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Abstract: Diboron reagents can be activated both, from a metal or free-
metal context, and consequently the addition of boryl units to unsaturated 
substrates proceeds sometimes with complementary selectivity. We 
highlight here the power of boron chemistry to functionalize molecules 
and provide new routes towards challenging compounds 

INTRODUCTION 

Diboron reagents have been used on borylation reactions since Schlesinger et al.,[1,2] found that 
diboron tetrachloride reacted with one mole of ethylene to form a liquid compound assigned as 
Cl2BCH2CH2BCl2. The search of diboron reagents that can be easier to handle has provided 
nowadays the possibility to use commercially available bis(pinacolato)diboron, B2pin2, which has 
been essentially used in catalytic diboration, -boration, hydroboration and borylation of 
unsaturated substrates, by means of transition metals complexes that activates the pinB-Bpin bond 
to generate M-Bpin units.[3-5] Depending on the metal involved, the Bpin moiety can react as an 
electrophile or nucleophile motive, opening a wide range of applicability.[6,7] Recently, another 
mode of activation of diboron reagents in the absence of transition metal complexes, has pointed 
out the possibility to run organocatalytic boron addition reactions with quimio-, regio- and 
enantioselectivity, by the sole use of catalytic amounts of Lewis bases (such as alkoxides or N-
heterocyclic carbenes).[8-16] In our hands, we have observed that the addition of methoxide to 
B2pin2 can quaternize the Bpin moiety and enhance the nucleophilic character of the sp2 Bpin 
fragment.[10,16] At that point, the reactivity of the Lewis acid-base adducts become somewhat 
unpredictable. In this manuscript we highlight the use of MeO-→Bpin-Bpin and MeO-→Bpin-Bdan 
(dan= naphthalene-1,8-diaminato) towards the functionalization of activated and non- activated 
substrates. We also compare here, in some cases, the reactivity of the nucleophilic sp2 Bpin 
fragments with Cu-Bpin species, taking into consideration the remarkable high nucleophilic 
character of Bpin moiety when is coordinated to Cu (I). 
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CATALYTIC -BORATION OF -UNSATURATED CARBONYL COMPOUNDS 

 
We were working on the copper mediated -boration of -unsaturated carbonyl compounds, 

following the catalytic cycle established by Yun et at, (Scheme 1a)[17-18] when we realized that a 
control experiment (in the absence of Cu(I) salt) allowed the reaction to proceed, albeit with a 
slightly minor conversion (Scheme 1b).[9] 

 
 
 
 
 
 
 
 
 
 
 
 

Scheme 1. a) Catalytic cycle proposed by Yun et at., on copper mediated -boration of -unsaturated esters 
and ketones, b) Catalytic cycle proposed in the absence of copper salts and phosphines, in our control 
experiment. 
 
 
Our attempts to improve the yields on the metal-free -boration of activated olefins required higher 
temperature (70ºC) and the use of catalytic amounts of basic phosphines, such as PPh3 and PCy3.[9] 
Even more remarkably, the use of chiral phosphines as additives, allowed the -boration to proceed 
in enantioselective fashion, (Scheme 2).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2. Enantioselective metal-free -boration of -unsaturated esters and ketones,  
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Based on spectroscopic and theoretical studies, we explored the use of PR3 in the reaction and we 
found that phosphines were essential to interact with the substrate, resulting in the formation of a 
zwitterionic phosphonium enolate. This species can further deprotonate MeOH when B2pin2 is 
present, forming eventually the ion pair [α-(H),β-(PR3)-ketone]+-[B2pin2·MeO]− that is responsible 
for the catalysis (Scheme 3).[19] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3. Suggested role of PR3 in the formation of zwitterionic phosphinium enolate and its reactivity with 
a model substrate.  
 
