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1.1 Borylation of π-systems via copper(I) catalysis  

The development of catalytic C-B bond formation is a powerful tool in organic chemistry. 

Organoboron compounds are generally considered nontoxic and are therefore 

environmentally benign.1,2 The borylation of π-system represents a remarkably versatile 

method to install new functionalities, giving access to essential natural products or useful 

precursors for pharmaceutical purposes.3–9  

In that context, copper complexes have emerged as an efficient catalyst to install boron 

across π-unsaturation since they can promote nucleophilicity through unreactive diboron 

compounds under homogeneous catalysis conditions.10 The copper-catalyzed borylation 

was first reported by Miyaura and co-workers in 2000, suggesting that the in situ formed 

species Cu-Bpin catalyzed the β-borylation of α,β-enones.11,12 Fernández and co-workers 

described the copper-catalyzed borylation of alkenes in the presence of Cu(I) complexes 

modified with N-heterocyclic carbene ligands.13 The general mechanism for copper-

catalyzed borylation of unsaturated substrates has been suggested to proceed through 

initial Cu-B bond formation via σ-bond metathesis, between diboranes reagents 

(bis(pinacolato)diboron B2pin2 (1.1)) and Cu-OR, followed by coordination of the π-systems 

with the concomitant 1,2-insertion to form the C-B bond and the C-Cu bond, which 

eventually react with an electrophile to generate the corresponding product (Figure 1.1). 

This mechanism describes most reactions involving unsaturated substrates,14,15 and it was 

explored in depth by Sadighi,16,17 Tsujhi,18 Marder19 and Kleeberg20, who could isolate the 

key catalytic intermediates I2 and I3 described in Figure 1.1.  

 

Figure 1.1. A general mechanism for copper-catalyzed borylative difunctionalizations. 
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A broad range of π-systems has been studied to be difunctionalized through copper-

catalyzed borylative reactions. Alkenes, allenes, dienes and alkynes are the most widely 

studied, but also ketones, aldehydes, imines alkyl halides, and epoxides have been 

examined.14 

Intermolecular copper-catalyzed borylative difunctionalizations reactions were studied by 

Yoshida and co-workers as the three-component carboboration to generate 

multisubstituted boryl-alkanes from alkenes (Scheme 1.1).21 The same authors extended 

this study to the borylalkylation of alkynes to boryl-alkenes towards the generation of 

alkenylboranes (Scheme 1.1).21 This new protocol could be applied later to the total 

synthesis of Equol which has potential bioactivity against osteoporosis and breast cancer 

diseases.22  

 

Scheme 1.1. Copper-catalyzed borylative difunctionalization of alkenes and alkynes.  

1.1.1 Intramolecular borylative alkylation 

Unlike intermolecular borylative alkylation of π-systems, intramolecular borylative 

functionalization is based on a two-component borylative process within subsequent 

cyclization. Ito and co-workers initially demonstrated the borylative cyclization of -silylated 

allylic carbonates providing access to bifunctional cyclopropanes (1.4) (Scheme 1.2). This 

borylative cyclization involved a regioselective addition of borylcopper(I) to the alkene 

through an endo-cyclization, in which boryl moiety is bonded to the internal part of the 

olefin due to electronic directing groups, such as trialkylsilyl groups. Surprisingly, both 

stereoisomers of the substrate generated the same diastereomer of the product. However, 

improved reactivity was observed with the Z-alkene 1.2 (Scheme 1.2).23 The same authors 

postulated that once the LCuBpin complex is formed, it attacks regioselectively to the olefin. 

E-alkene 1.3 can suffers a posterior rotation of the C-C bond to be accessible to the attack 

of the nucleophile carbon (Scheme 1.3). This protocol was extended to the borylative 

cyclization of allylic phosphates.24 
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Scheme 1.2. First copper-catalyzed borylative cyclization reported by Ito and co-workers. 

 

Scheme 1.3. Postulated pathways for cyclopropanation via borylative endo-cyclization of -silylated allylic 
carbonates. 

Ito and Sawamura launched an interesting copper-catalyzed borylative cyclization of Z- and 

E-homoallylic methanesulfonates towards the corresponding trans- and cis-cyclobutane 

derivates.25 Subsequently, Marder and co-workers described the borylcupration of alkenyl 

halides, via exo-cyclization, when they studied the borylation of alkyl halides using diboron 

reagents.26 Ito and co-workers improved this discovery, and they carried out the 

optimization of this methodology.27 Using unactivated terminal alkenes, they optimized the 

synthesis of spirocyclic boronates in high yields, generating up to five-member ring size. A 

good example is the borylative cyclization of substrate 1.5 towards the synthesis of 

spirocyclic boronate 1.6, which could be subsequently oxidized and coupled with the amide 

to obtain a histamine H3 receptor compound 1.9 (Scheme 1.4). Following this study, the 
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authors also postulated a plausible mechanism in which a Cu(III) plays a fundamental role 

(Figure 1.2).27  

 

Scheme 1.4. Reaction pathway reported by Ito and co-workers for the synthesis of Histamine H3 Receptor 
Ligand via borylative exo-cyclization. 

 

Figure 1.2. Proposed mechanism for Cu(I) catalyzed intramolecular borylative cyclization of alkenyl halides. 

In 2018, Fernández, Carbó and Maseras reported a similar strategy for generating borylated 

spirocyclic products with various ring sizes, improving Ito's methodology to compounds with 

six-member ring.28 The authors also postulated a plausible mechanism via Density 

Functional Theory (DFT) calculations, in which they demonstrated that Cu(III) intermediate 

is not kinetically relevant. A total of 28 different free energy profiles were computed, 

varying the influence of the leaving group, the cation of the base, the size of the member 

ring, and the number of explicit THF that might coordinate with the counterion. Figure 1.3 

shows a representative energy profile for the mechanism of the formation of five-

membered ring spiro molecules where the rate-determining process correspond to the 

energy difference between the transition state spiro-A-TS2 and the intermediate spiro-A-
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I4 with a free energy increment of 25.7 kcal·mol-1.28 The intramolecular copper-catalyzed 

borylative cyclization was extended to alternative π-systems with remarkable control of 

diastereo and enantioselectivity by selecting the appropriate ligand.29–45 

 

Figure 1.3. Computed free energy profile (in kcal·mol-1) for the formation of 5-member ring spiro.  

1.1.2 Intramolecular copper-catalyzed borylative cyclization involving ketones or 

aldehydes 

The first example of boryl cupration of π-systems and subsequent cyclization with ketones 

was first reported by Lam and co-workers.46 They developed an enantioselective copper-

catalyzed domino conjugate borylation/aldol cyclization of enone-diones, using Cu/Josiphos 

catalyst and tBuOH as additive, to give a range of highly functionalized bicyclic decalins 

(Scheme 1.5a), hydrindanes (Scheme 1.5b) and diquinanes (Scheme 1.5c), the last ones with 

lower diastereoselectivity.46 
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Scheme 1.5. Borylative aldol cyclization of enone diones developed by Lam and co-workers. 

To explain the diastereoselectivity, the authors postulated a key transition state using the 

Zimmerman-Traxler model through chair-like Z-enolate, where the Bpin fragment is in 

pseudoequatorial position in the linker position connecting the dione and enolate (Scheme 

1.6).46 

 

Scheme 1.6. Zimmerman-Traxler-type transition state postulated by Lam and co-workers to justify the 
diastereoselectivity. 

In 2017, Meek and co-workers studied an efficient enantio- and diastereoselective 

hydroxy(bisboronates) through Cu(I) catalyzed intermolecular 1,2-addition on vinylarenes 

and further intermolecular interaction with aldehydes, using chiral diphosphine (R)-(+)-Cl-

MeO-BIPHEP (Scheme 1.7).47   
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Scheme 1.7. Borylation/1,2-addition of benzaldehyde through Cu(I) catalysis. Yields reported without brackets 
were given by 1H NMR spectra with hexamethyldisiloxane as internal standard and isolated yield in brackets. 

Figure 1.4 shows the mechanism postulated by Meek and co-workers, where Cu-Bpin (I1), 

coming from the Cu-OtBu/B2pin2 σ-bond-metathesis, is responsible for the borylation of the 

vinylborane system to form α-borylalkyl−Cu intermediate I2, that further interacts with the 

carbonyl, via 1,2-addition, to provide the 1-hydroxi bis(boronate) ester.47 

 

Figure 1.4. Mechanism for borylcupration of vinyl boronates followed by carbonyl 1,2-addition, postulated by 
Meek and co-workers. 

The same authors expanded the scope for intramolecular borylcupration of vinylboranes 

and eventual trapping with aldehydes or ketones. The borylcupration of an aldehyde (1.16) 

resulted in the expected product 1.18 in 49% yield with good enantio- and 

diastereoselectivity (98.5:1.5 and 20:1, respectively). Although the process proceeds with 

very high selectivity, the yield was not as high as the one through the intermolecular 

version, because undesirable product was formed by competition of 1,2-addition of Cu-B to 

the aldehyde to get the secondary α-hydroxyboronate ester (1.19).48,49 To solve this 

problem, similar experiments were carried out with sterically encumbered ketone (1.17), 

resulting in a significantly improved yield in product 1.20, maintaining the high 

stereoselectivity (Scheme 1.8). 
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Scheme 1.8. Diastereo- and enantioselective intramolecular borylcyclization between vinylboranes and 
aldehydes. 

Following this discovery, the same authors reported a similar reactivity using an alkyne 

instead of an alkene group. The authors demonstrated the Cu-catalyzed enantio- and 

diastereoselective tandem hydroboration/borylative cyclization of alkynes with ketones to 

synthesize carbocycles via desymmetrization. The method provides rapid access to [6,5]-  

and [5,5]-bicycles and cyclopentane products using CuCl/(S)-2-Furyl-MeOBIPHEP catalyst 

and methanol as an additive (Scheme 1.9).50 The authors proposed a copper-catalyzed 

tandem mechanism in which dual catalytic cycles process contemporaneously. Firstly, the 

alkyne is hydroborated to give 1.22, which following suffers a diastereoselective borylative 

cyclization yielding the product 1.23 by an excess of B2pin2. 

 

Scheme 1.9. Borylative aldol cyclization of alkyne diones developed by Meen and co-workers. 

When small phosphine is used as ligand, the authors observed that the intramolecular 

borylative cyclization occurs with stereoretention, giving the syn-anti-syn diastereoisomer 

(Scheme 1.10a). Alternatively, with larger phosphine ligands, the cyclization was more likely 

to occur with stereoinversion to give the syn-anti-anti diastereoisomer (Scheme 1.10b).50 
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Scheme 1.10. The model used by Meek and co-workers to explain the observed diastereoselectivity. 

Ito and co-workers, besides the preliminary study about exo-intramolecular borylative 

cyclization, developed an interesting method for diastereoselective exo-borylative 

cyclization of γ- or δ-alkenyl aryl ketones via copper(I)/Xantphos catalyst system, affording 

4 and 5 member-ring products with syn diastereoselection (1.26 and 1.27) (Scheme 1.11).51  

 

Scheme 1.11. Complementary borylative cyclization of γ- or δ-alkenyl aryl ketones. Yields reported without 
brackets were given by 1H NMR spectra and isolated yield in brackets. 

More recently, in 2019, Lautens and co-workers reported a similar intramolecular 

borylcyclization of -alkenyl aryl/alkyl ketones towards boryl-functionalized cyclobutanols  

(see product 1.29 in Scheme 1.12), using Cu(MeCN)4PF6 as the copper source and (S,S)-BDPP 

as chiral ligand and isopropanol as additive.52 The reaction scope was broad and could 

tolerate a variety of electron-donating and electron-withdrawing groups and aromatic 

heterocycles, providing products with high enantio- and diastereoselectivity (Scheme 1.12). 

 

Scheme 1.12. Intramolecular borylcyclization of -alkenyl aryl/alkyl ketones. 
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In order to further understand the mechanism, the authors generated a quadrant diagram 

representation of the catalyst to predict the migratory insertion step from borylalkyl-copper 

intermediate 1.30, pointing out the diastereomeric preference between 1.31 or 1.32, due 

to the interaction between the two phenyl groups during the cyclization step (Scheme 

1.13).52  

 

Scheme 1.13. Proposed quadrant diagram of (S,S)-BDPP diphosphine ligand and γ-alkenyl ketone to predict the 
migratory insertion of boryl-copper intermediate. 

With all these precedents in mind, we realized the interest of intramolecular copper-

catalyzed borylative cyclization, giving added value in cases that are highly stereoselective, 

towards polysubstituted cyclobutane formation. For this reason, we focused our effort to 

explore a novel copper-catalyzed borylative cyclization of γ-alkenyl-aldehydes in order to 

generate target product formation in a diastereoselective manner but also to understand 

the intrinsic mechanism that governs the activity as well as the selectivity fully disclosed in 

Chapter 2.  

1.2 Transition-metal-free borylation of π-systems  

The development of transition metal-catalyzed C-B formation represents a powerful tool in 

organic chemistry nowadays. It is thus noteworthy that C-B bond formation has been 

efficiently performed in the presence of transition metal-based catalysis.48,53–55 Principally, 

complexes based on Pt,56–58 Rh,59 Ni,60,61 and Cu12,62–68 are examples of efficient transition 

metal complexes for catalytic C-B bond formation. Since organoboranes are very important 
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in organic synthesis and biomedicine,69–75 the transition-metal-free approach might be a 

very appealing alternative, and its development is critical to the advance of modern 

chemical synthesis. Such protocols are valuable since reduces the toxicity and cost-

associated to metal catalysts. Transition-metal-free borylation has emerged in the last 

decade as a convenient synthetic methodology toward selective C−B bond formation.76 

Schlesinger and co-workers were pioneers in 1954 to report olefin diboration with 

diborontetrachloride (1.33) in a transition-metal-free context, (Scheme 1.14a).77 Four years 

later, in 1958, the same group reported the same reactivity using acetylene instead of 

ethylene (Scheme 1.14b).78 In this work, the researchers also extended the reactivity of B2X4 

(X=Br, F) to different unsaturated compounds.  

 

Scheme 1.14. Transition-metal-free diboration of alkene and alkyne by Schlesinger and co-workers.76,77 

Diboron tetrahalides used in these reactions are thermally unstable and cannot be easily 

handled, so it has been necessary to develop a new methodology for transition-metal-free 

borylation. Some years earlier, in 1949, the same group reported for the first time the 

isolation of a mono-adduct of diborane 1.39 as a "liquid monoetherate" or a "solid 

dietherate" upon addition of varying amounts of diethyl ether.79 Similar results were 

reported using tetrafluorodiborane,80 resulting in a "crystalline, non-volatile solid at 0 °C" 

claimed to be the corresponding monoetherate (1.40) (Scheme 1.15a). With this evidence, 

sp2-sp3 diborane was suggested, in which the empty boron orbital of the diborane can be 

partially electron-filled by a rich-electron molecule, thus hybridizing the boron B(sp2) empty 

orbital into B(sp3) one (Scheme 1.15a). In 1970, Musgrave and co-workers reported an 

interesting sp2-sp3 anionic adduct, isolating a pentabutoxydiborate (1.41) (Scheme 1.15b).81 

Marder and co-workers isolated, characterized and studied similar adducts formed 

between B2pin2 and different anions, such tBuO-, MeO-, (4-tBuC6H4)O- and F-.82,83 

 

Scheme 1.15. An early example of a) sp2-sp3 mono-adduct of diboron tetrahalides with diethyl ether reported 

by Schlesinger group and b) pentabutoxydiborate reported by Musgrave group.  
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In 2009 Hoveyda and co-workers reported a novel conversion of non-polarized B-B bond,84 

from commercially available B2pin2 into pinacolboryl nucleophile through the addition of 

readily available N-heterocyclic carbenes (NHC) (Figure 1.5). The authors explored the 

conjugated addition to enones such as cyclohexanone (1.42) in the presence of 10 mol% of 

NHC catalyst, 1.1 equiv of B2pin2 at 22 °C in THF for 12 hours. Giving access to the 

corresponding β-borylated product 1.43 in high yields (Scheme 1.16). Kleeberg and co-

workers isolated and studied the solid-state and solution behavior of the B-B-NHC adduct 

together with computationally thermodynamic data.85  

 

Figure 1.5. Proposed model for borylative conjugate addition to an enone catalyzed by NHC. 

 

Scheme 1.16. Optimal reaction conditions for borylative conjugate addition through B-B-NHC adduct. 

The new concept of metal-free catalysis opened a broad range of synthetic approaches such 

as the enantioselective version of the NHC-catalyzed boron conjugate addition process via 

transition-metal-free catalysis86,87 or hydroboration of multiple bonds like alkynes, 

ketimines, aldimines and α,β-unsaturated molecules,88 becoming a powerful tool in the field 

of organoboron synthesis.  
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An interesting observation by Hosomi and co-workers62 was that PBu3 could induce slight 

conversion of benzylideneacetophenone (1.44) into the β-borated ketone 1.45 in the 

absence of the catalyst precursor CuOTf (Scheme 1.17). This study served as a precedent to 

Fernández and co-workers in 2010 to develop a transition-metal-free asymmetric boron-

addition reaction with achiral boron reagents.89 They described a method for the synthesis 

of β-borated carbonyl compounds by reacting B2pin2 with either α,β-unsaturated esters or 

ketones in the presence of phosphine catalyst. The metal-free reaction only requires 

tertiary phosphorus compounds, MeOH, and a base as additives (Scheme 1.18a). The 

authors identified the appropriate conditions using chiral mono or di-phosphorous 

compound instead of achiral ones. Interestingly, (R)-(S)-Josiphos-type ligands provided 

much higher activities, but the asymmetric induction was susceptible to the structure of the 

substituents of the phosphorus donor atoms (Scheme 1.18b).89  

 

Scheme 1.17. Boration of benzylideneacetophenone promoted by PBu3. 

 

Scheme 1.18. Phosphine-mediated catalytic β-boration of ethyl crotonate with B2pin2.  

Although the authors initially suggested that the phosphines might interact with the 

diboron reagent to activate the B-B bond and promote the asymmetric induction, a deeper 

study prompted them to postulate that the phosphine might play the role of pre-activation 
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of the substrates via phosphonium enolate intermediate.90 To prove that they conducted 

stoichiometric experiments mixing PMe3, E-hex-4-en-3-one (1.49) and B2pin2 in MeOH, 

observing the quantitative formation of the ion-pair ([α-H,β-PMe3-3-hexanone]+[MeO-pinB-

Bpin]- which was full characterized experimentally and computationally as a global minimum 

in the potential energy surface.90 It was postulated that the phosphine directly interacts 

with the most electrophilic carbon of the α,β-unsaturated carbonyl compound resulting in 

the formation of a strongly basic zwitterionic phosphonium enolate species (Scheme 1.19). 

This intermediate can be protonated by the excess of MeOH, a process that is particularly 

favoured by the presence of bis(pinacolato)diboron that stabilizes the MeO− anion, thus 

forming the Lewis acid-base adduct [MeO-pinB-Bpin]- that acts as counteranion (Scheme 

1.19). The ion-pair ([α-H,β-PR3-3-hexanone]+[MeO-pinB-Bpin]- might be responsible for the 

Bpin delivery, and in the presence of chiral phosphines, the nucleophilic Bpin transfer could 

be influenced by the chiral environment of the ion-pair.  

 

Scheme 1.19. Sequential illustration for the suggested role of phosphines in β-boration of activated alkenes. 

In 2011, Fernández and co-workers developed the transition-metal-free borylation of non-

activated unsaturated compounds using the anionic adduct [MeO-pinB-Bpin]-.91 Unlike 

conjugation addition of α,β-unsaturated esters, the phosphine additive was unnecessary for 

diboration catalysis. The catalytic system for the nucleophilic diboration of non-activated 

olefins or allenes combined base and methanol (Scheme 1.20).  

 

Scheme 1.20. Transition-metal-free diboration reaction of alkenes and allenes. 

This reactivity has several significant aspects, such as product formation by a reaction 

between a nucleophilic substrate and a reagent that also has a pronounced nucleophilic 

character, that represented an almost unknown reactivity. And, unlike in the case of 

conjugate additions, both boryl units of the reagent are introduced to the substrate, 

resulting in an atom-economic addition reaction of great practical importance. It was an 

unprecedented discovery since up to date, the only known method to add 
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tetralkoxydiboron compounds to non-activated alkenes was the application of transition-

metal complexes as catalysts.53,92–105  

Different bases and diboron reagents have been explored in the β-boration of the α,β-

unsaturated esters.106 A combination of DFT studies, NMR spectroscopy and ESI-MS 

experiments were performed to understand the role of the base on the mechanism 

Quantitative conversion was observed for B2pin2 (1.1), bis(catecholate)diboron (1.51) and 

bis(hexyleneglycolato)diboron (1.52), but only moderate conversion was achieved with 

bis(neopentylglycolato)diboron (1.53) as shown in Scheme 1.21, even with Verkade organic 

base.  

 

Scheme 1.21. Verkade base mediates β-boration of ethyl crotonate with different diboron reagents. Conversion 
is given by GC-MS analysis and isolated yield in brackets. 

With this background, many studies were developed through transition-metal-free 

borylation of unsaturated systems, such as borylation of aryl halides,107 diboration of 

propargylic alcohols,108 borylative of sulphonamides,109 ring-opening of vinyl epoxides and 

aziridines,110 mixed diboration of alkenes with unsymmetrical diboron reagents111, 

borylation of tertiary allylic alcohols,112 etc. 

In 2018, Fernández and Davenport reported an unprecedented 1,2,3-triboration of 

conjugated dienes via 1,4-hydroboration followed by an in situ diboration reaction of the 

internal double bond.113 This reactivity was unpredicted since borylation of conjugated 
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dienes had been only reported via transition-metal catalysis.18,114–116 Initial substrate 

evaluation was conducted with E-1-phenyl-1,3-butadiene (1.58), and they found that under 

optimal conditions (30 mol% of Na2CO3 and 3 equiv of B2pin2 in methanol at 90 °C 

overnight), the triborated product 1.60, could be obtained, avoiding the 1,4-hydroborated 

byproduct 1.59 (Scheme 1.22). The study was extended to analyze the scope of E-1-phenyl 

1,3-dienes, showing an efficient 1,2,3-triboration in almost all cases, even with sterically 

hindered 1,3-dienes.  

 

Scheme 1.22. Synthetic approach towards 1,2,3-triborated products via transition-metal-free borylation of 1,3-
dienes. Yields were given by 1H NMR spectra with naphthalene as internal standard and isolated yield in 
brackets.  

When E-1-methyl-1,3-butadiene (1.61) reacted with lower equivalents of B2pin2, (1.1 

instead of 3.0 equiv), the 1,2-diboration of the terminal alkene took place mainly, and 

instead diborated product 1.62 was obtained (Scheme 1.23a). However, an excess of B2pin2 

(3 equiv) and base favoured the quantitative formation of 1,2,3,4-tetraborylated product 

1.63 (Scheme 1.23b), suggesting that in higher quantities of B2pin2, the reaction proceeds 

through a double 1,2-diboration. 

 

Scheme 1.23. Synthetic approach towards 1,2-diborated and 1,2,3,4-tetraborated products via metal-free 
catalysis for unactivated 1,3-dienes. Yields were given by 1H NMR spectra with naphthalene as internal standard 
and isolated yield in brackets. 

With this evidence, there was no doubt that transition-metal-free borylation of 1,3-dienes 

is a valuable tool. Thus, the next goal of this Thesis is the development of chemo- and 
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regioselectively 1,4-hydroboration of 1,3-dienes in a transition-metal-free context, and 

Chapter 3 discloses the corresponding study. 

1.3 Computational insight into the nucleophilic 

character of trivalent boron compounds  

Since the development of quantum mechanics methods, their applications to the 

understanding molecular structures and reaction mechanisms have evolved drastically. 

Therefore, this tool has become an essential part of the daily work of synthetic and catalytic 

studies. In boron chemistry, quantum mechanism-based DFT methods have been largely 

applied to understand the mechanism involved in the generation of C-B bonds. 

As discussed above, diboron reagents in the presence of alkoxides can form a Lewis acid-

base anionic adduct, [MeO-pinB-Bpin]-. Computational studies on the electronic structure 

of this adduct showed that the methoxide induces polarization of the B-B bond towards the 

non-quaternized sp2 boron, which can behave as nucleophilic synthon.91 This concept was 

used by Fernández and Bo to explain the transition-metal-free diboration of unactivated 

alkenes,  where the strongly polarized Highest Occupied Molecular Orbital (HOMO) formally 

corresponding to the B-B σ-bond overlaps with the Lowest Unoccupied Molecular Orbital 

(LUMO) of the C=C π-bond of the alkene (Figure 1.6).91  

 

Figure 1.6. [MeO-pinB-Bpin]- HOMO is overlapping with the olefin LUMO to explain the olefin diboration 
reproduced from ref. 91.  

According to DFT calculations carried out on B2pin2 and its Lewis acid-base adduct [MeO-

pinB-Bpin]-,91 the B(sp3) boron atom loses negative charge density upon the charge transfer 

from the alkoxide, while the B(sp2) unambiguously gains electron density.91 The loss of 

electron density on the B(sp3) boron atom, despite the direct charge transfer from the Lewis 
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base, can be rationalized by considering that upon rehybridization, the boron atom loses 

the p-symmetric electron donation from the oxygen atoms of the pinacolate moiety. The 

net result of these structural changes is that adduct [MeO-pinB-Bpin]- becomes 

considerably polarized, and the B(sp2) atom gains a strong nucleophilic character.91 From 

this analysis, it was possible to propose a mechanism, as illustrated in Figure 1.7, for the 

diboration of alkenes with diboron reagents activated by a base that is consistent with the 

stereospecific syn-addition of diboron to internal and cyclic alkenes observed 

experimentally.91 The mechanism can be divided into three main steps. Firstly, the B(sp2) of 

the diboron Lewis acid-base adduct attacks the terminal carbon of the alkene double bond, 

increasing the negative charge supported by the other carbon atom of the double bond. 

Secondly, the first transition state connects with a second transition state through a 

bifurcation point, in which the developed negative charge at the internal alkene carbon 

attacks the B(sp2) moiety, forming two C-B bonds. Finally, the methoxide is released, and 

the diborated product is formed. 

 

Figure 1.7. Suggested catalytic cycle for the diboration of unactivated alkenes by diboron reagents activated by 
Lewis bases. Electronic energy (kcal·mol-1) and Gibbs free energy (kcal·mol-1; in parentheses) relative to [MeO-
pinB-Bpin]- adduct and propylene.  

An alternative mechanism for the diboration of alkenes by [MeO-pinB-Bpin]-
 adduct have 

been proposed by Haeffner in 2018.117 The author postulated that the adduct would interact 

with uncomplexed acidic B2pin2 diboron resulting in trimeric boron (Bpin)3
-
 species and a 

BpinOMe compound. Then, the (Bpin)3
-
 undergoes a syn addition to the alkene to yield an 

anionic diborated intermediate to finally interact with BpinOMe, which would regenerate 

the [MeO-pinB-Bpin]-
  adduct and release the syn diborated product  (Figure 1.8). 
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Figure 1.8. The mechanism proposed by Haeffner for the diboration of propene through trimeric boron 
(Bpin)3.117 Relative Gibbs free energies are in kcal·mol-1. 

Further studies on nucleophilic boryl species using computational descriptors have allowed 

to build a tendency map118 and quantitative structure-activity relationships (QSAR)119 

classifying and evaluating the nucleophilic and electrophilic reactivity of a broad range of 

trivalent boron compounds. These works proved the nucleophilicity of the B(sp2) fragment 

in the activated diboron, analyzing its transfer to a model substrate (formaldehyde)119 as 

illustrated in Figure 1.9. The nucleophilic attack of B(sp2) to the electrophilic carbon of the 

formaldehyde is preferred to the electrophilic attack to the oxygen of the formaldehyde by 

2.7 kcal·mol-1. Using this model substrate, it was also possible to establish a reactivity order 

for representative trivalent boron compounds (Figure 1.10). The [MeO-pinB-Bpin]- adduct 

shows a moderate nucleophilic character in comparison to strong nucleophiles such as 

boryl-lithium and boryl-copper complexes. On the other hand, species with other late 

transition metals such boryl-palladium or boryl-rhodium tend to act as electrophiles.118  
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Figure 1.9. Computed free energy profiles (kcal·mol-1) for the electrophilic and nucleophilic transfer from B(sp2) 
[MeO-pinB-Bpin]- adduct to formaldehyde model substrate. 

 

Figure 1.10. Reactivity order for representative trivalent boron compounds. Computed free energy barriers for 
the nucleophilic boryl transfer to formaldehyde in kcal·mol-1.  

Figure 1.11 shows the tendency map constructed from two electronic descriptors: the 

charge of the boryl fragment [BX2] and the boron p/s ratio in the M-B σ-bond.118 The map 

includes three types of boryl moiegies: 1) bonded to the main-group metals, 2) coordinated 

to transition metals and alkaly metals, and 3) bonded to an sp3 boryl unit. For constructing 

the QSAR model,119 both electronic descriptors were used along with a steric parameter, 

the distance-weighted volume (Vw).120,121 The Vw was used to measure the effectiveness of 

the fragment bulkiness on the reactivity resulting in an inverse correlation trend with the 

nucleophilicity. Overall, the study resulted in a three-term easy-to-interpret QSAR model 

with statistical significance and predictive ability. 
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Figure 1.11. Correlation between the charge on the [BX2] fragment and the boron p/s-population ratio for 
synthesized and reactivity tested systems (black circles); synthesized systems (green circles); and for virtual 
systems (red circles). 

1.4 α-Borylcarbanions as a promising set of 

homologating reagents 

1.4.1 α-Boryl carbanions 

The borata-alkene synthon [R2B=CH2]-, represents the formal expression of stabilized α-

boryl carbanions due to the valence deficiency of the adjacent three-coordinate boron 

centre (Scheme 1.24).122 

 

Scheme 1.24. Resonance structures for -monoboryl carbanion and borata-alkene. 
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The C=B bond in borata-alkene species was initially depicted by  H. C. Brown and G. Zweifel 

in 1961, considering the instability of 1,1-diborylalkanes towards hydrolytic cleavage, the 

authors assumed assuming that the corresponding α-boryl carbanion could be rewritten as 

borata-alkene intermediate (Scheme 1.25).123,124 

  

Scheme 1.25. H. C. Brown and G. Zweifel's proposal for stabilizing borata-alkene intermediate through the 
hydrolytic cleavage of gem-diboryl alkanes. 

The generation of α-boryl carbanions species can be performed through complementary 

strategies that are described as follow.  

Deborylation of gem-diboryl alkanes 

Alkyl lithiated bases, such MeLi or BuLi, are used for deborylation of gem-diboryl alkanes. 

Zubiani and co-workers conducted this methodology in 1966 (Scheme 1.26),125 and 

subsequent works by the same authors and other research groups confirmed the viability 

of this strategy to form the -monoboryl carbanion within a wastage of one boron residue 

per carbanion formed.126–131 

 

Scheme 1.26. Generation of -monoboryl carbanions via deborylation of gem-diboryl alkanes. 

On another hand, the deborylation of trialkoxyboronates gives the α-diboryl carbanions, 

developed by Matteson and co-workers in 1970.132 The commercially available 

diborylmethane can also be activated via deborylation with specific bases to generate the 

-monoboryl carbanion in the presence and absence of transition metal complexes. Shibata 

and co-workers were pioneers in developing the carbanion formation through the Pd(II) 

complex (Scheme 1.27a).133 Alternatively, Morken and co-workers observed that 

diborylmethane can be deborylated by adding significant amounts of alkoxide (Scheme 

1.27b).134  

UNIVERSITAT ROVIRA I VIRGILI 
NUCLEOPHILIC BORYL MOTIFS AND ALPHA-BORYLCARBANIONS: REACTIVITY AND TRENDS 
Ricardo José Maza Quiroga 
 
 
 



Introduction and General Objectives 
 ________________________________________________________________________  
 

 25 
 

 

Scheme 1.27. -Monoboryl carbanion formation via a) Pd(II) deborylation and b) alkoxide mediated 
deborylation. 

Deprotonation of α-boryl alkanes 

Alternatively, Rathke and Know reported the deprotonation of B‐methyl‐9‐borabicyclo 

[3.3.1]nonane (B‐methyl‐9BBN‐H, 1.66) with lithium 2,2,6,6‐tetramethylpiperidine (LiTMP, 

1.67) to form the corresponding -monoboryl methide lithium salt 1.68 (Scheme 

1.28).135,136 

 

Scheme 1.28. Generation of -monoboryl carbanions via deprotonation of borylalkanes. 

