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A method for the 1,2-arylboration of aliphatic alkenes to afford alkylboronic esters by cooperative palla-
dium/copper catalysis was developed. The reaction proceeds in a highly regioselective manner, and var-
ious functional groups such as silyl ether, alkoxycarbonyl, and cyano groups are tolerated under the
applied reaction conditions.

� 2021 Elsevier Ltd. All rights reserved.
Alkylboronic acids and their derivatives are useful intermedi-
ates in organic synthesis, considering that they are sufficiently
stable to be isolated and stored, and that their C–B bonds can sub-
sequently be easily transformed into C–C, C–N, or C–O bonds [1].
Representative methods for their preparation are the hydrobora-
tion of alkenes [2], the borylation of alkyl halides [3], and the C–
H borylation of alkanes [4]. The transition-metal-catalyzed carbob-
oration [5] of alkenes provides alternative access to complex alkyl-
boronic acids and their derivatives, as C–C and C–B bonds are
formed simultaneously across the double bond of readily available
alkenes. Although carboboration reactions of conjugated alkenes
such as 1-arylalkenes [6], 1,3-enynes [7], 1,3-dienes [8], Michael
acceptors [9], 1,2-dienes [10], and strained alkenes [11] have been
developed, examples of the carboboration of aliphatic alkenes
remain rare [12]. While the carboboration of aliphatic alkenes that
bear a heteroatom at the allylic or homoallyic position, and an 8-
aminoquinoline directing group has been reported,12a–e the car-
boboration of electronically non-biased aliphatic alkenes is still
limited. As for terminal aliphatic alkenes, Cu-catalyzed 1,2-alkylb-
oration [6d,12b], Ni-catalyzed 1,1-alkylboration [12h], Ni-
catalyzed 2,1-arylboration,12f,g and Pd-catalyzed 1,2-
arylboration12k have been reported (eq. 1–4). Herein, we report
the 1,2-arylboration of aliphatic alkenes with aryl bromides and
bis(pinacolato)diboron [B2(pin)2] by cooperative Pd/Cu catalysis
(eq 5). It is worth mentioning that aryl bromides, which are not
viable under Yin’s conditions,12k are viable under the present
conditions.
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During our studies on the carboboration of compounds with
unsaturated carbon–carbon bonds by cooperative metal catalysis,
we have reported the arylboration of vinylarenes by cooperative
Pd/Cu or Ni/Cu catalysis.6e,f Our first attempt to achieve the arylb-
oration of aliphatic alkenes was thus carried out under the opti-
mized conditions developed for the arylboration of vinylarenes
(Entries 1 and 2, Table 1). The corresponding arylboration products
were not detected in either case, and the borylated arene was
obtained as the major product. Subsequently, we extensively
screened a variety of reaction parameters, including a series of
Pd and Cu precursors, ligands, bases, and solvents (Table 1). Finally,
we discovered that the arylboration of 1-decene (1a) (2.5 mmol)
with bromobenzene (2a) (0.50 mmol) and B2(pin)2 (0.75 mmol)
in the presence of Pd(acac)2 (1.0 mol%), BrettPhos (2.0 mol%), (Me-
IMes)CuCl (10 mol%), and LiOt-Bu (0.75 mmol) in 1,4-dioxane at 30
�C afforded the corresponding regioisomeric products (3aa and
3’aa) with high regioselectivity, i.e., the 1,2-arylboration product
3aa was the major regioisomer (61% combined yield; entry 3).
The effect of different phosphines is shown in entries 3–8. Dicyclo-
hexyl(o-biaryl)phosphines, in particular BrettPhos, were effective
(Entries 3–5), whereas other phosphines such as triphenylphos-
phine (PPh3), tricyclohexylphosphine (PCy3), and 1,2-bis
(diphenylphosphino)ethane (dppe) were ineffective (Entries 6–8).
The N-heterocyclic carbene (NHC) in the (NHC)CuCl complex also
influences the yield and regioselectivity of the products. For exam-
Table 1
Optimization of the reaction conditions.