The Lewis acid-base formation with mixed diboron reagents was first established by Santos et al, 
[20-22] reporting that sp2-sp3 hybridized mixed PDIPA diboron (pinacolato diisopropanolaminato 
diboron) easily transmetallates to CuX favouring the copper-catalyzed -boration of -
unsaturated conjugated compounds, under mild conditions. We have been interested to find out the 
activation of the mixed diboron reagent Bpin-Bdan (dan=1,8-diaminonaphthalene), by alkoxides. 
With the assistance of DFT calculations and spectroscopic studies it was possible to postulate the 
exclusive formation of the Lewis acid-base adduct [RO-→B(pin)-B(dan)], which reacts with -
unsaturated carbonyl compounds to give exclusively the C-Bdan carbonyl compound with high 
yields (Scheme 4).[23] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4. Organocatalytic -boration of -unsaturated ketones and esters with [MeO-→B(pin)-B(dan)]. 
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In addition to the unprecedented conjugate Bdan addition to -unsaturated ketones and esters, the 
presence of chiral diphosphine as additive assisted the asymmetric induction in a more efficient way 
than in the analogous borylation with B2pin2 (Scheme 5). The new synthetic platform opens a non-
existing methodology to prepare selectively C-Bdan carbonyl compounds in a selective 
straightforward pathway. 
 
 

 

 

 

Scheme 5. Enantioselective organocatalytic -boration of -unsaturated ketones and esters with [MeO-

→B(pin)-B(dan)]. 
 
 
In a similar way, we have conducted the -boration of -unsaturated imines formed in situ from 
the corresponding ketone and amine, and once again the presence of base and phospine as additives, 
were essential to obtain good conversion and asymmetric induction (Scheme 6).[24] 
 
 
 
 
 
 
 
 
 
 
 
Scheme 6. In situ -unsaturated imine formation and enantioselective organocatalytic -boration assisted by 
chiral phosphines 
 
 
The last example can be compared with a related Cu-mediated -boration of in situ formed -
unsaturated imines, (carried out in collaboration with Whiting’s group), and it can be said that the 
copper catalyzed reaction favours the formation of the desired -borated product with higher 
enantioselectivity, upon optimization of the chiral phosphine additives present in the reaction media. 
In addition, it has been studied a further reduction/oxidation of the enantioenriched -borated 
compound, and depending on the reducing reagent selected, the syn or anti -aminoalcohol could be 
obtained with retention of the asymmetric induction (Scheme 7).[25-30]  
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Scheme 7. Sequential strategic synthesis of chiral syn and anti -aminoalcohols throughout copper catalyzed 
-boration of -unsaturated imines. 
 
 
The C=N bond of tosylaldimines has also been susceptible of precise interaction with the Lewis 
acid-base adduct [MeO-→B(pin)-B(pin)], forming the corresponding -amino boronate ester, which 
can be also obtained with high asymmetric induction by the presence of chiral phosphines, as 
additives. Interestingly, further functionalization of the chiral -amino boronate ester, following a 
homologation protocol, delivered easily -amino alcohols with total retention of the asymmetry in 
the chiral carbon.[16] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 8. Asymmetric organocatalytic Bpin addition to tosylaldimines to form chiral -amino boronate esters, 
which can be homologated to the corresponding -aminoalcohols. 
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COMPOUNDS 

Haloboration reaction has become an essential route to difunctionalize unsaturated substrates, in an 
efficient one step process.[31-32] The nature of the haloborating reagent is a key point on the 
efficiency of the reaction.[33] In this way, boron trihalides and B-bromo- or B-iodo-9-BBN 
(BBN=borabicyclo[3.3.1]nonane) have been the most used reagents to haloborate terminal alkynes, 
[31,32,34-39] however, none of these haloborating reagents have proved to haloborate internal 
alkynes. That limitation has been sorted out, by Ingleson and co-workers, increasing the 
electrophilicity at the boron centre in the haloborating reagents, through an elegant design of 
boronium and borenium cations. Hence, dichloroborenium cations enable the chloroboration of 
internal alkynes, in a regio- and stereoselectively way.[40] Further esterification on the boron 
moiety, provides the corresponding trisubstituted vinyl pinacol boronate esters. In  that context we 
also envisaged that organohaloborated products can be prepared by a sequential borylation / 
halogenation, in a one pot protocol. Towards this end, we have recently developed a methodology 
that allows the sequential C-B and C-F bond formation of activated alkenes through a one pot regio-, 
diastereo- and enantioselective strategy.[41] Therefore, ‘-fluoro -boryl ketones can be obtained 
by using a sequential organocatalytic -boration of -unsaturated ketones and a consecutive 
electrophilic fluorination reaction (with Selectfluor, F-TEDA-BF4) in an acidic media (Scheme 9a). 
In parallel, -fluoro -boryl ketones can also be synthesised, in high yields, as an enriched mixture 
of the anti diastereomer, by copper mediated -boration followed by in situ electrophilic fluorination 
of the boron enolate, in the presence of a base (Scheme 9b). 