Subsequent studies demonstrated that the proton abstraction from 1-phenyl-1,4-dihydro-

bora benzene with tBuLi, in pentane-THF, produced a stabilized B-phenylborabencene anion 

(Scheme 1.29a).137 Stabilized borata-alkene salts also can be formed from the generation of 

indenyl boranes through proton abstraction of the α-CH-B fragment, as developed by Erker 

and co-workers (Scheme 1.29b).138 Another type of conjugative borata-alkene system is 

reported by Ramsey and Isabelle, which carried out experiments to abstract the aromatic 

proton from the mesytil group using BuLi at room temperature (Scheme 1.29c).139 

Deprotonation of gem-diboryl and triboryl alkanes have broadly  been studied, following 

the pioneering work by Matteson and co-workers.140,141  
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Scheme 1.29. Deprotonation strategies towards a) generation of B-phenylborabencene anion, b) synthesis of 
conjugated stabilized borata-alkene compound, c) formation of the anion [CH2C6H2(3,5-Me2)(4-B{2,4,6-
Me3C6H2}2)]- 

The use of large aromatic groups on boron such as Mes2B (Mes = mesityl, 2,4,6-Me3C6H2) to 

inhibit the corresponding boron-"ate" complex formation when reacting with Cy2NLi or 

MeLi bases was reported by Pelter and co-workers (Scheme 1.30).142–145 The formation of 

the borata-alkene species was suggested by the lack of rotation effects around the B-C, 

giving an ΔG = 92 KJ·mol-1. 

 

Scheme 1.30. Dimesitylboranes enable the formation of useful -boryl carbanions through deprotonation 
reactions. 

Cu/Zn transmetalation from α-halo boronic esters 

Boron-stabilized carbanions were prepared by reaction of -halo boronic esters with Zn and 

Cu to generate the α-(dialkoxyboryl)alkyl zinc/copper compounds, making this 

methodology a good option for the preparation of highly substituted alkyl groups (Scheme 

1.31).146   
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Scheme 1.31. α-Halo boronic esters as precursors of α-monoboryl carbanions stabilized by Zn and Cu. 

Nucleophilic addition of electron-deficient α-boryl alkenes  

Electron deficient α-monoboryl alkenes are susceptible to nucleophilic addition, with the 

concomitant -monoboryl carbanion formation.147 Scheme 1.32 shows the intramolecular 

version via a metal-halogen exchange that initiates the nucleophilic addition reaction 

conducted at -100 °C, towards the formation of compound 1.79. 

 

Scheme 1.32. Intramolecular nucleophilic addition to vinyldimesitylborane. 

Transmetallation of α-boryl methide species 

Through transmetallation with lithium bases, boron-stabilized carbanions may also be 

produced by selective cleavage of α-monoboryl methide metal salts.148,149 Scheme 1.33a 

illustrates the transmetallation of borylstannylalkanes with lithium thiophenoxide (PhSLi) 

or MeLi, leading to the cleavage of the stannyl moiety. Interestingly, the reaction of LiF with 

dimesitylboryl(trimethylsilyl)alkanes also gives access to -boryl carbanions via FSiMe3 

elimination (Scheme 1.33b). 

 

Scheme 1.33. Transmetallation of a) borylstannylalkanes with lithium PhSLi or MesLi, b) borylsilylalkanes with 
LiF. 
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Partial reduction of diverse functional C-C, C-B or B-B bond 

Berndt and co-workers developed direct access to 1,3-diborataallene 1.86150,151 from 

compounds containing a partial boron-carbon triple bond, such as borataalkyne ion 1.85,152 

which was prepared from 1,1-bis(boryl)ethene (1.84) with an excess of lithium in diethyl 

ether (Scheme 1.34). 

 

Scheme 1.34. Synthesis of 1,3-borataallene type compound. 

Braunschweig and co-workers demonstrated that CO could be efficiently added to a boron–

boron triple bond, diboryne 1.87 at room temperature and atmospheric pressure, resulting 

in a compound where four equivalents of CO are incorporated, identified as a flat-bicyclic, 

bis(boralactone) 1.88 where the boron atoms are in an environment of borata-alkenes 

motifs (Scheme 1.35).153 

 

Scheme 1.35. Synthesis of bis(boralactone) from carbonyl addition to diboryne. 

More recently, Nogi and Yorimitsu have developed the diborative reduction of alkynes 

towards 1,4-diboratabutadiene dianions 1.90, employing B2pin2 and alkali metals (Scheme 

1.36).154 A possible reaction mechanism has been suggested by the authors considering that 

the electron reduction of the alkyne would generate a radical anion that further reacts with 

B2pin2 to form borate intermediates. 
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Scheme 1.36. Diborative reduction of alkynes towards 1,4-diboratabutadiene dianions. 

Gabbaï and co-workers explored reducing -boryl carbocation 1.91 with K to produce the 

corresponding -boryl carbanion 1.92 (Scheme 1.37).155 This protocol results in a sequential 

population of the boron-carbon bond that is confirmed by an apparent shortening of the B-

C bond, as well as an increase in the order of the B-C bond upon reductions, as it is shown 

in computational studies. 

 

Scheme 1.37. Synthesis of borata-alkene via reduction of α-boryl carbocations with K. 

Borylation of Frustrated Lewis pair 

Erker and co-workers have developed an intramolecular reaction pathway of suitable 

frustrated Lewis pairs (FLPs), efficiently yielding the respective B=C systems.156,157 This 

protocol is based on the intramolecular addition of the phosphane nucleophile to the 

adjacent dienyl borane moiety allowing the borata–diene system, which is neutral to the 

outside because they bear their (phosphonium) countercation inside the new structure 1.95 

(Scheme 1.38a). Erker group also demonstrated that specific frustrated P/B Lewis pairs 

(FLPs) could deliver internal proton transfer from the -CH-boryl substituent to the 

phosphane Lewis base (Scheme 1.38b).158 The attachment of strongly electron-withdrawing 

C6F5 substituents at boron greatly enhances the CH acidity in the α-position. 
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Scheme 1.38. Formation of stable zwitterionic borata–alkenes by frustrated Lewis pair pathway. 

Erker and co-workers also conducted a synthetic approach towards frustrated N/B Lewis 

pairs in which a pronounced π-conjugative interaction could be structurally established 

across the π-system of the organic linker (Scheme 1.39)159,160 Following a synthetic protocol 

through a B(C6F5)2 induced rearrangement of a bulky propargyl amine, the iminium/borata-

alkene 1.99 can be formed, showing a trans-arrangement between the two antagonistic π-

components. 

 

Scheme 1.39. Formation of π-conjugated frustrated N/B pairs by borane induced propargyl amine 
rearrangement. 

Isomerization of anionic boron peri-bridged naphthalene derivative 

Dimesityl-1,8-naphthalenediylborate 1.100 undergoes the heterolytic cleavage of one of 

the boron peri-carbon bonds followed by nucleophilic attack at the ortho-carbon of one of 

the mesityl groups to afford the conjugated hexa-1-boratatriene system 1.101 (Scheme 

1.40).161 The reaction was performed at room temperature in toluene for an extended 

period of time. 
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Scheme 1.40. Isomerization of dimesityl-1,8-naphthalenediylborate towards cyclic borata-alkene. 

Borylation of phosphorous substituted nucleophilic carbon 

Boese, Bertrand and co-workers reported that bis(diisopropylamino)phosphanyl 

trimethylsilyl carbene 1.102 react through formal 1,2-additions with dimesitylfluoroborane 

to obtain a valuable C-borylated phosphorus ylide 1.103 that can also be considered as C-

phosphonio-substituted borata-alkene 1.104 (Scheme 1.41).162 The reaction resembles the 

well-known haloboration of alkynes, although mechanistic studies suggest a carbene-type 

attack to dimesitylfluoroborane.  

 

Scheme 1.41. Synthesis of C-phosphonio-substituted borata-alkenes. 

The reactivity of geminal dianions toward BH3·SMe2 has also been established as an 

alternative methodology to prepare borata-alkene species. Scheme 1.42 illustrates the 

direct nucleophilic attack of the phosphorus-stabilized dianion 1.105 to BH3, with the 

subsequent formation of the zwitterionic species 1.106, described recently by Mézailles and 

co-workers.163 

 

Scheme 1.42. Formation of zwitterionic species by nucleophilic attack of phosphorus-stabilized dianions to BH3. 
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1.4.2 Reactivity of borata-alkene compounds 

Boron-Wittig reaction 

α-Boryl carbanions are convenient synthons towards homologation reactions through 

electrophilic trapping strategies.164,165 The homologation protocols via single carbon chain 

extension involve a facile introduction of the C−B bonds, which can be transformed into 

functionalized target products containing C-O, C-N or C-C bonds, principally. One of the 

most extended applications of α-monoboryl carbanions/borata-alkene synthons is the 

boron-Wittig reaction,166 and the first example of this condensation of gem-

bis(boryl)alkanes with aldehydes and ketones to yield olefins was observed by Zubiani and 

co-workers in 1966.125 These authors observed that benzaldehyde and a series of aliphatic, 

aromatic and alicyclic ketones could efficiently be converted to the corresponding olefin by 

reaction with the α-(boryl)carbanion lithium salt, through nucleophilic attack followed by 

B-O elimination (Scheme 1.43). In this approach, both boryl moieties were eliminated from 

the starting compound, via deborylation with n-BuLi and subsequent B-O elimination. 

 

Scheme 1.43. First observed condensation of α-monoboryl carbanions / borata-alkene synthons with aldehydes 
and ketones. 

Matteson and co-workers expanded the general access to -mono- and -polyboryl 

carbanions and proved their reactivity through similar condensation sequences.167,168 Pelter 

and co-workers169–172 were pioneers to use the -boryl carbanion systems stabilized by an 

adjacent dimesityl boron group, in the nucleophilic addition to aldehydes and ketones to 

prepare the corresponding 1,2-disubstituted alkenes (Scheme 1.44a). The reaction of 

benzaldehyde (1.14) with octyldimesitylborane (1.107) gives the product E-1-phenylnon-1-

ene (1.109) as the major isomer indicating that the boron-Wittig protocol was essentially 

stereospecific.169–172 The same authors found that the condensations of dimesitylboryl 

stabilized carbanion 1.107 with aliphatic aldehydes (1.108), in the presence of N-

chlorosuccinimide (NCS), accomplished a condensation-redox reaction towards ketone 

1.110 production (Scheme 1.44b).173 Similarly, Pelter and co-workers developed the boron-

Wittig reaction between boron-stabilized alkenyl carbanions with aldehydes to give allenes 

in the presence of trifluoroacetic anhydride (TFAA), illustrated in Scheme 1.45.174 
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Scheme 1.44. Boron-Wittig with α-dimesitylboryl carbanion systems. 

 

Scheme 1.45. Boron-Wittig with boron-stabilized alkenyl carbanions with aldehydes to give allenes. 

Okazaki and co-workers isolated and characterized, by X-ray diffraction, the structure of the 

first example of a tetracoordinated 1,2-oxaboretanide 1.111, which is considered an 

intermediate of the boron-Wittig reaction under basic conditions. Further thermolysis of 

1.111 eventually gave the olefin 1.112 (Scheme 1.46).175 

 

Scheme 1.46. Isolation of tetracoordinate 1,2-oxaboretanide as an Intermediate of the boron—Wittig reaction 
under basic conditions. 

Erker and co-workers also found a different reaction mode of the stabilized indenyl based 

borata-alkene 1.72, which can undergo different cycloaddition reactions with carbonyl 

compounds.138 The reaction of 1.72 with a chalcone in toluene gives the formal [4+2] 

cycloaddition product 1.115 that was isolated and characterized by X-ray diffraction 

(Scheme 1.47a).138 The X-ray crystal structure analysis of 1.115 shows that the nucleophilic 

borata-alkene ring carbon atom was added to the chalcone Michael position, and the boron 

atom of the borata-alkene trapped the chalcone oxygen atom. Alternative stepwise 
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cycloaddition pathway of the borata-alkene 1.72 with phenylmethylketene seems to be 

supported by forming the formal [6+2] cycloaddition product 1.116 (Scheme 1.47b).138 The 

X-ray crystal structure analysis of compound 1.116 shows that the ketene sp-carbon atom 

is attached to the central carbon atom of the indene five-membered ring, and the ketene 

oxygen is bonded to boron. 

 

Scheme 1.47. Cycloaddition reactions of borata-alkene 67 with a) -unsaturated ketones, b) ketenes. 

Nucleophilic substitution through deprotonate borylalkanes and metal deborylate gem-

borylalkanes 

Nucleophilic substitution reactions have been generally established in the reactivity of α-

boryl carbanions. Pioneer work by Pelter and co-workers showed that the alkylation of 

MesB=CH2
- in an efficient and general process led to a broader range of 

alkyldimesitylboranes (Scheme 1.48a).143 Similarly, the same authors also reported the 

nucleophilic substitution of boron stabilized allylic anion with alkyl halides to react 

regioselectivity through the -position (Scheme 1.48b).144 
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Scheme 1.48. Alkylation of borata-alkenes with alkyl halides. 

Within the last decade, there has been significant development on the alkylation of -

pinacolboryl carbanions, varying the nature of the counterion.  Endo and Shibata's group 

reported in 2010 the use of 1,1-diborylalkanes in palladium-catalyzed cross-coupling at 

room temperature.133,176–178 The authors suggested that transmetalation between RPdX and 

the stabilized -boryl carbanion generates a -borylmethylPdR intermediate, which 

undergoes reductive elimination to produce the coupled product (Figure 1.12). The use of 

chiral ligands in the Pd complex allowed to induce asymmetry in the reactions 

sequence.179,180  

 

Figure 1.12. Pd catalyzed cross-coupling of gem-diboryl alkanes with RX. 
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Fu, Marder and co-workers have explored the copper-catalyzed alkylation reaction 

throughout the reaction of a variety of alkyl bromides with diborylmethane in the presence 

of 10−20 mol% CuI as the catalyst.181–184 A SN2 mechanism has been suggested as the most 

plausible for the alkylation of copper stabilized -pinacolboryl carbanions. The copper 

complex can be modified with diverse ligands, even chiral ones, to perform the 

corresponding asymmetric alkylation.181,183–187 The addition of LiOtBu favours the reaction 

outcome, probably by activating the diborylmethane reagent and stabilizing the borata-

alkene intermediate. From a mechanistic point of view, it has been suggested that copper 

alkoxide complex [Cu(IMes)OtBu] can be generated from [Cu(IMes)Cl] in the presence of 

LiOtBu. The copper(I) complex undergoes transmetalation with the activated 

diborylmethane to afford the complex I2 with the -borylmethyl ligand that in the case of 

allylic substrates, promotes the subsequent SN2' substitution reaction (Figure 1.13). 

 

Figure 1.13. Proposed catalytic cycle for copper alkylation or arylation of -boryl carbanions. 

The nucleophilic borylmethylation reaction through copper(I)-catalyzed SN2′ allylic 

alkylation of vinyl cyclic compounds has been successfully developed, and representative 

examples are shown in Scheme 1.49. Vinyl epoxides 1.120 act as allylic electrophiles in the 

copper-catalyzed addition of CH2Bpin moiety on the terminal position of the vinyl epoxide 

to generate SN2′-selective products with the concomitant ring-opening (Scheme 1.49a).182 

Vinyl cyclic carbonates 1.121 also followed a nucleophilic attack of the -pinacolboryl 

methyl group to the terminal double bond with concomitant carbonate ring-opening 

reaction under favoured stereocontrol on the E-isomer formation (Scheme 1.49b).188 
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Scheme 1.49. Nucleophilic borylmethylation of a) vinyl epoxides and b) vinyl carbonates. 

Nucleophilic substitution through boryl-Cu/Zn complex 

Early experiments by Knochel demonstrated that boryl carbanion from 

(Bpin)CH2Cu(CN)ZnI shows excellent reactivity toward electrophiles such as allyl halides and 

acyl halides.146 Scheme 1.50 illustrates the reactivity of tert-butyl -(bromomethyl)-acrylate 

(1.125) with (Bpin)CH2Cu(CN)ZnI (1.124), at low temperatures, remarking the 

chemoselectivity of the process since the -unsaturated ester group remains inert, 

whereas the alkyl bromide substitution takes place efficiently. 

 

Scheme 1.50. Alkylation of borylmethide through (Bpin)CH2Cu(CN)ZnI species. 

With the aim to contribute to generate relevant knowledge towards the reactivity of-

boryl carbanions, we have developed and compiled in Chapter 4 a map of trends based on 

computational studies, using chemically meaningful descriptors to understand the key 

points about the nucleophilic character of -boryl carbanions.    
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1.5 Objectives 

This doctoral Thesis aims to develop the synthesis of organoboron compounds via 

transition-metal and transition-metal-free borylation of a specific type of -systems, as well 

as their mechanistic rationalization by computational methods. In addition, this doctoral 

Thesis also focuses explicitly on studying the reactivity of α-borylcarbanions from a 

theoretical point of view. The specific objectives of the different chapters are described 

below:  

Chapter 2 aims to study the copper-catalyzed borylation of alkenyl-aldehydes with 

bis(pinacolato)diboron. The borylated organocupprated intermediate suffers an 

intramolecular cyclization that evolves towards cyclobutanols with remarkable 

stereoselectivity. In addition, a theoretical study intends to rationalize the experimental 

results, determining the key intermediates and transition states to understand the chemo- 

and diastereoselectivity observed. 

Chapter 3 is focused on the experimental study about transition-metal-free borylation of 

conjugated dienes through [MeO-pinB-Bpin]- adduct and the mechanistic rationalization of 

the stereo- and regioselectivity observed by means of DFT calculations. 

Chapter 4 compiles the study of the reactivity of α-borylcarbanions from a theoretical point 

of view. It pursues the determination of the appropriate descriptors to develop a map of 

trends to classify and predict the nucleophilicity of a large set of α-borylcarbanions, tunning 

diverse structural and electronic features.  
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2.1 Abstract and specific objectives 

Catalysis with copper complexes has become one of the most powerful methods to install 

nucleophilic boryl units across diverse π-systems in a stereoselective manner. Additionally, 

this method affords difunctionalization by subsequent electrophilic trapping. In this 

Chapter, we study the copper(I) catalyzed borylative cyclization of -alkenyl aldehydes. This 

approach faces the challenge about the chemoselective borylation of C=C versus C=O by 

means of a copper (I) catalyst. But also, we studied the regioselective control of the 

intramolecular cyclization through nucleophilic attack of the organocopper intermediate to 

the formyl group, providing the corresponding diastereoselective cyclobutanol.  

The specific goals in this chapter are: 

 The study of the reaction conditions to allow the copper-boryl catalyst to be added 

chemoselectively on the alkene versus the aldehyde, with a concomitant 

intramolecular nucleophilic attack of the organocopper intermediate on the 

aldehyde. 

 The study of the influence of the reaction components towards the control of the 

diastereoselectivity of the polysubstituted cyclobutanol formed. 

 The proposal of a reaction mechanism, through theoretical calculations, identifying 

and evaluating the factors that determine the chemo- and diastereoselectivity 

 

Scheme 2.1. Reaction outcome of borylative exo-cyclization of -alkenyl aldehydes.  
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2.2 State of the Art 

Copper-catalyzed borylative ring-closing of unactivated alkenes, bearing electrophilic sites, 

constitutes a strategic intramolecular 1,2-carboboration process.1 Ito and co-workers 

developed the concept demonstrating that CuCl/Xantphos/KOtBu catalyzed the consecutive 

borylcupration/C−C coupling of alkenyl halides toward the synthesis of cyclobutanes with a 

pending methylboryl moiety (Scheme 2.2a).2 However, the loss of the leaving group (X= Br, 

I, OCO2Me, OP(O)(OR)2, OMs) reduced the atom economy of the transformation. The same 

authors extended the concept of copper(I)-catalyzed borylative exo-cyclization to -alkenyl 

aryl ketones, and they found that under similar catalytic system and reaction conditions, 

the regioselective borylcupration was followed by intramolecular 1,2-addition on the 

carbonyl group to give 2-(borylmethyl)cycloalkanols with excellent syn-diastereoselectivity 

(Scheme 2.2b).3 An opposite anti-diastereselection has been found by Lautens and co-

workers in the borylative cyclization of -alkenyl aryl ketones using Cu(MeCN)4PF6/BDPP as 

the catalytic system and NaOtBu as the base.4 They found that isopropanol as an additive 

was critical to the reaction's success, together with MTBE as a solvent, achieving high levels 

of enantioselectivity when (S,S)-BDPP was the chiral ligand employed.4 However, this new 

methodology is limited to using 1,1-disubstituted alkenes containing an aryl substituent 

(Scheme 2.2c). 

 

Scheme 2.2. Copper-catalyzed borylative exo-cyclization reactions. 
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In the present work, we generate new knowledge about this challenging borylative ring-

closing reaction demonstrating the viability of borylative cyclization of -alkenyl aldehydes, 

proving the favored chemoselective borylcupration of the double bond versus the carbonyl 

group, but also the resulting exclusive formation of 2-(borylmethyl)cycloalkanols with anti-

diastereoselection (Scheme 2.2d). Also, based on DFT calculations, we are able to propose 

a new reaction mechanism identifying and evaluating the factors that control the chemo- 

and diastereoselectivity. 

2.3 Results and Discussion 

Initial experiments were conducted on the borylative cyclization of 4-allyltetrahydro-2H-

pyran-4-carbaldehyde (2.1) as a model substrate in the presence of CuCl/Xantphos (Scheme 

2.3). The substrate was quantitatively converted to the desired spirocyclic compound 2.2, 

when bases such as NaOtBu or KOtBu were involved (Table 2.1, entry 1). To the best of our 

knowledge, this is the first example of a borycupration followed by intramolecular 

electrophilic trapping of the alkylcopper intermediate with the aldehyde, despite the fact 

that intermolecular versions are known.5 Interestingly, the copper-catalyzed ring-closing 

reaction of 2.1 resulted in exclusive anti-diastereoselectivity, which was confirmed through 

one-dimensional Nuclear Overhauser Effect Spectroscopy (NOESY) (Figure 2.1). When 

proton Ha was irradiated, no positive protons were observed. However, if we irradiate Hb, a 

positive signal was observed for the Me groups of Bpin moiety. This favored 

diastereoselection is in contrast to the syn-diastereoselectivity observed by Ito and co-

workers in the borylative cyclization of alkenyl aryl ketones where a dialkylcopper(III) 

species was postulated as intermediate.3 

 

Scheme 2.3. Reaction conditions of copper-catalyzed borylative cyclization of 4-allyltetrahydro-2H-pyran-4-
carbaldehyde (2.1).  
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Table 2.1. Cu-catalyzed diastereoselective borylative ring-closing of alkenyl aldehydes towards 
borylcyclobutanol compounds.a 

 

Entry Substrate  Product 
NMR Yieldb 

[Isolated Yield]  

1 

  

99% [71%] 

99% [70%]c 

2 

  

90% [45%] 

3 

  

85% [67%] 

4 

  

53% [50%] 

a Reaction conditions: substrate (0.5 mmol), B2pin2 (1.2 equiv), CuCl (5 mol%), Xantphos (5 mol%), KOtBu (1.2 
equiv), THF (2 mL), 30 °C, 16 h. b NMR yields calculated with naphthalene as internal standard, [% Isolated yields]. 
c NaOtBu used as base. 

 

 

Figure 2.1. NOESY experiment to determine diastereoselectivity 2.2. 
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Next, we demonstrated the efficiency of this reaction by forming the 5-membered ring 

spirocyclic compound 2.4 from -alkenyl aldehyde 2.3, (Table 2.1, entry 2). This result 

contrasts with the unsuccessful five-membered ring formation from the analogue ketone 

carried out by other groups.4 The proof of concept was also applied in the transformation 

of 4-allyl-1-(phenylsulfonyl)piperidine-4-carbaldehyde (2.5) and 1-allylcyclohexane-1-

carbaldehyde (7) towards the corresponding spirocyclic compounds 2.6 and 2.8 in 67% and 

50% isolated yield, respectively (Table 2.1, entries 3 and 4). The reaction was also explored 

for 2,2-dimethylpent-4-enal (2.9) providing a direct access to 2,2-dimethyl-4-

(pinacolborylmethyl)cyclobutan-1-ol (2.10) in moderate isolated yield (Table 2.2, entry 1). 

The unsymmetrical α,α-disubstituted aldehyde 2.11 followed an efficient boryl cupration 

with B2pin2 and B2hex2 (Table 2.2, entry 2 and 3 respectively). 

Table 2.2. Cu-catalyzed diastereoselective borylative ring-closing of -alkyl-substituted alkenyl aldehydes. a 

 

Entry Substrate  Product 
NMR Yieldb 

[Isolated Yield] 

1 

  

64% [59%] 

2 

  

 72% [34%] 

3 

  

81% [51%] 

a Reaction conditions: substrate (0.5 mmol), B2pin2 or B2hex2 (1.2 equiv), CuCl (5 mol%), Xantphos (5 mol%), 
KOtBu (1.2 equiv), THF (2 mL), 30 °C, 16 h. b NMR yields calculated with naphthalene as internal standard, [% 
Isolated yields]. 

The borylative ring-closing reaction was also extended to -aryl-substituted alkenyl 

aldehydes with the aim to synthesize diastereoselective polysubstituted cyclobutanols. The 
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inclusion of a Ph group at the internal position of the C=C bond in substrates 2.14, 2.16, 2.18 

and 2.20 did not change the reaction outcome, producing the desired spiro compounds in 

high conversion and moderate yield (Table 2.3, entries 1 to 4). The reaction proceeded with 

exclusive diastereoselectivity keeping the borylmethyl unit in anti-disposition with respect 

to the alcohol functional group. 

Table 2.3. Cu-catalyzed diastereoselective borylative ring-closing of -aryl-substituted alkenyl aldehydes.a 

 

Entry Substrate  Product 
NMR Yieldb 

[Isolated Yield] 

1 

  

80% [76%] 

2 

  

73% [24%] 

3 

  

70% [25%] 

4 

  

78% [27%] 

a Reaction conditions: substrate (0.5 mmol), B2pin2 (1.2 equiv), CuCl (5 mol%), Xantphos (5 mol%), KOtBu) (1.2 
equiv), THF (2 mL), 30 °C, 16 h. b NMR yields calculated with naphthalene as internal standard, [% Isolated yields]. 

When the copper (I) complex catalyzed the borylative ring-closing of 1-(2-(2-

bromophenyl)allyl)cyclohexane-1-carbaldehyde (2.22), the expected spiro[3.5]nonan-1-ol 

was not observed. The unique product generated was 4'-methylene-3',4'-dihydro-1'H-
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spiro[cyclohexane-1,2'-naphthalen]-1'-ol (2.23) (Scheme 2.4). Since 2.23 was not formed in 

a blank experiment in the absence of B2pin2, we hypothesized that the Cu-B species might 

be involved in the C-Br activation with a concomitant intramolecular attack to the aldehyde, 

generating the spirocyclic product of six-membered ring with the exocyclic double bond in 

the opposite position to the alcohol functionality. 

 

Scheme 2.4. Cu-catalyzed borylative ring-closing of 1-(2-(2-bromophenyl)allyl)cyclohexane-1-carbaldehyde 
(2.22). 

Using 2-naphthyl group as the internal substituent of the alkene group in 2.24 was also 

tolerated in this ring-closing reaction obtaining the polysubstituted spirocyclic compound 

2.25 with the expected anti-diastereoselectivity in 52% isolated yields (Scheme 2.5). 

However, the reaction also produced the boracycle with an oxaborole ring 2.26-syn-(B-OH) 

due to the resulting cyclobutanol byproduct with syn-diastereoselectivity followed by the 

OH condensation with Bpin moiety (Scheme 2.5). The X-ray diffraction structures of 

products 2.25 and 2.26-syn-(B-OH) are shown in Figure 2.2. 

 

Scheme 2.5. Influence on diastereoselectivity of borylative cyclization using 2-naphthyl group as alkene 
substituent.  
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Figure 2.2. X-ray diffraction structures for 2.25 and 2.26-syn-(B-OH). 

Remarkably, the copper-catalyzed ring-closing takes place chemoselectively through 

borylcupration on the C=C versus C=O. It brings added value to the borylative ring-closing 

method since it is known that copper-boryl complexes can efficiently catalyze the borylation 

of aldehydes, even at room temperature.6,7 However -methyl-substituted alkenyl aldehyde 

substrates drive the borylcupration preferentially on the C=O bond versus the C=C bond. 

This is the case of substrate 2.27 that suffers a borylcupration on the aldehyde functional 

group generating the corresponding α-borylhydroxyl product 2.29 discarding the ring-

closing step (Scheme 2.6). 

 

Scheme 2.6. Borylative reactivity in substrate 2.27. Influence of alkene substituent on chemoselectivity. 

The oxidation of the spirocyclic compounds with NaBO3·H2O, allowed the isolation of the 

corresponding dihydroxylated cyclobutane products 2.30-2.35 contributing to an increase 

in the demand of four- and five-membered ring spirocycles (Scheme 2.7).8 Single crystal X-

ray diffraction of products 2.33 and 2.34 confirmed the anti-diastereoselection (Figure 2.3). 
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Scheme 2.7. Dihydroxylated products 2.30-2.35 obtained from the oxidation of the organoboron spirocyclic 
compounds with NaBO3·H2O. 

 

Figure 2.3. X-ray diffraction structures for 2.33 and 2.34. 

To propose a plausible mechanism and understand the factors governing the chemo- and 

diastereoselectivity, we performed DFT calculations (see Computational Details, section 

2.5). Initially, we characterized computationally the mechanism for the Cu(I)-catalyzed 

borylative ring-closing reaction on substrate 2.1, yielding the 4-membered ring spirocyclic 

product 2.2 with anti diastereoselectivity. Figure 2.4 depicts the computed potential free 

energy profile, as well as alternative pathways (dashed lines). Figure 2.5 shows the 

molecular structures of the key transition states.  
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Figure 2.4. Computed free energy profile (kcal·mol-1) for the formation of syn- and anti- 2.2. Dashed lines 
represent alternative paths related to chemoselectivity (red lines) and diastereoselectivity (blue lines). P-P= 
Xantphos.  

 

Figure 2.5. Molecular structures and main geometric parameters (Å) of the key transition states (TS12.1 and 
TS1'2.1) for the chemoselectivity of the borylative ring-closing reaction of substrate 2.1. 
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The initial steps of the mechanism were found to be similar analogous to those 

characterized previously for borylative ring-closing of alkenyl halides by diphosphine-Cu(I) 

complexes.9 The reaction starts with the formation of Cu(OtBu) (I1), resulting from mixing 

CuCl, KOtBu and Xantphos ligand. Then, the active Cu-boryl species I2 is generated by -

bond metathesis between I1 with B2pin2. The next step is postulated as the coordination of 

Cu-Bpin to the substrate 2.1 through alkene moiety (I32.1) and subsequent insertion of the 

C=C into the Cu-B bond to yield the alkyl-copper(I) complex I42.1. This latter process occurs 

via transition state TS12.1 with a moderate free energy barrier of 10.7 kcal·mol-1 (I2 → TS12.1 

in Figure 2.4). 

In previous contribution,9 it was possible to optimize the dialkylcopper(III) intermediate 

proposed by Ito and co-workers2,3 resulting from the intramolecular attack of Cu(I) to the C-

X with the concomitant elimination of the halide. Nevertheless, Cu(III) species corresponded 

to a shallow well that could not be characterised in all the studied systems. Here, the 

absence of the halide leaving group makes the formation of the Cu(III) complex less likely. 

Thus, all attempts to localize the Cu(III) intermediate were unsuccessful, including more 

sophisticated molecular models such as tBuO- base coordinated to Cu, the K+ counter cation 

interacting with the alkoxy moiety, and two specific THF solvent molecules. Alternatively, 

an intramolecular attack of the Cu-alkyl moiety to the carbonyl carbon in complex I42.1 

would occur leading the ring-closing C-C coupling and the resulting alkoxy-copper(I) 

complex I52.1. The process needs to overcome a low energy barrier (14.4 kcal·mol-1) and is 

exergonic by 13.0 kcal·mol-1. In the corresponding transition state, TS2anti, a negative charge 

is developed at the carbonyl oxygen, which interacts with the Cu center in order to stabilize 

the partial negative charge. Next, intermediate I5anti-2.1 can undergo another -bond 

metathesis with the diboron reagent to recover the active Cu-boryl species I2 and yield a 4-

membered ring containing the O-Bpin moiety (I6anti-2.1) with anti-diatereoselectivity. Finally, 

the spirocyclic product 2.2 can be generated from species I62.1 though the hydrolysis of O-

B bond by the alcohol solvent or during the isolation of the product via column 

chromatography.  

