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Regiodivergent 1,2-hydroboration of 1,3-dienes with pinacolborane has been accomplished by well-defined cobalt complexes of
different bidentate ligands. The iminopyridine-cobalt system is selective for Markovnikov 1,2-hydroboration to form allyl-
boronates, while the FOXAP-cobalt (FOXAP=(S)-1-(diphenylphosphino)-2-[(S)-4-isopropyloxazolin-2-yl]ferrocene) catalyst
effects the complementary anti-Markonikv 1,2-hydroboration to afford homoallyboronates with high regioselectivity.
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Allylboronates and homoallylboronates are versatile syn-
thetic intermediates, which participate in various transfor-
mations, such as oxidation to allylic or homoallylic alcohols,
addition to aldehydes and imines, as well as cross-coupling
reactions [1-6]. Thus, the development of selective ap-
proaches for their synthesis is highly desirable [7]. Mono-
hydroboration of 1,3-dienes with hydroborane is one of the
most straightforward and atom-economic routes to construct
allylboronates and homoallylboronates. Although hydro-
boration of alkenes has been extensively studied in last
decade [8], the highly selective hydroboration of 1,3-dienes
remains underdeveloped [9]. Key challenges regarding cat-
alytic hydroboration of 1,3-dienes arise from the difficulty in
chemo- and regio-control, because the reaction could pro-
ceed through 1,2- or 1,4-hydroboration, and the boron atom
could be incorporated into four possible positions in princi-

ple (Eq. (1)).
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Elegant contributions have emerged in selective 1,4-hy-
droboration of 1,3-dienes for the synthesis of allylboranes
under the influence of Pd [10a], Rh [10a], Fe [10b,10d], Ni
[10c] catalysis. In contrast, examples of catalytic 1,2-hy-
droboration are relatively rare [11-14]. Zaidlewicz and co-
workers [11] found that NiCl,(dppe) effects anti-Markovni-
kov 1,2-hydroboration of alkyl-substituted 1,3-dienes with
catecholborane (HBcat) for the synthesis of homo-
allylboronates, but this catalytic system is inactive for aryl-
substituted 1,3-butadiene (Scheme 1(a)). While a moderate
regioselectivity in favor of the anti-Markovnikov product
was obtained in (dppe)Rh(I)-catalyzed 1,2-hydroboration of
1-phenyl-1,3-butadiene with HBcat (Scheme 1(b)) [12], the
same substrate underwent Markovnikov 1,2-addition with 2
equiv. of pinacolborane (HBpin) using copper as the catalyst
to give allyborane (Scheme 1(c)) [13]. Although excessive
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amounts of hydroborane were used and only one or two
examples were given, these work demonstrated the possibi-
lity of controlling the regioselectivity of 1,2-hydroboration
by the choice of an appropriate metal catalyst. In addition to
hydroborane, diboron B,pin, has also be used as the boron
source in copper-catalyzed hydroboration of 1,3-dienes,
wherein ROBpin is produced as the waste [13,15]. In this
context, it is desired to develop practical and atom-eco-
nomical catalytic systems for regiodivergent 1,2-hydro-
boration.

Our group [16] has been interested in developing catalysis
based on well-defined non-precious metal complexes. In our
previous work, we developed iminopyridine iron complexes
for 1,4-hydroboration of 1-substituted 1,3-dienes with
HBpin, affording secondary (Z)-allylboronates selectively
[10d]. Herein, we disclose the regiodivergent 1,2-hydro-
boration of 1,3-dienes enabled by well-defined cobalt com-
plexes with iminopyridine or FOXAP (FOXAP=(S)-1-
(diphenylphosphino)-2-[(S)-4-isopropyloxazolin-2-yl]ferro-
cene) ligands, allowing for the convenient synthesis of al-
lylboronates and homoallylboronates selectively (Scheme
1(d)).

