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Abstract: An extremely efficient cobalt catalyst for the hydro-
boration of both vinylarenes and aliphatic a-olefins with
pinacolborane is described, providing the anti-Markovnikov
products with excellent regio- and chemoselectivity, broad
functional-group tolerance, and high turnover numbers (up to
19800). The alkene hydroboration route is further extended to
a two-step, one-pot hydroboration and cross-coupling of
alkylboronates with aryl chlorides.

Alkylboronic acid derivatives are versatile intermediates for
organic synthesis, as they are utilized in the construction of
various C—C, C—0, and C—N bonds.V In the context of the
transition-metal-catalyzed C(sp®)—C(sp?) and C(sp®)—C(sp?)
bond-forming reactions, the Suzuki-Miyaura coupling using
C(sp®) organoboron compounds has emerged as a powerful
protocol because of the thermal stability of the nucleophiles,
nontoxic nature of the inorganic by-products, operational
simplicity, and wide functional-group compatibility.” Tradi-
tionally, alkylboronic acid derivatives are synthesized by
addition of alkyllithium or alkylmagnesium reagents to
suitable boron compounds.m However, the use of reactive
organometallic reagents is restricted to substrates without
sensitive functional groups. Recently, transition-metal-cata-
lyzed borylations have been developed for the preparation of
alkylboronic acid derivatives. For example, Hartwig and co-
workers reported a direct alkylboronate synthesis involving
Rh-catalyzed alkane borylation with B,Pin,.) In 2012, Liu,
Marder, Steel, and co-workers reported a Cu-catalyzed
borylation of alkyl halides with B,Pin, to form alkylboronates
with diverse functionalities.”’

With respect to atom economy, alkene hydroboration is
a more attractive approach to alkylboronate esters.>f
Although dialkylboranes react readily with alkenes, the
addition of dialkoxyboranes to alkenes occurs sluggishly in
the absence of catalyst. Most catalytic alkene hydroborations
involve complexes of precious metals, such as Rh" and Ir."%*!
However, the low abundance, economic constrains, and
environmental concerns over noble metals have inspired the
investigation of earth-abundant and inexpensive base—metal
alternatives. In 2009, Ritter described iminopyridine iron
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catalysts that show high regio- and stereoselectivity in the
hydroboration of 1,3-dienes with pinacolborane (HBpin).”) In
2013, we reported that a [(®*PNN)FeCl,] pincer complex
1 (Figure 1) is even more efficient than the well-documented
Rh and Ir catalysts in the hydroboration of a-olefins with

7\ ) (BYPNN)CoCly, 2, 93%;
=N (P"PNN)CoCl,, 3, 75%;
Mg (P"PNN)FeCly, 4, 69%
—
RoP RPNN PTG (BYPNN)FeCl,, 1, Ref. [10a]

Figure 1. Synthesis of [(®“PNN)CoCl,] (2), [(""PNN)CoCl,] (3), and
[(P"PNN)FeCl,] (4), and the solid-state structures of the cobalt com-
plexes 2 and 3.

HBpin.""! However, the Fe catalyst is unreactive toward
internal olefins. In a subsequent report, Obligacion and
Chirik demonstrated that bis(imino)pyridine iron dinitrogen
complexes are effective for hydroboration of a-olefins and
cycloalkenes.™"! More recently, Greenhalgh and Thomas
showed that a combination of FeCl, and a bis(imino)pyridine
ligand, upon activation with EtMgBr, is also active for alkene
hydroborations.'?! There are limitations to the scope of iron
catalysts: preliminary studies in our group showed that o-
olefins containing allyl ethers and ketones cannot be effi-
ciently hydroborated.!'”!