7
Ph Br+

Pd(acac)2 (1.0 mol%)
BrettPhos (2.0 mol%)
(MeIMes)CuCl (10 mo

B2(pin)2 (0.75 mmol)
LiOt-Bu (0.75 mmol)
1,4-dioxane, 30 ˚C, 21a 2a

2.5 mmol 0.50 mmol

R2

R2
R2

P
Cy CyR1

R1

R1 = OMe, R2 = i-Pr: BrettPhos
R1 = H, R2 = i-Pr: XPhos
R1 = R2 = H: Cy-JohnPhos

N

R

R = Me:
R = H: IM

standard conditio

Entry Deviation from the standard conditions T

1c optimized conditions in ref. 6e 0
2d optimized conditions in ref. 6f 0
3 none 6
4 XPhos instead of BrettPhos 3
5 Cy-JohnPhos instead of BrettPhos 8
6 PPh3 instead of BrettPhos 0
7 PCy3 instead of BrettPhos 0
8 dppe instead of BrettPhos 0
9 (IMes)CuCl instead of (MeIMes)CuCl 5
10 (IPr)CuCl instead of (MeIMes)CuCl 8
11 LiOMe instead of LiOt-Bu 0
12 NaOt-Bu instead of LiOt-Bu 4
13 CsF instead of LiOt-Bu 0
14 toluene instead of 1,4-dioxane 2
15 w/o Pd(acac)2 0
16 w/o (MeIMes)CuCl 0

a Determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as the internal stan
b Regioselectivity of the crude mixture determined by 1H NMR spectroscopy.
c Pd(OAc)2 (1.0 mol%), XPhos (2.0 mol%), (IPr)CuCl (10 mol%), NaOMe (0.75 mmol), to
d Ni(acac)2 (2.0 mol%), CuCl (1.0 mol%), P(c-C5H9)3 (6.0 mol%), LiOt-Bu (0.75 mmol), to

2

ple, (IMes)CuCl affords the products with high regioselectivity in
53% combined yield (Entry 9), whereas the sterically demanding
(IPr)CuCl regioselectively afforded 3aa in 8% yield together with
a large amount of Ph–B(pin) (Entry 10). Moreover, the choice of
base is crucial for the success of the arylboration reaction. For
example, NaOt-Bu afforded the arylboration products in 46% total
yield (Entry 12), whereas 3aa and 3’aa were not obtained with
LiOMe and CsF (Entries 11 and 13). When toluene was used as
the solvent instead of 1,4-dioxane, the total yield of 3aa and 3’aa
decreased to 22% (Entry 14). Furthermore, the cooperative catalysis
by Pd and Cu was confirmed to be indispensable to promote the
desired reaction (Entries 15 and 16).

Next, the scope of substrates was examined under the opti-
mized reaction conditions (Table 2). The arylboration of primary
alkyl-substituted terminal alkenes 1a–d and 1h proceeded with
high regioselectivity to afford the corresponding sec-alkyl-
boronates in moderate to good yield (Entries 1–4 and 10). Vinylcy-
clohexane (1e) also furnished the arylboration product in
moderate yield (Entry 5). In the case of 1,5-diene 1f, the arylbora-
tion product derived from the mono-substituted double bond was
selectively obtained in 35% isolated yield without formation of any
arylboration products derived from the di-substituted double bond
(Entry 6). Under these optimized conditions, cyclohexene (1g) was
not a viable substrate (Entry 7). The scope of aryl bromides is
shown in entries 8–13. Electron-donating or -withdrawing sub-
l%)

2 h

Ph
B(pin)

7
B(pin)

Ph

7
+

3aa 3’aa

N

R

MeIMes
es

N N
i-Pr

i-Pr i-Pr

i-Pr

IPr

ns

otal yield of 3aa+3’aa (%)a (3aa/3’aa)b Yield of Ph–B(pin) (%)a

19
16

1 (91:9) 20
8 (92:8) 34
(87:13) 13

0
11
0

3 (87:13) 19
(>95:5) 39

76
6 (85:15) 31

0
2 (89:11) 38

0
0

dard.

luene, 80 �C, 12 h.
luene, 80 �C, 12 h.



Table 2
Arylboration of aliphatic alkenes by cooperative Pd/Cu catalysis.

