonyl) imino]iodinane (PhI=NTs) (Scheme 2.13).[19] 

 

Scheme 2.13. Aziridination of 1,3-cyclohexadiene with PhI=NTs reagent. 

Next we tried the borylative ring opening reaction of the vinyl aziridine 10 

under the same initial conditions but very low conversion was observed at 6h. 

An increase of the temperature to 50 ºC and reaction time set to 20 h was 

crucial to obtain again the SN2’ product in 90% conversion. The 4-pinacolboryl-

2-cyclohexen-1-tosylamine product 11 was isolated and characterized exclu-

sively as the  anti 1,4-product by comparison with the reported data (Scheme 

2.14).[11] 
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Scheme 2.14. Metal-free borylative ring opening reaction of the aziridine 10. 

Subsequently, the organoborane 11 was oxidized following the oxidation pro-

tocol with NaBO3 towards the 4-tosylamino-2-cyclohexen-1-ol 12 product, 

which could be isolated in a 87% yield. 

The substrates 2-methyl-2-vinylaziridine (13) and 3-methyl-2-vinylaziridine 

(14), were prepared as a 2:1 mixture following the same previous 

aziridination procedure for the isoprene substrate (Scheme 2.15).[19c] Unfortu-

nately we were unable to separate product 13 from 14 by the standard purifi-

cation methods. 

 

Scheme 2.15. Aziridination of isoprene with PhI=NTs reagent. 

The borylative ring opening reaction of the mixture of 13 and 14 proceeded 

with total conversion towards a mixture of amino functionalized allyl boronate 

compounds, which could be isolated after oxidation as a mixture of 3-methyl-

4-tosylamino-2-buten-1-ol (15) and 2-methyl-4-tosylamino-2-buten-1-ol (16)  

(1:0.7) (Scheme 2.16).[11]  
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Scheme 2.16. Borylative ring opening of 13 and 14, followed by in situ oxidation. 

The prevalence of the borylative ring-opening via SN2’ pathway has also been 

demonstrated in these acyclic vinyl aziridines. It has to be mentioned that 

byproduct formation was not observed and the isolated yields of the products 

were only moderate due to the instability of the functionalized allylic boronate 

compounds. 

2.3.2 DFT studies 

2.3.2.1 Computational details 

All calculations were performed by utilizing Amsterdam Density Functional 

(ADF v2009.01) package.[20] Molecular structures for all species were opti-

mized without constraints using a triple-ξ plus polarization Slater basis on all 

atoms. Relativistic corrections were introduced by scalar-relativistic zero-order 

regular approximation (ZORA).[21] For geometry optimizations we used the 

local VWN correlation potential[22] together with the Becke exchange and the 

Perdew correlation[23] (BP86) generalized gradient (GGA) corrections. Statio-

nary points in the potential energy hypersurface were characterized either as 

minima or transition states by means of harmonic vibrational frequency calcu-

lations. Solvent effects were introduced by using the continuous solvent model 

COSMO.[24] Single-point energy evaluations at the metahybrid M06[25] level 

were performed self-consistently. 

For the pKa calculation, molecular structures of the intermediates and proto-

nated products were calculated without constraints using Gaussian 09, Revi-

sion A.02,[26] with the hybrid B3LYP[27] functional and 6-31+G*[28] as a basis 

set. Solvent effects (dimethylsulphoxide, DMSO) were introduced by using the 

Polarizable Continuum Model (PCM).[29] 
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2.3.2.2 Mechanistic proposal 

In order to get deeper insights into the mechanism of the organocatalytic 

borylative ring opening of vinyl epoxides and aziridines, we carried out a DFT 

based study on the main intermediates and transition states. As our group has 

previously shown,[14i, 14l, 14n] the crucial additives for activating B2pin2 are 

Brönsted base and MeOH to generate the [B2pin2·OMe]- adduct. Also in the 

present case, this adduct is the key starting point in our proposed mechanism 

for the base/alcohol borylative ring-opening of epoxides and aziridines taking 

3,4-epoxy-1-cyclohexene (1) as model substrate (Scheme 2.17). Next, this 

activated adduct attacks a molecule of substrate generating the borylated in-

termediate that finally gets protonated to yield the final product. 

 

Scheme 2.17. Proposed reaction mechanism for the borylative ring opening. 

We started optimizing the structure of the [B2pin2·OMe]- adduct and we con-

sidered it as the origin of the energies. In the next step, we found a transition 

state (TS) described as a SN2′ reaction that involves the nucleophilic attack of 

the adduct sp2 boron moiety at the C1 carbon atom of the double bond. This 

interaction was identified as the overlap between the strongly polarized B–B σ 

bond (HOMO) of the activated diboron reagent and the anti-bonding π* orbital 

(LUMO) of the vinyl epoxide (Scheme 2.18). 
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Scheme 2.18. Proposed reaction pathway for the borylative ring-opening of vinyl epo-

xides and vinyl aziridines with B2pin2. Electronic energy and Gibbs free energy (in paren-

thesis) computed at the BP86 level relative to [B2pin2·OMe]- adduct plus 3,4-epoxy-1-

cyclohexene (1) as a model substrate. All values are in kcal·mol-1. Representation of the 

overlap of the HOMO and LUMO orbitals for the Transiton State (TS). 

The structural features of the TS clearly reflect the cleavage of the B–B bond 

(from 1.701 in free B2pin2, to 1.755 in [B2pin2·OMe]-, to 2.096 in TS (Å)), and 

the formation of the new B–C1 bond (1.988 Å). Also, according to the C–C 

bond distances, an allylic type rearrangement is taking place, the C1–C2 bond 

distance increases (from 1.344 in the substrate to 1.417 Å in TS) while the 

C2–C3 bond distance decreases (from 1.483 in the substrate to 1.438 Å in TS), 

suggesting the formation of the new C2=C3 double bond. Importantly, the C3-

C4-O angle increases only slightly from the substrate to the transition state 

(from 60.6 to 67.9º). Although this fact is indicative of concomitant opening of 

the epoxide ring, regarding these parameters the transition state is rather 

early. Remarkably, the enhancement of electron density in the oxygen atom 

(Voronoi charge in the substrate -0.24 to -0.36 in the TS) corroborates that 

charge redistribution has already taken place. The TS structure releases the 

MeO-Bpin byproduct and directly leads to the formation of an anionic interme-

diate I in which the epoxide ring is completely open (The C3-C4-O angle is 

110.6º and the Voronoi charge in the oxygen atom is -0.74). Further protona-

tion of this I species in the presence of an excess of MeOH provides the de-
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sired allyl boronate product 2, and in this way methoxide ions are regenera-

ted. 

The configuration of the final allylboronate product was exclusively charac-

terized as the trans isomer since the nucleophilic attack of the sp2 boron moie-

ty to C1 occurs in anti with regard to the epoxide functional group. However 

we also evaluated the attack in syn that would lead to the cis isomer. In this 

line, the TS-syn was found to be more energetically demanding (ΔΔE≠= +5.8; 

ΔΔG≠= +4.3 kcal·mol−1) than TS. These computational findings are in good 

agreement with the experimental data, since with all the studied substrates, 

the trans allylboronate product was the only one observed. Note that both 

transition states TS and TS-syn were located and characterized for the other 

substrates (1, 7, 10, 13 and 14), being the syn attack the more energetically 

demanding in all the cases (Table 2.2). 

Table 2.2. Relative Gibbs energy (kcal·mol-1) for the anti and syn TS and I species of 

the studied vinyl epoxides and aziridines.a 

Entry Substrate 
Anti Syn 

∆G≠ ∆Gr ∆G≠ ∆Gr 

1 
 35.7      

(34.2) 

-29.4          

(-31.4) 

40.0      

(40.1) 

-28.9          

(-31.8) 

2  
31.0     

(29.8) 

-31.5         

(-31.9) 

30.7     

(35.5) 

-31.5         

(-31.9) 

3  
26.7    

(27.1) 

-54.4         

(-58.9) 

33.0    

(34.6) 

-47.6         

(-52.2) 

4  
25.3     

(27.1) 

-56.2          

(-56.4) 

26.2     

(32.3) 

-62.7          

(-62.8) 

5  
27.0            

(31.0) 

-61.7              

(-62.0) 

28.0            

(33.2) 

-52.0              

(-52.7) 

[a] Molecular geometries for all the species were optimized using BP86 as 

a functional. Single point energies at the metahybrid M06 level are in pa-

renthesis. 

At this point, we observed no significant differences in energies between the 

functionals BP86 and M06, since only single points were performed. Higher 

energy differences might be obtained if all the structures were optimized for 

both functionals. 
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Note also that for the acyclic substrates, rather than the anti or syn attack, the 

important point to consider is the disposition of the double bond respect the 

oxirane group. Thus, we can find pro-(E) and pro-(Z) configurations of the 

substrate (Scheme 2.19). For the acyclic epoxide the pro-(E) appeared to be 

~1 kcal·mol-1 more stable and its corresponding TS was less energetically 

demanding (ΔΔE≠= -0.6; ΔΔG≠= -1.2 kcal·mol−1). These values are in agree-

ment with the sole observation of the E isomer. 

 

Scheme 2.19. Configurations of the acyclic substrates. 

Although the anti nucleophilic attack is energetically favored for all the consi-

dered substrates, we did find notable structural differences between the TS for 

vinyl epoxides and the analogous tosyl aziridines. Considering the bond dis-

tances of the new C2-C3 bonds as well as the bond angles C3-C4-O/N in the TS, 

it is clear that the structures of the TS for the epoxides (Table 2.3, entries 1 

and 2) resemble more the features of reactants in free form than the interme-

diate I. Contrarily, the structural features of TS for aziridines are closer to 

those of the intermediates I; that is, the C2-C3 bond distances are shorter than 

those for epoxides and the C3-C4-N bond angles are larger (Table 2.3, entries 

3, 4 and 5). Epoxides have an early TS while tosyl aziridines have a late TS. 

This can be understood taking into account that the developed charge on the 

nitrogen due to the charge redistribution upon the nucleophilic attack is stabi-

lized by the tosyl group.  
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Table 2.3. Molecular structures for the model TS with the vinyl epoxides and aziridines. 

Selected bond distances (d) are given in Å and bond angle (α) in º. 

 

 

 

             

 

  TS-like-reactants                      TS-like-product 

Entry Substrate d(C2-C3) d(C3-O) 
α (C3-C4-O/N) 

TS               I 

1  1.438 1.624 67.9 110.6 

2  1.418 1.865 80.9 112.1 

3  1.399 2.118 91.1 113.7 

4  1.410 2.207 96.0 112.1 

5  1.410 2.102 90.5 110.4 

This stabilizing effect of the tosyl group is also reflected in the energy values 

of the TS; there is a clear trend: the TS for the studied aziridines are less e-

nergetically demanding than for epoxides (Table 2.3, entries A, B, C, D and E. 

Note that both ΔE≠ and ΔG≠ values for aziridines are approx. 9-10 kcal·mol-1 

lower than those for epoxides). Thus, tosyl aziridines seem to be more reactive 

than epoxides to undergo the SN2′ borylative ring-opening process. Also, the 

resulting anionic I species with tosyl aziridines are thermodynamically more 

stable than the corresponding epoxides derived (Table 2.3, entries A, B, C, D 

and E, ΔEr and ΔGr values, difference of approx. 30 kcal·mol-1). Remarkably, 

independently of the DFT functional used or considering dispersion effects with 

the M06 functional, or even including solvent effects, the general trend re-

mains equal: vinyl tosylaziridines are more reactive, and their products are 

more stable, than the corresponding epoxides. Comparing the studied vinyl 
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epoxides, the energy barrier for the TS of the acyclic vinyloxirane 7 is lower 

than that for the cyclic 1 (Table 2.3, entry A with respect to B, ΔΔE≠= -4.1; 

ΔΔG≠= -4.7 kcal·mol-1 lower). Aziridines follow the same trend (Table 2.3, 

entry C with respect to D, ΔΔE≠= -2.3; ΔΔG≠= -1.4 kcal·mol-1 lower), being 

less energetically demanding than epoxides. This result can be rationalized by 

the fact that terminal double bonds are more reactive than internal ones. Note 

the high stability of the aziridine derived intermediates in which the negative 

charge is stabilized by the tosyl group. 

The cycle starts with the deprotonation of a molecule of MeOH by the base. 

However, in our postulated cycle, the anionic intermediate species I is the 

responsible of the next deprotonation of the molecule that generates the MeO- 

species to close the catalytic cycle.  

Thus, we computed the pKa for the intermediates based on the Born-Haber 

cycle using the known solvation energy of the proton (∆GºS(H
+)= -265.9 

Kcal·mol-1) (Scheme 2.20).[30] 

 

Scheme 2.20. Born-Haber cycle. 

As expected, vinyl-alkoxides are more basic than the corresponding vinyl-

amidures (Table 2.4). At the same level of theory, we evaluated the pKa of the 

strong Verkade’s base (23.4), a value that almost matched the experimental 

value (26.8).[17] The obtained values suggest that both vinyl-amidures and 

vinyl-alkoxides are as basic as, or even more basic than, Verkade’s super 

base, so they are able to deprotonate methanol. 

  

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL UNDERSTANDING OF THE PULL-PUSH EFFECT ON THE SYNTHESIS OF ORGANO-BORANES, 
SULFIDES AND SELENIDES 
Xavier Sanz López 
 



2. Metal-free borylative ring opening of vinyl epoxides and aziridines 

66 

 

Table 2.4. Computed pKa values for the intermediate species.  

Entry I pKa 

1 
 

35.6 

2  34.5 

3  22.3 

4  23.6 

 

 

2.4 Conclusions 

We have developed a methodology for the metal-free borylative ring opening 

of vinyl epoxides and vinyl aziridines. The sole addition of B2pin2 with a base 

and MeOH provided in situ the [MeO·B2pin2]
- adduct formation. As a conse-

quence of this Lewis acid-base interaction, the sp2 Bpin moiety acquired an 

enhanced nucleophilic character that allowed the attack at the conjugated C=C 

of epoxides or aziridines, throughout a SN2’ pathway. The reaction took place 

exclusively on the contrary face of the oxirane or aziridine ring, giving rise to 

the anti borylated products. Further derivatization of the allylboronate prod-

ucts via oxidation or reactivity with benzaldehyde allowed us to confirm the 

stereostructures.  

From a theoretical point of view, we proposed a plausible mechanism for the 

metal-free borylation of cyclic and non-cyclic vinyl epoxides and aziridines. The 

mechanism is in accordance with our experimental results and helps to under-

stand the role of each reagent in the reaction. 
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3.1 Introduction 

There has been recent increasing interest in the generation of 

organoselenium compounds for their extensive applications in organic 

synthesis, material science and ligands for transition metal complexes to 

be used in catalysis (Scheme 3.1).[1]  

 

Scheme 3.1. Examples of selenium-containing ligands and their application in metal-

catalyzed reactions. 

Because of their antioxidant character, organoselenides have been wide-

ly studied and tested in biological processes such as inhibitors,[2] en-

zymes[3] and even as therapeutic agents (Figure 3.1).[4] Among many 

other reactions, they have also been used as catalysts for oxidative halo-

genations due to the ability of selenium to undergo reversible oxidation-

reduction processes.[5] 
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Figure 3.1. Some tested anti-HIV agents. 

On the other hand, many organosulfides are products of great value[6] as 

well as natural products such as the pheromone grandisol.[7] They are 

also employed in the synthesis of relevant compounds such as the anti-

biotic penicillin[8] (Figure 3.2). It is also known that they are present in 

our food, playing a role in our immunomodulation[9] and disease preven-

tion (Figure 3.2).[10] In addition, they find application in many other 

fields such as polymer science[11] or wastewater treatment[12] among 

other. 

 

Figure 3.2. Bioactive organosulfide compounds. 

Due to their importance, both organoselenides and organosulfides have been 

targets of organic synthesis during the past century. 

3.1.1 Synthesis of organoselenides and organosulfides 

Of particular significance is the synthesis of selenium substituted car-

bonyl compounds which are well known to act as enone β-anion 

synthons.[13] Routes to these remarkable compounds either suffer from 

low yields and/or harsh reaction conditions utilizing the sensitive and 

malodorous selenols. 

In 1980 Yano and co-workers reported a ruthenium catalyzed transfor-

mation of primary, secondary and tertiary amines to phenyl selenides in 

excellent yields.[14] 
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A later study by Leonard and Livinghouse showed that novel monomeric 

selenium boron compounds, derived from dialkylboranes, could be used 

as a gentle and efficient alternative to the starting selenols.[13c] Unfortu-

nately, reactions with bulky α,β-unsaturated carbonyl compounds gave 

the corresponding organoselenium products in low yields, presumably 

due to the steric congestion arising from the bulky borane group 

(Scheme 3.2).  

 

Scheme 3.2. Preparation of the first selenium boron compounds and further reactivity 

with α,β-unsaturated carbonyl compounds. 

In 2004, Salvatore and co-workers developed a new one-pot method for 

the preparation of unsymmetrical selenides. In the presence of cesium 

hydroxide, molecular sieves, and DMF, benzeneselenol undergoes direct 

alkylation with various alkyl halides for the synthesis of alkyl phenyl 

selenides in moderate to excellent yields. Another method to prepare 

unsymmetrical organoselenides was also completed by coupling terminal 

alkynes with benzeneselenyl bromide. In addition, the synthesis of a 

selenopeptide was also accomplished using this methodology (Scheme 

3.3).[15] 

 

Scheme 3.3. Alkylation of benzeneselenol and benzeneselenyl bromide. 

