
A Copper(I)-Catalyzed Radical-Relay Reaction Enabling the
Intermolecular 1,2-Alkylborylation of Unactivated Olefins
Sota Akiyama, Natsuki Oyama, Tsubura Endo, Koji Kubota, and Hajime Ito*

Cite This: J. Am. Chem. Soc. 2021, 143, 5260−5268 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The first catalytic intermolecular 1,2-alkylborylation
reaction via a radical-relay mechanism between unactivated olefins,
bis(pinacolato)diboron, and an alkyl electrophile is reported.
Successful implementation of this method requires that the
competing boryl substitution of the alkyl electrophile is retarded
to facilitate the radical relay. This challenge was overcome using
electronically or sterically demanding alkyl electrophiles, which
results in the simultaneous and highly regioselective introduction of
a gem-difluoro, monofluoro, tertiary, or secondary alkyl group and a
boryl group across the CC double bond.

■ INTRODUCTION

The transition-metal-catalyzed radical-relay strategy for the
intermolecular 1,2-carbofunctionalization of widely available
unactivated olefins is one of the most useful protocols for
rapidly constructing complex carbon-based structures. Only a
catalytic amount of a radical-generating reagent is required,1−6

and typically, this process involves a single-electron transfer
(SET) from an organometallic intermediate to an electrophile.
Subsequent addition of the resulting radical to an olefin occurs
with high regioselectivity and is followed by radical
recombination.7−15 One of the main advantages of this
protocol is that it tolerates electronically or sterically
demanding alkyl electrophiles that cannot be used in catalytic
1,2-carbofunctionalization reactions that involve SN2-type
nucleophilic substitutions. Similarly, the intermolecular 1,2-
carboborylation of olefins via a radical relay, a transformation
that involves simultaneous installation of a C−C bond and a
transformable C−B bond, would undoubtedly be highly
attractive. This approach would expand the scope of
synthetically accessible organoboron compounds that bear
complex carbon frameworks.16−19 Despite the significant
progress that has been made in radical-relay chemistry, the
intermolecular 1,2-carboborylation of olefins via a radical relay
has not yet been reported.20,21

During the past decades, an array of copper(I)-catalyzed 1,2-
alkylborylation reactions of olefins has been reported (Scheme
1).16−19,22,23 In general, these reactions proceed via a two-
electron mode, in which a borylcopper(I) intermediate reacts
with an olefin followed by electrophilic substitution of the
resulting alkylcopper(I) intermediate. A new C(sp3)−B bond
and a new C(sp3)−C bond are simultaneously formed at the

terminal and internal positions of the olefin, respectively.
However, the scope of previously reported copper(I)-catalyzed
1,2-alkylborylation reactions with respect to the carbon
electrophiles is usually limited, as these reactions are capable
of incorporating only primary alkyl groups (Scheme 1A).22,23

In contrast, a radical-relay strategy would provide an
alternative approach with reverse regioselectivity.24 Ideally,
this process would involve an SET from a borylcopper(I)
intermediate to an alkyl electrophile. Radical addition of the
resulting alkyl radical to an olefin, followed by C−B bond
formation, would simultaneously form a new C(sp3)−B bond
at the internal position of the olefin and a new C(sp3)−C bond
at the terminal position. In this strategy, it is feasible to use
alkyl electrophiles that cannot be employed in traditional 1,2-
alkylborylations, which represents an opportunity to increase
the range of synthetically accessible organoboronates (Scheme
1B).
In 2012, our group and that of Marder independently

reported copper(I)-catalyzed boryl substitution reactions of
alkyl halides with bis(pinacolato)diboron.25−31 These reactions
proceed via an SET from a borylcopper(I) intermediate to an
alkyl halide, generating an alkyl radical, followed by radical
recombination to form a C−B bond. The application of these
reaction mechanisms for an intramolecular borylative radical
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cyclization was achieved in 2017.24 Despite this success, the
intermolecular counterpart has not yet been achieved due to
the difficulty in suppressing the direct coupling between the
borylcopper(I) intermediate and the carbon electrophile.
During related studies on the copper(I)-catalyzed borylation

of alkyl halides, we have encountered a problem where, despite
observing consumption of the starting materials, substrates
with electronically or sterically demanding substituents did not
afford the desired boryl substitution products. We hypothe-
sized that this outcome could be due to the boryl copper(II)
intermediate being inaccessible to the alkyl radical inter-
mediate on account of an electronic effect or steric repulsion.
Inspired by these results, we suspected that the reaction of an
unactivated olefin with bis(pinacolato)diboron and an
electronically or sterically demanding alkyl electrophile might
offer an alternative pathway to enable the intermolecular 1,2-
alkylborylation reaction. We speculated that this reaction could
proceed via a radical-relay strategy since the boryl substitution
reaction would be retarded using these electrophiles (Scheme
1B).25−27

Herein, we report the first example of an intermolecular 1,2-
alkylborylation of unactivated olefins via a radical-relay
strategy. The key to the success of this protocol is the use of
electronically or sterically demanding alkyl electrophiles to

retard undesired boryl-substitution reactions. Notably, our
reaction can be applied to a variety of electrophiles including
gem-difluoro alkyl bromides, a monofluoro alkyl bromide, and
secondary and tertiary alkyl bromides, which cannot be
employed under any other hitherto reported 1,2-alkylbor-
ylation reaction conditions.22,23

