1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Isr J Chem. Author manuscript; available in PMC 2021 March 29.

-, HHS Public Access
«

Published in final edited form as:
Isr J Chem. 2020 March ; 60(3-4): 219-229. doi:10.1002/ijch.201900087.

Transition-Metal-Catalyzed 1,2-Carboboration of Alkenes:
Strategies, Mechanisms, and Stereocontrol

Zhen Liul@, Yang Gaol®l, Tian ZengP], Keary M. Englel@
[[lDepartment of Chemistry, The Scripps Research Institute, La Jolla, CA 92307 (USA)

bIDivision of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena,
CA 91125 (USA)

Abstract

During the past decade, many research groups have described catalytic methods for 1,2-
carboboration, allowing access to structurally complex organoboronates from alkenes. Various
transition metals, especially copper, palladium, and nickel, have been widely used in these
reactions. This review summarizes advances in this field, with a special focus on the catalytic
cycles involved in different metal-catalyzed carboboration reactions, as well as the regio- and
stereochemical consequences of the underlying mechanisms. 1,2-Carboboration of other
unsaturated systems, such as alkynes and allenes, are outside of the scope of this review.
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1. Introduction

Boron-containing organic molecules are versatile synthetic intermediates due to the ability
to transform C—B bonds into many other functional groups.[!] Because of the widespread
availability of alkene substrates, conversion of alkenes into alkylboronates is a powerful
synthetic strategy. One classical example of this type of transformation is alkene
hydroboration, which has emerged as a central reactivity paradigm in organic synthesis since
its initial discovery in the 1950s.121 After decades of successfully developing alkene
hydroboration chemistry, researchers have recently started to pursue alkene functionalization
reactions that generate an even greater level of complexity, such as borylative alkene 1,2-
difunctionalizations, where a second functional group is introduced instead of a hydrogen
atom.[3] In this review, we will focus on a powerful subset of borylative 1,2-
difunctionalization, namely 1,2-carboboration of alkenes, which is rapidly emerging as a
powerful means of synthesizing organoboronates that complements existing methods.[4l By
simultaneously introducing a boron and carbon moiety across a C=C bond, 1,2-
carboboration forges a new C(sp3)—C bond and a new C(sp3)-B bond. Hence, this type of
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reaction offers a platform to access compounds with two contiguous stereogenic centers in a
manner that quickly assembles molecular complexity from simple starting materials.

Starting from a common alkene substrate, 1,2-carboboration can be promoted by different
transition metals (at various oxidation states). The unique mechanisms at play can result in
divergent regio- and stereochemical outcomes, with the regio- and stereoselectivity/
specificity dictated by the elementary steps involved (Scheme 1). This diversity of pathways
presents an exciting opportunity in enabling divergent synthesis of organoboronates;
however, it also represents a challenge in terms of developing predictable methods as well as
a robust conceptual framework for synthetic planning. Among the results covered in this
review are numerous examples of enantioselective transformations that have been achieved
by adding appropriate non-racemic ligands. Elegant radical-based approaches, which are
quickly emerging as a powerful complementary technology, are outside of the scope of this
review.[5]

2. Transition-Metal-Catalyzed Alkene 1,2-Carboboration Reaction

2.1. Cu-catalyzed Alkene Carboboration

During the past decade, many examples of Cu-catalyzed alkene carboboration have been
reported. Typically, a diboron reagent, such as bis(pinacolato)diboron (Bopin,), serves as the
boron source, which undergoes transmetalation to transfer a boryl group onto the copper
center. The resulting copper—boryl species then undergoes syrmigratory insertion to form
the C(sp3)-B bond and concomitantly generate an alkylcopper intermediate.[®] Electrophilic
trapping with a carbon-based electrophile then forges the C(sp®)-C bond and closes the
catalytic cycle (Scheme 2). The mechanism for the final C-C-bond-forming step could
either be Sy2 or an oxidative addition/reductive elimination sequence, depending on the
electrophile.[]

2.1.1. Two-component Carboboration Involving an Intramolecular Cyclization
—Since 2008, the groups of Ito and Sawamura have developed an elegant series of
cyclization reactions triggered by borocupration.[8] Different sized rings can be constructed
using this strategy, ranging from 3- to 5-membered ring systems. Compatible substrates
include allylic carbonates, phosphates, alkyl sulfonates, and alkyl bromides. With chiral
bisphospine ligands L 1-L 3, several transformations were rendered enantioselective.

