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Abstract. Aryl tosylates are an attractive class of
electrophiles for cross-coupling reactions due to ease of
synthesis, low price, and the employment of C-O
electrophiles, however, the reactivity of aryl tosylates is
low. Herein, we report the Ni-catalyzed C(sp?)-C(sp®)
Kumada cross-coupling of aryl tosylates with primary and
secondary alkyl Grignard reagents. The method delivers
valuable alkyl arenes by cross-coupling with challenging
alkyl organometallics possessing p-hydrogens that are
prone to B-hydride elimination and homo-coupling. The
reaction is catalyzed by an air- and moisture stable-Ni(ll)
precatalyst. A broad range of electronically-varied aryl
tosylates, including bis-tosylates, underwent this
transformation, and many examples are suitable at mild
room temperature conditions. The combination of Ar-X
cross-coupling with the facile Ar—-OH activation/cross-
coupling strategy permits for orthogonal cross-coupling
with challenging alkyl organometallics. Furthermore, we
demonstrate that the method operates with TON reaching
2000, which is one of the highest turnovers observed to
date in Ni-catalyzed cross-couplings.

Keywords: nickel; cross-coupling; alkylation; C(sp?)-
C(sp®) cross-coupling; Kumada cross-coupling

Introduction

Transition-metal-catalyzed  cross-couplings  have
become a central method for the construction of C—C
bonds in organic synthesis in both academic and
industrial ~ settings.'®!  While high level of
sophistication has been achieved in methods that lead
to the synthesis of biaryls,[ the cross-coupling using
alkyl  organometallics has been much less
developed.®! The key challenges presented by alkyl-
organometallic reagents involve facile decomposition
by B-hydride elimination and/or protodemetallation
and slow transmetallation, which effectively limit the
practicality of this transformation.[®

Simultaneously, the engagement of C-O
electrophiles provides a powerful alternative to aryl
halides in cross-coupling reactions.["® In particular,
aryl tosylates are an attractive class of C-O

electrophiles for cross-coupling due to ease or
synthesis, low price, high stability and the possibility
for orthogonal employment of prevalent phenols,
however, the reactivity of aryl tosylates is low."!

Recently, considerable progress has been made in
the use of C-O electrophiles as attractive coupling
partners using sustainable and more economically
viable Ni catalystst*® in combination with the low-
cost and broadly available organomagnesium
reagents, with the majority of methods focused on the
synthesis of biaryls (Figure 1A).%% By contrast,
Ni-catalyzed C(sp?)-C(sp®) cross-coupling of C-O
electrophiles has proven more challenging with only
few reports existing in this arena (Figure 1B).!Y To
our knowledge, there are no examples which employ
aryl tosylates in the Ni-catalyzed C(sp?)-C(sp?) cross-
coupling with alkylmagnesium reagents,®'7 a
notable deficiency in the cross-coupling toolbox,
which underlines the challenge of developing C(sp?)-
C(sp®) cross-couplings of aryl tosylates.

Herein, we report the Ni-catalyzed C(sp?)-C(sp?)
Kumada cross-coupling of aryl tosylates with primary.
and secondary alkyl Grignard reagents (Figure 2).
Notable features of our study include: (1) The method
delivers valuable alkyl arenes by cross-coupling with
challenging alkyl organometallics possessing -
hydrogens that are prone to 3-hydride elimination and
homo-coupling using C-O electrophiles. (2) The
reaction is catalyzed by an air- and moisture stable-
Ni(Il) precatalyst under conditions that do not lead to
hydrolysis, which is the main side reaction in the
cross-coupling of C-O electrophiles.® (3) A broac
range of electronically-varied aryl tosylates,
including bis-tosylates, underwent this transformation,
and many examples are suitable at mild room
temperature conditions. (4) We demonstrate that the
combination of Ar-X cross-coupling with the facile
Ar—OH activation/cross-coupling strategy permits for
orthogonal cross-coupling with challenging alkyl
organometallics. The practical utility has been
additionally demonstrated in the synthesis of liquid
crystals and pharmaceutical intermediates. (5) We
demonstrate that the method operates with TON
reaching 2000, which is one of the highest turnovers
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observed to date in Ni-catalyzed cross-couplings.

Further, it is worthwhile to note major
advantages of the cross-coupling of C-O
electrophiles.l’#9  Specifically, bench-stable C-O
electrophiles represent orthogonal precursors in
organic synthesis to aryl halides. Furthermore, the use
of oxygen-based electrophiles allows for reducing the
amount of toxic halide waste produced during the
cross-coupling. Moreover, phenols are more abundant
that aryl halides, and often are derived from a
different pool of precursors than aryl halides. Finally,
C-0O electrophiles allow for complementary strategies
in organic synthesis, which altogether is particularly
important from an industrial standpoint. In this
context, the cross-coupling of C—O electrophiles with
organometallics ~ possessing  f-hydrogens s
particularly challenging and very few methods have
been reported.5*14 Base-metal catalysis!**! holds
promise for the cross-coupling of C-O electrophiles
with alkyl organometallics; however, the use of iron
has been less effective to date. In this respect, the use
of well-defined Ni(ll) precatalysts that are bench-
stable, operate with high process economy and
obviate the use of excess of ancillary ligands is
particularly attractive.?*>18] Since hydrolysis of C-O
electrophiles is the major side-reaction in the cross-
coupling, facile activation of Ni(ll) precatalysts
enabling the cross-coupling under mild conditions
could lead to the benefits of using base-metal
catalysts in this cross-coupling platform.

