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Abstract: Organoboron compounds have become one of the
most versatile building blocks in organic synthesis due to their
accesible and efficient conversion into many different functional
groups. In particular, alkenylboronates have received much
attention as very reactive substrates in Suzuki-Miyaura cross-
coupling reactions. Accordingly, efforts towards the development
of efficient methods to prepare this type of compounds are
constant. In this contribution, the progress in the search for
synthetic routes for alkenylboronates and their use in a variety of
organic transformations is accounted.

1. Introduction

Boron chemistry has involved two Nobel prizes to Brown
(1979, with Wittig) and Suzuki (2010, with Heck and Negishi) for
the development of boron compounds in organic synthesis. The
versatility of carbon-boron bonds is nowadays exploited for
many transformations. [*] The hydroboration of alkenes and
alkynes described by Brown in the middle of last century
prompted the interest in organoboranes. A second breakthrough
in this area was the development of Suzuki-Miyaura cross
coupling reactions,l 21 which is an essential tool for the
construction of new carbon-carbon bonds. Compounds bearing
Csp2-B bonds, as aromatic or alkenyl boron derivatives, rapidly
became extraordinary popular as partners in this transformation,
and their versatility has been widely illustrated in the synthesis of
natural products or complex organic molecules. Since then, a
plethora of new methodologies for the formation of carbon-boron
bonds has been developed, accompanied by a number of
protecting groups for boron, affecting both its stability as a
strong Lewis acid and the reactivity as well.’] Albeit boronic
acids or catechol boronic esters were initially preferred as
reagents due to their high reactivity and atom economy, in the
last decades pinacol boronic esters and other boron-based

reagents have gained enormous relevance in the field (Figure 1).

In addition to the interest of alkenylboronates as partners in
Suzuki-Miyaura coupling, these boron derivatives have also
attracted the interest of synthetic organic chemists in the context
of different transformations, both creating complex molecules
that include the boron group in the final structure and also as a
synthetic intermediate for further derivatization. This Focus
Review will concentrate on the synthesis and applications of
alkenylboronates. Despite this topic having been previously
reviewed,[*l we herein aim to provide an update including the
most significant and recent developments in the field, with some
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Figure 1. Generic alkenylboronates and some of the most popular boron
functional groups. MIDA: N-methyliminodiacetic acid

earlier references to enrich and clarify the comprehensive view.

2. Synthesis of alkenylboronates

The synthesis of alkenylboronates has been described using
numerous methodologies. Most of the methods focus on the
synthesis of bis-substituted E-alkenylboronates, although some
significant procedures for the preparation of Z-, or a-
alkenylboronates are also described in the literature. Similarly,
synthetic protocols for tri- and tetrasubstituted alkenylboronates
are also known. This is a field in continuous progress that has
already led to the availability of some vinylboronates as
commercial products. In this section the different methodologies
have been organized by substitution pattern of the alkenyl
boronate. Since the preparation of polyborylalkenes has been
very recently reviewed, it has not been included in this section,®
neither the synthesis of alkenyl boronates from alkenyl halides,
triflates or silanes.®

2.1. Synthesis of E-Alkenylboronates

Hydroboration of alkynes is the most common and practical
method for the synthesis of E-alkenylboronates, based on the
syn addition of the boron-hydrogen bond to the carbon-carbon
triple bond. The pioneering work by Brownl”! triggered the
development of this area, prompting the design of a number of
methodologies, either metal-catalyzed or metal-free, to convert
alkynes into alkenylboronates. His seminal work in 1972
promoted the hydroboration of alkynes using catecholborane

(prepared by mixing catechol and BH3-THF) at 70-100 °C in THF
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Hydroboration of alkynes with catecholborane and
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or under neat conditions at the same temperatures, leading to
effective conversions and selectivities (Scheme 1a). Later,
Knochel reported a similar hydroboration of alkynes at room
temperature with 2 equiv. of pinacolborane, which is nowadays
the most popular boronate reagent due to its great stability to air
or during chromatography purifications (Scheme 1b).[ 8!
Dicyclohexylboranel®? or HB(CgFs),['! have been reported as
catalysts for this reaction.

Other metal-free protocols have been described for this
reaction in the past few years. In 2013, Sun achieved this
reaction using N-heterocyclic carbenes as the catalyst under air
(Scheme 2a).'Y A sterically hindered benzimidazole derivative
gave excellent results in the B-hydroboration even for non
protected propargylic alcohols. Jin established the catalytic
activity of carboxylic acids for this reaction, heating the mixture
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Scheme 2. Metal-free hydroboration of terminal alkynes.
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Scheme 3. Metal-catalyzed hydroboration of terminal alkynes. Ad:
adamantyl, dipp: 2,6-diisopropylphenyl.
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in octane at 100 °C (Scheme 2b).'? 4-(Dimethylamino)benzoic
acid displayed the highest catalytic activity, although even
simple benzoic acid was effective enough. Recently, bases such
as LiOtBu, NaOtBu (with catalytic amounts of PhI(OAc),) or
NaOH have been applied to reach excellent regioselectivities
and high vyields, at room temperature (LiOtBu, PhI(OAC),..
NaOtBu) or 100 °C (NaOH) respectively. 3!
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Besides the metal-free protocols, an array of various
transition metals such as Cu, Rh, Fe or Co have been exploited
successfully in the metal-catalyzed hydroboration of alkynes.*4
Earlier work was developed by Srebnik in 1995 with a zirconium
complex (Cp2ZrHCI, Schwartz reagent),3 followed by the first
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examples with rhodium or nickel (Rh(PPh3)sCl, Rh(CO)(PPhs),ClI
and NiCp(PPhs)Cl))i*¢]1 affording the product in quantitative
yields, nevertheless with significant differences in regioselectivity
(Scheme 3). Copper-based catalysts of different natures have
also been extensively used in this transformation over the last
decade; heterogeneous catalyst as magnesium oxide-supported
copper oxide (I)'*"1 or copper powder (I1),l%81 NHC-Cu(l)
complexes with adamantyl substituents (11)*¥ or (CAAC)CuOPh
complexes (IV) [CAAC = cyclic(alkyl)(amino)carbene]?! and air-
stable Cu(ll)/pyridine-bis-pyrazole system (V) promoted this
H

2 [Pl HepinorBping )\( Bpin
R
H
Enthaler??l PtBu
2
Fe,(CO)g (2.5 mol%)
HBpin (1.25 equiv.) N—-Fe—H
toluene, 100 °C, 24 h l (1 mol%)
(40-99%, E:Z > 92:8) i
PtBu,

Sreedhar!??!