■ RESULTS AND DISCUSSION
As a proof-of-concept, we selected α,α-difluoro alkyl bromide
1a as the alkyl electrophile; applying our previously reported
catalysts system, 1a did not furnish the corresponding boryl
substitution product.24,25 Surprisingly, the trial experiment
delivered the desired 1,2-alkylborylation product (4aa) in 13%
gas chromatography (GC) yield in the presence of CuCl/
PCy3, our efficient catalyst for the boryl substitution of alkyl
halides, under concomitant formation of unidentified by-
products (Scheme 2).24

This initial success prompted us to conduct an extensive
optimization study of the reaction conditions.32 We found that
4aa could be obtained in a 79% GC yield using a
[Cu(MeCN)4]BF4/IMes·HCl catalyst system with B2(pin)2,
K(O-t-Bu), and a catalytic amount of ZnBr2 as an additive in
1,4-dioxane/DMF (4/1, v/v) at 50 °C (Table 1, entry 1).
Using the optimized conditions, we then investigated several
other alkyl bromides to understand which electrophiles are
suitable for the intermolecular 1,2-alkylborylation (Table 1,
entries 2−5). The reaction with 1-adamantyl bromide (1b), a
tertiary alkyl bromide, also delivered the 1,2-alkylborylation
product in good yield, while the corresponding boryl-
substitution product (5) was not detected (Table 1, entry
2). These results indicate that the electronic effect and/or
steric repulsion play an essential role in preventing the boryl-
substitution reaction and facilitate the radical-relay mechanism
efficiently. Furthermore, we found that the intermolecular 1,2-
alkylborylation reactions of olefins with a monofluoro alkyl
bromide (1c) and a secondary alkyl bromide (1d) proceeded
when an excess of olefin was used (Table 1, entries 3 and 4).
The lower yields of these reactions relative to those with
difluoro or tertiary alkyl bromides are mainly due to the
competing inevitable boryl-substitution reactions. It should be
noted here that the intermolecular 1,2-alkylfunctionalizations
of olefins via a radical-relay mechanism with secondary alkyl
electrophiles are usually difficult to achieve due to competing
coupling reactions.7−14 In contrast, a primary alkyl bromide
(1e) predominantly furnished the boryl-substitution product,
and only trace amounts of the 1,2-alkylborylation product were
obtained (Table 1, entry 5).
We also evaluated the other reaction parameters under the

optimal conditions. Notably, the choice of ligand had a marked

Scheme 1. A Comparison of Methods for Copper(I)-
Catalyzed Intermolecular 1,2-Alkylborylation Reactions

Scheme 2. Initial Attempt of the 1,2-Alkylborylationa

aConditions; 1a (0.1 mmol), 2a (0.4 mmol), 3 (0.12 mmol), CuCl
(0.005 mmol), PCy3 (0.005 mmol), K(O-t-Bu) (0.12 mmol), THF
(200 μL). The yield of 4aa was determined by GC analysis of the
crude reaction mixture with C13H28 as the internal standard.
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influence on the product yields (Table 1, entries 6 and 7).
Using ICy·HCl gave the desired product in moderate yield
(Table 1, entry 6), while using a phosphine ligand such as
PCy3 resulted in the formation of a complex product mixture
and decreased the yield (Table 1, entry 7). The effects of other
parameters were also investigated (Table 1, entries 8−13).
Decreasing the quantity of olefin slightly diminished the
product yield of the target (Table 1, entries 8 and 9), which
indicates that the use of an excess of olefin is of critical
importance to efficiently trap the highly reactive radical
intermediate. Using THF as the solvent resulted in a similar
outcome (Table 1, entry 10). Using other additives such as
MgBr2 is not crucial for the reaction (Table 1, entry 11), and
even though the product could be obtained without an
additive, the yield drastically decreased to 20% (Table 1, entry
12).33 In the absence of the copper catalyst, the reaction
virtually did not proceed, which indicates that the copper
catalyst is essential for this reaction (Table 1, entry 13). In all
cases where 1a was the electrophile, the simple boryl
substitution product (5) was not detected.
In addition to the above investigations, we sought to explore

the scope of the unactivated olefins in the reaction with α,α-
difluoro alkyl bromide (Table 2A). A wide range of unactivated
terminal olefins furnished the corresponding γ,γ-gem-difluoro
α-alkylboronates that bear either an n-butyl (4aa), n-hexyl
(4ab), allyl cyclohexyl (4ac), or phenethyl (4ad) group in
good yield. The more sterically hindered olefins also reacted
under the optimal conditions to give products that bear
cyclohexyl (4ae) and tert-butyl (4af) groups, although the
yield was slightly lower in these cases. Functional groups such
as a cyano (4ag), a tert-butyl dimethylsilyl ether (4ah), and an
acetyl group (4ai) were tolerated in the position distal to the
CC double bond. The reactions with benzyl ether (4aj) and
phthalimide (4ak) represent exceptions. Furthermore, the
reaction of an internal strained olefin afforded the correspond-
ing product (4al) in moderate yield with high diastereose-
lectivity, which was likely controlled by the steric hindrance
around the secondary alkyl radical generated after the radical
addition reaction. Moreover, the reaction with cyclohexene
furnished 4am in low yield. The relative stereochemistry of
4am was determined by X-ray crystallography. Unfortunately,
aromatic olefin 2n did not react under the optimized
conditions, because the boryl-copper(I) intermediate reacts
preferentially with the aromatic olefin rather than with the alkyl
bromides. Additionally, 2,2-disubstituted olefin 2o and diene
2p did not afford any target products, and only complex
mixtures were obtained.
Next, we turned our attention to the scope of the α,α-

difluoro alkyl bromides, which can be readily prepared from
the terminal olefins in a single step (Table 2B).34 Using
aliphatic substrates that bear n-octyl or cyclohexyl groups, the
corresponding products 4fa, 4ga, and 4ha were obtained in
good yield. Substrates that bear esters also reacted with an
olefin to give 4ia and 4ja in moderate yield. In addition,
protecting groups such as acetyl (4ka) and tert-butyl dimethyl
silyl ether (4la) were tolerated, although a substrate bearing a
benzyl ether furnished the corresponding product (4ma) in
decreased yield. Unfortunately, fluorinated alkyl bromo esters
1n and 1o furnished complex mixtures under these reaction
conditions and did not afford the target products. The targeted
1,2-alkylborylation product was not detected in the reaction
using perfluoroalkyl iodide 1p. On the other hand, the reaction
is compatible with α-monofluoro alkyl bromide 1c when an