In 2017, Ito and coworkers reported a Cu(l)-catalyzed borylative radical cyclization reaction
(Scheme 4).[1 A radical clock experiment was designed to probe the mechanism, and the
observation of ring opening is consistent with the intermediacy of a carbon-centered radical.
This work is one of the few examples of Cu(l)-catalyzed carboboration that is believed to
proceed by a radical mechanism.

In 2012, Lam and coworkers achieved an enantioselective Cu(l)-catalyzed cascade
desymmetrization of a,-unsaturated carbonyl compounds containing an intramolecularly
tethered 1,3-diketone. Following conjugate borocupration, the resultant copper—enolate
undergoes aldol cyclization to one of the ketone groups (Scheme 5).[191 With JosiPhos (L 6)
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as the optimal ligand, an array of multifunctionalized bicyclic compounds could be
generated in excellent enantioselectivity and moderate to high diastereoselectivity.

Later, in 2018, Lautens and coworkers developed a Cu(l)-catalyzed intramolecular
acylboration reaction using a tethered carbamoyl chloride as the electrophile (Scheme 6).[11]
It is notable that the products are enantioenriched 3,3-disubstituted oxindoles, which are
biologically interesting molecules.[12]

2.1.2. Three-component Alkene Carboboration Reactions—Three-component
carboboration is generally more challenging to achieve compared to its intramolecular
counterpart, since the final electrophilic trapping step becomes slower and the side reaction
of direct coupling between the boron nucleophile and carbon electrophile becomes
significant. The first three-component alkene carboboration was described in a seminal
report by Yoshida in 2013 using Cu catalysis (eq. 1).113] Although only three examples of
alkene benzylboration were disclosed with styrene, a vinyl boronate, and a vinyl silane, this
work nevertheless demonstrated the viability of a fully intermolecular 1,2-carboboration,
setting the stage for further development to unlock the full potential of this transformation in
organic synthesis.

) SIMesCuCl (2mol%) B b
R + Bping + BnCl ——r | gy, Mes— 521" Mes
KOBu (1.5 equiv) R
1.3 equiv 3 equiv OME. 1t i CuCl
Bo-83 yield
R = Ph, Bpin, SiMe.Ph 3 examples SIMesCuCl

eq. 1

An extension of this alkene alkylboration system was published by Xiao, Fu, and coworkers
in 2015 (Scheme 7).[141 The key alkylcopper intermediate generated by migratory insertion
is resistant to S-H elimination compared to analogous intermediates derived from other
transition metals, such palladium. Interestingly, in this work, the authors found that either
regiochemical outcome could be obtained by adopting two structurally similar bisphosphine
ligands (L5 and L 8). DFT calculations of the relative Gibbs free energies of migratory
insertion transition states revealed an opposite trend between these two ligands. With L5,
anti-Markovnikov addition is favored because of a better d(Cu)-mc(alkene) back donation. In
contrast, with a bulkier ligand L 6, the reaction favors Markovnikov addition due to steric
effect. Notably, a weakly coordinating Lewis basic group on the alkene substrate is needed
in this chemistry in order to overcome the direct boration of the alkyl halide.

In addition to alkyl halides, carbonyl-containing compounds have also been successfully
employed as electrophiles in three-component alkene 1,2-carboboration. In 2014, Hoveyda
and coworkers reported the first example of three-component carboboration using aldehydes
as the coupling partner and 1,3-enynes as the substrate (Scheme 8).[35] Later, in 2017, Meek
and coworkers achieved a similar transformation using vinyl boronate substrates.[16] These
two reactions were rendered enantioselective through use of with chiral bisphosphine ligands
L9and L 10, respectively. CO, was also found to be a compatible electrophile in a so-called
boracarboxylation reaction of styrenes reported by the group of Popp (eq. 2).[17 In all these
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cases, stabilized alkylcopper intermediates were generated from conjugated alkenes, which
is a critical aspect of their success.

