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The genesis of cross-coupling reactions is often traced back to Ni-catalyzed reactions of
Grignard reagents with aryl or vinyl halides reported in the 1970s. However, earlier
reports by Kharasch in the 1940s already demonstrated the ability of simple iron salts to
act as catalysts in couplings involving Grignard reagents. Unfortunately, these Fe and
Ni-catalyzed processes were overshadowed by the meteoric development of palladium
chemistry discovered shortly thereafter. Despite the undeniable maturity of Pd-based
processes, the recent years have witnessed a renaissance in Fe and Ni-catalyzed
reactions providing new dogmas for achieving practical and unconventional bond
disconnections that were beyond reach using classical Pd regimes. Consequently, cross-
coupling reactions have impressively evolved from standard laboratory procedures into
indispensable and routine techniques in chemical industry. As an illustrative example of
the high value and tremendous impact of these chemical processes, the Nobel Prize in
Chemistry 2010 was awarded jointly to Richard F. Heck, Ei-ichi Negishi and Akira
Suzuki for their important discoveries in palladium-catalyzed cross-coupling reactions.

Unlike palladium, iron and nickel can adopt a broad spectrum of oxidation states, thus
allowing different modes of reactivity and radical mechanisms. Likewise, the low cost of
nickel and environmentally friendly character of iron make them privileged catalysts
from the standpoints of economics and sustainability. This topical collection aims to
cover recent developments in nickel and iron-based cross-couplings and illustrate how
the intrinsic and unique properties of those first-row metals have enabled their use as
convenient and highly versatile catalysts for a myriad of unprecedented, yet intriguing,
chemical transformations. Accordingly, insightful contributions from several leading

This article is part of the Topical Collection “Ni- and Fe-Based Cross-Coupling Reactions”; edited by
Arkaitz Correa.
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experts in this cutting-edge research field are collected, with particular emphasis on
relevant recent progress and highlighting the utmost potential of both iron and nickel
catalysis as broadly applicable synthetic tools in the realm of organic chemistry.

This topical collection begins with a set of contributions on Ni-catalyzed C-C
couplings. Within this broad theme, N. Kambe focuses on reactions between alkyl
electrophiles and organometallic reagents by means of Ni catalysis. G. Molander covers
insightful discussion of photoredox/nickel dual catalysis using alkyl electrophiles.
H. Gong describes Ni-catalyzed reductive coupling reactions between two distinct
electrophiles. R. Martin comprehensively reviews the development of carboxylation
events of unsaturated hydrocarbons with carbon dioxide. M. Tobisu and N. Chatani
summarize key aspects on the use of phenol derivatives as versatile electrophiles via Ni-
catalyzed C-O bond activation. The discussion on nickel catalysis is closed by a
contribution of J. Yamaguchi and K. Itami on aromatic C—H functionalization processes
including selected examples of natural product synthesis. This topical collection then
shifts direction to discuss the use of environmentally friendly and cost-efficient iron
catalysis: L. Ackermann introduces the most important results in Fe-catalyzed C-H
functionalization processes, Z. Li gives a comprehensive understanding of cross-
dehydrogenative couplings via iron catalysis, and J. Cossy closes the topical collection
by covering Fe-catalyzed C—C coupling processes involving organometallic reagents.
Allinall, the reviews assembled herein provide an excellent overview of this burgeoning
research area and will clearly open up new synthetic opportunities of paramount
chemical significance. At present, however, limited knowledge has been gathered
regarding the mechanism of some of the nickel and iron-catalyzed events disclosed
herein, which sometimes are merely speculative and based on indirect experimental
evidence. In this respect, mechanistic understanding of the underlying key elemental
steps through isolation of putative reaction intermediates will certainly fuel wider
applications in the near future at the forefront of organickel and organiron chemistry.

I'am grateful to Ruben Martin for kindly encouraging me to take on this task and deeply
indebted to all distinguished colleagues who have contributed with their expert knowledge
to make this comprehensive compilation on contemporary nickel and iron chemistry
possible. Likewise, I would like to acknowledge the assistance of all the reviewers.