FeCl; (5 mol%)

B,pin, (1.2 equiv.)

Cs,CO; (2 equiv.), acetone, 60 °C, 12 h
(65-97%, E selective)

Scheme 4. Iron-catalyzed hydroboration of terminal alkynes.

Nishibayashil?4
HBpin (1.1 equiv.)
hexane, rt., 16 h
(64-94%, E selective)

transformation in moderate to high yield?l (Scheme 3).

Iron complexes such as Fey(CO)q??l and FeCls (or FesOq
nanoparticles)?d have emerged in the last years as simple and
accessible catalysts. Last year, Nishibayashi presented a well-
defined pyrrolide-based PNP pincer iron hydride to form

@ Bpin
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Scheme 5. E-Selective olefin metathesis of 1-propenyl pinacolboronate
and pinacol vinylboronate.
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selectively E-alkenylboronates (Scheme 4).[24] Other metal
complexes have been applied to this transformation, based on
gold,!?d silver,?8 palladium?” or cobalt.?8]

Olefin cross-metathesis (CM), one of the main tools to
generate functionalized alkenes, has been applied in the
preparation of alkenylboronates. In 2003 Grubbs reported
selective CM reactions of 1-propenyl pinacolboronate (or pinacol
vinylboronate) with a variety of monosubstituted olefins (Scheme
5a).1?°l Satisfactory results were obtained in terms of yields and
selectivity. Under similar conditions, Burke presented the
reaction using vinyl MIDA boronate, improving the
stereoselectivity of the reaction (E:Z > 20:1).3% Later, Carreaux
investigated this reaction with allylbenzene derivatives, which
are challenging reagents due to favorable isomerization

processes. In the presence or absence of benzoquinone as
additive, the reactivity of the same Hoveyda-Grubbs-type
catalyst could be directed towards either olefin cross

metathesis[®'? or sequential isomerization/cross-metathesis®tl
respectively (Scheme 5b). Standard olefin cross metathesis was
also achieved with Grubbs first generation catalysts.*@

Another strategy for the synthesis of E-alkenylboronates
employing olefins as starting materials is based on the
dehydrogenative borylation of alkenes. After initial mechanistic
studies and results from Lloyd-Jones[*?] and Marder,! Masuda
screened numerous Rh(I) complexes leading to [RhCI(cod)].
inducing this reaction with high yields and stereoselectivities
when vinylarenes were used (Scheme 6a).24 In 2015, Miura and
Murakami reported a catalytic system formed by [Rh(cod),]BFa,
a P,N bidentate ligand (iPr-Foxap) and norbornene as the
sacrificial hydrogen acceptor which increased the E:Z selectivity
of aliphatic substituted alkenes to 283:17 (Scheme 6b).1353¢1 |n
the last decade, other metal complexes involving rhodium,[®7]

H
Bpin
H

(@)

/= [RhCl(cod)], (5 mol%)
—_—

Ar HBpin (0.5 equiv.) _

toluene, rt., 4 h o umiPr
(84-95%, E selective) 3\:"‘
®) PPh,
[Rh(cod),]BF, (2 mol%) H Fe
/= _iPr-Foxap (3 mol%) &/Bpin =

R HBpin (1.7 equiv) iPr-Foxap
nbe (1.9 equiv.) H
THF,28°C, 9 h

(52-83%, B:o. = 97:3,
E:Z > 83:17)

Scheme 6. Rhodium-catalyzed dehydrogenative borylation of alkenes.
cod: 1,5-cyclooctadiene. nbe: norbornene.
palladium,® iron,9 cobalti*? or copperl*l have been effectively
employed in this reaction.
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Additionally, four other methodologies have been applied for
the synthesis of E-alkenylboronates. Trost described in 2015 a
Ru-catalyzed alkene-alkyne coupling reaction using allyl
boronates (Scheme 7a).[*d A 1,4-diene motif that includes the E-
alkenylboronate was formed in a simple manner, and a variety of

(a) R2
R2 [CpRu(MeCN);]PFg H
: 10 mol%
% + /\/Bpm ( o) > , | Bpin
Ri ciclopentanone, R X
(1.5 equiv.) 50°C,3h H
(b) (60-96%, E selective)
(JessePhos),PdCl, H
2.5 mol% .
R/\ + ClIBcat { %) X _Bpin
__ LiOTf (1.5 equiv.), Cy,NMe
(1.5 equiv.) (5 equiv.), PhCF3, 90 °C, 24 h, H
then pinacol (70-98%, E:Z > 87:13)
© Pdy(dba)s (5 mol%) H
AcBr + N\ BPin P(tBu);-HBF, (10 mol%) AN, Bpin
CgHsBr (1 equiv.), r
(1.1 equiv.) DIPEA (2 eqouiv.),
toluene, 95°C, 3 h 54 9%, E selective)
(d) H
o] BPin 1pg(alynci], (2.5 mol%) R Bpin
[\ + _—
R Bpin Li A~ (3equiv) Sn
(1.5 equiv.) THF,60°C,24 h

(53-71%, E:Z> 20:1)
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alkynes could be used, producing polyfunctionalized derivatives.
Next year, Watson reported a palladium-catalyzed boryl-Heck
reaction using terminal alkenes and catecholchloroborane, in
excellent yields and with high stereoselectivity (Scheme 7b).4!
In 2017, the Pd-catalyzed Heck coupling of pinacol
vinylboronate and (het)aryl halides was optimized by Wang and
Yu (Scheme 7c).[*] Additionally, Meek has reported the
coupling/dehydroboration sequence of epoxides with di-Bpin-
methane to prepare allylic alcohol-containing alkenylboronates
in good yields, high stereoselectivity >20:1 E:Z and without loss
of enantiopurity (Scheme 7c).1*3

1. BHBr,-SMe,
Br  CH,Cl, rt., 8 h

= —_—
R/ 2. R'OH, pentane
rt., 15 min

Br KBH(OPr); H

(1 equiv.) >=<

B(OR"), E;Zz'i : R B(OR’),

(84-95%) (74-94%, Z selective)

Scheme 8. Hydroboration of bromo alkynes for the synthesis of Z-
alkenylboronates.