 
 
 
 
 
 
 
 
 
Scheme 9. Sequential boration / fluorination of -unsaturated ketones. 

 

Taking into consideration the importance of introducing two vicinal functionalities in a selective 
way, and generate tetrasubstituted carbons of potential transformation through the C-B bond,[42-
46] we report a convenient route for copper mediated -boration of -unsaturated ketones 
followed by electrophilic chlorination in -position (Scheme 10a). We have also carried out the 
copper -boration/protonation of -chloro-unsaturated ketones for comparison (Scheme 10b). 
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Scheme 10. Sequential boration/chlorination of -unsaturated ketones 

 

Our initial attempts were focused on the -chlorination of cylohexenone (1), to prepare the 
corresponding -chloro-2-cyclohexen-1-one (1-Cl) which could be further -borated with B2pin2 in 
the presence of Cu(I). Several transition metals catalyze the -boration of -unsaturated carbonyl 
compounds, (Pt, Rh and Ni), however copper has emerged as the most convenient and efficient 
metal to mediate the chemoselective formation of -borated esters, ketones, nitriles and amides.[47-
52]  Towards this end, we based the synthesis of 1-Cl in a previous reported methodology using 
bisacetoxyiodobenzene (BAIB) and pyridinium chlorochromate (PCC).[53] The -chlorination was 
conducted under mild reaction conditions and allowed the isolation of 1-Cl in 67% yield. When this 
compound was exposed to the copper catalyzed -boration protocol,[54] using 
CuPF6(CH3CN)4/PCy3 as the precursor of the catalytic system and B2pin2 as the boryl source, the 
reaction proceed smoothly and the desired -chloro--pinacolboryl-cyclohexan-1-ona (2) was 
isolated with 65%, as the syn isomer (Scheme 11, Method A). To the light of this promising result, 
we were interested to extend the synthesis of -chloro-cyclohexenones with substituents on -
position to establish a methodology to selectively -borate them to generate tetrasubstituted carbons 
with chloride functionality in the vicinal position. Therefore -chloro-3-methylcyclohexenone (3-
Cl) and -chloro-3-(p-chlorophenyl)cyclohexenone (5-Cl) were prepared from the corresponding 
cyclohexen-1-ones 3 and 5, and Py·HCl/BAIB.[53] In particular 5-Cl was prepared for the first time 
in this work with the aim to enhance the electrophilicity on the -position. Despite the fact that the 
copper mediated -boration was carried under identical conditions to the -boration of 1-Cl, the 
substrates 3-Cl and 5-Cl were not converted into the desired product, probably as a consequence of 
the more hindered -position on 3-Cl and 5-Cl with respect to 1-Cl (Scheme 11). 

 
 
 
 
 
 
 
 
 
 
 
 
Scheme 11. Sequential -chlorination followed by copper mediated -boration/protonation 

 
 
In order to circumvent the lack of success on the -boration of -chloro--substituted-
cyclohexenones, we conducted the alternative Method B in which copper(I) (CuPF6(CH3CN)4) 
initially mediated the -boration of -substituted-cyclohexenones 3 and 5, which was followed by 

CuPF6(CH3CN)4

DMF /LiOtBu
PCy3 rt

Method A

IAcO OAc

1)

(BAIB)

N+

CrO

O

Cl

O

-

(PCC)

2)

O O

Cl

B

O

O

Isolated Yield 67%

sy n1 1-Cl

O

Cl

Isola ted Yield 65%

2

CuPF6(CH3CN)4

DMF /LiOtBu

B2pin2

PCy3 r t1)

(BAIB)

H
N

2)

O O

Cl

B

O

O

Isolated Yield 54%
3 3-Cl

O

Cl

4

H Cl

O O

Cl

B

O
O5 5-Cl

O

Cl

6

ClCl

Cl

Isolated Yie ld 40%

B2pin2



  8 

the in situ addition of 2 eq of N-chlorosuccinimide (NCS) as the electrophilic chloride source. An 
advantage of this methodology is the lack of intermediate purification.  As illustrated in Scheme 12, 
substrate 3 could be converted into the desired product 4 (anti-isomer), by a one-pot procedure, 
although the regioisomer 4’ was also observed in minor percentage (4/4’ =2/1), as a mixture of 
the syn and anti isomer. 
 