[Ni}/ligand
B —

A: C(sp?)-C(sp?) cross-coupling
Ar
biaryl coupling @

OR
+ Ar—MgX
& many examples

B: C(sp?)-C(sp®) cross-coupling
o

OR
& challenging

& few examples
Figure 1. Nickel-Catalyzed Kumada Cross-Coupling of O-
Electrophiles with Aryl and Alkylmagnesium Reagents.

o "

R'=1°, 2° alkyl
[m challenging alkyl nucleophiles] [® up to 98% yield]
[m practical & mild conditions] [® broad scope]
[® base metal catalysis] [® high TON]

[Ni}/ligand

_—_—  »

+ R'—MgX
R = 1°, 2° alkyl aryl-alkyl coupling

Ni catalysis
R'—MgX ——MM

aryl-alkyl coupling

Figure 2. Nickel-Catalyzed C(sp?)-C(sp®) Cross-Coupling
of Aryl Tosylates with Alkyl Grignard Reagents (this
study).

Results and Discussion

We began our studies by examining the
proposed cross-coupling using 1-naphthyl tosylate as
an electrophilic component and n-butylmagnesium
chloride as a nucleophile in the presence of various

10.1002/adsc.201801586

Table 1. Optimization of Ni-Catalyzed C(sp?)-C(sp®)
Cross-Coupling with Alkyl Grignard Reagents.[

OTs C4Hg
“ [Ni], ligand “
SO G

conditions
1 2
Entry Catalyst Ligand Ligand T time Yield
[equiv] [°C] [%]™
1 Ni(dppe)Cl2 - - 23 3h 94
2 Ni(acac)s - - 23 3h 5
3 Ni(acac)s - - 65 3h 6
4 Ni(acac)s IMes 0.10 23  3h 7
5 NiCl2 IMes 0.10 23 3h <5
6 Ni(acac)s ICy 010 23 3h <5
7 NiCl2 ICy 0.10 23 3h <5
8 Ni(acac)s IPr 0.20 65 3h 23
9 Ni(PPhs)Cl2 - - 23 3h 9
10  Ni(PCys)}Cl» - - 23 3h 8
11 Ni(dppfCl2 - - 23 3h 38
12 Ni(dppp)Cl2 - - 23 3h 91
1361 Ni(dppe)Cl. - - 23 3h 9%
141 Ni(dppe)Clz - - 23 3h 92
1561 Ni(dppe)Cla - - 23 3h 93
16 Ni(dppe)Cl2 - - 23 5min 90
1711 Ni(dppe)Cl2 - - 23 3h 88
18 - 65 3h

lEIConditions: 1a (0.25 mmol), [Ni] (10 mol%), THF (0.15
M), C4HsMgCl (2.0 equiv, 2.0 M, THF), T, 3 h, RMgCl
added dropwise over 2-3 s. [PlDetermined by *H NMR
and/or GC-MS. FIEt,0 as solvent. [YIPhMe as solvent
[IDioxane as solvent. f1C4HsMgCI (1.20 equiv). IMes =
1,3-bis(2,4,6-trimethylphenyl)imidazolium; ICy = 1,3
dicyclohexylimidazolium; IPr = 1,3-bis(2,6-
diisopropylphenyl)imidazolium.

Ni-based catalytic systems (Table 1). After extensive
optimization, we were delighted to find that the
desired cross-coupling product could be obtained in
94% yield using commercially-available, bench- and
air-stable Ni(dppp)Cl. (entry 1).81 Under the
optimized conditions, <2% of hydrolysis and <2% of
reduction products is observed. Starting material and
homocoupling products are not detected. At the initial
stage of reaction development, various catalytic
systems based on [Ni]-NHC were tested (entries 2-
8).11%1 However, these catalysts resulted in very low
reaction efficiency (typically, <10%) with the
hydrolysis (1-naphthol) and reduction (naphthalene)
products as the major reaction products. We¢
discovered that under these conditions, [Ni]-
phosphane catalytic systems showed much better
reaction efficiency (entries 9-12). Interestingly,
bidentate phosphines afforded the desired coupling
product in significantly higher yields than
monodentate (PPhs, PCys) (entries 9-10), with dppe
and dppp as the preferred ligands for the cross-
coupling (entry 1 and entry 12). Using monodentate
ligands, hydrolysis and reduction were found to be
the major reaction pathways, indicating inefficient
stabilization of the Ar-[Ni]-alkyl intermediate under
these conditions.® A brief investigation of solvents

2
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indicated that the reaction can be readily performed
in various solvents (entries 13-15). Control
experiments revealed that the reaction is complete
(>95% conversion) after 5 minutes at room
temperature (entry 16) (48% conversion after 1 min,
<5% at 0 °C) (vide infra). Importantly, high reaction
efficiency was observed using close to equimolar
ratio of the reagents (entry 17). Finally, no reaction
was observed in the absence of the Ni-catalyst with
the mass balance corresponding to the hydrolysis
product (entry 18).

Table 2. Nickel-Catalyzed C(sp?)-C(sp®) Cross-Coupling
of Aryl Tosylates with Alkyl Grignard Reagents.?