Table 1. Screening the Reaction Conditionsa

aConditions: 1 (0.1 mmol), 2a (0.4 mmol), 3 (0.15 mmol),
[Cu(MeCN)4]BF4 (0.005 mmol), IMes·HCl (0.0075 mmol), K(O-
t-Bu) (0.18 mmol), ZnBr2 (0.02 mmol) in 1,4-dioxane (200 μL) and
DMF (50 μL) (for details, see the Supporting Information).
bDetermined by GC analysis of the crude reaction mixture with
C13H28 as the internal standard. c0.2 mmol scale. dIsolated yield.
eDetermined by 19F NMR analysis with fluorobenzene as the internal
standard. f10 mol % of Cu cat. and 15 mol % of IMes·HCl were used.
gThe ratio of 1,4-dioxane/DMF was 6/1 (v/v). hThe reaction was
conducted on the 0.5 mmol scale using 20 equiv of the olefin in 1,4-
dioxane/DMF (5/1, v/v).
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excess of olefin is used. Then, γ-monofluoro α-alkylboronates
that bear either an n-butyl (4ca) and allylcyclohexyl group
(4cc) are obtained in moderate yield (Table 2C).
Furthermore, we conducted late-stage modifications of
complex molecules such as derivatives of estrone and

indomethacin, as exemplified by the efficient preparation of
4lq and 4kr, both of which are large molecules that bear a
further transformable boron moiety (Table 2D).
The conditions were also found to be applicable to reactions

that use different tertiary alkyl bromides as the electrophiles.

Table 2. Scope with Respect to Difluoro or Monofluoro Alkyl Bromidesa

aSame conditions as in entry 1 of Table 1 except that catalyst loadings of 10 mol % for the Cu cat. and 15 mol % of IMes·HCl were used. b5 mol %
of Cu cat. and 7.5 mol % of IMes·HCl were used. cContaminated with small amounts of impurities. d1.2 equiv of B2(pin)2 was used.

eThe ratio of
1,4-dioxane/DMF was 5/2 (v/v). fDetermined by GC analysis of the crude reaction mixture. gThe reaction was conducted on the 0.5 mmol scale
with 20 equiv of the olefin. The ratio of 1,4-dioxane/DMF was 5/1 (v/v). The dr ratio was determined by 19F NMR analysis of the crude reaction
mixture. hThe dr ratio was not determined.
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For example, the reactions between 1-adamantyl bromide (1b)
and several different olefins afforded β-adamantyl α-alkyl
boronates that bear n-butyl (4ba), cyclohexyl (4bc), or phenyl
ethyl groups (4bd) (Table 3A). Furthermore, functionalized
olefins that bear a tert-butyl dimethyl silyl ether (2h), an acetyl
(2i), or an ethyl ester group (2s) reacted smoothly with 1-
adamantyl bromide to give the corresponding products (4bh,
4bi, and 4bs) in good yield. Other tertiary alkyl bromides
(1q−1u) also furnished the corresponding γ,γ-dialkyl α-alkyl
boronates (4qa−4ua), albeit in diminished yield (Table 3B).
Finally, we demonstrated the synthetic utility of this protocol
by applying the reaction employing 1-adamantyl bromide to
the late-stage modification of camphanic acid (2t) to provide
4bt (Table 3C).
The reactions of secondary alkyl bromides (1d, 1v−1ab)

proved more challenging than those of the tertiary alkyl
bromides, as the boryl-substitution product was typically
formed. Nevertheless, using an excess of olefin afforded the
corresponding 1,2-alkylborylation products (4da, 4vc, 4va−
4aba) (Table 3D). The efficiency of the reaction with those
electrophiles remains to be improved, and corresponding
research efforts are currently in progress in our laboratory.

Unfortunately, alkyl bromides that bear an α-ethoxycarbonyl
(1ac) or cyano group (1ad) were not suitable under the
applied basic reaction conditions.12

The synthetic utility of this method was further highlighted
by an array of transformations using the boron moiety
(Scheme 3). First, fluorinated boronate 4aa was subjected to
a homologation with a halomethyl lithium reagent,35 oxidation,
or amination with methoxyamine36 to give the corresponding
alkylboronate (6a), alcohol (6b), or secondary amine (6c) in
good yield (Scheme 3A). Further transformations of 4aa
undertaken include a fluorination,37 a protonation,38 and an
oxidative coupling with furan39 to deliver several functionalized
gem-difluoro compounds in moderate yield (6d−f). Notably,
the gem-difluoromethylene group has recently attracted
attention as a valuable fluorinated motif that could be
applicable in pharmaceuticals and biologically active com-
pounds.40−51 Additionally, β-adamantyl α-alkyl boronate 4ba
was subjected to an oxidation, a homologation, and an
olefination,52 which afforded the corresponding alkyl boronate
(6g), alcohol (6h), and olefin (6i) in good yield (Scheme 3B).
We also carried out a formal synthesis of two known gem-

difluorinated palmitic analogues, which were synthesized by

Table 3. Scope with Respect to Tertiary or Secondary Alkyl Bromidesa

aSame conditions as entry 1 in Table 1 except that catalyst loadings of 10 mol % of the Cu cat. and 15 mol % of IMes·HCl were used. b1.2 equiv of
B2(pin)2 was used.