UPV/EHU, July 2016

Arkaitz Correa
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Abstract Much effort has been devoted to developing new methods using Ni
catalysts for the cross-coupling reaction of alkyl electrophiles with organometallic
reagents, and significant achievements in this area have emerged during the past two
decades. Nickel catalysts have enabled the coupling reaction of not only primary
alkyl electrophiles, but also sterically hindered secondary and tertiary alkyl elec-
trophiles possessing B-hydrogens with various organometallic reagents to construct
carbon skeletons. In addition, Ni catalysts opened a new era of asymmetric cross-
coupling reaction using alkyl halides. Recent progress in nickel-catalyzed cross-
coupling reaction of alkyl electrophiles with sp’-, sp®-, and sp-hybridized
organometallic reagents including asymmetric variants as well as mechanistic
insights of nickel catalysis are reviewed in this chapter.

Keywords Cross-coupling - Homogeneous catalysis - Nickel - Alkyl halides -
Organometallic reagents

1 Introduction

Transition metal-catalyzed cross-coupling reactions of alkyl electrophiles such as
alkyl halides and pseudohalides with organometallic reagents are among the most
useful methods to construct saturated hydrocarbon frameworks [1]. Since the epoch-
making discoveries of reductive elimination reaction of diorganonickel complexes

This article is part of the Topical Collection “Ni- and Fe-Based Cross-Coupling Reactions”; edited by
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by Yamamoto [2] and Ni-catalyzed cross-coupling reaction by Kumada and Tamao
[3] and Corriu [4], nickel has been employed as one of the most promising catalysts
for carbon—carbon bond forming reactions. However, because of troublesome side
reactions often encountered using alkyl electrophiles as a coupling partner, the
cross-coupling reaction of alkyl electrophiles with organometallic reagents was
relatively less developed compared to the reaction of unsaturated electrophiles such
as haloarenes, haloalkenes, and haloalkynes until the beginning of this century.
During the past two decades, much effort has been devoted to the development of
new transition metal catalysts for the cross-coupling reaction of alkyl electrophiles,
as well as alkyl nucleophiles [S]. For such transformations, Pd catalysts were often
employed with a combined use of bulky trialkylphosphines [6] or N-heterocyclic
carbenes [7] as the ligands [8, 9]. Nickel has also received considerable attention as
promising catalyst for the cross-coupling reaction of alkyl halides and pseudo-
halides (for representative reviews: [10-20]). A big difference between these two
metals from a mechanistic view point is that various nickel complexes with a wide
range of oxidation states from 0 to 4 can participate in catalytic cycles to facilitate
the coupling reactions [8, 9] (for representative reviews: [10-20]). In particular,
carbon-(pseudo)halogen bond cleavage may involve oxidative addition to either
Ni(0), Ni(I), or Ni(II) intermediates via ionic or radical mechanisms. In addition, Ni
complexes at a high oxidation state, Ni(IV) or Ni(Ill), as well as Ni(Il), facilitate
reductive elimination to form carbon—carbon bonds. These mechanistic flexibilities
of nickel catalysts allow the use of various alkyl (pseudo)halides including less
reactive alkyl halides as coupling partners to provide convenient synthetic tools to
construct saturated hydrocarbon frameworks. For these Ni catalysts, electron-
deficient olefins, dienes, and nitrogen-based bi- or tridentate ligands are frequently
employed. This is in sharp contrast to the cases of Pd catalysts, which often prefer
phosphine or carbene ligands.

This chapter summarizes recent progresses in nickel-catalyzed cross-coupling
reaction of alkyl electrophiles with sp’-, sp®-, and sp-hybridized organometallic
reagents. Asymmetric coupling reactions as well as mechanistic insights of nickel
catalysis are also discussed. Applications of these cross-coupling reactions to synthesize
natural products and biologically active compounds are briefly overviewed.

Cross-coupling reactions by reverse combinations of reagents, such as aryl or
vinyl (pseudo)halides with alkyl metal reagents [3], have long been known as
straightforward methods for introducing alkyl groups into organic molecules and are
not covered in this chapter [21]. Various useful procedures for this transformation
have been reported and employed in synthetic reactions using Ni and other
transition metals as the catalyst [21], although unwanted side-reactions such as
isomerization of alkyl groups and reduction of organohalides are occasionally
encountered [22, 23] (for recent progresses: [24, 25]) (for a representative
mechanistic study: [26]). Therefore, the coupling reaction using alkyl electrophiles
overviewed herein is a good alternative to construct carbon frameworks containing a
saturated carbon chain.