C4Hg—MgClI Ni(dppe)Cl Ar=C4Hg
Ar—OTs + (entries 1-6) i(dppe)Cl, (entries 1-6)
CisHag—MgCl  THF, 23 °C Ar=C4Haqg
1 (entries 7-10) (entries 7-10)
2
Yield
Entry Substrate 2 Product %)
OTs 2a 92

6_0
EN
I

©

1Ml
oT
ol s 2b
OTs
w L 4

OTs 2(d
MeO,C MeO,C
OTs
NC NC
OTs

g}
N

T
©o
©
=

87

Q o)
N
u
<

o

C4Hy 66

24

C4Hy 80
o T w
Ph Ph
OTs C14Hag 93
W W
F3sC FsC
OTs Ci4H2g 62
v o T
MeO MeO
FsC oTs FsC C1aHa0 70
olf] \©/ 2i \E;/
CF, CF,
MeO oTs MeO C14Hzo 70
w Oy O
OMe OMe

[a] Conditions: 1 (0.25 mmol), Ni(dppe)Cl> (10 mol%),
THF (0.15 M), C4sHsMgCI (2.0 equiv, 2.0 M, THF), 23 °C,
3-24 h, RMgCI added dropwise over 2-3 s. [b] C4aHsMgClI
(1.05 equiv). [c] 65 °C. [d] Et:O. [e] CisH2sMgCl (4.0
equiv), 65 °C. [f] C1aH29MgCI (2.0 equiv), Et,0. See Sl for
details.

With the optimized reaction conditions in hand,
we examined the preparative scope of the Ni-
catalyzed alkylative cross-coupling of aryl tosylates
(Table 2). As shown, we found that a broad range of
electronically-varied aryl tosylates serves as suitable
cross-coupling partners in this protocol. Notably,

10.1002/adsc.201801586

Table 3. Nickel-Catalyzed C(sp?)-C(sp®) Cross-Coupling
of Aryl Tosylates with Alkyl Grignard Reagents.[d

OTs R
Ni(dppe)Cl, OO
+ R—MgCl ————
THF, 23 °C
1 2
Entry RMgX 2 Product \E:;) I)d
10 CsHoMgBr 2a R = C4Ho 92
21 EtMgBr 2k R=Et 81
3[a] CengMgBr 2l R = CgH13 88
4[a] CGH13M9C| 2l R = CgH13 84
5 C1aH20MgBr 2m R = C14Ho9 95
6l CyMgBr 2n R=Cy 82
70 ‘PentylMgBr 20 R = Pentyl 92
gl PrMgBr 2p R="Pr 75
9l PrMgCl 2p R=Pr 75
100! BnMgBr 2q R=Bn 61
11 PhenethylIMgBr 2r R = Phenethyl 91
120 ‘BuMgBr 2s R='Bu 87
130 MeMgBr 2t R =Me 87
140 Np-MgBr 2u R=Np 94
15 ‘BuMgBTr 2v R=H 74

[a] Conditions: 1 (0.25 mmol), Ni(dppe)Cl. (10 mol%),
THF (0.15 M), RMgX (2.0 equiv, THF), 23 °C, 3 h,
RMgX added dropwise over 2-3 s. [b] 65 °C. [c] 65 °C, 24
h. [d] Napthahlene. See Sl for details. Np = neopentyl.

various naphthyl (entries 1-2) and phenanthrenyl
(entry 3) tosylates, including substitution with
electrophilic  carboxylic-acid derived functional
groups, such as nitriles and esters (entries 4-5) provea
highly effective for the cross-coupling.?® The alkyl
products of these reactions constitute common motifs
in electronic, pharmaceutical and liquid crystal
applications (vide infra). Pleasingly, unactivated
arenes are readily accommodated as coupling
partners (entry 6), demonstrating that the reaction is
not limited to naphthyl electrophiles, which is a
common limitation  of  Ni-catalyzed C-O
activation/cross-coupling methods.l® Furthermore,
both electron-withdrawing (entry 7) and even
electron-donating (entry 8) groups are tolerated on
the electrophilic component. Full selectivity for the
OTs cross-coupling has been observed in the latter
case. Importantly, 3,5-disubstitution with electron-
withdrawing (entry 9) and electron-donating (entry
10) groups is also compatible, thus demonstrating the
versatility and potential applications of the protocol.
We further note that the cross-coupling of
phenyl tosylate proceeds in 62% vyield. The use of
Ni(ll) salts is also possible. For example, the cross-
coupling of 2a using Ni(acac). (10 mol%)/dppe (10
mol%) proceeds in 91% yield. The use of NiCl./dppe
is inefficient due to low solubility. It is worthwhile to
note that preformed, bench-stable Ni(ll) precatalysts
such as NiCly(dppe) are highly advantageous in
cross-coupling because they favor cross-coupling
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Advanced Synthesis & Catalysis

economy and obviate the need for excess of ancillary
ligands which may hinder the catalysis.?*>8 The
alkylbenzene products of these reactions are
important  intermediates in agrochemical and
pharmaceutical industries.?!

Next, we examined the scope with respect to the
Grignard reagent (Table 3). Variation in the n-alkyl
group (entries 1-5) is possible without detrimental
loss of reactivity due to B-hydride elimination and
protodemetallation.® Both alkylmagnesium chlorides
and alkylmagnesium bromides (entries 3-4) are
effective  cross-coupling partners.??l  Pleasingly,
incorporation of the secondary Grignard reagents (R
= cyclohexyl, cyclopentyl, isopropyl) (entries 6-9)
results in regioselective cross-coupling without
isomerization, which is a major side reaction in
related protocols.!**dl Furthermore, challenging benzyl
(entry 10) as well as prone to B-hydride elimination
phenethyl (entry 11) and isobutyl (entry 12) Grignard
reagents are feasible cross-coupling partners. The
scope was further extended to include methyl (entry
13) and sterically-demanding neopentyl (entry 14)
Grignard reagents. These examples demonstrate that
B-hydride elimination is not required to activate the
catalyst. However, the attempted cross-coupling of a
tert-butyl Grignard resulted in the reduction to afford
naphthalene, as expected. The most reliable method
to afford tert-alkyl-benzenes at present is the elegant
protocol reported by Biscoe and co-workers.!