More recently, it was reported that the reagent PhSe-ZnCl can be conveniently 

used to effect Michael addition like reactions to vinyl ketones. The reactions 

take place at room temperature in THF or water.[16] 
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Last year Islam and co-workers reported a new heterogeneous copper 

catalyst synthesized by immobilizing Cu(II) onto the surface of a nitro-

gen rich porous covalent imine network material CIN-1. The material 

was successfully used to catalyze the cross-coupling reaction between 

aryl boronic acids and diphenyldiselenide to synthesize unsymmetrical 

organoselenides. In addition, the catalyst was recycled for six repetitive 

runs without any appreciable loss of catalytic activity suggesting its po-

tential usefulness in C–Se bond forming reaction (Scheme 3.4).[17]  

 

Scheme 3.4. CuII-CIN-1 catalyzed phenyl selenation of aryl boronic acids. 

Concerning β-sulfido carbonyl compounds, their synthesis has been prin-

cipally achieved by the conjugate addition of thiols to α,β-unsaturated 

carbonyl compounds.[18] Despite the mild nucleophilicity of the sulfur 

moiety in thiol reagents,[19] the reaction conditions frequently lead to the 

formation of byproducts from side reactions such as self-condensation, 

polymerization or rearrangements.[20] 

Metal catalysts such as ruthenium(III) chloride,[21] cerium(III) 

chloride,[22]  or indium(III) chloride[23] are required to activate both the 

substrate and the reagent and promote the formation of Cβ-S bond in a 

precise way. Also asymmetric induction can be achieved.[24] 

During the last years many organic species have been proved to work as 

organocatalysts in this sort of systems. Interestingly, these reactions can also 

be catalyzed using ionic liquids (Scheme 3.5)[25] and can remarkably be per-

formed in water as well.[26] 

 

Scheme 3.5. Ionic liquid-catalyzed addition of thiols to electron deficient alkenes. 

In 2004, Node and co-workers reported the development of new odorless thi-

ols (dodecanethiol, 4-n-heptylphenylmethanethiol, 4-trimethylsilylphenyl-

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL UNDERSTANDING OF THE PULL-PUSH EFFECT ON THE SYNTHESIS OF ORGANO-BORANES, 
SULFIDES AND SELENIDES 
Xavier Sanz López 
 



3. Novel synthesis of β-seleno and β-sulfido carbonyl compounds 

 

77 

 

C
h
a
p
te

r 
3
 

methanethiol, 4-trimethylsilylbenzenethiol) and an odorless sulfide 

(1-methylsulfanyldodecane) and their applications in many reactions such as 

Michael addition.[27] 

Recently, Dughera and co-workers reported the hetero-Michael reactions 

among various oxygen, sulfur, and nitrogen nucleophiles and α,β-unsaturated 

compounds in the presence of catalytic amounts of o-benzenedisulfonimide as 

Brønsted acid organocatalyst. Under solvent-free very mild reaction conditions, 

they achieved good product yields. After the reactions, the organocatalyst was 

easily recovered, purified, and reutilized (Scheme 3.6).[28] 

 

Scheme 3.6. Organocatalytic oxa-Michael and thia-Michael reactions. 

However, the first example of asymmetric organocatalytic addition of thiols to 

cyclic conjugated enones was reported back in 1981 by Wynberg and co-

workers.[29] They utilized chiral β-hydroxy amines as catalysts and studied the 

mechanism of the reaction.  

Next year Mukaiyama and co-workers explored the catalytic asymmetric addi-

tion of thiols to 2-cycloalkenone by using the chiral amino alcohols, derived 

from L-hydroxyproline or (S)-proline, as base catalysts. Good optical yields 

(up to 88%) were achieved using this methodology.[30] 

In 2003 Deng and co-workers reported a highly enantioselective 1,4-addition 

of thiols to cyclic enones catalyzed by a modified biscinchona alkaloid. Selec-

tivity values ranging from 93 to >99 % e.e. were achieved for the addition of 

2-thionaphthol to cyclic enones (Scheme 3.7).[31] 
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Scheme 3.7. Enantioselective 1,4-addition of thiols to cyclic enones. 

Later on 2005, Cheng and co-workers utilized a bifunctional chiral 

organocatalyst comprising thiourea and tertiary amine groups that acted as 

efficient catalyst for asymmetric Michael addition of arylthiols to 

α,β-unsaturated carbonyl compounds with enantioselectivity values up to 

85%. Also, asymmetric α-protonation reaction (up to 60% e.e.) was obtained 

in the presence of the bifunctional catalyst.[32] 

At the same time, Jørgensen and co-workers reported an organocatalytic 

asymmetric multicomponent domino and a conjugated addition reaction to 

α,β-unsaturated aldehydes. The multicomponent reactions proceed to give 

enantiopure aminothiols in moderate to good yields (38–72%) and with excel-

lent e.e. values. Furthermore, organocatalyzed thiol additions to 

α,β-unsaturated aldehydes were shown to take place in good yields (up to 

87%) and enantioselectivity values up to 97% e.e. (Scheme 3.8).[33] 

Scheme 3.8. Asymmetric organocatalytic domino reactions. 

In 2008 Melchiorre and co-workers reported a highly enantioselective 

organocatalytic sulfa-Michael addition of benzyl and tert-butyl mercaptans to 

α,β-unsaturated ketones.[34] The catalytic use of a primary amine salt in which 

both the cation and the anion are chiral was crucial in the obtaining of a large 

variety of optically active products in high yields and excellent stereocontrol 

(up to 96 % e.e.). 

The next year, they also reported organocatalytic cascade reactions with 

α,β-unsaturated aldehydes.[35] In this case, they used a quinuclidine derivative 
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with a pendant primary amine as organocatalyst to achieve a sulfa-

Michael/amination strategy (Scheme 3.9). 

 

Scheme 3.9. Organocatalytic sulfa-Michael/amination cascade reactions to 

α,β-unsaturated aldehydes. 

In 2010 Singh and co-workers shown a cinchona alkaloid-derived urea as an 

efficient organocatalyst for enantioselective conjugate addition between thiols 

and various α,β-unsaturated ketones to provide optically active sulfides with 

high chemical yields and enantiomeric excess (Scheme 3.10).[36] 

 

Scheme 3.10. Organocatalytic enantioselective synthesis of β-sulfido carbonyl com-

pounds. 

Later on 2011 Melchiorre and co-workers reported an asymmetric sulfa-

Michael addition to α-branched enones catalyzed by the same quinuclidine 

derivative used on their previous work.[35] Quantitative conversions and excel-

lent enantiomeric excess values were achieved with this methodology towards 

both the syn or anti isomers in a selective way.[37] 

3.1.2 The novel B-Se and B-S species. Synthesis and properties 

In this line, in 2006 Westcott’s group developed and patented a family of 

novel B-Y species (Y= Se, S) but its reactivity was not further 

explored.[38] Later on 2013, Nolan’s group added some examples to this 
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family of compounds.[39] These species were prepared under inert at-

mosphere by the metal catalyzed dehydrogenative borylation of the the 

corresponding selenol or thiol and one equivalent of the borane 

HBpin.[38-39] Complete conversion of the starting materials was achieved 

selectively using 0.02 mol% of Wilkinson’s catalyst, [RhCl(PPh3)3] at 

room temperature for 16 hours (Scheme 3.11). 

 

Scheme 3.11. Synthesis of the B-Y (Y= Se, S) reagents by rhodium-catalyzed 

dehydrogenative borylation. 

The PhSe-Bpin, TolS-Bpin, PhS-Bpin and BnS-Bpin species were success-

fully prepared and characterized using a number of physical methods 

including multinuclear NMR spectroscopy. In all cases, a peak in the 11B 

NMR spectra around 30 ppm was observed, corresponding to the 

tricoordinated Bpin.[38-40] The species PhSe-Bpin and TolS-Bpin were also 

characterized by a single crystal X-ray diffraction study (Figure 3.3).[38] 

 

Figure 3.3. Ball and stick diagram of X-ray of PhSe-Bpin and TolS-Bpin with hydrogen 

atoms omitted for clarity. Selected bond distances (Å): Se(1)-B(1) 1.950 and S(2)-B(1) 

1.823. 

Interestingly, for these reagents the B-Y bond distance appears to be quite 

long compared to the B-B distance in B2pin2 (1.678 Å).[41] In addition, these 

compounds appeared to be very sensitive to the air and moisture. They de-

composed rapidly to disulphides and diselenides plus multiple boron containing 

by-products if exposed to open air. This fact reflects that the reagent is very 

active, also in accordance with the elongated B-Y distance. 
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3.2 Motivation 

Since the family of B-Se and B-S reagents had not been utilized in any kind of 

reaction, we started a collaboration project with Westcott’s group to explore 

their reactivity. 

Also, bearing in mind that most of the previously reported synthesis of organo-

selenides and -sulfides require the presence of a metal catalyst to work; and 

based on the expertise of our group in the metal-free boron activation, we 

wanted to study the reactivity of these novel B-Se and B-S containing species 

with vinyl carbonyl compounds. 

The activation of the Se-B and S-B bonds of these reagents in the presence of 

substrates was expected to lead to seleno- and sulfido- products without the 

need of expensive metal species (Scheme 3.12). 

 

Scheme 3.12. Expected reactivity of the vinyl carbonyl compounds with B-S and B-Se 

reagents. 

3.3 Results and discussion 

3.3.1 Experimental results  

Our first experiments revealed that only by mixing the species PhSe-Bpin (1.1 

eq) with 4-phenyl-3-buten-2-one (17) in chloroform, 27% conversion towards 

the β-selenated product 18 was achieved (Table 3.1, entry 1). Surprisingly, 

and in contrast to our group’s previous metal-free β-boration works,[40b, 42] the 

reaction proceeded without the need of any base, additive or co-solvent pre-

sumably due to the high activity of the reagent (Scheme 3.13). 

 

Scheme 3.13. First example of metal-free β-selenation of the substrate 17. 

This can be rationalized as a simple face-to-face activation of the B-Se species 

by the oxygen of the substrate itself. Thus, the carbonylic oxygen seems to 
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quaternize the B atom. Subsequent allylic rearrangement takes place to finally 

undergo protonolysis to yield the β-selenated product (Scheme 3.14). 

 

Scheme 3.14. Reaction of the novel PhSe-Bpin species with α,β-unsaturated carbonyl 

compounds. 

To optimize the reaction conditions we also tried benzene and THF as solvents. 

Both solvents gave similar vales of conversion but THF gave the best result 

(Table 3.1, entries 2 and 3). The addition of a higher excess of the reagent 

PhSe-Bpin to 1.5 eq. or the increment of the temperature to 60 ºC did not 

improve the conversion values either (Table 3.1, entries 4 and 5). 

Table 3.1. Conjugate addition of PhSe moiety to α,β-unsaturated ketones.a 

Entry Substrate Product Solvent Conv. (%)[b] I.Y. [%] 

1 
 

 
 CHCl3 27  

2 „ „ benzene 30  

3 „ „ THF 40 [35] 

4c „ „ THF 24  

5d „ „ THF 29  

aReaction conditions: substrate (0.10 mmol), PhSe-Bpin (1.1 eq), THF (2 mL), 25 

ºC, 16h. bConversion calculated by NMR spectroscopy from an average of two 

essays. cPhSe-Bpin (1.5 eq), dT=60ºC. 

The scope of α,β-unsaturated ketones was next examined considering 

the best reaction conditions: THF as solvent, 1.1 equivalents of the 

PhSe-Bpin reagent for 16h at room temperature. After the reaction took 

place, in all cases it could be observed and isolated a PhSe-SePh frac-

tion, as it was formed as a degradation byproduct.  
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The substrate trans-1-phenyl-2-buten-1-one (19) was more efficiently 

converted into the corresponding product 20 (Table 3.2, entry 1) than 

the analogue 4-phenyl-3-buten-2-one (17) (Table 3.1, entry 3) under 

the same reaction conditions. The conjugated Ph substituent to the C=O 

of the ketone seems to favor the interaction of the lone pair from C=O to 

Bpin. This hypothesis was also proved in the conjugate addition of PhSe 

moiety to trans-chalcone (21) achieving 67% conversion of the product 

22 (Table 3.2, entry 2).  

More remarkably, the aliphatic ketones 1-penten-2-one (23) and 

4-hexen-3-one (25), which contain an ethyl group bonded to the car-

bonyl group, were quantitatively transformed into the corresponding 

β-(phenylseleno) substituted ketones 24 and 26, up to 99% conversion 

(Table 3.2, entries 3-4). For the bulkiest aliphatic ketones 3-hepten-2-

one (27) and 3-nonen-2-one (29), the conversion diminished slightly 

probably as a consequence of the steric hindrance around the Cβ (Table 

3.2, entries 5-6). Interestingly, the cyclic α,β-unsaturated ketones 

2-cyclopenten-1-one (31) and 2-cyclohexen-1-one (33) were efficiently 

transformed into the β-seleno adducts 32 and 34 respectively (Table 

3.2, entries 7-8). It is important because for these cases where the C=O 

and C=C are in trans each other, the lone pair from the oxygen seems to 

activate the Bpin as well. 

Next, we turned our attention to explore the β-selenation of 

α,β-unsaturated aldehydes. In the case of cinnamaldehyde (35), the 

conjugate addition of PhSe was similar to the same reaction on 

4-phenyl-3-buten-2-one (17), indicating that the functional groups ke-

tone or aldehyde do not provide a significant difference on the C=O in-

teraction with Bpin (Table 3.1, entry 3 and Table 3.2 entry 9). When the 

substrate was the aliphatic aldehyde crotonaldehyde (37), quantitative 

transformation into the desired product 38 was observed (99%, Table 

3.2, entry 10), however steric factors on the β-carbon diminished the 

conjugate addition of PhSe on trans-2-hexenal (39) (Table 3.2, entry 

11). Unfortunately, when α,β-unsaturated esters were subjected to the 

same reactivity, the corresponding β-(phenylseleno) substituted ester 

was not formed. 
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Table 3.2. Scope of vinylic ketones and aldehydes.a 

Entry Substrate Product Conv. (%)[b] I.Y. [%] 

1 
 

 
 69 [49] 

2 
 

 
 67 [60] 

3 
 

 
 99 [54] 

4 
 

 
 94 [37] 

5 
 

 
 78 [70] 

6 
 

 
 65 [31] 

7 
 

 
 65 [44] 

8 
 

 
 93 [65] 

9 
 

 
 41 [39] 

10 
 

 
 99 [68] 

11 
 

 

 53 [50] 

aReaction conditions: substrate (0.10 mmol), PhSeBpin (1.1 eq), THF (2 mL), 25 
ºC, 16h. bConversion calculated by NMR spectroscopy from an average of two 

essays. 

After accomplishing a broad scope of β-(phenylseleno) ketones and al-

dehydes we predicted the same reactivity with the sulfur analogous PhS-

Bpin. Therefore, we decided to test a reaction under the same conditions 

utilizing the substrate 4-hexen-3-one (25), which gave good conversion 

values for the selenium reagent. Indeed, these predictions were con-

firmed when the reagent PhS-Bpin was successfully added to the sub-
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strate 25 to form the corresponding 5-phenylsulphanyl-hexan-3-one 

(41) (Scheme 3.15). The simplicity of the chemical operation, confirmed 

our prediction, but also opened a useful methodology to generate 

organosulfur compounds in a facile and highly efficient way, which con-

trast with all the previous reports involving 1,4-addition of thiols to 

vinylic carbonyl compounds, that require additional catalysts or bases. 

 

Scheme 3.15. Extrapolated reactivity of PhS-Bpin species with the vinylic ketone 25. 

3.3.2 DFT study 

3.3.2.1 Computational details 

All calculations were performed by using the Gaussian 09 package[43] with the 

hybrid M06-2X functional.[44] The standard 6–311G** basis set was used to 

describe the H, C, B, O, N, Se and S atoms. Full geometry optimizations were 

performed without constrains. The nature of the stationary points encountered 

was characterized either as minima or transition states by means of harmonic 

vibrational frequencies analysis. The zero-point, thermal, and entropy correc-

tions were evaluated to compute enthalpies and Gibbs free energies (T=298 K, 

p=1 bar). Hydrogen atoms have been omitted for clarity in the graphic repre-

sentation of the geometries. 

3.3.2.2 Mechanistic proposal 

In order to establish a rational understanding of the reaction outcome we 

carried out theoretical studies by means of DFT methods to unravel the 

mechanism of this new reaction of PhSe-Bpin with vinyl carbonyl com-

pounds. 

We studied the reaction of the reagent PhSe-Bpin with a model substrate 

3-penten-2-one (42). In the first step of our mechanistic proposal 

(Scheme 3.16), the carbonylic oxygen interacts with the empty p orbital 

of the boron atom, in the same way as other nucleophiles do (alkoxides, 
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carbenes), thus increasing the nucleophilic character of the PhSe moiety. 

Indeed, a first intermediate is formed (I1, bond distances Se-B=2.089, 

B-O=1.619, O-C2=1.244 (Å)) which lies 9.1 kcal·mol-1 above the reac-

tants. Note that in the electronic energy profile this intermediate is 5.8 

kcal·mol-1 more stable than the two separated entities, and it is raised in 

free energy because the loss of translational entropy. All Gibbs free en-

ergy values provided herein do not include any additional entropy cor-

rection.  