 
 
 
 
 
 
 
 
 
 
Scheme 12. Sequential copper mediated -boration-chlorination of -methylcyclohexenone (3) 
 
 

Having demonstrated the possibility to obtain -chloro--pinacolboryl cyclohexenones from -
substituted -unsaturated cyclic ketones, our next goal was to enhance the regioselectivity 
promoting the -chlorination versus the ’-chlorination. To this end, we focused our efforts on 
introducing substituents at the -position that stabilise the -boryl enolate towards the -
chlorination. Substrate 5 was prepared with an electronwithdrawing substituent (p-chlorophenyl) on 
the -position to support the previous hypothesis. When substrate 5 was -borated with the Cu(I) 
catalyst followed by -chlorination in the presence of N-chlorosuccinimide, in a one pot sequential 
protocol, only the -chloro--pinacolboryl-3-p-chlorophenylcyclohexanona (6) was observed and 
isolated (73%) as a diastereomeric mixture (anti/syn = 8/1) (Table 1, entry 1). Having established 
the efficient methodology to simultaneously -borate -chlorinate, we next extended the reactivity 
to a representative scope of -aryl -unsaturated ketones. Substrates 3-phenylcyclohexenona (7), 
3-p-fluorophenylcyclohexenona (9), 3-p-methylphenylcyclohexenona (11) and 3-p-
napthylcyclohexenona (13) were conveniently converted to the corresponding -chloro--
pinacolboryl cyclohexenones 8, 10, 12 and 14 respectively (Table 1, entries 2-5) with a notorious 
preference towards the anti diastereoisomer. Interestingly, product 14 could be prepared in 50% 
isolated yield despite the bulky napthyl substituent on the position (Table 1, entry 5). 
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In order to have a global picture of the potential methodology to -borate -halogenate, we have 
performed on substrate 3 the -boration/-bromination and the -boration /-fluorination, for 
comparison with the -boration/-chlorination, under the same reaction conditions. When substrate 
3 was subjected to the copper borylation with (CuPF6(CH3CN)4), followed by electrophilic 
fluorination with F-TEDA-BF4, the corresponding -fluoro -boryl ketone 4-F was quantitatively 
obtained (87% isolated yield) with a similar preferred diastereoselectivity on the anti isomer 
(anti/syn = 9/1) (Scheme 13). However, the -boration -bromination of 3 with N-
bromosuccinimide (NBS), as the electrophilic bromide source, only provided 18% of the 
corresponding -bromo -boryl ketone 4-Br. Electronic and steric factors are likely responsible for 
the decreasing trend towards the -boration -halogenation from F > Cl > Br. 
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Scheme 13. Sequential copper mediated -boration/-fluorination  and -boration/-bromination for 
comparison 
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isomer with 72% enantiomeric excess (Scheme 14). The advantage of this synthetic methodology 
is due to the simplicity of the construction of two vicinal bonds in the same step, and represents an 
alternative to the current efforts to develop enantioselective electrophilic fluorination routes.[55-67] 
 
 
 
 
 
 
 
 
 
 
Scheme 14. Sequential asymmetric copper mediated -boration / -fluorination of 3-methylclyclohexenone 
with CuPF6(CH3CN)4 /(R,R)-QuinoxP* 
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addition with the concomitant opening of the epoxide or aziridine rings. The reaction proceeds with 
total chemoselectivity towards the polyfunctionalised (–OH or –NHTs) allyl boronate (Scheme 15). 
Theoretical calculations have determined the transition states that come from the reaction of the 
vinylic substrates with the activated [MeO-→B(pin)-B(pin)] adduct, and a plausible mechanism for 
the organocatalytic borylative ring opening reaction has been suggested.[68] 
 
 

 

 

 

 

 

Scheme 15. Organocatalytic borylative ring-opening of vinyl epoxides and vinyl aziridines with [MeO-