We also evaluated the chemoselective pathway for boryl addition to aldehyde, as illustrated 

for substrate 2.1 by red dashed lines in Figure 2.4. The Cu center in I2 can coordinate the 

substrate through the carbonyl moiety (I3'2.1), undergoing the 1,2-addition of Cu-Bpin to the 

C=O via transition state TS1'2.1. The overall process has a low free energy barrier (15.9 

kcal·mol-1), resulting in the thermodynamically stable, intermediate I4'2.1. Nevertheless, the 

pathway for C=C borylcupration is kinetically preferred by 5.2 kcal·mol-1 (TS12.1 versus TS1'2.1 

in Figure 2.4), agreeing with the experimental results.  
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Table 2.4. Calculated free energy barriers and differences in kcal·mol-1 for the borylcupration of C=C versus C=O 

bond, G‡(TS1-TS1'), for -substituted alkenyl aldehydes 2.1, 2.7, 2.14, 2.24, and 2.27. Free energy barriers 

G‡
C=C (I2→TS1), G‡

C=O (I2→TS1'). 

Substrate 
C=C:C=O 

(exp.) 
G‡

C=C  G‡
C=O  G‡ 

 

100:0 10.7 15.9 +5.2 

 

100:0 12.6 16.9 +4.3 

 

100:0 9.3 15.9 +6.6 

 

100:0 7.2 11.7 +9.0 

 

0:100 16.1 13.1 -2.9 

Table 2.4 compares the free-energy barriers for the two competitive borylation processes 

in representative γ-substituted alkenyl aldehydes 2.1, 2.7, 2.14, 2.24, and 2.27. 

Replacement of a tetrahydropyran group in 2.1 by cyclohexane in 2.7 has a minor effect on 

the barriers. Then, incorporating aromatic substituents in the alkene moiety (substrate 

2.14) decreases the energy barrier for the borylation on the C=C bond, providing the kinetic 

preference for ring-closing products. Since boryl-copper complexes behave as 

nucleophiles,10,11 the electron-withdrawing aromatic substituents enhance the reactivity of 

the double bond. On the other hand, the methyl substituent in substrate 2.27 makes the 

alkene fragment more electron-rich, increasing the borylation energy barrier and switching 

the chemoselectivity towards the addition on the aldehyde moiety (intermediate 2.28 in 

Scheme 2.6). Figure 2.6 shows the detailed free-energy profile of the chemoselectivity 

determining steps for the borylation of substrate 2.27. In this case, the coordination of 

substrate through the carbonyl moiety to yield intermediate I3’2.27 is slightly exergonic (-1.5 

kca·mol-1). Consequently, the free-energy barrier of the C=O borylation step increases 

slightly, G‡( I3’2.27→ TS1’2.27) = 14.6 kcal·mol-1, but it is still lower than that for the C=C 
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borylation (G‡( I22.27→ TS12.27) = 16.1 kcal·mol-1). Moreover, if we assume the Curtin-

Hammet conditions (rapid equilibrium between species I3’2.27 and I32.27 and irreversible 

step), the product distribution is determined by the relative free-energy of the two 

transition states (G‡( TS12.27→ TS1’2.27)) that clearly favours the 1,2-addition of Cu-Bpin 

to the C=O by 2.9 kcal·mol-1, in agreement with experimental observations. 

 

  

Figure 2.6. Computed free energy profile (in kcal·mol-1) of chemoselectivity determining steps for substrate 2.27. 
Solid, black lines represent the borylcupration of the C=C bond, and dashed, red lines represent the 
borylcupration of the C=O bond. P-P= Xantphos. 

The diastereoselectivity is decided at the C-C coupling step where the aldehyde functional 

group can adopt an anti or a syn disposition respect to the borylmethyl unit (TS2anti-2.1 and 

TS2syn-2.1, Figure 2.7). In substrate 2.1, the anti-configuration minimizes the 1,2 repulsion 

between the substituents of cyclobutane, resulting in a significantly lower free energy 

barrier (13.7 versus 17.6 kcal·mol-1 for I4 → TS2anti and I4 → TS2syn, respectively). Additional 

calculations were performed in model systems replacing each phenyl substituent of 

Xantphos ligand by hydrogen and maintaining the backbone (PH2 model) sets off ligand-

substrate interactions. The results show that a free energy difference between the two 

diastereoselective paths is very similar to the real-world ligands, G‡ = +4.2 kcal·mol-1, 
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indicating that intramolecular interactions within the substrate (-CH2Bpin···C=O) are 

responsible for the diastereoselectivity.  

 

Figure 2.7. Molecular structures and main geometric parameters (Å) of the key transition states (TS2anti-2.1 and 
TS2syn-2.1). 

Table 2.5. Calculated free energy barriers and differences in kcal·mol-1 for the borylative ring-closing of the 

diastereoselective anti versus syn paths, G‡(TS2anti-TS2syn) for -substituted alkenyl aldehydes 2.1, 2.3 and 

2.24. Free energy barriers, G‡
anti (I4→TS1anti), and G‡

syn (I4→TS1syn). 

Substrate 
anti:syn 

(exp.) 
G‡

anti G‡
syn G‡ 

 

100:0 13.7 17.6 +5.1 

 

100:0 15.5 18.7 +3.2 

 

50:50 10.4 10.1 +0.3 

Table 2.5 collects the free energy barriers of the competing paths in the diastereoselectivity 

determining step for several substrates, demonstrating that the mechanistic proposal is 

consistent with the experimental outcome. Interestingly, introducing a 2-naphthyl group on 

the alkene moiety (substrate 2.24) produced a mixture of anti and syn diastereoisomers. 

Accordantly, the computed free energy difference between the two corresponding 

transition states, G‡(TS2syn-2.24-TS2anti-2.24), is reduced to only 0.3 kcal·mol-1 (Figure 2.8). 
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Figure 2.8 shows the detailed free energy profiles for the two possible diastereoisomeric 

pathways for substrate 2.24. In this case, the bulky naphthyl substituent leads to 1,2 

repulsive interactions with the carbonyl group in the anti-path, similar to those between 

the carbonyl group and the -CH2Bpin moiety in the syn isomer. Consequently, no preference 

for any of the two diastereoisomers is observed (see Figure 2.9 for the corresponding 

transition state structures). 

 

Figure 2.8. Computed free energy profile (in kcal·mol-1) for the reaction of 2.24 forming two diastereoisomers, 
anti and syn represented with solid, black lines and dashed, blue lines, respectively. Dashed, red lines represent 
alternative pathway related to chemoselectivity. P-P= Xantphos. 
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Figure 2.9. Molecular structures and main geometric parameters (Å) of transition states TS2anti-24 and TS2syn-24 

for the ring-closing step in borylative cyclization of substrate 2.24. 

2.4 Conclusions 

We have shown that copper(I) complex modified with Xantphos ligand is able to catalyze 

the borylative cyclization of -alkenyl aldehydes. The specific conclusions are: 

 Borylcupration on C=C bond is preferred for electron-deficient alkene moieties, as 

described for aromatic substituted -alkenyl aldehydes (2.14 and 2.24). It could be 

postulated that the electron density on the nucleophile carbon could resonate with the 

aromatic ring. 

 Despite the chemoselectivity issues arising from competitive 1,2-borylation of the 

aldehyde, this methodology provides access to spirocyclic cyclobutanol products with 

high levels of anti-diastereoselection in moderate to good yields.  

 Substituents are required at the aldehyde α-carbon, and both four and five-membered 

rings can be formed. 

 A variety of substituted olefins can be employed, but electron-rich olefins (2.27) 

suppress the borylation through the C=C bond favoring the borylation on the C=O bond. 

 DFT studies identify and analyze the key steps of the catalytic cycle that govern the 

chemo- and diastereoselectivity. The addition of Cu-Bpin to C=C or C=O bond (transition 

states TS1 and TS1', respectively) determines the chemoselectivity. Due to the 

nucleophilic nature of the boryl fragment, electron-donor substituents on the alkene 

can switch the chemoselectivity towards the boryl addition to the aldehyde (i.e. 

substrate 2.27). The diastereoselectivity-determining step corresponds to the carbon-

carbon coupling process (TS2anti and TS2syn), where intramolecular interactions within 

the substrate govern the diastereoselectivity. 
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2.5 Computational Details 

Geometry optimizations and transition state searches were performed with Gaussian 16 

package.12 The quantum mechanics calculations were performed within the framework of 

Density Functional Theory (DFT)13–16 by using the ωB97X-D functional.17 Two different basis 

sets were used. The first one (basis set I) was used for geometry optimizations, and 

frequency calculations, where we defined effective core potentials (ECPs) with double-ζ 

valence basis set (LANDL2DZ)18–20 were employed for Cu and P, supplemented with 

polarized shells with the following exponents: Cu (f = 3.525) and P (d = 0.387).21,22 For all 

other electrons of all other atoms, 6-31G(d) basis set was used.23–25 All calculation was 

performed within solvent (THF) represented via the SMD model.26 Potential energies were 

refined through single-point calculations with a larger basis set II, which consisted of 

LANL2TZ(f) for Cu,18–22,27 LANL08(d) for P18–22,27 and 6-311++G(d,p)23–25 for other atoms. Free 

energy corrections were considered at a concentration of 1 M and a temperature of 298.15 

K.  
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Allylic Borylation of conjugated 

dienes catalyzed by alkoxides
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3.1 Abstract and specific objectives 

This Chapter will focus on the complementary reactivity of diboron reagents with 1,3-dienes 

in a transition-metal-free context, in comparison with previous attempts using Pt, Ni or Cu 

complexes as catalysts. The sole addition of Na2CO3 (30 mol%) to bis(pinacolato)diboron in 

MeOH as solvent allows the formation of the Lewis acid-base adduct [MeO-Bpin-Bpin]-

[Hbase]+, responsible for the 1,4-hydroboration of cyclic and non-cyclic 1,3-dienes (Scheme 

3.1).  The specific goals in this Chapter are: 

 The study of the optimized reaction conditions to proof our work hypothesis 

towards the first transition-metal-free borylation of 1,3-dienes 

 The search of substrate scope to generalize the new C-B bond formation with non-

cyclic and cyclic 1,3-dienes 

 The study of the transformation of allylboronates esters towards valuable allylic 

alcohols. 

 The study of the preferred stereoselectivity for E allylic boronate products in non-

cyclic 1,3-dienes.  

 The use of DFT calculations to suggest the reaction mechanism and the analysis of 

the factor that governs the selectivity towards 1,4-hydroboration. 

 

Scheme 3.1. Reaction pathway for 1,4-hydroboration with cyclic and non-cyclic conjugated dienes.  
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3.2 State of the Art 

The borylation of 1,3-dienes represents a powerful synthetic tool to obtain diborated or 

monoborated allylic systems, depending on the transition-metal catalyst employed. From 

Miyaura and co-worker’s breakthrough experiments on Pt(PPh3)4-catalyzed 1,4-diboration 

of 1,3-dienes to synthesize bis(allyl)boronates,1 the field has progressed by discovering 

different catalytic systems based on Pt, Ni, and Cu. The most explored strategy uses Pt 

complexes to catalyze both 1,2- and 1,4-diboration of 1,3-dienes, even in an asymmetric 

fashion.2–7 Nickel complexes are also explored as catalytic systems, and unlike Pt complexes, 

the Ni catalytic systems can catalyze the 1,4-selective diboration of even sterically hindered 

1,3-dienes.8–11 Contrary to Pt or Ni complexes, the Cu complexes catalyze the monoboration 

of 1,3-dienes with B2pin2 primarily forming the homoallyl boronate products (Scheme 

3.2).12,13 

Here, in this chapter, we present the results of the borylation of 1,3-dienes in a transition-

metal-free context, with the sole addition of MeOH and base to generate the corresponding 

methoxide and form the adduct [MeO-Bpin-Bpin]−[Hbase]+ (Scheme 3.2, bottom right). 

 

Scheme 3.2. Examples of previous transition-metal-catalyzed diboration and monoboration of 1,3-dienes for 

comparison with the transition-metal-free version reported in this chapter. 

Transition-metal-free borylation reactions have emerged within this decade as a convenient 

synthetic methodology toward selective C−B bond formation.14 Our group has previously 

explored the allylic borylation of tertiary allylic alcohols15 as well as the allylic borylation of 

vinyl epoxides and vinyl aziridines16 by the addition of the acid−base Lewis adduct [MeO-

Bpin-Bpin]−[Hbase]+ through SN2′-type mechanisms. To the best of our knowledge, the 

borylation of 1,3-dienes without metal catalysts was only precedented through the 

uncatalyzed diboration of 1,3-butadiene using the highly reactive B2Cl4 or B2F4 to produce 

1,4-bis-(dihalogenoboryl)-2-butene compounds.17,18 However, the transition-metal-free 

borylation of 1,3-dienes opens new questions about the preference for mono- or diborated 
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products, as well as whether the E- or the Z-allyl boronate products are going to be 

preferentially formed in non-cyclic systems.  

3.3 Results and Discussion 

In order to answer all of the questions raised above, we selected the model substrate trans-

1-phenyl-1,3-butadiene (3.1) and we carried out the borylation with 1.1 equiv of B2pin2 in 

the presence of 15 mol% of Na2CO3 and MeOH as solvent (1 mL) at 90 °C. The analysis of 

the unpurified reaction mixture by 1H NMR spectroscopy established 47% conversion 

toward the 1,4-hydroborated product 3.2 (E/Z = 2/1) (Scheme 3.3a) and 22% of 

polyborylated products (3.3)19 without the consumption of all the starting material. 

Decreasing the temperature to 70 °C and increasing the amount of base to 30 mol% allowed 

the formation of 3.2 in 60% (E/Z = 3/1), minimizing the byproduct formation. Remarkably, 

this is the first attempt to borylate 1,3- dienes in a transition-metal-free context, and the 

results seem to be complementary to Huang and co-workers’ work,20 where the same 

substrate 3.1 underwent 1,4-hydroboration with HBpin in the presence of iminopyridine Fe 

complexes, but forming principally the secondary (Z)-allylboronate (Scheme 3.3b).  

 

Scheme 3.3. Proof of concept in the transition-metal-free borylation of 1,3-dienes and comparison with Fe-

catalyzed hydroboration towards secondary (Z)-allylboronate. 

When trans-1-methyl-1,3-butadiene (3.4) reacted with 1.1 equivalents of B2pin2, 1,2-

diboration of the terminal alkene took place instead to form product 3.5 in 58% NMR yield 

(33% isolated) (Scheme 3.4a). It seems that the competing 1,2-diboration is favored versus 

1,4-hydroboration for alkyl substituents at the C1 position,21,22 in contrast to the Fe−Mg-

catalyzed 1,4-hydroboration of 1-alkylsubstituted 1,3-dienes or 2-alkyl-substituted 1,3-

dienes, observed by the groups of Huang and Ritter, respectively.20,23 To confirm the 
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previous observation, we conducted the transition-metal free borylation of (Z)-penta-1,3-

dien-3-ylbenzene (3.6), and as expected, the 1,2-diborated product 3.7 was also formed 

despite the presence of the phenyl group at the C3 position (Scheme 3.4b). 

 

Scheme 3.4. Transition-metal-free 1,2-diboration of trans-1-methyl-1,3-butadiene (3.4) and (Z)-penta-1,3-dien-

3- ylbenzene (3.6). NMR yields calculated with naphthalene as internal standard [% isolated yields].  

To extend the transition-metal-free conjugative borylation on trans-1-aryl-1,3-butadiene 

type substrates, we carried out a systematic study under the optimized reaction conditions, 

based on the addition of B2pin2 (1.1 equiv) to a solution of MeOH that contains the substrate 

and 30 mol% of Na2CO3. As can be seen in Table 3.1, trans-1-aryl-1,3-butadienes, that 

contain electron-donating and electron-withdrawing substituents on the aryl group, do not 

affect the reaction outcome (Table 3.1, entries 1−3). However, a slight increase in the E/Z 

ratio (up to 4/1) was observed for product 3.13. It is worth mentioning that substrate buta-

1,3- diene-1,1-diyldibenzene 3.14 was borylated with similar success but the enhanced E/Z 

ratio (up to 9/1) indicated the preference for the E isomer in compound 3.15 when the two 

aryl groups are located at the terminal position (Table 3.1, entry 4). We were also able to 

conduct the transition-metal-free 1,4-hydroboration of (E)-2-(buta-1,3-dien-1-yl)furan 3.16 

toward the desired allylic boronate product 3.17, demonstrating the compatibility with 

other conjugated systems (Table 3.1, entry 5).   
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Table 3.1. Transition-metal-free 1,4-hydroboration of trans-1-aryl-1,3-butadienes. a  

 

Entry Substrate Product E/Z 
NMR Yieldb 

[Isolated Yield] 

1 
  

3/1 50% [23%] 

2 
  

3/1 55% [38%] 

3 
  

4/1 61% [32%] 

4 

  

9/1 62% [40%] 

5 
  

4/1 53% [15%] 

 
a Reaction conditions: Substrate (0.2 mmol), B2pin2 (1.1 equiv) Na2CO3 (30 mol%), MeOH (1 mL), 70 °C, 16 h. 
bNMR yields calculated with naphthalene as internal standard, [% Isolated yields]. 

The general method was also applied to internal 1,3 dienes such as ((1E,3E)-penta-1,3-dien-

1-yl)benzene 3.18 and related substrates 3.20 and 3.22. To our delight, the 1,4-

hydroboration took place toward the formation of the desired allylic boronates 3.19, 3.21, 

and 3.23 without any reduction in the yield or the E/Z ratio (Table 3.2, entries 1−3). The 

internal substitution in substrate (E)-(2-methylbuta-1,3-dien-1-yl)- benzene 3.24, also 

proved not to be influential to the reaction outcome as product 3.25 was formed with 

similar conversion and selectivity (Table 3.2, entry 4).   
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Table 3.2. Transition-metal-free 1,4-hydroboration of internal 1,3-dienes.a 

 

Entry Substrate Product E/Z 
NMR Yieldb 

[Isolated Yield] 

1 
  

3/1 71% [16%] 

2 
  

3/1 50% [23%] 

3 
  

3/1 55% [38%] 

4 
  

3/1 65% [60%] 

a Reaction conditions: Substrate (0.2 mmol), B2pin2 (1.1 equiv) Na2CO3 (30 mol%), MeOH (1 mL), 70 °C, 16 h. 
bNMR yields calculated with naphthalene as internal standard, [% Isolated yields]. 

We next considered the possibility to extend the transition-metal-free allylic borylation 

methodology to cyclic 1,3-dienes. We found that cyclohexadiene (3.26) was transformed 

into the corresponding allyl boronate via 1,4-hydroboration under the same reaction 

conditions as for non-cyclic systems except that 90 °C was required (Table 3.3, entry 1). This 

is interesting because in this substrate there are no aryl substituents that direct the 

conjugative borylation as in substrate 3.2, and so the 1,2 diborated product could be 

expected to be formed as in the borylation of trans-1-methyl-1,3-butadiene (3.4) (Scheme 

3.4). In extension, substrate 2-(2-ethylhexyl)cyclohexa-1,3-diene (3.28) could be efficiently 

borylated toward the allylic bororonate product 3.29, despite the added steric hindrance 

provided by having a substituent at the internal position (Table 3.3, entry 2). Even the 

disubstituted cyclic 1,3-diene 5- isopropyl-2-methylcyclohexa-1,3-diene (3.30) was 

transformed into the allylic boronate product 3.31, with an anti-configuration of the Bpin 

moiety with regard to the isopropyl functional group (Table 3.3, entry 3).  
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Table 3.3 Transition-metal-free 1,4-hydroboration of cyclic 1,3-dienes.a 

 

Entry Substrate Product 
NMR Yieldb 

[Isolated Yield] 

10 

  

55% [35.5%] 

11 

  

79% [59%] 

12 

  

65% [59%] 

 
a Reaction conditions: Substrate (0.2 mmol), B2pin2 (1.1 equiv) Na2CO3 (15 mol%), MeOH (1 mL), 90 °C, 16 h. 
bNMR yields calculated with naphthalene as internal standard, [% Isolated yields]. 

Allyl boronate products are very important building blocks,24 and in our hands, the allyl 

boronate product 3.2 has been transformed into 1,2,3-triborated product 3.3 via 

consecutive transition-metal-free diboration of the internal double bond (Scheme 3.5). The 

triborated product 3.3 was quantitatively formed and isolated from the reaction as a unique 

product. The extension of this interesting transformation has been recently explored with 

a detailed study of the concomitant selective cross-coupling reaction from triborated 

compounds.19 

 

Scheme 3.5. Synthesis of 1,2,3-triborated products from the allyl boronates. 

The in situ oxidative workup of the allylic boronate compounds, prepared in this work, 

provide the corresponding allylic alcohols in a transition metal-free context with a 

preference for the E-isomer (Scheme 3.6). The formation of allylic alcohols through 
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borylation reactions was recently reported in the Cu-catalyzed borylation of vinyl cyclic 

carbonates via an SN2′ mechanism, also with preference on the E isomer.25  

 

Scheme 3.6. Transition-metal-free 1,4-hydroboration/oxidation of trans-1-aryl-1,3-butadienes. NMR yields 

calculated with naphthalene as internal standard, [% isolated yields]. 

A proposed reaction mechanism for the transition-metal-free borylation of 1,3-dienes may 

involve first activation of the B2pin2 with MeOH/base to form adduct [MeO-

BpinBpin]−[Hbase]+ followed by nucleophilic attack of the B (sp2) moiety to the terminal 

double bond (Figure 3.1). The conjugative borylation may generate two isomeric allylic 

anion intermediates that can be protonated with MeOH, used as solvent. To evaluate this 

mechanistic proposal, we conducted DFT study (see Computational Details in Section 3.5). 
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Figure 3.1. Proposed mechanism for transition-metal-free borylation of 1,3-dienes. 

In order to understand the stereo- and regioselectivity of the transition-metal-free 

borylation of cyclic and 1-arylsubstituted 1,3-dienes. Previous computational studies have 

demonstrated the nucleophilic character of the B(sp2) in the acid−base Lewis adduct [MeO-

BpinBpin]−[Hbase]+26–29 and that the electron-withdrawing substituents can favor the 

hydroboration over the diboration of C=C double bonds by stabilizing the anionic 

monoborylated intermediate.30 Figure 3.2 and 3.3 displays the computed potential free-

energy profile for the 1,4-hydroboration of trans-1-phenyl-1,3-butadiene (3.1) to yield both 

the E and the Z stereoisomeric products and the three-dimensional structures of the key 

transition states for the stereoselectivity control.  
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Figure 3.2. Potential free-energy profiles (kcal·mol-1) for the 1,4-hydroboration of 1-trans-phenyl-1,3-butadiene 

(3.1) by B2pin2 in MeOH/base. Solid and dashed lines correspond to the paths yielding the E and Z stereoisomeric 

products respectively. 
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Figure 3.3. Molecular structures of the transition states for the E and Z paths of the nucleophilic borylation of 

the diene 3.1 (TS1-E and TS1-Z, respectively). Distances in Å. 

The calculated free-energy barrier for the initial nucleophilic Bpin transfer to the terminal 

carbon of diene 3.1 is moderate (24.5 kcal·mol−1) and leads to a stable anionic intermediate 

I1-E (E-path, solid lines). Similar to that observed for allemanides,31 the anionic 3-membered 

boracycle intermediate opens to form a more stable allylic anion with an alkyl boronate 

group attached to the terminal carbon. Subsequent protonation of I1-E leads to the 

hydroborated product. The observed regioselective protonation of C1 can be rationalized 

from the charge distribution in the allylic intermediate I1-E (Figure 3.2). Our calculations 

show that the phenyl-substituted C1, supports a larger negative charge than the allylic C2 

and C3. Consequently, the C1 carbon should be more reactive toward protonation in 

agreement with the observed preference for 1,4- over the 3,4-hydroboration. In line with 

this, the estimated barrier for protonation at C1 using a single MeOH solvent molecule is 

quite low (5.1 kcal·mol−1).  

To explain the formation of the observed Z-isomer, the E path has to undergo an 

isomerization process at some point in the catalytic cycle. The isomerization of the allylic 

intermediate I1-E to I1-Z via rotation around the C2−C3 bond is unlikely because the 

computed barrier of 19.3 kcal·mol−1 is significantly higher than that for the forward 

protonation reaction (5.1 kcal· mol−1). Instead, we propose that the trans 1,3-diene 

isomerizes to the cis conformation. The computed barrier (8.4 kcal·mol−1) and the energy 

difference (+3.6 kcal·mol−1) might allow it. Borylation of the cis conformer yields 

intermediate I1-Z with the alkyl boronate group cis to C1 (dashed lines in Figure 3.2). The 

lower stability of the cis isomer is partially compensated by a lower free-energy barrier for 

borylation (22.6 vs 24.5 kcal·mol−1). Interestingly, the higher reactivity of cis conformations 

of α,β-unsaturated aldehydes and ketones has been explained from secondary orbital 

interactions which allow a better stabilization of the developing negative charge.32,33 

Overall, the transition state for the Z path (TS1-Z) is only 1.7 kcal·mol−1 higher than the 
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corresponding transition state for the E path (TS1-E). This results in a small preference for 

the E over the Z products, in full agreement with experimental observations.  

For cyclic 1,3-dienes, we propose the same type of mechanism, in which only the Z-path is 

possible due to the cis configuration of the diene (Figure 3.4). The computed barrier for the 

nucleophilic Bpin transfer to the cyclohexadiene 3.26 is somewhat larger (27.4 kcal·mol−1) 

than that for E-1-phenyl-1,3-butadiene (3.1) (24.5 kcal·mol−1) but still reasonable for a 

reaction occurring at 90 °C. In this case, the absence of the phenyl substituent yields a less 

stable allylic anion intermediate I1c and makes possible the formation of the boracyclic 

species I′c. These intermediates, I1c and I′c, are close in energy and interconvert easily. In 

line with the observed regioselectivity toward 1,4-hydroboration, the C1 carbon of both 

species supports the largest negative charge favoring its protonation, for which we found 

very small electronic energy barriers (<1 kcal·mol−1). 

 

Figure 3.4. Proposed reaction mechanism for the 1,4-hydroboration of cyclohexadiene by B2pin2 in MeOH/base. 

Relative free-energies and barriers in kcal·mol-1.  
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3.4 Conclusions 

Interestingly, the sole addition of 15-30 mol% of Na2CO3 to B2pin2 in MeOH allows the 1,4-

hydroboration of cyclic and non-cyclic 1,3-dienes. This unprecedented reactivity opens a 

new door to organoboron chemistry synthesis in a transition metal-free context. The main 

conclusions are depicted below: 

 Transition-metal-free borylation of 1,3-dienes takes place through SN2′-type 

mechanisms with a preference for the E stereoisomeric allylic boronate product 

formation. Moderate yields have been achieved for this unprecedented catalytic 

process and the scope of the reaction includes terminal, internal and cyclic conjugated 

dienes. 

 Triboration of 1,3-dienes has been achieved throughout conjugated borylation followed 

by diboration reaction in a single operational step. 

 Allylic alcohols were prepared by single in situ oxidation providing the E-major isomers. 

 Computational studies identified the key steps in the transition-metal-free conjugative 

borylation that rationalize the preference for 1,4-hydroborated products as well as the 

E stereoisomerism in the allylic boronate products. The DFT studies show that the origin 

of the appearance of Z isomer when the starting molecule is with E isomer is due to the 

conformational rotation of the conjugated diene at the beginning of the catalytic 

pathway. The allylic charge distribution study shows that I1-E and I1-Z C1 are the most 

reactive, being consistent with the regioselectivity found experinentally. 

3.5 Computational Details 

Geometry optimizations and transition state searches were performed with Gaussian 1634 

package. The quantum mechanics calculations were performed within the framework of 

Density Functional Theory (DFT)35–38 by using the hybrid B3LYP functional,39–41 a standard 6–

311G(d,p) basis set42,43 and Grimme´s dispersion approximation.44 Full geometry 

optimizations were performed without constraints. The nature of the stationary points 

encountered was characterized either as minima or transition states by means of harmonic 

vibrational frequency analysis. The zero-point, thermal, and entropy corrections were 

evaluated to compute Gibbs free energies (T=298 K, [C]=1 M). Solvent effects were included 

in geometry optimizations by using the IEF-PMC model.45 The dielectric constant (ε) used 

for simulation of methanol solvent was 32.613.  
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-Boryl Carbanions: Mapping the 

structure and the reactivity trends 
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4.1 Abstract and specific objectives  

The chemistry of stabilized -boryl carbanions show a remarkable diversity, and can enable 

many different synthetic routes towards efficient C-C bond formation. The electron-

deficient, trivalent boron-atom stabilizes the carbanion facilitating its generation and tuning 

its reactivity. Chapter 4 describes the electronic structure and the reactivity trends of a large 

dataset of -boryl carbanions, using DFT-derived parameters capturing their electronic and 

steric properties, computational reactivity towards model substrates, and crystallographic 

analysis within the Cambridge Structural Database (CSD). This study maps the reactivity 

space by varying the nature of the boryl moiety (Scheme 4.1a), the number of -boryl motifs 

(Scheme 4.1b), the substituents of the carbanionic carbon (Scheme 4.1c), and the metal 

cation interacting with the carbanion (Scheme 4.1d).  

 

Scheme 4.1. Summary of the different features of -boryl carbanions studied in Chapter 4. 

In general, the free carbanionic intermediates are described as borata-alkene species with 

C-B -interaction polarized towards the carbon, showing an inverse stability-reactivity 

relationship. Furthermore, we have classified the -boryl alkylidene metal precursors into 

three classes directly related to their reactivity: 1) Nucleophilic borata-alkene salts with 

alkali and alkali-earth metals, 2) nucleophilic 2-(C-B) borata-alkene complexes with early 

transition metals, Cu and Ag, and 3) -boryl alkyl complexes with late transition metals. This 

trend map aids the selection of the appropriate reactive synthon depending on the 

reactivity sought. 

Here, we aim to identify reliable descriptors derived from ground-state structures that 

correlate with the stability and reactivity of -boryl carbanions and allow to build a map of 

trends for these species.  
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4.2 State of the art 

The access to primary, secondary, and tertiary alkylboronic esters, through the generation 

of α-boryl carbanions and subsequent electrophilic trapping, is a new and powerful 

synthetic tool towards efficient C-C bond formation. The generation of -boryl carbanions 

can be conducted through four complementary pathways (Scheme 4.2), including a) 

deborylation of 1,1-diboryl alkanes,1–9 b) deprotonation of the α-hydrogen from an 

organoborane compound,10–16 c) metallation of -halo boronic esters,17 and d) 

transmetallation of -borylmethide metal salts with organometallic reagents.18,19 α-Boryl 

carbanions show a remarkable stability due to the valence deficiency of the adjacent three 

coordinate boron centre, and they can be also described by their borata-alkene resonance 

forms (see Scheme 4.3).20–24 

 

Scheme 4.2. Strategic methods to access-boryl carbanions. 

The experimental outcomes are consistent with the delocalization of the electron density 

of the anion throughout the empty p orbital of the adjacent boron. This is demonstrated by 

the chemical shifts displacement on 11B (highfield) and 13C  (downfield) NMR data for R2B-

CH2
- in comparison with the corresponding α-boryl alkane.12,25 IR spectra of boron-stabilized 

anions in the gas phase, in combination with DFT calculations, also suggest the double bond 

character of C=B bond in Me2BCH2
- -monoborlyl anions.26 

 

Scheme 4.3. Resonance structures for -boryl carbanion and borata-alkene. 

In the solid state, the shortened B-C bond lengthts27–29 of the borata-alkene species provide 

an additional evidence of the their “boron ylide” character, which can be related to the 
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analogs containing boron-carbon double bonds.30 Computational studies have also 

supported the borata-alkene character of -boryl carbanions by means of detailed analysis 

of their electronic structures.29,31,32 The natural bond orbital (NBO) analysis on [Mes2B=CR2]- 

anion by Gabbaï and co-workers showed one - and one -interaction between the carbon 

and the boron atoms, where the  bond was polarized towards the carbon.31 Erker and co-

workers described a similar B-C interaction for related species, in which the HOMO formally 

corresponds to a C-B -orbital strongly polarized towards the carbanionic atom.29  

The study by Erker and co-workers,29 compared three different -boryl moieties, B(C6F5)2, 

BMes2 and 9-boryilbicyclo[3.3.1]nonane (Figure 4.1). The authors concluded that the high 

degree of carbanion stabilization when the boryl moiety B(C6F5)2 is involved might be due 

to the presence of fluorine substituents on the aryl group. The mesityl substituents at boron 

led to a decrease of stabilization by about 16 kcal·mol-1, followed by the borata-alkenes 

containing the 9-boryilbicyclo[3.3.1]nonane which showed a lower degree of carbanion 

stabilization (Figure 4.1). The steric protection of the boron center seems to be necessary 

to ensure an appropriate proton abstraction of the α-hydrogen from the organoborane 

(Scheme 4.2b), since there is a strong tendency to form a four-coordinate boron”ate” salt 

upon addition of a base. For that reason, most of the borata-alkenes reported so far bear 

bulky substituents on boron, generating boryl moieties such as B(C6F5)2, BMes2 or 9- 

boryilbicyclo[3.3.1]nonane. Eventually, the pronounced -boryl carbanion stabilization 

represents an extra advantage to explore the significant reactivity of the borata-alkenes.29,33 

 

Figure 4.1. Stabilizing order for selected borata-alkene species. 