c0.4 mmol scale. The ratio of 1,4-dioxane/DMF was 4/1 (v/v). dThe dr ratio was not determined. eThe reaction was conducted
on the 0.5 mmol scale with 20 equiv of the olefin. The ratio of 1,4-dioxane/DMF was 5/1 (v/v). fThe reaction was conducted on the 0.5 mmol
scale with 10 equiv of the olefin. The ratio of 1,4-dioxane/DMF was 4/1 (v/v).
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O’Hagan in multistep syntheses for the purpose of comparing
their conformational stability with that of nonfluorinated
palmitic acid (Scheme 4).53 The corresponding alcohol (6j)
and alkyl difluorinated compound (6k) were synthesized in
five steps with a total yield of 8% and 45%, respectively. In
contrast, we could obtain 6j and 6k from the corresponding
boronate 4aeb in 87% and 53% yield, respectively. As 4aeb was
synthesized from commercially available 1-octene, the present
procedure represents a synthetically useful and concise method
for the synthesis of palmitic fluoro analogues.
Next, we conducted several radical-clock experiments

(Scheme 5). The reaction of α,α-difluoro alkyl bromide 1a
with 1,6-heptadiene (2u) furnished radical-cyclized 7a with
good diastereoselectivity (Scheme 5A; 79% yield, cis:trans =
83:17), indicating a radical nature for this reaction.54 Other
ring-closing borylated products were obtained using either
diene 2u or 2v under the standard conditions (Scheme 5A; 7b,
7c) in addition to the cyclized borylated products obtained
when 1-adamantyl bromide was used (Scheme 5A; 7d, 7e).
The radical nature of the reaction was corroborated via a

radical ring-opening reaction. The reaction of α,α-difluoro
alkyl bromide 1f with vinylcyclopropane (2w) provided ring-

Scheme 3. Transformations

aConditions: (a) n-BuLi, BrCH2Cl, THF, −78 °C to rt.; (b) 3.0 M
NaOH(aq), 30% H2O2(aq), THF, rt.; (c) n-BuLi, MeONH2, THF,
−78 to 60 °C; then (Boc)2O, THF, rt.; (d) PhLi, THF, 0 °C; then
Selectfluor, MeCN, 0 °C; (e) TBAF·3H2O, Mn(OAc)3·2H2O, TBC,
toluene, 80 °C; (f) n-BuLi, furan, NBS, THF, −78 °C; (g) vinylMgBr,
I2, NaOMe, THF, −78 °C to rt (for details, see the Supporting
Information).

Scheme 4. Formal Synthesis of Palmitic Fluoro Analogues

aSame conditions as entry 1 in Table 1 except that catalyst loadings of
10 mol % of the Cu cat. and 15 mol % of IMes·HCl were used.
bConditions: (a) 3.0 M NaOH(aq), 30% H2O2(aq), THF, rt.; (b)
TBAF·3H2O, Mn(OAc)3·2H2O, TBC, toluene, 80 °C (for details, see
the Supporting Information).

Scheme 5. Radical-Clock Experimentsa

aSame conditions as entry 1 in Table 1 except that catalyst loadings of
10 mol % of the Cu cat. and 15 mol % of IMes·HCl were used.
bDetermined by GC analysis. cThe ratio of 1,4-dioxane/DMF was 6/
1 (v/v). dDetermined by 1H NMR analysis.
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opening product 8 in good yield with moderate E/Z ratio
(Scheme 5B).55

The enantioselective intermolecular 1,2-alkylborylation of
unactivated olefins via a radical-relay mechanism was also
evaluated using a chiral NHC ligand (Scheme 6). Although the

enantioselectivity of the reaction is still low (4bd, 57% yield,
34% ee), high enantioselectivity could potentially be induced
using other suitable chiral ligands. Further studies to develop
such an enantioselective 1,2-alkylborylation of olefins via the
radical-relay mechanism are currently in progress in our
laboratory.
Lastly, we would like to propose a catalytic cycle for this

intermolecular 1,2-alkylborylation of olefins via a radical-relay
mechanism (Figure 1). First, the Cu(I) salt reacts with the

alkoxide base to generate a copper alkoxide intermediate,
which would then react with bis(pinacolato)diboron (3) to
give boryl copper(I) intermediate A. Subsequent SET between
intermediate A and alkyl halide 1 could then result in the
formation of radical intermediate B and a boryl copper(II)
intermediate.24−26 An electronically or sterically demanding
alkyl radical (both X = F or alkyl) would not undergo a boryl

substitution reaction with a boryl copper(II) intermediate due
to the electronic effect and/or steric repulsion. The radical
addition of an unactivated olefin provides radical intermediate
C,56 although other electrophiles (one X = H) prefer the boryl-
substitution reaction and deliver product 5. Less electronically
or sterically demanding alkyl radicals such as those from α-
monofluoro alkyl bromides or secondary alkyl bromides
undergo the radical addition when an excess of the olefin is
used, even though the boryl-substitution reaction still proceeds
in these cases. Finally, the radical recombination between
intermediate C and the boryl copper(II) intermediate releases
1,2-alkylborylation product 4 with concomitant regeneration of
the copper(I) salt for the next catalytic cycle.27,33