Reactions of these tosylates readily afford bis-
alkylated products when two electrophilic groups are
present in the electrophile structure (Scheme 1). This
cross-coupling includes deactivating 2,6- as well as
2,7-substitution using bis-naphthols as starting
materials (Scheme 1A-B). Alternatively, readily
available chlorinated naphthols are feasible cross-
coupling precursors (Scheme 1C). Polyalkylated
naphthalenes, such as 2w-2y are an important class of
products in organic semiconductors.?®!

Pleasingly, the combination of Ar-X cross-
coupling with the facile Ar—OH activation/cross-
coupling permits for orthogonal cross-coupling with
challenging alkyl organometallics (Scheme 2). This
orthogonal strategy underlines the potential of C-O
electrophiles in combination with the availability and
ready synthesis of tosylates in cross-coupling.

A: 2,6-substitution C4Hg—MgCl
N| dppe)CI2
TsO THF 23°C C4Hg
2w: 88% yield
B: 2,7-substitution C4Hg—MgClI
Ni(dppe)Cl,
TSOOTS 10 mol%) C4Hg OO C4Hyg
THF 23°C
2x: 91% yield
C: 1,4-substlgl_:lon C4Ho—MgCl
s Ni(dppe)Cl, CaHy
T e QO
_— >
THF, 23 °C
Cl C4Hy
1m 2y: 85% yield

10.1002/adsc.201801586

Scheme 1. Double Nickel-Catalyzed C(sp?)-C(sp®) Cross-
Coupling of Aryl Tosylates with Alkyl Grignard Reagents.

C4Hy—MgCl
o T%Spni’iﬁi'z o
THF 23°C  g,H, OO
2z': 95% yield
CeHq3—MgCl lTSC'
“/CGHB n(:;g%,g)gz OTs
C,4Hg OO THF,23°C  C,Hg OO

3z: 86% yield 22":90% yield

Scheme 2. Sequential Nickel-Catalyzed C(sp?)-C(sp®)
Cross-Coupling with Alkyl Grignard Reagents.

CeH13—MgClI
Ni(dppe)Cl,
‘g ‘O OTs 10 mol% “/OO CoHrs
NC THF, 23 °C NC

2aa: 64% yield
Jiquid crystals

Scheme 3. Synthesis of Liquid Crystals.

C14H29—MgCI
CFs Ni(dppe)Cl, CFs
©/°TS (10 mol%) @CMHZQ
—_—
THF, 23 °C
1n 2ab: 90% yield

—_—

S1P, antagonists

Scheme 4. Synthesis of S1P; Antagonists.

The synthetic utility of this Ni-catalyzed cross-
coupling with alkyl organometallics has been further.
demonstrated in the rapid synthesis of a liquid crystal
(Scheme 3)24 and an intermediate in the synthesis of
S1P1 antagonists (Scheme 4).2°1 The approach using
C-O electrophiles is distinguished from current
methods by the orthogonal availability of phenols,

Table 4. Ni-Catalyzed C(sp?)—C(sp®) Cross-Coupling at
Low Catalyst Loading.

OTs C4Hg
[Ni], I|gand
+ C4Hg—MgClI
condmons

1

Entry Catalyst Mol% T time  Yield
[c] [
1 Ni(dppp)Cl2 1 23 3h 82
2 Ni(dppe)Cl2 1 23 3h 96
3 Ni(dppe)Cl2 0.10 23 3h 36
4 Ni(dppe)Cl2 0.10 65 24 h 62

50 Ni(dppe)Cl2 0.10 23 24 h 98

6 Ni(dppe)Clz 0.050 23 24h 98
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0.050 23 10min 21
0.050 23 1h 91

7Ll Ni(dppe)Cl2
glcl Ni(dppe)Cl2

9l Ni(dppe)Cl2 0.010 23 24h 17
10[ Ni(dppe)Cl2 0.010 65 24h 27

leConditions: 1a (1.0 equiv), [Ni] (0.010-1.0 mol%), THF
(0.15 M), C4HoMgCI (2.0 equiv, 2.0 M, THF), T, 1-24 h,
RMgCI added dropwise over 2-3 s. PIDetermined by 'H
NMR and/or GC-MS. FITHF (1.0 M).

C4Hg—MgClI
Ni(dppe)Cl,
(0.10 mol%)

B

THF, 23 °C

OTs

1a: 1.0 g, 3.35 mmol

C.H,

2a: 98% yield

Scheme 5. Large Scale Cross-Coupling.

A.
OTs

CyH
Ni(dppe)Cl o

1a (1.0 equiv) (10 mol%)
Cl + C4H9*MQC| —
(1.0 equiv) THF, 23°C
OO 1a:10 = 1.0:1.0 2a, 96% +
0, 0,
10 (1.0 equiv) 1a,48% + 10, 49%
B.
OTs +TEMPO CaHo
Ni(dppe)Cl,
(10 mol%)
+ C4H9—MgCI —_—
THF, 23 °C

1a TEMPO: 0.10 equiv, 2a, 96%
TEMPO: 0.50 equiv, 2a, 95%

Scheme 6. Mechanistic Studies.

and should be of significant utility in implementing
synthetic sequences.[6!