To gain more insight into the electronic structure and the reactivity trends of -boryl 

carbanions, we conduct here a detailed computational study based on density functional 

calculations (See Computational Details, section 4.5) and wave function analysis. The study 

is performed on a varied dataset of compounds bearing commonly used boryl moieties, 

such as Bpin (pinacolboryl) and Bdan (naphthodiazaboryl). As illustrated in Figure 4.2, we 

have gauged the influence of several structural features of the -boryl carbanions: 1) the 
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nature of the boryl moiety, 2) the substituents on the carbanionic carbon, 3) the comparison 

between -mono-, -di- and -triboryl carbanions, and 4) the nature of the metal involved.  

 

Figure 4.2. Analyzed structural features influencing the nature of the -boryl carbanions.  

4.3 Results and Discussion 

4.3.1 Influence of the nature of the boryl moiety 

Using as starting point, the early work by Erker and co-workers,29 we have initially gauged 

the electronic structure and reactivity of -monoboryl carbanions as a function of boryl 

fragment nature. We started with the comparison of the previously analyzed -monoboryl 

carbanions, containing the boryl moieties BMes2 and B(C6F5)2 (1ames and 1aPhF), with those 

that include the commonly used Bpin and Bdan moieties in the structure, (1apin and 1adan, 

respectively). Here, we have explored different geometric, electronic and energy 

descriptors aiming to rationalize the stability and reactivity trends along the carbanion 

series. Table 4.1 collects the values of the most meaningful descriptors for 1aPhF, 1ames, 1adan 

and 1apin species. Tables 6.1 and 6.2 of the Experimental Section (Chapter 6) lists all the 

computed descriptors and their values.  
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Table 4.1. Calculated protonation Gibbs energies (ΔGprot.) and free-energy barriers for nucleophilic substitution 
with bromoethane (ΔG‡

SN2) in kcal·mol-1, energy of the HOMO orbital (EHOMO) in eV, and Wiberg bond orders 
(∑C-Bbo) upon variation of boryl moiety nature, species 1aPhF, 1ames, 1adan and 1apin. 

     

Species 1aPhF 1ames 1adan 1apin 

Gprot. +19.7 -0.2 -23.2 -33.6 

G‡
SN2 19.3 18.8 6.9 4.2 

∑C-Bbo 1.73 1.69 1.57 1.56 

EHOMO -2.87 -2.20 -1.19 -0.58 

In line with the analysis reported by Erker,29 the stabilization of -boryl carbanions can be 

assessed by calculating the protonation energies of the carbanions respect to the 

cyclopentadienyl anion (Gprot) as illustrated in Scheme 4.4. Note that this procure is 

equivalent to compute absolute proton affinities of carbanions but using cyclopenatadienyl 

as reference to set the zero, i.e., subtracting the proton affinity of cyclopentadienyl (368.4 

kcal·mol-1) to each species. Moreover, we have determined the free-energy barriers (G‡
SN2) 

for the SN2 nucleophilic substitution reaction between the carbanions and bromoethane 

(Scheme 4.5) in order to quantify the nucleophilic reactivity of -boryl carbanions towards 

organic electrophiles. The values of energy barriers in Table 4.1 indicate the following trend 

on the reactivity 1apin > 1adan > 1ames > 1aPhF. 

 

Scheme 4.4. Protonation reaction of -boryl carbanion with cyclopentadiene. 
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Scheme 4.5. Alkylation reaction of -boryl carbanion with bromoethane. 

The reactivity trend is inversely correlated to the stability of the -monoboryl carbanions. 

The least reactive species 1ames and 1aPhF show a marked stabilization as reflected in 

isoenergetic or endergonic, relative protonation free-energies (Gprot = -0.2 and +19.7 

kcal·mol-1, respectively). Whereas the boron atom in 1aPhF and 1ames is protected by the 

steric bulkiness of Mes and C6F5 groups, the Bpin and Bdan boryl fragments depict the -

donor ability from the O and N heteroatoms to the empty p orbital of the B atom. 

Consequently, in 1ames and 1aPhF the electron deficient boron center is fully available for 

delocalizing the carbanion negative charge. This also correlates with the Wiberg C-B bond 

order whose values increase from   1apin < 1adan < 1ames < 1aPhF (Table 4.1). Moreover, the 

values are significantly larger than 1 (from 1.56 to 1.73), supporting the borata-alkene 

character of these species. 

The nucleophilic reactivity of organic reagents has been traditionally correlated with the 

energy level of HOMO orbital, or with the NBO atomic charges as it was reported for related 

nucleophilic boryl species.34,35 Here, the energy of the HOMO, formally corresponding to a 

C-B -orbital strongly polarized towards the carbanionic atom (Figure 4.3), clearly correlates 

with the nucleophilic reactivity. The higher the energy is, the lower thefree energy barrier 

(compare 2nd and 4th files in Table 4.1).   
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Figure 4.3. Representation of HOMO orbitals, formally corresponding to a C-B π-orbital polarized towards the 

carbon, for 1aPhF, 1ames, 1adan and 1apin. 

Interestingly, the 1apin species is computed to be more reactive than 1adan (G‡
SN2= 4.2 and 

6.9 kcal·mol-1, respectively). As illustrated in the HOMO representations of Figure 4.3, the 

aromatic fragment of Bdan 1adan moiety contributes to the delocalization of the carbanionic 

charge through the -channel, resulting in lower energy-laying HOMO compared to 1apin. In 

fact, this effect had been observed in a previous study on boron-stabilized carbanions 

generated from deborylation of 1,1-diborylalkanes with alkoxides.36 Since the N atoms 

bound to B in Bdan are better -donors than O atoms in Bpin, one can envisage that in the 

absence of the aromatic fragment, the diazoboryl moieties should enhance carbanion 

nucleophilicity. To evaluate this effect, we computed the unprecedented compound 1aNpin 

(Figure 4.4), in which the O substituents on 1apin were replaced by NH fragments. In line 

with previous reasoning, the 1aNpin is the most reactive species with a computed free energy 

barrier G‡
SN2 of only 3.2 kcal·mol-1.  

 

Figure 4.4. Schematic representation of the newly 4,4,5,5-tetramethyl-1,3,2-diazaboryl methide anion 1aNpin. 

Finally, it is worth to mention that in this subset, the computed atomic charges at the 

carbanionic carbon (-0.88, -0.98, -1.14 and -1.20 a.u. for 1aPhF, 1ames, 1adan and 1apin, 

respectively) are consistent with the nucleophilicity of the -boryl methyl fragment, but this 

correlation is not observed for the other subsets in this work. A similar trend was suggested 

by Erker and co-workers,29 who attributed the observation to their borata-alkane behavior. 

Therefore, HOMO energies will be used hereafter as a suitable descriptor of the reactivity 

of -boryl carbanions. 

4.3.2 Influence of the substituents on the carbanionic carbon 

Next, we explored how the reactivity/stability and electronic structural properties can be 

affected by the influence of Me and Ph substituents on -monoboryl carbanions. The 

calculated Gprot energies for 1cpin (Table 4.2) demonstrates that the Ph group stabilizes the 

carbanion lone pair. This is also reflected in a larger sum of Wiberg bond orders for the three 

bonds of carbanion (3.68 for 1cpin vs. 3.55 and 3.62 for 1apin and 1bpin respectively), and in 

the lower energy-laying HOMO (-1.27 for 1cpin vs. -0.58 and -0.56 eV for 1apin and 1bpin 
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respectively). Both descriptors capture the electron withdrawing effect of the Ph group. 

Alike stability trend, 1cpin shows lower reactivity for the SN2 nucleophilic substitution of 

bromoethane than for 1apin (G‡
SN2 = 9.8 and 4.2 kcal·mol-1 for 1cpin and 1apin, respectively). 

Table 4.2. Calculated protonation Gibbs free energies (Gprot.), free-energy barriers for nucleophilic substitution 

in bromoethane (G‡
SN2) in kcal·mol-1, energy of the HOMO (EHOMO) in eV, and Wiberg bond orders upon 

variation of carbanion substituents, species 1cpin, 1apin and 1bpin. 

 

   

Species 1cpin 1apin 1bpin 

ΔGprot.  -7.2 -33.6 -30.6 

ΔG‡
SN2  9.8 (13.0) 4.2 (9.3) 4.2 (8.5) 

∑C-R3  3.68 3.55 3.62 

EHOMO -1.27 -0.58 -0.56 

The presence of the Me group (1bpin) does not alter significantly the nucleophilic character 

of the carbanion with respect to hydrogen-substituted 1apin. Although it is usually 

considered that alkyl groups destabilize carbanions due to their electron-donating inductive 

effect, here calculations show that other subtle effects need to be considered since they do 

not provide a clear picture of stability/reactivity order between 1apin and 1bpin (Table 4.2). 

Besides the inductive effect, one should considerer an electrostatic size effect, in which the 

negative charge in 1bpin is more stabilized by the larger molecular volume that reduces its 

charge density. Thus, calculations in vacuum pointed out that methyl-substituted 1bpin is 

more stable (less negative Gprot) than 1apin, whereas its HOMO is higher in energy (-0.58 

and -0.56 eV for 1apin and 1bpin, respectively). However, the inclusion of the effect of polar 

solvent (DMSO) reduces the influence of electrostatic size effect, and the corresponding 

calculations predict that methyl-substitued 1bpin is more reactive than 1apin (see values in 

parenthesis in Table 4.2). 

4.3.3 Influence of the number of boryl substituents 

We next explored the influence of the number of boryl fragments in the stability/reactivity 

of the corresponding carbanions. Table 4.3 compares the main computed parameters for 

-mono-, di-, and triboryl carbanions 1apin, 2a2pin and 33pin, respectively. Increasing the 
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number of boryl moieties the stability of the carbanion is enhanced (1apin < 2a2pin < 33pin) 

whereas the nucleophilicity is reduced (1apin > 2a2pin > 33pin).  

Table 4.3. Calculated protonation free Gibbs energies (Gprot.) and free-energy barriers for nucleophilic 

substitution in bromoethane (G‡
SN2) in kcal·mol-1, energy of the HOMO orbital (EHOMO) in eV, Wiberg bond 

orders (∑C-R3), and average C-B distances in Å upon variation of the number of boryl substituents, species 1apin, 
2a2pin and 33pin. 

    

Species 1apin 2a2pin 33pin 

ΔGprot. -33.6 -10.0 -1.8 

ΔG‡
SN2 4.2 10.3 14.0 

∑C-R3  3.55 3.51 3.39 

C-Bbo-av. 1.56 1.23 1.07 

dC-B-av. 1.44 1.47 1.50 

EHOMO -0.58 -1.85 -2.61 

Figure 4.5 shows the HOMO orbitals for 2a2pin and 33pin, where it can be clearly observed 

that each boryl moiety contributes to the stabilization of the carbanion through a strong 

delocalization of the carbanion p-type electron density into the π-channel. Consequently, 

the -triboryl carbanion 33pin has lower-energy laying HOMO (-2.61 eV) than those for 2a2pin 

and 1apin (-1.85 and -0.58 eV, respectively), being the former the least prone to react with 

electrophiles and the most stable.  
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Figure 4.5. Representation of HOMO orbitals, formally corresponding to a C-B -orbital polarized towards the 

carbon, for 2a2pin and 33pin. 

Remarkably, the sums of Wiberg bond order of the carbanion for species 1apin, 2a2pin and 

33pin (3.55, 3.51 and 3.39, respectively) do not seem to be consistent with their stability. In 

this case, the most stable 33pin species has the lowest overall bond order. This might be due 

to the loss of borata-alkane character when the negative charge of carbanion has to be 

shared between several boryl moieties. In fact, the averaged individual C-B bond order in 

33pin is low (1.07) and the averaged C-B bond distance (1.50 Å) is significantly longer than 

that for monoborylated species 1apin (1.44 Å). Thus, multi-boryl carbanions can be viewed 

as carbanionic species with polar C-B bonds, in which the excess of negative charge is 

electrostatically stabilized by the boron substituents, as well as by some amount of charge 

transfer to the empty perpendicular boron p orbitals. Figure 4.6 depicts the evolution of 

computed atomic charges from mono- to di-, and to tri-boryl carbanions, showing an 

increasing charge separation (polarization) at the C-B bonds. The estimated amount of 

charge transferred from the carbanion to the perpendicular boron p orbitals is still 

significant for 33pin (0.21 a.u.), contributing to the overall stabilization of this species. 

 

Figure 4.6. NBO atomic charges for mono-, di-, and triboryl carbanions 1apin (ΔqB-C= 2.1), 2a2pin (ΔqB-C= 2.4) and 

33pin (ΔqB-C= 2.64). 
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4.3.4 Mapping the nucleophilicity of α-boryl carbanions 

Once it has been discussed in detail the influence of electronic and structural features on 

the stability/reactivity of several model -boryl carbanions, our next objective is the 

construction of a map from a full set of structures, in order to classify and identify certain 

trends in the chemical space. To this end, we additionally analyzed 14 -boryl carbanions 

depicted in Figure 4.7. Overall, the full dataset (set 1) comprises 22 anionic species, which 

were selected by varying systematically the number and the type of boryl moieties, as well 

as, the type of substituents on carbon (R = H, Me and Ph). The dataset also includes the -

boryl vinyl system (1epin), in order to compare the borata-alkene character between 

[R2B=CH2]- and [R2B=CH=CH2]-. Interestingly, we found an inverse, linear correlation 

(correlation coefficient r2 = 0.91) between the protonation energies of the carbanions and 

the HOMO energies, which can be consequently used as reliable descriptor to gauge the 

stability/reactivity trends in -boryl carbanions (see Figure 4.8). 

 

Figure 4.7. Additional -boryl carbanion species forming dataset set1. 
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Figure 4.8. Representation of the linear correlation between the energy of the HOMO (eV) and the protonation 

free-energies (kcal·mol-1) for the α-boryl carbanions. α-Monoboryl are represented in orange circles, α-diboryl 

carbanions in green circles, and α-triboryl carbanions in blue circles. 

Figure 4.9 maps the full dataset using two descriptors, the energy of the HOMO 

(EHOMO) and the sum of Wiberg C-B bond order (∑C-Bbo). The EHOMO descriptor can be 

directly related to the stability/reactivity trends, while the ∑C-Bbo is a useful descriptor 

allowing to separate the mono-, di- and triborylated species, and to differentiate 

between Me and Ph substituents on carbon. First, we identified a clear correlation 

between the number of boryl substituents and the carbanion nucleophilicity as 

reflected in the HOMO energy. -Triboryl carbanions are the least nucleophilic, with 

HOMO energies ranging from -3.3 to -2.6 eV, presumably due to the accumulation of 

the three stabilizing boryl substituents. The reactivity on these species follows the 

trend 33pin > 32pindan > 3pin2dan > 33dan in agreement with the observation that Bdan 

moieties have an extra stabilization effect on the carbanion.36 Within the -diboryl 

cabanions, the calculated HOMO energies are found between -2.6 to -1.7 eV, 

conforming a specific group where once again the species containing Bdan units 

become less reactive and more stabilized than the ones with Bpin moieties. In fact, 

the values for HOMO energy for 2a2dan and 2c2dan carbanions reach values close to 

the next group to the left, the -triboryl carbanions (Figure 4.9). The mixed -diboryl 

cabanions (2apindan, 2bpindan, and 2cpindan) have intermediate energy HOMO values, and 

the 2b2pin might be the most reactive among the -diboryl carbanions. 
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Figure 4.9. Representation of the sum of C-B Wiberg bond orders versus the energy of the HOMO (eV) for the 

carbanions. -Monoboryl carbanions are represented in orange circles, -diboryl carbanions in green circles, 

and -triboryl carbanions in blue circles. 

The subset formed by the -monoborylated species with Bpin or Bdan boryl 

fragments shows higher HOMO energies (-1.3 to -0.2 eV). Among them, we predicted 

the vinyl carbanionic species 1epin, that contains a sp2 carbanion, as highly 

nucleophlic. Even more to the right, we found the newly design species 1aNpin (Figure 

4.7). Whereas the sum of Wiberg C-B bond order for 1aNpin is similar to 1apin, the higher 

energy of the HOMO orbital of 1aNpin indicates that combining N-substituted boron 

and non-aromatic scaffold causes the largest nucleophilicity. On the other side, the 

species containing highly-acidic BMes or BC6H5 moieties (1ames and 1aPhF) have EHOMO 

values that lay in the range of di- and triborylated species (-2.2 and -2.9 eV, 

respectively). This clearly indicates that boryl substituents in 1ames and 1aPhF cause a 

strong stabilization on the carbanion because in the absence of heteroatom 

substituents on boron, its perpendicular p orbital is fully available for the overlap 

with the lone pair of the carbanion. 

The structures with the phenyl substituents (1cpin, 1cdan, 2c2pin, 2cpindan and 2c2dan) 

show the lowest C-B bond orders due to the electron-releasing effect of the phenyl 

groups, which compete with electron delocalization through the borata-akene 

structure. On the other hand, the structures containing methyl substituents (1bpin, 

1bdan, 2b2pin, 2bpindan and 2b2dan) have slightly lower C-B bond orders than those 
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species with hydrogen substituents. This latter trend can be correlated with a subtle 

effect of alkyl substituents, which induce some electrostatic delocalization. 

4.3.5 Influence of the nature of the metal 

The practical applications of borata-alkenes as reactive synthons are achieved by different 

strategies which involve the preparation of boryl alkylidene metal salts and -boryl alkyl 

transition metal complexes. Here, we study the influence of those metals and transition 

metals in their stability/reactivity. Figure 4.10 depicts the selected structures including Li+, 

Cu+, Ag+ and Pd2+ -boryl methide metal salts, and Table 4.4 collects the most 

representative computed parameters. In this case, to evaluate the nucleophilic reactivity, 

we have determined the free-energy barriers (G‡
Ald) required to transfer the carbanions to 

the electrophilic carbon atom of the model substrate formaldehyde (Scheme 4.6). This 

substrate is a simple species that have been used  to quantify the reactivity of related metal-

boryl compounds,35,37,38 and constitute a model of observed reactions such as the 

nucleophilic borylmethylation of aldehydes with -boryl alkyl copper39,40 and silver41 

complexes, and with lithium dimesithylboron substituted carbanions [(Mes)2BC(H)RLi].42  

 

Figure 4.10. Selected structures for the analysis of metal cation (Li+, Cu+, Ag+, and Pd2+) effect on the 

stability/reactivity of -boryl carbanionic species. 

 

Scheme 4.6. Nucleophilic addition of -boryl methide metals to formaldehyde. 

It is important to note that for Li, Cu and Ag species the nucleophilic additions to several 

organic electrophiles have been reported,39–45 while for transition metals such as Pd the 

observed reactivity involves mainly transmetallation processes.46,47 Thus, we should expect 

low to moderate free-energy barriers for Li, Cu and Ag salts, and larger barrier for Pd 

indicating a less favorable nucleophilic reactivity.  
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Table 4.4. Calculated free-energy barriers for carbanion addition to formaldehyde (G‡
Ald) in kcal·mol-1, overall 

charge of carbanion fragment (q[C]), Wiberg bond orders, C-B lengths (dC-B) and steric distance-weight volume 
(VW) upon variation the cationic fragment in 1apin-Li, 1apin-Cu, 1apin-Ag and 1apin-Pd 

Structures 1apin-Li 1apin-Cu 1apin-Ag 1apin-Pd 

ΔG‡
Ald

a 2.2a 15.0 18.4 52.7 

q[C] -0.88 -0.66 -0.64 -0.21 

C-B bond order 1.36 1.17 1.17 0.97 

dC-B 1.48 1.51 1.51 1.55 

Vw  0.0 40.6 38.1 46.3 

 a The free-energy barrier is computed from a precursor complex in which the carbonyl oxygen of aldehyde is 

coordinated side-on to lithium. 

The computed G‡
Ald values (Table 4.4) predict an order of nucleophilic reactivity that is 

consistent with experimental background (Li > Cu > Ag > Pd, with G‡
Ald = 2.2, 15.0, 18.4 and 

52.7 kcal·mol-1, respectively). Here, we identify the overall charge of carbanionic fragment 

(q[C]) as descriptor correlating with nucleophilicity; thus, the more negatively charged the 

carbanionic fragment, the lower is the energy barrier (Table 4.4, second row). The formation 

of coordination complexes changes the nature of the HOMO orbital which cannot be 

univocally assigned to the C-B -interaction, and consequently, we discarded it as descriptor 

in this case. Additionally, we evaluated the steric effects of the different metal fragments 

on the reactivity using the distance-weighted volume (VW) parameter.48–50 The VW 

parameter measures the steric bulkiness of the metal fragment and its impact on carbanion 

center (see Computational Details, section 4.5). Comparison of the closely related 

[(PPh3)2Cu(H2CBpin)] and [(PPh3)2Ag(H2CBpin)] complexes shows that the silver fragment 

induces less steric hindrance on the reactive carbanion due to the larger size of Ag+ ion, 

which move away the ligand substituents. However, the larger polarization of the metal-

carbon bond in Cu complex determines its higher nucleophilicity, indicating that steric 

effects are less influential than electronic ones when comparing different metals. Along the 

series we observe substantial structural changes in the boron-carbon moiety and in its 

interaction with the metal (Table 4.4, third and fourth rows). This indicates a continuous 

switch on the compound nature from borata-alkene lithium salt to an -boryl alkyl 

palladium complex. In lithium species 1apin-Li, both the Wiberg C-B bond order (1.36) and 
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the C-B distance (1.48 Å) are indicative of borata-alkene character. The Li cation interacts 

electrostatically with the 3 atoms of O-C-B moiety (See Figure 4.11). Although Li+ does not 

change the nature of the species, it induces some C-B lengthening (+0.04 Å) and 

pyramidalization of the carbanionic carbon (-30o), with respect to the free carbanion 1apin. 

Note that introducing specific solvation molecules solvating Li+ cation51 would diminish its 

effect on the electronic structure borata-alkene. 

 

Figure 4.11. Three-dimensional representation of computed structures for metal complexes 1apin-Li, 1apin-Cu, 

1apin-Ag and 1apin-Pd. Selected distances in Å. 

On the other extreme, the computed C-B bond order of palladium complex 1apin-Pd is close 

to 1 and the corresponding distance (1.55 Å) is significantly larger than for 1apin-Li. Thus, 

this Pd compound can be better defined as an -boryl alkyl palladium complex. At an 

intermediate situation, the Bpin=CH2
- fragment in Cu and Ag compounds acts as an anionic 

2-(C,B) ligand whose interaction with the transition metal is shifted toward the C atom (See 

Figure 4.11). In line with bonding description, the HOMO orbital in 1apin-Cu and 1apin-Ag 

shows an overlap between transition metal d orbitals and the C=B  orbital (Figure 4.12). 

Note that borata-alkenes acting as anionic ligands with 2 coordination to transition metals 

are known.52  
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Figure 4.12. Representation of HOMO orbitals, formally corresponding to the overlap of d metal complex orbital 

and C-B π-orbital, for 1apin-Cu and 1apin-Ag. 

4.3.6 Trend map for the metal salts and complexes 

To further assess the variation in the nature of -boryl carbanions with regard to the metal 

involved, we performed a systematic structural search within the Cambridge Structural 

Database (CSD; see Computational Details, section 4.5), and constructed a histogram of the 

C=B distances (Figure 4.13). The graph separates the crystallographic data for boryl methide 

salts into three main groups: red bars represent boryl methide Li salts, green bars cover 

boryl methyde Cu salts, and other metals from group 4 and 5, and blue bars inlvolve boryl 

methide salts of late transition metals including Pd2+. For each group, the dC-B values lie 

within a relatively wide range (0.1 Å), but their distributions are centered at different 

distances. To the far left we found the boryl alkylidene lithium salts, most of whose C-B 

distances range from 1.44 to 1.49 Å. Moving to the right, from 1.47 to 1.54 Å, there are 

several early transition metal complexes (Ti4+, Zr4+, Hf4+, and Ta5+), and within this distance 

range we also found the Cu+ complexes at 1.51 and 1.52 Å. At longer C-B distances (> 1.52 

Å), we find most of the late transition metal complexes such as Pd, Pt, Ru, Rh or Zn (for a 

complete list, see Table 6.4 in Chapter 6, section 6.4). Overall, our computed values fit quite 

well with the structural data available in CSD, allowing to classify the nature of -boryl 

carbanionic species into three main groups and to establish structure-reactivity 

relationships. 

The borata-alkene lithium salts, and the 2-(C,B) borata-alkene copper and silver complexes 

show highly polarized metal-carbon interactions with a significant nucleophilic character. 

They are prone to generate carbanionic fragments stabilized by boryl moiety that are able 

to react with organic electrophiles as observed experimentally.39–45 Other promising species 

for nucleophilic additions are those based on early transition metals, although to the best 

of our knowledge their reactivity has not been tested yet.43–45 Only few examples are 
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currently reported on the use of silver salts for nucleophilic additions.41 The -boryl alkyl 

palladium complexes have less polarized and stronger metal-carbon bond. As consequence, 

the reported reactivity for Pd differs from Li, Cu and Ag. Although these palladium 

complexes do not serve as nucleophilic agents, they have been applied in C-C bond forming 

reactions, for example, via transmetalllation.46,47 Figure 4.13 shows that other late transition 

metals have similar structural features to Pd, suggesting that this reactivity can be extended 

to other complexes. 

 

Figure 4.13. Histograms for B-C bond lengths of α-boryl carbanionic species separates into 3 groups as a function 

of carbanion nature 1) Li salts (red bars), 2) Cu and groups 4 and 5 including Ti, Zr, Hf, and Ta complexes (green 

bars), and 3) late transition metals including Fe, Ru, Rh, Ni, Pd, Pt, Au, Zn and Hg  (blue bars). All bonds lengths 

are rounded to the nearest 0.01 Å. Data obtained from crystallographic data in the CSD. 

Finally, Figure 4.14 provides an extension of the electronic structure analysis for Li, Cu, Ag 

and Pd compounds with different type and number of boryl moieties and substituents on 

the carbanionic atom. The overall charge of the carbanionic fragment (q[C]) and the average 

C-B bond order (C-Bbo-av.) can be used as descriptors to evaluate the nucleophilicity and the 

nature of the -boryl carbanionic species, respectively. Clearly, the extent of the 

nucleophilicity (increasing to the left of the graph) is mainly ruled by the type of metal, but 

it can be tuned by -borly carbanionic fragment. We also observe that the decrease of C-B 

bond order, that is, the reduction of borata-alkene character, has the following trend: Li > 

Cu ≌ Ag > Pd. The C-Bbo-av. descriptor is more sensitive to the nature of the carbanionic 

fragment. Interestingly, among Cu species, calculations suggest that the vinyl carbanionic 

1epin-Cu complex is located at a different area of the chemical space (see Figure 4.14), and 

therefore, it could lead to new reactivity. 
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Figure 4.14. Representation of the average of C-B Wiberg bond orders (C-Bbo-av.) versus the overall charge of the 

carbanionic fragment (q[C]) for the -boryl carbanionic Li (red circles), Cu (green circles), Ag (orange circles) and 

Pd (blue circles) species. 

4.4 Conclusions 

We have systematically studied several types of -boryl carbanions analyzing their 

electronic structures and reactivity trends as a function of the nature of boryl moieties, the 

type of carbanionic substituents, the number of boryl motifs, and the metal interaction with 

the carbanion. In general, the free carbanionic intermediates are better described as 

borata-alkene species with a C-B -interaction strongly polarized towards the carbanionic 

atom. By taking into consideration the energy of the HOMO and Wiberg bond order, we 

were able to establish a gradient of stability and nucleophilic reactivity for these 

intermediates that can be summarized as follows: 

 -Acidic boron atoms (i.e. BMes2 or B(C5F5)2), aromatic substituents on boron (i.e. 

Bdan), or electron withdrawing substituents on carbon (i.e. Ph) induce a larger 

delocalization of the carbanionic charge through the -channel resulting in more 

stable and less reactive intermediates.  

 The multi-boryl carbanionic species loss part of their borata-akene character but 

enhance their stability electrostatically through the additive effect of several polar 

C-B bonds.  
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This map of the reactivity landscape has predicted a novel -boryl carbanion, the newly 

design 4,4,5,5-tetramethyl-1,3,2-diazaboryl methide anion 1aNpin [H2CB(NH)2R2]-, that could 

show enhanced nucleophilicity.  

From the analysis of a large dataset for -boryl alkylidene metal precursors, both 

computational and crystallographic analysis, we remark: 

 There are three different types of carbanionic species that can be directly related 

to the observed reactivity: 1) borata-alkene salts with alkali and alkali earth metals 

such as Li, 2) 2-(C-B) borata-alkene complexes with early transition metals, Cu and 

Ag, and 3) -boryl alkyl complexes with late transition metals such as Pd.  

 The two first groups show highly polarized metal-carbon interactions with a 

significant nucleophilic character that make them suitable synthons for reacting 

with organic electrophiles.  

 The third group has a less polarized and stronger metal-carbon bond and they are 

prone to undergo other type of C-C bond forming reactions such as cross coupling 

through transmetallation strategies.  

4.5 Computational details 

Geometry optimizations and transition state searches were performed with Gaussian16 

package.53 The quantum mechanics calculations were performed within the framework of 

Density Functional Theory (DFT)54–57 by using the ωB97X-D functional.58 The basis set 

employed effective core potentials (ECPs) with double-ζ valence basis set (LANDL2DZ)59–61 

for Cu, Ag, Pd, Cl, Br and P, and were supplemented with polarized shells with the following 

exponents: Cu (f = 3.525), Ag (f = 1.611), Pd (f = 1.472), Cl (d = 0.650), Br (d = 0.428) and P 

(d = 0.387).62,63 For all other electrons of all other atoms 6-31G(d) basis set was used.64–66 

The solvent effects of DMSO were included by means of SMD model67 as implemented in 

Gaussian16. 53 The bonding of the molecules as well as the fragment charges were analyzed 

by using the NBO method,68 from which we derived the Wiberg bond order and carbanion 

fragment charge (q[C]) descriptors. The NBO method analyses the resultant wave function 

in terms of optimally chosen localized orbitals, corresponding to a Lewis structure 

representation of chemical bonding. For computing orbital populations consistently, we had 

defined the carbanion carbon bonded to 3 substituents with single bonds. 

To quantify the steric hindrance of metal fragments, we used the distance-weighed volume 

parameter (VW).48–50 which measures the steric bulkiness of the molecular environment and 

its impact on the carbanion center. The descriptor quantifies the bulk produced the metal 

fragment by considering three parameters: 1) The number of atoms, excluding the metal, 
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2) the size of the atom (r = van der Waals radii in Å), and 3) the distance (d) from the atom 

to the boron center (in Å). The factor r3 is divided by d for each atom and the sum is 

extended to all of the atoms in the given fragment. Finally, the crystallographic structure 

search was carried out by Cambridge Structural Database (CSD) software, using the 

February 2020 version. A data set collection of computational results is available in the 

ioChem-BD repository69 and can be accessed via https://doi.org/10.19061/iochem-bd-2-52.  
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In this Thesis, we have developed new synthetic methodologies that give access to 

unprecedented organoboron compounds via addition of nucleophilic boryl synthons to 

carbon π-systems. We have also generated new knowledge on the stability/reactivity trends 

of α-boryl carbanions, attending structural and electronic issues. The close combination of 

experimental and computational tools have provided a deep understanding of the reaction 

mechanism and trends, which have allowed to rationalize observations and to propose 

newly designed reagents.  

The specific conclusions of the work conducted in this Thesis are listed below: 

 In Chapter 2, we have shown that copper(I), modified with Xantphos ligand, can catalyze 

the borylative cyclization of -alkenyl aldehydes. We could observe that borylcupration 

on C=C bond is preferred for electron-deficient alkene moieties, as described for 

aromatic substituted -alkenyl aldehydes. It could be postulated that the electron 

density on the nucleophile carbon could resonate with the aromatic ring. A variety of 

substituted olefins can be employed, but electron-rich olefins  suppress the borylation 

through the C=C bond favoring the borylation on the C=O bond. In addition, 

substituents are required at the aldehyde α-carbon, and both four and five-membered 

rings can be formed. 

Despite the chemoselectivity issues arising from competitive 1,2-borylation of the 

aldehyde, this methodology provides access to various spirocyclic cyclobutanol 

products with high levels of anti-diastereoselection in moderate to good yields. DFT 

studies identify and analyze the key steps of the catalytic cycle that govern the chemo- 

and diastereoselectivity. The preference in the addition of Cu-Bpin to C=C or C=O bond 

(transition states TS1 and TS1', respectively) determines the chemoselectivity. Due to 

the nucleophilic nature of the boryl fragment, electron-donor substituents on the 

alkene can switch the chemoselectivity towards the boryl addition to the aldehyde (i.e. 

substrate 2.27). The diastereoselectivity-determining step corresponds to the carbon-

carbon coupling process (TS2anti and TS2syn), where intramolecular interactions within 

the substrate govern the diastereoselectivity. 