■ CONCLUSION
In summary, we have developed the first example of an
intermolecular 1,2-alkylborylation of unactivated olefins that
proceeds via a radical-relay mechanism. The key to this
transformation is the use of electronically or sterically
demanding alkyl electrophiles, which retard the competing
direct boryl-substitution reactions, thus allowing the formation
of the intermolecular alkylborylation product. The products in
this reaction are difficult to access via any other hitherto
reported 1,2-alkylborylation approaches, which would signifi-
cantly increase the number of synthetically accessible organo-
boron compounds. The synthetic utility of this protocol was
demonstrated by versatile transformations of the resulting
boryl groups to furnish valuable functionalized molecules.
Future studies will focus on the evolution of the reaction with
secondary alkyl electrophiles as well as an enantioselective
version of this reaction.
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(5) Huang, H. M.; Gardunõ-Castro, M. H.; Morrill, C.; Procter, D. J.
Catalytic Cascade Reactions by Radical Relay. Chem. Soc. Rev. 2019,
48, 4626.
(6) Wang, F.; Chen, P.; Liu, G. Copper-Catalyzed Radical Relay for
Asymmetric Radical Transformations. Acc. Chem. Res. 2018, 51, 2036.
(7) Qin, T.; Cornella, J.; Li, C.; Malins, L. R.; Edwards, J. T.;
Kawamura, S.; Maxwell, B. D.; Eastgate, M. D.; Baran, P. S. A General
Alkyl-Alkyl Cross-Coupling Enabled by Redox-Active Esters and
Alkylzinc Reagents. Science 2016, 352, 801.
(8) Shu, W.; García-Domínguez, A.; Quirós, M. T.; Mondal, R.;
Cárdenas, D. J.; Nevado, C. Ni-Catalyzed Reductive Dicarbofunction-
alization of Nonactivated Alkenes: Scope and Mechanistic Insights. J.
Am. Chem. Soc. 2019, 141, 13812.
(9) Campbell, M. W.; Compton, J. S.; Kelly, C. B.; Molander, G. A.
Three-Component Olefin Dicarbofunctionalization Enabled by
Nickel/Photoredox Dual Catalysis. J. Am. Chem. Soc. 2019, 141,
20069.
(10) Wang, F.; Wang, D.; Mu, X.; Chen, P.; Liu, G. Copper-
Catalyzed Intermolecular Trifluoromethylarylation of Alkenes:
Mutual Activation of Arylboronic Acid and CF3

+ Reagent. J. Am.
Chem. Soc. 2014, 136, 10202.
(11) He, J.; Chen, C.; Fu, G. C.; Peters, J. C. Visible-Light-Induced,
Copper-Catalyzed Three-Component Coupling of Alkyl Halides,
Olefins, and Trifluoromethylthiolate to Generate Trifluoromethyl
Thioethers. ACS Catal. 2018, 8, 11741.
(12) Dong, X.-Y.; Cheng, J.-T.; Zhang, Y.-F.; Li, Z.-L.; Zhan, T.-Y.;
Chen, J.-J.; Wang, F.-L.; Yang, N.-Y.; Ye, L.; Gu, Q.; Liu, X. Copper-