2.2. Synthesis of Z-Alkenylboronates

The first examples described for the synthesis of Z-
alkenylboronates consisted of two-step protocols and required
the pre-functionalization of the alkyne to obtain this regioisomer.
Work in this area was initiated by Brown in 1984, using bromo
alkynes as starting materials (Scheme 8). Hydroboration with
dibromoborane and further reaction with sterically hindered
hydrides, such as KBH(QIiPr);, proceeded efficiently toward Z-
alkenyl boronic esters.

WILEY-VCH

Later, alkynylboronates became accessible and popular for
the synthesis of Z-alkenylboronates. Brown first described the

(@) J >
\

P H,, Lindlar cat.
R——B8
\
)
(82-86%, Z:E > 90:10)

[o) R Bpin
— / A
——B I~

\

(o) H H

(b) 1.HZrCp,Cl (1.2 equiv.)
THF, rt., 30 min
2. H,0, rt., 30 min

dioxane (py cat.)

rt., 1.5 h H H

R

(86-95%, Z selective)

(c) 1.Cy,BH (1 equiv.)
Et,0, rt., 30 min

2. CH;CO.H, 0 °C, 10 min (57-93%, Z:E > 90:10)

Intermediate: R Bpin

M = ZrCp,Cl,®) BCy,©
]

Scheme 9. Alkynyl boronates as precursors of Z-alkenylboronates.

cis-hydrogenation using Lindlar catalyst (Scheme 9a),[*’1 and
subsequently two other methodologies were reported for the
same type of substrates. Srebnik studied the hydrozirconation of
alkynylboronates and further hydrolysis to yield isomerically pure
products in a one-pot procedure (Scheme 9b).[*8 Molander later
described a hydroboration/protonation sequential process using
Cy.BH as the hydroboration reagent for alkynylboronates
(protodeboronation was performed in the more reactive boron

H R Bpin
[M]
= R —
R/ HBpin H: iH

(a) Miyaural5%
[RhClI(cod)]; (0.7 mol%)
P(iPr)3 (3 mol%), Et;N (2.5 equiv.)

HBpin (0.5 equiv.), Cy, rt., 2 h (59-81%, Z:E > 97:3)

Leitner!5]

[Ru] (0.1 mol%)

HBpin (1.2 equiv.), toluene,
-15°Ctort., 24 h

(b

(52-95%, Z:E > 89:11)

Chirik[%2
[Co] (3 mol%)
HBpin (0.8 equiv.), THF, rt., 6 h

(c

<

(41-91%, Z:E > 84:16)

(d) Kirchnerl®
[Fe] (0.4-4 mol%)

HBpin (1.1 equiv.), C¢Dg, rt., 3 h

H
| PBu
R 7 °N Ru{H
Ru=A=""0 Cy
PtBuj N

(87-96%, Z:E > 71:29)

L N l
H—H icol=¢ “N—Co—CH,
N—'""—pip / '!'
_H o oy
—~ 1"
[Fel= K__N Fe |
/ H
N-PiPr,
/ H

Scheme 10. Metal-catalyzed cis hydroboration of terminal alkynes. Cy:
cyclohexane.
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functionality, -BCy,, to afford the Z-alkenylboronate, see
Scheme 9c).[*°1 A one-pot methodology was also presented
starting from terminal alkynes and the functional group tolerance
was significantly expanded in this work when compared with the
previous reports.

In this century, several metal-catalyzed selective cis-
hydroboration reactions have appeared in the literature using
terminal alkynes. Initial work was developed by the group of
Miyaura using rhodium and iridium complexes (Scheme 10a).
Rhodium, in combination with bulky phosphines such as PiPr; or
PCys, led selectively to cis alkenylboronates (Z:E, 297:3) using
catechol- or pinacolborane.[®0] Later, three different pincer
complexes, with diverse metals, were reported for this
transformation. Leitner described a hydride pincer complex
[Ru(PNP)(H)2(H2)] for the selective hydroboration of alkynes.®4
Oxygen and nitrogen based functional groups were well
tolerated (Scheme 10b). Chirik reported a bis(imino)pyridine
cobalt complex previously employed in alkene hydrogenation or
dehydrogenative silylation that readily performed this reactivity
(Scheme 10c).52 More recently, Kirchner has developed iron(ll)
polyhydride complexes containing PNP pincer ligands, which
presented high reactivity toward terminal alkynes (Scheme 10d).
Related with hydroboration, good to excellent stereoselectivity
was obtained to Z-vinyl boronates (Z:E, 290:10 except in the

R
N
Bpin [Mo] = =
T/ R Bpin S=N,,, || Ph
Qi [Mo] > _ ( Moxy
' ' —_—
' L+ o
\i= | HoWw eSS o
{ U
TBSO O
R = alkyl, [Mo-] (5 mol%), C¢Hg, rt., 24 h ‘

(51-92%, Z:E > 90:10)

R = Ar, [Mo-l1] (3 mol%), 100 torr, CgHg, rt., 4 h
(69-93%, Z:E > 93:7)

R"=2,6-(CHj3),-C¢H; [Mo-I]
adamanty! [Mo-lI]

case of Bn as the substituent).[53]1 A copper-catalyzed Z-
stereoselective  hydroboration of alkynes  with  1,8-
naphthalenediaminatoborane (HB(dan)) has been described by
Lee and Yun.’ They found copper(l)-thiophene-2-carboxylate
together with DPEphos was a competent catalytic system and
several arylacetylenes were transformed in good yields and
stereoselectivities (Z:E 278:22).

Olefin metathesis has also been applied for the synthesis of
Z-alkenylboronates. Hoveyda reported the reaction of
monosubstituted olefins with pinacol vinylboronate catalyzed by
a Mo-based monoaryloxide pyrrolide complex with excellent Z-
selectivity.[5%1 In the case of styrene derivatives, reduced
pressure (100 Torr) was employed to increase the selectivity in
the more challenging aryl olefins in cross metathesis (Scheme
11).