We located a transition state (TS1, bond distances Se-B= 2.039, 

B-O= 1.899, O-C2= 1.234 (Å)) for the formation of intermediate I1, 

which reflects the activation of the Se-B bond as well (computed bond 

distance for the free reagent Se-B= 1.953 Å). The next step is the bo-

ron-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 

(1,4-addition, TS2 1_4) or the carbonylic carbon (1,2-addition, 

TS2 1_2). In the TS2 1_4 it can be observed that the Se-B distance 

increases (Se-B= 2.170 Å) while the B-O distance decreases 

(B-O= 1.551 Å). The electronic rearrangement of the double bond can 

be observed by the increase of the O-C2 (O-C2= 1.281 Å) and the de-

crease of the C2-C3 bond distances (∆dC2-C3= -0.06 Å). In the TS2 1_2 

the increment of the Se-B bond distance (Se-B= 2.223 Å) can be ob-

served as well as the B-O bond distance decrease (B-O= 1.539 Å) and 

the O-C2 bond distance increase (O-C2= 1.282 Å) (Scheme 3.16, Figure 

3.4). 
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Scheme 3.16. Proposed reaction pathway for the reaction of PhSe-Bpin with 3-penten-

2-one. The pathway for the direct addition is painted in red and for the conjugate addi-

tion is painted in blue. All Gibbs free energies are in kcal·mol-1. 

 

Figure 3.4. Optimized structures for the TS1, I1, TS2 1_2 and TS2 1_4 with the se-

lected distances in Å. 

It is important to highlight that all the activation energies for the 

1,4-addition pathway (∆G≠
TS2 1_4= 16.3, ∆G≠

TS3 1_4= 6.3 kcal·mol-1) are 

less energetically demanding than the ones for the 1,2-addition 

(∆G≠
TS2 1_2= 19.3, ∆G≠

TS3 1_2= 17.1 kcal·mol-1). Furthermore, the inter-

mediate I2 1_4 (∆GI2 1_4= -15.0 kcal·mol-1) and the product P 1_4 

(∆GP2 1_4= -28.9 kcal·mol-1) are more stable than their corresponding 

analogous I2 1_2 (∆GI2 1_2= -10.3 kcal·mol-1) and P 1_2 respectively 

(Scheme 3.16). In all the studied cases (Table 3.1) the corresponding 

seleno-alcohol P 1_2 (∆GP2 1_2= -13.9 kcal·mol-1) was never experimen-
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tally observed. Therefore, the 1,4-addition product P 1_4 is obtained 

from both kinetic and thermodynamic reasons.  

The HOMO orbital of TS2 1_4 (Figure 3.5) reflects two interesting fea-

tures: first, the big lobe located on the nucleophilic Se atom interacting 

with the β-carbon, and second, the building up of a П orbital between 

the α and the carbonylic carbon atoms. 

 

Figure 3.5. Graphic representation of the HOMO orbital for the TS2 1_4 corresponding 

to the interaction of the selenium atom with the β-carbon. 

3.3.2.3 Reagent comparison 

At this point we decided to explore the reaction of the same substrate, 3-

penten-2-one (42), with the sulfur (PhS-Bpin) and oxygen (PhO-Bpin) analo-

gous of PhSe-Bpin theoretically. Thus, we computed the relative Gibbs free e-

nergies of the TS1, I1, TS2 1_4 and I2 1_4 structures for selenium, sulfur 

and oxygen borane reagents (Figure 3.6). The energies for PhSe-Bpin and 

PhS-Bpin resulted very similar, almost identical, and this indicated that both 

reactions might take place under the same conditions.  

However, it is important to mention that in the case of the oxygen analogous 

the pathway is clearly different than the other two: no TS1 was located, and 

the reaction would occur in only one step. Moreover, the activation energy in 

this case appeared to be much higher than for the Se and S reagents, and the 

reaction would lead to a product that is even less stable than the reactants 

(Figure 3.6).  

Based on these theoretical arguments, one should expect the reaction to work 

for the PhS-Bpin reagent under the same reaction conditions than the 
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PhSe-Bpin reagent, but not to work for an oxygen equivalent based reagent. 

This outcome makes sense, since the formation of the stable byproduct 

RO-Bpin is always observed in the classical borylation reactions and it is usual-

ly the driving force of the reaction. 

 

Figure 3.6. Relative Gibbs free energies of the most relevant species in the reaction of 

3-penten-2-one with PhSe-Bpin (blue), PhS-Bpin (red) and PhO-Bpin (green). 

In order to clarify the different nucleophilic character of the reagents 

PhSe-Bpin, PhS-Bpin, TolS-Bpin and PhO-Bpin we calculated the nucleophilicity 

index (N) based on relating the nucleophilicity with the computed highest oc-

cupied molecular orbital (HOMO) energy by the Kohn–Sham scheme[45] 

through the next formula introduced by Perez et al.[46] 

                              , 

where tetracyanoethylene (TCE) is taken as reference. In this scale, the 

nucleophilicity index for TCE is N= 0.0 eV, presenting the lowest HOMO energy 

in a long series of organic molecules already considered. According to a same 

author’s latter study16 the nucleophiles can be classified as strong, N > 3.00 

eV, moderate, 2.00 eV < N < 3.00 eV, and marginal, N < 2.00 eV. Table 3 

collects the N values for the PhSe-Bpin, TolS-Bpin (TolS=4-MeC6H4S), 

PhS-Bpin, PhO-Bpin and BnS-Bpin species. Hence, the first four species have a 
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strong nucleophilic character whereas BnS-Bpin is considered as a moderate 

nucleophile. These results indicate that BnS-Bpin reagent should be less reac-

tive than TolS-Bpin and PhS-Bpin. Also, they show the expected trend in 

nucleophilicity: Se > S > O. 

Table 3.3. Calculated Nucleophilicity indexes (N) for PhSe-Bpin, TolS-Bpin, PhS-Bpin 

and BnS-Bpin reagents. All energies are in eV. 

PhSe-Bpin TolS-Bpin PhS-Bpin PhO-Bpin BnS-Bpin 

3.48 3.35 3.24 3.09 2.89 

To complete the study, and in order to predict the reactivity of the other rea-

gents, we computed the relative Gibbs free energies of the species involved in 

the thioboration of 4-phenyl-3-buten-2-one (17) through 1,2- and 

1,4-addition with PhS-Bpin, as well as the 1,4-addition with TolS-Bpin and 

BnS-Bpin (Scheme 3.17). It can be observed that for the 1,2-addition of the 

PhS-Bpin reagent the activation free energies of both the TS2 1_2 

(ΔG≠
TS2 1_2= 20.1 kcal·mol-1) and TS3 1_2 (ΔG≠

TS3 1_4= 18.6 kcal·mol-1) are 

higher than the corresponding ones for the 1,4-addition pathway 

(ΔG≠
TS2 1_4= 13.5 kcal·mol-1 and ΔG≠

TS3 1_4= 10.3 kcal·mol-1, respectively). 

Also, the intermediate I2 1_2 (ΔGI2 1_2= -7.8 kcal·mol-1) is 3.5 kcal·mol-1 less 

stable than the corresponding I2 1_4 (ΔGI2 1_4= -11.3 kcal·mol-1) and the 

formation of the product P 1_2 (ΔGP 1_2= -10.3 kcal·mol-1) is less favored than 

the formation of the P 1_4 (ΔGP 1_4= -25.3 kcal·mol-1). Thus, we only depict 

herein the 1,4-addition pathway for the TolS-Bpin and BnS-Bpin, which 

showed the same behavior. 

The thiodioxaborolane BnS-Bpin seems to be again less reactive than the other 

two reagents by the fact that all the activation energies ΔG≠
TS1, ΔG≠

TS2 1_4 and 

ΔG≠
TS3 1_4 are higher as well as the corresponding intermediates ΔGI1 and 

ΔGI2 1_4. On the other hand, the computed values for the TolS-Bpin and 

PhS-Bpin pathways are very similar, being the TolS-Bpin slightly more reac-

tive. 
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Scheme 3.17. Relative Gibbs Free Energies for the reaction pathway of the 1,2- and 

1,4-addition of the RS-Bpin reagents to the substrate 4-phenyl-3-buten-2-one (17). All 

energies are in kcal·mol-1. 

We also computed the reaction pathway for the thioboration reaction of sub-

strate 2-cyclohexenone (33) with PhS-Bpin. In this case the initial step based 

on the interaction of the carbonylic oxygen with the empty p orbital of the 

boron atom is the same as described above but after the first transition state 

TS1 (ΔG≠
TS1= 9.7 kcal·mol-1) and the formation of the intermediate I1 

(ΔGI1= 8.4 kcal·mol-1), the 1,2-addition takes place trough a TS2 1_2 

(ΔG≠
TS2= 18.1 kcal·mol-1) giving the 1,2-addition intermediate I2 1_2 

(ΔGI2= -9.5 kcal·mol-1). However, and 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. The trans disposition of the dou-

ble bond in the substrate 33 seems to prevent the direct 1,4-addition because 

of geometric restrains. 

It is worth mentioning that during the course of these investigations aimed at 

characterizing the evolution of the 1,2-addition intermediate, when we intro-

duced water (or methanol) as protonation agents, the models evolved directly 

to the formation of the final 1,4 product and BpinOH (or BpinOMe). Thus, we 

think that the interconversion from 1,2 to 1,4-addition intermediates does not 

take place directly but it is coupled with the final protonation step. In any 
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case, our results justify the observation of the 1,2-addition intermediate in the 

reaction crude.  A very recent report on phosphinoboration of aldehydes and 

α,β-unsaturated aldehydes has also proved the preferred 1,2-addition inter-

mediates.[47] 

3.4 Conclusions 

The direct reactivity between the reagents ArY-Bpin (Y=Se, S, Ar=Ph, 

Tol) and activated olefins such as α,β-unsaturated ketones or aldehydes 

opens a new pathway towards the selective synthesis of β-phenylseleno 

and β-arylsulfido substituted carbonyl compounds. The substrate scope 

of the α,β-unsaturated ketones or aldehydes for this reaction is wide and 

includes cyclic and acyclic substrates (12 examples for the PhSe-Bpin).  

This is a new methodology to achieve easily the C-Se and C-S bond for-

mation in a selective way without any metal or organocatalyst assis-

tance. Moreover, predictions are made on the reactivity of the sulphur 

and oxygen analogous. In addition, an experimental example of direct 

reaction between PhS-Bpin and 4-hexen-3-one (25) corroborates that 

selenium and sulfur follow the same pathway in the facile 1,4-addtion to 

α,β-unsaturated carbonyl compounds. 

Based on our DFT studies, we propose a plausible mechanism of the re-

action that explains the high selectivity towards the 1,4-addition prod-

ucts. Furthermore, nucleophilicity indexes have been calculated for the 

studied reagents, providing a prediction on the reactivity trend. Eventu-

ally, the pathway for the ArS-Bpin reagents has also been computed in 

order to confirm the similar trend.   
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4.1 Introduction 

Vinyl chalcogenides[1] such as vinyl selenides and vinyl sulfides are compounds 

of great interest in organic synthesis due to their wide applicability in reactions 

such as cross coupling (Scheme 4.1),[2] sigmatropic rearrangements,[3] Diels-

Alder reactions[4] among many other reactions. These compounds have also 

shown antioxidant properties.[5] 

 

Scheme 4.1. a) Nickel- and b) Iron-catalyzed cross coupling of vinyl selenides and 

sulfides with Grignard reagents. 

The synthesis of these reagents has been deeply covered from multicompo-

nent 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] Also DFT studies have been performed in order to understand the reac-

tion mechanisms.[7] 

In that context, thioboration of alkynes with 9-(alkylthio)-9-

borabicyclo[3.3.1]nonanes has been reported to take place in the presence of 

Pd(PPh3)4 in a regio- and stereo-selective way, which under subsequent 

protonolysis with methanol produces the Markovnikov adduct of thiol to al-

kynes (Scheme 4.2).[8] 

 

Scheme 4.2. Suzuki’s palladium-catalyzed thioboration of alkynes. 

In a metal free context, the reaction of organoselenoboranes with acetylenes 

caused free radical 1,2-addition compounds (Scheme 4.3).[9] The synthesis of 
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vinyl selenides and vinyl sulfides throughout chalcogenoborates has been lim-

ited to the previous examples despite the potential reactivity of these rea-

gents.[10] 

 

Scheme 4.3. Synthesis of vinyl selenides and vinyl sulfides throughout 

chalcogenoborates. 

In particular, β-seleno and β-sulfido vinyl carbonyl compounds are remarkable 

due to their polifunctionality and potential use in further transformations and 

synthesis of complex molecules.[11]  

The first synthesis of these compounds was reported in 1982 by Omote and 

co-workers.[12] They achieved the reaction of 3-(1-imidazolyl)-2-alken-1-ones 

with several nucleophiles such as tiophenol in a 22% yield (Scheme 4.4). 

 

Scheme 4.4. Addition of tiophenol 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.[13] 

Later on 1998 Meng and co-workers introduced the first selenocarbonylation 

addition reaction of selenoesters to nonactived terminal alkynes under the 

catalysis of CuX species. The reaction provided (Z)-β-arylseleno-α,β-

unsaturated ketones in high yields and selectivity values.[14] 

 

Scheme 4.5. Selenocarbonylation of selenoesters to non-activated alkynes. 
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In 2000, Berlin and Engman prepared in good yields α-phenylselenenyl-α,β-

unsaturated esters, amides, ketones, nitriles and sulfones by zinc chloride 

promoted chloroselenation/dehydrochlorination of the corresponding 

α,β-unsaturated compounds (Scheme 4.6).[11] 

 

Scheme 4.6. Synthesis of α-phenylselenenyl-α,β-unsaturated esters, amides, ketones, 

nitriles and sulfones via chloroselenation/dehydrochlorination sequence. 

More recently the synthesis of these compounds has been achieved throughout 

a clean and efficient solvent-free protocol for hydrochalcogenation of 

propargylic esters, ketones and nitriles. They used phenylchalcogenolate ani-

ons generated in situ from the respective diphenyl dichalcogenide (Se, Te, S), 

using alumina supported sodium borohydride. This method provided the re-

spective (Z)-β-phenylchalcogeno-α,β-unsaturated esters, ketones and nitriles, 

in good yields (Scheme 4.7).[15] 

 

Scheme 4.7. Hydrochalcogenation of propargylic esters, ketones and nitriles. 

Also in 2007, Comasseto and co-workers reported the reaction of enol phos-

phates of β-dicarbonyl compounds with lithium organoselenolates to give 

β-organoseleno (Z)-α,β-unsaturated carbonyl compounds (Scheme 4.8).[16] 

 

Scheme 4.8. Reaction of enol phosphates with lithium organoselenolates. 
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In 2011, Santi and co-workers reported the Michael addition of the reagent 

PhSe-ZnCl to unsaturated ketones and electron-deficient alkynes, leading to 

synthetically useful β-seleno derivatives and vinyl selenides, respectively. The 

reactions were performed at room temperature in THF as well as in water and 

the reaction showed to be very selective towards the Z isomers (Sche-

me 4.9).[17] 

 

Scheme 4.9. Michael addition of PhSe-ZnCl reagent to propargylic ketones and esters. 

4.2 Motivation 

Bearing in mind that synthesis of vinyl selenides and vinyl sulfides is a not 

deeply explored field, and that most of the previously reported syntheses re-

quire metal catalysts and/or suffer from low yields and based on our recently 

acquired experience on the selenoboration and thioboration of vinyl carbonyl 

compounds: 

Our group’s aim was to efficiently promote the synthesis of vinyl selenides and 

vinyl sulfides in the absence of transition metal complexes or additives. To do 

so, we utilized the reagents PhSe-Bpin, TolS-Bpin, PhS-Bpin and BnS-Bpin to 

be added to propargyllic ketones (Scheme 4.10). 

It is worth to mention that the experimental work of this project was utterly 

developed by my co-worker Marc Garcia. My personal aim in this chapter was 

to explore the reaction mechanism by means of DFT studies and to understand 

and justify the observed experimental trends. 

 

Scheme 4.10. Synthesis of vinyl selenides and vinyl sulfides throughout chalcogeno-

borates. 
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4.3 Results and discussion 

4.3.1 Experimental results 

As above mentioned, all the experimental work was performed by my co-

worker Marc Garcia. The next section summarizes his experimental results to 

be compared with the theoretical results. 

The addition of 1 eq. of PhSe-Bpin to the electron deficient alkyne 4-phenyl-3-

butyn-2-one (43), in THF at 50 ºC for 16 hours provided the 

β-(phenylseleno)-α,β-unsaturated ketone 44 in 48% conversion with a 

diastereomeric ratio 44-Z/44-E= 78/22 (Scheme 4.11). 

 

Scheme 4.11. Reaction of the propargylic ketone 43 with PhSe-Bpin. 

Both stereoisomers could be isolated and unequivocally characterized accor-

dingly to NMR spectroscopy studies, and were assigned contrarily to Santi’s 

previously reported data.[17] 

The optimized reaction conditions included the use of MeOH as solvent and 

2eq. of PhSe-Bpin to obtain complete conversion and total stereoselction to-

wards 44-Z after 16h of reaction at 50ºC. In total, 8 propargylic ketones 

(45-52) were successfully converted into the corresponding β-phenylseleno 

vinyl products (Scheme 4.12). 
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Scheme 4.12. Reaction of PhSe-Bpin with propargylic ketones. Scope of β-phenylseleno 

vinyl products. 

Moreover, a single crystal of the product 51-Z was obtained, confirming the Z 

configuration of the major stereoisomer, contrary to Santi’s reported results[17] 

(Figure 4.1). 

 

Figure 4.1. Ball and stick diagram of 51-Z X-Ray structure 

The next goal was to extend the same protocol to the chalcogenoborates PhS-

Bpin and BnS-Bpin to synthesize vinyl sulfides from accessible ynones 

(Scheme 4.13). The same 8 substrates were successfully converted and the 

ArS was regioselectively added to the Cβ position with a stereoselectivity 
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around Z/E = 3/1, independently of the nature of the Ar group in the 

thiodioxaborolane reagent.  