Very recently, there has been noteworthy progress in the
development of cobalt catalysts for alkene hydrogenations'*!
and hydrosilylations.!”! For example, Hanson and co-workers
reported a novel aliphatic PNP pincer Co" alkyl catalyst for
the hydrogenation of olefins, ketones, aldehydes, and imin-
es.*? Chirik and co-workers developed an enantiopure Co
complex of a bis(imino)pyridine ligand for the asymmetric
hydrogenation of gem-disubstituted alkenes."*! They also
showed that a Co complex of an biscarbene pyridine ligand is
an effective precatalyst for the hydrogenation of sterically
hindered alkenes.*!! However, examples of cobalt-catalyzed
alkene hydroborations are very rare.!'!

Herein, we report the preparation of PNN pincer Co
complexes and their application in Co-catalyzed alkene
hydroborations. This system is remarkably efficient for the
anti-Markovnikov hydroboration of both vinylarenes and
aliphatic a-olefins with HBpin. Most reactions proceeded to
completion with 0.005-0.05 mol % of catalyst with or without
solvent. Beyond high activity, the new base—metal system
offers broad functional-group tolerance and excellent chemo-
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selectivity. In addition, we describe a two-step, one-pot
protocol comprising a Co-catalyzed hydroboration and
a Pd-catalyzed cross-coupling of alkylboronates with aryl
chlorides.

The synthesis of the [(RPNN)CoCl,] (2: R=1Bu; 3: R=
iPr) complexes is outlined in Figure 1. Treatment of Milstein’s
PNN ligands, which contain phosphino fert-butyl and phos-
phino isopropyl groups, with CoCl, resulted in the Co pincer
complexes 2 and 3, respectively, in good yields. The iron
analogue 4, which is supported by the *'PNN ligand, was also
prepared in a similar procedure.l'” Figure 1 includes the solid-
state structures of 2 and 3, which show a distorted square-
pyramidal geometry at the mononuclear Co site.!"

Our initial experiments focused on assessing the activity
of the Co and Fe precatalysts for the hydroboration of
vinylarenes and aliphatic a-olefins with HBpin. In our
previous report, we showed that the Fe precatalyst 1, upon
activation with NaBHE(L;, is efficient in the hydroboration of
aliphatic a-olefins (Table 1, entry 2). For vinylarenes, how-
ever, the hydroboration process was accompanied by a dehy-

Table 1: Co- and Fe-catalyzed alkene hydroboration.?

Ph/E O x mol% precat. Ph/\/Bpln + Ph/\/Bpln
or + HB\O 2x mol% NaBHEt; 6a o 6a’
\(\;Ga/\ HBpin, 1 equiv.THF’ 2o¢ \He/\/BpI;a
Olefin  Precat. ((mol%]) t[min] 6a or 8a, yield [%] Yield[%)]
of 6a’
18 52 1(2) 30 6a, 34 650
261 7a 1 (0.25) 10 8a, 95 -
3 5a 4(1) 60 6a, 481 520
4 Ta 4 (1) 60 8a, 95 -
5 b5a 2(1) 60 6a, 93 -
6 7a 2(1) 60 8a, 75 —
7 5a 3 (1) 60 6a, 92 -
8 5a 3 (0.05) 15 6a, 91 -
9 54 3 (0.05) 3 6a, >99 -
10 7a 3 (0.05) 15 8a, 95 -
11 7a 3 (0.01) 60 8a, 95 -

[a] Reaction conditions: HBpin (0.5 mmol) and 5a or 7a (0.5 mmol) in
THF (1 mL) at 25°C. Unless otherwise specified, yields shown are of
isolated products. [b] Results from Ref. [10a]. Reaction conditions:
HBpin (0.5 mmol) and 5a or 7a (1 mmol) in THF (1 mL) at 25°C.