Intrigued by the remarkable versatility of the Ni-
catalyzed cross-coupling, we were interested in
testing TON of this novel method. At present, one of
the major limitations of Ni-catalyzed cross-couplings
is the requirement for high catalyst loading, which
prevents broad industrial use.?”l Remarkably, we
found that the method operates with TON reaching
2000 (Table 4, entries 1-6), which is one of the
highest turnovers observed to date in Ni-catalyzed
cross-couplings.-371011 Fyrthermore, TOF of 2500
h"twas determined under these conditions (entries 7-
8), consistent with efficient catalysis.

To demonstrate the preparative utility, gram scale
reaction was performed at low catalyst loading (0.10
mol%), affording the cross-coupling product in 98%
yield.

Preliminary mechanistic studies were conducted
(Scheme 6). Competition between aryl tosylates and
chlorides established that tosylates and chlorides
show similar reactivity (Scheme 6A), which bodes
well for future applications using the developed
catalyst system. Control experiments using TEMPO
as a radical scavenger gave the desired product
without decrease in catalytic efficiency under

10.1002/adsc.201801586

standard conditions, suggesting that the reaction does
not involve a radical process (Figure 6B). Further
studies to elucidate the mechanism are ongoing.

Additional ~ competition  experiments  were
conducted to determine the order of reactivity
between |, Br, Cl vs. OTs. We found that in THF the
cross-coupling reactivity order is as follows: OTs =
Cl < Br < | (1a:1-Np-Cl = 50:50; l1la:1-Np-Br =
48:52; la:1-Np-l1 = 40:60). The selectivity is
independent on the solvent used: toluene: 1a:1-Np-Cl
= 49:51; la:1-Np-Br = 43:57; la:1-Np-l1 = 42:58;
Et,O: 1a:1-Np-Cl = 49:51; 1a:1-Np-Br = 45:55; 1a:1-
Np-l1 = 42:58. Based on the experimental data and
literature precedents,51%218 e propose that a
Ni(0)/(11) cycle is involved in the reaction.

Conclusion

In conclusion, we have developed a novel protocc!
for Ni-catalyzed C(sp?)-C(sp®) Kumada cross-
coupling of aryl tosylates with primary and secondary
alkyl Grignard reagents. This transformation gives
access to valuable alkyl-arenes using challenging
alkyl organometallics possessing B-hydrogens that
are prone to P-hydride elimination and homo-
coupling. A variety of aryl tosylates, including bis-
tosylates, underwent this transformation. The
practical value of this method is highlighted by the
use of air- and moisture stable-Ni(ll) precatalyst. The
advantages of the method include the ease of
synthesis, low price and high stability of C-O
electrophiles as well as low-cost and broac
availability of organomagnesium reagents. The
synthetic potential of this transformation has beer:
demonstrated in orthogonal Ar-X cross-coupling/Ar—
OH activation/cross-coupling with challenging alky!
organometallics as well as in the synthesis of liquid
crystals and pharmaceutical intermediates. The TON
demonstrated in this reaction represents one of the
highest turnovers observed to date in Ni-catalyzed
cross-couplings. Ongoing work is focused on
expanding the scope of this cross-coupling and
further extension to broad classes of coupling
partners. These studies will be reported in due course.

Experimental Section

General Information. General methods have been

published.14dl

General Procedure for Nickel-Catalyzed C(sp?)-C(sp)
Cross-Coupling. An oven-dried vial equipped with a stir
bar was charged with an aryl tosKII_ate substrate (neat,
t36p|caII3/, 0.25 mmol, 1.0 equw%_ and Ni(dppe)Cl. (typically,
10 mol%), placed under a positive lp()r_es_sure of argon and
subjected to three evacuation/backfilling cycles under
vacuum. Tetrahydrofuran (0.15 M) and a solution of
Grignard reagent (typically, 2.0 equiv) were sequentially
added with vigorous stirring at room temperature, and the
reaction mixture was stirred for the indicated time at 23 °C.
After the indicated time, the reaction mixture was diluted
with HCI (1.0 N, 1.0 mL) and Et;O (1 x 20 mL), the
organic layer was extracted with HCI (1.0 N, 2 x 5 mL)
and NaOH (1.0 N, 2 x 5 mL), the organic layers were
combined, dried and concentrated. A sample was analyzed
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by *H NMR (CDCls, 400 MHz) and/or GC-MS to obtain
conversion, yield and selectivity using internal standard
and comparison with authentic samples. Purification by
chromatography on silica gel (EtOAc/hexanes) afforded
the title product.

Representative Procedure for Nickel-Catalyzed C(sp?)-
C(sLa3) Cross-Cou ImE. 1.0 g Scale. An oven-dried, two-
necked flask (100 mL) equipped with a stir bar was
charged with naphthalen-1-yl 4-methylbenzenesulfonate
1.00 g, 3.35 mmol, 1.0 equiv) and N|(di)pe)CI2 (1.77 mg,
.10 mol%). A solution of n-CsHsMgCl (2.0 M in THF,
3.35 mL, 2.0 equiv) was added dropwise with vigorous
stirring at room temperature and the reaction mixture was
stirred for 24 h at 23 °C. After the indicated time, the
reaction mixture was diluted with HCI (1.0 N, 10 mL) and
Et,O il x 100 mL), the o(rjganlc layer was extracted with
HCI (1.0 N, 2 x 15 mL) and NaOH (1.0 N, 2 x 15 mL), the
organic layers were combined, dried and concentrated. A
sample was analyzed by *H NMR (CDCls, 400 MHz) and
GC-MS to obtain conversion, yield and selectivity using
internal standard and comparison with authentic_samples.
Purification b chromatography  on  silica  gel
(EtOAc/hexanes) afforded the title product; 98% (0.603 Q).

