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Abstract: Here we report a terminal-selective, asymmetric remote

hydroalkylation of olefins with racemic o-bromo amides, through a Fu's work: Ni-catalyz antioconvergeggonversion of (+)-sec-alkyl halides

NiH-catalyzed alkene isomerization and subsequent alkylation R R1

reaction that can enantioconvergently introduce an unsymmetrical Alkyl—M Ak I)\Fﬂ

. . . 3 Y!
sec-alkyl group from a racemic a-bromo amide onto a terminal sp pregenerated positionenantioconvergent
C—H position along the hydrocarbon chain of alkene. This mild organometallic reggent alkyl-alkyl coupling
process affords a range of structurally diverse chiral a-alkylalkanoic b Previous worigg alkylation of alkenes

amides in excellent yields, high regioselectivities, and
enantioselectivities. In addition, the synthetic utility of this protocol is

@* R~ Ayl

pyrox single regioisomer
remote hydroalkylation

further highlighted by the regioconvergent conversion of industrial
raw materials of isomeric olefin mixtures into enantioriched a-

alkylalkanoic amides on large-scale. ¢ This work: asymm ith racemic sec-alkyl halides
R? R1
Ro o~~~
- N S (T
3 0r A, A~ On A s
. : hiral
In V|ew' of the prgvalence of .Chlrﬁ: ' sp cgrbon unrefine racemic ;y;gax single regioisomer
stereocenters in pharmaceuticals and materials, - introduction of lefin mixtu sec-alkyl halides remote hydroalkylation

an unsymmetrical secondary alkyl group in an enantioselective
fashion is a challenge and is of fundamental |mportance in
chemical synthesis.”! One attractive strategy to realize
transformation is to couple with the racemic alkyl halid
alkylmetal reagents through an enantioconvergent converSion of
both enantiomers into the same enantiomer of the paaduct.”
This efficient approach has proven successful in a
transition-metal-catalyzed cross-coupling reaction i i Figure 1. Design plan: chiral nickel/pyrox catalyzed enantioconvergent remote
nickel-, palladium-, or cobalt- catalyzed asymme i
Negishi,® Suzuki-Miyaura,’® etc."”! reactions. O
decades, highly enantioselective exam

transformations were well developed by Fu an
while using racemic alkyl halides as substrates an
abundant nickel-based catalysts (Figure 1a).l494"%87=
However, the requirement for pregenerated organomefallic
reagents is still less than ideal, leadi
atom-economies. An attractive alter
sp® C—H functionalization.

V enantioconvergent ' reductive

V'regioconvergent ! elimination
v mild/broad scope !
R. I
,,,,,,,,, Ruy g STocomvergent N

R2 R

Despite recent considerable progress in the sp® C-H
unctionalization,’” the enantioselective installation of an
unsymmetrical sec-alkyl group at a remote unfunctionalized site
along an alkyl chain is a synthetically valuable but rarely
explored process. The synergystic combination of chainwalking
and cross-coupling on an aliphatic chain provides an attractive
approach towards achieving this goal.*'? Previously, starting
from the easily accessed and bench-stable alkenes!' and alky!
halides, our group,"® Wang!"*™, and Martin'*" independently
reported a terminal-selective, NiH-catalyzed"* remote sp® C-H
alkylation process for the direct installation of a primary or
secondary alkyl group (Figure 1b). In case of unsymmetrical
sec-alkyl halides, a stereocenter may be generated at the
carbon that bears the halide leaving group. If the stereochemical
outcome could be controlled, it would greatly increase their
synthetic utility. We wondered whether a suitable chiral
nickel/pyrox catalyst could be used to achieve this goal, in which
the stereochemical information generated after the oxidative
addition of the migrated alkylnickel species with racemic
unsymmetrical sec-alkyl halides is retained in the product
(Figure 1c). Here we disclose the successful execution of these
ideals and present a mild and versatiie method for the

Prof. S. Zhu
rdination Chemistry, Jiangsu Key
ic Materials, School of Chemistry and

Chemical Engineering, niversity, Nanjing, 210093, (China) enantioconvergent remote hydroalkylation of alkenes with
E-mail: shaolinzhu@nju.edu.cn racemic alkyl halides, specifically, internal alkenes with racemic

_ ; o _ : : [15]
Supporting information for this article is given via a link at the end of a-bromoamides, t_o form enantlom’:hed a al'kylalkan0|'c amides™ ™.
the document. We note that during the preparation of this report, independent
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elegant work from Fu and co-workers appeared. In their strategy,
with a chiral nickel/bisoxazoline catalyst, enantioconvergent
hydroalkylation of terminal alkenes with racemic o-
bromocarbonyl compounds was reported with one example of
internal alkene."®