2.3. Synthesis of a-Vinylboronate

The selective preparation of a-vinylboronates has been
achieved starting from diverse starting materials, such as
alkynes, allenes, methylenecyclopropanes or aldehydes. From
terminal alkynes, Hoveyda developed a hydroalumination
reaction catalyzed by Ni(dppp)Cl, followed by addition of
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methoxy(pinacolato)borane to give such substitution pattern.>¢l

Bpin
= ] 4
_— S UH
R X-Bpin R
H
(a) Hoveydal®®!
1. Ni(dppp)Cl, (3 mol%)
DIBAL-H (1.3 equiv.), THF, 0°C, 2 h R = alkyl, Ar

2. MeOBpin (3 equiv.), 0 -80°C, 24 h
(b) Hoveydal'?

SIPrCuCl (5 mol%), NaOtBu (5 mol%)

B,pin, (1 equiv.), MeOH (1.1 equiv.)

THF, -15°C,24 h

(68-94%, o:p > 95:5)

R=Ar
(45-87%, a:p > 70:30)
(c) Yoshidal®7]
SIPrCuCl (2 mol%), NaOtBu (6 mol%) R = alkyl, Ar
(pin)B-B(dan) (1.2 equiv.), MeOH (3 equiv.) *(Bdan in the product)
THF, 50°C,3 h (67-99%, a.:p > 95:5)
(d) Prabhul?7
[Pd(OAc),]; (6 mol%), PCy; (10 mol%)
B,pin, (1.1 equiv.), PhBr (1.1 equiv.),
TFE:toluene, 80 °C, 12 h

R = alkyl, Ar
(62-89%, o:p > 76:24)

Scheme 12. a-Hydroboration of terminal alkynes.

Selectivities toward the o position were higher than 95% with
good yields for aromatic and aliphatic substituents (Scheme
12a). Shortly after, the same group achieved the direct
hydroboration by using SIPrCuCL!® Tuning the steric and
electronic properties of the NHC-copper complex, the o site
selectivity can be improved up to 96:4 (a:f) for aromatic
substituents (Scheme 12b). Under similar conditions, but using a
mixed diboron compound ((pin)B-B(dan)), Yoshida reported
excellent results with 1,8-diaminonaphthalene (dan) as
protecting group for boron, independent of the alkyne substituent
(Scheme 12c¢).[5"] The mixture of readily available palladium
acetate with PCy; has also been reported for this reactivity by
Prabhu,? with good to excellent selectivities but with high
dependence of the substrate employed (Scheme 12d).
Furthermore, Hoveyda reported the o-selective copper-

Bpin
X [Cu]
X H
= Bping \)\r

H

(a) Hoveydal'! X = OR, NR,
SIMesCuCl (5 mol%), NaOtBu (5 mol%)
B,pin, (1 equiv.), MeOH (1.1 equiv.)

THF, - 50 °C, 3-24 h (73-84%, o.: > 84:16)

(b) Carreterol®! X = OR, NR, SO,Ar
CuCl (10 mol%), PtBuj (12 mol%)
NaOtBu (15 mol%), B,pin, (1.1 equiv.),

MeOH (2 equiv.), toluene, rt., 1.5 h (61-89%, o.:p > 98:2)

(c) Szabo & Marder!5°!

HO Cu(OAc), (10 mol%) Bpin
\ — XantPhos (13 mol%) Ar\)\/ H
Ar Ti(OiPr)4 (1 equiv.)
iPrOH (1.5 equiv.) H

B,pin, (1.05 equiv.) (50-84%, o selective)
tolueno, 60 °C, 18 h

Scheme 13. a-Hydroboration of propargylic alkynes.

catalyzed hydroboration of propargylic alcohols and amines
(Scheme 13a).** Again, a fine tuning was performed leading to
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SIMes as the suitable NHC ligand for these substrates. Better
results were found using protected reagents (ethers, carbamate,
tosylamide or phtalamide). Carretero extended this reactivity to
propargylic substituted alkynes with copper chloride in the
presence of PtBus, especially with 2-pyridylsulfone derivatives,
as this functional group can be further transformed by Cu-
catalyzed allylic substitution with Grignard reagents.!%®1 Szabo
and Marder have applied a similar methodology for unprotected
propargylic alcohols, with the Cu(ll)-XantPhos system and
Ti(OiPr)4 as an additive (Scheme 13c).59 1-Aromatic substituted
propargylic alcohols gave good yields and perfect selectivities
via proposed allenes intermediates, affording a-vinylboronates.
Allenes constitute a key entrance to the preparation of o-
(a) _
~ :ﬁi(;?:)ﬁggfr:?tz.a mol%) R o H
RS Me,PhSi—Bpin (0.8 equiv.) A
toluene, 0 °C, 22-90 h

Me,PhSi  H

(86-97%, ee > 80)
(b)

R Pd(dba), (2 mol%) Me,PhSi  Bpin
T chiral phosphine (2.4 mol%) - H
/E A
R Me,PhSi—Bpin (0.66 equiv.) R %
R toluene, 50 °C, 40-99 h R H
(50-95%, ee > 81)
(c)
Pd(dba), (5 mol%) Me,PhSi Bpin
:‘I/E chiral phosphoramidite (5 mol%) H
X
R Me,PhSi—Bpin (0.33 equiv.) B
toluene, 20 °C, 72-99 h R H

(53-78%, ee > 85)
Scheme 14. Silaboration of allenes and silaborative cleavage of
methylenecyclopropanes.

vinylboronates. Suginome opened this route with the asymmetric
silaboration of allenes, first by using silylboranes bearing diol-
derived chiral auxiliaries,!®® and later in a reaction catalyzed by
palladium(0) and binaphthyl derived phosphines (Scheme
14a).6%c] versatile alkenylboronates were obtained as silyl- or
boronate groups can be further transformed. The same group

f631 .
(@) Morken Pd,dbaj (2.5 mol%) Bpin

phosphoramidite (6 mol%) R \ H

B,pin, (1.2 equiv.)

toluene, rt., i
- I 1., 14 h Bpin H
®:
S (57-75%, ee 87-92%)
c Bpin
[Cu] R N H
B,pin
2| 2 H
(b) Mal64l