Popp, 2016
=
) ICyCuCl (12 mol%) COH
Ar- S+ Bgping + CO, —m—o» 1
NaOMBu (2 equiv)  Ar~ P
THF. rt

11-88% yi

|
CuCl
ICyCuCl

=\ ]
cy-NasMegy
1.1 equiv 1 atm

21 examples

eq. 2

Cu(l)-catalyzed intramolecular acylboration has been introduced in the previous section. It
should be noted that the three-component variant of this reaction was achieved even earlier
by Brown and coworkers in 2017 (Scheme 9).[18] The compatible alkene substrates include
vinyl arenes, 1,2-dienes, and strained alkenes. The authors also rendered this reaction
enantioselective by preparing a chiral (NHC)Cu catalyst. In 2018, the group of Brown also
reported a heteroarylboration of 1,3-dienes using pyridine-containing heterocycles as imine
surrogates (Scheme 10).1191 The overall cine substitution of bromopyridines results from
addition of the allylcopper intermediate via a six-membered transition state, in which C-C
bond formation occurs at the position ortf10to the bromide. Formal 1,5-elimination of the
bromide and rearomatization through 1,2-hydride migration then delivers the final product.
This work represents a novel protocol to access multisubstituted pyridines or quinolines.
Though highly enabling in their own right, carboboration reactions involving copper—boryl
intermediates have thus far been limited in terms of the scope of electrophiles that are
compatible. This issue has been partially overcome by enlisting a second metal to promote
the C-C bond forming step (see Section 2.4).

2.2. Pd-catalyzed Alkene Carboboration

Palladium catalysts are remarkably robust and versatile in traditional C(sp2)-C(sp?) and
C(sp?)-heteroatom cross-coupling.[1P: 201 For example, Miyaura borylation typically uses a
Pd(0) catalyst and is one of the most powerful C(sp?)-B-bond-forming methods in the
modern synthetic repertoire.[?1] Generally speaking alkene addition chemistry with
palladium can take place through two different catalytic manifolds: Pd(0) catalysis via an
inner-sphere Heck-type pathway or Pd(I1) catalysis via an outer-sphere Wacker-type
pathway. Indeed, several conceptually distinct Pd-catalyzed methods for alkene
carboboration with different regio- and stereoselectivity have been successfully achieved.
The first example of Pd-catalyzed alkene carboboration was reported by Suginome and
coworkers in 2011 (Scheme 11).122] The proposed reaction mechanism involves oxidative
addition of Pd(0) into B—CI bond and bora-Heck-type syr-migratory insertion of the tethered
alkene. This mode of reactivity is unique in the context of alkene carboboration, presumably
because boron halides are unstable in the present of many Lewis basic functional groups and
are challenging to prepare. In general, “nucleophilic” boron reagents, as exemplified by as
Bopiny, are far more common in alkene carboboration than “electrophilic” reagents, such as
B-X (X=halide) compounds.

As mentioned above, the two canonical Pd-catalyzed alkene functionalization reactions are
the Mizoroki—Heck reaction and Wacker reaction.[200: 23] These two reaction modes proceed
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via different mechanisms, which can deliver stereoisomeric products (Scheme 12). In a
Pd(0)/Pd(I1) catalytic cycle, Heck-type migratory insertion across an alkene proceeds in sy
stereospecific manner to access an alkylpalladium(Il) intermediate. In contrast, in a Pd(11)/
Pd(0) catalytic cycle, Wacker-type nucleopalladation can take place in an antf-selective
fashion via Pd(Il) r-Lewis acid activation. In either case, the resulting alkylpalladium(l1)
species can then undergo transmetalation and C-B bond forming step proceed in a
stereoretentive fashion. In contrast to Cu catalysis, where a Cu-Bpin species is first
generated and reacts with alkene, the formation of C-B bond is generally the final step in a
Pd-catalyzed carboboration reaction, Suginome’s 2011 precedent notwithstanding.

B-Hydride elimination of an alkylPd(I1) complex is typically a rapid process?4 and is key
elementary step in Mizoroki—-Heck coupling and in the Wacker process. In the context of
alkene carboboration, g-H elimination can complicate product selectivity. For example, in
2015 the group of Toste reported an example of alkene 1,1-arylboration by taking advantage
of B-hydride elimination to generate a stabilized rt-benzyl intermediate (Scheme 13).[2] To
achieve high selectivity for 1,2-carboboration, g-hydride elimination is an undesired
pathway and should be suppressed. Several strategies have been employed to prevent 5
hydride elimination in alkene carboboration (vide infra). One is to use a geometrically
constrained alkene substrate that does not have an appropriate g-hydrogen atom to eliminate.
Another strategy is to use alkene substrates that can form electronically stabilized polyhaptic
organopalladium(ll) intermediates, such as allyl- or benzylpalladium(l1) species. Lastly,
substrates containing Lewis basic directing groups, which form palladacycle intermediates
upon carbopalladation or migratory insertion, have been successfully employed.