The alkylic nature of the substituents in Cβ seemed to favor the relative for-

mation of the E isomer. The observed trend to form the (Z)-α,β-(arylsulfuro)-

α,β-unsaturated ketone as the major isomer contrasts with alternative meth-

odologies.[18] Most of the Z products could be successfully isolated in excellent 

yields but in some cases the products were isolated as a mixture of isomers 

(Scheme 4.13, products 53, 56, 57, 61, 64, 65). 

 

Scheme 4.13. Reaction of the ArS-Bpin reagents with propargylic ketones. Scope of the 

reaction including conversion values, isolated yields and selectivity Z:E values. 

4.3.2 DFT study 

4.3.2.1 Computational details 

All calculations were performed by using the Gaussian 09 package[19] with the 

hybrid M06-2X functional.[20] The standard 6–311G** basis set was used to 

describe the H, C, B, O, N and S atoms. Full geometry optimizations were per-
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formed without constrains. The nature of the stationary points encountered 

was characterized either as minima or transition states by means of harmonic 

vibrational frequencies analysis. The zero-point, thermal, and entropy correc-

tions were evaluated to compute enthalpies and Gibbs free energies (T=298 K, 

p=1 bar). Hydrogen atoms have been omitted for clarity in the graphic repre-

sentation of the geometries. 1H NMR isotropic chemical shifts[21] were comput-

ed doing single point calculations using the same functional, cc-pVTZ as basis 

set[22] and PCM model[23] for the solvation considering chloroform as solvent 

and reference. 

4.3.2.2 NMR studies 

We wanted to compute by DFT the 1H NMR shifts of the obtained isomers of 

the product 44-Z and 44-E (Scheme 4.11) in order to compare them with the 

previously reported experimental values by Santi and co-workers (Table 

4.1).[17] Again we observed that Santi’s experimental results were more in 

accordance with the opposite computed stereoisomers. The computed vinylic 

protons appear slightly overshifted but the difference with the experimental 

values is similar for both cases (∆δ≈0.8-1.0 ppm) while the methyl protons 

are very well predicted (∆δ≈0.1-0.3 ppm). Thus, we were able to correct the 

previous NMR data assigned to 44-Z which was isolated from the mixture of 

isomers 44-Z/44-E = 66/34 after the addition of PhSe-ZnCl to 4-phenyl-3-

butyn-2-one (43).[17] 

Table 4.1. Comparison of the computed 1H NMR shifts to the previously reported expe-

rimental values.[17] 

δHa Correction = δHa Computed CDCl3 - δHa Experimental CDCl3 

δHn Corrected = δHn Computed + δHa Correction 

 CDCl3 Prod 44-E Prod 44-Z 

δHa Experimental 7.26 6.83 5.94 

δHa Computed 7.53 7.36 7.75 

δHa Correction -0.27 -0.27 -0.27 

δHa Corrected 7.26 7.09 7.48 

δHb Experimental - 2.37 1.74 

δHb Computed - 1.73 2.55 

δHa Correction -0.27 -0.27 -0.27 

δHb Corrected - 1.46 2.28 
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4.3.2.3 Mechanistic proposal 

Our mechanistic proposal started by considering the interaction of the 

carbonylic oxygen with the boron atom of the ArY-Bpin to activate the B-Y 

bond and facilitate the release of the nucleophilic ArY- moiety that can attack 

the Cβ of the substrate forming an allene intermediate that finally undergoes 

protonolysis to yield the corresponding products (Scheme 4.14). 

 

Scheme 4.14. Mechanistic proposal for the addition of ArY-Bpin to ynones. 

By means of DFT we studied the Gibbs free energy profile for the reaction of 

the model alkyne 1-(4-methylphenyl)-3-phenyl-2-propyn-1-one (68) with 

PhSe-Bpin (Scheme 4.15). It is important to note that this sort of substrates 

present two electrophilic points susceptible to be attacked by a nucleophile: 

The carbonyl group and the triple bond. Since the only experimentally ob-

served products are the ones derived by the addition to the triple bond, we 

wanted to understand the selectivity of the reaction. 

The activation of the PhSe-Bpin 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 attack of the nucleophilic -SePh moiety to the 

carbonyl group (TS2 1_2) or to the triple bond (TS2 1_4). After the direct 

attack to the carbonyl takes place through the TS2 1_2, an intermediate I2 

1_2 is formed. This intermediate can finally undergo protonolysis with metha-

nol to form the 1,2-addition product 51 1_2 and the byproduct MeO-

Bpin(Scheme 4.15).  

Considering the pathway for the Michael addition, after the TS2 1_4 occurs, 

as we predicted, an allene intermediate is formed (I2 1_4). This intermediate 

can 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 51 Z and 51 E respectively. Note that this TS2 1_4 can also occur 
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by the other face of the substrate, giving rise to the other enantiomer of the 

I2 1_4 that gives the energetically exact pathway (Scheme 4.15). 

 

Scheme 4.15. Relative Gibbs free energies for the reaction pathway of the 1,2- and 

1,4-addition of the PhSe-Bpin reagent to the model substrate 1-(4-methylphenyl)-3-

phenyl-2-propyn-1-one (68). All energies are in kcal·mol-1. 

Our experimental results show that the obtained product for this reaction is 

exclusively the 1,4-addition product 51 Z and no evidence of the formation of 

51 E isomer neither the 1,2-addition product 51 1_2 is observed. These re-

sults are in good agreement with our mechanistic proposal since the reaction 

pathway for the 1,2-addition is disfavored due to the lower stability of the 

intermediate I2 1_2 and the high energy barrier for the TS3 1_2 of the 

protonolysis (∆G≠=23.9 kcal·mol-1). Moreover, the formation of the Z versus 

the E isomer is favorable both kinetically (∆∆G≠=1.1 kcal·mol-1) and thermo-

dynamically (∆∆G=2.7 kcal·mol-1). 

Next we also evaluated the effect on the selectivity of modifying partially the 

substrate with different propargylic moieties and using the two different sul-

phur homologous reagents PhS-Bpin and BnS-Bpin. At this point we observed 

no significant differences in energies between the results for both reagents. 

Next we computed the reaction pathway for the reaction of PhS-Bpin with the 
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substrates 1-(4-methylphenyl)-3-phenyl-2-propyn-1-one (68) and 1-phenyl-

2-octyn-1-one (69) in order to compare the energies of the most relevant 

species (Table 4.2). 

In general terms, it can be observed that in both cases the transition state 

TS3 1_4 Z is lower in energy than its corresponding analogous TS3 1_4 E. 

However, this energy difference is higher for the substrate 69 (∆∆G≠=6.0 

kcal·mol-1, Table 4.2, entry 2 vs 4) than for the substrate 68 (∆∆G≠=0.4 

kcal·mol-1, Table 4.2, entry 1 vs 3).  

Table 4.2. Relative Gibbs Free energies for the crucial species involved in the selectivity 

of the reaction of alkynes 68 and 69 with PhS-Bpin. All energies are in kcal·mol-1. 

Species Entry Subst. ∆G 

 

1 68 -5.3 

2 69 -7.7 

 

3 68 -4.9 

4 69 -3.0 

 

5 68 -40.7 

6 69 -38.2 

 

7 68 -39.7 

8 69 -40.6 

Regarding the relative stability of the products, it can be observed that the 

products for the substrate 68 are very similar in energy (∆∆G= 1.0 kcal·mol-1, 

Table 4.2, entries 5 vs 7) being the Z the most stable isomer. Nevertheless, 

for the substrate 69 the energy differences are higher (∆∆G= 2.4 kcal·mol-1, 

Table 4.2, entry 6 vs 8) being in this case the E isomer the most stable. 

In conclusion, the propargylic alkyl chain in the substrate seems to favor the E 

isomer thermodynamically but Z kinetically. As both activation energies for the 

TS3 1_4 are not very high, they can be easily achieved, being rational the 
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obtaining of major proportion of the E isomer, as it is the most stable product. 

On the other hand, the phenyl group favors also kinetically the Z product but 

the energetic difference between the two TS3 is much lower. The obtained 

products are much close in energy, what can justify the obtaining of mixtures 

enriched with the Z isomer. 

Note also that comparing these obtained results for the substrate 68 with the 

ones obtained with the PhSe-Bpin reagent (Scheme 4.14), we observe the 

same trends, the Z isomer is both kinetically and thermodynamically favoured 

but the differences in energy between the two TS3 1_4 transition states for 

the PhSe-Bpin reagent (∆∆G≠= 1.1 kcal·mol-1) and between the two products 

(∆∆G= 2.7 kcal·mol-1) are higher. This goes in accordance with the exclusive 

obtaining of the Z product for this reagent. 

4.4 Conclusions 

Once more, the powerful “pull-push” properties of Bpin units in the 

chalcogenoborate reagents PhSe-Bpin, PhS-Bpin and BnS-Bpin when reacting 

to propargylic ketones provides the synthetically very useful β-phenylseleno 

and β-arylsulfido vinyl products. 

The computation of 1H NMR shifts has been a useful and rather accurate tool 

which has allowed us to compare the predicted and experimental values to 

better assign the signals to the experimental products. 

We have developed herein a DFT based mechanistic proposal that is able to 

justify the pathway towards of the β-vinyl selenides and sulfides and helps us 

to understand the selectivity of the reaction outcome as well as to explain the 

observed trends concerning different reagents and substrates. 
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5.1 Introduction 

β-Hydroxy selenides and sulfides are an important class of organic interme-

diates[1] for constructing both synthetic pharmaceuticals[2] and naturally occur-

ring substances[2a, 3] such as leukotrienes, pancratistatin,[4] and schweinfurthin 

B[5] (Figure 5.1).  

 

Figure 5.1. Leukotriene LTC4, inflammation agent present in mouse mast cell tumor. 

The selanyl group of β-hydroxy selenides can be used in radical carbon–carbon 

bond formation, especially the intramolecular type (radical cyclizations),[6] 

which is useful for synthesis of organic molecules.[7] β-Arylseleno alcohols are 

used as starting materials for several interesting synthetic applications.[8] 

Due to their high importance, the synthesis of these compounds has been 

widely studied.  

5.1.1 Synthesis of β-hydroxy selenides and sulfides 

Tremendous research efforts have been devoted to the synthesis of β-hydroxy 

sulfides and selenides. These processes have been principally covered as a 

selenolysis or thiolysis of 1,2-epoxides. 

While there are a few examples utilizing water or solvent-free conditions,[9] 

most examples involve toxic solvent and Lewis acid catalysts, such as tin com-

plexes,[10] indium complexes,[11] ZnCl2,
[12] AlPW12O40,

[13] gallium complexes,[14] 

lanthanide complexes,[15] CoCl2,
[16] LiClO4,

[17] AlR3
[18] scandium complexes[19] 

or titanium complexes.[20] Compared with the synthesis of β-hydroxy sulfides, 

less attention has been paid to the synthesis of β-hydroxy selenides by the 

ring-opening reaction of epoxides with ArSeH (Scheme 5.1).[21]  

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL UNDERSTANDING OF THE PULL-PUSH EFFECT ON THE SYNTHESIS OF ORGANO-BORANES, 
SULFIDES AND SELENIDES 
Xavier Sanz López 
 



5. An experimental approach to the metal-free selenolysis and thiolysis of epoxides 

116 

 

 

Scheme 5.1. General scheme for the selenolysis and thiolysis of epoxides.  

Nowadays, reactions in aqueous medium have gained soaring popularity since 

water is inexpensive, non-toxic, safe, and environmentally benign as a sol-

vent.[22] Known promoters for epoxide thiolysis in water include Brønsted acid 

(TsOH)[23], Brønsted base (NaOH,[24] in stoichiometric level), Lewis base 

(PBu3,
[25] DABCO and NEt3

[26]), and even microwave irradiation.[27] Some sol-

vent-free examples for this reaction involved Ga(OTf)3
[28] and K2CO3

[23] as 

catalysts. Other approaches include the use of ionic liquids[29] as solvents or 

heterogeneous supported catalysts.[30] 

In spite of their respective features, the reported methods also suffer from the 

drawbacks in one way or another. For example, in most cases, thiolysis has to 

be carefully run at an appropriate pH value to ensure good regioselectivity and 

to minimize the side products resulted from hydrolysis[11b, 12] and/or double 

thiolysis[23] of the epoxides. The additives PBu3 (air labile), DABCO, NEt3, or 

K2CO3 catalyze the thiolysis but usually take long reaction time, ending up with 

unsatisfactory yields. Some metal catalysts are too expensive to be useful for 

large-scale production. Consequently, efficient and practical thiolysis of 1,2-

epoxides remains a daunting challenge to contemporary organic chemists. 

Other compounds such as cyanuric chloride, borax and N-bromosuccinimide 

(NBS) were reported in 2008 by Sawant[31], Zhai[32] and Hadi[33] respectively 

for the efficient ring opening of epoxides with thiols. Short reaction time, mild 

reaction conditions, inexpensive and readily available catalysts, provided ex-

cellent yields of the desired products under solvent-free conditions (Figure 

5.2).  
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Figure 5.2. Some agents utilized on the mild thiolysis of epoxides. 

In 2008 Santi and co-workers reported the synthesis of a new bench-stable 

and odorless zinc selenolate used in the selenolysis of epoxides. This reagent 

showed a considerable rate acceleration of the reaction when effected in 

“on-water” conditions. In addition, the reactions provided a good 

regioselectivity when combining organic solvents with Lewis acid catalysis.[34] 

Also, in 2013 they developed the same sort of reagent for the thiolysis of 

epoxides (Scheme 5.2).[35] 

 

Scheme 5.2. On water synthesis of β-hydroxy selenides and sulfides. 

Chandrasekaran[36] and Wu (Scheme 5.3)[37] reported simultaneously that 

diaryl disulfides and diselenides undergo facile cleavage on treatment with 

rongalite (sodium hydroxyl-methanesulfinate) to generate in situ the corre-

sponding thiolate and selenolate species, which cause the ring opening of 

aziridines and epoxides in a regioselective manner. 

 

Scheme 5.3. Rongalite-mediated ring opening of epoxides with thiols. 

In 2010 several advances in the field were reported. LiOH,[38] MgCl2
[39] and 

Cu/MgO[40] showed to be efficient catalysts for a mild ring opening of epoxides 

with thiophenol and its derivatives. In most cases, the reactions were per-

formed at room temperature and in solvent-free conditions to afford the cor-

responding β-hydroxy sulfides. 
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In 2014 Khalili and co-workers reported an environmentally friendly and effi-

cient procedure for the ring opening of various epoxides with thiols under non-

thermal conditions. Ultrasonic irradiation of the two reactants suspended in an 

additive-free aqueous medium leads to the high-yield formation of various 

β-hydroxy sulfides is quickly observed.[41]
 

Also last year Antilla and co-workers presented a highly enantioselective 

method for desymmetrization of meso-epoxides using thiols and selenols. This 

was the first example of epoxide activation achieved using metal BINOL phos-

phates. The reaction has a broad scope in terms of epoxide substrates and 

aromatic thiol nucleophiles. The resulting β-hydroxyl selenides and sulfides are 

obtained in excellent yields and enantioselectivities (Scheme 5.4).[42] 

 

Scheme 5.4. Desymmetrization of meso-epoxides with thiols and selenols. 

Chihara and co-workers have recently reported a series of molecular rhenium 

sulfide clusters K4[Re6S8Cl6], K4[Re6S8(OH)6], and [Re6S8(H2O)6]SO4 supported 

on silica gel able to catalyze ring-opening addition of thiols to epoxides to yield 

β-hydroxy sulfides in gas-phase.[43] 

Several organoselenides have been prepared as well by means of biocataly-

sis.[44] This methodology afforded enantiopure organoselenium compounds. 
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5.2 Motivation 

Since the metal-free selenolysis and thiolysis of epoxides is not a widely ex-

plored field, and having succeeded in the reaction of PhSe-Bpin and ArS-Bpin 

with α,β-unsaturated substrates; we envisaged the synthesis of β-hydroxy 

selenides and sulfides by the reaction of ArY-Bpin with epoxides (Scheme 5.5). 

 

Scheme 5.5. General scheme of the expected reaction of ArY-Bpin with epoxides. 

Also, we wanted to perform some DFT studies in order to understand the reac-

tion outcome. 

5.3 Results and discussion 

5.3.1 Experimental results 

Based on our experience, our initial experiment was to test the reaction of 1.1 

eq. of PhSe-Bpin with the epoxide epoxycyclohexane (70), in THF at room 

temperature. We observed two new very significant multiplets in the 1H NMR 

spectroscopy at 3.30 and 2.79 ppm (corresponding to the neighbor protons to 

the alcohol and selenide groups respectively) as well as a broad singlet at 2.98 

ppm (corresponding to the OH proton). Comparing the obtained spectra to the 

previously reported,[21d, 45] we were able to identify the trans isomer of the 

β-hydroxy phenylselenide 71, which was obtained in 36% of conversion (Table 

5.1, entry 1).  

We next proceeded to the optimization of the reaction conditions. We observed 

that an increment of the temperature to 50 ºC had a negative effect on the 

conversion (Table 5.1, entry 2) whilst an increment of the amount of PhSe-

Bpin reagent to 2.0 equivalents yielded to almost total conversion from the 

substrate 70 towards the product 71 (Table 5.1 entry 3). Eventually we were 

able to isolate and characterize the product 71 by NMR in high isolated yield. 
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Table 5.1. Optimization of the reaction conditions of the reaction of PhSe-Bpin with 

substrates 70 and 1. 

Entry Substrate Eq. PhSe-Bpin 
Temp 
(ºC) 

Productb Conv. I.Y. 