CuCl (5 mol%), BIPHEP (5 mol%)
NaOtBu (20 mol%), B,pin, (1.2 equiv.)
MeOH (2 equiv.), THF, rt., 20-90 min
(c) Tsujilé4®l
(CIIPrCPh3)CuCl (2 mol%)
NaOtBu (12 mol%), B,pin, (1.2 equiv.)
MeOH (2 equiv.), THF, rt., 2 h
(d) Hoveydal64cl
CuCl (5 mol%), IPr-HCI (5 mol%)
NaOtBu (40 mol%), B,pin, (1.1 equiv.)
MeOH (6 equiv.), THF, rt., 8 h

(54-76%, o:p > 94/6)

(56-94%, a:p > 97/3)

(76-92%, a:p > 88/12)

Scheme 15. Synthesis of a-vinylboronates from monosubstituted
allenes
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has investigated the silaborative cleavage of
methylenecyclopropanes, to give functionalized a-vinylboronates
in good yields and high enantioselectivities (Scheme 14b,c).6
Furthermore, platinum(0) complexes have improved the
regioselectivity in the opening of 1- alkyl-2-
methylenecyclopropanes in the racemic version.

Morken also used monosubstituted allenes, affording
enantioselective diboration with excellent enantiomeric excess
catalyzed by Pd.dbas; and TADDOL-derived phosphoramidites
(Scheme 15a).1%1 The same substrates have been hydroborated
by several groups with different copper catalytic systems (NHC
or phosphines) and gave high to excellent regioselectivities
(Scheme 14b-d).[%*] Cyclic substituents can be obtained with
similar methodologies and intramolecular cyclizations. %!

1,1-Disubstituted allenes have been suitable precursors to

1 Bpin
R)\ [Cu(l)], Bypin, . ;
o e~ tBUOH, HCO,R, A
FCOR or (RCO),0, R2 X y
(COzR),

X =H, Bpin, CHO,
COR, CO,R

Scheme 16. Boro-functionalization of 1,1-disubstituted allenes

) 1. LiTMP (1 equiv.) Bpin
Bpin THF, 0°C, 5 min S_H
R” DBpin  2.CHl, (2equiv) R

0to60°C,2h
R = alkyl (73-87%)
Scheme 17. Synthesis of a-vinylboronates from geminal bis(boronate)
substrates

obtain a-vinylboronates with an adjacent quaternary center
(Scheme 16). Hoveyda described the asymmetric protoboration
of these substrates catalyzed by chiral NHC-copper
complexes.[%¢] With the appropriate choice of the reagents,
boraformylation, ¥ boroacylation®85% boraalkoxyoxalylation®®! or
asymmetric diboration[°! have been described with different
copper(l)-phosphine catalytic systems.

Morken has investigated the reaction of substituted geminal
bis(boronate) with diiodomethane, in the presence of a strong
base (LiITMP), to form a-vinylboronates.[™l This transition-metal
free protocol yielded the products in a simple and efficient
method (Scheme 17). Using aldehydes instead of CHal,, trans
alkenylboronates or trisubstituted derivatives were obtained.

In 2013, Burke reported the synthesis of 1,1-disubstituted
olefin-containing MIDA boronates by a bromination-elimination
process to vinyl MIDA boronate. This building block ((1-
bromovinyl)-MIDA boronate) can be further functionalized to
access a wide range of a-vinyl MIDA boronates in moderate to
high yields and stereoselectivity by palladium cross-coupling
reactions (Scheme 18).[2]
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H BMIDA 1- Brz (1.7 equiv.)

. Br BMIDA
| CH,Cly, 0 °C to rt., 30 min |
2. DBU (2.5 equiv.)
H™ 'H CH4CN, rt., 30 min H™ 'H

(67% 2 steps)

Pd,dbaj (5 mol%), dpph (20 mol%) J

RB(OH), (1.5 equiv.)
Ag,CO; (4 equiv.), THF, 40 °C, 24 h

RIBMIDA
H H
(24-90%, o:p > 4:1)
Scheme 18. Synthesis of a-vinyl MIDA boronates.

(a) R Cu(l)-phosphine H
B,pin, or HBpin Bpi
/ _— ArT X pin
Ar
R
Yunl[742l

CuCl (5 mol%), P(p-tolyl); (6 mol%)
B,pin, (1.1 equiv.), NaOtBu (20 mol%), MeOH (2 equiv.)

THF, rt., 4-24 h (82-93%, B:o > 80:20)
(If R = tBu, (E)-a product was obtained) Bpin, - Bu
Ar H

Tsujil74b]

CuCl (2 mol%), CF;Ar-Xan (2 mol%)
B,pin, (1.2 equiv.), NaOtBu (12 mol%), MeOH (2 equiv.)
toluene, rt., 3 h (70-94%, B:o. > 97:9)
(with MeAr-Xan, HBpin and no MeOH, 62-94%, a.:p > 72:28)
Mal74cl

CuCl (5 mol%), P(p-OMe-CgH,) (6 mol%)

B,pin, (1.2 equiv.), K,CO3 (20 mol%), iPrOH (2 equiv.)
Et,O, rt., 10-36 h (75-88%, B selective)

(b) Cazinl™3
IMesCuCl (4 mol%) H

NaOH (5 mol%) f
Ar/,\/ Bpin
R

B,pin, (1.1 equiv.)
MeOH (2 equiv.)
(70-98%, B:o > 80:20)

R CPME, rt., 16 h, in air
/ .
Ar IMesCuCl (2 mol%) pinB

Y H
AN NaOI-.I (12 mol /u-) A X
HBpin (1.5 equiv.)
CPME, 80 °C, 20 h, in air R
(65-99%, o.:p > 75:25)
(c) Fiirstner!7¢]

R [Cp*Ru(MeCN);]PFg R
(5 mol%) Bpin
T g H)\/
R pin (1.2 equiv.) b

CH,Cl,, 1., 0.3-72 h
(54-94%, E:Z > 75:25)

Scheme 19. Hydroboration of internal alkynes. CPME: Cyclopentyl
methyl ether. Xan: XantPhos derivative.

