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Difunctionalization of alkenes have developed into an important type of reactions for rapidly and effi-
ciently assemble complex molecules. While extensive advancements have been achieved by the assis-
tance of transition metal catalysis, the employment of cheap, abundant aryl chlorides as coupling partner
is still a challenging task in this field. Herein, we report our first achievement in 1,1-difunctionalization of
alkenes with aryl chlorides as coupling partners. The success is predominantly ascribed to the judicious
selection of 1,2-diamine ligand. This study provides an efficient protocol for the synthesis of secondary
benzyl boronates from easily accessible feedstock chemicals. Furthermore, the distinguished features of
this method include excellent 1,1-regio- and chemoselectivity, good functional group tolerance and easily-
operational catalytic reaction conditions.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Alkenes are one of most abundant fine chemical products in
petroleum industry [1,2]. Difunctionalization of alkenes, by open-
ing the double bond of alkenes to form two new chemical bonds
simultaneously, represents an efficient means to rapidly construct
complex C(sp?)-riched functional molecules [3-9]. Electrophilic
aryl halides are always employed as the aryl fragment precursors
in these transformations [10-15]. Although extensive progresses
have been made in cross-coupling of aryl chlorides, by the means
of either transition metal catalysis [16-28] or transition metal free
catalysis [29-35], the state-of-the-arts of alkene difunctionaliza-
tions still highly reply on the application of aryl iodides and bro-
mides as the electrophilic aryl coupling partners. The advantages
of utilizing aryl chlorides as the aryl precursors mainly include fol-
lowing two facets: (1) Aryl chlorides are relative abundant elec-
trophiles compared with their iodides and bromides counterparts
(Scheme 1a); (2) Aryl chlorides are always well-tolerated in many
transformations, allowing them to be introduced in early steps
and transferred later. The challenge of integrating aryl chlorides
into transition-metal catalyzed difunctionalization of alkenes prin-
cipally derives from the contradiction between their low reactiv-
ity toward oxidative addition and the readily B-H elimination of
formed alkylmetal intermediates (Scheme 1b) [36]. As a continu-
ation of our interest in alkene transformations [37-45], particu-
larly after the success in a series of migratory carboboration re-
actions [37-42], we moved our attention to the challenge of inte-
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grating aryl chlorides into alkene difunctionalizations. Herein we
describe our successful realization in this goal, by the develop-
ment of three-component, nickel-catalyzed 1,1-arylboration of un-
activated o-alkenes with aryl chlorides as electrophilic coupling
partners (Scheme 1c).

We commenced this study by choosing 1-octene (1a),
bis(pinacolato)diboron (2) and phenyl chloride (3a) as model sub-
strates. Reaction optimization was conducted next, and selected
results have been listed in Table 1. The first tentative attempt
with the same reaction conditions [37] at an elevated temper-
ature (80 °C) gave the 1,1-arylboration product 4a in 15% yield
with excellent regioisomeric ratio (rr > 20:1) (entry 1). Follow-
ing solvent survey indicated that polar solvents, such as DMA, DMF
and DMSO, were ineffective for this 1,1-difunctionalization reaction
(entries 2 and 3). Only small amount of 4a could be detected in
dichloroethane (entry 4). It should be noted that the solvent could
affect the regioselectivity of reaction [46-49], as poor regioselec-
tivity (rr = 1:1) was obtained in isopropanol (entry 5). To our de-
light, the yield could be improved to 36% when the reaction was
conducted in ethyl acetate (entry 6). Evidently, rational selection of
ligand is critical for the reactivity, therefore an effort was given to
ligand screening next. Modifying the structure of 1,2-diamine was
found that only symmetric cis-2,2’-bipiperidine (L7) could effec-
tively promote the formation of 1,1-addition product 4a (entry 8),
while its trans-isomer was ineffective for this transformation (en-
try 7). Poor yield with only moderate enantiomeric excess value
(72% ee) was obtained when (RR)-L7 was used. However, the em-
ployment of a commercially available mixture of cis/trans-isomers
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Scheme 1. Difunctionalization of alkenes with aryl chlorides. (a) Comparison of aryl chlorides with their analogues. (b) Challenges of di functionalization of alkenes with
aryl chlorides. (c) Nickel-catalyzed 1,1-arylboration of undirected, unactivated alkenes with aryl chlorides (this work).