R Ar Br+

Pd(acac)2 (1.0 mol%)
BrettPhos (2.0 mol%)
(MeIMes)CuCl (10 mol%)

B2(pin)2 (0.75 mmol)
LiOt-Bu (0.75 mmol)
1,4-dioxane, 30 ˚C, 22 h1 2

2.5 mmol 0.50 mmol

R
Ar

B(pin)

R
B(pin)

Ar
+

3 3'

Entry 1 2 Total yield of 3+3’ (%)a 3/3’b

1
7

1a
Br Ph

2b

64 (54) 92:8

2 TBSO
3

1b

2b 74 (60) 92:8

3 PivO
3

1c

2b 68 (59) 91:9

4c BnO
2

1d

2b 70 (61) 88:12

5c Cy
1e

2b 55 (47) 86:14

6

1f

2b 40 (35) 89:11

7

1g

2b <5 –

8 1b
Br OMe

2c

66 (47) 91:9

9 1b
Br CO2Me

2d

69 (45) 92:8

10 TBSO
4

1h
Br CN

2e

57 (49) 90:10d

11 1b
Br

2f

80 (70) 93:7

12 1b
Br

S
2g

59 (43) 82:18d

13 1b

N
Br

2h

55 80:20d

a Yield estimated by 1H NMR spectroscopy. The yield of the isolated products is given in parentheses.
b Regioselectivity of the crude mixtures determined by GC analysis.
c Pd(acac)2 (0.50 mol%), BrettPhos (1.5 mol%), 1 (0.50 mmol), 2b (0.75 mmol).
d Regioselectivity of the crude mixtures determined by 1H NMR spectroscopy.
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stituents at the para-position of bromobenzene were well tolerated
and their presence did not affect yield or regioselectivity (Entries
8–10). The arylboration products were also obtained in high yield
in the case of ortho-tolyl bromide (2f) (Entry 11). Heteroaromatic
bromides such as 3-bromothiophene (2g) and 2-bromopyridine
(2h) also participated in the reaction (Entries 12 and 13), although
the isolation of 3bh was difficult due to its instability. Functional
groups such as silyl or benzyl ether, as well as alkoxycarbonyl or
cyano moieties remained intact under the applied reaction condi-
tions. According to the literature [13], a robustness screen was
undertaken to evaluate the functional group tolerance of the pre-
sent reaction (Table S1) [14]. Alkyl or aryl chlorides, alkyl bromide,
aliphatic nitrile, and tertiary amide groups are well tolerated,
3

whereas primary alkyl alcohol, secondary amide, and aliphatic
ketone groups retarded the arylboration. In the case of primary
alkyl alcohol and secondary amide groups, the yield of the hydrob-
oration products increased.

To gain insight into the mechanism of this reaction, the hydrob-
oration of 1-decene (1a) with B2(pin)2 and MeOH was carried out
in the presence of (MeIMes)CuCl (10 mol%) (Entry 1, Table 3). To
our surprise, the regioselectivity of 4a/4’a (52:48) differed signifi-
cantly from that of the arylboration of 1a (91:9; entry 1, Table 1).
This result suggests that the regioselectivity of the arylboration is
not governed by the borylcupration [15] of 1a, as in the case of
the arylboration of vinylarenes. To clarify the origin of the
observed regioselectivity, the hydroboration of 1a was carried
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Scheme 1. Plausible mechanism for the arylboration of aliphatic alkenes by
cooperative Pd/Cu catalysis.

Table 3
Hydroboration of 1a under various conditions.

1a
cat.