2.4. Synthesis of tri- and tetrasubstituted alkenyl boronate

Several methodologies commented in the previous sections
have been successfully applied for the synthesis of more
substituted alkenylboronates.[ 7® 1 Hydroboration of internal
alkynes, for example, has been broadly studied with copper as
the catalyst. Copper(l) compounds along with different
phosphines led to trisubstituted Z-alkenylboronates (8 selectivity,
Scheme 19a).L74]1 Nevertheless, first Tsuji, by changing the
XantPhos ligand,[*"! and later Cazinl7>! by modulating the
reaction conditions with NHC-copper complexes, showed that
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the selectivity can be tuned from B to a position (Scheme 19a,b).
Noteworthy, Firstner described the first trans selective
hydroboration of internal alkynes using [Cp'Ru(MeCN)3]PFs with
high to exceptional trans selectivity obtained with the
symmetrical substrates (Scheme 19c).% Later, Liu disclosed the
Pd-catalyzed trans hydroboration of terminal and internal 1,3-
enynes with high selectivity and stereoselectivity assisted by
1,4-azaborine-based phosphine ligands.["”

In the case of functionalized alkynes, such as alkynoate
esters or amides,! 781 propargylic alcohols and ethers,[ 791
thioacetylenes!® or ynamides,® different copper catalysts (or
metal-free phosphine catalysis in the prior case) have been
employed inducing o or B selectivity, being both regioisomers

(a)

M, Bpin, s
E-X Rl - R2
R2 (ref. 83, 85)
/
R1/ . R! Bpin
\ [Pd], B,pin,
ICF,R RF,C R2
(ref. 84)
(b)
1. Cp,ZrCl, (0.2 equiv.)
AlMe; (2 equiv.) .
_ CH,Cly, rt., 14 h Me,  Bpin
R 2. iPrOBpin (1.2 equiv.) R
(61-85%, B:o > 93:7)
(c)
[Cul, Bzpin, H o Bein
R1/ —>2 >=§_
R%-X R! R2

Scheme 20. Carboboration of alkynes and allenes.

available in all cases. The hydroboration of allenes has also
been exploited for the synthesis of trisubstituted alkenes, the
catalyst and the substituents both influencing the regioselectivity
of the process to the internal or distal double bond.[64082]

Another strategy for the synthesis of tri- and tetrasubstituted
alkenylboronates is the carboboration of alkynes or allenes,
generating new C-B and C-C bonds (Scheme 20a). Initial work
was developed by Suginome with palladium and nickel®3 and
recently Bai & Zhu and Zhang have described the Pd-catalyzed
trans carboboration with fluoroalkyl halides.[8] Nevertheless
copper complexes are the most successful catalysts described
for this transformation, generating the new C-C bond from an
electrophile (R-X).® Selectivity can be tuned by ligand control.
Other metals such as iron or zirconium have also been used in
this transformation.[®! It is worth highlighting the Zr-catalyzed
carboalumination/transmetalation methodology of terminal
alkynes described by Aggarwal that uses available materials,
and is scalable to gram amounts, providing trisubstituted
alkenylboronates in excellent regioselectivities (Scheme
20b).18%81 Allenes are also suitable substrates for this synthetic
tool under similar reaction conditions (Scheme 20c).["]

For internal use, please do not delete. Submitted_Manuscript



Other strategies for the synthesis of polysubstituted
alkenylboronates are the dehydrogenative borylation of 1,1-
disubstituted alkenes (Scheme 21a),[8 dehaloborylation of gem-
dihaloalkenes to produce Z-1-halo-1-alkenyl boronate esters
(Scheme 21b),®% the bromoboration of alkynes® (Scheme 21c)
and the reaction of ketones with 1,1-organodiboronates or by
diboration/elimination sequence leading to different substitution
patterns (Scheme 21d).[7%%1

Propargylic alcohols!®?] recently found application for the
synthesis of polysubstituted alkenylboronates and, additionally,
these substrates have been prepared in a variety of
transformations involving hydroboration/cyclization of 1,6-
enynes and related substrates,®? and olefin metathesis or enyne
metathesis.[94] In recent times, the Heck coupling between
arylvinyl MIDA boronates and aryl iodides was disclosed by the
Cossy group.[®d

3. Applications of alkenylboronates

The most significant application of alkenylboronates in
organic synthesis consists of their use as partners in Suzuki-
Miyaura cross-coupling reactions, mainly due to the
development of new boron protecting groups that has increased
their versatility toward that end.®®! Besides this role, the simple
transformation of C-B bonds in a variety of functional groupst™
has boosted the use of these molecules in reactions that implied
olefins, for further derivatization once a more elaborated building
block has been obtained.

Since the first applications by Matteson in the 60s in radical
and organometallics additions,®”] numerous reactions containing
alkenylboronates have been developed. Some of the earlier
examples included halodeboration, Michael addition or radical
chemistry.l ® 1 One of the most studied reactions of
alkenylboronates involves a cycloaddition step.[*®:%°d In particular,
they have been included in Diels-Alder cycloadditions as diene
or dienophiles to obtain flexible cyclohexenes and related
molecules (Scheme 22).91 Although alkenylboronates and 1,3-
dienyl boronates display low reactivity, good results have been

B(OR), B(OR),
R Z R?
or & R! R®
[4+2]
(RO),B = cycloaddition
< R or R? or R® = B(OR),

(Bpin, Bcat, BMIDA)

Scheme 22. General scheme for Diels-Alder cycloadditions with

alkenylboronates.
obtained at high temperatures, either introducing electron
withdrawing groups or favoring intramolecular interactions.!*%]
The asymmetric version has also been studied by using diols as
chiral inductors, with titanium and chromium complexes or
oxzaborolidinium cations. %!