 In Chapter 3, we have demonstrated that the sole addition of 15-30 mol% of Na2CO3 to 

B2pin2 in MeOH, allows the 1,4-hydroboration of cyclic and non-cyclic 1,3-dienes. We 

have observed that transition-metal-free borylation of 1,3-dienes occurs through SN2′-

type mechanisms with a preference for the E stereoisomeric allylic boronate product 

formation. Moderate yields have been achieved for this unprecedented catalytic 

process and the scope of the reaction includes terminal, internal and cyclic conjugated 

dienes. On the other hand, we have postulated that triboration of 1,3-dienes has been 
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achieved throughout conjugated borylation followed by diboration reaction in a single 

operational step. 

Computational studies have identified the key steps in the transition-metal-free 

conjugative borylation that rationalize the preference for 1,4-hydroborated products as 

well as the E stereoisomerism in the allylic boronate products. The origin of the Z isomer 

involves an initial isomerization of the trans diene to the cis conformer, which has lower 

stability but it is compensated by the higher reactivity towards borylation. The analysis 

of the charge distribution in the allylic intermediate shows that protonation is favoured 

at the C1 position, explaioning the regioselectivity in the 1,4-hydroboration. 

 In Chapter 4, we have systematically studied several types of -boryl carbanions 

analyzing their electronic structures and reactivity trends as a function of the nature of 

boryl moieties, the type of carbanionic substituents, the number of boryl motifs, and 

the metal interaction with the carbanion. In general, the free carbanionic intermediates 

are better described as borata-alkene species with a C-B -interaction strongly polarized 

towards the carbanionic atom. By taking into consideration the energy of the HOMO 

and Wiberg bond order, we were able to establish a gradient of stability and 

nucleophilic reactivity for these intermediates that can be summarized as follow: 1) -

acidic boron atoms (i.e. BMes2 or B(C5F5)2), aromatic substituents on boron (i.e. Bdan), 

or electron-withdrawing substituents on carbon (i.e. Ph), induce a larger delocalization 

of the carbanionic charge through the -channel that is resulting in more stable and less 

reactive intermediates, 2) the multi-boryl carbanionic species, lose part of their borata-

akene character but enhance their stability electrostatically through the additive effect 

of several polar C-B bonds. This map of the reactivity landscape has predicted a novel 

-boryl carbanion, the newly designed 4,4,5,5-tetramethyl-1,3,2-diazaboryl methide 

anion (1aNpin), that could show enhanced nucleophilicity.  

From a computational and crystallographic analysis conducted for a large dataset for α-

boryl alkylidene metal precursors, we can conclude that there are three different types 

of carbanionic species that can be directly related to the observed reactivity: 1) borata-

alkene salts with alkali and alkali earth metals such as Li, 2) 2-(C-B) borata-alkene 

complexes with early transition metals, Cu and Ag, and 3) -boryl alkyl complexes with 

late transition metals such as Pd. The two first groups show highly polarized metal-

carbon interactions with a significant nucleophilic character, making them suitable 

synthons for reacting with organic electrophiles, and the third group has a less polarized 

and stronger metal-carbon bond, and they are prone to undergo another type of C-C 

bond forming reactions such as cross-coupling through transmetallation strategies. 
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6.1 General Considerations 

Solvents and reagents were obtained from commercial suppliers and dried and/or purified 

(if needed) by standard procedures1. Solvents and reagents were obtained from commercial 

suppliers as Sigma-Aldrich Inc. Appollo Scientific, Fluka, Stream or Fluorochem.  

Bis(pinacolato)diboron (B2pin2) was purchased from Ally Chem and used without further 

purification. All reactions were conducted in oven and flame-dried glassware under an inert 

atmosphere of argon, using Schlenk-type techniques. Flash chromatography was performed 

on standard silica gel (Merck Kieselgel 60 Å 230-400 mesh particle size). Thin layer 

chromatography was performed on Merck Kieselgel 60 F254 which was developed using 

standard visualizing agents: UV fluorescence (254 and 366 nm) or potassium 

permanganate/Δ. NMR spectra were recorded at a Varian 400 spectrometer. 1H NMR and 
13C NMR chemical shifts (δ) are reported in ppm with the solvent resonance as the internal 

standard (CHCl3: 7.26 ppm (1H)) and (CDCl3: 77.16 ppm (13C). 11B NMR chemical shifts (δ) are 

reported in ppm relative to (CH3)2O···BF3. Data are reported as follows: chemical shift, 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, hept = heptuplet, br = broad, m 

= multiplet), coupling constants (Hz) and integration. High resolution mass spectra (HRMS) 

were recorded using a 6210 Time of Flight (TOF) mass spectrometer from Agilent 

Technologies (Waldbronn, Germany) with an ESI interface and it was performed at the 

Servei de Recursos Científics i Tècnics (Universidad Rovira i Virgili, Tarragona) or using a 

BIOTOF II Time of Flight (TOF) mass spectrometer from Bruker with an APCI interface or EI 

interface and it was performed at the Unida de de Espectrometría de Masas e Proteómica 

(Universidad de Santiago de Compostela, Santiago de Compostela). GC-MS analyses were 

performed on a HP6890 gas chromatograph and an Agilent Technologies 5973 Mass 

selective detector (Waldbronn, Germany) equipped with an achiral capillary column HP-5 

(30 m, 0.25 mm i.d., 0.25 μm thickness) using He as the carrier gas.  
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6.2 Experimental section for Chapter 2 

6.2.1 General procedure for the protection of amines with sulfonyl chloride 

derivative 

N,N-diisopropyletilamina (DIPEA, 2 equiv, 20 mmol) and the tosyl chloride derivative (1 

equiv, 10 mmol) were added to a solution of methyl piperidine-4-carboxylate (1 equiv, 10 

mmol) in dry dichlorometane (DCM, 0.14 M) at room temperature. The mixture was stirred 

for 4-16 hours until complete consumption of the corresponding arenesulfonyl chloride. 

The organic phase was washed with 10% of NaHCO3. The aqueous phase was extracted with 

ethyl acetate. The organic extracts were combined, washed with H2O and NaCl sat. solution, 

dried (MgSO4), filtered and the volatiles removed in vacuo. The crude product was purified 

by flash column chromatography.2 

6.2.2 Characterization of sulfonyl chloride derivative 

Methyl 1-tosylpiperidine-4-carboxylate (S2.1) 

The product S2.1 was purified by flash column chromatography using 

pentane:ethyl acetate (100:0 to 60:40) as eluent. It was obtained as white 

solid (4458.3 mg, 60% yield). 1H NMR (CDCl3, 400 MHz) δ = 7.62 (d, J = 7.9 

Hz, 2H), 7.31 (d, J = 7.9 Hz, 2H), 3.64 (s, 3H), 3.61 (m, 2H), 2.43 (td, J = 11.4, 

2.9 Hz, 2H), 2.42 (s, 3H), 2.24 (dt, J = 10.7, 4.0 Hz, 1H), 1.95 (m, 2H), 1.79 (m, 

2H). 13C NMR (CDCl3, 100 MHz) δ = 174.2, 143.5, 132.9, 129.6, 127.6, 51.8, 

45.3, 39.8, 27.4, 21.5. HRMS (ESI) for C28H38N2NaO8S2 [2M+Na]+: calculated: 617.1968, 

found: 617.1985. 

6.2.3 General procedure for the preparation of alkyl bromides 

This protocol covers two consecutive synthetic procedures:  

A) Wittig reaction on aryl methyl ketones:3 a mixture of methyltriphenylphosphonium 

bromide (1.2 equiv) in dry THF (0.5 M) under argon atmosphere was cooled to 0 °C. 

Then, nBuLi (2.5 M solution in hexane, 1.2 equiv) was added slowly under stirring. 

After, the resulting orange mixture was maintained at 0 °C for 1 hour, a solution of 

the corresponding ketone (15 mmol, 1.0 equiv) in dry THF was added dropwise, at 

0 °C. The reaction was allowed to warm up to r.t., stirred overnight, and finally 

quenched with a saturated aqueous solution of NaCl. The resulting mixture was 

extracted with diethyl ether. The combined organic phases were washed with brine, 

dried over Mg2SO4, and concentrated under reduced pressure. The resulting crude 
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product was purified by flash column chromatography to give the corresponding 

alkene.  

B) Bromination of 1,1-disubstituted alkenes; Method B1:4–6 The previously prepared 

alkene (1 equiv) was dissolved in a round bottom flask containing DCM (10 mL x 3 

mmol alkene). N-bromosuccinimide (NBS, 2 equiv) was added to the solution which 

was then allowed to stir at 45 °C for 18 hours. Then the reaction mixture was 

concentrated and petroleum ether was added. The precipitate formed was filtered 

off and then the organic layer was dried over Mg2SO4 and concentrated under 

vacuum. The crude product was purified by flash column chromatography to give 

the corresponding brominated product. Method B2:7 To a mixture of the α-

methylstyrene derivative (1.0 equiv) and TMS-Cl (10 mol%) in dry CH2Cl2/THF (4:1, 

3 mL x 1 mmol) under an argon atmosphere were added NBS (1.2 equiv) and 

Yb(OTf)3 (10 mol%) in one portion. After stirring for 1 hour, the mixture was 

concentrated under reduced pressure. The resulting residue was filtered three 

times with pentane or diethyl ether, and the combined filtrates were concentrated 

under reduced pressure. The crude product mixture was then purified by silica gel 

chromatography. 

6.2.4 Characterization of 1,1-disubstituted products prepared via Wittig 

Reaction (Method A) 

Prop-1-en-2-ylbenzene (S2.2) 

The product S2.2 was purchased from Sigma-Aldrich. 

 

 

1-(tert-butyl)-4-(prop-1-en-2-yl)benzene (S2.4) 

The product S2.4 was purified by flash column chromatography using 

pentane:diethyl ether (10:1) as eluent. It was obtained as colorless oil 

(2385.5 mg, 91% yield). 1H NMR (CDCl3, 400 MHz) δ = 7.49 (d, J = 8.3 Hz, 

2H) – 7.35 (d, J = 8.2 Hz, 2H), 5.41 – 5.37 (m, 1H), 5.09 – 5.05 (m, 1H), 2.18 

(s, 3H), 1.36 (s, 9H). 13C NMR (CDCl3, 100 MHz) δ = 150.4, 142.9, 138.3, 125.1, 125.1, 111.6, 

34.5, 31.3, 21.7. 
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2-(prop-1-en-2-yl)naphthalene (S2.6) 

The product S2.6 was purified by flash column chromatography using 

pentane:diethyl ether (10:1) as eluent. The product was obtained as white 

solid (2132.2 mg, 85% yield). 1H NMR (CDCl3, 400 MHz) δ = 7.82 – 7.68 (m, 

4H), 7.60 (dd, J = 8.6, 1.9 Hz, 1H), 7.46 – 7.30 (m, 2H), 5.46 (d, J = 1.5Hz, 

1H), 5.12 (d, J = 1.5 Hz, 1H), 2.20 (s, 3H). 13C NMR (CDCl3, 100 MHz) δ = 143.0, 138.3, 133.3, 

132.8, 128.2, 127.6, 127.5, 126.1, 125.8, 124.2, 123.9, 113.0, 21.8. 

1-bromo-2-(prop-1-en-2-yl)benzene (S2.8) 

The product S2.8 was purified by flash column chromatography using 

pentane:diethyl ether (10:1) as eluent. It was obtained as colorless oil (2388.8 

mg, 79% yield). 1H NMR (CDCl3, 400 MHz) δ = 7.23 (d, J = 8.0 Hz, 1H), 7.12 (dd, 

J = 7.6, 1.9 Hz, 1H), 7,08 (d, J = 7.9 Hz, 1H), 7.04 (dd, J = 8.0, 1.9 Hz, 1H), 5.15 

(d, J = 1.7 Hz, 1H), 4.86 (d, J = 2.0 Hz, 1H), 2.02 (s, 2H). 13C NMR (CDCl3, 100 

MHz) δ = 145.8, 144.8, 132.7, 129.7, 128.3, 127.2, 121.5, 116.0, 23.5. 

6.2.5 Characterization of products from bromination Reaction (Method B1) 

(3-bromoprop-1-en-2-yl)benzene (S2.3) 

The product S2.3 was purified by flash column chromatography using 

pentane:diethyl ether (10:1) as eluent. It was obtained as colorless oil (1434.8 

mg, 52% yield). 1H NMR (CDCl3, 400 MHz) δ = 7.42 (dd, J = 8.3, 1.5 Hz, 2H), 

7.39 – 7.20 (m, 4H), 5.49 (d, J = 0.7 Hz, 1H), 5.42 (d, J = 0.8 Hz, 1H), 4.32 (s, 

2H). 13C NMR (CDCl3, 100 MHz) δ = 144.2, 137.6, 128.5, 128.3, 127.8, 126.1, 126.0, 117.2, 

34.2. 

1-(3-bromoprop-1-en-2-yl)-4-(tert-butyl)benzene (S2.5) 

The product S2.5 was purified by flash column chromatography using 

pentane:diethyl ether (10:1) as eluent. It was obtained as a yellow oil 

(1556.9 mg, 45% yield). 1H NMR (CDCl3, 400 MHz) δ = 7.42 (dd, J = 8.1, 

1.7 Hz, 2H) 7.28 (dd, J = 8.4, 1.5 Hz, 2H)), 5.48 (d, J = 0.8 Hz, 1H), 5.38 (d, 

J = 0.8 Hz, 1H), 4.31 (s, 2H), 1.26 (s, 9H). 13C NMR (CDCl3, 100 MHz) δ = 

151.3, 143.8, 134.5, 125.7, 125.4, 116.5, 34.6, 34.2, 31.2. 
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2-(3-bromoprop-1-en-2-yl)naphthalene (S2.7) 

The product S2.7 was purified by flash column chromatography using 

pentane:ethyl acetate (10:1) as eluent. It was obtained as a yellow oil 

(2536.5 mg, 81% yield). 1H NMR (CDCl3, 400 MHz) δ = 7.97 (d, J = 1.9 Hz, 

1H), 7.94 – 7.81 (m, 3H), 7.65 (dd, J = 8.6, 1.9 Hz, 1H), 7.57 – 7.46 (m, 2H), 

5.73 (t, J = 0.8 Hz, 1H), 5.62 (t, J = 0.8 Hz, 1H), 4.53 (s, 2H). 13C NMR (CDCl3, 100 MHz) δ = 

144.1, 134.7, 133.2, 133.1, 128.3, 128.20, 127.6, 126.3, 126.3, 125.2, 124.0, 117.6, 34.1. 

6.2.6 Characterization of products from Bromination Reaction (Method B2) 

1-bromo-2-(3-bromoprop-1-en-2-yl)benzene (S2.9) 

The product S2.9 was purified by flash column chromatography using 

pentane:ethyl acetate (10:1) as eluent. It was obtained as colorless oil (795.1 

mg, 20% yield). 1H NMR (CDCl3, 400 MHz) δ = 7.60 (d, J = 8.0 Hz, 1H), 7.39 – 

7.29 (m, 2H), 7.25 – 7.20 (m, 1H), 5.67 (d, J = 1.0 Hz, 1H), 5.24 (d, J = 1.0 Hz, 

1H), 4.38 (d, J = 0.9 Hz, 2H). 13C NMR (CDCl3, 100 MHz) δ = 145.6, 140.2, 136.2, 

132.7, 131.6, 129.4, 127.2, 120.8, 35.4.  

6.2.7 General procedure for the alkylation of ester substrates with alkyl 

bromides followed by reduction to alcohols and oxidation to aldehydes 

The initial step proceeded towards the alkylation of ester substrates with alkyl bromides:8 

To a 0 °C solution of iPr2NH (1.5 equiv, 15 mmol) in THF (15 mL), was added dropwise a 

solution of nBuLi 2.0 M (1.1 equiv, 11 mmol) in hexane. The reaction mixture was stirred for 

20 minutes and then cooled to -78 °C. The substrate with the ester functionality (1 equiv, 

10 mmol) was added dropwise and the reaction mixture was stirred for 1 hour at -78 °C. 

The corresponding alkyl halide (1.5 equiv, 15 mmol) was then added dropwise into the 

reaction mixture. The reaction mixture was then warmed naturally to room temperature 

and stirred until consumption of the starting ester. The reaction mixture was quenched by 

addition of saturated NH4Cl aq. and extracted with diethyl ether three times. The combined 

organic layers were then dried (MgSO4) filtered and concentrated under reduced pressure. 

The crude product of the alkylated ester was purified by flash column chromatography. 

Next step proceeded towards the reduction of the ester group to the corresponding 

alcohol:9 to a slurry of LiAlH4 (1.5 equiv, 6 mmol) in anhydrous diethyl ether (0.9 M) was 

added a solution of the alkenyl ester (1 equiv, 4 mmol) in diethyl ether (1 M) dropwise at  0 

°C. The mixture was stirred for 2 hours (or until consumption of the substrate). The reaction 

was then quenched by addition of diethyl ether dropwise after no observation of bubbles. 
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Then, water was added and the mixture was stirred until a white solid was formed. The 

mixture was then filtered and extracted with ethyl acetate. The organic layers were 

separated, dried (MgSO4), filtered and concentrated under reduced pressure to obtain the 

alcohol without need of further purification for the next reaction step. 

The last step involves a general procedure for the oxidation of primary alcohols to 

aldehydes:10 to a solution of the alkenyl alcohol (2 mmol, 1 equiv) in dichloromethane (2 

mL) was added Dess-Martin periodinane (DMP, 5 mmol, 2 equiv) and stirred at room 

temperature for 16 hours. Then NaHCO3 saturated solution was added and extracted few 

times with dichloromethane. The organic layer was separated, dried (MgSO4), filtered and 

the solvent removed in vacuum. The crude was purified by flash column chromatography. 

6.2.8 Characterization of alkylated esters and aldehydes 

Methyl 4-allyltetrahydro-2H-pyran-4-carboxylate (S2.10) 

The product S2.10 was purified by flash column chromatography using 

hexane:ethyl acetate (20:1) as eluent. It was obtained as a colorless oil 

(2485.5 mg, 90% yield). 1H NMR (CDCl3, 400 MHz) δ = 5.63 (ddt, J = 16.8, 

10.2, 6.5 Hz, 1H), 5.08 – 4.94 (m, 2H), 3.74 (m, 2H), 3.67 (s, 3H), 3.40 (t, J = 

10.4 Hz, 2H), 2.20 (dd, J = 7.4, 1.0 Hz, 2H), 2.02 - 1.94 (m, 2H), 1.52 (m, 2H). 
13C NMR (CDCl3, 100 MHz) δ = 175.5, 132.5, 118.2, 65.2, 51.6, 45.1, 44.7, 33.7. HRMS (ESI) 

for C10H16O3 [M]+: calculated: 184.1102, found: 184.1099. 

Methyl 4-allyl-1-tosylpiperidine-4-carboxylate (S2.11) 

The product S2.11 was purified by flash column chromatography using 

pentane:ethyl acetate (100:0 to 60:40) as eluent. It was obtained as white 

solid (3135.4 mg, 62% yield). 1H NMR (CDCl3, 400 MHz) δ = 7.59 (d, J = 8.2 

Hz, 2H), 7.28 (d, J = 8.2 Hz, 2H), 5.58 (ddt, J = 14.9, 10.1, 7.5 Hz, 1H), 5.06 – 

4.90 (m, 2H), 3.60 – 3.50 (m, 2H), 3.55 (s, 3H), 2.40 (s, 3H), 2.37 (dd, J = 12.0, 

2.1 Hz, 2H), 2.19 (d, J = 7.5 Hz, 2H), 2.15 (m, 2H), 1.54 (t, J = 7.5 Hz, 2H). 13C NMR (CDCl3, 100 

MHz) δ = 174.8, 143.3, 133.3, 132.1, 129.5, 127.5, 118.6, 51.7, 45.2, 44.2, 43.6, 32.4, 21.4. 

HRMS (ESI) for C17H24NO4S [M+H]+: calculated: 338.1421, found: 338.1425. 

Methyl 4-(but-3-en-1-yl)tetrahydro-2H-pyran-4-carboxylate (S2.12) 

The product S2.12 was purified by flash column chromatography using 

hexane:ethyl acetate (20:1) as eluent. It was obtained as a colorless oil 

(2229.0 mg, 75% yield). 1H NMR (CDCl3, 400 MHz) δ = 5.74 (ddt, J = 16.8, 

10.2, 6.5 Hz, 1H), 4.97 – 4.80 (m, 2H), 3.82 (m, 2H), 3.71 (s, 3H), 3.42 (t, 

J = 7.5 Hz,  2H), 2.15 (d, J = 6.5 Hz,  , 2H), 1.98 – 1.90 (m, 2H), 1.67 – 1.57 
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(m, 2H), 1.50 (m, 2H). 13C NMR (CDCl3, 100 MHz) δ = 176.0, 137.8, 114.8, 65.4, 51.8, 44.8, 

39.9, 34.2, 28.0. HRMS (ESI) for C11H18O3 [M]+: calculated: 198.1255, found: 198.1256. 

4-Allyltetrahydro-2H-pyran-4-carbaldehyde (2.1) 

The product 2.1 was purified by flash column chromatography using 

pentane:diethyl ether (100:0 to 60:40) as eluent. It was obtained as a colorless 

oil (1081.8 mg, 52% yield). 1H NMR (CDCl3, 400 MHz) δ = 9.50 (s, 1H), 5.66 (m, 

1H), 5.10 (m, 2H), 3.81 (d, J = 12.0 Hz, 2H), 3.43 (dt, J = 12.0, 4.3 Hz, 2H), 2.25 

(d, J = 7.5 Hz, 2H), 1.93 (d, J = 13.7 Hz, 2H), 1.60 (m, 2H). 13C NMR (CDCl3, 100 

MHz) δ = 204.6, 131.2, 118.5, 64.0, 46.9, 40.4, 30.2. HRMS (ESI) for C9H15O2 

[M+H]+: calculated: 155.1067, found: 155.1053. 

4-(But-3-en-1-yl)tetrahydro-2H-pyran-4-carbaldehyde (2.3) 

The product 2.3 was purified by flash column chromatography using 

pentane:diethyl ether (100:0 to 60:40) as eluent. It was obtained as a 

colorless oil (1437.3 mg, 76% yield). 1H NMR (CDCl3, 400 MHz) δ = 9.42 (s, 

1H), 5.67 (ddt, J = 16.8, 10.1, 6.5 Hz, 1H), 4.92 (m, 2H), 3.76 (dt, J = 11.8, 

4.0 Hz, 2H), 3.36 (td, J = 11.5, 2.6 Hz, 2H), 1.94 – 1.81 (m, 4H), 1.59 – 1.45 

(m, 4H). 13C NMR (CDCl3, 100 MHz) δ = 205.3, 137.4, 115.1, 64.5, 47.3, 35.9, 

30.9, 27.3. HRMS (ESI) for C10H17O2 [M+H]+: calculated: 169.1223, found: 169.1221. 

4-Allyl-1-tosylpiperidine-4-carbaldehyde (2.5) 

The product 2.5 was purified by flash column chromatography using 

pentane:ethyl acetate (100:0 to 60:40) as eluent. It was obtained as a colorless 

oil (2199.3 mg,77% yield). 1H NMR (CDCl3, 400 MHz) δ = 9.32 (s, 1H), 7.57 (d, J 

= 7.9 Hz, 2H), 7.28 (d, J = 7.9 Hz, 2H), 5.56 (m, 1H), 5.05 (m, 2H), 3.54 (dt, J = 

11.8, 3.2 Hz, 2H), 2.40 (s, 3H), 2.33 (td, J = 12.1, 2.8 Hz, 2H), 2.16 (d, J = 7.5 Hz, 

2H), 2.05 (m, 2H), 1.64 (td, J = 12.0, 2.7 Hz, 2H). 13C NMR (CDCl3, 100 MHz) δ = 

204.7, 143.6, 132.8, 130.9, 129.6, 127.4, 119.5, 47.6, 43.2, 40.6, 29.6, 21.4. HRMS (ESI) for 

C16H22NO3S [M+H]+: calculated: 308.1315, found: 308.1315. 

4-(2-phenylallyl)tetrahydro-2H-pyran-4-carbaldehyde (2.16) 

The product 2.16 was purified by flash column chromatography using 

pentane:ethyl acetate:methanol (10:4:1) as eluent. It was obtained as a 

colorless oil (280.5 mg, 88% yield). 1H NMR (CDCl3, 400 MHz) δ = 9.23 (s, 

1H), 7.31 – 7.16 (m, 5H), 5.21 (d, J = 1.5 Hz, 1H), 5.01 (m, 1H), 3.67 (ddd, J 

= 12.0, 4.4, 3.2 Hz, 2H), 3.31 – 3.20 (m, 2H), 2.68 (d, J = 0.9 Hz, 2H), 1.81 – 
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1.71 (m, 2H), 1.55 – 1.43 (m, 2H). 13C NMR (CDCl3, 100 MHz) δ = 204.9, 143.9, 141.6, 128.5, 

127.8, 126.5, 117.8, 64.6, 48.0, 43.6, 31.5.  

HRMS (ESI) for C15H18O2 [M]+: calculated: 230.1308, found: 230.1307. 

6.2.9 General procedure for the alkylation of aldehyde substrates with alkyl 

bromides 

To a 0 °C solution of iPr2NH (1.5 equiv, 15 mmol) in THF (15 mL), was added dropwise a 

solution of nBuLi 2.0 M (1.1 equiv, 11 mmol) in hexane. The reaction mixture was stirred for 

20 minutes and then cooled to -78 °C. The substrate with the aldehyde functionality (1 

equiv, 10 mmol) was added dropwise and the reaction mixture was stirred for 1 hour at -78 

°C. The corresponding alkyl halide (1.5 equiv, 15 mmol) was then added dropwise into the 

reaction mixture. The reaction mixture was then warmed naturally to room temperature 

and stirred until consumption of the starting aldehyde. The reaction mixture was quenched 

by addition of saturated NH4Cl aq. and extracted with diethyl ether three times. The 

combined organic layers were then dried (MgSO4) filtered and concentrated under reduced 

pressure. The crude product of the alkylated aldehyde was purified by flash column 

chromatography.8 

6.2.10 Characterization of alkylaldehydes from alkylbromides  

1-(2-phenylallyl)cyclohexane-1-carbaldehyde (2.14) 

The product 2.14 was purified by flash column chromatography using 

pentane:ethyl acetate (10:1) as eluent. It was obtained as a colorless oil 

(233.8 mg, 56% yield). 1H NMR (CDCl3, 400 MHz) δ = 9.18 (s, 1H), 7.28 – 

7.18 (m, 5H), 5.17 (d, J = 1.5 Hz, 1H), 4.97 (dd, J = 1.6, 0.9 Hz, 1H), 2.61 (d, 

J = 0.9 Hz, 2H), 1.80 – 1.67 (m, 2H), 1.51 – 1.32 (m, 3H), 1.22 – 1.01 (m, 5H). 
13C NMR (CDCl3, 100 MHz) δ = 206.5, 144.7, 142.1, 128.3, 127.6, 126.6, 117.3, 50.2, 43.5, 

31.5, 25.5, 22.6.  

1-(2-(4-(tert-butyl)phenyl)allyl)cyclohexane-1-carbaldehyde (2.18) 

 The product 2.18 was purified by flash column chromatography 

using pentane:ethyl acetate (10:1) as eluent. It was obtained as a 

colorless oil (1449.5 mg, 91% yield). 1H NMR (CDCl3, 400 MHz) δ = 

9.18 (s, 1H), 7.23 (d, J = 8.5 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H), 5.16 (d, 

J = 1.6 Hz, 1H), 4.94 – 4.89 (m, 1H), 2.58 (d, J = 0.9 Hz, 2H), 1.81 – 

1.69 (m, 2H), 1.50 – 1.37 (m, 3H), 1.23 (s, 9H), 1.20 – 1.04 (m, 5H). 13C NMR (CDCl3, 100 MHz) 

δ = 206.6, 150.6, 144.3, 139.0, 126.1, 125.2, 116.6, 50.1, 43.4, 34.5, 31.6, 31.3, 31.3, 25.6, 

22.7. HRMS (ESI) for C20H29O [M+H]+: calculated: 285.2199, found: 285.2218. 
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2,2-dimethyl-4-phenylpent-4-enal (2.20) 

The product 2.20 was purified by flash column chromatography using 

pentane:diethyl ether (10:1) as eluent. It was obtained as a colorless oil 

(520.4 mg, 64% yield). 1H NMR (CDCl3, 400 MHz) δ = 9.26 (s, 1H), 7.29 – 

7.14 (m, 5H), 5.20 (d, J = 1.6 Hz, 1H), 5.03 – 4.97 (m, 1H), 2.67 (d, J = 0.9 

Hz, 2H), 0.91 (s, 6H). 13C NMR (CDCl3, 100 MHz) δ = 205.3, 145.3, 142.1, 128.3, 127.6, 126.5, 

117.2, 46.4, 43.2, 21.8. HRMS (ESI) for C13H16O [M]+: calculated: 188.1201, found: 188.1200. 

1-(2-(2-bromophenyl)allyl)cyclohexane-1-carbaldehyde (2.22) 

The product 2.22 was purified by flash column chromatography using 

pentane:ethyl acetate (10:1) as eluent. It was obtained as a colorless oil 

(198.2 mg, 25% yield). 1H NMR (CDCl3, 400 MHz) δ = 9.20 (s, 1H), 7.46 

(dd, J = 7.9, 1.2 Hz, 1H), 7.18 (td, J = 7.5, 1.3 Hz, 1H), 7.11 – 7.00 (m, 2H), 

5.17 (d, J = 1.3 Hz, 1H), 5.04 (d, J = 1.5 Hz, 1H), 2.70 (d, J = 1.0 Hz, 2H), 

1.81 – 1.73 (m, 2H), 1.47 – 1.38 (m, 3H), 1.26 – 1.13 (m,  5H). 13C NMR (CDCl3, 100 MHz) δ = 

206.2, 145.1, 143.2, 133.0, 130.9, 128.8, 127.3, 121.7, 120.6, 50.4, 31.3, 25.5, 22.4. HRMS 

(ESI) for C16H19BrO [M]+: calculated: 306.0622, found: 306.0619. 

1-(2-(naphthalen-2-yl)allyl)cyclohexane-1-carbaldehyde (2.24) 

The product 2.24 was purified by flash column chromatography 

using pentane:ethyl (10:1) as eluent. It was obtained as a yellow oil 

(750 mg, 30% yield). 1H NMR (CDCl3, 400 MHz) δ = 9.22 (s, 1H), 7.82 

– 7.66 (m, 4H), 7.45 – 7.33 (m, 3H), 5.32 (d, J = 1.5 Hz, 1H), 5.07 (d, 

J = 1.4 Hz, 1H), 2.72 (d, J = 0.9 Hz, 2H), 1.84 – 1.75 (m, 2H), 1.50 – 

1.34 (m, 3H), 1.16 (tdd, J = 19.4, 10.5, 5.0 Hz, 6H). 13C NMR (CDCl3, 100 MHz) δ = 128.0, 

127.6, 126.2, 125.9, 125.2, 125.0, 118.0, 50.3, 43.4, 31.6, 25.5, 22.6. HRMS (ESI) for C20H22O 

[M]+: calculated: 278.1677, found: 278.1671. 

6.2.11 General procedure for the alkylation of aldehyde substrates with allyl 

alcohols 

To a dry reaction vessel equipped with a magnetic stirrer bar was introduced 1,1′-

bis(diphenylphosphino)ferrocene (0.4 mmol, 0.1 equiv) and bis(1,5-cyclooctadiene)nickel 

(0.16 mmol, 0.04 equiv) in methanol (MeOH, 2 mL) into a glove box. The mixture was stirred 

and the corresponding allyl alcohol (4 mmol, 1 equiv) and aldehyde (4 mmol, 1 equiv) were 

added dropwise. Finally, the Schlenk tube was sealed then warmed up to 80 °C and stirred 
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for 16 hours. Once the reaction was finished, the solvent was removed, and the crude was 

purified by silica-gel column chromatography to give the desired alkylated aldehyde.11 

6.2.12 Characterization of alkylated aldehydes from allyl alcohols 

1-Allylcyclohexane-1-carbaldehyde (2.7) 

The product 2.7 was purified by flash column chromatography using 

pentane:dichloromethane (80:20) as eluent. It was obtained as a colorless oil 

(223.9 mg, 82% yield). 1H NMR (CDCl3, 400 MHz) δ = 9.38 (s, 1H), 5.69 – 5.48 

(m, 1H), 4.97 (dd, J = 10.8, 2.7 Hz, 2H), 2.11 (d, J = 7.5 Hz, 2H), 1.86 – 1.76 (m, 

2H), 1.56 – 1.43 (m, 3H), 1.31 – 1.16 (m, 5H). 13C NMR (CDCl3, 100 MHz) δ = 

206.8, 132.6, 118.2, 49.6, 40.7, 30.7, 29.6, 25.6, 22.4.  