On the basis of our previously reported migratory coupling
reaction of olefins with alkyl halides,'®! we first examined the
proposed asymmetric remote hydroalkylation reaction with trans-
4-octene (1a), 2-bromo-N,N-diphenylbutanamide (2a) by
employing a variety of nickel sources, ligands, silanes,
temperature, and solvents. The highly enantioriched terminal
alkylation product (3a) was obtained using a combination of
Nilo:xH20O with C6-methyl substituted chiral pyrox ligand L1 in
84% isolated yield and 97% ee as essentially a single
regioisomer at -25 °C (Table 1, entry 1). This result is
particularly remarkable taking into consideration the requirement
for high chainwalking reactivity at this low temperature (25 °C).
Notably, all of the used pyrox ligands (L1-L5) bearing a methyl
substituent at the C6-position could promote the reaction to give
the desired product as a single regioisomer (entries 1-11, >99:1
rr). Interestingly, use of other nickel sources, NiCl, or NiBr; led to
poor yields (entries 2 and 3). Inferior results were found with
other chiral pyrox ligands (L2—L7, entry 1 vs entries 4-9, see Sl
for detailed discussion). Unlike our previous condition, use of
triethoxylsilane resulted in decreased yield and ee. In addition,
conducting the reaction at room temperature (25 °C) led to
significantly lower yield and ee (entry 9). Likewise, a poor yield
was obtained when a single solvent was used (entries 10 and
11), thus showing the subtle interplay of reagents and solv
in this protocol.

Table 1: Variation of reaction parameters.

o) 10 mol% Nil, -xH,0
1 1% L1
NG Ph\N) (=) Et 5 mof’% :
) 2.5 equiv (EtO),MeSiH
Ph Br 2.5 equiv KF

1a 2a(15equiy)  DCEDMPU (3:1,0.13 M)
internal alkene alkyl bromide —25°C, 24 h
(migration) (no migration) (enantioconvergent)
Entry  Variation from standard conditions Yield (%)
1 none 90(84)
2 NiCl,, instead of Nil, 'xH,O 19
3 NiBr,, instead of Nil, -xH,O - 2
4 L2, instead of L1 90
5 L3, instead of L1
Table 2: Scope of alkene coupling componént.
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6 L4, instead of L1 70 -96
7 L5, instead of L1 60 86
8 L6, instead of L1 9 27
9 L7, instead of L1 30 90
10 (EtO);SiH, instead of DEMS - 21 81
11 25 °C, instead of —25 °C 24 89
12 DCE only 29 95
13 DMPU only .28 97

AN AN X
J‘\/j\( | “ O_ Ph /(j\r
Me N
J< fPh R =Ph (L5) NJ

Ph Ar = pF-CaH, (L1) N
:r Ar = p-Cl-CgH,4 (L2) L4 bh R =Bu (L6) =
Ar = 0-Cl-CgHy4 (L3) R = Pr (L7)

sing n- om the internal standard,

and is an average of two runs
e determined by chiral HPLC
ed by chemical correlation or

[a] Yields were determin
the yield in parenthes
(0.10 mmol scale). [b
analysis; the absolute
by analogy.

we next turned ou ention to the scope of alkene partner
(Table, both E (1a-1¢) and Z (1d and 1i)
alkenes, as ures (1e—1h and 1j-1p) underwent

this  transformation smoothly with  excellent terminal
regioselectivii! and enantioselectivity, regardless of the starting

sition of C=C bond in the olefinic starting materials. This
thod is “®ompatible with a diverse spectrum of functional
ps, including an acetal (1i), ethers (1j and 1k), Boc
mates (11, 1s, and 1t), an ester (1m), and a nitrile (1u).
even with an ester (1m) or a (hetero)aromatic ring (1n—
r terminus of the alkyl chain, migration towards
osition and subsequent enantioselective alkylation
was still observed. Furthermore, migration toward to the less
steric primary sp® C—H site was preferred when there were
multiple methyl positions on the alkyl chain (1h and 1j).
tingly, even a hindered unactivated trisubstituted internal
e substrate (1q) could undergo the desired process,
ough under the current conditions, the conversion was still
t so good. Perhaps less surprising, but equally useful, is the
hydroalkylation of terminal alkenes (1r)."*'"! Accordingly, 1,1-
disubstituted alkenes also cross-coupled efficiently (1s—1u).
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o 10 mol% Nily xH,0 o
15 mol% L1 h< Et
N T \N)‘\(ij Et NJ\_/ m Remote sp® C—H alkylation
) 2.5 equiv (EtO),MeSiH Ph R
Ph  Br 2.5 equiv KF N m Enantioconvergent
1 2a (1.5 equiv.) DCE/DMPU (3:1, 0.13 M) W Regioconvergent
(migration) (no migration) —25°C, 24 h (enantioconvergent)

n =\ p
F'r\/\"Pr Et\/\Et Et\/\”Bu npr npy Me e npent “PrWBu r"”’n/\Cy
1a 1b 1c 1d 1e 1f 1g