2.2.1. Carboboration Initiated by Heck-type Migratory Insertion—Heck-type
migratory insertion is a robust means of delivering aryl and vinyl groups in a syr+specific
manner. Several examples of 1,2-arylboration via Heck-type chemistry have been reported
by the group of Song (eq. 4).[26] In these papers, regioselective 1,2-arylboration of vinyl
arenes and strained alkenes was successfully achieved.

Song, 2016
R2 2
cat. Pd-L Ars R
Ar—X  + [ + Bgping ——— 0, \I’/
R! Bpin/\R'
X =Br, |, NBF,

+ vinyl arenes + strained alkenes

eq. 4

In order to overcome problematic p-hydride elimination in alkene difunctionalization, our
laboratory has developed a series of mechanistically diverse reactions using a strongly
coordinating 8-aminoquinoline amide (AQ) as the directing group.l2”1 This directing group
is beneficial for stabilizing the putative alkylPd(11) intermediates by forming a
conformationally rigid palladacycle, as originally demonstrated by Daugulis in the context
of C(sp3)-H activation.[28] By exploiting this strategy, our lab has recently developed a syn-
carboboration reaction, where both aryl and alkenyl triflates are compatible coupling
partners (Scheme 14).12% The alkene scope is rather broad for this chemistry, including di-
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tri- and tetrasubstituted alkenes as suitable substrates. Interestingly, the C=C bonds of indole
and benzofuran can be readily functionalized through this reaction with excellent
diastereoselectivity, leading to highly substituted dearomatized heterocycles.

As an alternative strategy to classical Heck-type chemistry through oxidative addition of an
organohalide to Pd(0), Backvall and coworkers developed a mechanistically unique
approach to access alkenylpalladium(ll) intermediates by taking advantage of Pd(I1)-
mediated C(sp3)-H bond cleavage of substituted allenes (Scheme 15).130 A tethered
hydroxyl or carbonyl group is crucial for the desired cyclization, presumably by stabilizing
the intermediates through weak coordination.

2.2.2. Carboboration Initiated by Wacker-type Nucleopalladation—Alkene
difunctionalization involving a Wacker-type mechanism has become an active research area
in recent years.[230] However, examples of Pd(l1)-catalyzed 1,2-carboboration are very rare.
As mentioned above, this is mainly because the undesired B-hydride elimination
outcompetes the desired reaction in many cases. The first example of intermolecular (three-
component) alkene carboboration using Pd(I1) catalysis was reported by our research group
(Scheme 16).31] Again, a directing group strategy was key to successful execution of this
chemistry. Upon anti-nucleopalladation, the resulting alkylpalladium(lI1) intermediate can
either be a 5- or 6-membered palladacycle, which enables installation of a boron group at the
B-and y-positions with respect to the carbonyl group.

After extensive screening of a variety of chiral ligands, we later rendered this transformation
enantioselective(328] by adopting a monodentate oxazoline ligand L 13 (MOX) that had
recently been described in a related report(32tl by He, Peng, and Chen (Scheme 17).
Interestingly, the carboboration reaction was found to be stereoconvergent, providing the
same major diastereomer from both the £- and Z-alkene substrates. This phenomenon is
caused by the rapid £/.Zisomerization prior to nucleopalladation, as supported by
stoichiometric experiments. Shortly after our report, the group of Peng, Chen, He and
coworkers also described an asymmetric carboboration method with a structurally similar
ligand L 14 that offered higher levels of enantioselectivity.[33] The origin of the effectiveness
of this particular ligand was elucidated by DFT studies. Compared with L 13, the larger
aromatic ring in L 14 could provide a better shield to differentiate the face selectivity of
alkene.