1 

 

1.1 25 

 

36 10 

2 1.1 50 21 16 

3 2.0 25 91 81 

4a 

 

1.1 25 

 

45 18 

5 1.1 25 75 34 

6 2.0 25 99 21 

7 1.1 50 98 12 

Optimized reaction conditions: The products were obtained by mixing the substrate (0.3 mmol) with 

the reagent PhSe-Bpin in THF (3 mL) overnight at room temperature. a) 6 hours of reaction time. b) 

Unique or major obtained product. 

Next we moved to a more challenging substrate, 3,4-epoxy-1-cyclohexene (1) 

and we performed the reaction with 1.1 equivalents of PhSe-Bpin at room 

temperature for 6 hours (Table 5.1, entry 4). As expected, a mixture of prod-

ucts that we could identify by two-dimensional NMR was obtained, since the 

substrate has three electrophilic points susceptible to be attacked (Scheme 

5.6). We observed that the major product 72 comes from the attack to the 

epoxide carbon in α to the double bond and it also is formed as the trans iso-

mer. 

Scheme 5.6. Reaction of the substrate 1 with PhSe-Bpin. 

We observed that an increase of the reaction time from 6 to 16 hours was 

beneficial and that both an increment of the temperature to 50 ºC and the 

amount of reagent to 2.0 equivalents meant total conversion of the substrate, 

even though the selectivity was not improved. (Scheme 5.6, Table 5.1 entries 
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4-7). Thus, we selected 16 hours, room temperature and 2.0 equivalents of 

the reagent as the best reaction conditions.  

Then, our aim was to extend the substrate scope for this reaction and we suc-

cessfully achieved up to 6 cyclic and non cyclic substrates. We isolated each 

product to obtain the corresponding isolated yield values (Figure 5.3). 

 

Figure 5.3. Substrate scope of the reaction of PhSe-Bpin with epoxides. 

In all cases, isolated yields were low to moderate presumably due to low con-

version values and a partial loss of the product by the silica purification. Also, 

we found some problems in the reproducibility of the reaction, being some-

times unable to obtain the same results when repeating exactly the same re-

action. We also tested different solvents such as MeOH and higher tempera-

tures but the results did not improve in any case. 

We next moved to the reagent PhS-Bpin and we tried the same reaction condi-

tions as the previous reactions. We observed the expected same reactivity for 

all substrates but we were not able to isolate the PhS analogous of 78. Also in 

this case we had the same problems of reproducibility and with the purifica-

tion. 
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Figure 5.4. Substrate scope of the reaction of PhS-Bpin with epoxides. 

Unfortunately at this point we found our limitation on the substrate scope, 

since we unsuccessfully tried the reaction of up to 12 other cyclic and non 

cyclic substrates with these reagents and we obtained no conversion. 

5.3.2 DFT study 

5.3.2.1 Computational details 

All calculations were performed by using the Gaussian 09 package[46] with the 

hybrid M06-2X functional.[47] The standard 6–311G** basis set was used to 

describe the H, C, B, O, N and S atoms. Full geometry optimizations were per-

formed without constrains. The nature of the stationary points encountered 

was characterized either as minima or transition states by means of harmonic 

vibrational frequencies analysis. The zero-point, thermal, and entropy correc-

tions were evaluated to compute enthalpies and Gibbs free energies (T=298 K, 

p=1 bar). Some hydrogen atoms have been omitted for clarity in the graphic 

representation of the geometries. 

5.3.2.2 Mechanistic proposal 

Our initial mechanistic proposal consisted in the activation of the PhY-Bpin 

reagent by the substrate. We suggested that this process might occur through 

the interaction of the oxygen atom of the epoxide with the boron atom of the 

reagent to be next followed by the attack of the nucleophilic PhY- moiety to the 

oxirane ring that would lead to the ring opening (Scheme 5.7). After hydrolysis 

or methanolysis, the final product is expected. 
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Scheme 5.7. Initial mechanistic proposal for the reaction. 

We proceeded to compute the first step of the mechanism, that is the interac-

tion between the epoxide and the PhSe-Bpin reagent. We found out a first 

transition state TS1 (∆G≠= 9.9 kcal·mol-1) that lead to a first intermediate I1 

(∆GI1= 9.7 kcal·mol-1) consisting on a substrate-reagent adduct. This adduct is 

very similar to the I1 species that we found in the previous chapters for the 

substrate-reagent coordination (Figure 5.6). 

Next we found a transition state TS2 corresponding to the ring opening of the 

oxirane ring (α= 87.62º) with a still quite long Se-C distance (dSe-C= 3.19 Å). 

Moreover, the negative frequency does not seem correspond to the attack of 

the selenium moiety to the electrophilic carbon. Next, we found out that this 

TS2 leads to the formation of the intermediate I2 and the attack seems to be 

barrierless since we were could not find a next TS corresponding to this pro-

cess (Figure 5.6). The last step of the reaction would be the hydrolysis of this 

I2 to form the final product. 

 

Figure 5.5. Graphical representation of computed geometries of the involved species. 

It is important to mention that the orientation of the oxygen, boron and sele-

nium atoms in TS2 leads to a syn attack of the selenium moiety that finally 

yields the formation of the cis isomer of the intermediate I2 (Figure 5.6).  

Despite our big efforts, we were not able to locate a TS2-anti that would lead 

to the trans intermediate I2-trans, which after protonolysis becomes the 

trans product (the only observed isomer). Therefore, our mechanistic proposal 
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was not consistent with the experimental results. We attribute this fact to 

three main possible reasons: 

Probably there is a limitation in our method, since we did not take into account 

some important factors such as the explicit presence of the THF solvent mole-

cules that might play a role for instance, interacting with the reagents; alt-

hough we utilized the PCM continuous model during the unsuccessful search of 

the TS2-anti. We did not either consider the high concentration values of the 

substrate and the reagent or the stoichiometry of the reaction. 

On the other hand, there might be another operating reaction mechanism that 

yields the trans instead of the cis isomer. Since after the TS2 the PhSe- moiety 

is released, a plausible explanation for the obtaining of the trans isomer would 

be the subsequent attack of this moiety to the less hindered lower face of an-

other substrate molecule. This fact is also supported by the obtaining of a mix-

ture of products when the substrate is less symmetrical, such as substrate 1 

(Scheme 5.6). The fact that the products 73 and 74 are formed can be justi-

fied by the attack of a free PhSe- nucleophile, given that if the attack was di-

rected by the O-B-Se interaction, it would never be possible to obtain the trans 

isomer of the product 73. 

Another possible explanation arises from the total lack of awareness about the 

protonolysis process, where complex mechanisms involving protic agents 

might occur, leading to obtained trans isomers. 

5.4 Conclusions 

We successfully extended the use of the reagents PhSe-Bpin and PhS-Bpin to 

the selenolysis and thiolysis of epoxides in absence of any additive. Very mild 

reaction conditions provided the SN2 products that could be isolated in low to 

moderate yields. The reaction was selective to the anti products and the 

nucleophilic moiety attacked to the terminal epoxide carbon. 

Moreover, the reaction seems to be comparable with both the PhSe-Bpin and 

PhS-Bpin reagents and remarkably gives only the anti product in all cases. As 

expected, the use of vinyl epoxides has provided mixtures of the SN2 and SN2’ 

products. 
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This methodology opened a non-existing pathway towards the synthesis of 

β-hydroxy selenides and sulfides in a metal-free context. However, we found 

the limitation in the small reaction scope available to this transformation, after 

having obtained no conversion for 12 substrates. 

In addition, we performed DFT studies to unravel the reaction mechanism 

even though we were not able to find a TS2-anti that after hydrolysis, would 

lead to the trans isomer of the product. Thus we suggest that after the release 

of the PhSe- moiety, an attack of this moiety to the lower face of another sub-

strate molecule might occur. 

Also this fact can be caused by a limitation in our method, since we did not 

take into account explicitly the presence of solvent molecules or factors such 

as concentration or stoichiometry. 

The total ignorance of the mechanism that operates during the protonolysis 

process opens the doors to alternative mechanisms that might lead to the anti 

isomer. 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL UNDERSTANDING OF THE PULL-PUSH EFFECT ON THE SYNTHESIS OF ORGANO-BORANES, 
SULFIDES AND SELENIDES 
Xavier Sanz López 
 



5. An experimental approach to the metal-free selenolysis and thiolysis of epoxides 

126 

 

5.5 References 

[1] a) H. Sugihara, H. Mabuchi, M. Hirata, T. Iamamoto, Y. Kawamatsu, 

Chem. Pharm. Bull., 1987, 35, 1930; b) C. Alvarez-Ibarra, R. Cuervo-

Rodriguez, M. C. Fernandez-Monreal, M. P. Ruiz, J. Org. Chem., 1994, 

59, 7284; c) J.-P. Bégué, D. Bonnet-Delpon, A. Kornilov, Synthesis, 

1996, 1996, 529; d) S. Apparao, R. R. Schmidt, Synthesis, 1997, 

896; e) B. M. Adger, J. V. Barkley, S. Bergeron, M. W. Cappi, B. E. 

Flowerdew, M. P. Jackson, R. McCague, T. C. Nugent, S. M. Roberts, J. 

Chem. Soc., Perkin Trans. 1, 1997, 3501. 

[2] a) J. R. Luly, N. Yi, J. Soderquist, H. Stein, J. Cohen, T. J. Perun, J. J. 

Plattner, J. Med. Chem., 1987, 30, 1609; b) A. Conchillo, F. Camps, A. 

Messeguer, J. Org. Chem., 1990, 55, 1728; c) P. Meffre, L. Vo-Quang, 

Y. Vo-Quang, F. Le Goffic, Tetrahedron Lett., 1990, 31, 2291; d) F. 

Viola, G. Balliano, P. Milla, L. Cattel, F. Rocco, M. Ceruti, Bioorg. Med. 

Chem., 2000, 8, 223. 

[3] a) E. J. Corey, D. A. Clark, G. Goto, A. Marfat, C. Mioskowski, B. 

Samuelsson, S. Hammarstroem, J. Am. Chem. Soc., 1980, 102, 1436; 

b) E. J. Corey, D. A. Clark, A. Marfat, G. Goto, Tetrahedron Lett., 

1980, 21, 3143; c) S. Hammarström, B. Samuelsson, D. A. Clark, G. 

Goto, A. Marfat, C. Mioskowski, E. J. Corey, Biochem. Biophys. Res. 

Commun., 1980, 92, 946. 

[4] J. H. Rigby, U. S. M. Maharoof, M. E. Mateo, J. Am. Chem. Soc., 2000, 

122, 6624. 

[5] E. M. Treadwell, J. D. Neighbors, D. F. Wiemer, Org. Lett., 2002, 4, 

3639. 

[6] M. Tiecco, L. Testaferri, L. Bagnoli, V. Purgatorio, A. Temperini, F. 

Marini, C. Santi, Tetrahedron: Asymmetry, 2004, 15, 405. 

[7] M. Besev, L. Engman, Org. Lett., 2002, 4, 3023. 

[8] a) M. Tiecco, L. Testaferri, C. Santi, C. Tomassini, F. Marini, L. Bagnoli, 

A. Temperini, Angew. Chem. Int. Ed., 2003, 42, 3131; b) T. Wirth, 

Topics in Current Chemistry, Vol. 208, 2000; c) M. Tiecco, L. 

Testaferri, A. Temperini, L. Bagnoli, F. Marini, C. Santi, Chem. Eur. J., 

2004, 10, 1752. 

[9] a) F. Fringuelli, F. Pizzo, C. Vittoriani, L. Vaccaro, Eur. J. Org. Chem., 

2006, 2006, 1231; b) F. Fringuelli, F. Pizzo, S. Tortoioli, L. Vaccaro, J. 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL UNDERSTANDING OF THE PULL-PUSH EFFECT ON THE SYNTHESIS OF ORGANO-BORANES, 
SULFIDES AND SELENIDES 
Xavier Sanz López 
 



5. An experimental approach to the metal-free selenolysis and thiolysis of epoxides 

127 

 

C
h
a
p
te

r 
5
 

Org. Chem., 2004, 69, 8780; c) M. S. Reddy, B. Srinivas, R. Sridhar, 

M. Narender, K. R. Rao, J. Mol. Catal. A: Chem., 2006, 255, 180. 

[10] a) Y. Nishiyama, H. Ohashi, K. Itoh, N. Sonoda, Chem. Lett., 1998, 

27, 159; b) Y. Nishiyama, N. Sonoda, Mini-Rev. Org. Chem., 2005, 2, 

147. 

[11] a) F. Fringuelli, F. Pizzo, S. Tortoioli, L. Vaccaro, Org. Lett., 2005, 7, 

4411; b) F. Fringuelli, F. Pizzo, S. Tortoioli, L. Vaccaro, Adv. Synth. 

Catal., 2002, 344, 379; c) F. Fringuelli, F. Pizzo, S. Tortoioli, C. 

Zuccaccia, L. Vaccaro, Green Chem., 2006, 8, 191. 

[12] a) D. Amantini, F. Fringuelli, F. Pizzo, S. Tortoioli, L. Vaccaro, Synlett, 

2003, 2003, 2292; b) F. Fringuelli, F. Pizzo, S. Tortoioli, L. Vaccaro, J. 

Org. Chem., 2003, 68, 8248. 

[13] H. Firouzabadi, N. Iranpoor, A. A. Jafari, S. Makarem, J. Mol. Catal. A: 

Chem., 2006, 250, 237. 

[14] T. Iida, N. Yamamoto, H. Sasai, M. Shibasaki, J. Am. Chem. Soc., 

1997, 119, 4783. 

[15] a) A. E. Vougioukas, H. B. Kagan, Tetrahedron Lett., 1987, 28, 6065; 

b) I. W. J. Still, L. James, P. Martyn, Synth. Commun., 1998, 28, 913. 

[16] J. lqbal, A. Pandey, A. Shukla, R. Ranjan Srivastava, S. Tripathi, 

Tetrahedron, 1990, 46, 6423. 

[17] M. Chini, P. Crotti, E. Giovani, F. Macchia, M. Pineschi, Synlett, 1992, 

1992, 303. 

[18] M. Sasaki, K. Tanino, M. Miyashita, J. Org. Chem., 2001, 66, 5388. 

[19] A. Tschöp, M. V. Nandakumar, O. Pavlyuk, C. Schneider, Tetrahedron 

Lett., 2008, 49, 1030. 

[20] a) J. Wu, X.-L. Hou, L.-X. Dai, L.-J. Xia, M.-H. Tang, Tetrahedron: 

Asymmetry, 1998, 9, 3431; b) J. M. Chong, K. B. Sharpless, J. Org. 

Chem., 1985, 50, 1560. 

[21] a) R. Sridhar, B. Srinivas, K. Surendra, N. S. Krishnaveni, K. R. Rao, 

Tetrahedron Lett., 2005, 46, 8837; b) M. Yang, C. Zhu, F. Yuan, Y. 

Huang, Y. Pan, Org. Lett., 2005, 7, 1927; c) M.-H. Yang, C.-Y. Yuan, 

Y. Pan, C.-J. Zhu, Chin. J. Chem., 2006, 24, 669; d) J. Sun, M. Yang, 

F. Yuan, X. Jia, X. Yang, Y. Pan, C. Zhu, Adv. Synth. Catal., 2009, 

351, 920. 

[22] a) P. A. Grieco, Organic Synthesis in Water, Blackie Academic and 

Professional: London, 1998; b) P. Tundo, P. T. Ananstas, Green 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL UNDERSTANDING OF THE PULL-PUSH EFFECT ON THE SYNTHESIS OF ORGANO-BORANES, 
SULFIDES AND SELENIDES 
Xavier Sanz López 
 



5. An experimental approach to the metal-free selenolysis and thiolysis of epoxides 

128 

 

Chemistry: Challenging Perspectives, Oxford University Press: Oxford, 

1999; c) C.-J. Li, T.-H. Chan, Comprehensive Organic Reactions in 

Aqueous Media, 2nd ed., Wiley: Hoboken, 2007. 

[23] F. Fringuelli, F. Pizzo, S. Tortoioli, L. Vaccaro, Tetrahedron Lett., 

2003, 44, 6785. 

[24] F. Fringuelli, F. Pizzo, S. Tortoioli, L. Vaccaro, Green Chem., 2003, 5, 

436. 

[25] R.-H. Fan, X.-L. Hou, J. Org. Chem., 2003, 68, 726. 

[26] J. Wu, H.-G. Xia, Green Chem., 2005, 7, 708. 

[27] V. Pironti, S. Colonna, Green Chem., 2005, 7, 43. 

[28] W. Su, J. Chen, H. Wu, C. Jin, J. Org. Chem., 2007, 72, 4524. 

[29] a) B. C. Ranu, T. Mandal, S. Banerjee, S. S. Dey, Aust. J. Chem., 

2007, 60, 278; b) M.-H. Yang, G.-B. Yan, Y.-F. Zheng, Tetrahedron 

Lett., 2008, 49, 6471. 

[30] B. P. Bandgar, A. V. Patil, O. S. Chavan, V. T. Kamble, Catal. 

Commun., 2007, 8, 1065. 

[31] B. P. Bandgar, N. S. Joshi, V. T. Kamble, S. S. Sawant, Aust. J. Chem., 

2008, 61, 231. 

[32] P. Gao, P.-F. Xu, H. Zhai, Tetrahedron Lett., 2008, 49, 6536. 

[33] A. Rostami, H. Jafari, S. Afr. J. Chem., 2008, 61, 115. 

[34] a) C. Santi, S. Santoro, B. Battistelli, L. Testaferri, M. Tiecco, Eur. J. 