(0] (0] (0] (0]
Ph\N)K/Et Ph. )K/Et Ph\N/U\/Et Ph\NJ\/Et Ph\N)K/Et Ph. JK/E‘ Ph. J\/Et
Ph  "Oct Ph  Hex Ph  Oct Ph  fOct Ph  AOct P ~(aBu P g

3a 84% yield, 97% ee 3b 90% yield, 97% ee 3c 85% yield, 97% ee

3d 83% vyield, 97% ee

3e 92% yield, 97% ee

3f 64% yield, 97% ee

39 65% yield, 97% ee

Me O Me MeOMe
”P%/\/b’B“ Et\_/()“<o] Bt w/\)\ k
1h i 1j

o 0
Ph\NJ\i/ErMe Ph. J\/Et P By e
Ph 3 Bu Ph
Spe 0% 05 Me
3 56% yield, 1:1 dr
98%/98% ee

3h 76% yield, 1:1 dr

99%/99% ee 3i 74% yield, 97% ee

O/> N OMe

nPri\/\C
(0]
1k

(0]
Ph\N)K:/EtQ
Ph =
™0

4

3k 55% yield, 98% ee

H_/\/O\‘BOC
Me-, -
11
o
Ph\N)Ki/EtQBOC
Ph X
™0

3

31 85% vyield, 98% ee

Me 1,‘0/\%0025
1m

Ph< J\/Et

Ph CO,Et
S0 2

3m 59% yield, 98% ee

Me ., o PMP

1n

Ph. J\/Et

Ph PMP
0%

3n 52% yield, 98% ee

trisubstituted alkene

R 1N Et
Me"l»/\()z/foyme Me"'»/A()a//\/s> Me%Et
10

1p 1q
0 Me ) o
Ph\N)KE/Et/Oé Ph\’}‘)j\:/EtD Ph\N)K:/Ex o
s PNges P Sy

30 62% yield, 98% ee 3p 60% yield, 97% ee 3q 33% yield, 96% ee

terminal alkene
2 nHex

1r

Ph. J\/Et

Ph  Oct

3r 95% vyield, 97% ee

1,1-disubstituted alkene

%NBOC

0

Ph \’?‘J\;/ Et
PR =

\E\NBOC

3s 49% yield, 93% ee

T\
:< NBoc
—/

1t

o)
Ph\N)]\(Et

Ph \(\
NBoc

S~

3t 51% yield, 86% ee

=<>—CN

1u

)
Ph\N)k:/Et
Ph \Q\

CN

3u 70% yield, 1:1.1 cis:trans

90%/92% ee

[a] Under each product is the percentage isolated yield and enantioselectivity (ee) (0.
by GC and GCMS (for 3l, 3s, and 3t, the regioselectivities were determined, by crude "H

We next evaluated the scope of alkyl electrophile an
pleased to find that a number of a-bromo amides derivatives

group of the amide with an alkyl group led to a sli
than those with the diarylamide (4b-4d
Nevertheless, high levels of enantioselectivity
when substitution of the two phenyl groups wit
rich (4e and 4f) or electron-withdrawing (4g and 4
Of particular interest is that potential cross-coupling

aryl chlorides (4h and 4j), remained intact and were available
is noteworthy that the B-hydrid
ide substrates wer

further derivatization. It
elimination products of the a-bromo a
detected in all cases.

C]

1a
(r\nigration)

RZ Br

2 (1.5 equiv.)
(no migration)

o)
Ph. E

“.‘Jb, t
Bn "Oct

4bb 89% vyield, 85% ee

o)
PMP\NJJ\/Et

Ph  "Oct

4e 64% yield, 96% ee

o)
' RLN)Q:()RB

10 mol% Nily xH,0

mol scale, average of two runs); regioselectivities (rr) were determined
R), single regioisomer was observed in all cases.