On the other hand, in 1,3-dipolar cycloaddition reactions
alkenylboronates have shown good reactivity towards diazo
compounds, nitrile oxides, nitrones or azomethyne ylides to
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obtain different heterocycles as pyrazolines, isoxazolines,
isoxazolidines or pyrrolidines:2
The preparation of versatile three-member rings from

alkenylboronates has also attracted the interest of synthetic
chemists. Cyclopropanation reactions were described in the last
century by carbene addition or Simmons-Smith reactions
(Scheme 23a).[1%%] The use of chiral diols in the boronates,

(a)
oq Pd(OAc),, CH,=N,, Et,0

\ .
H B—0 —_ O, g™ B~
>—< ZnEty, CH,ly, (I)
o
R " toluene, 50 °C

[Cu(NCCH3),IPFg (5 mol%)

o N4
S

H Bpin (::ozEt

PR (5mol%) Ph
R H N7 COEt (dequiv) RV Y
CH,Cl,, 1t, 8 h

Bpin
(46-86%, dr > 94:6
er > 94:6)

Scheme 23. Synthesis of cyclopropylboronates

strategy initiated by Imai and particularly exploited by Pietruszka
and other authors, promoted good diastereoselectivities in the
borocyclopropane products.[*%] Moreover, we have recently
described the first highly enantio- and diastereoselective
cyclopropanation of 1-alkenylboronates with ethyl diazoacetate,
using Cu(l)-BOX complex as catalyst (Scheme 23b).[1%%]

The epoxidation reactions have been studied under
Sharpless ' conditions or using vanadium oxides for
alkenylboronates,*%! or with four-coordinated boron derivatives
(-BF3K, -BMIDA, -BPIDA) in the presence of other common
epoxidation reagents such as m-CPBA or DMDO (Scheme
24).1971 In both cases satisfying diastereoisomeric ratios have
been obtained, using chiral auxiliaries (chiral diols in the
boronate or —BPIDA, a pinene derivative of —BMIDA)[1062.1070] gp

Ti(OiPr),, TBHP, L-(+)-DET

1 or o
R BOR):2  yo(acac), TBHP  R2 R®
—_—
R2 RS R' B(OR),
0-0
R [B] orm-CPBA R2 2 R?
R2 R3 R [B]
[B] = BF;K, BMIDA, BPIDA
OH H Phth-NH; (2.8 equiv.) HO Pphth
P PhI(OAc), (3 equiv.) N
, —
R R™  K,CO;(3.5equiv) R N
Bpin  CH,Clp,0°Ctort,3-12h  Bpin

(59-78%, dr 4:1-20:1)

Scheme 24. Synthesis of boronate substituted epoxides and
aziridines. PIDA: pinene-derived iminodiacetic acid.

(a)
RZ H i R
[M], Bpin, )\(Bpin
—_— 1
>—< R
1
R H H
(b) X H
/_< M Bpin
—_——
— A
R X HBpin or B,pin, R
X
X=F, Br
1. BBr. B
© R? 2 pin:col ' Bpi
P I
R
R1/
R?
R _o_Bpin
@ o R?
Bpin Bpi
.| L in
R1J]\R2 RA\( ’
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allylic alcohol as epoxidation director°°< The only example of
aziridination was described by Walsh for 2-Bpin-substituted
allylic alcohols in the presence of PhI(OAc); and N-
aminophthalimide in a metal free protocol, with good yields and
excellent diastereoselectivity (Scheme 24).12%81 For both epoxides
and aziridine rings, no enantioselective procedures have been
yet described.

Hydrofunctionalization = reactions of alkenylboronates,
especially on the challenging asymmetric versions have been
broadly expanded in the last years providing chiral building
blocks that include the versatile boronate groups. Pfaltz
described the enantioselective hydrogenation of
alkenylboronates using iridium complexes bearing N,P-ligands
as catalysts (Scheme 25).12°1 g-Aminoboronic acids can be
prepared in moderate yields from alkenylboronates by a
hydroamination protocol developed by Hirano and Miura with
Cu(ll)-diphosphine catalysts.I 1© 1 Hydroallylation was also
developed independently by Yun and Hoveyda for these
substrates using allylic phosphates as reagents under copper
catalysis. ' 1 Recently, the Pt-catalyzed enantioselective
hydrosilylation has been described by Morken group.[*'?] In all
those cases excellent enantiomeric excesses were obtained
(Scheme 25).

Hydrogenation[1%°] -
vereg BArg

i X
(tBU)ZP\ItN _—
r\
4R 1 mol%)
XY Ph (
i H Bpin
R~ jBpin 2 bar H, H P

"I .
CH,Cl,, rt., 12 h R A R

(88-99% conv., 72-99% ee)

H R’
Hydroamination!'1°]

Cu(OAc), (10 mol%)
H Bdan Bdan
(R)-DTBM-SEGPHOS (10 mol%)

>_< / "’I
R H Bz(?—NRz 3 eq_uiv.) R NRZH
LiOtBu (4 equiv.)
THF, rt., 4 h

(49-81%, 76-98% ee)
Hydroallylation['"]

CuCl (5 mol%)
Walphos (5.5 mol%)
[B]

/\/OPO(OB)Z (2 equiv.)

LiOtBu (4 equiv.)
PMHS (4 equiv.)

Et,0,40°C,24 h
[B] = Bpin, Bdan

CuCl (5 mol%)
NHC* (5.5 mol%)

H  Bpi
PN R oPo(0Et),
W\ LiOtBu (1.5 equiv.)
PMHS (3 equiv.)
(1.1 equiv.) THF, rt., 14 h

then oxidation

Hydrosilylation['12]

Pt(dba); (3 mol%)

H Bpin 3
phosphonite (6 mol%)

R H HSiMe,Ph (1.2 equiv.)

MTBE, rt., 14 h

Scheme 25. Asymmetric hydrofunctionalization reactions of alkenylboronates.

PMHS: poly(methylhydrosiloxane).

,—‘,,,//
R H
X
(65-98%, 84-99% ee)

(46-84%, 88-96% ee)

Bpin

"'H

R SiMe,Ph

(23-90%, 60-92% ee)
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Very recently, the stereodivergent synthesis of E and Z o-
chloroalkenylboronates through chlorination of trans alkenyl
MIDA boronates was optimized by Wang using different
chlorination reagents in an efficient metal-free protocol (Scheme
26), 31 producing a versatile building block that can be further
transformed via the olefin, halogen or boronate.

PhSeCl (2.5 equiv) ' BMIDA

THF, rt., overnight

H BMIDA R cl
(43-90%, Z:E > 5:1)

R H
\BuOCI (1.5 equiv.) 1 cl
DCM, rt., 5 h < \amipa

(R = Ar, 46-75%, E:Z > 5:1)

Scheme 26. Stereodivergent chlorination of alkenyl MIDA boronates.