Org. Chem., 2008, 2008, 5387; b) C. Santi, S. Santoro, L. Testaferri, 

M. Tiecco, Synlett, 2008, 2008, 1471. 

[35] S. Propersi, C. Tidei, L. Bagnoli, F. Marini, L. Testaferri, C. Santi, J. 

Sulfur Chem., 2013, 34, 671. 

[36] V. Ganesh, S. Chandrasekaran, Synthesis, 2009, 2009, 3267. 

[37] W. Guo, J. Chen, D. Wu, J. Ding, F. Chen, H. Wu, Tetrahedron, 2009, 

65, 5240. 

[38] N. Azizi, A. Khajeh-Amiri, H. Ghafuri, M. Bolourtchian, Phosphorus 

Sulfur, 2010, 185, 1550. 

[39] R. Rani, S. Pattanayak, J. Agarwal, R. K. Peddinti, Synth. Commun., 

2010, 40, 2658. 

[40] B. Das, P. Balasubramanyam, M. Krishnaiah, B. Veeranjaneyulu, D. 

Sudhakar, Synth. Commun., 2010, 40, 2113. 

[41] M. M. Mojtahedi, S. Khalili, J. Sulfur Chem., 2014, 35, 431. 

[42] G. Ingle, M. G. Mormino, J. C. Antilla, Org. Lett., 2014, 16, 5548. 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL UNDERSTANDING OF THE PULL-PUSH EFFECT ON THE SYNTHESIS OF ORGANO-BORANES, 
SULFIDES AND SELENIDES 
Xavier Sanz López 
 



5. An experimental approach to the metal-free selenolysis and thiolysis of epoxides 

129 

 

C
h
a
p
te

r 
5
 

[43] S. Nagashima, H. Nagashima, S. Furukawa, S. Kamiguchi, H. 

Kurokawa, T. Chihara, Appl. Catal., A, 2015, 497, 167. 

[44] a) C. E. Costa, G. C. Clososki, H. B. Barchesi, S. P. Zanotto, M. G. 

Nascimento, J. V. Comasseto, Tetrahedron: Asymmetry, 2004, 15, 

3945; b) J. V. Comasseto, Á. T. Omori, A. L. M. Porto, L. H. Andrade, 

Tetrahedron Lett., 2004, 45, 473; c) L. H. Andrade, Á. T. Omori, A. L. 

M. Porto, J. V. Comasseto, J. Mol. Catal. B: Enzym., 2004, 29, 47; d) 

J. V. Comasseto, L. H. Andrade, Á. T. Omori, L. F. Assis, A. L. M. Porto, 

J. Mol. Catal. B: Enzym., 2004, 29, 55; e) P. Ferraboschi, P. Grisenti, 

E. Santaniello, Synlett, 1990, 1990, 545. 

[45] L. Piovan, M. Capelari, L. H. Andrade, J. V. Comasseto, A. L. M. Porto, 

Tetrahedron: Asymmetry, 2007, 18, 1398. 

[46] Gaussian 09, Revision A.02, G. W. T. M. J. Frisch, H. B. Schlegel, G. E. 

Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. 

Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. 

Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. 

Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. 

Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, 

Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. 

Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, 

A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. 

M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. 

Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. 

Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. 

Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. 

D. Daniels, . Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. 

Fox, Gaussian, Inc., Wallingford CT, 2009. 

[47] Y. Zhao, D. G. Truhlar, Theor. Chem. Acc., 2008, 120, 215. 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL UNDERSTANDING OF THE PULL-PUSH EFFECT ON THE SYNTHESIS OF ORGANO-BORANES, 
SULFIDES AND SELENIDES 
Xavier Sanz López 
 



 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL UNDERSTANDING OF THE PULL-PUSH EFFECT ON THE SYNTHESIS OF ORGANO-BORANES, 
SULFIDES AND SELENIDES 
Xavier Sanz López 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Conclusions 

Table of contents 

6.1 Chapter 2. Metal-free borylative ring opening of vinyl epoxides and 

aziridines ........................................................................................... 133 

6.2 Chapter 3. Novel synthesis of β-seleno and β-sulfido carbonyl compounds

 ........................................................................................................ 134 

6.3 Chapter 4. A theoretical approach to the metal-free synthesis of vinyl 

selenides and sulfides .......................................................................... 135 

6.4 Chapter 5. An experimental approach to the metal-free selenolysis and 

thiolysis of epoxides ............................................................................ 136 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL UNDERSTANDING OF THE PULL-PUSH EFFECT ON THE SYNTHESIS OF ORGANO-BORANES, 
SULFIDES AND SELENIDES 
Xavier Sanz López 
 



 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL UNDERSTANDING OF THE PULL-PUSH EFFECT ON THE SYNTHESIS OF ORGANO-BORANES, 
SULFIDES AND SELENIDES 
Xavier Sanz López 
 



6. Conclusions 

133 

 

C
h
a
p
te

r 
6
 

6.1 Chapter 2. Metal-free borylative ring opening of vinyl epo-

xides and aziridines 

We have developed a methodology for the metal-free borylative ring opening 

of vinyl epoxides and vinyl aziridines. This is an extension of our group’s pre-

vious works on the metal-free borylation reactions of activated and non acti-

vated alkenes. The sole addition of B2pin2 with a base and MeOH provides in 

situ the [B2pin2·OMe]- adduct formation. As a consequence of this Lewis acid-

base interaction, the sp2 Bpin moiety acquires an enhanced nucleophilic char-

acter that allows the attack at the conjugated C=C of vinyl epoxides and 

aziridines, throughout a SN2’ pathway. The reaction took place exclusively on 

the contrary face of the oxirane or aziridine ring, giving rise to the anti 

borylated products. Further derivatization of the allylboronate products via 

oxidation or reactivity with benzaldehyde has allowed us to confirm the 

stereostructures.  

From a theoretical point of view, we have proposed a plausible mechanism for 

the metal-free borylation of cyclic and non-cyclic vinyl epoxides and aziridines. 

The mechanism is in accordance with our experimental results and helps to 

understand the role of each reagent in the reaction. 
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6.2 Chapter 3. Novel synthesis of β-seleno and β-sulfido car-

bonyl compounds 

In this chapter we have explored the direct reactivity between the rea-

gents ArY-Bpin (Y=Se, S, Ar=Ph, Tol) and vinyl ketones and aldehydes. 

This represents a new and selective methodology towards the synthesis 

of β-phenylseleno and β-arylsulfido substituted carbonyl compounds. The 

substrate scope of the α,β-unsaturated ketones or aldehydes for this 

reaction is wide and includes cyclic and acyclic substrates (12 examples 

for the PhSe-Bpin).  

This is a new methodology to achieve easily the C-Se and C-S bond for-

mation in a selective way without any metal or organocatalyst assis-

tance. Moreover, predictions are made on the reactivity of the sulphur 

and oxygen analogous. In addition, an early experiment of direct reac-

tion between PhS-Bpin and 4-hexen-3-one (25) corroborates that sele-

nium and sulfur follow the same pathway in the facile 1,4-addtion to 

vinyl carbonyl compounds. 

Based on our DFT studies, we propose a plausible mechanism of the reaction 

that explains the high selectivity towards the 1,4-addition products. Moreover, 

nucleophilicity indexes have been calculated for the studied reagents, provid-

ing a prediction on the reactivity trend. Eventually, the pathway for these ArS-

Bpin reagents has also been computed in order to confirm the similar trend. 
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6.3 Chapter 4. A theoretical approach to the metal-free synthe-

sis of vinyl selenides and sulfides 

Once more, the powerful “pull-push” properties of Bpin units in the 

chalcogenoborate reagents PhSe-Bpin, PhS-Bpin and BnS-Bpin when reacting 

to propargylic ketones provides the synthetically very useful β-phenylseleno 

and β-arylsulfido vinyl products. 

The computation of 1H NMR shifts has been a useful and rather accurate tool 

which has allowed us to compare the predicted and experimental values to 

better assign the signals to the experimental products. 

We have developed herein a DFT based mechanistic proposal that is able to 

justify the pathway towards the β-vinyl selenides and sulfides and helps us to 

understand the selectivity of the reaction outcome as well as to explain the 

observed trends concerning different reagents and substrates. 
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6.4 Chapter 5. An experimental approach to the metal-free 

selenolysis and thiolysis of epoxides 

We successfully extended the use of the reagents PhSe-Bpin and PhS-Bpin to 

the selenolysis and thiolysis of epoxides in absence of any additive. Very mild 

reaction conditions provided the SN2 products that could be isolated in low to 

moderate yields. 

Moreover, the reaction seems to be comparable with both the PhSe-Bpin and 

PhS-Bpin reagents and remarkably gives only the anti product in all cases. The 

use of vinyl epoxides provided mixtures of the SN2 and SN2’ products. 

This methodology opened a non existing pathway towards the synthesis of 

β-hydroxy selenides and sulfides in a metal-free context. 

In addition, we performed DFT studies to propose a plausible mechanism but 

we were not able to find a TS2-anti that after hydrolysis, would lead to the 

trans isomer of the product. Thus we suggest that after the release of the 

PhSe- moiety, an attack of this moiety to the lower face of another substrate 

molecule might occur. 

Also this fact can be caused by a limitation in our method, since we did not 

take into account explicitly the presence of solvent molecules or factors such 

as concentration or stoichiometry. 

The total ignorance of the mechanism that operates during the protonolysis 

process opens the doors to alternative mechanisms that might lead to the anti 

isomer. 
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7.1 General considerations 

Unless otherwise mentioned, all reactions and manipulations were carried out 

under argon atmosphere using Schlenk-type techniques and oven-dried (120 

ºC) glassware, which was cooled in a stream of argon. Solvents were dried 

using a solvent purification system (Pure SOLV system-4). Dry tetrahydrofuran 

(THF) supplied by PANREAC was purified in a MBRAUN MB-SPS-800 solvent 

purification system before using. Methanol was distilled over CaH2. Unless 

specified, substrates were purchased from Sigma-Aldrich or Alfa Aesar and 

used as received. The reagents PhSe-Bpin, PhS-Bpin, TolS-Bpin, BnS-Bpin 

were fully synthesized and stored in the glovebox. All the chemicals were han-

dled using standard chemical techniques using safety glasses, laboratory coat 

and gloves. 

Deuterated chloroform (CDCl3) was used as solvent for routine NMR measure-

ments. NMR spectra were obtained using VARIAN Mercury spectrometer VX400 

and Varian NMR System 400. 1H NMR and 13C{1H} NMR chemical shifts (δ) are 

reported in ppm relative to tetramethylsilane, referenced to the chemical shift 

of residual solvents resonances. 11B{1H} NMR chemical shifts are reported in 

ppm (δ) relative to BF3·OEt2 (δ 11B{1H} = 0.00 ppm) as the external refer-

ence. Coupling constants (J) are given in Hz, and the multiplicity of the NMR 

signals is described as singlet (s), doublet (d), triplet (t), quartet (q) and 

multiplet (m). 

GC was equipped with column HP-5. 

Initial temp: 80ºC, initial time: 3 min. 

Rate: 20ºC/min 

Pressure: 100 kPa 

Temp. injector: 225ºC 

Temp. detector: 250ºC 

GC-MS was equipped with a HP-5MS capillary column (30m x 0.25 mm x 0.25 

mm). Accurate mass determinations were carried out on a Kratos Concept IS 

spectrometer. MS (70 eV); m/z: (M+). The same GC method was utilized. 

  

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL UNDERSTANDING OF THE PULL-PUSH EFFECT ON THE SYNTHESIS OF ORGANO-BORANES, 
SULFIDES AND SELENIDES 
Xavier Sanz López 
 



7. Experimental part 

 

140 

 

7.2 Metal-free borylative ring opening of vinyl epoxides and 

aziridines 

7.2.1 General procedures for the metal-free borylative ring 

opening of vinyl epoxides and aziridines with B2pin2 

Borylation of 3,4-epoxy-1-cyclohexene (1) 

Organocatalytic borylation: The phosphine PCy3 (9.54 mg, 10 mol%), sodium 

methoxide (33.4 mg, 0.6 mmol) and B2pin2 (114 mg, 0.45mmol) were trans-

ferred into an oven-dried Schlenk tube under argon. THF (3 mL) was added. 

The mixture was stirred for 10 minutes at room temperature to dissolve the 

phosphine and the borane reagent completely. The substrate 1 (33 μL, 0.3 

mmol) and MeOH (100 μl, 2.5 mmol) were added, and the reaction mixture 

was stirred at room temperature for 6 hours. An aliquot of 0.2 mL was taken 

from the solution and gently concentrated on a rotary evaporator at RT, and 

analyzed by 1H-NMR showing that one single product was formed from the 

substrate. The obtained 4-cyclohexenyl hydroxyboronate (2) was purified by 

flash chromatography using a silica gel column previously deactivated with 

triethylamine, and a mixture of petroleum ether and ethyl acetate (10:3) as 

eluent (R.f.=0.35). The product 2 could be isolated in 41.7 mg (62% yield).  

1H NMR (400 MHz, CDCl3) δ (ppm): 5.88 (dd, J= 10, 2.8 Hz, 1H), 

5.71 (dt, J=10, 2.6 Hz, 1H), 4.18 (s, 1 H), 1.88-1.76 (m, 2 H), 1.73-

1.52 (m, 3 H), 1.21 (s, 6 H), 1.19 (s, 6H).  

13C NMR (100 MHz, CDCl3) δ (ppm): 131.72, 128.61, 83.66, 65.47, 

32.06, 25.29, 25.04, 24.91, 20.50  

11B NMR (128.52  MHz, CDCl3) δ (ppm): 33.26. 

Copper mediated borylation: CuCl (1.5 mg, 0.015 mmol), 1,3-

Bis(diphenylphosphino)propane (dppp) (13 mg, 0.03 mmol), cesium carbonate 

(2 eq.) and B2pin2 (114 mg, 0.45mmol) were transferred into an oven-dried 

Schlenk tube under argon. THF (3 mL) was added. The mixture was stirred for 

10 minutes at room temperature to dissolve the borane reagent completely. 

The substrate 1 (33 μL, 0.3 mmol) and MeOH (100 μl, 2.5 mmol) were added, 

and the reaction mixture was stirred at room temperature for 6 hours. An ali-
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quot of 0.2 mL was taken from the solution and gently concentrated on a rota-

ry evaporator at RT, and analyzed by 1H NMR. 

Borylation of 2-methyl-2-vinyloxirane (7) 

The phosphine PCy3 (9.54 mg, 10 mol%), sodium methoxide (33.4 mg, 0.6 

mmol) and B2pin2 (114 mg, 0.45mmol) were transferred into an oven-dried 

Schlenk tube under argon. THF (3 mL) was added. The mixture was stirred for 

10 minutes at room temperature to dissolve the phosphine and the borane 

reagent completely. The substrate 7 (33 μL, 0.3 mmol) and MeOH (100 μl, 2.5 

mmol) were added, and the reaction mixture was stirred at 50ºC for 20 hours. 

The reaction mixture was cooled to room temperature. An aliquot of 0.2 mL 

was taken from the solution and gently concentrated on a rotary evaporator at 

RT, and analyzed by 1H-NMR to probe that one single product was formed 

from the substrate. The obtained 2-methyl-4-pinacolboryl-butenol (8) was 

purified by flash chromatography using a silica gel column previously treated 

with triethylamine, and a mixture of petroleum ether and ethyl acetate (1:1) 

as eluent (R.f.=0.42). The product could be isolated in 42.0 mg (66% yield). 

1H NMR (400 MHz, CDCl3) δ (ppm): 5.51 (t, J= 8 Hz, 

1H), 4.40 (bs, 1H), 4.00 (s, 2H), 1.70 (s, 3H), 1.65 (d, 

2H), 1.21 (s, 6H). 1.16 (s, 6H).  

13C NMR (100 MHZ, CDCl3) δ (ppm) 134.86, 121.34, 83.24, 69.20, 24.74, 

18.61, 13.62. 

11B NMR (128.52  MHz, CDCl3) δ (ppm) 33.41 

Borylation of 3,4-aziridine-1-cyclohexene (10) 

The phosphine PCy3 (9.54 mg, 10 mol%), sodium methoxide (33.4 mg, 0.6 

mmol) and B2pin2 (114 mg, 0.45mmol) were transferred into an oven-dried 

Schlenk tube under argon. THF (3 mL) was added. The mixture was stirred for 

10 minutes at room temperature to dissolve the phosphine and the borane 

reagent completely. The substrate 10 (0.3 mmol) and MeOH (100 μl, 2.5 

mmol) were added, and the reaction mixture was stirred at 50ºC for 20 hours. 

The reaction mixture was cooled to room temperature. An aliquot of 0.2 mL 

was taken from the solution and gently concentrated on a rotary evaporator at 

RT, and analyzed by 1H-NMR to probe that one single product was formed 

from the substrate. The obtained 1,4-cyclohexenyl tosylaminoboronate (11) 
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was purified by flash chromatography using a silica gel column previously 

treated with triethylamine, and a mixture of petroleum ether and ethyl acetate 

(7:3) as eluent (R.f.=0.49). The product could be isolated in 80.3 mg (71% 

yield). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.77 (d, 2H, J = 8.0 Hz), 7.28 

(d, 2H, J= 8.0 Hz), 5.82-5.79 (m, 1H), 5.30-5.26 (dt, 1H, J = 9.8, 

3.5 Hz,), 4.41 (d, 1H, J = 8.0 Hz), 3.79 (br s, 1H), 2.43 (s, 3H), 

1.52-1.90 (m, 5H), 1.20 (s, 12H).  