0}
AL AR

15 mol% L1
2.5 equiv (Et0),MeSiH B2 "Oct
2.5 equiv KF
DCE/DMPU (3:1, 0.13 M) 4
—250°C, 24 h (enantioconvergent)

o)
Ph\N&Et

Me mOct

4cb 81% yield, 85% ee

0
P, et

PMP  fOct

4f 75% yield, 94% ee

Ry

Me "Oct
4db 60% yield, 86% ee

JQ W
N N)K:/Et

Ph  "Oct
49 70% yield, 97% ee

Table 3: Scope of the a-bromo amide component.[a]

“ o

o
)K/Et Ph\Nk/\Ph

Ph.
Lo
\ : H Ph
Cl Ph 7Ot Ph  Oct Oct cl

4h 54% yield, 99% ee 4i 78% yield, 92% ee 4j 58% yield, 94% ee

[a] Yield, ee, and rr are as defined in Table 2. [b] DCE/DMPU (1:1, 0.50 M)
was used.

Furthermore, because the isomeric mixtures of unactivated
alkenes from petroleum-derived feedstocks, such as butenes,
hexenes, pentenes, and octenes, are generally available in bulk
and substantially cheaper than pure isomers.!"® Utilizing such
mixtures in a regioconvergent process on a large scale to
produce the single isomer of value-added product is of
considerable interest. As a proof-of-concept, using mixtures of

This article is protected by copyright. All rights reserved.
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octenes (equimolar amounts of the four linear octene-isomers)  [3]  For selected reviews, see: a) G. C. Fu, ACS Cent. Sci. 2017, 3, 692; b)
on 10 mmol scale, the reaction produced enantiopured terminal M. R. Netherton, G. C. Fu, Adv. Synth. Catal. 2004, 346, 1525; c) R.
alkylation product (3a) in an effective fashion (Scheme 1a). Jana, T. P. Pathak, M. S. Sigman, Chem. Rev. 2011, 111, 1417, d) X.
Moreover, diphenylamides are attractive carboxylic acid ::afgggg Sci. 2011, 2, 1867; €) J. Choi, G. C. Fu, Science 2017, 356,
derivatives and can be easily converted into other :SerI [4]  For Ni-catalyzed asymmetric Kum
functional groups without erosion of enantiomeric excess. For Grignard reagents, see: a) Y. Kiso, K.
example, reduction of 3n and 4i with LiAlH4 cleaved the amide M. Kumada, Tetrahedron Lett. 1974, 15,
group to deliver free primary alcohol 5n and 5i in 97% ee and Tamao, M. Kumada, J. Am. Chem. Soc,

91% ee, respectively (Scheme 1b). M. Konishi, M. Fukushim i lgotani, M. Tajika, M. Kumada,
J. Am. Chem. Soc. 1982, v G. Consiglio, F. Morandini, O.

tions using racemic sec-alkyl
Miyake, K. Yamamoto,
shi, M. Tajika, K.

Piccolo, Tetrahedron 1983, 39, 2 Pellet-Rostaing, C. Saluzzo,
a Regioconvergent and large scale conversion of isomeric mixtures of olefins .
Mo R. Ter Halle, J. Guyader, M. Lemaire,
e S Me on o standard o i/\ Tetrahedron: Asyi d-catalyzed asymmetric
Mo~~~ Me * N Me  ~conditions TNTYT TMe Kumada reactio, ing racemic se | Grignard reagents, see: f) H.
n . )
Mo S Me thBr Pha Oct Horibe, Y. Fu o0, Y. Murakami, T. Aoyama,
a a .

10 mmol (1:1:1:1) (1.5 equiv) 91% yield, 97% ee Tetrahedron 2 60, 10701; For talyzed asymmetric Kumada
petroleum-derived feedstocks ) . K X s L G.C Fu J A
b Reduction of N,N-diphenylamide reactions using e:g) S. Lou, G. T u, S Am.

o £ ! o Chem. S -catalyzed asymmetric Kumada

f P | i . .
P"‘NJK(Et ﬂ»"'o P oowp : Ph\NJ\/\Ph ﬂ,HO/\_/\Ph reaction u see: h) J. Mao, F. Liu, M. Wang, L.
. = N | : n . .
Ph X PMP THFrt 0% Y PR nOct THF, rt. Oct Wu, B. Zhen Liu, J. Zhong, Q. Bian, P. J. Walsh, J. Am. Chem.
02 84% yield : 88% yield
3n 98% ee 5n97%ee ' 4i 92% ee 5i 92% ee Soc. 2014, 136,

[5] F j-catalyzed etric Negishi reactions using racemic alkyl
.~ G. C. Fu, J. Am. Chem. Soc. 2005, 127,
10482; b) C. V' Fu, J. Am. Chem. Soc. 2005, 127, 4594; c)
S. W. Smith, G. C. Fu, J. Am. Chem. Soc. 2008, 130, 12645; d) S. Son,