[c] Yield was determined by "H NMR analysis using an internal standard.
[d] Under solvent-free conditions, HBpin (5.0 mmol) and 5a (5.0 mmol).

drogenative borylation to form vinylboronate (Table 1,
entry 1).1 The catalysis with the new Fe complex
[(*"PNN)FeCl,] (4) led to similar results. The reaction with
1-nonene (7a) occurred smoothly (Table 1, entry 4), but the
reaction with styrene (5a) gave the hydroboration product 6a
in 48 % and vinylboronate ester 6a’ in 52 % yield (entry 3). In
sharp contrast, the use of the Co complex 2 engendered 6a in
a high yield (93 %) in the hydroboration of 5a. No dehydro-
genative borylation product was observed in this reaction
(Table 1, entry 5). However, this precatalyst is less efficient
for the hydroboration of 7a, giving 8a in 75 % yield after one
hour and 78 % yield after five hours. To our delight, the less
sterically hindered Co complex 3 proved highly effective in
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the hydroboration of both vinylarenes and aliphatic a-olefins.
The reaction of 5a with only 0.05 mol % of 3 in THF at 25°C
afforded isolated product 6a in 91 % yield after 15 minutes
(Table 1, entry 8). Under the “solvent-free” conditions, the
reaction proceeded to completion within three minutes,
corresponding to a turnover frequency of 40000h~!
(Table 1, entry 9). In the reaction with 7a, the catalyst loading
could be reduced to 0.01 mol % and isolated product 8b was
obtained in nearly quantitative yield (95%) after one hour
(Table 1, entry 11). The desired hydroboration products were
detected as the sole products in each instance (Table 1,
entries 7-11).

To investigate the scope and limitation of the cobalt
system, we used complex 3 as the precatalyst for the
hydroboration of a diverse array of vinylarenes. The results
are summarized in Table 2. All reactions were selective for
the formation of the linear hydroboration products. Most
reactions proceeded to completion within 15 minutes at 25°C

Table 2: Hydroboration of vinylarenes (5b-n) with HBpin catalyzed by 3.

x mol % 3 )
AN\ + HBpin _2xmol%NaBHEt _, ~_Bpin
5b-n 1 equiv THF, 25 °C 6b-n
Substrate 3 t Yield
[mol %] [min] [96]®
1 3MeCeHy 5b 0.05 15 97
2 4-MeCeHy 5c 0.05 15 93
X

\T::]:j\ 5d 0.05 15 93
4 4-MeOCeH, X S5e 0.05 15 96
5 4-BUOCeH, X 5f 0.1 15 93
6 4-FCH 5g 0.05 15 97
7 BFCHS 5h 0.05 15 89
8 4-CICH 5i 0.1 30 90
9 4-BrCeH 5j 0.05 15 92
10 4»AcetoxyCBH4/\ 5k 0.1 15 80

X
n lIH'DfA\ 51 0.1 15 93
Z

12 ‘!'ijliy 5m 0.1 15 92
13 ph/& 5n 5 30 n.r.

Reaction conditions: HBpin (0.5 mmol) and alkenes (0.5 mmol) in THF
(1 mL) at 25°C. Yields shown are of isolated products. n.r. =no reaction.

using only 0.05 mol % of 3, and provided isolated products in
yields higher than 90 %. The method worked efficiently for
vinylarenes that bear electron-donating and electron-with-
drawing groups. A methyl substituent is tolerated at all the
positions on the aromatic ring (6b-d). Halogen-substituted
vinylarenes are compatible with the reaction conditions (6 g—
j)- Ester functionalities are also tolerated, as shown by the
isolation of 6k in 80% yield. The hydroboration of N-
vinylcarbazole gave 6m in 92 % yield. However, a-methyl-
styrene (5m) was unreactive in the hydroboration, even
though a higher catalyst loading was used.

Complex 3 was next investigated as a precatalyst for the
hydroboration of aliphatic olefins that contain various func-

www.angewandte.org

2697


http://www.angewandte.org

Angewandte

2698

Communications

Table 3: Hydroboration of various aliphatic alkenes (7a-o0) with HBpin
catalyzed by 3.

x mol% 3
2x mol% NaBHEt;