Catalyzed Asymmetric Radical 1,2-Carboalkynylation of Alkenes with
Alkyl Halides and Terminal Alkynes. J. Am. Chem. Soc. 2020, 142,
9501.
(13) Ishii, T.; Ota, K.; Nagao, K.; Ohmiya, H. N-Heterocyclic
Carbene-Catalyzed Radical Relay Enabling Vicinal Alkylacylation of
Alkenes. J. Am. Chem. Soc. 2019, 141, 14073.
(14) Cuadros, S.; Horwitz, M. A.; Schweitzer-Chaput, B.;
Melchiorre, P. A Visible-Light Mediated Three-Component Radical
Process Using Dithiocarbamate Anion Catalysis. Chem. Sci. 2019, 10,
5484.
(15) Yan, M.; Lo, J. C.; Edwards, J. T.; Baran, P. S. Radicals:
Reactive Intermediates with Translational Potential. J. Am. Chem. Soc.
2016, 138, 12692.
(16) Liu, Z.; Gao, Y.; Zeng, T.; Engle, K. M. Transition-Metal-
Catalyzed 1,2-Carboboration of Alkenes: Strategies, Mechanisms, and
Stereocontrol. Isr. J. Chem. 2020, 60, 219.
(17) Shimizu, Y.; Kanai, M. Recent Progress in Copper-Catalyzed
Difunctionalization of Unactivated Carboncarbon Multiple Bonds.
Tetrahedron Lett. 2014, 55, 3727.
(18) Suginome, M. Catalytic Carboborations. Chem. Rec. 2010, 10,
348.
(19) Whyte, A.; Torelli, A.; Mirabi, B.; Zhang, A.; Lautens, M.
Copper-Catalyzed Borylative Difunctionalization of π-Systems. ACS
Catal. 2020, 10, 11578.
(20) Cheng, Y.; Mück-Lichtenfeld, C.; Studer, A. Transition Metal-
Free 1,2-Carboboration of Unactivated Alkenes. J. Am. Chem. Soc.
2018, 140, 6221.
(21) Zhang, W.; Zou, Z.; Zhao, W.; Lu, S.; Wu, Z.; Huang, M.;
Wang, X.; Wang, Y.; Liang, Y.; Zhu, Y.; Zheng, Y.; Pan, Y. Integrated
Redox-Active Reagents for Photoinduced Regio- and Stereoselective
Fluorocarboborylation. Nat. Commun. 2020, 11, 2572.
(22) Yoshida, H.; Kageyuki, I.; Takaki, K. Copper-Catalyzed Three-
Component Carboboration of Alkynes and Alkenes. Org. Lett. 2013,
15, 952.
(23) Su, W.; Gong, T. J.; Lu, X.; Xu, M. Y.; Yu, C. G.; Xu, Z. Y.; Yu,
H. Z.; Xiao, B.; Fu, Y. Ligand-Controlled Regiodivergent Copper-
Catalyzed Alkylboration of Alkenes. Angew. Chem., Int. Ed. 2015, 54,
12957.
(24) Iwamoto, H.; Akiyama, S.; Hayama, K.; Ito, H. Stereo- and
Chemoselective Borylative Radical Cyclization of Alkyl Halides
Bearing an Alkene Moiety. Org. Lett. 2017, 19, 2614.
(25) Ito, H.; Kubota, K. Copper(I)-Catalyzed Boryl Substitution of
Unactivated Alkyl Halides. Org. Lett. 2012, 14, 890.
(26) Yang, C. T.; Zhang, Z. Q.; Tajuddin, H.; Wu, C. C.; Liang, J.;
Liu, J. H.; Fu, Y.; Czyzewska, M.; Steel, P. G.; Marder, T. B.
Alkylboronic Esters from Copper-Catalyzed Borylation of Primary
and Secondary Alkyl Halides and Pseudohalides. Angew. Chem., Int.
Ed. 2012, 51, 528.
(27) Iwamoto, H.; Endo, K.; Ozawa, Y.; Watanabe, Y.; Kubota, K.;
Imamoto, T.; Ito, H. Copper(I)-Catalyzed Enantioconvergent
Borylation of Racemic Benzyl Chlorides Enabled by Quadrant-by-
Quadrant Structure Modification of Chiral Bisphosphine Ligands.
Angew. Chem., Int. Ed. 2019, 58, 11112.
(28) Wang, Z.; Bachman, S.; Dudnik, A. S.; Fu, G. C. Nickel-
Catalyzed Enantioconvergent Borylation of Racemic Secondary
Benzylic Electrophiles. Angew. Chem., Int. Ed. 2018, 57, 14529.
(29) Ito, H.; Ito, S.; Sasaki, Y.; Matsuura, K.; Sawamura, M. Copper-
Catalyzed Enantioselective Substitution of Allylic Carbonates with
Diboron: An Efficient Route to Optically Active α-Chiral
Allylboronates. J. Am. Chem. Soc. 2007, 129, 14856.
(30) Guzman-Martinez, A.; Hoveyda, A. H. Enantioselective
Synthesis of Allylboronates Bearing a Tertiary or Quaternary B-
Substituted Stereogenic Carbon by NHC-Cu-Catalyzed Substitution
Reactions. J. Am. Chem. Soc. 2010, 132, 10634.
(31) Semba, K.; Fujihara, T.; Terao, J.; Tsuji, Y. Copper-Catalyzed
Borylation of α-Alkoxy Allenes with Bis(pinacolato)diboron: Efficient
Synthesis of 2-Boryl 1,3-Butadienes. Angew. Chem., Int. Ed. 2013, 52,
12400.
(32) For details, see the Supporting Information.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c02050
J. Am. Chem. Soc. 2021, 143, 5260−5268

5267

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Koji+Kubota"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-1522-291X
http://orcid.org/0000-0003-1522-291X
https://pubs.acs.org/doi/10.1021/jacs.1c02050?ref=pdf
https://doi.org/10.1002/tcr.201700098
https://doi.org/10.1002/tcr.201700098
https://doi.org/10.1002/asia.201800647
https://doi.org/10.1002/asia.201800647
https://doi.org/10.1002/ejoc.201700678
https://doi.org/10.1002/ejoc.201700678
https://doi.org/10.1039/C9SC06006E
https://doi.org/10.1039/C9SC06006E
https://doi.org/10.1039/C8CS00947C
https://doi.org/10.1021/acs.accounts.8b00265
https://doi.org/10.1021/acs.accounts.8b00265
https://doi.org/10.1126/science.aaf6123
https://doi.org/10.1126/science.aaf6123
https://doi.org/10.1126/science.aaf6123
https://doi.org/10.1021/jacs.9b02973
https://doi.org/10.1021/jacs.9b02973
https://doi.org/10.1021/jacs.9b08282
https://doi.org/10.1021/jacs.9b08282
https://doi.org/10.1021/ja504458j
https://doi.org/10.1021/ja504458j
https://doi.org/10.1021/ja504458j
https://doi.org/10.1021/acscatal.8b04094
https://doi.org/10.1021/acscatal.8b04094
https://doi.org/10.1021/acscatal.8b04094
https://doi.org/10.1021/acscatal.8b04094
https://doi.org/10.1021/jacs.0c03130
https://doi.org/10.1021/jacs.0c03130
https://doi.org/10.1021/jacs.0c03130
https://doi.org/10.1021/jacs.9b07194
https://doi.org/10.1021/jacs.9b07194
https://doi.org/10.1021/jacs.9b07194
https://doi.org/10.1039/C9SC00833K
https://doi.org/10.1039/C9SC00833K
https://doi.org/10.1021/jacs.6b08856
https://doi.org/10.1021/jacs.6b08856
https://doi.org/10.1002/ijch.201900087
https://doi.org/10.1002/ijch.201900087
https://doi.org/10.1002/ijch.201900087
https://doi.org/10.1016/j.tetlet.2014.05.077
https://doi.org/10.1016/j.tetlet.2014.05.077
https://doi.org/10.1002/tcr.201000029
https://doi.org/10.1021/acscatal.0c02758
https://doi.org/10.1021/jacs.8b03333
https://doi.org/10.1021/jacs.8b03333
https://doi.org/10.1038/s41467-020-16477-1
https://doi.org/10.1038/s41467-020-16477-1
https://doi.org/10.1038/s41467-020-16477-1
https://doi.org/10.1021/ol4001526
https://doi.org/10.1021/ol4001526
https://doi.org/10.1002/anie.201506713
https://doi.org/10.1002/anie.201506713
https://doi.org/10.1021/acs.orglett.7b00940
https://doi.org/10.1021/acs.orglett.7b00940
https://doi.org/10.1021/acs.orglett.7b00940
https://doi.org/10.1021/ol203413w
https://doi.org/10.1021/ol203413w
https://doi.org/10.1002/anie.201106299
https://doi.org/10.1002/anie.201106299
https://doi.org/10.1002/anie.201906011
https://doi.org/10.1002/anie.201906011
https://doi.org/10.1002/anie.201906011
https://doi.org/10.1002/anie.201806015
https://doi.org/10.1002/anie.201806015
https://doi.org/10.1002/anie.201806015
https://doi.org/10.1021/ja076634o
https://doi.org/10.1021/ja076634o
https://doi.org/10.1021/ja076634o
https://doi.org/10.1021/ja076634o
https://doi.org/10.1021/ja104254d
https://doi.org/10.1021/ja104254d
https://doi.org/10.1021/ja104254d
https://doi.org/10.1021/ja104254d
https://doi.org/10.1002/anie.201306843
https://doi.org/10.1002/anie.201306843
https://doi.org/10.1002/anie.201306843
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c02050/suppl_file/ja1c02050_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c02050?rel=cite-as&ref=PDF&jav=VoR