2.3. Ni-catalyzed Alkene Carboboration

Ni-catalyzed alkene carboboration is distinct from previously described approaches,
presenting its own challenges and opportunities. In terms of mechanism, it is generally
believed to be similar to Cu(l)-catalyzed carboboration. First, transmetalation of Ni catalyst
with B,pin, generates a Ni(l1)-B complex, followed by syn-migratory insertion to form an
alkyINi(l) species. This species can then be trapped by the electrophile, undergoing a
sequence of oxidative addition/reductive elimination (Scheme 18). In terms of carbon
electrophile scope, Ni-catalyzed carboboration has been shown to be capable of
incorporating aryl or alkenyl groups, similar to a Pd-catalyzed Heck-type carboboration
reaction. Although in principle nickel should be well suited to engage alkyl electrophiles,[34]
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nickel-catalyzed 1,2-alkylboration has not yet been described, likely due to the
complications associated with competitive 5-H elimination. Indeed, Yin has recently taken
advantage of this phenomenon in a 1,1-alkylboration.[3%]

In 2017, Brown and coworkers reported the first Ni-catalyzed alkene 1,2-arylboration
reaction (Scheme 19).[3¢] Many simple alkene substrates are competent in this
transformation, especially cyclic alkenes. Compared to an alkylIPd(l1) species, the key
alkyINi(l) intermediate is more resistant to S-hydride elimination. Thus a directing group
intended to mitigate B-hydride elimination is not required.[37] Recently, an improved set of
reaction conditions with DMA (dimethylacetamide) as an additive was developed by the
same group.[38] DMA serves as a weakly coordinating ligand to stabilize the alkylnickel(l)
intermediate, further suppressing g-H elimination. Tri-substituted alkenes were able to
participate in arylboration reaction. Detailed mechanistic studies were conducted showing
that alkene insertion is the turnover-limiting step. With terminal non-conjugated alkenes, Yin
has developed a 1,/+arylboration through alkylInickel chain-walking.[39]

In 2019, Yin and coworkers developed a Ni-catalyzed 1,2-arylboration of vinyl arenes. A
variety of aryl halides were compatible electrophiles in this transformation. Shortly
afterwards, Brown and coworkers reported a method of 1,2-arylboration of tri- and
disubstituted vinyl arenes (Scheme 20).[4041]

2.4. Alkene Carboboration by Cooperative Catalysis

Cooperative catalysis is a strategy to activate multiple reaction components simultaneously
through use of more than one catalyst in order to achieve transformations that would
otherwise be kinetically prohibited.[42] By combining multiple metal catalysts in one-pot,
several historically challenging alkene 1,2-carboboration reactions have been realized. In
2014, the first examples of alkene 1,2-arylboration enabled by cooperative catalysis were
published independently by the group of Semba/Nakaol43] and Brown[44] (Scheme 21).
Interestingly, a Pd/Cu catalytic system with similar ligands was used in both cases. The
plausible mechanism consists of two catalytic cycles. In the Pd cycle (Cycle I), an aryl
Pd(Il) intermediate is first formed through oxidative addition. In the meantime, Cu(l)
catalyst undergoes a base-mediated transmetalation, followed by migratory insertion to
generate an alkyl cuprate (Cycle I1). Transmetalation between the organocuprate and Pd(11)
complex, transfers the alkyl group from Cu to Pd center. Reductive elimination from the
Pd(Il) catalyst delivers the final product and regenerates a Pd(0) species. Through this
mechanism, aryl electrophiles become suitable coupling partners in carboboration reaction,
which is not trivial to achieve for Cu sole catalysis.[4?! In addition, B-hydride elimination is
no longer a significant issue for the putative alkyl Pd(l1) intermediates, as the alkyl group is
carried by Cu in the form of alkylcuprate for most of the time.

In 2015, Brown and coworkers found that the stereoselectivity of arylboration can be
determined by the phosphine ligand (Scheme 22).[46] with Buchwald ligands, such as
RuPhos (L 17), the reaction is highly syr+selective. In contrast, with a trialkylphosine ligand
(P/Bus3), this reaction was optimized to be highly anti-selective. Different solvents also have
a major impact on the stereochemical outcome. Since Cu-Bpin migratory insertion is syr-
selective and Pd(Il) reductive elimination is stereoretentive, a plausible mechanism is that
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RuPhos and THF facilitate a stereoretentive Cu/Pd transmetalation. While, P/Bus and
nonpolar solvents promote a stereoinvertive transmetalation. In terms of preparative
chemistry, these complementary methods further enhance the ability to access structurally
diverse alkyl boronates from common starting materials.

Beyond arylboration, Pd/Cu cooperative catalysis has also been used in other types of
carboboration reactions. For example, in 2015, Liao and coworkers developed the first
enantioselective allylboration of vinyl arenes (eq. 5).[47] A dialkylarylphosphine containing
a tethered chiral sulfoxide was found to be the optimal ligand, catalyzing the reaction in
good to excellent ee.