Table 1
Optimization of reaction conditions.?

cl NiCl,*DME (5 mol%)
L (5 mol%)

Bpin

H Bpin
n-Hex Bpin
Bpin +
n- Hex)\/ P @

4a 4a' 4a"

nHex X+ Bypin,

base (1.5 equiv.)
solvent, T, 17 h

1a 3a

Ph Ph

R / R R ( R
\—NH HN—/ NH HN

L1:R=H, 11% (ir > 20:1) L4: R = H, trace

L2: R =Ph,ND L5:R=Ph,ND

L3: R = 1-Naphth, ND L6: R = 1-Naphth, trace

— 0. O, O

‘Bu

30 88 o¢

trans-L7, cis-LT

5

(BRA L10, trace
L8: cisitrans = 1:2.3

falviitacst

L9, trace

Bu

L11, 2% (rr > 20:1) L12, trace L13, trace L14, 3% (rr > 20:1)
Entry Ligand Solvent T (°C) Base Yield of 4a (%)> rr
1 L1 1,4-Dioxane 80 LiOMe 15 >20:1
2 L1 DMF or DMA 80 LiOMe trace -
3 L1 DMSO 80 LiOMe  trace
4 L1 DCE 80 LiOMe 7 >20:1
5 L1 i-PrOH 80 LiOMe 4 1:1
6 L1 EA 80 LiOMe 36 >20:1
7 trans-L7 EA 50 LiOMe trace >20:1
8 cis-L7 EA 50 LiOMe 72 >20:1
9 L8 EA 50 LiOMe 72 (72)¢ >20:1
10 L8 EA 50 NaOMe trace -
11 L8 EA 50 KOMe trace -
12 L8 EA 50 LiOAc trace -
13 L8 EA 50 LiOH 21 >20:1
14 L8 EA 50 LiO'Bu  trace
154 L8 EA 50 none - -
16 none EA 50 LiOMe  trace -

3 General conditions: NiCl,-DME (5 mol%), ligand (5 mol%), 1a (0.2 mmol, 1.0
equiv.), Bopin, 2 (1.5 equiv.), 3a (1.5 equiv.) and LiOMe (1.5 equiv.) in solvent (1 mL),
stirred for 17 h.

b Yields were determined by GC analysis using naphthalene as an internal stan-
dard.

¢ The number in parentheses is isolated yield on 0.5 mmol scale.

4 Without nickel or base.

¢ 6% yield (rr > 20:1, 72% ee).

(L8) could deliver a similar reactivity, by affording the product
4a in 72% isolated yield with an excellent regioselectivity (rr >
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20:1) on 0.5mmol scale (entry 9). The significance of ligand choice
was further enhanced by all other types of bisnitrogen-ligated lig-
ands, including those structures based on pyrox (L11), bioxolines
(L12), 2,2’-bipyridine (L13) and 1,10-phenanthroline (L14) were all
ineffective for this transformation (please see Supporting informa-
tion for details), with the detection of 1,2-diborylation product 4a’
and/or Miyaura borylation product 4a” as main by-products. Base
surveying discovered that only LiOMe and LiOH could promote the
three-component reaction (entries 9-14). It is particularly notable
that, these results suggested that the regioselectivity of this reac-
tion was not controlled by the directing group of the substrate.
Control experiments revealed that no more than trace amount of
4a was detected in the reaction either without ligand, nickel salt
or base (entries 15 and 16).

With the optimal reaction conditions in hand, we next
shifted our attention to the generality investigation of this three-
component reaction. A number of aryl chlorides bearing various
substitution patterns and unactivated alkenes containing a wide
scope of functional groups were examined, and the results are il-
lustrated in Scheme 2. The reactivity is not largely affected by the
electronic property of the aryl electrophilic partners, as the cor-
responding secondary benzyl boronates could be obtained from
both electron-deficient and -rich aryl chlorides, albeit lower yields
generally obtained in the cases of the electron-rich ones (4c and
4j). Unactivated alkenes tethering ethers (4t, 4v, 4w-4y), tosylate
(4u), alkylbromide (4n), imide (4ah and 4ai) and esters (4z-4ag)
could participate in this arylboration reaction to produce the de-
sired products in good yields with a good regioisomeric ratio (rr
> 20:1). Moreover, good 1,1-regioselectivity should also be ob-
tained in the reactions with allylsilane (4aj and 4ak) and ally-
lamine derivative (4al). A wide scope of transformable functional
group includes amines, carboamides, imide, esters, phosphonate,
arylboronate, and ketone were all well compatible in these mild
nickel-catalyzed reaction conditions. In addition, the practicability
of this reaction was demonstrated by that no significant decrease
yield was obtained in a scale-up experiment (4a).