Our initial investigations focused on the identification of
suitable ligands for cobalt catalyzed hydrobotation of 1-
phenyl-1,3-butadiene (1a) with HBpin. A series of bidentate
N,N or N,P ligands were screened and the results are sum-
marized in Table 1. With 5.0 mol% of NaBEt;H as the ac-
tivator, the cobalt catalysts were generated in situ from cobalt
chloride and the ligands. The reaction of 1a with HBpin in
tetrahydrofuran (THF) in the presence of dioxazoline ligand
L1 and cobalt chloride provided 1,2-Markovnikov hydro-
boration product allylboronate 2a in a low yield (25%, entry
1) after 5 h at room temperature, along with small amounts of
1,2-anti-Markovnikov hydroboration product 3a, 1,4-hy-
droboration product 4a and a decent amount of the dehy-
drogenative borylation product 5a (25%). The reaction with
L2 as the ligand gave a similar yield of 2a (entry 2). The runs

Previous work:

Cat. NiClz(dppe)
D — e

P
R o Ao
R= alkyl 1 equiv.
1) Cat. Rh/dppe
(b} PhW + HBC&II B — T PHWOH
2.5 equiv. 2) HzOx/NaOH
{©) PhaA~# + HBpin —Sat CuCllL Ph. =
2 equiv. Bpin
This work:
(d) Bpin .
ARy p Boi
ArM Co-1 N Co2 , ~ S\~ Bpin
Markovniky HBpin anti-Markavniky

1,2-hydoboration 1,2-hydoboration

Scheme 1 Catalytic 1,2-hydroboration of 1,3-dienes with hydroborane.
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Table 1 Evaluation of cobalt catalysts for diene hydroboration &

Bpin
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o T AL o
sl o
HBpin - Ph)\) L
da 5a
' Yield (%)
Entry Co(mﬁﬁ;'?or A{ﬁzzﬁ:ﬁr Solvent m
1 CoClyL1(5) NaBEtsH (10) THF 25 2 8 25
2 CoCl/L2(5) NaBEtH (10) THF 26 3 0
3 CoCly/L3(5) NaBEt;H (10) THF 446 5 0
4 CoClyL4(5) NaBEtyH (10) THF 40 0 20 1
5  CoCly/L5(5) NaBEtyH (10) THF 5 5 1 15
6 CoCly/L5 (5) NaBEt;H (10) Toluene 44 0 0 4
7 CoClL/L5(5) NaBEtyH (10) Et,O 5 5 0 12
8  CoClL/L5(5) CHsMgCI{10}) E0 56 2 0 12
9  CoCly/L5 (5) Mg(10} E,O 76 0 0 6
10 CoCly/L6 (5) NaBEtyH (10) THF 6 76 0 O
11 CoCl/LT (5) NaBEtzH (10) THF 4 79 0 O
120 6a (2) Mg (5) Et;O 83 frace 0 0
138 6b (2) Mg (5) EL,O 62 4 3 7
1459 6c(2) Mg (5) E,O 54 7 5 10
15¢ Ta (1) NaBEt;H (2) THF  trace 95 0 O
16 7b (1) NaBEt;H (2) THF 8 75 3 0
179 Te (1) NaBEt;H (2) THF 17 64 7
oA
[l 0 B
SRS OGRS
iPr N N™"ipr : L3R=H N 4
L1 Ph L2 Ph L4 R = Me “pr

PPh
: ”> wir
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Ls Pr L6 L7 (IP-FOXAP)

R
6a, R=Pr N iPr
AR 6b.R = EL Ta R Ph
N, _N PR= P “CoCl, =iPr
Co 6c, R =Me Tc R =1tBu
cr c g

a) Reaction conditions: 1a (0.2 mmol), HBpin (1.0 equiv.), CoCl,
(5.0 mol%), ligand (5.0 mol%), activator (10 mol%) in solvent (1 mL).
Yields were determined by gas chromatography (GC) analysis with mesi-
tylene as an internal standard. b) 1a (1.0 mmol), HBpin (1.0 equiv.), 7a
(2.0 mol%), Mg (5.0 mol%), in Et,0 (2 mL) at r.t. ¢) 1a (0.5 mmol), HBpin
(1.0 equiv.), 8a (1.0 mol%), NaBEt;H (2.0 mol%), in THF (1 mL) at r.t.

with pyridine-oxazoline ligands (L3 and L4) gave moderate
yields of 2a as the major product (entries 3 and 4) [17].
Delightfully, the use of iminopyridine ligand LS increased
the yield of 2a to 53% with small amount of other side
products (entry 5). The reaction conditions were further
optimized under the CoCl,/LS system. The runs in toluene
and diethylether formed 2a in 44% and 56% yield, respec-
tively (entries 6 and 7). Additionally, the activator influenced
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the reaction outcomes (entries 7-9). Among the activators
screened, Mg gave the best yield (76%) of 2a with very high
regioselectity (>99:1, 2a:3a) and no 1,4-hydroboration pro-
duct 4a was detected (entry 9). Remarkably, the regioselec-
tivity could be switched when phosphine-oxazoline ligands
L6 and L7 were employed, affording 1,2-anti-Markovnikov
hydroboration product homoallylboronate 3a as the major
product with good yields and high regioselectivity (entries
10 and 11).