→B(pin)-B(pin)] adduct 
 
Interestingly, in a comparative study carried out using CuCl to activate the B2pin2 we found that the 
transition metal catalyzed reaction afforded the 1,2-cyclohexenyl hydroxyboronate via SN2 addition 
(Scheme 16). This result nicely highlights the complementariety of the organocatalytic and copper 
mediated borylative ring opening reactions. 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 16. Copper mediated chemoselective nucleophilic Bpin attack at the epoxide functional group of 3,4-
epoxy-1-cyclohexene. X-ray structure of 4-hydroxy-cyclohex-2-enyl-phenyl-methanol. 
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nucleophile is easily generated from the [MeO-→B(pin)-B(pin)] adduct, which also provide the 
electrophilic counterpart B(sp3) of the nucleophilic boron moiety B(sp2). The net result is a new, 
Lewis base catalyzed diboration method, which, because of the simple reagents and catalysts, the 
complete atom economy, and the high synthetic value of the products, represents a great step 
towards a future industrial organoborane synthesis (Scheme 17).[16, 69] The catalytic system for 
the nucleophilic diboration of non-activated olefins is a combination of base and alcohol. Both 
additives are crucial to achieve high activity. After the screening of various bases and alcohols, we 
have concluded that, in THF solutions, a combination of Cs2CO3 and MeOH provides synthetically 
useful conversions and chemoselectivities towards the diborated product. It is worth noting that 
various other bases, such as methoxides (Li+, Na+, K+), or NaOtBu give comparable results. Despite 
the fact that for optimal activities MeOH is added in excess with respect to the substrate, the 
formation of the “hydroborated” by-product rarely exceeds 5 mol%.  
  
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 17. Comparative perspective of metal mediated diboration reaction and organocataytic diboration 
procedure. 
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Scheme 18. Comparative perspective of metal mediated diboration reaction and organocataytic diboration 
procedure. 
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demonstrated with cyclic and acyclic homoallylic and bishomoallylic alcohol substrates. After 
oxidation, the reaction generates 1,2-diols such that the process represents a method for the 
stereoselective directed dihydroxylation of alkenes. Another appealing application of the 
organocatalytic diboration is the one formulated by Hirano and Uchiyama, because it represents the 
first trans-selective diboration of alkynes.[73] The authors designed a pseudo-intramolecular 
reaction of diboron, propargyl alcohol and a base, to facilitate the B-B activation and C-B formation 
with high efficiency. This approach provides synthetically versatile and densely functionalized 4-
borylated 1,2-oxaborol-2(5H)-oles (vinyldiboronates) in a straightforward manner. Detailed 
computational analysis showed that the directing alkoxide functionality markedly lowers the 
activation energy of B−C bond formation. 

 

CARBONYL FUNCTIONALITY ACTIVATES PHENYLSELENIUM BORANES 

 
Activated olefins directly react with phenylselenium boranes, at room temperature, without 
the need of metal or organocatalytic assistance. A simple mechanism that involves the 
interaction of the electron pair of carbonyl functional group in α,β-unsaturated ketones and 
aldehydes, with the empty p orbital of the boron atom, justifies the efficient reaction 
towards the kinetically and thermodynamically most stable 1,4-addition product (Scheme 
19). Up to 12 examples of β-(phenylseleno) substituted ketones and aldehydes have been 
prepared with moderate to high yield (Scheme 13). The simplicity and efficiency of this 
new reactivity generates new strategic platforms towards the C-Se bond formation and 
opens non existing pathways to create C-heteroatom bonds, as a general tool.[74] 

 

 

Scheme 19. Synthesis of β-(phenylseleno) substituted carbonyl compounds by simple interaction of a,b-
unsaturated carbonyl compounds and phenylselenium boranes 
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Scheme 20. Scope of organocatalytic synthesis of β-(phenylseleno) substituted carbonyl compounds 
 
 

CONCLUSION 

 
We conclude that both activation of diboron reagents (copper or methoxide) provides a nucleophilic 
boryl unit that can behave in a similar way or complementary. This circumstance is an advantage 
towards the functionalisation of organic compounds through an easy and efficient way. In addition, 
enantioselectivity can be achieved when copper is modified with a chiral ligand, but also the 
organocatalylic pathway can also induce asymmetry when chiral additives are involved in the 
reaction media. The Lewis acidity of the boron atom as well as the facility to be transformed into a 
quaternized system, are the key roles of this potential methodology for synthesis. 
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