In summary, we have developed a NiH-catalyzed G. C"f“f Am. Chem. Soc. 2008, 130, 2756; e) P. M. Lundin, J.

asymmetric remote hydroalkylation process from two readil Esquiy - C. Fu, Angew. Chem. Int. Ed. 2009, 48, 154; f) X. Lin, J.
Y , yC ylation p adlly sun, Y&, D. Lin, Organometaliics 2011, 30, 3284; g) J. Choi, G. C. Fu,
accessed starting materials, unactivated alkenes and racemic a- J. Am. Chem. Soc. 2012, 134, 9102: h) J. T. Binder, C. J. Cordier, G. C.
bromo amides. With a chiral nickel-pyrox-based catalyst, Fu, J. Am. Chem. Soc. 2012, 134, 17003; i) A. J. Oelke, J. Sun, G. C.
excellent regio- and enantioselectivity were observed with broad u, J. Am. Chem. Soc. 2012, 134, 2966; j) H.-Q. Do, E. R. R.
substrate scope. This mild, enantioconvergent reaction proy drashekar, G. C. Fu, J. Am. Chem. Soc. 2013, 135, 16288; k) Y.
rapid access to a variety of enantioriched a-alkylalkanoic - Fu, J. Am. Chem. Soc. 2014, 136, 5520; I) J. Choi, P.
in good yields and ee. Furthermore, the practical value of this Mart\gfago, G. C. Fu, J. Am. Chem. Soc. 2014, 136, 12161; m) N. D.
transformation is highlighted by the regioconver Schley; G. C. Fu, J. Am. Chem. Soc. 2014, 136, 16588; n) Y Liang, G
. . . C. Fu, Angew. Chem. Int. Ed. 2015, 127, 9047; o) J. Schmidt, J. Choi,
enantioconvergent conversion of petroleum-derive
mixtures of olefins feedstocks into a single

A. T. Liu, M. Slusarczyk, G. C. Fu, Science 2016, 354, 1265; For Ni-
catalyzed asymmetric Negishi reaction using racemic alkylzinc reagent,

stereoisomer of the product. The further dey,

application of this reaction as well as mechanis

see: p) C. J. Cordier, R. J. Lundgren, G. C. Fu, J. Am. Chem. Soc.
are currently in progress.

Scheme 1. Regioconvergent and derivatization experiments.

2013, 135, 10946.
For Ni-catalyzed asymmetric Suzuki-Miyaura reactions using racemic
alkyl halides, see: a) B. Saito, G. C. Fu, J. Am. Chem. Soc. 2008, 130,
6694; b) P. M. Lundin, G. C. Fu, J. Am. Chem. Soc. 2010, 132, 11027;
c) N. A. Owston, G. C. Fu, J. Am. Chem. Soc. 2010, 132, 11908; d) Z.
Lu, A. Wilsily, G. C. Fu, J. Am. Chem. Soc. 2011, 133, 8154; e) L. L.
Zultanski, G. C. Fu, J. Am. Chem. Soc. 2011, 133, 15362; f) A. Wilsily,
F. Tramutola, N. A. Owston, G. C. Fu, J. Am. Chem. Soc. 2012, 134,
5794; f) H. Cong, G. C. Fu, J. Am. Chem. Soc. 2014, 136, 3788.
[7] For Ni-catalyzed asymmetric other cross-coupling reactions using
racemic reagents, see: a) S. Lou, G. C. Fu, J. Am. Chem. Soc. 2010,
132, 5010; b) Z. Zuo, H. Cong, W. Li, J. Choi, G. C. Fu, D. W. C.
MacMillan, J. Am. Chem. Soc. 2016, 138, 1832; c) A. H. Cherney, N. T.
erization - alkylation ¢ Kadunce, S. E. Reisman. J. Am. Chem. Soc. 2013, 135, 7442; d) A. H.
Cherney, S. E. Reisman. J. Am. Chem. Soc. 2014, 136, 14365; e) N. T.
Kadunce, S. E. Reisman. J. Am. Chem. Soc. 2015, 137, 10480; f) J. L.
Hofstra, A. H. Cherney, C. M. Ordner, S. E. Reisman. J. Am. Chem.
Soc. 2018, 140, 139.
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Asymmetric remote hydroalkylation of alkenes with racemic sec-alkyl halides
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Regio- and enantioselective installation of an unsymmetrical sec-alkyl group at
distal position to form an enantioriched C(sp®) center is a valuable process
organic synthesis. By using a chiral nickel-pyrox-based catalyst, we realized a NiH-
catalyzed asymmetric remote hydroalkylation of alkenes with racemic a-bromo
amides under mild conditions.
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