Liao, 2015
CuDAL1S (10 moli) _Bpin
. Pd{dppf)Cl; (5 mol¥)
AT T gt " 0Boc Bping (1.5 equiv)
KOH (1 equiv)
BuOMe, 0°C

eq.5

A different catalytic system was developed by the group of Nakao in 2016 (eq. 6).[4¢] They
reported an arylboration of vinyl arenes via Ni/Cu cooperative catalysis. It is notable that
weak electrophiles, such as aryl chlorides and tosylates were compatible, which had not
been previously demonstrated in a carboboration reaction. The authors proposed that in this
system the Ni catalyst plays a similar role as the Pd catalyst in the Cu/Pd systems. As
discussed in the preceding section, it was later found that Ni is capable of carrying out both
components of this dual system under different reaction conditions.

Nakao, 2016 Ni(acac); (2 mol%)
CuCl (1 mol%)

X PCyps (6 mol%) @/\, Bpin
R-- + Ar—=X R+
Q/\ B,pin; (1 equiv) ==
LiOtBu (1.5 equiv)
toluene, 80 °C

Ar

15 examples

eq. 6

Dual catalytic systems are enabling in cases where each of the two metals is uniquely
effective at some elementary steps but not others. However, cross-compatibility of the
catalysts/ligands/reagents is a persistent challenge in such processes.

2.4. Alkene Carboboration Catalyzed by Other Transition Metals

Although Cu, Pd and Ni are the most explored transition-metal catalysts for alkene
carboboration, other transition metals also hold promise to promote similar transformations.
Recently, the group of Ge reported an example of cobalt-catalyzed intramolecular
carboboration (Scheme 23).[49] Using Ph-BPE (L 20) or JosiPhos (L 6) as ligand, an excellent
level of enantioselectivity was achieved. In terms of mechanism, the authors proposed that
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after generation of Co—H, an alkylcobalt species was formed by sequential insertion of the
C=C and C=C bonds, followed by o-bond metathesis to install the C-B bond.

A Rh(ll1)-catalyzed intramolecular carboboration has also been achieved by Tian, Hong, Lin
and coworkers (Scheme 24).1501 Mechanistically, this reaction involves initial formation of a
bisboryl-Rh(I11) intermediate. Next, syr-migratory insertion to the non-conjugated alkene
leads to formation of an alkylrhodium intermediate that then undergoes conjugated addition
to the tethered a,B-unsaturated alkene. This transformation was rendered highly
enantioselective through the use of chiral NCN-pincer rhodium(l11) catalysts (C1 and C2).

3. Outlook

In this review, we highlighted representative examples to showcase the power of different
approaches to 1,2-carboboration of alkenes catalyzed by Cu, Pd, and Ni. With different
transition-metals as the catalyst, these reactions typically proceed by distinct mechanisms,
leading to divergent regio- and stereochemical outcomes. Cu and Ni catalysts are believed to
transmetalate with diboron reagents first to form a copper—boryl, which will then add across
the C=C bond in a syr+fashion. In contrast to Cu and Ni catalysts, Pd catalyst typically react
by first facilitating addition of the carbon moiety to alkene via syrn-migratory insertion or
anti-nucleopalladation depending on the conditions. On the other hand, cooperative catalysis
systems have also been developed, offering more options to effect carboboration. With this
expanding catalytic toolkit, a variety of carbon-based functional groups can now be
installed, including alkyl, aryl, and alkenyl groups.

In order to realize increasingly general and practical alkene carboboration methods, there
remain many outstanding problems to be addressed. For example, many existing reactions
possess limited alkene scope. In Cu catalysis, there are almost no transformations that have
been shown to be compatible with unactivated internal alkenes. In Pd catalysis, strained
alkenes or styrene-type substrates have typically been required. More recent methods for
non-conjugated alkenes require a directing group in proximity to the alkene to control
regioselectivity and prevent the g-hydride elimination, but this directing group requires
additional steps to install and remove. In Ni catalysis, although many unactivated alkenes are
compatible in the reaction, the regioselectivity in this chemistry is dictated by the
substitution pattern of the alkene substrate and can only be controllably switched in special
cases, like with styrene substrates. In addition, enantioselective variants of Ni-catalyzed 1,2-
carboboration remain unknown. While these are daunting challenges, the impressive
progress of the field during the past ten years, augurs favorably for significant progress on
these and other issues in the near future.
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General depiction of catalyst-controlled 1,2-carboboration. In this scheme and throughout
the manuscript, nucleophilic reaction partners are drawn in blue, and electrophilic reaction

partners are drawn in red.
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Scheme 2.
Mechanism of Cu-catalyzed alkene 1,2-carboboration.
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Scheme 3.