To further improve the reaction efficiency and selectivity, a
series of well-defined cobalt dichloride complexes bearing
imino-pyridine ligand or FOXAP ligand were synthesized
and fully characterized. The catalytic properties of these
complexes (6a—6¢, 7a—7¢) were examined in the reaction of
1-phenyl-1,3-butadiene with HBpin. To our satisfaction, the
well defined Co-complexes 6a and 7a led to enhanced effi-
ciency in terms of yield and selectivity (Table 1, entries 12
and 15), compared with the corresponding CoCl,/ligand
system (entries 9 and 11). Co complexes 6a—6¢ bearing the
iminopyridine ligand favoured 1,2-hydroboration with
Markovnikov selectivity (entries 12—14) and the most steri-
cally hindered Co-complex 6a exhibited highest activity,

Table 2 Co-catalyzed regiodivergent 1,2-hydroboration of 1,3-dienes &
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generating allylboronate 2a in 83% yield with >99:1 re-
gioselectivity (entry 12). The yield and regioselectivity for
2a decreased as the size of iminopyridine ligand decreased.
Swtiching of precatalyst 6a to less hindered variants 6b and
6c resulted in detrimental effects on both yield and regios-
electivity (entries 13 and 14). On the other hand, precatalysts
7a—7c¢ with FOXAP ligand favoured the anti-Markovnikov
1,2-hydroboration (entries 15-17), furnishing homo-
allyboronate 3a as the major product. The substitution on the
FOXAP ligand also plays pronounced influeneces on the
reaction: while complex 7a with phenyl group on phosphine
atom offered 95% yield of 3a with 99:1 regioselectivity
(entry 15), the substitution of phenyl with iPr or /Bu resulted
in diminished yield and regioselectivity (entries 16 and 17).

With the optimized conditions in hand, the scope and
limitation of the cobalt catalyzed regiodivergent 1,2-hydro-
boration were next evaluated as shown in Table 2. The
imino-pyridine ligated cobalt complex 6a is effective for
Markovnikov 1,2-hydroboration of various aryl substituted
1,3-dienes to furnish allyboronates selectively. In most cases,
these reactions proceeded to completion within 12 h at 25 °C
using 2.0 mol% of 6a, delivering allylboronates in good

Bpin 2.0 mol% Ga 1.0 mol% 7a
5.0 mol% Mg PN . 2.5 mol% NaBEt;H Ry~ Bpin
Markovnikov A B0 524n N~ 1"':;'1?” THE.  1z2an s anti-Markovnikov
1,2-hydroboration 2 1 ' 1,2-hydroboration ©
Bpin Bpin Bpin
S T T @N—\/Bpm /@/\/\/Bpm U\/\,Bpm
2a 83% ( > 99:1) 2b 81% (> 99:1) 2c 69% (~93:7) 3a 89% (> 99:1) 3b 85% (> 99:1) 3¢ 81% (94:6)
Bpin Bpin Bpin
C(\)\ = X @i\/\/Bp'n /@/\/\/Bpm /@/\/\/Bpln
Et tBu
2d 82% (> 99:1) 2e 80% (> 99:1) 2f 81% ( >99:1) 3d 82% (> 99:1) 3e 84% (> 99:1) 3f 85% ( »99:1)
B Bpin Bpin
\@/\/&" X x \O/\/\,Bpm /@/\/\/BP'” /@/‘\/\/BP'”
F cl
zg 82% (> 99:1) 2h 73% {=99:1) 2i 84% (97:3) 3g 83% ( =99 1 3h 81% ( =99 1) 75% g? 3)
Bpin Bpin Bpin Bpin B Bpin
S S C(\)\ /©/\/\’ /@/\/\, pin @E‘\/\—/
MeO OMe
2j 78% (> 99:1) 2k 78% (> 99:1) 21 86% (> 99:1) 3j 71% (> 99:1) 3k 84% ( 99:1) 31 80% (> 99:1)
Bpin Bpln
Bpin Bpin Bpin ‘ Bpin
S B
Me,N
MezN
e2 3m 79% (35:5) 3n 69% (> 99:1) 30 69% (95:5)
2m 76% (96:4) ¥ 2" 71% (> 99:1) 3 {90:10)
Bpin Bpin Bpin
Bpin Bpin Bpin
0 . /j/\/\/ P <C:lj/\/\, pi O/\I/\/
N |
2p 77% (92:8) 2q 76% ( 93:7) 2r ND 3p81% (94:6) 3q 79% (> 99:1) 3r 54% (95:5)