Interestingly, difunctionalization reactions have been also
described for alkenylboronates. Morken first presented the
platinum catalyzed enantioselective diboration of vinylboronates
(Scheme 27a).1*41 Two years later Hirano and Miura reported
the regio- and stereoselective aminoboration of
alkenylboronates, although the enantioselectivy obtained for two
examples was yet moderate (70-76% ee).['*S] The oxidation of
these olefins toward oxalyl MIDA boronates or halogenated and
trifluoromethylated a-boryl ketones has been recently described
(Scheme 27b,c).'® The ozonolysis of alkenyl MIDA boronates
has also been achieved by Bode and Ito affording acylboronates,
which are intermediates in the synthesis of a-amino
acylborons.*17]

(a) Diboration['14] (b) Aminoboration[11%]

Pt(dba); (3 mol%) Cu(OAc); (10 mol%)

phosphonite (6 mol%) H [B] dppp (10 mol%)
B,cat, (2 equiv.) >:< danB-Bpin (1.5 equiv.)
THF,70°C, 24 h R H BzO-NR; (1.5 equiv.)
then pinacol LiOtBu (1.5 equiv.)
THF, rt., 4 h
H Bpin danB Bdan
pinB"" H\Y "’H
R Bpin R NR,
[B] = Bpin [B] = Bdan
(47-82%, 30-90% ee) (45-94%)

(c) Oxalyl Boronates preparation['1®?]  (d) Oxidative Difunctionalizationl'16a]

H BMIDA
0s0, (1-2 mol%) —
NMO (1.5 equiv.) R "
acetone/tBuOH/H,0 oxidant (IBX, NaClO,)
rt., 24-48 h + X source
BMIDA (o] BMIDA
R X
(63 -92%)
DMP (2.2 equiv.) X =F, selectfluor (19-72%)
CH;CN, rt., 1 h X =CI, CCI;CO,H (46-57%)
X =Br, NBS (36-75%)
X=11 (45-73%)
BMIDA 2
>\ g X = CF3, NaSO,CF; (25-57%)
RO (36.90%)
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Scheme 27. Difunctionalization reactions of alkenylboronates. NMO: N-
methylmorpholine N-oxide. DMP: Dess—Martin periodinane. IBX: 2-
lodoxybenzoic acid.

Very recently, the reactivity of tetracoordinate alkenylboronate
complexes by 1,2-migration rearrangement has been exploited
by several authors (Scheme 28). Morken presented in 2016 a
palladium-catalyzed conjunctive cross-coupling methodology to
obtain secondary alcohols (after oxidation) in high enantiomeric
excess using three components: an organolithium, an
organoboronic ester, and an organotriflate.*®! The same group
has developed this method to obtain secondary and tertiary
alkylboronates with C(sp? or C(sp®) substituents in excellent
ee’s by palladium or nickel catalysis (Scheme 28a).['*?] Aggarwal
has investigated the reactivity of the same complexes with
different electrophiles, achieving high diastereoselectivities by
using PhSeCl or PhSCI (Scheme 28b).[*?°) Denmark has lately
published the transition-metal free enantioselective
carbosulfenylation of alkenylboronates, affording B-sulfur
secondary or tertiary alcohols, after oxidation (Scheme 28c). [

(@)

(RO),B—R'
. M
R? R3 \ m* B(OR).
- Pd Ni 4
(RO)B—R [Pd]or[Ni] R 2
or > $ R!

/=< R4-X Y R3

/=<B(OR)2 / R? R3

R', R*: C(sp?) or (Csp?)

M : Li, MgBr
+ R-M R2orR3:H
(b)
. 1. R*Li (1.05 equiv.)
1 B R! P
R PN THE,.78°C,1h Rz~ Bpin
c— —_—— =
2 3 2. PhECI (1.2 equiv.) SYR4
R R 78°C,1h PhE RS
E:S, Se (61-99%, dr > 95:5)
(c)
/ X, Ph
N /
( «__Se—S$S
PZ
Li* N NGPr),
pinéfR2 \' (10 mol%) PhS/" OH
— c.)\,’O R! R2

R! S
N-SPh (32-90%, er > 81:19)
1.2 equiv.
o (1.2 equiv.)

EtOH, -60 °C, 24 h
then oxidation

Scheme 28. Construction of non-racemic alkylboronates (or alcohols) bearing
two vicinal stereogenic centers.

The mentioned substrates, tetracoordinated alkenylboronate
complexes, have also been employed in radical chemistry.
Studer®?? and Aggarwal,*?®! independently, and later Renaud!*?4
have shown that the vinylboronate complexes are efficient
radical acceptors, and the radical anion adducts undergo 1,2-
alkyl/aryl shift from boron to carbon, leading to a variety of
synthetically useful products (Scheme 29a). This method has
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been applied by Aggarwal in heterocycles such as furan or
indole to give 2,5-disubstituted furans or 2,3-disubstituted
indoles (Scheme 29b).The 1,2-metalate rearrangements and
photoredox catalysis has merged on this topic with several
contributions also from Aggarwal group.*?%¢l Simple vinyl-
BMIDA and vinyl-Bpin are also suitable substrates for radical
chemistry.2%

(a)
Li* Li*

- 5 -
(RO),B—R' _R (RO),B—R" 1. SET

=< /—<- 2. 1,2-migration

R® 1
R? R® R? R

(b) 1
R = alkyl, aryl

R
ol
o]
=
RZ=CF; (34-72%)
R

2 CH,R (45-82%)

Li*
(RO),B=R'  R2.
—_—
Z\ (o]

Scheme 29. General mechanism of radical reactions in tetracoordinated
alkenylboronate complexes and furan application. SET: single-electron
transfer.

4. Conclusions

This review provides an insight into the increasing development
of synthetic protocols for the preparation of alkenylboronates
and their further use in organic reactions, where the versatility of
the products is significantly increased with the incorporation of
the boronate group. A number of transformations have been
described. Further progress seems to focus in the use of
alkenylboronates in processes related with asymmetric
applications of these flexible substrates, employing pinacol
boronate or the more robust protecting groups Bdan or BMIDA.
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