13C NMR (100 MHz, CDCl3) δ (ppm): 143.2, 138.3, 132.4, 129.6, 

127.0, 125.4, 83.4, 48.8, 30.1, 25.0, 24.7, 24.6, 21.6, 20.6.  

11B NMR (128.52 MHz, CDCl3) δ (ppm): 33.44.  

Spectral data is in accordance with the literature.[1] 

Borylation of 2-methyl-2-vinylaziridine (13) and 3-methyl-2-vinylaziridine 

(14) 

The phosphine PCy3 (9.54 mg, 10 mol%), sodium methoxide (33.4 mg, 0.6 

mmol) and B2pin2 (114 mg, 0.45mmol) were transferred into an oven-dried 

Schlenk tube under argon. THF (3 mL) was added. The mixture was stirred for 

10 minutes at room temperature to dissolve the phosphine and the borane 

reagent completely. The substrate mixture (0.3 mmol) and MeOH (100 μl, 2.5 

mmol) were added, and the reaction mixture was stirred at 50ºC for 20 hours. 

The reaction mixture was next cooled to room temperature.  

7.2.2 General procedure for the aziridination of dienes 

The substrates 3,4-aziridine-1-cyclohexene (10), 2-methyl-2-vinylaziridine 

(13) and 3-methyl-2-vinylaziridine (14), were prepared following the method-

ology established in the literature.[2] 

PhI=NTs (1 mmol) was added portionwise to a stirred solution of freshly dis-

tilled diene (2.02 mmol) and Cu(acac)2 (27 mg, 0.1 mmol) in CH3CN (2 mL) at 

0°C under N2. After being stirred for 15 min, the reaction was allowed to warm 

to rt and stirred for a further 45 min. Then, the reaction mixture was poured 

into NaOH (aq) (1 M, 20 mL). Et2O (5 mL) was added, and the layers were 

separated. The aqueous layer was extracted with Et2O (2 x 5 mL), and the 
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combined organic extracts were dried (Na2SO4) and evaporated under reduced 

pressure. The crude product was purified by flash column chromatography to 

give the corresponding cyclic aziridines in 45-80% yield. 

7.2.3 The oxidation protocol 

The allyl boronates obtained in the above described procedure were converted 

into the corresponding alcohols in the following manner. To the crude 

organoboron product (cc. 0.3 mmol) in THF (3 mL), sodium perborate (90 mg, 

0.9 mmol) and water (3 mL) were added. The reaction mixture was stirred 

vigorously overnight at room temperature. The reaction mixture was diluted 

with water and then extracted with dichloromethane (3 x 20mL). The com-

bined organic phase was dried over MgSO4 and concentrated.  

Product 3 was purified by flash chromatography using a silica gel column with 

ethyl acetate as eluent (R.f.=0.70). The product could be isolated in 32.5 mg 

(95% yield). Spectral data is in accordance with the literature.[3] 

Product 9 was purified by flash chromatography using a silica gel column with 

ethyl acetate as eluent (R.f.=0.52). The product could be isolated in 26.7 mg 

(87% yield).  

1H NMR (400 MHz, CDCl3) δ (ppm) 5.70-5.65 (tq, 1H, 

J= 6.8, 1.6 Hz), 4.24-4.22 (d, 2 H, J= 6.8 Hz), 4.01 (s, 

2 H), 1.71 (s, 3 H). 

13C NMR (100 MHZ, CDCl3) δ (ppm) 138.87, 124.14, 68.41, 59.47, 30.14. 

Product 12 was purified by flash chromatography using a silica gel column 

with ethyl acetate as eluent (R.f.=0.75). The product could be isolated in 72.2 

mg (90% yield). 
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1H NMR (400 MHz, CDCl3) δ (ppm): 7.76 (d, 2H, J = 8.0 Hz), 7.31 

(d, 2H, J = 8.0 Hz), 5.78-5.74 (d, 1H J = 10 Hz), 5.45-5.43 (d, 1H J 

= 10 Hz), 4.48 (d, 1H), 4.18 (m, 1H), 3.88-3.84 (m, 1H), 2.44 (s, 

3H), 2.04-1.95 (m, 3H), 1.35-1.50 (m, 2H).  

13C NMR (100 MHz, CDCl3) δ (ppm) 143.5, 138.1, 134.1, 129.9, 

126.9, 65.6, 49.6, 30.7, 28.7, 21.6. 

Spectral data is in accordance with the literature.[1] 

Products 15/16 were purified as a mixture of diols by flash chromatography 

utilizing a silica gel column with ethyl acetate as eluent (R.f.=0.56). The prod-

ucts could be isolated in 30.6 mg (40% yield). 

7.2.4 Allylation reaction of allyl boronates with benzaldehyde 

The allyl boronates 2 and 5 obtained in the organocatalytic and copper medi-

ated borylation, respectively, were derivatized with benzaldehyde. To the 

crude organoboron product (cc. 0.3 mmol) in THF (3 mL), benzaldehyde (100 

μL, 0.9 mmol) was added. The reaction mixture was stirred vigorously over-

night at room temperature. Product 4 was purified by flash chromatography 

using a silica gel column with ethyl acetate as eluent (R.f.=0.80). The product 

could be isolated in 56.4 mg (92% yield). Product 6 was purified by flash 

chromatography using a silica gel column and a a mixture of petroleum ether 

and ethyl acetate (7:3) as eluent (R.f.=0.49). The product could be isolated in 

38.6 mg (63% yield). Spectral data for 4 is in accordance with the literature[1] 

Spectral data for 6 is in accordance with the literature.[4] 

7.3 Novel synthesis of β-seleno and β-sulfido carbonyl com-

pounds 

The next protocol for the synthesis of the ArSe-Bpin and ArS-Bpin reagents 

was developed by Westcott’s group. 

7.3.1 Synthesis and characterization of 4,4,5,5-tetramethyl-2-

(phenylselanyl)-1,3,2-dioxaborolane (PhSe-Bpin) 

To a toluene (10 mL) solution of benzeneselenol (2.22 g, 14.13 mmol) and 

pinacolborane (1.85 g, 14.45 mmol) was added a RhCl(PPh3)3 (3 mg, 0.0035 

mmol, 0.02 mol%) as a solid.  The reaction was allowed to proceed for 18 h, 
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at which point solvent was removed under vacuum to give an off-white solid.  

The solid was dissolved in hexane (4 mL) and stored at -30 oC.  The resulting 

precipitate was collected by suction filtration to afford 1 as an off-white solid.  

Yield: 3.55 g (89%); mp 55-57 oC.   

1H NMR (400 MHz, CDCl3) δ (ppm): 7.58 (m, 2H, Ar), 7.25-7.20 (ov m, 3H, 

Ar), 1.32 (s, 12H, pin). 

11B NMR (128 MHz, CDCl3) δ (ppm): 32.8 (br). 

13C NMR (100 MHz, CDCl3) δ (ppm): 134.5, 129.0, 126.8, 124.9, 85.7, 24.7.   

Anal. Calcd. for C12H17BO2Se (283.03): C, 50.92; H, 6.05.  Found: C, 51.23; 

H, 6.11. 

7.3.2 General procedures for the β-selenation of α,β-unsatu-

rated ketones and aldehydes 

 

PhSe-Bpin (30 mg, 0.11 mmol, 1.1 eq.) 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 room temperature. An 

aliquot of 0.2 mL was taken from the solution and gently concentrated on a 

rotary evaporator at r.t, and analyzed by 1H NMR. Conversion was determined 

by correlation of the integrals of the protons of the product and the substrate. 

The product β-(phenylseleno) substituted ketone was purified by flash chroma-

tography using a silica gel column, and the mixture of petroleum ether and 

ethyl acetate adequate for each case. 
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7.3.3 Characterization of β-(phenylseleno) substituted ketones 

and aldehydes 

4-phenyl-4-phenylseleno-2-butanone (18) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.46 – 7.34 (m, 2H), 

7.32 – 7.11 (m, 8H), 4.80 – 4.76 (dd, J=8.6, 6.4 Hz, 1H), 

3.26 – 3.20 (dd, J=17.1, 8.6 Hz, 1H), 3.12 – 3.04 (dd, 

J=17.1, 6.4 Hz, 1H), 2.05 (s, 3H).  

13C NMR (100 MHz, CDCl3) δ (ppm): 206.3, 141.9, 136.2, 

129.4, 129.3, 128.9, 128.6, 128.0, 127.6, 50.0, 42.1, 31.0. 

m/z: 304.04 (100.0%), 302.04 (50.2%), 306.04 (19.1%), 300.04 (18.7%), 

301.04 (18.5%), 305.04 (17.4%), 303.04 (8.4%), 307.04 (3.1%), 298.04 

(1.8%). 

1-phenyl-3-phenylseleno-1-butanone (20) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.92 – 7.83 (m, 

2H), 7.60 – 7.54 (m, 3H), 7.49 – 7.37 (m, 2H), 7.30 

– 7.25 (m, 3H), 3.95 – 3.86 (m, 1H), 3.41 – 3.36 (dd, 

J=16.8, 5.0 Hz, 1H), 3.12 – 3.04 (dd, J=16.8, 

10.1Hz, 1H), 2.04 (s, 3H).  

13C NMR (100 MHz, CDCl3) δ (ppm): 198.4, 137.0, 135.5, 133.4, 131.8, 

129.3, 128.8, 128.3, 128.0, 46.6, 33.7, 22.2 

m/z: 304.04 (100.0%), 302.04 (50.2%), 306.04 (19.1%), 300.04 (18.7%), 

301.04 (18.5%), 305.04 (17.4%), 303.04 (8.4%), 307.04 (3.1%), 298.04 

(1.8%). 

1,3-bisphenyl-3-phenylseleno-1-propanone (22) 

 1H NMR (400 MHz, CDCl3) δ (ppm): 7.85 – 7.74 (m, 

2H), 7.53 – 7.41 (m, 1H), 7.41 – 7.29 (m, 4H), 7.26 

– 7.04 (m, 8H), 4.94 – 4.90 (dd, J = 8.6, 6.0 Hz, 

1H), 3.75 (dd, J = 17.3, 8.6 Hz, 1H), 3.56 (dd, J = 

17.3, 6.0 Hz, 1H).  
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13C NMR (100 MHz, CDCl3) δ (ppm): 197.5, 141.7, 136.8, 135.9, 133.4, 

129.2, 129.2, 128.8, 128.6, 128.3, 128.2, 127.8, 127.3, 44.9, 42.2 

m/z: 366.05 (100.0%), 364.05 (47.9%), 367.06 (23.1%), 363.06 (19.7%), 

362.05 (18.9%), 368.05 (17.6%), 365.06 (11.4%), 369.06 (4.3%), 364.06 

(4.0%), 368.06 (2.7%), 360.06 (1.8%), 366.06 (1.3%). 

5-phenylseleno-3-pentanone (24) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.55 – 7.43 (m, 

2H), 7.31 – 7.17 (m, 3H), 3.08 (t, J = 7.5 Hz, 2H), 

2.89 – 2.77 (t, J = 7.5 Hz, 2H), 2.40 (q, J = 7.3 Hz, 

2H), 1.04 (t, J = 7.3 Hz, 3H).  

13C NMR (100 MHz, CDCl3) δ (ppm): 210.0, 135.0, 129.9, 129.3, 127.3, 43.0, 

36.3, 20.8, 7.9. 

m/z: 242.02 (100.0%), 240.02 (47.9%), 238.02 (18.9%), 244.02 (17.6%), 

239.02 (15.4%), 243.02 (11.9%), 241.03 (5.9%), 239.03 (2.3%), 245.02 

(2.1%), 240.03 (2.0%), 236.03 (1.8%). 

5-phenylseleno-3-hexanone (26) 

 1H NMR (400 MHz, CDCl3) δ (ppm): 7.61 – 7.51 (m, 

2H), 7.35 – 7.21 (m, 3H), 3.81 – 3.65 (m, 1H), 2.80 

(dd, J = 16.9, 5.7 Hz, 1H), 2.66 (dd, J = 16.9, 8.4 Hz, 

1H), 2.47 – 2.29 (q, J = 7.3 Hz, 2H), 1.40 (d, J = 6.9 

Hz, 3H), 1.03 (t, J = 7.3 Hz, 3H).  

13C NMR (100 MHz, CDCl3) δ (ppm): 209.7, 135.3, 129.2, 128.8, 128.0, 50.2, 

36.8, 33.3, 22.2, 7.8. 

m/z: 256.04 (100.0%), 254.04 (49.7%), 252.04 (18.8%), 258.04 (18.5%), 

253.04 (17.8%), 257.04 (13.1%), 255.04 (6.3%), 259.04 (2.3%), 250.04 

(1.8%). 
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4-phenylseleno-2-heptanone (28) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.62 – 7.48 (m, 2H), 

7.28 (m, 3H), 3.67 – 3.49 (m, 1H), 2.78 (dd, J = 17.3, 6.9, 

1H), 2.75 (dd, J = 17.3, 6.0, 1H), 2.11 (s, 3H), 1.66 – 1.33 

(m, 4H), 0.96 – 0.81 (t, J = 7.3, 3H).  

13C NMR (100 MHz, CDCl3) δ (ppm): 207.2, 135.5, 129.2, 128.7, 127.9, 50.2, 

39.4, 37.9, 30.7, 21.2, 13.9. 

m/z: 270.05 (100.0%), 268.05 (47.9%), 266.05 (18.9%), 267.06 (18.1%), 

272.05 (17.6%), 271.06 (14.3%), 269.06 (7.0%), 273.06 (2.6%), 268.06 

(2.4%), 264.06 (1.8%), 272.06 (1.2%). 

4-phenylseleno-2-nonanone (30) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.59 – 7.50 (m, 

2H), 7.34 – 7.21 (m, 3H), 3.64 – 3.50 (m, 1H), 2.78 

(dd, J = 17.3, 6.9 Hz, 1H), 2.69 (dd, J = 17.3, 6.3 Hz, 

1H), 2.11 (s, 3H), 1.66 – 1.56 (m, 2H), 1.56 – 1.34 

(m, 2H), 1.34 – 1.18 (m, 4H), 0.94 – 0.78 (t, J = 7.3 

Hz, 3H).  

13C NMR (100 MHz, CDCl3) δ (ppm): 207.2, 135.5, 129.2, 128.7, 127.9, 50.2, 

39.7, 35.7, 31.6, 30.7, 27.7, 22.7, 14.2. 

m/z: 298.08 (100.0%), 296.08 (47.9%), 294.09 (18.9%), 295.09 (18.5%), 

300.08 (17.6%), 299.09 (16.6%), 297.09 (8.1%), 301.09 (3.0%), 296.09 

(2.8%), 292.09 (1.8%), 300.09 (1.5%). 

3-phenylseleno-1-cyclopentanone (32) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.66 – 7.48 (m, 

2H), 7.36 – 7.19 (m, 3H), 3.90 (m, 1H), 2.74 – 2.57 

(dd, J= 18.8, 7.6 Hz, 1H), 2.51 – 2.14 (m, 4H), 2.14 – 

1.97 (m, 1H).  

13C NMR (100 MHz, CDCl3) δ (ppm): 217.0, 135.2, 131.7, 129.4, 128.5, 

128.3, 45.9, 37.6, 37.5, 30.3. 
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m/z: 240.01 (100.0%), 238.01 (49.7%), 236.01 (18.8%), 242.01 (18.4%), 

237.01 (17.6%), 241.01 (12.0%), 239.01 (5.8%), 243.01 (2.1%), 234.01 

(1.8%) 

3-phenylseleno-1-cyclohexanone (34) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.69 – 7.51 (m, 

2H), 7.29 (m, 3H), 3.54 – 3.39 (m, 1H), 2.84 – 2.70 

(dd, J = 14.2, 8.9 Hz, 1H), 2.46 (dd, J = 14.2, 11.2 Hz, 

1H), 2.41 – 2.05 (m, 4H), 1.90 – 1.61 (m, 2H).  

13C NMR (100 MHz, CDCl3) δ (ppm): 209.1, 135.9, 129.4, 128.4, 127.6, 48.9, 

41.1, 40.4, 32.3, 25.4. 

m/z: 254.02 (100.0%), 252.02 (47.9%), 250.02 (18.9%), 256.02 (17.6%), 

251.02 (15.4%), 255.02 (13.0%), 253.03 (6.5%), 251.03 (2.5%), 257.02 

(2.3%), 252.03 (2.2%), 248.03 (1.8%), 256.03 (1.0%). 

3-phenylseleno-1-butanal (38) 

1H NMR (400 MHz, CDCl3) δ (ppm): 9.72 (t, J = 1.7 Hz, 

1H), 7.64 – 7.49 (m, 2H), 7.38 – 7.28 (m, 3H), 3.79 – 

3.62 (m, 1H), 2.75 (dd, J = 17.6, 5.6 Hz, 1H), 2.60 (dd, J 

= 17.6, 8.7 Hz, 1H), 1.52 – 1.42 (d, J = 3.3 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ (ppm): 200.9, 135.8, 129.3, 128.3, 128.0, 51.1, 

31.9, 22.3. 

m/z: 240.01 (100.0%), 238.01 (49.7%), 236.01 (18.8%), 242.01 (18.4%), 

237.01 (17.6%), 241.01 (12.0%), 239.01 (5.8%), 243.01 (2.1%), 234.01 

(1.8%). 
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7.3.4 General procedure for the synthesis of 5-phenylsulfanyl-

hexan-3-one (41) 

 

PhS-Bpin (0.11 mmol, 1.1 eq.) was weighted and transferred into an ov-

en-dried schlenk tube inside the glovebox. 4-Hexen-3-one (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 room temperature. An aliquot of 0.2 

mL was taken from the solution and gently concentrated on a rotary evapora-

tor at r.t, and analyzed by 1H NMR. Conversion was determined by correlation 

of the integrals of the protons of the product and the substrate. The product 

β-(phenylsulfanyl) substituted ketone was purified by flash chromatography 

using a silica gel column, and the mixture of petroleum ether and ethyl acetate 

(1:1).  