RX + HBpin R BPIn
7b—-o0 1 equiv. THF, 25°C 8b-o
Substrate Product 3 t Yield
[mol %] [min] [%]"
1 PN 7b P Bin gh 005 15 91
2 P 7c PR Bein 8c 0.5 15 86
3 o™ 7d cy BN 8d 005 15 97
4 MeSA 7e MesSii~_Bon  ge 005 15 87
5 TEOPSOuIN 7f TEOPSOu BN g 005 15 96
6 hurs 7g o 8g 005 15 9
7 BN 7h ENoA~UBRN ghp 005 30 87
o] 0]
8 MezN%z/\ 7i MEQNJ\{\/BMH 8i 0.1 15 94
9bl g0 7 e OB g g 15 72
o
10 7k ijMBpm 8k 1 15 92
[a] O
11 7 g 81T 15 76

Bpin
Q/V 8m 005 15 9
e 8n s 30 nr

Bpin
h e 80 005 15 94

Reaction conditions: HBpin (0.5 mmol) and alkenes (0.5 mmol) in THF
(1 mL) at 25°C. Yields shown are of isolated products. [a] HBpin
(0.5 mmol) and 7 (0.75 mmol).

13
14

ij/\/
12 Q/\

PN

S

tional groups. The results are summarized in Table 3. Simple
alkenes, such as 4-methyl-1-pentene, y-phenylpropene, and
cyclohexylethene were hydroborated in high yield. Functional
groups, including silyl (8 e, 87 %), silyl ether (8 f, 96 % ), halide
(8g, 96%), amine (8h, 87 %), and tertiary amide (81, 94 %)
were tolerated under the reaction conditions. Allyl ethers,
which are challenging substrates, were also compatible, as
shown by the isolation of 8 in 72 % yield. It should be noted
the Co system is highly chemoselective for the hydroboration
of ketone-functionalized alkenes. The reaction of 2-allyl-
cyclohexanone 7k with HBpin exclusively formed the alkene
hydroboration product 8k in 92% yield. No ketone hydro-
boration product was detected in this reaction. Similarly, the
hydroboration of 6-hepten-3-one (71) gave the desired
product selectively in 76 % yield.

The catalytic activity of the Co system is very sensitive to
the olefin substitution pattern. In 4-vinyl-cyclohexene (7m),
the hydroboration of the terminal olefin occurred selectively
without the hydroboration of the internal olefin (8m, 96 %).
Even more noteworthy, gem-disubstituted alkenes, such as 2-
methyl-1-pentene (7n) and 5n (see Table 2) are unreactive
under the Co-catalyzed hydroboration conditions. The high
sensitivity of the Co catalyst to the steric effects of alkene
substrates enables for chemoselective hydroboration of
monosubstituted alkenes in the presence of gem-disubstituted
alkenes. For example, the reaction of 2-methylhexa-1,5-diene
(70) afforded exclusively the product resulting from the
hydroboration of the less sterically hindered double bond (8 o,
94%).
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With a remarkably active catalyst for the alkene hydro-
boration in hand, we sought to develop procedures to conduct
this transformation on a large scale. Using only 50 ppm
(0.005 mol %) of 3, the hydroboration of 5a (50 mmol) with
HBPin (50 mmol) occurred at 25°C under neat conditions to
afford isolated product 6a in 99% yield after one hour
[Eq. (1)]. The result corresponds to a turnover number
(TON) of 19800, which represents the highest turnover
number observed for any metal-catalyzed alkene hydrobora-
tion with HBpin.

0.005 mol% 3

Ph X + HBpin 0.01 mol% NaBHEt3 Ph/\/Bpin ™
5a neat, 25°C, 60 min 6a
50 mmol 50 mmol 11.5 g, 99%; TON: 19800

Given the quantitative conversion of alkenes to alkylbor-
onates and the extremely low loading of the Co catalyst in
most reactions, we anticipated that the crude products could
be used for sequential transformations without purification.
Organotrifluoroborates are valuable synthetic intermediates
in Suzuki cross-couplings.”'! Treatment of alkylboronate 6g,
generated in situ from 5g, with aqueous KHF,, afforded the
corresponding trifluoroborate in a high yield [Eq. (2)].

mol
|% NaBHEt3 (aq)

/@/\ /@/\/ BF3K
F p— F 9 (2)