MeOH (0.50 mmol)
B2(pin)2 (0.75 mmol)
LiOt-Bu (0.75 mmol)
1,4-dioxane, 30 ˚C, 22 h

H
B(pin)

7
+

B(pin)
H

7

4a 4’a

Entry Cat. Yield (%)a (4a/4’a)b

1 (MeIMes)CuCl (10 mol%) 18 (52:48)
2 (MeIMes)CuCl (10 mol%)/BrettPhos (2.0 mol%) 23 (54:46)
3 (MeIMes)CuCl (10 mol%)/Pd(acac)2 (1.0 mol%)/BrettPhos (2.0 mol%) 32 (49:51)
4 Pd(acac)2 (1.0 mol%)/BrettPhos (2.0 mol%) 0
5 (MeIMes)CuCl (10 mol%)/Pd(acac)2 (1.0 mol%)/BrettPhos (2.0 mol%)/2a (0.50 mmol) 20 (80:20) 26c (82:18)d

a Yield estimated by GC analysis.
b Regioselectivity of the crude mixtures determined by GC analysis.
c Yield of 3aa+3’aa determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as the internal standard.
d Regioselectivity of 3aa:3’aa determined by 1H NMR analysis.
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out under varying conditions (Table 3). For example, the regiose-
lectivity was not affected by the addition of BrettPhos or Brett-
Phos/Pd(acac)2 (Entries 2 and 3), while the reaction did not
proceed in the absence of the copper catalyst (Entry 4). These
results should indicate that under the conditions in entries 1–4,
hydroboration of 1a proceeds via borylcupration of 1a followed
by protonation of the resulting alkylcopper with MeOH. The
regioselectivity reached a similar value to that of the arylboration
of 1a when 2a was used in the presence of Pd(acac)2, BrettPhos,
and (MeIMes)CuCl (Entry 5). This hydroboration would proceed
via protonation of a b-borylalkyl(aryl)palladium(II) species (vide
infra), generated from the transmetallation between (BrettPhos)
PdAr(Br) and a b-borylalkylcopper species, with MeOH. All of the
results in Table 3 thus support the notion that a b-boryl elimina-
tion [16] from the b-borylalkyl(aryl)palladium(II) species determi-
nes the regioselectivity of the arylboration. One could also argue
that the reaction proceeds via the diboration of the alkene, [17] fol-
lowed by the Suzuki–Miyaura coupling at the terminal boryl group
in the 1,2-diborylated alkanes as seen in the cascade arylboration
reported by Morken. [18] However, the arylboration of 1c in the
presence of 1,2-diborylalkane 5a afforded 3ca and 3’ca in good
yield, whereas the Suzuki–Miyaura coupling of 5awas not success-
ful (eq 6).

B(pin)
B(pin)

7

+

+
1c

2a

Pd(acac)2 (1.0 mol%)
BrettPhos (2.0 mol%)
(MeIMes)CuCl (10 mol%)

B2(pin)2 (0.75 mmol)
LiOt-Bu (0.75 mmol)
1,4-dioxane, 30 ˚C, 22 h

3ca + 3’ca (3ca/3’ca)
49% (89:11)

5a 
96% recovery

+
5a

(6)
2.5 mmol

0.50 mmol

0.50 mmol

Based on the results of the mechanistic studies in Table 3 and eq
6, a plausible mechanism is proposed in Scheme 1. The catalytic
cycle should be initiated upon generation of borylcopper 12 from
LCuOt-Bu (11) and B2(pin)2. The borylcupration of aliphatic alkenes
would then afford b-borylalkylcopper species 9 and 9’. The trans-
metallation of such b-borylalkylcopper species and arylpalladium
(II) (7), generated via the oxidative addition of aryl bromides (2)
to LPd(0) (6), would afford LCuBr (10) and alkyl(aryl)palladium
(II) species 8 and 8’. sec-Alkyl(aryl)palladium 8’ should isomerize
to more stable n-alkyl(aryl)palladium 8 via a b-boryl elimination
and subsequent reductive elimination from 8 should afford the
arylboration product 3 as the major product [19].

In summary, we have developed an intermolecular 1,2-arylbo-
ration of aliphatic alkenes with aryl bromides and B2(pin)2 by
cooperative Pd/Cu catalysis. The reaction proceeds under mild con-
ditions and affords a variety of alkylboronic esters with high regio-
and chemoselectivity. The regioselectivity of the arylboration
4

seems to be controlled by the b-boryl elimination from b-bory-
lalkyl(aryl)palladium(II) and not by the borylcupration of the
alkenes. This unique mechanism should thus facilitate the develop-
ment of new carboboration reactions of alkenes by cooperative Pd/
Cu catalysis.
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