2,2-dimethylpent-4-enal (2.9) 

The product 2.9 was purified by flash column chromatography using 

pentane:dichloromethane (4:1) as eluent. It was obtained as a colorless oil 

(400.3 mg, 89% yield). 1H NMR (CDCl3, 400 MHz) δ = 9.42 (s, 1H), 5.73 – 5.53 

(m, 1H), 5.06 – 4.92 (m, 2H), 2.15 (d, J = 7.3 Hz, 2H), 0.99 (s, 6H). 13C NMR 

(CDCl3, 100 MHz) δ = 205.5, 133.1, 118.4, 53.4, 53.1, 41.4, 21.1.  

2-allyl-2-ethylhexanal (2.11) 

The product 2.11 was purified by flash column chromatography using 

pentane:dichloromethane (4:1) as eluent. It was obtained as a colorless oil 

(359.8 mg, 54% yield). 1H NMR (CDCl3, 400 MHz) δ = 9.39 (s, 1H), 5.59 (ddt, J = 

17.6, 10.2, 7.4 Hz, 1H), 5.06 – 4.95 (m, 2H), 2.19 (dd, J = 7.4, 1.0 Hz, 2H), 1.52 

– 1.38 (m, 4H), 1.28 – 1.15 (m, 2H), 1.15 – 1.00 (m, 2H), 0.82 (t, J = 7.3 Hz, 3H), 

0.73 (t, J = 7.6 Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ = 206.8, 133.1, 118.2, 52.2, 

35.4, 31.7, 25.6, 24.7, 23.2, 13.8, 7.8. 

1-(2-methylallyl)cyclohexane-1-carbaldehyde (2.27) 

The product 2.27 was purified by flash column chromatography using 

pentane:dichloromethane (4:1) as eluent. It was obtained as a colorless oil 

(359.8 mg, 54% yield). 1H NMR (CDCl3, 400 MHz) δ = 9.45 (s, 1H), 4.76 (d, J = 

1.2 Hz, 1H), 4.60 (d, J = 0.8 Hz, 1H), 2.14 (s, 2H), 1.87 – 1.72 (m, 2H), 1.57 (s, 

3H), 1.56 – 1.41 (m, 3H), 1.33 – 1.13 (m, 5H). 13C NMR (CDCl3, 100 MHz) δ = 

207.1, 141.0, 115.0, 49.6, 45.2, 31.3, 25.6, 24.3, 22.5.  
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6.2.13 General procedure for the copper catalyzed borylative cyclization 

Copper chloride (0.98 mg, 5 mol%, 0.01 mmol) and bis(pinacolato)diboron (60.9 mg, 1.2 

equiv, 0.24 mmol), 4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene (Xantphos, 138.8 mg, 

5 mol%, 0.01 mmol) were placed in an oven-dried reaction vial. The vial was sealed with a 

screw cap containing a Teflon-coated rubber septum and connected to a vacuum/nitrogen 

manifold through a needle, evacuated and backfilled with nitrogen and THF (0.24 ml, 1 M). 

KOtBu (26.9 mg, 1.2 equiv, 0.24 mmol) in THF (0.24 ml, 1 M) were added in the vial through 

the rubber septum. Then, substrate alkenyl aldehyde (1 equiv, 0.2 mmol) in THF (0.2 ml, 1 

M) was added dropwise at 30 °C. After the reaction was complete, the reaction mixture was 

filtered over Celite. The organic extract was then concentrated in vacuo. The crude product 

was purified by flash chromatography. 

6.2.14 Characterization of spirocyclic borylcyclobutanol products  

anti-2-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)-7-oxaspiro[3.5]nonan-1-ol 

(2.2) 

The product 2.2 was purified by flash column chromatography using 

pentane:ethyl acetate (3:2) as eluent. It was obtained as a colorless oil (100.2 

mg, 71% yield). 1H NMR (CDCl3, 400 MHz) δ = 3.87 (dt, J = 10.8, 4.4 Hz, 1H), 

3.72 (dt, J = 10.9, 4.4 Hz, 1H), 3.59 (m, 1H), 3.46 (d, J = 8 Hz, 1H), 3.43 (dd, J = 

11.5, 2.3 Hz, 1H), 2.14 (m, 1H), 1.93 (m, 2H), 1.76 (ddd, J = 13.3, 9.6, 3.9 Hz, 

1H), 1.49 (m, 1H), 1.39 (m, 1H), 1.25 (s, 12H), 1.09 (dd, J = 16.4, 5.1 Hz, 1H), 

0.95 (t, J = 10.2 Hz, 1H), 0.86 (dd, J = 16.4, 10.6 Hz, 1H). 13C NMR (CDCl3, 100 MHz) δ = 83.3, 

80.9, 64.9, 64.7, 39.4, 38.8, 36.3, 33.6, 30.5, 24.7, 24.7. 11B NMR (CDCl3, 128.3 MHz) δ = 

33.8. HRMS (ESI) for C15H26BO3 [M-OH]+: calculated: 265.1975, found: 265.1964. 

2-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)-7-oxaspiro[3.5]nonan-1-ol (2.4) 

The product 2.4 was purified by flash column chromatography using 

pentane:ethyl acetate (1:1) as eluent. It was obtained as a colorless oil (66.6 

mg, 45% yield). 1H NMR (CDCl3, 400 MHz) δ = 3.82 (m, 2H), 3.49 (m, 2H), 

3.12 (d, J = 8.3 Hz, 1H), 1.84 (m, 4H), 1.72 (m, 1H), 1.40 (m, 2H), 1.24 (s, 12H), 

1.13 (m, 2H), 1.06 – 0.93 (m, 2H). 13C NMR (CDCl3, 100 MHz) δ = 87.0, 83.3, 

65.3, 64.5, 42.2, 40.6, 36.9, 31.9, 30.2, 29.3, 24.7. 11B NMR (CDCl3, 128.3 

MHz) δ = 33.8. HRMS (ESI) for C16H30BO4 [M+H]+: calculated: 297.2237, found: 297.2238. 
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anti-2-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)-7-tosyl-7-azaspiro [3.5] 

nonan-1-ol (2.6) 

The product 2.6 was purified by flash column chromatography using 

pentane:ethyl acetate (3:2) as eluent. It was obtained as a colorless oil (145.8 

mg, 67% yield). 1H NMR (CDCl3, 400 MHz)  δ = 7.63 (d, J = 8.0 Hz, 2H), 7.30 (d, J 

= 8.0 Hz, 2H), 3.43 (d, J = 7.8 Hz, 1H), 3.38 (m, 1H), 3.21 (m, 1H), 2.84 (s, 1H), 

2.79 (m, 1H), 2.42 (s, 3H), 2.07 (m, 1H), 1.95 (m, 1H), 1.77 (m, 1H), 1.73 (t, J = 

10.2 Hz, 1H), 1.63 (m, 1H), 1.52 (m, 1H), 1.22 (s, 12H), 1.04 (dd, J = 16.7, 4.9 Hz, 

1H), 0.81 (t, J = 10.2 Hz, 1H), 0.76 (m, 1H). 13C NMR (CDCl3, 100 MHz) δ = 143.1, 

133.5, 129.4, 127.5, 83.4, 80.4, 43.4, 43.2, 39.4, 37.5, 36.2, 29.4, 24.7, 21.4. 11B NMR (CDCl3, 

128.3 MHz) δ = 33.0. HRMS (ESI) for C22H35BNO5S [M+H+]+: calculated: 436.2329, found: 

436.2330. 

anti-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)spiro[3.5]nonan-1-ol (2.8) 

The product 2.8 was purified by flash column chromatography using 

pentane:ethyl acetate (3:2) as eluent. It was obtained as a colorless oil (70.1 

mg, 50% yield). 1H NMR (CDCl3, 400 MHz) δ = 3.33 (d, J = 7.6 Hz, 1H), 2.09 – 

1.95 (m, 1H), 1.84 – 1.76 (m, 1H), 1.64 – 1.24 (m, 10H), 1.18 (s, 12H), 0.99 (dd, 

J = 16.4, 5.6 Hz, 1H), 0.83 – 0.79 (m, 1H), 0.77 (d, J = 10.5 Hz, 1H). 13C NMR 

(CDCl3, 100 MHz) δ = 83.3, 81.8, 42.1, 39.4, 36.6, 34.0, 29.9, 26.4, 24.8, 23.3, 

23.0, 22.5. 11B NMR (CDCl3, 128.3 MHz) δ = 34.0. HRMS (ESI) for C16H33BNO3 [M+NH4
+]+: 

calculated: 298.2557, found: 298.2553. 

2,2-dimethyl-4-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)cyclobutan-1-ol 

(2.10) 

The product 2.10 was purified by flash column chromatography using 

pentane:ethyl acetate (3:2) as eluent. It was obtained as a colorless oil (78 mg, 

59% yield). 1H NMR (CDCl3, 400 MHz) δ = 3.34 (dd, J = 7.7, 3.1 Hz, 1H), 2.76 (d, 

J = 3.4 Hz, 1H), 2.10 – 1.93 (m, 1H), 1.65 (t, J = 9.9 Hz, 1H), 1.18 (s, 12H), 1.13 

(dd, J = 4.7, 1.5 Hz, 1H), 1.00 (d, J = 2.5 Hz, 6H), 0.89 (t, J = 10.2 Hz, 1H), 0.78 

(dd, J = 16.3, 10.5 Hz, 1H). 13C NMR (CDCl3, 100 MHz) δ = 83.3, 81.0, 37.5, 36.7, 36.6, 28.8, 

24.8, 21.0. 11B NMR (CDCl3, 128.3 MHz) δ = 33.8. HRMS (ESI) for C13H29NBO2 [M-NH4
+]+: 

calculated: 258.2240, found: 258.2242. 
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2-butyl-2-ethyl-4-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)cyclobutan-1-ol 

(2.12) (as a mixture of two diastereoisomers) 

The product 2.12 was purified by flash column chromatography using 

pentane:diethyl ether (3:2) as eluent. It was obtained as a colorless oil as a 

mixture of two diastereoisomers (1:1) (50.9 mg, 34% yield). 1H NMR (CDCl3, 400 

MHz) δ = 3.43 (t, J = 7.6 Hz, 1H), 2.02 (dddd, J = 9.4, 7.7, 4.0, 2.4 Hz, 1H), 1.73 

(td, J = 10.5, 9.8, 2.4 Hz, 1H), 1.62 – 1.49 (m, 2H), 1.42 – 1.25 (m, 4H), 1.18 (s, 

12H), 0.98 (dd, J = 16.3, 5.3 Hz, 1H), 0.89 – 0.65 (m, 10H). 13C NMR (CDCl3, 100 

MHz) δ = 83.3, 81.2, 81.0, 44.3, 44.2, 38.6, 36.6, 36.5, 33.6, 33.5, 31.7, 29.3, 

26.2, 25.8, 24.8, 24.8, 23.7, 23.4, 22.5, 14.2, 14.1, 8.3, 7.9. 11B NMR (CDCl3, 128.3 MHz) δ = 

34.7. HRMS (ESI) for C17H34BO3 [M+H+]+: calculated: 297.2611, found: 297.2601. 

2-butyl-2-ethyl-4-((4,4,6-trimethyl-1,3,2-dioxaborinan-2-yl)methyl)cyclobutan-1-ol (2.13) 

(as a mixture of two diastereoisomers) 

The product 2.13 was purified by flash column chromatography using 

pentane:diethyl ether (3:2) as eluent. It was obtained as a colorless oil as a 

mixture of two diastereoisomers (1:1) (75.9 mg, 51% yield). 1H NMR (CDCl3, 

400 MHz) δ = 4.11 (dqd, J = 12.3, 6.1, 2.9 Hz, 1H), 3.42 (td, J = 7.5, 0.9 Hz, 1H), 

2.07 – 1.89 (m, 1H), 1.70 (dd, J = 14.0, 2.9 Hz, 2H), 1.62 – 1.49 (m, 1H), 1.47 – 

1.25 (m, 5H), 1.22 (s, 6H), 1.18 (d, J = 6.1 Hz, 5H), 0.97 – 0.63 (m, 10H). 13C 

NMR (CDCl3, 100 MHz) δ = 81.4, 81.4, 81.1, 71.0, 65.8, 64.8, 64.8, 45.7, 44.0, 

43.9, 38.6, 36.6, 36.5, 33.6, 33.4, 31.8, 31.2, 31.1, 29.4, 29.3, 28.1, 28.0, 26.2, 

25.8, 25.8, 23.7, 23.4, 23.1, 23.0, 22.6, 22.6, 15.2, 14.2, 14.1, 8.3, 8.0, 7.9. 11B NMR (CDCl3, 

128.3 MHz) δ = 30.2. HRMS (ESI) for C17H32BO2 [M-H2O]+: calculated: 279.2498, found: 

279.2495. 

2-phenyl-2-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)spiro[3.5]nonan-1-ol 

(2.15) 

The product 2.15 was purified by flash column chromatography using 

pentane:diethyl ether (3:2) as eluent. It was obtained as a colorless oil 

(131.6 mg, 76% yield). 1H NMR (CDCl3, 400 MHz) δ = 7.33 (dd, J = 8.3, 1.4 

Hz, 2H), 7.24 (dd, J = 8.5, 7.1 Hz, 2H), 7.17 – 7.07 (m, 1H), 3.83 (s, 1H), 2.57 

(d, J = 12.6 Hz, 1H), 1.54 (d, J = 12.7 Hz, 1H), 1.46 (d, J = 6.0 Hz, 6H), 1.25 

(d, J = 15.0 Hz, 3H), 1.12 (s, 4H), 0.97 (s, 6H), 0.96 (s, 6H). 13C NMR (CDCl3, 

100 MHz) δ = 143.1, 128.5, 128.0, 125.8, 84.2, 82.7, 46.6, 41.4, 39.7, 37.6, 

30.0, 26.1, 24.7, 24.6, 23.2, 21.9. 11B NMR (CDCl3, 128.3 MHz) δ = 33.2. HRMS (ESI) for 

C22H34O3 [M+H]+: calculated: 357.2601, found: 357.260. 
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2-phenyl-2-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)-7-oxaspiro[3.5] nonan-

1-ol (2.17) 

The product 2.17 was purified by flash column chromatography using 

pentane:diethyl ether (3:2) as eluent. It was obtained as a colorless oil 

(131.6 mg, 24% yield). 1H NMR (CDCl3, 400 MHz) δ = 7.36 – 7.29 (m, 2H), 

7.29 (s, 2H), 7.19 – 7.07 (m, 1H), 3.93 (s, 1H), 3.67 (ddt, J = 13.5, 11.3, 4.4 

Hz, 2H), 3.50 – 3.36 (m, 2H), 2.65 (d, J = 12.7 Hz, 1H), 1.78 (ddd, J = 13.4, 

9.6, 4.0 Hz, 2H), 1.66 (d, J = 12.8 Hz, 1H), 1.47 (dd, J = 14.3, 5.0 Hz, 2H), 

1.27 (d, J = 15.2 Hz, 2H), 0.97 (s, 6H), 0.96 (s, 6H).  13C NMR (CDCl3, 100 

MHz) δ = 142.9, 128.2, 128.2, 126.1, 83.4, 82.9, 65.0, 64.3, 46.6, 39.3, 38.9, 37.8, 30.9, 24.8, 

24.7. 11B NMR (CDCl3, 128.3 MHz) δ = 33.6. HRMS (ESI) for C21H32BO4 [M+H]+: calculated: 

359.2397, found: 359.2394. 

2-(4-(tert-butyl)phenyl)-2-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl) 

spiro[3.5]nonan-1-ol (2.19) 

The product 2.19 was purified by flash column chromatography using 

pentane:diethyl ether (10:1) as eluent. It was obtained as a colorless 

oil (50.5 mg, 25% yield). 1H NMR (CDCl3, 400 MHz) δ = 7.28 – 7.21 (m, 

4H), 3.80 (s, 1H), 2.57 (dd, J = 12.7, 1.0 Hz, 2H), 1.57 – 1.37 (m, 6H), 

1.24 (d, J = 4.1 Hz, 3H), 1.22 (s, 9H), 1.15 – 1.07 (m, 3H), 0.94 (s, 6H), 

0.89 (s, 6H). 13C NMR (CDCl3, 100 MHz) δ = 148.6, 139.5, 128.1, 124.9, 

84.0, 82.6, 46.1, 41.3, 39.8, 37.5, 34.2, 31.4, 31.3, 30.1, 26.1, 24.6, 

24.6, 23.2, 22.0. 11B NMR (CDCl3, 128.3 MHz) δ = 33.7. HRMS (ESI) for 

C26H42BO3 [M+H]+: calculated: 413.3235, found: 413.3227. 

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

cyclobutan-1-ol (2.21) 

The product 2.21 was purified by flash column chromatography using 

pentane:diethyl ether (3:2) as eluent. It was obtained as a colorless oil 

(36.5 mg, 27% yield). 1H NMR (CDCl3, 400 MHz) δ = 7.35 (dd, J = 8.4, 1.3 

Hz, 2H), 7.24 (dd, J = 8.6, 7.0 Hz, 2H), 7.15 – 7.04 (m, 1H), 3.90 (m, 1H), 

2.46 (dd, J = 12.5, 1.0 Hz, 1H), 1.62 (d, J = 12.5 Hz, 1H), 1.44 (d, J = 15.1 Hz, 

1H), 1.26 (7, J = 15.1 Hz, 1H), 1.11 (s, 3H), 0.99 (s, 6H), 0.97 (s, 6H), 0.68 (s, 3H). 13C NMR 

(CDCl3, 100 MHz) δ = 143.2, 128.5, 128.0, 125.8, 83.8, 82.8, 47.0, 40.1, 37.3, 29.8, 24.7, 24.6, 

21.3. 11B NMR (CDCl3, 128.3 MHz) δ = 33.4. HRMS (ESI) for C19H33NBO3 [M+NH4
+]+: 

calculated: 334.2554, found 334.2553. 
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2-(naphthalen-2-yl)-2-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl) 

spiro[3.5]nonan-1-ol (2.25) 

The product 2.25 was purified by flash column chromatography using 

pentane:diethyl ether (3:2) as eluent. It was obtained as a colorless 

oil (208.3 mg, 52% yield). 1H NMR (CDCl3, 400 MHz) δ = 7.79 (d, J = 

1.9 Hz, 1H), 7.77 – 7.69 (m, 3H), 7.49 (dd, J = 8.6, 1.9 Hz, 1H), 7.44 – 

7.31 (m, 2H), 3.93 (s, 1H), 2.69 (d, J = 12.6 Hz, 1H), 1.64 (d, J = 12.7 

Hz, 1H), 1.53 (dd, J = 5.7, 1.7 Hz, 3H), 1.45 – 1.29 (m, 6H), 1.16 – 1.06 

(m, 3H), 0.92 (s, 6H), 0.89 (s, 6H). 13C NMR (CDCl3, 100 MHz) δ = 

141.2, 133.2, 131.9, 127.9, 127.4, 127.3, 126.7, 125.6, 125.3, 84.5, 

82.8, 46.8, 41.5, 39.7, 38.0, 30.0, 26.1, 24.7, 24.6, 23.2, 21.9. 11B NMR (CDCl3, 128.3 MHz) δ 

33.7. HRMS (ESI) for C26H39NBO3 [M+NH4
+]+: calculated: 424.3026, found: 424.3023. 

1-(naphthalen-2-yl)-4-oxa-3-boraspiro[bicyclo[3.2.0]heptane-6,1'-cyclohexan]-3-ol (2.26-

syn-(B-OH)) 

The product 2.26-syn-(B-OH) was purified by flash column 

chromatography using pentane:diethyl ether (3:2) as eluent. It was 

obtained as a colorless oil (78.5 mg, 39% yield). 1H NMR (CDCl3, 400 

MHz) δ = 7.72 (dt, J = 6.4, 3.4 Hz, 3H), 7.58 (d, J = 2.2 Hz, 1H), 7.43 – 

7.31 (m, 2H), 7.28 (dd, J = 8.5, 2.0 Hz, 1H), 4.64 (d, J = 2.4 Hz, 1H), 

2.36 – 2.26 (m, 1H), 1.90 (dd, J = 12.0, 2.0 Hz, 1H), 1.56 – 1.46 (m, 

2H), 1.35 – 1.18 (m, 10H). 13C NMR (CDCl3, 100 MHz) δ = 147.3, 133.3, 

131.6, 128.5, 127.6, 127.5, 126.1, 125.3, 124.6, 122.6, 90.2, 65.8, 46.8, 44.4, 40.7, 36.7, 32.4, 

25.8, 22.6, 22.3, 15.2. 11B NMR (CDCl3, 128.3 MHz) δ = 36.5. HRMS (ESI) for C20H23BO2 

[M+H]+: calculated: 307.1870, found: 307.1869. 

(1-(2-methylallyl)cyclohexyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methanol 

(2.29) 

The product 2.29 was purified by flash column chromatography using 

pentane:diethyl ether (3:2) as eluent. It was obtained as a colorless oil (95.4 

mg, 32% yield). 1H NMR (CDCl3, 400 MHz) δ = 4.86 – 4.77 (m, 1H), 4.73 (s, 

1H), 3.51 (d, J = 5.9 Hz, 1H), 2.19 (d, J = 13.2 Hz, 1H), 2.10 – 2.01 (m, 1H), 

1.75 (s, 3H), 1.60 (d, J = 6.0 Hz, 1H), 1.54 – 1.26 (m, 10H), 1.21 (s, 12H). 13C 

NMR (CDCl3, 100 MHz) δ = 144.4, 114.7, 84.0, 41.1, 33.1, 31.5, 26.4, 25.5, 25.0, 24.7, 21.8, 

21.6. 11B NMR (CDCl3, 128.3 MHz) δ = 33.0. HRMS (ESI) for C17H32BO3 [M+H+]+: calculated: 

295.2441, found: 295.2445. 
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6.2.15 General procedure for the oxidation of spiroboronate compounds 

The oxidation was performed in a reaction vial, NaBO3·H2O (2 mmol) was dissolved in 

THF/H2O (3:2, 0.2 M) and the boronate (1 equiv, 0.2 mmol) was then added at room 

temperature. After stirred for 1.5 hours, the reaction mixture was extracted three times 

with ethyl acetate, dried (MgSO4), filtered and concentrated in vacuo. The crude mixture 

was further purified by flash column chromatography.12 

2-(hydroxymethyl)-7-oxaspiro[3.5]nonan-1-ol (2.30) 

The product 2.30 was purified by flash column chromatography using 

pentane:ethyl acetate (100:0 to 0:100) as eluent. It was obtained as a colorless 

oil (52.5 mg, 61% yield). 1H NMR (CDCl3, 400 MHz) δ = 3.89 (dt, J = 11.3, 4.1 Hz, 

1H), 3.73 (m, 3H), 3.59 (m, 2H), 3.43 (td, J = 11.1, 2.6 Hz, 1H), 2.33 (m, 1H), 1.88 

(m, 2H), 1.77 (m, 1H), 1.50 (m, 1H), 1.40 (m, 1H), 1.09 (t, J = 10.1 Hz, 1H). 13C 

NMR (CDCl3, 100 MHz) δ = 77.2, 76.6, 64.9, 64.5, 42.6, 40.1, 38.1, 30.4, 29.6, 

27.2. HRMS (ESI) for C9H17O3 [M+H]+: calculated: 173.1172, found: 173.1185. 

2-(hydroxymethyl)spiro[3.5]nonan-1-ol2-(hydroxymethyl)spiro[3.5]nonan-1-ol (2.31) 

The product 2.31 was purified by flash column chromatography using 

pentane:ethyl acetate (100:0 to 0:100) as eluent. It was obtained as a colorless 

oil (27.3 mg, 90% yield). 1H NMR (CDCl3, 400 MHz) δ = 3.63 (dd, J = 10.9, 5.1 

Hz, 1H), 3.53 – 3.44 (m, 2H), 3.37 (m, 2H), 2.28 – 2.14 (m, 1H), 1.65 (t, J = 10.3 

Hz, 1H), 1.62 – 1.24 (m, 8H), 1.24 – 1.09 (m, 2H), 0.85 (t, J = 10.2 Hz, 1H). 13C 

NMR (CDCl3, 100 MHz) δ = 78.0, 65.7, 42.7, 42.6, 38.7, 29.8, 27.4, 26.3, 23.1, 

22.3. HRMS (ESI) for C10H18O2 [M]+: calculated: 170.1307, found: 170.1309. 

(1R,4R)-4-(hydroxymethyl)-2,2-dimethylcyclobutan-1-ol (2.32) 

The product 2.32  was purified by flash column chromatography using 

pentane:diethyl ether:methanol (3:2:1) as eluent. It was obtained as a colorless 

oil (73.8 mg, 81% yield). 1H NMR (CDCl3, 400 MHz) δ = 3.70 – 3.58 (m, 1H), 3.58 

– 3.44 (m, 2H), 3.25 (s, 1H), 2.65 (s, 1H), 2.29 – 2.14 (m, 1H), 1.57 – 1.46 (m, 

1H), 1.01 (d, J = 8.1 Hz, 6H). 13C NMR (CDCl3, 100 MHz) δ = 65.5, 42.9, 38.3, 30.0, 

28.3, 21.0. HRMS (ESI) for C7H14O2 [M]+: calculated: 130.0992, found: 130.0994. 
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2-(hydroxymethyl)-7-tosyl-7-azaspiro[3.5]nonan-1-ol (2.33) 

The product 2.33 was purified by flash column chromatography using 

pentane:ethyl acetate (100:0 to 0:100) as eluent. It was obtained as a colorless 

oil (121.9 mg, 75% yield). 1H NMR (CDCl3, 400 MHz)  δ = 7.63 (d, J = 8.0 Hz, 2H), 

7.31 (d, J = 8.0 Hz, 2H), 3.72 (d, J = 7.5 Hz, 1H), 3.67 (dd, J = 10.9, 5.3 Hz, 1H), 

3.59 (dd, J = 10.9, 5.3 Hz, 1H), 3.49 (m, 1H), 3.32 (m, 1H), 2.67 (t, J = 11.4 Hz, 

1H), 2.53 (t, J = 11.4 Hz, 1H), 2.43 (s, 3H), 2.27 (m, 1H), 1.90 (m, 1H), 1.78 (m, 

1H), 1.64 (m, 1H), 1.59 (t, J = 10.8 Hz, 1H), 1.51 (m, 1H), 0.97 (t, J = 10.8 Hz, 1H). 
13C NMR (CDCl3, 100 MHz) δ = 143.3, 133.3, 129.6, 127.6, 75.6, 64.4, 43.3, 42.9, 42.4, 40.1, 

36.7, 29.2, 26.5, 21.5. HRMS (ESI) for C16H24NO4S [M+H]+: calculated: 326.1421, found: 

326.1427. 

2-(hydroxymethyl)-2-phenylspiro[3.5]nonan-1-ol (2.34) 

The product 2.34 was purified by flash column chromatography using 

pentane:diethyl ether (3:2) as eluent. It was obtained as a colorless oil 

(148.7 mg, 76% yield). 1H NMR (CDCl3, 400 MHz) δ = 7.41 – 7.25 (m, 4H), 

7.25 – 7.20 (m, 1H), 3.89 (s, 1H), 3.67 (dt, J = 10.9, 0.8 Hz, 1H), 3.58 (dd, J = 

10.9, 0.8 Hz, 1H), 2.33 (d, J = 12.5 Hz, 1H), 1.67 (d, J = 12.5 Hz, 1H), 1.50 – 

1.43 (m, 5H), 1.35 – 1.26 (m, 2H), 1.13 (d, J = 3.4 Hz, 2H), 1.11 – 1.04 (m, 

1H). 13C NMR (CDCl3, 100 MHz) δ = 139.0, 128.8, 128.6, 126.8, 77.8, 72.7, 

51.1, 41.5, 38.6, 33.2, 30.7, 26.0, 23.0, 21.9. HRMS (ESI) for C16H22O2 [M]+: calculated: 

246.1620, found: 246.1617. 

2-(hydroxymethyl)-8-oxaspiro[4.5]decan-1-ol (2.35) 

The product 2.35 was purified by flash column chromatography using 

pentane:ethyl acetate (3:2) as eluent. It was obtained as a colorless oil (50 mg, 

70% yield). 1H NMR (CDCl3, 400 MHz) δ = 3.81 (m, 3H), 3.62 – 3.46 (m, 2H), 

3.46 – 3.35 (m, 2H), 1.87 – 1.77 (m, 3H), 1.71 (dtd, J = 13.2, 9.1, 5.7 Hz, 1H), 

1.36 – 1.29 (m, 1H), 1.25 – 1.05 (m, 4H). 13C NMR (CDCl3, 100 MHz) δ = 84.8, 

66.8, 65.4, 64.4, 45.3, 42.6, 36.3, 31.3, 29.3, 21.9. HRMS (ESI) for C10H18O2 

[M]+: calculated: 186.1256, found: 186.1252. 
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6.2.16 Characterization of spirocyclic 2.23  

4'-methylene-3',4'-dihydro-1'H-spiro[cyclohexane-1,2'-naphthalen]-1'-ol (2.23) 

The product 2.23 was purified by flash column chromatography using 

pentane:diethyl ether (3:2) as eluent. It was obtained as a colorless oil (38.8 

mg, 34% yield). 1H NMR (CDCl3, 400 MHz) δ = 7.65 – 7.55 (m, 1H), 7.41 – 

7.29 (m, 1H), 7.25 – 7.16 (m, 2H), 5.51 (s, 1H), 5.01 (s, 1H), 4.29 (s, 1H), 2.71 

– 2.61 (m, 1H), 2.29 – 2.20 (m, 1H), 1.51 – 1.33 (m, 6H), 1.37 – 1.08 (m, 4H). 
13C NMR (CDCl3, 100 MHz) δ = 140.5, 137.4, 133.7, 129.8, 128.4, 127.9, 

123.7, 110.0, 37.2, 37.0, 32.6, 31.4, 31.4, 26.2, 24.5. HRMS (ESI) for C16H18 [M-H2O]+: 

calculated: 210.1416, found: 210.1409.  
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6.3 Experimental section for Chapter 3  

6.3.1 General procedure for the preparation of 1,3-dienes via Wittig olefination 

To a dry reaction vessel equipped with a magnetic stirrer bar, alkyl phosphonium bromide 

(3.75 mmol, 1.25 equiv) and potassium tert-butoxide (3.9 mmol, 1.3 equiv) were added. The 

flask was flushed with argon 3 times and dry THF (8 mL) was added slowly with stirring at 

room temperature. The mixture was left for 30 minutes before the corresponding aldehyde, 

dissolved in dry THF (4 mL), was added dropwise over 10 minutes at room temperature. The 

mixture was then left to stir for 16 hours. The reaction was quenched with aqueous 

saturated ammonium chloride solution (25 mL). The aqueous layer was then extracted 

three times with diethyl ether before the combined organic extracts were washed with 

brine and dried over sodium sulphate. After filtration, the volatile components were 

removed under reduced pressure. The crude residue was purified by silica gel flash 

chromatography to afford the diene product.3 

6.3.2 Characterization of 1,3-dienes via Wittig Olefination 

(E)-penta-1,3-dien-3-ylbenzene (3.6) 

The product 3.6 was purified by flash column chromatography using 

pentane as eluent. It was obtained as a colorless liquid (290.7 mg, 67% 

yield). 1H NMR (400 MHz, CDCl3) δ = 7.34 – 7.27 (m, 2H), 7.26 – 7.18 (m, 1H), 

7.11 – 7.00 (m, 2H), 6.49 (dd, J = 17.3, 10.5 Hz, 1H), 5.75 (q, J = 7.0 Hz, 1H), 

4.89 (d, J = 10.7 Hz, 1H), 4.60 (d, J = 17.3 Hz, 1H), 1.52 (d, J = 7.1 Hz, 3H). 13C 

NMR (100 MHz, CDCl3) δ = 142.4, 140.7, 137.6, 129.7, 128.1, 126.8, 113.9, 14.9.  

(E)-1-(buta-1,3-dien-1-yl)-4-chlorobenzene (3.8) 

The product 3.8 was purified by flash column chromatography 

using pentane:ethyl acetate (40:1) as eluent. It was obtained as an 

orange oil (401.6 mg, 81% yield). 1H NMR (400 MHz, CDCl3) δ = 7.28 

– 7.15 (m, 4H), 6.74 – 6.60 (m, 1H), 6.49 – 6.34 (m, 2H), 5.31 – 5.22 

(d, J = 16.2 Hz, 1H), 5.12 (d, J = 9.2 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 136.9, 135.7, 

133.2, 131.5, 130.2, 128.8, 127.6, 118.2. 