7.3.5 Characterization of 5-phenylsulfanyl-hexan-3-one (41) 

5-phenylsulfanyl-hexan-3-one (41) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.46 – 7.35 (m, 

2H), 7.35 – 7.16 (m, 3H), 3.81 – 3.62 (m, 1H), 2.72 

(dd, J = 16.8, 5.2 Hz, 1H), 2.54 (dd, J = 16.8, 8.5 Hz, 

1H), 2.46 – 2.29 (q, J = 8.5 Hz, 2H), 1.28 (d, J = 6.7 

Hz, 3H), 1.03 (t, J = 8.5 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ (ppm): 209.2, 134.4, 132.4, 129.1, 127.4, 49.6, 

38.9, 37.3, 21.7, 8.3. 

m/z: 208.09 (100.0%), 209.10 (13.2%), 210.09 (4.6%), 210.10 (1.0%). 
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7.4 An experimental approach to the metal-free selenolysis and 

thiolysis of epoxides 

7.4.1 General procedures for the selenolysis of epoxides 

The reagent PhSe-Bpin (0.60 mmol, 2 eq.) was weighted and transferred into 

an oven-dried schlenk tube inside the glovebox. The substrate (0.30 mmol) 

was introduced in the Schlenk tube under argon and dry THF (3 mL) was ad-

ded. The mixture was stirred for 16 hours at room temperature. An aliquot of 

0.1 mL was taken from the solution and gently concentrated on a rotary evap-

orator at rt, and analyzed by 1H NMR. Conversion was determined on some 

cases by correlation of the integrals of the protons of the product and the sub-

strate. The product β-hydroxy selenide was purified by flash chromatography 

using a silica gel column, and the suitable mixture of petroleum ether and 

ethyl acetate (9:1).  

7.4.2 Characterization of the β-hydroxy selenides 

anti 2-(Phenylselanyl)cyclohexanol (71) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.58 (dd, J = 6.6, 

3.2, 2H), 7.27 (m, 3H), 3.30 (m, 1H), 2.98 (br s, OH), 

2.79 (m, 1H), 2.13 (m, 2H), 1.71 (m, 1H), 1.58 (m, 1H), 

1.48 – 1.04 (m, 4H).  

13C NMR (100 MHz, CDCl3) δ (ppm): 136.3, 129.2, 128.4, 126.8, 72.5, 53.8, 

34.1, 33.6, 27.1, 24.7. 

anti 2-(Phenylselanyl)cyclohex-3-en-1-ol (72) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.58 (m, 2H), 7.28 

(m, 3H), 5.83 (m, 1H), 5.72 (m, 1H), 3.88 (ddd, J = 8.6, 

5.9, 2.7 Hz, 1H), 3.71 (m, 1H), 2.26 – 2.02 (m, 3H), 

1.69 (m, 1H). 

13C NMR (100 MHz, CDCl3) δ (ppm): 135.1, 129.5, 129.4, 128.2, 126.7, 70.4, 

48.8, 27.5, 22.9. 
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1-(Phenylselanyl)hexan-2-ol (75) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.56 (m, 

2H), 7.26 (m, 3H), 3.65 (m, 1H), 3.15 (dd, 

J=12.8, 3.2 Hz, 1H), 2.86 (dd, J=12.8, 8.4 Hz, 

1H), 2.36 (br s, OH), 1.50 (m, 2H), 1.46 – 1.16 

(m, 4H), 0.88 (t, J=6.8 Hz, 3H).  

13C NMR (100 MHz, CDCl3) δ (ppm): 133.3, 129.6, 129.5, 127.5, 70.1, 37.6, 

36.6, 28.3, 22.9, 14.3. 

1-Cyclohexyl-2-(phenylselanyl)ethan-1-ol (76) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.53 (d, 2H), 7.26 

(m, 3H), 3.41 (m, 1H), 3.20 (dd, J=12.7, 3.0 Hz, 1H), 

2.91 (dd, J=12.7, 9.4 Hz, 1H), 2.36 (br s, OH), 1.89-

1.82 (m, 1H), 1.78 – 1. 61 (m, 4H), 1.50 – 1.40 (m, 

1H), 1.27-0.96 (m, 5H). 

13C NMR (100 MHz, CDCl3) δ (ppm): 133.2, 129.4, 127.4, 74.1, 43.4, 35.4, 

29.4, 28.5, 26.6, 26.4, 26.3. 

1-(Phenylselanyl)butan-2-ol (77) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.55 (m, 2H), 

7.27 (m, 3H), 3.61 (m, 1H), 3.15 (dd, J=12.8, 3.5 

Hz, 1H), 2.88 (dd, J=12.8, 8.7 Hz, 1H), 2.38 (br s, 

OH), 1.57 (m, 2H), 0.94 (t, J=7.5 Hz, 3H).  

13C NMR (100 MHz, CDCl3) δ (ppm): 133.2, 129.6, 129.4, 127.5, 71.3, 37.1, 

29.7, 10.3. 

2-(Phenylselanyl)cyclopentan-1-ol (78) 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.57 (m, 2H), 7.28 

(m, 3H), 4.17 (m, 1H), 3.42 (m, 1H), 2.26 (m, 1H), 2.07 

(m, 1H), 1.85–1.55 (m, 4H). 
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7.4.3 General procedures for the thiolysis of epoxides 

The reagent PhS-Bpin (0.60 mmol, 2 eq.) was weighted and transferred into 

an oven-dried schlenk tube inside the glovebox. The substrate (0.30 mmol) 

was introduced in the Schlenk tube under argon and dry THF (3 mL) was add-

ed. The mixture was stirred for 16 hours at room temperature. An aliquot of 

0.1 mL was taken from the solution and gently concentrated on a rotary evap-

orator at rt, and analyzed by 1H NMR. Conversion was determined on some 

cases by correlation of the integrals of the protons of the product and the sub-

strate. The product β-hydroxy sulfide was purified by flash chromatography 

using a silica gel column, and the suitable mixture of petroleum ether and 

ethyl acetate (9:1).  

7.4.4 Characterization of the β-hydroxy sulfides 

anti 2-(phenylthio)cyclohexan-1-ol (79) 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.44 (m, 2H), 7.26 

(m, 3H), 3.29 (dt, J= 10.0, 4.5 Hz, 1H), 2.94 (br s, OH), 

2.75 (m, 1H), 2.08 (m, 2H), 1.66 (m, 2H), 1.34-1.16 (m, 

4H). 

13C NMR (CDCl3, 100 MHz) δ (ppm): 134.1, 129.2, 128.1, 72.3, 56.8, 34.1, 

33.0, 26.5, 24.6. 

anti 2-(Phenylthio)cyclohex-3-en-1-ol (80) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.46 (m, 2H), 7.29 

(m, 3H), 5.85 – 5.66 (m, 2H), 3.78 (ddd, J = 9.2, 6.6, 

2.8 Hz, 1H), 3.62 (dt, J = 6.6, 2.2 Hz, 1H), 2.31 – 1.96 

(m, 3H), 1.67 (m, 1H). 

13C NMR (100 MHz, CDCl3) δ (ppm): 132.6, 129.8, 

129.2, 127.7, 126.1, 69.7, 52.7, 27.9, 23.3. 
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1-(Phenylthio)hexan-2-ol (81) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.39 (m, 

2H), 7.30 (m, 2H), 7.20 (m, 1H), 3.66 (m, 1H), 

3.16 (dd, J = 13.7, 3.3 Hz, 1H), 2.84 (dd, J = 

13.7, 8.8 Hz, 1H), 1.54 (m, 3H), 1.28 (m, 3H), 

0.90 (t, J = 7.2 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ (ppm): 130.3, 129.3, 127.7, 126.8, 69.6, 42.5, 

36.1, 28.1, 22.9, 14.3. 

1-Cyclohexyl-2-(phenylthio)ethan-1-ol (82) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.37 (m, 1H), 7.29 

(m, 1H), 7.21 (m, 1H), 3.43 (m, 1H), 3.23 (dd, J = 

13.6, 2.9 Hz, 1H), 2.86 (dd, J = 13.6, 9.4 Hz, 1H), 1.89 

(m, 1H), 1.70 (m, 4H), 1.44 (m, 1H), 1.31 – 0.97 (m, 

4H). 

13C NMR (100 MHz, CDCl3) δ (ppm): 135.3, 129.9, 129.0, 126.5, 73.2, 42.7, 

39.9, 29.0, 28.2, 26.4, 26.1, 26.0. 

1-(Phenylthio)butan-2-ol (83) 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.38 (m, 2H), 

7.26 (m, 2H), 7.19 (m, 1H), 3.57 (m, 1H), 3.13 (dd, J 

= 13.7, 3.4 Hz, 1H), 2.81 (dd, J = 13.7, 8.8 Hz, 1H), 

1.53 (m, 2H), 0.93 (t, J = 7.5 Hz, 3H).  

13C NMR (100 MHz, CDCl3) δ (ppm): 135.4, 130.2, 129.2, 126.7, 70.7, 42.0, 

29.1, 10.1. 
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Nowadays, organoboranes are relevant compounds as they can be used as 

intermediates in the synthesis of many functionalized molecules.[1] Moreover, 

organoboron reagents have potential applications in biochemistry and biomed-

ical sciences due to their biological activity.[2] Organoboranes can be easily 

prepared through well established protocols.[3] Particularly, the catalytic C-B 

bond formation is interesting because it serves as a platform for further trans-

formations with total control of the chemo-, regio- and stereoselectivity of the 

product formation (Scheme 1.1).[4] 

 

Scheme 8.1. Some of the typical transformations of the C-B bond. 

Diborons are the most used reagents used to introduce boron moieties into 

unsaturated substrates. However, they present different behavior depending 

on the reaction conditions and the nature of the substrate they react with. 

Thus, other less atomic economical reactions such us β-boration, hydrobora-

tion and borylation of unsaturated compounds can happen (Scheme 8.2). 

 

Scheme 8.2. Alternative reactions of diboranes: β-boration (a), hydroboration (b) and 

borylation (c). 
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It is well known that the B-B bond is rather strong (104 kcal·mol-1)[5] and this 

might be the cause of the unsuccessful direct addition of diboron reagents to 

C-C multiple bonds.[6] Therefore, tetralkoxydiborons need to be activated to 

react with unsaturated substrates. The most extended method to activate 

diboron reagents is mainly performed by transition metal catalysts via 

homolytic oxidative addition or via σ-bond metathesis (heterolytic cleavage of 

the B-B bond). 

On the other hand, the diboron reagents have been reported to be also acti-

vated without the need of a transition metal. Intermolecular activation of 

symmetrical diborons such as B2pin2 can create a significant nucleophilic boryl 

synthon, which in the absence of any transition metal complexes can efficient-

ly be transferred to the Cβ of α,β-unsaturated carbonyl compounds. The 

so-called “pull-push effect” of the B is understood as the quaternization of one 

B atom of the diboron forming an activated adduct which subsequently releas-

es a boryl unit with enhanced nucleophilicity. During this process, the sp2 bo-

ron of the [B2pin2·MeO-] adduct gained a pronounced nucleophilic character 

and attacked the electron deficient olefins (Scheme 8.3).  

 

Scheme 8.3. Proposed catalytic cycle for the methoxide-mediated metal-free β-boration 

of α,β-unsaturated compounds with B2pin2. 
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In this line, we found interesting to extend our group’s metal-free methodolo-

gy to the borylative ring opening of vinyl epoxides and aziridines since all the 

previously reported cases were catalyzed by metals such as palladium,[7] nick-

el[7a, 8] or copper.[9] 

The in situ formed [B2pin2·OMe]- adduct successfully reacted with vinyl epox-

ides and aziridines. The SN2’ exclusively took place giving the alkylboronate 

products in anti. Up to 5 substrates were borylated using this methodology 

and were isolated in up to 68% yield. Further functionalization of the 

allylboronate products via oxidation or reactivity with benzaldehyde allowed us 

to confirm the stereostructures (Scheme 8.4).  

 

Scheme 8.4. Metal-free borylative ring opening of vinyl epoxides and aziridines. 

From a theoretical point of view, we proposed a plausible mechanism for this 

reaction. The mechanism is in accordance with our experimental results and 

helps to understand the role of each reagent in the reaction (Scheme 8.5). 
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Scheme 8.5. Proposed reaction pathway for the borylative ring-opening of vinyl epox-

ides and vinyl aziridines with B2pin2. Electronic energy and Gibbs free energy (in paren-

thesis) computed at the M06-2X level relative to [B2pin2·OMe]- adduct plus 3,4-epoxy-1-

cyclohexene (1) as a model substrate. All values are in kcal·mol-1. 

On the other hand, quaternization of one boron atom in species containing B-E 

bonds (E= elements from group 14) induces the heterolytic cleavage of these 

stable bonds. The so-called pull-push effect of B has also been studied with 

silanoboranes and aminoboranes, achieving respectively the silaboration[10] 

and aminoboration[11] of activated alkenes and alkynes (Scheme 8.6).  

 

Scheme 8.6. Metal-free a) silaboration and b) aminoboration of activated alkenes. 

In this context, we initiated collaboration with Prof. Westcott’s group to ex-

plore the reactivity of a family of novel B-Y species (Y= Se, S)[12] when react-

ing with electrophilic substrates. 
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We first studied the activation of the Se-B reagent in the presence of vinyl 

ketones and aldehydes. Remarkably, exclusively the β-seleno and β-sulfido 

products were obtained in a face to face reaction. The carbonylic oxygen atom 

of the substrate seems able to activate the reagent and thus the reaction 

takes place without the need of expensive metal species or additives (Scheme 

8.7). 

 

Scheme 8.7. Metal-free β-selenation of vinyl ketones and aldehydes. 

Moreover, DFT studies facilitated the understanding of the reaction outcome 

and helped to predict the reactivity of the analogous sulphur and oxygen anal-

ogous through the calculation of nucleophilicity indexes. Interestingly we found 

out that the B-Se reagent was the most nucleophilic reagent, nearly followed 

by B-S. The B-O analogous appeared to be the least nucleophile. We corrobo-

rated that the sulphur analogous presents a very similar reactivity and we 

proved this with an experimental example of direct reaction between PhS-Bpin 

and 4-hexen-3-one (25). 

We next proposed a plausible mechanism of the reaction for all the RY-Bpin 

(Y= Se, S, O) reagents and as expected, the oxygen reagent appeared to be 

unreactive due to the high activation energy values and instability of the reac-

tion intermediates. We clearly observed that the BnS-Bpin was the less active 

among the B-S reagents, whilst PhS-Bpin and TolS-Bpin appeared to be very 

similar (Scheme 8.8). In all cases the 1,2-addition was totally disfavored, 

which is in agreement with the experimental exclusive observation of the 

β-selenated and β-thionated products. 
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Scheme 8.8. Relative Gibbs Free Energies for the reaction pathway of the 1,2- and 1,4-

addition of the RS-Bpin reagents to the substrate 4-phenyl-3-buten-2-one (17). All 

energies are in kcal·mol-1. 

Our next interest was to promote the same reaction for the propargylic ke-

tones. My co-worker M. Garcia was able to successfully prepare a number of 

vinyl sulfides and selenides using the same simple metal-free methodology 

with good to excellent conversion and isolated yield values. The reaction ap-

peared to be selective towards the obtaining of the Z isomers (Scheme 8.9). 

 

Scheme 8.9. Synthesis of vinyl selenides and vinyl sulfides throughout chalcogeno-

borates. 

 

The reaction was next studied by means of DFT and we proposed a plausible 

mechanism that justifies the only observation of the 1,4-addition products. 

Also, the Z isomer seemed to be the most favored (Scheme 8.10). 
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Scheme 8.10. Relative Gibbs free energies for the reaction pathway of the 1,2- and 

1,4-addition of the PhSe-Bpin reagent to the model substrate 1-(4-methylphenyl)-3-

phenyl-2-propyn-1-one (68). All energies are in kcal·mol-1. 

The last project of this thesis consisted in the reaction of PhSe-Bpin and 

PhS-Bpin reagents with epoxides. Our aim was to afford β-hydroxy selenides 

and sulfides following the same procedure that we previously utilized. We ex-

pected that the nucleophilic PhSe- or PhS- moiety would attack the epoxide to 

generate the desired products. 

Again, simply by mixing both the reagent and the substrate in a solvent, the 

formation of the ring opening products could be observed. Nonetheless, con-

version values were not totally reliable and for this reason we measured all 

isolated yields. Only 6 substrates could be successfully selenated and five 

thionated since we found our limitation on the substrate scope after have no 

conversion for 12 tested substrates (Scheme 8.11). The reaction was selective 

towards the anti products and the nucleophilic moiety attacked in all cases the 

terminal position of the epoxides. 
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Scheme 8.11. Reaction scheme of the reaction of PhSe-Bpin and PhS-Bpin with epox-

ides. 

DFT studies revealed that a first coordination of the PhSe-Bpin reagent to the 

substrate might occur via B-O interaction. A transition state for the ring open-

ing was found, although the nucleophilic attack of the released PhSe- moiety to 

the electrophilic carbon appeared to be barrierless. In addition, the disposition 

of the O, B, Se and C atoms in the space seems to lead to the syn attack and 

therefore to the cis product. Since the only observed product was the trans 

isomer, we suggested that once the PhSe- nucleophile is released, it might 

attack another substrate molecule by the lower and less-hindered face. 
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