Acknowledgements

We gratefully acknowledge Narodowe Centrum Nauki (grant no.
2014/15/D/ST5/02731, A.P., M.S.), Rutgers University (M.S.) and
the NSF (CAREER CHE-1650766) for generous financial support.

References

[1] For general reviews, see: a) A. de Meijere, S. Brése, M.
Oestreich, Metal-Catalyzed Cross-Coupling Reactions
and More, Wiley, New York, 2014; b) G. A. Molander,
J. P. Wolfe, M. Larhed, Science of Synthesis: Cross-
Coupling and Heck-Type Reactions, Thieme, Stuttgart,
2013; ¢) C. C. C. Johansson-Seechurn, M. O. Kitching,
T. J. Colacot, V. Snieckus, Angew. Chem. Int. Ed. 2012,
51, 5062-5085; Angew. Chem. 2012, 124, 5150-5174.

[2] For further examples, see: a) P. Ruiz-Castillo, S. L.
Buchwald, Chem. Rev. 2016, 116, 12564-12649; b) P.
G. Gildner, T. J. Colacot, Organometallics 2015, 34,
5497-5508; ¢) H. Li, C. C. C. Johansson-Seechurn, T. J.
Colacot, ACS Catal. 2012, 2, 1147-1164; d) D. S. Surry,
S. L. Buchwald, Chem. Sci. 2011, 2, 27-50; €) J. F.
Hartwig, Acc. Chem. Res. 2008, 41, 1534-1544; f) G.
Fu, Acc. Chem. Res. 2008, 41, 1555-1564.

[3] For reviews in industrial research, see: a) T. J. Colacot,
New Trends in Cross-Coupling: Theory and
Applications, RSC, Cambridge, 2015; b) C. A. Busacca,
D. R. Fandrick, J. J. Song, C. H. Senanayake, Adv. Synt.
Catal. 2011, 353, 1825-1864; c) J. Magano, J. R.
Dunetz, Chem. Rev. 2011, 111, 2177-2250; d) C.
Torborg, M. Beller, Adv. Synth. Catal. 2009, 351,
3027-3043; e) J. P. Corbet, G. Mignani, Chem. Rev.
2006, 106, 2651-2710; f) D. G. Brown, J. Bostrém, J.
Med. Chem. 2016, 59, 4443-4458; g) A. Piontek, E.
Bisz, M. Szostak, M. Angew. Chem. 2018, 130, 11284-
11297; Angew. Chem. Int. Ed. 2018, 57, 11116-11128.

[4]a) A. J. Burke, C. S. Marques, Modern Arylation
Methods, Wiley, Weinheim, 2015; b) A. J. J. Lennox,
G. C. Lloyd-Jones, Chem. Soc. Rev. 2014, 43, 412-443,;

10.1002/adsc.201801586

¢) C. E. I. Knappke, A. Jacobi von Wangelin, Chem.
Soc. Rev. 2011, 40, 4948-4962; d) See, refs. 1-3.

[5] @) R. Jana, T. P. Pathak, M. S. Sigman, Chem. Rev.
2011, 111, 1417-1492; b) R. Giri, S. Thapa, A. Kafle,
Adv. Synth. Catal. 2014, 356, 1395-1411.

[61a) M. L. Crawley, B. M. Trost, Applications of
Transition Metal Catalysis in Drug Discovery and
Development: An Industrial Perspective, Wiley,
Weinheim, 2012; b) A. Molnar, Palladium-Catalyzed
Coupling Reactions: Practical Aspects and Future
Developments, Wiley, Weinheim, 2013.

[7] For selected reviews, see: a) B. M. Rosen, K. W.
Quasdorf, D. A. Wilson, N. Zhang, A. M. Resmerita, N.
K. Garg, V. Percec, Chem. Rev. 2011, 111, 1346-1416;
b) J. Cornella, C. Zarate, R. Martin, Chem. Soc. Rev.
2014, 43, 8081-8097; ¢) M. Tobisu, N. Chatani, Acc.
Chem. Res. 2015, 48, 1717-1726; d) E. J. Tollefson, L.
E. Hanna, E. R. Jarvo, Acc. Chem. Res. 2015, 48, 2344-
2353; e) H. Zeng, Z. Qiu, A. Dominguez-Huerta, Z.
Hearne, Z. Chen, C. J. Li, ACS Catal. 2017, 7, 510-
519; f) S. M. Pound, M. P. Watson, Chem. Commun.
2018, 54, 12286-12301; g) E. Bisz, M. Szostak,
ChemSusChem 2017, 10, 3964-3981.

[8] a) For C-O activation in esters, see: S. Shi, S. P. Nolan,
M. Szostak, Acc. Chem. Res. 2018, 20, 6789-6793; For
leading examples of decarbonylative cross-coupling
see: b) L. Guo, M. Rueping, Acc. Chem. Res. 2018, 51,
1185-1195; c) C. Liu, M. Szostak, Org. Biomol. Chem.
2018, 16, 7998-8010.