To further explore the synthetic potential of this method,
chemoselectivity of multi-(pseudo)halogenated arenes were inves-
tigated. As shown in Scheme 3, C(sp?)-Cl bond is reactive when
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Scheme 2. Study on reaction scope. General reaction conditions: NiCl,-DME (5 mol%), L8 (5 mol%), 1 (0.5mmol, 1.0 equiv.), Bypin, 2 (1.5 equiv.), 3 (1.5 equiv.) and LiOMe
(1.5 equiv.) in EA (2mL), stirred for 17-36 h. Isolated yield. ® Isolated yield of the corresponding alcohol after oxidation. ® Isolated yield on 5 mmol scale.

cl OO n-Hex Bpin regioselectivity of these reactions were slightly affected by the uti-
o Bpin o lized electrophiles.

To shed light on the catalytic cycle of this Ni-catalyzed three-
component reaction, mechanistic experiments were designed and
carefully implemented. First, a terminal deuterium-labeled alkene

4an, 82%° 5f-d was synthesized and examined under the standard reaction
conditions, which afforded the 1,1-addition product 6f-d in 32%
(Scheme 5a). Deuterium was observed at the both «- and S-

Bpin
n-Hex
Bpin position, but was not detected at the y-position. Moreover, when
excess amount of methanol was added to the reaction with 5f and
- 3d, the formation of product 6f was inhibited and hydroboration
S

oTf
4am, 50%°

420, 59%° 4ap, 78%? byproduct 8 was increased (Scheme 5b, comparison of entries 1
and 2). The product 8 could be isolated, but without deuterium
Scheme 3. Chemoselectivity reaction of aryl electrophiles. General reaction con- incorporation into the benzylic pOSitiOl‘l, when CD;0D was em-

ditions: NiCl,-DME (5 mol%), L8 (5 mol%), 1 (0.5mmol, 1.0 equiv.), Bypin, 2 (1.5 . .
equiv.), 3 (1.5 equiv.) and LiOMe (1.5 equiv.) in EA (2mL), stirred for 36 h. Isolated ployed (SCheme 5b, entries 3 and 4)' These ﬁndmgs suggest that

yield. 2 Yield of the corresponding alcohol after oxidation. B-hydride elimination is selective at the «-position of boronic es-
ter group, even in presence of a competing benzylic group, under

current catalytic system.
Finally, we proposed a catalytic cycle for this nickel-catalyzed

either C(sp?)-OTf bond (4am) or C(sp?)-OTs bond (4ao0) existed. 1,1-arylboration reactions based on the above discoveries and re-
However, the C(sp2)-Cl bond is inert when it coexists with C(sp?)- lated precedent studies [62-64]. As outline in Scheme 5c, a L8-
Br bond (4an and 4ap). The resting (pseudo)halides open avenues ligated nickel chloride catalyst (I) is formed and initialed the reac-
for manipulations by further cross-coupling events [50-57]. More- tion. In the presence of LiOMe, transmetallation leads to the for-
over, when allylbenzene derivatives were used, both 1,1- and 1,3- mation of a nickel methoxylate catalyst II, and further transmetal-
site addition products [58-61] could be selectively obtained by lation with B,pin, affords a Ni-Bpin species III. Then olefin-ligated
only alternation of the ligand (Scheme 4). The less sterically hin- intermediate IV was formed after olefin coordination. Following
dered diamine ligand L8 is favored the C-C bond formation at migratory insertion selectively in an anti-Markovnikov manner,
a-position of boron group, while more sterically hindered 1,2- leads to the formation of intermediate V, rather than V. Selective
diamine ligand L6 favored the arylation at benzylic position (see B-hydride elimination at the «-position of boronic ester group and
Supporting information for results of more ligands). Notably, the following migratory insertion generates a boron group stabilized
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Scheme 4. Regioselectivity reaction of allylbenzenes. General reaction conditions: NiCl,-DME (5 mol%), L (5 mol%), 5 (0.5 mmol, 1.0 equiv.), B,pin, 2 (1.5 equiv.), 3 (1.5 equiv.)
and LiOMe (1.5 equiv.) in EA (2 mL), stirred for 17-36 h. Isolated yield. ? Yield of the corresponding alcohol after oxidation.
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Scheme 5. Mechanistic studies. (a) Reaction with deuterium-labeled olefin. (b) Reactions with methanol additive. (c¢) Proposed catalytic cycle.
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alkyl nickel intermediate VI. The intermediate VI reacts with the
aryl chloride to deliver the 1,1-arylboration product 4 and regener-
ate the catalyst L.

In summary, we have developed the first aryl chlorides partic-
ipated 1,1-functionalzation of undirected, unactivated alkenes. The
application of 1,2-diamine-ligated nickel catalyst governs both the
reactivity and selectivity. This study provides a protocol for the ef-
ficient synthesis of secondary benzylic boronic esters from cheap,
abundant starting materials. We believe this chemistry will greatly
benefit to the synthesis of alkyl boron compounds and promote the
development of synthetic methodology based on chain-walking.
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