a) Isolated yields were given. The ratio of regioselectivty in the bracket (2a:3a or 3a:2a) was determined by GC analysis. b) 1 (1.0 mmol), HBpin (1.0
equiv), 6a (2.0 mol %), Mg (5.0 mol %), in Et,0 (2 mL) at t. ¢) 1 (0.5 mmol), HBpin (1.0 equiv), 7a (1.0 mol %), NaBEt;H (2.0 mol %) in THF (1 mL) at rt.

d) GC yield, mesitylene

as internal standard.
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yields with high regioselectivity. Substrates with both elec-
tron-donating or -withdrawing groups were readily hydro-
borated, and the position of the substituent on the aryl group
did not influenece the reaction significantly. A variety of
commonly encountered functional groups, such as the bro-
mo, fluoro, trifluoromethyl, methoxy and amino group could
be well tolerated. However, substrates bearing some re-
ducible groups such as ester and nitro substituents were
unreactive under reaction conditions. Naphthyl 1,3-diene
could be applicable for 1,2-hydroboration to afford the cor-
responding allylboronate 20 in 63% yield with 90:10 re-
gioselectivity. In addition, the protocol also allows for the
selective 1,2-hydroboration of heterocycle-containing sub-
strates, as demonstrated by the isolation of 2p, and 2q in
good yields with high regioselectivity. Unfortunately, this
iminopyridine Co system was not effective for the hydro-
boration of 2-substituted 1,3-diene 1r.

Noteworthily, with FOXAP-cobalt complex 7a as the
precatalyst, a variety of 1-aryl-1,3-dienes readily reacted
with HBPin at ambient temperature with low catalyst load-
ings (1 mol%) to afford homoallylboronates in good yields
(69%—89%) with high regioselectivity (>94:6). The elec-
tronic and steric properties of the aryl groups in 1,3-dienes
have little influence on this Co-catalyzed anti-Markovnikov
1,2-hydroboration. Although unreactive under the imino-
pyridine Co system, 2-substituted 1,3-diene 1r underwent
selective 1,2-hydroboration smoothly under FOXAP-cobalt
catalysis, delivering the desired homoallylboronate 3r in
54% yield with 95:5 regioselectivity. To be note, the current
method is not suitable for selective hydroboration of alkyl
substituted 1,3-dienes, which produces a complex mixture
consisting of several hydroboration and dehydrogenative
borylation products.

2 mol% Ga 1a 1 mol% Ta
Smol% Mg 10 mmol 3 5 mols% NaBEt;H
2 - L e 3a (2)
ELO, it _ THF. rt, 48 h
1939,75%  4gp HBPin 2.09g 81%
1.2 equiv.

Finally, we were pleased to find that the Co-catalyzed re-
giodivergent 1,2-hydroborations could be conducted on
gram-scale (Eq. (2)). While the allylboronate 2a could be
isolated in 75% yield (1.93 g) from 10 mmol of 1a with a
relatively long reaction time (48 h), the large-scale prepara-
tion of homoallylboronate 3a also required 48 h to gain a
high isolated yield (2.09 g, 81%)).

In summary, we have developed a regiodivergent 1,2-hy-
droboration of 1-aryl-1,3-dienes controlled by different co-
balt catalysts, furnishing allyboronates and homoally-
boronates with high efficiency and selectivity. While the
iminopyridine ligated cobalt system is selective for Mar-
kovnikov 1,2-hydroboration, the IP-FOXAP-Co catalysis
facilitates the complementary anti-Markonikov 1,2-hydro-
boration selectively. Both systems feature mild conditions,

Sci China Chem  March (2019) Vol.62 No.3 339

high level of regioselectivity, low catalyst loadings and the
efficient access to synthetically useful products. Further
studies on the asymmetric hydroboration of 1,3-dienes are
currently underway in this laboratory.
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