Sg 25°o, ©r5 min 91% overall yield

equ|v HBp|n )
2.3 equiv. KHF,

[=l=r
—\GO

MeOH
25°C, 30 min

More interestingly, the hydroboration products could
react in situ with aryl chlorides to afford the Suzuki-Miyaura
cross-coupling products in good yields by using a Pd/RuPhos
catalyst system (Scheme 1; RuPhos=2-dicyclohexylphos-
phino-2',6'-diisopropoxybiphenyl).” This method represents
the first one-pot process for the direct synthesis of alkyl-aryl
coupling compounds from alkenes and aryl chlorides with
HBpin as the hydroboration reagent. These reactions high-
light several advantages compared to the conventional
method utilizing B-alkyl-9-BBN (9-BBN = 9-borabicyclo-
[3.3.1]nonane) reagents as the coupling partners. First, the
handling of the robust alkylboronates is very simple, whereas

uiv. ArCl

1.0 equiv. HBpin 2 moﬂo Pd(OAc),
0.05 m%|°/o 3 4 mol% RuPhos
R/\ 0.1 ml:1|e/;tNaBHEt3 3 quuw/EOOtB:]O - /\/Ar
i :
50r7  25°C, 15 min 80°C. 24 1 t1o1) 10

o NQ @”
10a, 86% 10b 92% 10c, 73%

10d, 93% 10e, 69% 10f 78%

Scheme 1. One-pot Co-catalyzed hydroboration and Pd-catalyzed cross-
coupling of alkylboronates with aryl chlorides. Yields shown are of
isolated products.
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the air-sensitive B-alkyl-9-BBN compounds are difficult to
handle. Second, the alkylboronate approach can be used to
prepare compounds containing gem-disubstituted alkenes
(e.g., 10d, 93%), whereas this functional group is readily
hydroborated when alkylborane cross-coupling reactions are
carried out.?!

In conclusion, we have disclosed an unprecedented
cobalt-catalyzed alkene hydroboration with pinacolborane.
Featuring the use of sustainable, cost-efficient, and environ-
mentally benign cobalt catalysts with loadings in the ppm
range, 100% atom economy, mild reaction conditions, high
conversion, excellent regio- and chemoselectivity, broad
functional-group compatibility, and operational simplicity,
the cobalt-catalyzed alkene hydroboration is a practical route
to alkylboronates. We have also reported a convenient one-
pot protocol for the Suzuki-Miyaura coupling of alkylboro-
nates generated insitu with aryl chlorides. Mechanistic
investigations of the cobalt-catalyzed hydroboration are in
progress and will be reported in due course.
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The Pd/RuPhos catalyst has proved to be effective for cross-
couplings between alkylboronic acid derivatives and aryl halides.
See Ref. [2¢,5,19] and S. D. Dreher, S.-E. Lim, D. L. Sandrock,
G. A. Molander, J. Org. Chem. 2009, 74, 3626.

For examples of the hydroboration of gem-disubstituted alkenes
with 9-BBN and subsequent Pd-catalyzed Suzuki-Miyaura
cross-couplings, see: a) N. Miyaura, T. Ishiyama, H. Sasaki, M.
Ishikawa, M. Sato, A. Suzuki, J. Am. Chem. Soc. 1989, 111, 314,
b) N. Miyaura, M. Ishikawa, M. Sato, A. Suzuki, Tetrahedron
Lert. 1992, 33, 2571. For comparison, we also carried out an

experiment with 7o as the substrate and 9-BBN as the hydro-
boration reagent. The hydroboration was conducted in the
absence of a catalyst. Using the same coupling conditions, the
reaction gave 10d in 26% yield (determined by 'H NMR
analysis) and its isomer (&7 %) arising from the hydroboration
of the gem-disubstituted alkene in 70 and subsequent coupling.
Notably, a product (&5 %) resulting from the hydroboration of
both monosubstituted alkene and gem-disubstituted alkene and
subsequent coupling with two aryl chlorides was also detected by
GC/MS and GC analysis.
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