Catalytic C-H bond alkylation using alkyl electrophiles [27] and reductive
coupling reaction of alkyl halides with organohalides [28] are documented in this
topical collection.

@ Springer 2 Reprinted from the journal
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2 Reaction of Alkyl Electrophiles
2.1 C(sp*)-C(sp®) Coupling Reaction

In 1995, Knochel disclosed that intramolecular coordination of an olefin [29] or keto
group [30] to Ni facilitated cross-coupling reaction of alkyl iodides and bromides
with dialkylzinc reagents in the presence of a catalytic amount of Ni(acac),. For
instance, alkyl bromides 1 bearing a double bond unit underwent the coupling
reaction to give 2 in good yields (Scheme 1) . In contrast, halogen—zinc exchange
reaction took place exclusively, when the analogs 3 carrying no olefinic moiety
were employed to the reaction (Scheme 2).

It was also revealed that the Negishi type alkyl-alkyl cross-coupling reaction
catalyzed by Ni proceeded efficiently by using acetophenone or styrene derivatives
as the additive. For example, the reaction of an alkyl iodide 5§ with dipentylzinc
reagent in the presence of 10 mol% of Ni(acac), afforded only 20 % yield of the
coupling product 6, whereas the addition of one equivalent of acetophenone
improved the yield to 71 % yield (Scheme 3) [30-32].

In 2002, Kambe demonstrated that 1,3-butadiene plays crucial roles in achieving
Ni-catalyzed cross-coupling reaction of alkyl halides with alkyl Grignard reagents.
When 1-bromodecane (n-Dec-Br) was treated with n-BuMgCl and a catalytic
amount of NiCl,, significant amounts of decane and decenes were yielded by the
reduction and the dehydrobromination, respectively. The use of 1,3-butadiene as an
additive drastically improved the selectivity yielding the cross-coupling product
exclusively (Scheme 4) [33].

The role of 1,3-butadiene is not the case of the simple coordination toward
nickel intermediates, but the formation of bis(n-allyl)nickel intermediate as a
catalytic active species by oxidative dimerization is the key (for representative
reviews: [12]). Since the present Ni-catalyzed cross-coupling reaction proceeds
under mild conditions, at 0 °C or below, polar functional groups including amide,
ester, and ketone remained intact [34]. When Ni containing perovskite,
LaFe, gNiy,05, was used as a heterogeneous Ni precursor in the presence of
1,3-butadiene additive, the coupling reaction of alkyl halides with alkyl Grignard
reagents smoothly proceeded to give coupling products. It was proposed that this
reaction was catalyzed by a trace amount of Ni in the liquid phase with a quite
high TON in the order of 107 [35].

The use of tetraenes, such as 7, as the ligand precursor instead of 1,3-
butadiene enabled the cross-coupling with alkyl fluorides via cleavage of the C—
F bond. For instance, the reaction of 1-fluorononane (n-Non-F) with n-PrMgBr

Ni(acac), (7.5 mol%)

/\j‘\/ . Bz Lil (20 mol%) R

% 24N W

Br THF, =35 °C Et
1a:R = Ph 2a: R = Ph: 81%
1b: R = Bu 2b: R = Bu: 82%

Scheme 1 Cross-coupling of alkyl bromides bearing an alkene moiety with Et,Zn
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Ni(acac), (7.5 mol%)
R Lil (20 mol%) R
/\)\/ v Bl /\)\/
Br THF, -351t0 25 °C XZn
3a: R =Ph 4a: R = Ph: >85%
3b: R=Bu 4b: R = Bu: >85%

Scheme 2 Halogen-zinc exchange reaction of alkyl bromides

@) Ni(acac), (10 mol%) 0]
+ -
n-Bu)J\/\/I n-PentyZn additive n-Bu)J\/\/ n-Pent
5 THF, NMP 6
-35°C,15h
PhCOMe yield
0eq 20%
1eq 71%