Cu(l)-catalyzed intramolecular carboboration with halides or pseudohalides as leaving

groups.
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Scheme 5.
Cu(l)-catalyzed intramolecular carboboration involving an aldol cyclization.
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Cu(l)-catalyzed intramolecular acylboration.
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Cu(l)-catalyzed divergent alkylboration of alkenes.
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Cu(l)-catalyzed alkene carboboration with aldehydes as the electrophile.
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Cu(l)-catalyzed three-component acylboration.
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Cu(l)-catalyzed heteroarylboration of 1,2-dienes.
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Pd!'x* B-hydride X*Pd'H  reinsertion Pd!'X*
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Scheme 13.
Pd(0)-catalyzed alkene 1,1-arylboration.
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Pdy(dba); (3—5 mol%) : O
Bpin O
- PCy.

RW%JL L12 (6-10 mol%) o
+ REQTt \/\HJL
noN | RZ0OT - ) UAQ

H N B,pin; (2-3 equiv) ;-
(AQ) = PrNEt (2-3 equiv) R
54-99% vield
n=1or2 R2 = Aryl, Alkenyl 30 333,,,,}’,';5 Cy-JohnPhos
(L12)
Selected Examples

Al

BocHN,, 0 0 /\/\)j\ (@)
O SR, W e e
ph’ L AQ e e ‘ \_Ph
Bpin Me » "M

92% 61% 86% 86%
dr.=16:1 d.r. > 30:1 d.r.>30:1
Scheme 14.

Pd(0)-catalyzed 1,2-carboboration of alkenes with AQ directing group.

Isr J Chem. Author manuscript; available in PMC 2021 March 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Liuetal. Page 28

Backvall, 2018

2 i
R! i Pd(OAC), (5 mol%) - -OR®
m _ BQ (1.1 equiv) 52-86% yield
- OR3 +  Bopiny > up to >50:1 d.r.
1.3 equl DCE, rt 20 examples
e .3 equiv Bpin
R \ :
o allenic attack migratory
. e e
)J'\_.p@. X insertion
Me Me X
Selected Examples
Me
> \I:r \ﬁ
M z
e \Bpin Bpln “Bpin ™ Bpin
70%, >50:1 d.r. 65%, >50:1 d.r. 82%, 5:1 d.r. 70%
Scheme 15.

Pd(Il)-catalyzed intramolecular 1,2-arylboration involving Heck-type migratory insertion.
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Pd(OAc); (5-10 mol%)
[e) KF (1 equiv) .
Bpin; (2-4 equiv) opln ©
= N * [C]-H [C)
R rz H N BQ (10-20 mol%) n AQ
(AQ) " 0, (1 atm) R" R?
42-84% vield
n=1or2 11 examples
Proposed Mechanism 0o
0 i |
Z—Pd"—N
(\(\/)J\ 4 X [C]-H KX
= N X
R R N S ‘
~ igand anti- X
exchange carbopalladation
n=1or2
Pd'X,, OK
~
Ja g
R [ X
X
reoxidation [C]
(O]
trans- pinB—Bpin
metallation
base
PdL,,
X-Bpin
reductive 0K
elimination
Bpin O (>N |
c - I
(€] TNAQ R Zd.N\
R © "
Scheme 16.

Pd(I1)-catalyzed alkene 1,2-carboboration through Wacker-type mechanism.
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Pd(OAc); (10 mol%) f A

L13/BQ (20 mol%) o Ar

(o} NaF (2 equiv) ; j N
B2pin; (4 equiv) Spln O Me—<\N .
Z,AQ + [C]-H - [C]\(‘(\dkm &
R HFIP/THF/DMF (2:2:1) | 0 L13
02 (1 alm)
30-85% yield Ar = 3,5-(CF3),C
50-90% ee (CFa)eCefs )
n=1o0r2 16 examples
Peng, Chen, He, 2019 (" Ar
Pd(OAc), (10 mol%)
L14/BQ (20 mol%)
(o} KTFA (2 equiv) Bpi
pin O O

Bopin, (4 equiv =

MAQ + [C)-H ] ) [C]\'/\)J\AQ Me -<\Nj
e
R TFE, O, (1 atm) R L1a Ar
51-96% yield
46-98% ee Ar'= 3.5'(CF3)ZCGH3
11 examples h

Scheme 17.