(E)-4-(buta-1,3-dien-1-yl)-N,N-dimethylaniline (3.10) 

The product 3.10 was purified by flash column chromatography 

using pentane:ethyl acetate (10:1) as eluent. It was obtained as 

a yellow solid (484.0 mg, 95% yield). 1H NMR (400 MHz, CDCl3) 
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δ = 7.35 – 7.28 (m, 2H), 6.73 – 6.58 (m, 1H), 6.56 – 6.43 (m, 2H), 5.24 (d, J = 17.4 Hz, 1H), 

5.05 (d, J = 10.0 Hz, 1H), 2.97 (s, 6H). 13C NMR (100 MHz, CDCl3) δ = 150.1, 137.8, 133.1, 

127.5, 125.6, 125.6, 115.0, 112.4, 40.5. 

(E)-1-(buta-1,3-dien-1-yl)-4-methoxybenzene (3.12) 

The product 3.12 was purified by flash column chromatography 

using pentane:ethyl acetate (4:1) as eluent. It was obtained as a 

colorless oil (449.6 mg, 94% yield). 1H NMR (400 MHz, CDCl3) δ = 

7.28 (d, J = 8.7 Hz, 2H), 6.79 (d, J = 8.8 Hz, 2H), 6.60 (dd, J = 15.4, 

10.6 Hz, 1H), 6.49 – 6.34 (m, 2H), 5.21 (d, J = 15.4 Hz, 1H), 5.05 (d, J = 9.2 Hz, 1H), 3.74 (s, 

3H). 13C NMR (100 MHz, CDCl3) δ = 159.3, 137.4, 132.4, 129.9, 127.7, 116.5, 114.1, 55.3. 

Buta-1,3-diene-1,1-diyldibenzene (3.14) 

The product 3.14 was purified by flash column chromatography using 

pentane:ethyl acetate (30:1) as eluent. It was obtained as a yellow liquid 

(587.7 mg, 95% yield). 1H NMR (400 MHz, CDCl3) δ = 7.27 (m, 3H), 7.20 

– 7.09 (m, 7H), 6.63 (d, J = 11.0 Hz, 1H), 6.35 (ddd, J = 16.8, 11.0, 10.1 

Hz, 1H), 5.34 – 5.25 (dd, J = 16.9, 1.5 Hz, 1H), 5.03 (dd, J = 10.1, 1.9 Hz, 

1H). 13C NMR (100 MHz, CDCl3) δ = 143.2, 142.1, 139.7, 135.0, 130.4, 

128.5, 128.2, 127.6, 127.5, 127.4, 118.6. 

(E)-2-(buta-1,3-dien-1-yl)furan (3.16) 

The product 3.16 was purified by flash column chromatography using 

pentane as eluent. It was obtained as a yellow oil (191.0 mg, 53% yield). 
1H NMR (400 MHz, CDCl3) δ = 7.29 (d, J = 1.8 Hz, 1H), 6.63 (dd, J = 15.6, 

10.8 Hz, 1H), 6.44 – 6.24 (m, 3H), 6.20 (d, J = 3.3 Hz, 1H), 5.25 (d, J = 17.7 

Hz, 1H), 5.08 (d, J = 10.0 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ = 153.0, 142.2, 136.7, 128.2, 

120.4, 117.8, 111.6, 108.6. 

((1E)-penta-1,3-dien-1-yl)benzene (3.18) 

The product 3.18 was purified by flash column chromatography using 

pentane as eluent. It was obtained as a yellow oil (317.2 mg, 72% 

yield) (E:Z = 78:22). 1H NMR (400 MHz, CDCl3) δ = (E): 7.38 – 7.29 (m, 

2H), 7.25 – 7.16 (m, 2H), 7.15 – 7.05 (m, 1H), 6.99 (dd, J = 15.6, 11.1 

Hz, 1H), 6.43 (d, J = 15.6 Hz, 1H), 6.19 – 6.02 (m, 1H), 5.58 – 5.45 (m, 1H), 1.77 (dd, J = 7.2, 

1.8 Hz, 3H). (Z):7.29 – 7.25 (m, 2H), 7.25 – 7.16 (m, 2H), 7.15 – 7.05 (m, 1H), 6.65 (dd, J = 

15.7, 10.4 Hz, 1H), 6.33 (d, J = 15.7 Hz, 1H), 6.19 – 6.02 (m, 1H), 5.74 (dq, J = 14.0, 6.8 Hz, 
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1H), 1.73 (dd, J = 6.8, 1.6 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ = (E:Z = 78:22) 137.7, 131.9, 

130.3, 129.8, 129.7, 129.4, 128.6, 128.5, 127.3, 127.1, 127.1, 126.3, 126.1, 124.2, 18.3, 13.6. 

1-chloro-4-((1E)-penta-1,3-dien-1-yl)benzene (3.20) 

The product 3.20 was purified by flash column chromatography 

using pentane as eluent. It was obtained as a yellow solid (464.4 

mg, 87% yield) (E:Z = 56:44). 1H NMR (400 MHz, CDCl3) δ = (E): 

7.29 – 7.15 (m, 4H), 6.63 (dd, J = 15.7, 10.4 Hz, 1H), 6.28 (d, J = 

15.7 Hz, 1H), 6.19 – 6.03 (m, 1H), 5.83 – 5.70 (m, 1H), 1.74 (dd, J = 6.8, 1.6 Hz, 3H). (Z): 7.29 

– 7.15 (m, 4H), 6.98 (ddd, J = 15.6, 11.1, 1.2 Hz, 1H), 6.38 (d, J = 15.6 Hz, 1H), 6.19 – 6.03 (m, 

1H), 5.61 – 5.48 (m, 1H), 1.78 (dd, J = 7.2, 1.8 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ = (E:Z = 

56:44) 136.2, 132.8, 132.5, 131.6, 131.1, 130.5, 130.0, 129.4, 128.8, 128.7, 128.4, 127.9, 

127.5, 127.3, 124.7, 18.5, 13.7. 

N,N-dimethyl-4-((1E)-penta-1,3-dien-1-yl)aniline (3.22) 

The product 3.22 was purified by flash column 

chromatography using pentane as eluent. It was obtained as a 

yellow solid (476,6 mg, 85% yield) (E:Z = 56:44). 1H NMR (400 

MHz, CDCl3) δ = (E): 7.29 – 7.15 (m, 4H), 6.63 (dd, J = 15.7, 10.4 

Hz, 1H), 6.28 (d, J = 15.7 Hz, 1H), 6.19 – 6.03 (m, 1H), 5.83 – 5.70 (m, 1H), 1.74 (dd, J = 6.8, 

1.6 Hz, 3H). (Z): 7.29 – 7.15 (m, 4H), 6.98 (ddd, J = 15.6, 11.1, 1.2 Hz, 1H), 6.38 (d, J = 15.6 

Hz, 1H), 6.19 – 6.03 (m, 1H), 5.61 – 5.48 (m, 1H), 1.78 (dd, J = 7.2, 1.8 Hz, 3H). 13C NMR (100 

MHz, CDCl3) δ = (E:Z = 56:44) 150.0, 133.3, 131.1, 129.8, 129.7, 127.3, 126.9, 125.1, 121.2, 

111.3, 40.2, 19.1, 13.7. 

(E)-(2-methylbuta-1,3-dien-1-yl)benzene (3.24) 

The product 3.24 was purified by flash column chromatography using 

pentane as eluent. It was obtained as a colorless oil (380.7 mg, 88% 

yield). 1H NMR (400 MHz, CDCl3) δ = 7.31 – 7.17 (m, 4H), 7.17 – 7.10 (m, 

1H), 6.47 (dd, J = 17.2, 10.6, 1H), 6.43 (s, 1H), 5.21 (d, J = 17.5 Hz, 1H), 

5.04 (d, J = 10.8 Hz, 1H), 1.91 (s, 3H). 13C NMR (100 MHz, CDCl3) δ = 141.9, 137.7, 136.0, 

131.7, 129.2, 128.2, 126.6, 113.0, 13.2. 

Cyclohexadiene (3.26) 

The product 3.26 was purchased from Sigma-Aldrich. 
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2-Methyl-5-(1-methylethyl)-1,3-cyclohexadiene (3.30) 

The product 3.30 was purchased from Sigma-Aldrich. 

 

 

 

6.3.3 General Procedure for the preparation of cyclic 1,3-dienes via Kumada 

Coupling 

To a dry reaction vessel equipped with a magnetic stirrer bar at 0 oC was added 

diidopropylamine (0.77 mL, 5.5 mmol) in dry THF (10 mL) and nBuLi (5.5 mmol). After 30 

minutes at 0 oC the solution was cooled to -78 oC and cyclohexenone (0.48 mL, 5 mmol) in 

dry THF (10 mL) was added dropwise. The mixture was left to stir for an additional 30 

minutes before a solution of N-phenyl-bis(trifluoromethanesulfonimide) (1.78g, 5 mmol) in 

THF (7 mL) was added slowly and the reaction was allowed to warm to 0 oC. It was then left 

to stir at 0 oC. After 3 hours, the mixture was washed with water and extracted with diethyl 

ether before being dried over magnesium sulphate to yield the crude triflate. To a new dry 

reaction vessel equipped with a magnetic stirrer bar was added the crude triflate (ca. 5 

mmol) and copper(I) Iodide (10 mol%, 95 mg) in dry THF (14 mL). The solution was cooled 

to 0 oC before the relevant Grignard reagent (1.1 equiv, 5.5 mmol) was added dropwise. The 

reaction was running until judged complete by TLC (ca. 1 hour) and quenched with saturated 

aqueous ammonium chloride (10 mL). The aqueous phase was extracted with Et2O and the 

combined organic extracts were dried over magnesium sulfate. After filtration, the volatile 

components were removed under reduced pressure. The crude residue was purified by 

silica gel flash chromatography to afford the diene product.13 

6.3.4 Characterization of cyclic 1,3-dienes via Kumada Coupling 

2-(2-ethylhexyl)cyclohexa-1,3-diene (3.28) 

The product 3.28 was purified by flash column chromatography using 

synthesized using petroleum ether as eluent. It was obtained as a 

colorless liquid (480 mg, 69% yield). 1H NMR (400 MHz, CDCl3) δ = 5.81 

(m, 2H), 5.45 (m, 1H), 2.09 (m, 4H), 1.92 (dd, J = 7.0, 1.0 Hz, 2H), 1.25 

(m, 9H), 0.88 (m, 3H), 0.83 (m, 3H). 13C NMR (100 MHz, CDCl3) δ = 135.1, 

127.7, 126.5, 121.5, 40.2, 37.8, 32.5, 28.9, 25.7, 23.2, 22.6, 14.3, 10.9. 
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6.3.5 General Procedure for the transition metal-free 1,4-hydroboration reaction 

for non-cyclic 1,3-dienes 

To an oven-dried Schlenk-flask equipped with a magnetic stir bar, B2pin2 (0.55 mmol, 1.1 

equiv), sodium carbonate (30 mol%), dry methanol as solvent (1 mL), and 1,3-diene (0.5 

mmol, 1 equiv) were added. The vial was sealed with a plastic cap and heated to 70 °C in an 

oil bath for 8 hours. After that period an extra amount of sodium carbonate (0.075 mmol, 

0.15 equiv) was added and the reaction stirred for 8 hours.  Upon completion, the reaction 

mixture was concentrated under reduced pressure and a known amount of naphthalene 

(ca. 10 mg) as internal standard was added. An aliquot was taken to determine the 

conversion and selectivity by 1HNMR and GC-MS analysis. The crude residue was purified 

by silica gel flash chromatography to afford the hydroborated product. 

6.3.6 Characterization of 1,4-hydroborated non-cyclic 1,3-dienes 

4,4,5,5-tetramethyl-2-(4-phenylbut-2-en-1-yl)-1,3,2-dioxaborolane (3.2) 

The product 3.2 was purified by flash column chromatography 

using pentane:ethyl acetate (20:1) as eluent. It was obtained as a 

colorless liquid (27 mg, 21% yield) (E:Z = 4:1). 1H NMR (400 MHz, 

CDCl3) δ = (E) 7.35 – 7.13 (m, 5H), 5.70 – 5.51 (m, 2H), 3.44 – 3.36 

(d, J = 6.5 Hz, 2H), 1.80 (d, J = 7.6 Hz, 2H). (Z) 7.35 – 7.13 (m, 5H), 5.70 – 5.51 (m, 2H), 3.33 

(d, J = 5.5 Hz, 2H), 1.69 (d, J = 5.8 Hz, 2H), 1.25 (s, 12H). 13C NMR (100 MHz, CDCl3) δ = 141.3, 

132.8, 128.5, 128.3, 128.3, 128.1, 126.7, 125.9, 125.8, 125.3, 83.3, 83.1, 39.2, 33.3, 27.4, 

24.9, 24.8, 24.6. 11B NMR (128 MHz, CDCl3) δ = 33.01. HRMS-(ESI+) for C16H23BO2 [M]+: 

calculated: 258.1791, found: 258.1786.  

2-(4-(4-chlorophenyl)but-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.9) 

The product 3.9 was purified by flash column 

chromatography using as eluent a mixture of pentane:ethyl 

acetate (10:1). It was obtained as colorless oil (31.5 mg, 23% 

yield) (E:Z = 3:1). 1H NMR (400 MHz, CDCl3) δ = 7.24 (t, J = 5.1 

Hz, 2H), 7.12 (dd, J = 11.0, 8.6 Hz, 2H), 5.71 – 5.59 (m, 1H), 5.58 – 5.44 (m, 1H), 3.35 (d, J = 

7.2 Hz, 2H), 3.28 (d, J = 6.3 Hz, 0,5H), 1.77 (d, J = 7.9 Hz, 2H), 1.69 (d, J = 6.8 Hz, 0,5H), 1.24 

(s, 15H). 1H NMR (400 MHz, CDCl3) δ = 129.8, 128.5, 128.3, 127.4, 127.1, 125.8, 83.39, 24.8, 

24.7, 24.5. 11B NMR (128 MHz, CDCl3) δ = 33.1. HRMS-(ESI+) for C16H23BClO2 [M+H]+: 

calculated: 293.1480, found: 293.1474. 
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N,N-dimethyl-4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-2-en-1-yl)aniline 

(3.11) 

The product 3.11 was purified by flash column 

chromatography using as eluent a mixture of pentane:ethyl 

acetate (25:1). It was obtained as colorless oil (57.8 mg, 

38% yield) (E:Z = 3:1). 1H NMR(400 MHz, CDCl3) δ = 7.02 (t, 

J = 8.8 Hz, 2,5H), 6.68 (s, 2,5H), 5.63 – 5.39 (m, 2,5H), 3.24 (d, J = 6.4 Hz, 2H), 3.17 (d, J = 5.2 

Hz, 0,5H), 2.84 (s, 7H), 1.72 (d, J = 7.1 Hz, 2H), 1.61 (d, J = 5.5 Hz, 0,5H), 1.19 (s, 15H). 13C 

NMR (100 MHz, CDCl3) δ = 129.1, 124.6, 83.3, 41.3, 38.2, 32.3, 29.7, 24.8. 11B NMR (128 

MHz, CDCl3) δ = 33.1. HRMS-(ESI+) for C18H29BNO2 [M+H]+: calculated: 302.2291, found: 

302.2258. 

2-(4-(4-methoxyphenyl)but-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.13) 

The product 3.13 was purified by flash column 

chromatography using as eluent a mixture of pentane:ethyl 

acetate (10:1). It was obtained as colorless oil (46 mg, 32% 

yield) (E:Z = 4:1). 1H NMR(400 MHz, CDCl3) δ = 7.04 (t, J = 9.3 

Hz, 2,5H), 6.79 – 6.71 (m, 3H), 5.61 – 5.38 (m, 2,5H), 3.71 (s, 5H), 3.26 (d, J = 6.9 Hz, 2H), 

3.20 (d, J = 5.4 Hz, 0,5H), 1.72 (d, J = 7.6 Hz, 2H), 1.61 (d, J = 5.7 Hz, 0,5H), 1.18 (s, 15H). 13C 

NMR (100 MHz, CDCl3) δ = 133.3, 129.3, 129.3, 128.5, 126.9, 124.9, 113.8, 113.7, 113.6, 

83.3, 55.2, 32.3, 24.8, 24.8. 11B NMR (128 MHz, CDCl3) δ = 32.8. HRMS-(ESI+) for 

C17H25NaBO3 [M+Na]+: calculated: 311.1794, found: 311.1794. 

2-(4,4-diphenylbut-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.15) 

The product 3.15 was purified by flash column chromatography 

using as eluent a mixture of pentane:ethyl acetate (10:1). It was 

obtained as colorless oil (68 mg, 40% yield) (E:Z = 9:1). 1H NMR(400 

MHz, CDCl3) δ = 7.26 – 7.15 (m, 5H), 7.14 – 7.05 (m, 5H), 5.86 – 

5.72 (m, 1H), 5.45 (ddd, J = 15.0, 8.0, 6.8 Hz, 1H), 4.61 (d, J = 7.9 Hz, 

1H), 1.65 (d, J = 7.3 Hz, 2H), 1.17 (d, J = 1.1 Hz, 12 H). 13C NMR (100 

MHz, CDCl3) δ = 144.5, 132.8, 128.5, 128.2, 127.2, 126.0, 83.2, 54.0, 24.7. 11B NMR (128 

MHz, CDCl3) δ = 32.9. HRMS-(ESI+) for C22H28BO2 [M+H]+: calculated:  335.2182, found: 

335.2177. 
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2-(4-(furan-2-yl)but-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.17) 

The product 3.17 was purified by flash column chromatography 

using as eluent a mixture of pentane:ethyl acetate (10:1). It was 

obtained as colorless oil (7 mg, 15% yield) (E:Z = 4:1). 1H NMR(400 

MHz, CDCl3) δ = 7.33 – 7.28 (s, 1H), 6.32 (dt, J = 7.9, 3.9 Hz, 0,25H), 

6.30 – 6.24 (m, 1H), 6.12 – 6.09 (m, 0,25H), 6.02 – 5.94 (m, 1H), 5.74 – 5.44 (m, 2H), 3.39 (d, 

J = 6.7 Hz, 1), 3.33 (d, J = 6.5 Hz, 0,25H), 1.75 (d, J = 7.8 Hz, 2H), 1.70 (d, J = 6.7 Hz, 0,25H), 

1.25 (s, 3H), 1.25 (s, 12H). 13C NMR (100 MHz, CDCl3) δ = 140.9, 126.7, 110.1, 104.8, 83.3, 

26.1, 24.7. 11B NMR (128 MHz, CDCl3) δ = 33.0. HRMS-(ESI+) C14H22BO3 [M+H]+: calculated: 

249.1662, found: 249.1654. 

4,4,5,5-tetramethyl-2-(5-phenylpent-3-en-2-yl)-1,3,2-dioxaborolane (3.19) 

The product 3.19 was purified by flash column chromatography 

using as eluent a mixture of pentane:ethyl acetate (10:1). It was 

obtained as colorless oil (21 mg, 16% yield) (E:Z = 3:1). 1H NMR(400 

MHz, CDCl3) δ = 7.35 – 7.24 (m, 3H), 7.23 – 7.14 (m, 2H), 5.71 – 5.58 

(m, 1H), 5.57 – 5.40 (m, 1H), 3.43 – 3.38 (m, 0,3H), 3.35 (d, J = 6.6 Hz, 3H) 1.94 – 1.84 (m, 

1H), 1.24 (s, 12H), 1.23 (s, 3H), 1.09 (d, J = 7.3 Hz, 3H), 1.02 (d, J = 7.4 Hz, 1H). 13C NMR (100 

MHz, CDCl3) δ = 134.0, 128.4, 128.2, 126.6, 125.7, 83.1, 39.1, 24.7, 24.6, 14.9. 11B NMR (128 

MHz, CDCl3) δ = 33.8. HRMS-(ESI+) for C17H26BO2 [M+H]+: calculated 273.2026, found: 

273.2025. 

2-(5-(4-chlorophenyl)pent-3-en-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.21) 

 The product 3.21 was purified by flash column chromatography 

using as eluent a mixture of pentane:ethyl acetate (25:1). It was 

obtained as colorless oil (36 mg, 23% yield) (E:Z = 3:1). 1H 

NMR(400 MHz, CDCl3) δ = 7.18 – 7.12 (m, 2.5H), 7.05 (t, J = 10.8 Hz, 2.5H), 5.55 (dd, J = 15.3, 

7.4 Hz, 1.25H), 5.40 (m, 1.25H), 3.29 (d, J = 6.1 Hz, 0.5H), 3.23 (d, J = 6.7 Hz, 2H), 1.86 – 1.76 

(m, 1H), 1.16 (s, 15H), 1.01 (d, J = 7.3 Hz, 4H).  13C NMR (100 MHz, CDCl3) δ = 134.6, 129.8, 

128.3, 126.0, 83.1, 38.4, 24.7, 24.6, 14.9. 11B NMR (128 MHz, CDCl3) δ = 33.6. HRMS-(ESI+) 

for C17H25BClO [M+H]+: calculated: 307.1636, found: 307.1617. 

N,N-dimethyl-4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-2-en-1-yl)aniline 

(3.23) 

 The product 3.23 was purified by flash column 

chromatography using as eluent a mixture of pentane:ethyl 

acetate (25:1). It was obtained as colorless oil (59.9 mg, 38% 
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yield)(E:Z = 3:1). 1H NMR(400 MHz, CDCl3) δ = 7.08 (d, J = 8.3 Hz, 2H), 6.73 (s, 2H), 5.68 – 

5.38 (m, 2H), 3.26 (d, J = 6.5 Hz, 2H), 2.92 (s, 6H), 1.92 – 1.82 (m, 1H), 1.24 (s, 12H), 1.08 (d, 

J = 7.3 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ = 133.3, 129.0, 129.0, 127.9, 127.3, 83.0, 65.8, 

38.1, 24.7, 24.6, 24.6, 15.0. 11B NMR (128 MHz, CDCl3) δ = 34.0. HRMS (ESI) for C19H31BNO2 

[M+H]+: calculated: 316.2449, found: 316.2448. 

4,4,5,5-tetramethyl-2-(3-methyl-4-phenylbut-2-en-1-yl)-1,3,2-dioxaborolane (3.25) 

The product 3.25 was purified by flash column chromatography 

using as eluent a mixture of pentane:ethyl acetate (25:1). It was 

obtained as colorless oil (81.6 mg, 60% yield) (E:Z = 3:1). 1H 

NMR(400 MHz, CDCl3) δ = 7.27 – 7.03 (m, 8H), 5.36 (m, 2H), 3.28 (s, 2H), 3.23 (s, 1H), 1.70 

(d, J = 7.7 Hz, 2H), 1.59 (d, J = 7.7 Hz, 1H), 1.54 (d, J = 1.1 Hz, 3H), 1.43 (s, 1.5H), 1.18 (s, 18H).  
13C NMR (100 MHz, CDCl3) δ = 140.8, 140.3, 134.1, 133.8, 128.8, 128.7, 128.6, 128.2, 128.1, 

127.9, 125.8, 125.7, 120.6, 83.2, 46.2, 37.6, 24.8, 24.8, 24.8, 23.4. 11B NMR (128 MHz, CDCl3) 

δ = 33.3. HRMS (ESI) for C17H25BNaO2 [M+Na]+: calculated: 295.1845, found: 295.1867. 

6.3.7 General Procedure for the transition metal-free 1,4-hydroboration reaction 

for cyclic 1,3-dienes 

To an oven-dried Schlenk-flask equipped with a magnetic stir bar, B2pin2 (0.55 mmol, 1.1 

equiv) sodium carbonate (0.075 mmol, 0.15 equiv), dry methanol as solvent (1 mL), and 1,3-

diene (0.5 mmol, 1 equiv) were added. The vial was sealed with a plastic cap and heated to 

90 °C in an oil bath 16 hours.  Upon completion, the reaction mixture was concentrated 

under reduced pressure and a known amount of naphthalene (ca. 10 mg) as internal 

standard was added. An aliquot was taken to determine the conversion and selectivity by 
1HNMR and GC-MS analysis. The crude residue was purified by silica gel flash 

chromatography to afford the hydroborated product. 

6.3.8 Characterization of 1,4-hydroborated cyclic 1,3-dienes 

2-(cyclohex-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.27) 

The product 3.27 was purified by flash column chromatography using as eluent a 

mixture of pentane:dichloromethane (4:1). It was obtained as colorless oil (37 mg, 

35.5% yield). 1H NMR (400 MHz, CDCl3) δ = 5.75 – 5.50 (m, 2H), 1.98 – 1.86 (m, 

2H), 1.69 (ddd, J = 9.2, 8.1 Hz, 2H), 1.65 - 1.45 (m, 4H), 1.17 (s,12H). 13C NMR (100 

MHz, CDCl3) δ = 127.5, 126.0, 83.1, 24.9, 24.7, 24.6, 24.1, 22.5. 11B NMR (128 MHz, 

CDCl3) δ = 33.5 (br s). HRMS-(ESI+) for C12H21BO2 [M]+: calculated: 209.1713, found: 

209,1707. 
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2-((1S)-3-(2-ethylhexyl)cyclohex-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(3.29) 

The product 3.29 was purified by flash column chromatography using 

as eluent a mixture of pentane:ethyl acetate (40:1). It was obtained as 

colorless oil (37.8 mg, 59% yield). 1H NMR(400 MHz, CDCl3) δ = 5.39 (m, 

1H), 1.85 (m, 4H), 1.67 (m, 2H), 1.56 (m, 1H), 1.37 (m, 1H), 1.35 (m, 5H), 

1.23 (s, 12H), 1.19 (m, 5H), 0.87 (m, 3H), 0.81 (td, J = 7.4, 3.7 Hz, 3H). 13C 

NMR (100 MHz, CDCl3) δ = 43.2, 36.7, 32.6, 28.9, 28.2, 25.8, 24.8, 24.1, 

23.2, 23.1, 14.3, 10.8. 11B NMR (128 MHz, CDCl3) δ = 33.9 (br s). 

2-(6-isopropyl-3-methylcyclohex-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(3.31) 

The product 3.31 was purified by flash column chromatography using as 

eluent a mixture of pentane:ethyl acetate (20:1). It was obtained as 

colorless oil (78 mg, 59% yield). 1H NMR(400 MHz, CDCl3) δ = 5.23 (br s, 

1H), 1.94 (m, 2H), 1.67 (m, 2H), 1.63 (s, 3H), 1.56 (m, 1H), 1.49 (m, 1H), 

1.26 (m, 1H), 1.23 (d, J = 1.6 Hz, 12H), 0.91 (d, J = 6.7 Hz, 3H), 0.83 (d, J = 

6.8 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ = 133.3, 120.5, 83.1, 40.4, 31.3, 29.9, 24.9, 24.7, 

24.2, 24.1, 21.4, 18.5. 11B NMR (128 MHz, CDCl3) δ = 33.8 (br s). HRMS (ESI) for C16H29BO2 

[M]+: calculated: 265.2339, found: 265.2331. 

6.3.9 General procedure for the transition metal free 1,2-diboration reaction 

To an oven-dried Schlenk-flask equipped with a magnetic stir bar, B2pin2 (0.55 mmol, 1.1 

equiv), sodium carbonate (30 mol%), dry methanol as solvent (1 mL), and substrate 3.1, 3.4 

or 3.6 (0.5 mmol, 1 equiv) were added. The vial was sealed with a plastic cap and heated to 

70 °C in an oil bath for 16 hours. Upon completion, the reaction mixture was concentrated 

under reduced pressure and a known amount of naphthalene as internal standard was 

added. An aliquot was taken to determine the conversion and selectivity by 1HNMR and GC-

MS analysis. The crude residue was purified by silica gel flash chromatography to afford the 

diborated product.  
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6.3.10 Characterization of 1,2-diborated and 1,2,3-triborated products 

(E)-2,2’-(pent-3-ene-1,2-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (3.5) 

The product 3.5 was purified by flash column chromatography using 

pentane:ethyl acetate (20:1) as eluent. It was obtained as a colorless 

oil (41.2 mg, 33% yield). 1H NMR(400 MHz, CDCl3) δ = 5.49 (ddd, J = 

15.3, 7.6, 1.5 Hz, 1H), 5.41 – 5.30 (m, 1H), 1.90 (m, 1H), 1.61 (d, J = 6.2 

Hz, 3H), 1.20 (s, 24H), 0.98 (dd, J = 15.9, 9.2 Hz, 1H), 0.87 (dd, J = 15.9, 6.3 Hz, 1H). 13C NMR 

(100 MHz, CDCl3) δ = 133.6, 122.7, 83.0, 82.9, 82.8, 28.6, 25.7, 24.9, 24.8, 24.7, 18.2. 11B 

NMR (128 MHz, CDCl3) δ = 33.41 (br s). HRMS-(ESI+) for C17H33B2O4 [M+H+]+: calculated: 

323.2565, found: 323.2562. 

(Z)-2,2'-(3-phenylpent-3-ene-1,2-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (3.7) 

The product 3.7 was purified by flash column chromatography using 

as eluent a mixture of pentane:ethyl acetate (25:1). It was obtained 

as colorless oil (74 mg, 37% yield). 1H NMR(400 MHz, CDCl3) δ = 7.30 

– 7.16 (m, 2H), 7.15 – 7.03 (m, 3H), 5.53 – 5.39 (m, 1H), 2.20 (t, J = 8.2 

Hz, 1H), 1.42 (dd, J = 6.8, 0.8 Hz, 3H), 1.14 (d, J = 2.8 Hz, 12H), 1.07 (d, 

J = 7.0 Hz, 12H), 1.00 – 0.93 (m, 2H). 13C NMR (100 MHz, CDCl3) δ = 

144.5, 142.2, 129.0, 127.6, 126.0, 119.3, 83.0, 82.9, 24.9, 24.7, 24.7, 24.6, 14.8. 11B NMR 

(128 MHz, CDCl3) δ = 34.5. HRMS-(ESI+) for C23H36B2O4Na [M+Na+]+: calculated: 421.2697, 

found: 421.2701. 

2,3’,2’’-(4-phenylbutane-1,2,3-triyl)tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (3.3) 

The product 3.3 was purified by flash column chromatography 

using pentane:ethyl acetate (10:1) as eluent. It was obtained as 

a colorless liquid (167 mg, 65% yield). 1H NMR(400 MHz, CDCl3) 

δ = 7.20 (m, 4H), 7.08 (m, 1H), 2.72 (m, 2H), 1.50 (m, 1H), 1.31. 

(m, 1H), 1.21-1.19 (m, 24H), 1.10 (s, 6H), 1.08 (s, 6H), 0.91-0.78 

(m, 2H). 13C NMR (100 MHz, CDCl3) δ = 143.0, 129.1, 129.1, 127.8, 127.8, 125.2, 82.8, 82.8, 

82.7, 36.3, 24.9. 11B NMR (128 MHz, CDCl3) δ = 33.15 (br s). HRMS-(ESI+) for NaC28H47B3O6 

[M+Na]+: calculated: 535.3549, found: 535.3549. 

6.3.11 General procedure for oxidative reaction of borylated 1,4-hydroborated 

compounds 

The allylic alcohols were synthetized according to an adapted version of the general 

procedure using an oxidative work-up with hydrogen peroxide and sodium hydroxide. Once 
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1,4-hydroboration reaction of substrate is completed, the solvent was removed in vacuo 

and resolved within 2 mL of diethyl ether in a flask equipped with a magnetic stirrer. A 

solution of NaOH 3 M (2 mL) was added followed by of hydrogen peroxide 30 % of volume 

(1 mL). The reaction was allowed to stir 3 hours and then it was quenched with sodium 

thiosulfate. The mixture was washed with diethyl ether, dried over magnesium sulfate and 

filtered. Finally, the solution was concentrated under vacuo and purified by silica gel flash 

chromatography. 

6.3.12 Characterization of allylic alcohols 

4-phenylbut-2-en-1-ol (3.32) 

The product 3.32 was purified by flash column chromatography 

using pentane:ethyl acetate (1:1) as eluent. It was obtained as a 

colorless oil (28.9 mg, 40% yield) (E:Z = 3:1). 1H NMR(400 MHz, 

CDCl3) δ = 7.27 – 7.20 (m, 3H), 7.15 – 7.06 (m, 4H), 5.84 – 5.57 (m, 3H), 4.25 (d, J = 5.1 Hz, 

2H), 4.06 (ddd, J = 5.7, 2.2, 1.1 Hz, 1H), 3.38 (d, J = 5.4 Hz, 2H), 3.32 (d, J = 6.6 Hz, 1H). 13C 

NMR (100 MHz, CDCl3) δ = 131.1, 129.3, 128.5, 128.4, 128.3, 126.1, 58.6, 38.6, 33.6. HRMS-

(ESI+) for C10H13O [M+H+]+: calculated: 147.0810 found: 147.0804. 