Scheme 3 Cross-coupling of an alkyl iodide with an alkylzinc reagent using acetophenone as an additive

NiCl, (3 mol%)

additive (1 eq)
n-Dec—Br + n-Bu—MgCI ——— > n-Dec—n-Bu + decane + decenes

THF, 25 °C
additive
none 2% 49% 27%
1,3-butadiene  99% <1% 0%

Scheme 4 Cross-coupling using 1,3-butadiene as an additive

proceeded in the presence of only 0.6 mol% of Ni catalyst and 15 mol% of the
ligand precursor 7 to give dodecane in 94 % yield (Scheme 5) [36]. In addition,
such tetraene ligand precursors were found to be more effective than 1,3-
butadiene in Negishi-coupling reaction of alkyl halides with alkylzinc reagents
[37].

These Ni-catalyzed reactions of alkyl halides proceed via ionic mechanisms. It
seems difficult to use sterically congested electrophiles in these systems, and no
successful result was reported for secondary alkyl halides [29-37]. Similarly, Pd-
catalyzed cross-coupling reaction of alkyl halides suffers from much slower
oxidative addition process of secondary alkyl halides than that of primary alkyl
halides [8, 9]. A breakthrough to overcome this difficulty arising from usage of
secondary alkyl electrophiles was made by Fu in 2003, (for representative reviews:

Ni(acac),
n-Non—F + n-Pr—MgBr — > n-Non—n-Pr
THF, rt yield
Ni(acac), (3 mol%), 1,3-butadiene (200 mol%) 65%
Ni(acac), (0.6 mol%), 7 (15 mol%) 94%
N—
M/

Scheme 5 Cross-coupling of an alkyl fluoride with n-PrMgBr using a tetraene
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s-BU g (gmol%)  SBU

Me Ni(cod), (4 mol% Me
+ n-Non—ZnBr ( 2 ( )

Me Br DMA, rt Me n-Non
91%

Scheme 6 Cross-coupling of i-PrBr with an alkylzinc reagent

o )
G

Pr 9 (11 mol%) P

jr\/\ NiCl,(dme) (10 mol%) /C:OPh
+ PhO _~_ ZnBr
F3CF,C Ph FACF,C

NaBr (1 eq) Ph
DMA, rt

79%

Scheme 7 Cross-coupling of a fluorinated secondary alkyl bromide

[14]) where they demonstrated that the combined use of Ni and an NNN tridentate
ligand, pybox 8, efficiently catalyzed cross-coupling reaction of nonactivated
secondary alkyl bromides and iodides with primary alkylzinc reagents (Scheme 6)
[38]. This catalytic system is also effective for the secondary alkyl halides having
perfluoroalkyl groups at the a-position (Scheme 7) [39]. In these reactions, B-
hydrogen and PB-fluorine elimination were suppressed by pybox ligand. When
propargylic secondary bromides and chlorides were used as the electrophiles,
secondary alkylzinc reagents could be used to achieve cross-coupling reaction
between two secondary carbon centers by using terpyridine (tpy) 10 as the ligand
(Scheme 8) [40].

10 (10 mol%)

Br

/\ 'ZH\O NiCly(dme) (10 mol%)
P n-Bu *
Z DMA, rt

TIPS Z n-Bu

TIPS
89%

Scheme 8 Cross-coupling of a secondary alkyl bromide with a secondary alkylzinc reagent
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NiCly(dme) (6 mol%)
MeHN NHMe

" ph

0,
C|""<:>--|Br + Q_BBN/\/\Ph 11 (8 mol /o)

KOtBu(12eq)  Cl
9-BBN = -§-B<€

0,
i-BUOH (2.0 eq) 82%
Scheme 9 Suzuki-Miyaura coupling of a secondary alkyl bromide with an alkylboron reagent

1 4-dioxane, rt trans/cis = 65/35

NiBr,(diglyme) (6 mol%)

Ph MeHN _\NHMe Me Me O

o PR Ph OMe
Cl Me Me 12 (8 mol%)

o 9-BBN OMe KOt-Bu (1.2 eq)
o i-BUOH (2.0 eq) o) (o)
i / MS 4A, i-Pr,0, rt v

Scheme 10 Cross-coupling reaction of a secondary alkyl chloride with an alkylboron reagent

81%

Vicic also reported Ni-terpyridine catalyzed cross-coupling reaction of unacti-
vated alkyl halides with alkylzinc reagents by use of terpyridine ligands [41, 42].