(33) Although the effect of ZnBr2 is still unclear, we assume that the
additive is critical to increase the solubility of the excess of base. For
an example of a copper(I)-catalyzed borylation reaction with a metal
salt as an additive, see: Wang, J.; Shang, M.; Lundberg, H.; Feu, K. S.;
Hecker, S. J.; Qin, T.; Blackmond, D. G.; Baran, P. S. Cu-Catalyzed
Decarboxylative Borylation. ACS Catal. 2018, 8, 9537.
(34) Lin, Q. Y.; Xu, X. H.; Qing, F. L. Visible Light-Induced
Selective Hydrobromodifluoromethylation of Alkenes with Dibromo-
difluoromethane. Org. Biomol. Chem. 2015, 13, 8740.
(35) Sadhu, K. M.; Matteson, D. S. (Chloromethyl)Lithium:
Efficient Generation and Capture by Boronic Esters and a Simple
Preparation of Diisopropyl (Chloromethyl)Boronate. Organometallics
1985, 4, 1687.
(36) Mlynarski, S. N.; Karns, A. S.; Morken, J. P. Direct
Stereospecific Amination of Alkyl and Aryl Pinacol Boronates. J.
Am. Chem. Soc. 2012, 134, 16449.
(37) Sandford, C.; Rasappan, R.; Aggarwal, V. K. Synthesis of
Enantioenriched Alkylfluorides by the Fluorination of Boronate
Complexes. J. Am. Chem. Soc. 2015, 137, 10100.
(38) Rasappan, R.; Aggarwal, V. K. Synthesis of Hydroxyphthiocer-
anic Acid Using a Traceless Lithiation-Borylation-Protodeboronation
Strategy. Nat. Chem. 2014, 6, 810.
(39) Bonet, A.; Odachowski, M.; Leonori, D.; Essafi, S.; Aggarwal, V.
K. Enantiospecific Sp2 -Sp3 Coupling of Secondary and Tertiary
Boronic Esters. Nat. Chem. 2014, 6, 584.
(40) Gillis, E. P.; Eastman, K. J.; Hill, M. D.; Donnelly, D. J.;
Meanwell, N. A. Applications of Fluorine in Medicinal Chemistry. J.
Med. Chem. 2015, 58, 8315.
(41) Wang, J.; Sánchez-Roselló, M.; Aceña, J. L.; Del Pozo, C.;
Sorochinsky, A. E.; Fustero, S.; Soloshonok, V. A.; Liu, H. Fluorine in
Pharmaceutical Industry: Fluorine-Containing Drugs Introduced to
the Market in the Last Decade (2001−2011). Chem. Rev. 2014, 114,
2432.
(42) Purser, S.; Moore, P. M.; Swallow, S.; Gouverneur, V. Fluorine
in Medicinal Chemistry. Prog. Med. Chem. 2015, 54, 65.
(43) Müller, K.; Faeh, C.; Diederich, F. Fluorine in Pharmaceuticals:
Looking beyond Intuition. Science 2007, 317, 1881.
(44) O’Hagan, D. Understanding Organofluorine Chemistry. An
Introduction to the C−F Bond. Chem. Soc. Rev. 2008, 37, 308.
(45) Feng, Z.; Xiao, Y. L.; Zhang, X. Transition-Metal (Cu, Pd, Ni)-
Catalyzed Difluoroalkylation via Cross-Coupling with Difluoroalkyl
Halides. Acc. Chem. Res. 2018, 51, 2264.
(46) Belhomme, M. C.; Besset, T.; Poisson, T.; Pannecoucke, X.
Recent Progress toward the Introduction of Functionalized
Difluoromethylated Building Blocks onto C(sp2) and C(sp) Centers.
Chem. - Eur. J. 2015, 21, 12836.
(47) Chernov, G. N.; Levin, V. V.; Kokorekin, V. A.; Struchkova, M.
I.; Dilman, A. D. Interaction of Gem-Difluorinated Iodides with Silyl
Enol Ethers Mediated by Photoredox Catalysis. Adv. Synth. Catal.
2017, 359, 3063.
(48) Miller, E.; Kim, S.; Gibson, K.; Derrick, J. S.; Toste, F. D.
Regio-and Enantioselective Bromocyclization of Difluoroalkenes as a
Strategy to Access Tetrasubstituted Difluoromethylene-Containing
Stereocenters. J. Am. Chem. Soc. 2020, 142, 8946.
(49) Wang, Z.; Guo, C. Y.; Yang, C.; Chen, J. P. Ag-Catalyzed
Chemoselective Decarboxylative Mono- and Gem-Difluorination of
Malonic Acid Derivatives. J. Am. Chem. Soc. 2019, 141, 5617.
(50) An, L.; Xu, C.; Zhang, X. Highly Selective Nickel-Catalyzed
Gem-Difluoropropargylation of Unactivated Alkylzinc Reagents. Nat.
Commun. 2017, 8, 1460.
(51) Carvalho, D. R.; Christian, A. H. Modern Approaches towards
the Synthesis of Geminal Difluoroalkyl Groups. Org. Biomol. Chem.
2021, 19, 947.
(52) Armstrong, R. J.; Aggarwal, V. K. 50 Years of Zweifel
Olefination: A Transition-Metal-Free Coupling. Synthesis 2017, 49,
3323.
(53) Wang, Y.; Callejo, R.; Slawin, A. M. Z.; O’Hagan, D. The
Difluoromethylene (CF2) Group in Aliphatic Chains: Synthesis and