[9] For seminal examples using Ni, see: a) Z. Y. Tang, Q.
S. Hu, J. Am. Chem. Soc. 2004, 126, 3058-3059; b) Z
Y. Tang, Q. S. Hu, Adv. Synth. Catal. 2004, 346, 1635-
1637; ¢) C. G. Dong, Q. S. Hu, Org. Lett. 2006, 8.
5057-5060; d) C. H. Xing, J. R. Lee, Z. Y. Tang, J. R.
Zheng, Q. S. Hu, Adv. Synth. Catal. 2011, 353, 2051-
2059; For further studies, see: e¢) A. H. Roy, J. F.
Hartwig, J. Am. Chem. Soc. 2003, 125, 8704-8705; f) T.
Ogata, J. F. Hartwig, J. Am. Chem. Soc. 2008, 130;
13848-13849; g) H. N. Nguyen, X. Huang, S. L.
Buchwald, J. Am. Chem. Soc. 2003, 125, 11818-11819;
h) R. H. Munday, J. R. Martinelli, S. L. Buchwald, J.
Am. Chem. Soc. 2008, 130, 2754-2755; i) L. Zhang, J.
Wu, J. Am. Chem. Soc. 2008, 130, 12250-12251; j) R.
L. Lundgren, M. Stradiotto, Angew. Chem. 2010, 122,
8868-8872; Angew. Chem. Int. Ed. 2010, 49, 8686-
8690; k) C. M. So, F. Y. Kwong, Chem. Soc. Rev. 2011,
40, 4963-4972; 1) W. N. Li, Z. L. Wang, RSC Adv.
2013, 3, 25565-25575; m) C. S. Nervig, P. J. Waller, T
Kalyani, Org. Lett. 2012, 14, 4838-4841; n) Z. Yi, Y.
Aschenaki, R. Daley, S. Davick, A. Schnaith, R.
Wander, D. Kalyani, J. Org. Chem. 2017, 82, 6946-
6957.

[10] &) S. Z. Tasker, E. A. Standley, T. F. Jamison, Nature
2014, 509, 299-309; b) V. P. Annanikov, ACS Catal.
2015, 5, 1964-1971.

[11] For selected examples, see: Ni: a) C. H. Cho, H. S.
Yun, K. Park, J. Org. Chem. 2003, 68, 3017-3025; Pd:
b) M. E. Limmert, A. H. Roy, J. F. Hartwig, J. Org.
Chem. 2005, 70, 9364-9370; c) L. Ackermann, A.

6

This article is protected by copyright. All rights reserved.



Advanced Synthesis & Catalysis

Althammer, Org. Lett. 2006, 8, 3457-3460; d) L.
Ackermann, A. R. Kapdi, S. Fenner, C. Kornhaass, C.

Schulzke, Chem. Eur. J. 2011, 17, 2965-2971; Co: e) T.

J. Korn, M. A. Schade, S. Wirth, P. Knochel, Org. Lett.
2006, 8, 725-728; f) J. Zeng, K. M. Liu, X. F. Duan,
Org. Lett. 2013, 15, 5342-5345; Cr: g) X. Cong, H.
Tang, X. Zeng, J. Am. Chem. Soc. 2015, 137, 14367-
14372; Fe: h) A. Furstner, A. Leitner, Angew. Chem.
2002, 114, 632-635; Angew. Chem. Int. Ed. 2002, 41,
609-612; i) A. Firstner, A. Leitner, M. Mendez, H.
Krause, J. Am. Chem. Soc. 2002, 124, 13856-13863; j)
T. Agrawal, S. P. Cook, Org. Lett. 2014, 16, 5080-
5083; k) Y. Y. Chua, H. A. Duong, Chem. Commun.
2016, 52, 1466-1469; For Ni-catalyzed cross-coupling
of aryl phosphates, see: 1) N. Yoshikai, H. Matsuda, E.
Nakamura, J. Am. Chem. Soc. 2009, 131, 9590-9599;
Metal-free SnAr: m) A. J. Brockway, M. Gonzalez-
Lopez, J. C. Fettinger, J. T. Shaw, J. Org. Chem. 2011,
76, 3515-3518.

[12] For leading examples of biaryl cross-coupling of
pivalates, see: a) B. T. Guan, Y. Wang, B. J. Li, D. G.
Yu, Z. J. Shi, J. Am. Chem. Soc. 2008, 130, 14468-
14470; b) K. W. Quasdorf, X. Tian, N. K. Garg, J. Am.
Chem. Soc. 2008, 130, 14422-14423.

[13] For leading examples of biaryl cross-coupling of
carbamates, see: a) K. W. Quasdorf, M. Riener, K. V.
Petrova, N. K. Garg, J. Am. Chem. Soc. 2009, 131,
17748-17749; b) K. W. Quasdorf, A. Antoft-Finch, P.
Liu, A. L. Silberstein, A. Komaromi, T. Blackburn, S.
D. Ramgren, K. N. Houk, V. Snieckus, N. K. Garg, J.
Am. Chem. Soc. 2011, 133, 6352-6363.

[14] To our knowledge, very few examples of alkyl
Kumada cross-coupling of aryl tosylates are known:
Fe: a) T. Agrawal, S. P. Cook, Org. Lett. 2013, 15, 96-
99; b) See, ref. 11h-i; Pd: c) See, ref. 11b; For studies
from our group, see: Fe: d) E. Bisz, M. Szostak, Green
Chem. 2017, 19, 5361-5366; €) A. Piontek, M. Szostak,
Eur. J. Org. Chem. 2017, 7271-7276; f) E. Bisz, M.
Szostak, ChemSusChem 2018, 11, 1290-1294.