In 2007, Fu disclosed Ni-catalyzed Suzuki-Miyaura coupling reaction of
secondary alkyl halides with primary alkylboron reagents using trans-N,N'-
dimethyl-1,2-cyclohexanediamine 11 as the ligand (Scheme 9). Although the use
of 1,2-cyclohexanediamine gave the coupling product in 53 % yield, a similar
diamine N,N,N',N'-tetramethyl-1,2-cyclohexanediamine showed no additive effect
[43]. When cis-1-bromo-4-chlorocyclohexane was employed, a mixture of cis- and
trans-coupling products was formed (Scheme 9), suggesting the formation of the
alkyl radical intermediates in the catalytic cycle. A modified catalytic system using
N,N'-dimethyl-1,2-diphenylethylenediamine 12 as the ligand enabled the use of
secondary alkyl chlorides as coupling partners (Scheme 10) [44]. Due to the high
functional group tolerance of organoboron reagents, alkylboron reagents having
polar functionalities could be employed.

A monoanionic NNN tridentate ligand in complex 13 was employed as an
effective ligand for Ni-catalyzed Kumada—Tamao—Corriu cross-coupling reaction of
primary and secondary alkyl halides [45, 46]. When nickel complex 13 was used,
the cross-coupling reaction proceeded even at —35 °C with high tolerance to
various functional groups (Scheme 11).

The Ni complex 13 also exhibited catalytic activity toward Suzuki—Miyaura
cross-coupling of primary alkyl bromides and iodides giving the products in
moderate to good yields at 80 °C or higher [47].

@ Springer 6 Reprinted from the journal
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NMe2
N-Ni-ClI
NM82

o . BuMaCl 13 (3 mol%) O
n-Bu—Mg _— "
EtOJ\/\/ Br DMA, 35 °C EtoJ\/\/" B

85%

Scheme 11 Kumada-Tamao—Corriu coupling using Ni complex 13

Me Me""

cis/trans = 70/30 90%, dr = 96:4
13 (9 mol%)
+  n-Bu—MgCl

—_—
MeU I DMA/THF, —20 °C MeUn—Bu

cis/trans = 43/57 92%, dr = 98:2

Scheme 12 Diastereoselective alkylation of cyclohexyl iodides

Since the reaction using 13 involves alkyl radical intermediates, excellent
diastereoselectivities were attained in the cross-coupling reaction of 3- or
4-substituted cyclohexyl halides via relatively more stable diequatorial cyclohexyl-
nickel intermediates formed by recombination of a Ni species with the alkyl radicals
in the oxidative addition step (Scheme 12) [48].

Another profitable example involving alkyl radical intermediates is a cyclization/
cross-coupling cascade [49, 50]. It is well known that alkyl radicals possessing an
alkene moiety at the S-position quickly undergo 5-exo radical cyclization to form a
new alkyl radical with a 5-membered ring. Cardenas designed alkyl halides bearing
an alkene moiety and employed them to Ni/pybox 8 catalytic system. As expected,
cyclization/cross-coupling cascade took place to give the product 15 with excellent
diastereoselectivity from 14 and an alkylzinc reagent (Scheme 13) [49]. Alkyl

| AN
o ZN_ 0O
7 N )
N N—
s-Bu g (10 mol%) 5-Bu (6]
| .
o
(j/ . X Ni(py)sCl, (10 mol%) OFt
oo Brzn OEt THF, 23 °C G
%
14 15 94%, dr = 97:3

Scheme 13 Cyclization/cross-coupling cascade
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NiCl,(dme) (20 mol%)

t-Bu t-Bu
o] cl /_ N\ »
o © cl 16’\(‘40 mol%) Et
+ Et,Zn O/
oN cl THF/DMF, 25 °C TsN
TsN o} 91%

17

Scheme 14 Decarboxylative cross-coupling of carboxylic esters

Grignard reagents could be also employed to afford cyclization/cross-coupling
products even in the presence of polar functional groups [50].