4-(4-chlorophenyl)but-2-en-1-ol (3.33)  

The product 3.33 was purified by flash column 

chromatography using as eluent a mixture of pentane:ethyl 

acetate (4:1). It was obtained as colorless oil (35.1 mg, 17% 

yield) (E:Z = 3:1). 1H NMR(400 MHz, CDCl3) δ = 7.26 (d, J = 3.1 Hz, 3H), 7.11 (d, J = 8.2 Hz, 

3H), 5.88 – 5.63 (m, 3H), 4.30 (s, 2H), 4.13 (s, 1H), 3.41 (d, J = 7.1 Hz, 2H), 3.35 (d, J = 6.6 Hz, 

1H). 13C NMR (100 MHz, CDCl3) δ = 138.6, 130.7, 130.6, 129.9, 129.6, 128.6, 128.5, 58.55, 

33.0. HRMS-(ESI+) for C10H12ClO[M+H+]+: calculated: 181.0420 found: 181.0415.  

4-(4-(dimethylamino)phenyl)but-2-en-1-ol (3.34) 

The product 3.34 was purified by flash column 

chromatography using as eluent a mixture of 

pentane:ethyl acetate (4:1). It was obtained as colorless oil 

(39.2 mg, 41% yield) (E:Z = 3:1). 1H NMR(400 MHz, CDCl3) 

δ = 7.09 (d, J = 8.5 Hz, 3H), 6.81 (br s, 2H), 6.73 (br s, 1H), 6.02 – 5.61 (m, 3H), 4.31 (t, J = 4.7 

Hz, l,2H), 4.12 (t, J = 5.1 Hz, 1H), 3.37 (d, J = 5.7 Hz, 2H), 3.31 (d, J = 6.6 Hz, 1H), 2.96 (s, 1,5H), 

2.94 (s, 3H). 13C NMR (100 MHz, CDCl3) δ = 129.3, 129.0, 128.8, 127.0, 63.6, 58.5, 37.7, 36.5, 

32.6, 29.7. HRMS-(ESI+) for C12H17NO [M]+: calculated: 191.1310, found: 191.1308. 
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4-(4-methoxyphenyl)but-2-en-1-ol (3.35) 

The product 3.35 was purified by flash column 

chromatography using as eluent a mixture of pentane:ethyl 

acetate (4:1). It was obtained as colorless oil (34.4 mg, 36% 

yield) (E:Z = 4:1). 1H NMR(400 MHz, CDCl3) δ = 7.12 – 7.07 

(m, 3.5H), 6.84 (d, J = 8.6 Hz, 3.5H), 5.89 – 5.79 (m, 0.7H), 5.78 – 5.64 (m, 2.7H), 4.33 – 4.30 

(m, 2H), 4.13 (dd, J = 5.8, 1.0 Hz, 1.4H), 3.79 (s, 5.2H), 3.39 (d, J = 5.8 Hz, 2H), 3.33 (d, J = 

6.8 Hz, 1.5H), 1.25 (s, 1.7H). 13C NMR (100 MHz, CDCl3) δ = 157.99, 132.24, 131.62, 129.96, 

129.52, 129.24, 128.97, 127.22, 113.97, 113.89, 63.60, 62.11, 58.56, 55.31, 37.76, 36.42, 

32.75. HRMS-(ESI+) for C11H14O2 [M]+: calculated: 178.0994, found: 178.0988. 

4,4-diphenylbut-2-en-1-ol (3.36) 

The product 3.36 was purified by flash column chromatography 

using as eluent a mixture of pentane:ethyl acetate (4:1). It was 

obtained as colorless oil (0.27 mmol, 60.1 mg, 50% yield) (E:Z = 

9:1). 1H NMR(400 MHz, CDCl3) δ = 7.36 – 7.26 (m, 5H), 7.24 – 7.15 

(m, 5H), 6.28 – 6.12 (ddt, J = 15.3, 7.5, 1.5 Hz, 1H), 5.63 (dtd, J = 

15.4, 5.7, 1.3 Hz, 1H), 4.75 (d, J = 7.5 Hz, 1H), 4.19 (d, J = 5.7, 2H). 
13C NMR (100 MHz, CDCl3) δ = 143.3, 134.4, 130.9, 128.5, 128.5, 126.4, 63.4, 53.6. HRMS-

(ESI+) for C16H16O [M]+: calculated: 224.1201 found: 224.1196. 

5-phenylpent-3-en-2-ol (3.37) 

The product 3.37 was purified by flash column chromatography 

using as eluent a mixture of pentane:ethyl acetate (4:1). It was 

obtained as colorless oil (35.6 mg, 44% yield) (E:Z = 3:1). 1H 

NMR(400 MHz, CDCl3) δ = 7.30 (m, 2H), 7.20 (m, 3H), 5.89 – 5.70 

(m, 1H), 5.70 – 5.49 (m, 1H), 4.41 – 4.24 (m, 1H), 3.47 (m, 0.5H), 3.37 (d, J = 6.7 Hz, 2H), 1.54 

(s, 1H), 1.28 (d, J = 6.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ = 140.1, 135.5, 129.5, 128.5, 

128.8, 126.1, 68.7, 65.9, 38.5, 23.3, 15.3. HRMS-(ESI+) for C11H15O [M+H]+: calculated: 

163.1123  found: 163.1117. 

4-(4-(dimethylamino)phenyl)but-2-en-1-ol (3.38) 

The product 3.38 was purified by flash column 

chromatography using as eluent a mixture of 

pentane:ethyl acetate (4:1). It was obtained as colorless oil 

(42.0 mg, 41% yield) (E:Z = 3:1). 1H NMR(400 MHz, CDCl3) 

δ = 7.00 (d, J = 8.5 Hz, 2.5H), 6.77 – 6.54 (m, 2.5H), 5.80 – 5.60 (m, 1.25H), 5.61 – 5.35 (m, 

1.25H), 4.30 – 4.12 (m, 1H), 3.30 (d, J = 6.9 Hz, 0.5H), 3.20 (d, J = 6.7 Hz, 2H), 2.88 (s, 1H), 
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2.86 (s, 6H), 1.23 (d, J = 6.3 Hz, 0.75H), 1.20 (d, J = 6.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 

= 134.8, 130.3, 129.2, 128.9, 127.0, 113.2, 112.6, 68.8, 67.4, 41.0, 40.6, 37.6, 23.7, 23.3. 

HRMS-(ESI+) for C12H19NO [M]+: calculated 205.1467 found: 205.1467. 

5-(4-chlorophenyl)pent-3-en-2-ol (3.39) 

The product 3.39 was purified by flash column 

chromatography using as eluent a mixture of pentane:ethyl 

acetate (4:1). It was obtained as colorless oil (38.0 mg, 39% 

yield)(E:Z = 3:1).  1H NMR(400 MHz, CDCl3) δ = 7.26 (m, 2H), 

7.11 (d, J = 8.2 Hz, 2H), 5.76 (m, 1H), 5.64 – 5.53 (m, 1H), 4.31 (m, 1H), 3.33 (d, J = 6.7 Hz, 

2H), 1.27 (dd, J = 6.4, 0.6 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ = 143.3, 134.4, 130.9, 129.9, 

128.6, 128.5, 128.4, 128.1, 126.4, 63.5, 53.6. HRMS-(ESI+) for C11H14ClO [M+H]+: calculated: 

197.0733, found: 197.0728. 

3-methyl-4-phenylbut-2-en-1-ol (3.40) 

The product 3.40 was purified by flash column chromatography 

using as eluent a mixture of pentane:ethyl acetate (4:1). It was 

obtained as colorless oil (41.0 mg, 50% yield)(E:Z = 3:1). 1H 

NMR(400 MHz, CDCl3) δ = 7.27 – 7.17 (m, 2H), 7.17 – 7.04 (m, 3H), 

5.52 (t, J = 6.7 Hz, 1H), 4.21 (d, J = 7.1 Hz, 2H), 3.35 (s, 2H), 1.61 (d, 

J = 0.9 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ = 128.6, 128.5, 128.4, 128.2, 126.1, 125.2, 59.3, 

37.9, 23.5. HRMS-(ESI+) for C11H15O [M+H]+: calculated: 163.1123, found: 163.1117. 

Cyclohex-2-en-1-ol (3.41) 

The product 3.41 was purified by flash column chromatography using as eluent a 

mixture of pentane:ethyl acetate (4:1). It was obtained as colorless oil (16.0 mg, 

33% yield). 1H NMR(400 MHz, CDCl3) δ = 5.84 (dtd, J = 10.0, 3.6, 1.2 Hz, 1H), 5.80 

– 5.71 (m, 1H), 4.20 (s, 1H), 2.10 – 1.94 (m, 4H), 1.94 – 1.80 (m, 3H), 1.79 – 1.67 

(m, 3H), 1.66 – 1.52 (m, 7H). 13C NMR (100 MHz, CDCl3) δ = 130.6, 129.8, 65.5, 

32.0, 29.7, 25.0, 18.9. HRMS-(ESI+) for C6H11O [M+H]+: calculated: 99.0810, found: 99.0804. 
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3-(2-ethylhexyl)cyclohex-2-en-1-ol (3.42) 

The product 3.42 was purified by flash column chromatography using 

as eluent a mixture of pentane:ethyl acetate (4:1). It was obtained as 

colorless oil (37.1 mg, 68% yield). 1H NMR(400 MHz, CDCl3) δ = 5.52 – 

5.44 (m, 2H), 4.19 (s, 2H), 1.89 (d, J = 7.2 Hz, 6H), 1.84 – 1.65 (m, 5H), 

1.64 – 1.51 (m, 5H), 1.45 – 1.32 (m, 4H), 1.32 – 1.12 (m, 17H), 0.93 – 

0.76 (m, 12H). 13C NMR (100 MHz, CDCl3) δ =141.6, 125.1, 125.0, 65.9, 

65.9, 42.4, 36.5, 36.4, 32.6, 32.4, 31.9, 31.9, 28.8, 28.7, 28.4, 28.4, 25.7, 

25.5, 23.0, 19.1, 19.1, 14.1, 10.7, 10.6. HRMS-(ESI+) for C14H26O [M]+: calculated: 210.1984, 

found: 210.1934. 

6-isopropyl-3-methylcyclohex-2-en-1-ol (3.43) 

The product 3.43 was purified by flash column chromatography using as 

eluent a mixture of pentane:ethyl acetate (20:1). It was obtained as 

colorless oil (38.0 mg, 50% yield). 1H NMR(400 MHz, CDCl3) δ = 5.37 (s, 

1H),4.01 (d, J = 6.7 Hz, 1H), 2.00 (hept, J = 3.6 Hz, 1H), 1.91 (m, 2H), 1.67 

(s, 3H), 1.65 (m, 1H), 1.25 (m, 2H), 0.96 (d, J = 6.9 Hz, 3H), 0.83 (d, J = 6.9 

Hz, 3H). 13C NMR (100 MHz, CDCl3) δ = 137.8, 125.4, 69.3, 48.0, 30.2, 26.6, 23.3, 21.4, 21.0, 

17.5. HRMS-(ESI+) for C10H18O [M]+: calculated: 154.1358, found: 154.1355.  
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6.4 Experimental section for Chapter 4 

6.4.1 Descriptors  

The descriptors computed in this work are collected in Table 6.1 and 6.2 for anionic 

intermediates and Table 6.3 for boryl alkylidene lithium salts and -boryl alkyl transition 

metal complexes. The computed descriptors include: 1) the calculated protonation Gibbs 

free-energies (∆Gprot.) for the acid-base reaction of cyclopentadiene with α-borylcarbanion, 

resulting in the corresponding cyclopentadienyl anion and neutral -boryl species; 2) the 

energy of the Highest Occupied Molecular Orbital (EHOMO), formally corresponding to the C-

B -orbital in eV; 3) the bond distance averaged for all the C-B bonds (dC-B av.) in Å; 4) the 

NBO atomic charge supported on carbanion atom (q(C)); 5) the average atomic charge for 

the boron atoms (q(B)av.); 6) the charge of borata-alkene fragment including the atomic 

charge of the carbanion and the averaged atomic charge of boron atoms (Bav.=C); 7) the 

charge of borata-alkene fragment including also the substituents of the carbanion 

(Bav.=C(R1R2)); 8) the total Wiberg bond order of the carbanion (∑C-R3 bond order); 9) the sum 

of Wiberg bond orders for the C-B bonds (∑C-Bbo); 10) the average of Wiberg bond orders 

for the C-B bonds (C-Bbo-av.); forcing a Lewis structure with the carbanion forming 3 bonds, 

11) the NBO population of the perpendicular boron p orbital (p┴(B)) in the anionic species, 

12) the increase of the NBO population in the perpendicular p orbital from the 

corresponding neutral, protonated species (∆[p┴(B)-p┴(B)prot] = p┴(B)prot - p┴(B)); 13) the 

NBO population of the lone pair electron for the carbanionic atom (p(C)); 14) the p/s ratio 

in carbanion-metal bonds, defined as the ratio between the p and s atomic orbitals of 

carbon in the C-M σ bond; 15) the free-energy for the dissociation of the carbanion ligand 

from the metal (∆Gbond), shown in Figure 6.1;  and 16) the distance-weighed volume 

parameter (VW) used to evaluate the impact of steric hindrance, using equation 6.1 (see also 

Computational Details in Chapter 4):  

𝑉𝑊 =∑
𝑟3

𝑑𝑖

𝑁

𝑖=1

 

Equation 6.1. Equation for the distance-weighted volume (VW) parameter.  
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Table 6.1. Values of the computed descriptors described above for α-boryl carbanion species. Gibbs free 
energies (∆Gprot.) in kcal·mol-1, HOMO energy (EHOMO) in eV, distances (dC-B av.) in Å, charges in a.u., and Wiberg 
bond orders. 

Entry ∆Gprot. EHOMO dC-B av.
 q(C) q(B)av. Bav.=C Bav.=C(R1R2) 

∑C-R3  

bond order 
∑C-Bbo C-Bbo-av. 

1aPhF 19.7 -2.87 1.44 -0.88 0.33 -0.54 -0.13 3.79 1.73 1.73 

1ames -0.2 -2.20 1.45 -0.98 0.39 -0.59 -0.20 3.73 1.69 1.69 

1adan -23.2 -1.19 1.45 -1.14 0.74 -0.40 -0.03 3.60 1.57 1.57 

1bdan -20.5 -1.14 1.45 -0.89 0.75 -0.13 -0.22 3.66 1.52 1.52 

1epin -35.1 -0.20 1.43 -0.52 0.84 0.32 0.10 3.68 1.51 1.51 

1cdan -3.1 -1.72 1.48 -0.84 0.86 0.02 -0.11 3.71 1.26 1.26 

1apin -33.6 -0.58 1.44 -1.20 0.91 -0.30 0.08 3.55 1.56 1.56 

1bpin -30.6 -0.56 1.45 -0.95 0.92 -0.03 -0.12 3.62 1.50 1.50 

1cpin -7.2 -1.27 1.47 -0.89 1.04 0.14 -0.20 3.68 1.25 1.25 

1aNpin -45.3 0.22 1.58 -1.06 0.75 -0.31 0.03 3.55 1.56 1.56 

2a2dan 6.7 -2.51 1.48 -1.24 0.90 -0.34 -0.12 3.56 2.48 1.24 

2b2dan 5.1 -2.38 1.48 -1.01 0.91 -0.10 -0.15 3.61 2.40 1.20 

2c2dan 15.5 -2.62 1.48 -1.00 0.94 -0.06 -0.25 3.61 2.23 1.12 

2apindan 0.3 -2.25 1.48 -1.20 0.98 -0.22 0.01 3.54 2.48 1.24 

2bpindan 2.2 -2.11 1.48 -1.05 1.00 -0.05 -0.10 3.59 2.39 1.20 

2cpindan 11.8 -2.45 1.50 -1.04 1.03 -0.01 -0.18 3.59 2.24 1.12 

2a2pin -10.9 -1.85 1.47 -1.33 1.07 -0.26 -0.02 3.51 2.46 1.23 

2b2pin -8.7 -1.67 1.48 -1.10 1.09 -0.01 -0.05 3.56 2.38 1.19 

2c2pin 2.2 -2.01 1.50 -1.08 1.12 0.05 -0.15 3.57 2.20 1.10 

33dan 22.4 -3.25 1.51 -1.37 0.97 -0.40 -0.40 3.46 3.27 1.09 

32pindan 18.7 -2.95 1.52 -1.40 1.03 -0.37 -0.37 3.44 3.26 1.09 

3pin2dan 12.6 -3.14 1.50 -1.44 1.09 -0.35 -0.35 3.42 3.24 1.08 

33pin -1.8 -2.61 1.50 -1.49 1.15 -0.33 -0.33 3.39 3.21 1.07 
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Table 6.2. Values of the computed descriptors described above for α-boryl carbanion species. NBO population 
analysis of the wave function corresponding to a Lewis structure defining a carbanion bonded to 3 substituents 
with single bonds. 

Entry p┴(B) p┴(B)prot  ∆[p┴(B)-p┴(B)prot] p(C) 

1aPhF 0.72 0.18 0.54 1.19 
1ames 0.65 0.15 0.50 1.29 
1adan 0.63 0.39 0.24 1.49 
1bdan 0.64 0.39 0.24 1.45 
1epin 0.67 0.38 0.28 1.40 
1cdan 0.52 0.40 0.12 1.38 
1apin 0.67 0.36 0.32 1.31 
1bpin 0.63 0.36 0.27 1.47 
1cpin 0.52 0.36 0.16 1.38 

1aNpin 0.69 0.41 0.28 1.36 
2a2dan 0.99 0.80 0.20 1.41 
2b2dan 0.99 0.80 0.20 1.39 
2c2dan 0.94 0.81 0.13 1.38 

2apindan 0.99 0.76 0.23 1.41 
2bpindan 0.99 0.76 0.23 1.39 
2cpindan 0.94 0.75 0.19 1.38 
2a2pin 0.98 0.72 0.26 1.42 
2b2pin 0.98 0.72 0.25 1.40 
2c2pin 0.91 0.73 0.18 1.38 
33dan 1.35 1.21 0.14 1.38 

32pindan 1.33 1.17 0.16 1.37 
3pin2dan 1.32 1.13 0.18 1.38 

33pin 1.29 1.08 0.21 1.40 
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Table 6.3. Values of the computed descriptors described above and charge of the carbanion fragment (q[C]) for 
borly alkylidene lithium salts and α-boryl alkyl Cu+, Ag+ and Pd2+ complexes. Gibbs free energies (∆Gbond.) in 
kcal·mol-1, HOMO energy (EHOMO) in eV, distances in Å, charges in a.u., and the steric descriptor distance-weight 
volume (VW). 

Entry EHOMO C-Bbo-av. dC-B av.
 q[C] p/s VW ∆Gbond 

1apin-Li -6.46 1.36 1.48 -0.88 - 0.0 29.9 

1bpin-Li -6.14 1.35 1.48 -0.89 - 0.0 22.4 

1cpin-Li -5.95 1.23 1.49 -0.93 - 0.0 29.2 

1adan-Li -6.27 1.29 1.50 -0.89 - 0.0 20.1 

1bdan-Li -6.18 1.37 1.49 -0.91 - 0.0 23.0 

1cdan-Li -6.09 1.25 1.50 -0.94 - 0.0 16.2 

1epin-Li -6.27 1.23 1.50 -0.87 - 0.0 28.7 

2a2pin-Li -6.52 1.21 1.49 -0.92 - 0.0 30.0 

2b2pin-Li -6.18 1.09 1.49 -0.92 - 0.0 16.7 

2c2pin-Li -6.08 1.13 1.50 -0.93 - 0.0 29.2 

2apindan-Li -6.36 1.21 1.50 -0.93 - 0.0 15.8 

2bpindan-Li -6.33 1.18 1.50 -0.93 - 0.0 23.8 

2cpindan-Li -5.81 1.08 1.52 -0.94 - 0.0 12.0 

33pin-Li -6.73 1.04 1.51 -0.92 - 0.0 15.8 

1apin-Cu -6.32 1.17 1.51 -0.66 6.45 4.5 37.5 

1bpin-Cu -5.98 1.16 1.51 -0.67 7.75 4.4 36.2 

1cpin-Cu -5.76 1.08 1.52 -0.73 - 40.8 25.3 

1adan-Cu -5.89 1.13 1.53 -0.66 5.75 40.6 34.7 

1epin-Cu -6.34 0.96 1.55 -0.62 2.60 41.1 36.6 

2a2pin-Cu -6.49 1.06 1.52 -0.71 - 39.7 28.4 

2b2pin-Cu -6.15 1.05 1.52 -0.73 - 40.2 27.1 

2c2pin-Cu -6.06 1.00 1.53 -0.74 - 39.9 19.7 

33pin-Cu -6.52 0.96 1.52 -0.73 25.73 40.3 25.8 

33dan-Cu -6.16 0.99 1.54 -0.77 - 39.5 23.6 

1apin-Ag -6.26 1.17 1.51 -0.64 8.84 38.1 37.1 

2a2pin-Ag -6.44 1.04 1.52 -0.69 16.84 39.1 14.4 

33pin-Ag -10.35 0.97 1.52 -0.72 - 38.5 25.6 

1apin-Pd -7.80 0.97 1.55 -0.21 0.97 46.3 67.1 

2a2pin-Pd -7.66 0.92 1.54 -0.23 0.92 46.4 55.4 

33pin-Pd -7.50 0.86 1.57 -0.25 0.86 44.6 43.4 

 

Figure 6.1. Schematic representation of the process for carbanion dissociation from the metals, used in the 

calculation of the bond dissociation free-energies (∆Gbond). 
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6.4.2 Cambridge Structure Database (CSD) search 

We defined different search queries (Figure 6.2 and 6.3) to produce the histogram of C-B 

distances depicted in Chapter 4. For boryl alkylidene lithium salts, we combined two queries 

(Figure 6.2). Both the carbon and the boron atoms in borata-alkene motif are defined as 

trivalent atoms, bonded to each other with any-type bond, and to other non-metal groups 

(NM). Then, the negative charge can be supported on the carbon atom (Figure 6.2a), or on 

the boron atom (Figure 6.2b). This search resulted in 14 hits.  

For transition-metal α-boryl carbanions (Figure 6.3), the C-B bond is defined as any-type, 

both the carbon and the boron are linked to non-metal groups (NM). Then, we combined 

three possible queries in which the boron is defined as a trivalent atom, and the carbanion 

is bonded to the transition metal group (Figure 6.3a); the boron is defined as a negative 

tetravalent atom bonded to a transition metal (Figure 6.3b); or both, the carbon and the 

boron are defined as tetravalent atoms, linked to a transition metal (Figure 6.3c). This 

structural search resulted in 46 hits (Table 6.4). 

 

Figure 6.2. Structural motifs combined for the search query of X-ray structures in CSD for boryl alkylidene lithium 

salts. 

 

Figure 6.3. Structural motifs combined for the search query of X-ray structures in CSD for α-boryl alkyl transition 

metal complexes.  
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Table 6.4. Structures found in the CSD searches are defined in the structural motifs of Figures 6.2 and 6.3. The 
results are divided into three sets: lithium salts in red, carbanions interacting with early transition-metals and 
Cu in green, and carbanion interacting with other late transition-metals in blue. 

CSD Entry Metal dC-B av. (Å) CSD Entry Metal dC-B av. (Å) 
CSD 

Entry 
Metal dC-B av. (Å) 

EXINOO Li 1.48 HOVWAQ Ti 1.48 CAFCAP Hg 1.55 

FALGAA Li 1.52 HOKSEI Cu 1.51 OVUBEO Ru 1.53 

FEBLUW Li 1.45 KEYGOK Zr 1.48 NADXEY Pd 1.55 

FEBMAD Li 1.44 NAJXIF Ti 1.50 KOLFAU Ru 1.56 

FEBNIM Li 1.44 QIZTUO Ti 1.48 JARXIJ Au 1.56 

FEWWUZ Li 1.44 SAKWEG Ti 1.60 JOHXAH Pt 1.52 

GODKAO Li 1.48 TIYGIS Hf 1.49 XUVKIL Rh 1.48 

GIZQUEO Li 1.54 TIYGOY Hf 1.47 YOHNUE Pt 1.55 

HULCUP Li 1.47 XOWFAR Zr 1.48 TUCRIV Zn 1.52 

JIXXAS Li 1.44 XOWFEV Zr 1.48 TUCRUH Zn 1.61 

OPAXAG Li 1.47 WUVFUR Cr 1.52 IHAFAA Fe 1.56 

PILKIH Li 1.45 YORGIY Mn 1.48 JOHKUO Pt 1.52 

YUNJEY Li 1.51 TABWAU Ta 1.58 PATLEE Ni 1.61 

ZEKTEQ Li 1.49 BOMYAF Ta 1.51 SAPCAN Pt 1.51 

DEGVUH Cu 1.52 MAPJES Ta 1.52 VUFMER Rh 1.49 

DOGGEN Zr 1.47 OVUBIS Ru 1.66 VUFMIV Rh 1.47 

GIVCEV Zr 1.53 QEXFAD Ru 1.58 WUVFOL Au 1.50 

HAYGUJ Zr 1.54 QEXFIL Ru 1.58 XUVKIL Rh 1.48 

HOBCOQ Ti 1.49 AQUYAM Ru 1.57 XUVRAK Rh 1.48 

HOBCOQ01 Ti 1.49 AQUYIU Ru 1.56 ROKBID Fe 1.56 
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Organoboron chemistry has become a fundamental pillar in synthesis, as it has been 

demonstrated over the last decades. Figure 7.1 shows a graphic that represents the number 

of publications that mention the use of bis(pinacolato)diboron, as a reference boron source, 

over the years. The picture clearly shows the exponential trend up to almost 2500 

publications in 2020 that involves the use of bis(pinacolato)diboron. This pronounced 

upward trend demonstrates the usefulness of organoboron chemistry as an efficient tool in 

organic synthesis since the organoboron compounds can be easily transformed into desired 

functional groups. Here we contribute to expand the field through new methodologies that 

give access to unprecedented organoboron compounds with the emphasis on the efficiency 

of the protocols and the versatility of the products. The deep understanding of the 

experimental observations and the predictions on the efficient C-B bond formation have 

attracted our attention and efforts by conducting computational studies on the mechanisms 

and the reactivity trends. They have been performed in combination with experiments. 

 

Figure 7.1. Representation of the publications about the use of bis(pinacolato)diboron boron source over the 

decades until October 2021. Source: SciFinder. 

As discussed in Chapters 2 and 3, we aimed to develop an efficient and selective manner to 

borylate π-systems, due to the importance of selective organoboron compounds in 

synthesis, medicinal and material science.  

Chapter 2 disclosed the copper-catalyzed borylation of π-systems to generate chemo- and 

diastereoselective 2-(borylmethyl)cycloalkanols up to five member-ring from alkenyl 

aldehydes. We demonstrated that the Cu-Bpin intermediate regioselectively reacts with 

electron-deficient C=C bonds followed by concomitant intramolecular Cu-C addition to the 

carbonyl moiety, giving the corresponding 2-(borylmethyl)cycloalcohol. However, the 

electron-rich C=C bonds seem to be less reactive with Cu-Bpin species, and consequently, 

the borylcuppration of C=O is favoured towards the formation of α-hydroxyboronate esters 

(Figure 7.2). The diastereoselectivity observed in the formation of 2-

(borylmethyl)cycloalcohols was the anti configuration proved by NOE experiments and X-
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Ray diffraction data (Figure 7.2). An exception was observed when a bulky group was 

bonded to the double bond, such as the 2-naphthyl group, giving as a result, a mixture of 

anti and syn diastereoisomers, this last one, as oxaborole bicyclic ring species, which was 

confirmed by X-Ray diffraction analysis (Figure 7.2). In addition, DFT calculations disclosed 

the mechanism, suggesting the intermediacy of CuI complex instead of CuIII, as it was 

postulated by Ito and co-workers using ketones instead of aldehydes. The key steps that 

explain the origin of the chemo- and diastereoselectivity were calculated. The first 

transition state (TS1 vs TS1’, Figure 7.2) decides the chemoselectivity through the boryl-

copper complex, that attacks to the C=C versus C=O bonds. The second transition state 

explains the diastereoselectivity (TS2anti vs TS2syn, Figure 7.2), since the intramolecular 

attack of organocopper to the formyl group can adopt two stereoconfiguration.  

 

Figure 7.2. The general outlook discussed in Chapter 2 of copper-catalyzed borylative intramolecular cyclization 

using γ-alkenyl aldehydes.  

Chapter 3 focused on the transition-metal-free borylation of the conjugated π-system 1,3-

dienes. We developed a novel method optimizing the 1,4-hydroboration with the sole 

addition of base (Na2CO3) and methanol as solvent. We found that arylbutadiene substrates 

were essential in developing the 1,4-hydroboration (Scheme 7.1a), contrary to non-

activated dienes, which gives the 1,2-diboration (Scheme 7.1b). Interestingly, the transition-

metal-free 1,4-hydroboration provides a stereoselective preference for the E-isomer as the 

main product (Scheme 7.1a). On the other hand, we extended this reactivity to cyclic 1,3-
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dienes, enhancing the usefulness of this transition-metal-free catalysis (Scheme 7.1c). DFT 

calculations in cyclic and non-cyclic systems provide us insight into this reactivity, allowing 

to understand the regioselectivity towards 1,4-hydroboration and the stereoselectivity 

towards the E-isomer. We postulated that the preference for the E-isomers comes from a 

previous isomerization of the trans 1,3-diene to the cis conformer. Thus the TS1-Z is 1.7 

kcal·mol-1 higher than the E-isomer TS1-E (Scheme 7.1a). Interestingly, cyclic dienes react 

to give the 1,4-hydroborated product, going through a less stabilized allylic intermediate, 

which is in equilibrium with a boracyclic one. This reaction was less efficient, so we had to 

warm up until 90 °C. The DFT calculation agrees with the experimental results, showing a 

higher energy demand for the boryl attack to the diene. The observed regioselectivity was 

explained from the charge distribution of the allylic intermediate formed upon borylation 

that shows a large negative charge on the C1 (Scheme 7.1c). 

 

Scheme 7.1. The general outlook discussed in Chapter 3 for intermolecular transition-metal-free borylation of 

1,3-dienes. 

Finally, Chapter 4 was focused on building tendency maps of α-boryl carbanions employing 

computational descriptors to gauge their structural and electronic features and correlate 

them with the stability and reactivity of the carbanionic species. We started with the 

analysis of bare anionic species in order to evaluate the influence of the boryl moiety, the 

substituents on the carbanionic carbon and the number of boryl substituents. We found 

that HOMO energy (EHOMO) describes the reactivity/stability of these carbanions efficiently, 

having an inverse linear correlation with the free energy of protonation (ΔGprot.). The sum 

of the Widberg bond-order (ΣC-Bbo) is useful to classify the mono-, di- or triborylated species 

and to differentiate between carbon substituents. These two descriptors and a set of 22 

structures allowed us to build a tendency map, in which the nucleophilic reactivity increases 
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right (higher HOMO energies) and down (lower ΣC-Bbo values). Here, we identify a newly 

designed α-boryl carbanion with potential enhanced nucleophilicity, the 4,4,5,5-

tetramethyl-1,3,2-diazaboryl methide anion (1aNpin). Then, we expanded our study to more 

realistic systems consisting of α-boryl carbanions stabilized with metals such as lithium, 

copper, silver and palladium. Computational and crystallographic analysis classify these 

species into three different families that can be directly related to their reactivity: 1) borata-

alkene salts with alkali and alkaline earth metals such as Li, 2) η2-(C,B) borata-alkene 

complexes with early transition metals, Cu and Ag and 3) α-boryl alkyl complexes with late 

transition metals salt such palladium. Figure 7.3 maps this dataset using two descriptors, 

the negative charge of the non-metal fragment (q[C]) and the C-B bond order (C-Bbo-av.), 

which can be used to predict the nucleophilicity and the nature of the α-boryl carbanionic 

species, respectively. The map shows an order of nucleophilic reactivity that is consistent 

with experimental background, Li > Cu ≌ Ag > Pd; Moreover, vinyl carbanionic 1epin-Cu 

complex is placed in a different area of the chemical space, suggesting a new reactivity for 

this copper α-boryl carbanion compound. We hope that this map and the underlying 

dataset will facilitate the optimization of novel -boryl carbanion reagents and assist their 

selection along with the desired reactivity. 

 

Figure 7.3. Representation of the average of C-B Wiberg bond orders (C-Bbo-av.) versus the overall charge of the 

carbanionic fragment (q[C]) divided into three different types of species: 1) borata-alkene lithium salts 

highlighted in red circle, 2) η2-(C,B) borataalkene complexes highlighted in ochre circle, and 3) α-boryl alkyl 

complexes highlighted in blue circle. 
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