Conformational Preference of Palmitic Acids and Nonadecane
Containing CF2 Groups. Beilstein J. Org. Chem. 2014, 10, 18.
(54) The stereochemistry of the products 7 via the radical
cyclization reactions can be rationalized using Beckwith’s model; for
details, see: Tripp, J. C.; Schiesser, C. H.; Curran, D. P. J. Am. Chem.
Soc. 2005, 127, 5518.
(55) To eliminate another possible pathway that proceeds via a two-
electron mode in which a boryl copper(I) intermediate initially reacts
with an olefin followed by electrophilic substitution, we conducted the
1,2-alkylborylation reaction with 1.0 equiv of MeOH as a proton
source. Under the applied conditions, hydroborylation products of an
olefin were not detected, which further corroborates the radical
mechanism; for details, see the Supporting Information.

(56) Without the olefins, the alkyl halides that bear difluoro or
adamantyl moieties were consumed under the optimized conditions
to provide the protonated products; for details, see the Supporting
Information.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c02050
J. Am. Chem. Soc. 2021, 143, 5260−5268

5268

https://doi.org/10.1021/acscatal.8b02928
https://doi.org/10.1021/acscatal.8b02928
https://doi.org/10.1039/C5OB01302J
https://doi.org/10.1039/C5OB01302J
https://doi.org/10.1039/C5OB01302J
https://doi.org/10.1021/om00128a038
https://doi.org/10.1021/om00128a038
https://doi.org/10.1021/om00128a038
https://doi.org/10.1021/ja305448w
https://doi.org/10.1021/ja305448w
https://doi.org/10.1021/jacs.5b05848
https://doi.org/10.1021/jacs.5b05848
https://doi.org/10.1021/jacs.5b05848
https://doi.org/10.1038/nchem.2010
https://doi.org/10.1038/nchem.2010
https://doi.org/10.1038/nchem.2010
https://doi.org/10.1038/nchem.1971
https://doi.org/10.1038/nchem.1971
https://doi.org/10.1021/acs.jmedchem.5b00258
https://doi.org/10.1021/cr4002879
https://doi.org/10.1021/cr4002879
https://doi.org/10.1021/cr4002879
https://doi.org/10.1016/bs.pmch.2014.11.001
https://doi.org/10.1016/bs.pmch.2014.11.001
https://doi.org/10.1126/science.1131943
https://doi.org/10.1126/science.1131943
https://doi.org/10.1039/B711844A
https://doi.org/10.1039/B711844A
https://doi.org/10.1021/acs.accounts.8b00230
https://doi.org/10.1021/acs.accounts.8b00230
https://doi.org/10.1021/acs.accounts.8b00230
https://doi.org/10.1002/chem.201501475
https://doi.org/10.1002/chem.201501475
https://doi.org/10.1002/adsc.201700423
https://doi.org/10.1002/adsc.201700423
https://doi.org/10.1021/jacs.0c02331
https://doi.org/10.1021/jacs.0c02331
https://doi.org/10.1021/jacs.0c02331
https://doi.org/10.1021/jacs.9b00681
https://doi.org/10.1021/jacs.9b00681
https://doi.org/10.1021/jacs.9b00681
https://doi.org/10.1038/s41467-017-01540-1
https://doi.org/10.1038/s41467-017-01540-1
https://doi.org/10.1039/D0OB02374D
https://doi.org/10.1039/D0OB02374D
https://doi.org/10.1055/s-0036-1589046
https://doi.org/10.1055/s-0036-1589046
https://doi.org/10.3762/bjoc.10.4
https://doi.org/10.3762/bjoc.10.4
https://doi.org/10.3762/bjoc.10.4
https://doi.org/10.3762/bjoc.10.4
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c02050/suppl_file/ja1c02050_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02050?fig=&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c02050/suppl_file/ja1c02050_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c02050/suppl_file/ja1c02050_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02050?fig=&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c02050?rel=cite-as&ref=PDF&jav=VoR