Most recently, Baran et al. demonstrated that carboxylic esters of N-hydroxyte-
trachlorophthalimide 17 coupled with alkylzinc reagents through decarboxylation
by the aid of an Ni catalyst (Scheme 14) [51]. This method would provide a useful
addition to the conventional cross-coupling reactions employing alkyl (pseudo)ha-
lides due to the ubiquity of carboxylic acids as the source of the coupling partners.
The coupling products were obtained in good to excellent yields from secondary
alkyl carboxylic acid derivatives and in moderate yields from primary and tertiary
ones.

2.2 C(sps)—C(spz) Coupling Reaction

Early examples of Ni-catalyzed cross-coupling reaction of alkyl halides with aryl
metal reagents were reported by Scott employing NiCl,(dppf) as the catalyst. The
reaction of alkyl iodides with arylmagnesium and zinc reagents proceeded
efficiently when alkyl iodides carrying no B-hydrogen were employed [52, 53].
As a more general catalytic system, Knochel demonstrated that an electron deficient
styrene 18 showed an excellent additive effect for the coupling reaction of primary
alkyl iodides with arylzinc reagents (Scheme 15) [54].

Nickel/1,3-butadiene catalytic system promoted the coupling reaction of alkyl
bromides and tosylates with aryl Grignard reagents (Scheme 16) [33]. In contrast,
vinylic Grignard reagents did not give the corresponding coupling product under
similar conditions.

Yorimitsu and Oshima demonstrated Ni-catalyzed Kumada—Tamao—Corriu type
cross-coupling reaction of primary and secondary alkyl bromides by the aid of a

Ni(acac), (10 mol%)
/@/\
0}
9 Brzn FCi8 e
i+ L G eo
EtO | cl  THF/NMP, -15°C
Cl

1%

Scheme 15 Negishi coupling of an alkyl iodide with PhZnBr
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NiCl, (3 mol%)

N (30 mol%)
n-Oct—Br + Ph—MgBr n-Oct—Ph

THF, 25 °C 90%

Scheme 16 Cross-coupling of n-OctBr with PhMgBr by the Ni/1,3-butadiene system

NiCl, (5 mol%)

ligand (10 mol%)
n-Oct—Br + Ph—MgBr n-Oct—Ph

Et,0, 25 °C
Me

Me
Me
PPh,19 : quant
Me

Me PPhs: 29%
Cp*Me: 4%
PPh, + Cp*Me: 38%

Scheme 17 Cross-coupling using phosphine ligand 19

newly designed phosphine ligand 19 bearing a pentamethylcyclopentadiene moiety
with a methylene tether unit [55]. A systematic comparison of the phosphine ligand
19 with other monophosphines and diene ligands demonstrated superiority of this
ligand. Use of PPh; and/or Cp*Me resulted in low yields of the coupling product
(Scheme 17). The high efficiency of 19 was explained by that the pentamethyl-
cyclopentadiene moiety occupies vacant coordination sites to suppress unwanted [3-
hydrogen elimination of alkylnickel intermediates. Involvement of alkyl radical
intermediates was confirmed by ring-opening of a cyclopropylmethyl bromide and
ring-closure of an alkene-containing alkyl iodide.

Hu demonstrated high functional group tolerance in Ni-catalyzed Kumada—
Tamao—Corriu coupling using the complex 13. For instance, an alkyl iodide
possessing an N-heterocycle and a carbonyl group successfully coupled with an
amide containing aryl Grignard reagent, generated by Knochel’s method [56], to
give the corresponding coupling product in 72 % yield (Scheme 18) [57].

Dinuclear Ni complex 20 having an amine-bis(pyrazolyl) ligand also catalyzed
cross-coupling reaction of primary and secondary alkyl bromides with aryl Grignard
reagents. Interestingly, the furan moiety in complex 20 is needed to achieve high
performance (Scheme 19). When the furan moiety was replaced with thiophene, the
yield dropped to 21 % [58].