Pd(Il)-catalyzed enantioselective alkene 1,2-carboboration reactions.
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_ syn-migratory R2 oxidative R2
LNi'{B] —— mJ\( f’ﬂ‘/‘\(
insertion NiL, addition RINIIX

Scheme 18.
General depiction of a Ni-catalyzed alkene 1,2-carboboration.
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Brown, 2017

NiCl,(DME) (5 mol%)
LiOtBu (1.5 equiv) Ph
|- -~ + Buping PhBr (1.5 equiv) . - 43-71% yield
THF, 30 °C, 24 h up to >20:1 d.r.
n , pinB n
n=1.2 2 equiv
Selected Examples
Ph Ph Ph Ph Pr
D I:NBOC D':-OTIPS I
pinB pinB pinB Me”™ “Bpin
61% 66% 63% 52% (from E)
>20:1 d.r. >20:1 d.r. >20:1 d.r., 141 d.r.* >201d.r, 171 ror.
Scheme 19.

Ni-catalyzed alkene 1,2-arylboration reaction.
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Ar

NiCl,*DME (3 mol%) ,
N L15 (3 mol%) @/bap'n
R + Ar—X = R
©/\ B,pin; (1.5 equiv)

LiOMe (1.5 equiv)

Page 33

Dioxane, 30 °C ‘2.’02_2)(7 a";f’ng'lglg neocuproine (L15)
Brown, 2019
NiCl,*DME (5 mol%) Ar2
Arl/\/ +  Ar-Br - Ar‘J\ﬂ. . 37-96% yield
R2 [B2piny*KOEH] (2.0 equiv) ) R 53 examples
DMA, 0 °C tort R
Scheme 20.

Ni-catalyzed 1,2-arylboration of vinyl arenes.
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IPrCuCl (5 mol%)
Pd(OAc), (1 mol%), L16 (2 mol%)

E 2
Ar?-Br NaOMe (1.5 equiv), toluene, 80 °C N
At SR Aﬂ)prin
B.pi Conditions B (Brown)
P2 SIMesCuCl (5 mol%) R
Pd+L17 precatalyst (1 mol%)
NaOtBu (1.5 equiv), toluene, 22 °C
Proposed Mechanism
Ar?
Ar‘)ﬁ’epin LPd? AréBr
R
reductive oxidative
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Cycle |
Are !
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transmetalation
L'Cu Ar!
L'CuX j
MOR Bpin
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MX
L'CuOR L'CuBpin
transmetalation
Bopin, Bpin—OR
Scheme 21.

Alkene 1,2-arylboration reaction by Pd/Cu cooperative catalysis.
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Brown, 2015 SIMesCuCl (5 mol%)

Pd-L18 precatalyst (1 mol%)
NaOtBu (1.5 equiv), THF, 22 °C

stereoretentive transmetalation
R2-Br
A SR -
Bzpiny SIMesCuCl (5 mol%)
5 Pd+PBu; precatalyst (1 mol%)
R®= Aryl, Alkenyl | NaOtAmyl (1.5 equiv), toluene, 22 °C
stereoinvertive transmetalation
Scheme 22.
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1
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up to 75% yield
up to 61:1 d.r.

R2

Ar/:\l/ R!
Bpin

up to 90% yield
up to 46:1 d.r.

Stereodivergent alkene 1,2-arylboration reaction controlled by transmetalation.
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2 ° Rz _
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R4 9 +  HBpin » R4 ’
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o, N
'}")\/ 1.5 equiv ) » 0
R' R2 67-96% yield R
90-98% ee
Scheme 23.

Co(ll)-catalyzed intramolecular carboboration.
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Tian, Hong & Lin, 2019

0 C1 or C2 (5 mol%) R’ Bpin
NaO1Bu (10 mol%) ,\ H
+ Bopin, R
R‘\C\X A MeOH (25 equiv), THF it
R 25-93% yield Re
X=N,O 90-99% ee
Scheme 24.

Rh(l11)-catalyzed intramolecular carboboration.
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