[15] For selected pertinent examples of Ni-catalyzed
cross-couplings, see: a) P. M. When, J. Du Bois, Org.
Lett. 2005, 7, 4685-4688; b) T. K. Macklin, V.
Snieckus, Org. Lett. 2005, 7, 2519-2522; ¢) G. J.
Harkness, M. L. Clarke, Catal. Sci. Technol. 2018, 8,
328-334; d) R. Achary, I. A. Jung, H. K. Lee, J. Org.
Chem. 2018, 83, 3864-3878.

[16] a) For an excellent review on advantages of Grignard
reagents, see ref. 4c; For relevant examples of Feringa
cross-coupling, see; b) M. Giannerini, M. Fananas-
Mastral, B. L. Feringa, Nat. Chem. 2013, 5, 667-672; )
C. Vila, M. Giannerini, V. Hornillos, M. Fananas-
Mastral, B. L. Feringa, Chem. Sci. 2014, 5, 1361-1367;

10.1002/adsc.201801586

d) D. Heijnen, J. B. Gualtierotti, V. Hornillos, B. L.
Feringa, Chem. Eur. J. 2016, 22, 3991-3995.

[17] For selected applications of C-O cross-coupling, see:
a) W. B. Fellows, A. M. Rice, D. E. Williams, E. A.
Dolgopolova, A. K. Vannucci, P. J. Pellechia, M. D.
Smith, J. A. Krause, N. B. Shustova, Angew. Chem.
2016, 128, 9216-9220; Angew. Chem. Int. Ed. 2016, 55,
2195-2199; b) M. Solinas, R. E. Meadows, C. Wilson,
A. J. Blake, S. Woodward, Eur. J. Org. Chem. 2007,
1613-1623; c) C. Dallaire, I. Kolber, M. Gingras, Org.
Synth. 2002, 78, 42-50; d) M. Tanaka, K. Chiba, M.
Okita, T. Kaneko, K. Tagami, S. Hibi, Y. Okamoto, H.
Shirota, M. Goto, H. Obaishi, H. Sakurai, T. Machida, I.
Yamatsu, J. Med. Chem. 1992, 35, 4665-4675.

[18] For a review on well-defined, bench-stable Ni
precatalysts, see: N. Hazari, P. R. Melvin, M. M.
Beromi, Nat. Rev. Chem. 2017, 1, no. 25, 1-16.

[19] a) A. Joshi-Pangu, C. Y. Wang, M. R. Biscoe, J. Am.
Chem. Soc. 2011, 133, 8478-8481; b) A. Joshi-Pangu,
M. Biscoe, Synlett 2012, 23, 1103-1107.

[20] For nucleophilic addition of Grignard reagents to aryl
nitriles and esters, see: a) G. Dilauor, M. Dell’Aera, P.
Vitale, V. Capriati, F. M. Pena, Angew. Chem. 2017,
129, 10334-10337; Angew. Chem. Int. Ed. 2017, 56,
10200-10203; b) M. J. Pedersen, S. Born, U.
Neuenschwander, T. Skovby, M. J. Mealy, S. Kiil, K.
Dam-Johansen, K. F. Jensen, Ind. Eng. Chem. Res.
2018, 57, 4859-4866 and references cited therein.

[21] N. Roques, L. Saint-Jalmes, Tetrahedron Lett. 2006
47, 3375-3378.

[22] For a relevant example, see: B. J. Li, L. Xu, Z. H. Wu,
B. T. Guan, C. L. Sun, B. Q. Wang, Z. J. Shi, J. Am.
Chem. Soc. 2009, 131, 14656-14657.

[23] J. E. Northrup, W. Xie, Y. Y. Sun, S. Zhang, Appl.
Phys. Express 2013, 6, no. 71601, 1-3.

[24] M. Hird, K. J. Tone, G. W. Gray, S. E. Day, D. G.
McDonnell, Lig. Cryst. 1993, 15, 123-150.

[25] D. Sengupta, T. Gharbaoui, A. Krishnan, D. J. Buzard,
R. M. Jones, Y. A. Ma, R. Burda, A. G. Montalbam, G.
Semple, Org. Process Res. Dev. 2015, 19, 618-623.

[26] a) L. J. Goofsen, K. Goofden, C. Stanciu, Angew.
Chem. 2009, 121, 3621-3624; Angew. Chem. Int. Ed.
2009, 48, 3569-3571; b) C. E. I. Knappke, A. Jacobi
von Wangelin, Angew. Chem. 2010, 122, 3648-3650;
Angew. Chem. Int. Ed. 2010, 49, 3568-3570.

[27] J. D. Hayler, D. K. Leahy, E. M. Simmons,
Organometallics 2018, DOI: 10.1021/acs.organomet.
8b00566.

This article is protected by copyright. All rights reserved.



Advanced Synthesis & Catalysis 10.1002/adsc.201801586

FULL PAPER

Nickel-Catalyzed C(sp?)—C(sp®) Kumada Cross-
Coupling of Aryl Tosylates with Alkyl Grignard

Reagents OTs Ni catalysis R
e 1)
aryl-alkyl coupling

Adv. Synth. Catal. Year, Volume, Page — Page R'=1°,2° alkyl

[® challenging alkyl nucleophiles] [® up to 98% yield]
[® practical & mild conditions] [® broad scope]

Aleksandra Piontek, Wioletta Och¢dzan-Siodtak, [™ base metal catalysis] [W high TON]
Elwira Bisz, Michal Szostak*

This article is protected by copyright. All rights reserved.