Me ClMg Me e}
13 (3 mol%)
0 + NEt, SN NEt,
N N~ o O-TMEDA, THF, rt NN

72%

Scheme 18 Functional group tolerance of Kumada—Tamao—Corriu coupling
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20 (5 mol%)
n-Oct—Br + Ph—MgBr n-Oct—Ph

TMEDA/THF, rt 83%

Scheme 19 Cross-coupling using complex 20

Ni(cod), (4 mol%)

ligand (8 mol%)
Br + Ph—B(OH), Ph
KOt-Bu (1.6 eq)

s-BuOH, 60 °C
Ph Ph _

7 N\
AYaXaYaXeaw,
= = =N N= N N

N N Mé
21 22 23
91% 65% 43%

Scheme 20 Reaction of CyBr with PhB(OH), using bipyridine-type ligands

Systematic studies on the ligands for the Ni-catalyzed cross-coupling reaction of
cyclohexyl bromide with phenylboronic acid were performed and revealed that N,N-
bidentate ligands showed positive ligand effects but almost no reaction took place
with phosphine ligands and tridentate nitrogen based ligands. Among bidentate
ligands tested, bathophenanthroline 21 gave the best result, yielding the cross-
coupling products from various primary and secondary alkyl halides with
arylboronic acids (Scheme 20) [59].

This catalytic system is also applicable to Hiyama [60] and Stille [61] coupling
reactions of primary and secondary alkyl halides with aryl trifluorosilane and
trichlorostannane reagents with simple modifications (Schemes 21 and 22).

The ligand effects of aminoalcohols 25-30 were also examined for the Hiyama
coupling reaction of cyclohexyl bromide with PhSiF; with the combination of Ni
salt and LiHMDS as a base. Among aminoalcohols tested, norephedrine 25 showed
an excellent ligand effect giving the better yield than methylated analog 26, more

NiBry(diglyme) (6.5 mol%)

21 (7.5 mol%)
Br + Ph—SiF3 Ph
CsF (3.8 eq)

DMSO, 60 °C

86%

Scheme 21 Hiyama coupling of a secondary alkyl bromide

@ Springer 10 Reprinted from the journal



Top Curr Chem (Z) (2016)374:66

NiCl, (10 mol%)

23 (15 mol%)
Br + Ph—SnClg Ph
KOt-Bu (7.0 eq)

t-BUOH/i-BUOH (7/3)
60 °C 83%

Scheme 22 Stille coupling of a secondary alkyl bromide

NiCly(dme) (10 mol%)
ligand (15 mol%)
LiIHMDS (12 mol%)

H,0 (8 mol%)
er +  Ph—SiF; <:>—ph
CsF (3.8 eq)

DMA, 60 °C

HO NH, HO  NHMe HO  NH, HO ~ NH; H

e R e e

Ph Me Ph Me Ph Ph

25 26 27 28 29 30
89% 15% 14% 74% 47% 53%

Scheme 23 Hiyama coupling of a secondary alkyl bromide using aminoalcohols as ligand

bulky 1,2-diphenylethanolamine 27 and cyclic aminoalcohols 29 and 30
(Scheme 23) [62].

It is obvious that the structure of the aminoalcohol ligands is crucial to achieve
the coupling reaction efficiently and that the desired optimal electronic and steric
properties for ligands vary largely depending on the substrates employed. In fact,
trans-aminocyclohexanol 29 was found to be the best ligand in Suzuki-Miyaura
coupling reaction of alkyl bromides and iodides (Scheme 24). On the other hand,
the cross-coupling reaction of alkyl chlorides with arylboronic acids was
successfully promoted by prolinol 30 as the ligand (Scheme 25) [63].

In the coupling reaction of alkyl bromides with alkenyltrifluoroborates in #-
BuOH/cyclopentyl methyl ether (CPME) catalyzed by Ni/bathophenanthroline 21,
stereochemistry of the alkenyltrifluoroborates remained unchanged giving rise to the
corresponding E- and Z-alkenes selectively (Scheme 26) [64].

Since alkenyl-9-BBNs are easily accessible from the corresponding alkyne and
H-9-BBN, the direct use of alkenyl-9-BBN generated in situ for the coupling
reaction makes a convenient procedure to produce internal alkenes via cross-
coupling reaction. P-alkylstyrene was prepared by a one-pot operation via
hydroboration/cross-coupling sequence using a Ni complex 13 (Scheme 27) [65].

Nil, (6 mol%)

Br 296 o) Ph «Ph
+  Ph—B(OH), +

i-PrOH, 60 °C

70% total yield
cis:trans = 35:65

Scheme 24 Stereochemistry of arylation of a secondary alkyl bromide

Reprinted from the journal 11 @ Springer



Top Curr Chem (Z) (2016)374:66

NiCly(dme) (6 mol%)

30 (12 mol%)
Cl + Ph—B(OH), Ph
KHMDS (2 eq)

i-PrOH, 60 °C

80%

Scheme 25 Cross-coupling of a secondary alkyl chloride with PhB(OH),

=
BFK Me
Me/\/ 3 NiBry(dme) (10 mol%)
/©/\/\Br 21 (10 mol%) Ph 81%
+
Ph NaHMDS (3 eq) Me

Me t-BUOH/CPME (1/1), _
\_BFk  80°C
Ph

Scheme 26 Stereoselective alkylation of alkenylborates

Although cross-coupling reaction to construct new quaternary carbon center is
one of the most attractive transformations in this area, tertiary alkyl halides are the
most difficult electrophiles to use in cross-coupling reaction. Interestingly, however,
when an Ni salt and a bipyridine derivative 29 were employed, the cross-coupling
reaction of a tertiary alkyl halide with Ph-9-BBN smoothly took place to give the
corresponding coupling product in 84 % yield (Scheme 28) [66].

A similar catalytic system was applied to the cross-coupling reaction of a bicyclic
iodocyclopropane derivative 31 with arylboronic acids. The reaction proceeded to
give 32 in 83 % yield with complete retention of stereochemistry of 31 probably due
the steric rigidity of the fused cyclopropane ring (Scheme 29) [67].

As an alternative coupling partner of alkyl halides, various active esters have
been tested in the coupling reaction with an arylzinc reagent in the presence of Ni

13 (5 mol%)

H
" H-9-BBN /@/\/Q—BBN '@NBOC -
_— _—
THE, it £G NaOMe (1.6 eq)
FaC

1,4-dioxane, 60 °C F,C

NBoc

51%
Scheme 27 Olefin synthesis by alkylation of alkynes via hydroboration/cross-coupling sequence
NiBr,(diglyme) (10 mol%)
t-Bu t-Bu
7 N\ »
—N N
16 (11 mol%
Br LiOt-Bu (2.4 eq) Ph
i-BuOH (2.4 eq)
benzene, 40 °C 84%

Scheme 28 Cross-coupling reaction of a tertiary alkyl bromide
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MeO
|
B(OH), NiClx(PCys), (10 mol%)
. /©/ 21 (10 mol%)
O-g;-0 MeO KOt-Bu (2.4 eq) Lo
t-Bu” “t-Bu t-BUOH (2.4 eq), 60 °C ~si”
t-Bu” “t-Bu
31 32 83%
Scheme 29 Cross-coupling of a bicyclic iodocyclopropane
o) NiCly(dme) (20 mol%)
- R 16 (40 mol%) Et._Ph
o + PhZnCI-LiCl
g THF/DMF, 25 °C n-Bu
R=
"]
-N
Q0 ¥ W ke R
S N=
33 43% 3451% 3542% 36 92% 37 46% 38 <1%

Scheme 30 Decarboxylative cross-coupling of esters

catalyst (Scheme 30) [68]. The reaction of Barton ester 33 of 2-ethylhexanoic acid
with PhZnCl-LiCl in the presence of catalytic amounts of NiCl,(dme) and ligand 16
gave the corresponding coupling product in 43 % yield. The screening of esters
revealed that HOAt (34) and HOBt (35) esters underwent the decarboxylative
coupling reaction in moderate yields. N-Hydroxyphthalimide (NHPI) ester 36
improved the yield of the coupling product to 92 %. On the other hand, the
corresponding tetrachlorinated NHPI ester 37 resulted in a lower yield and N-
hydroxysuccinimide ester 38 did not give the coupling product.

Under similar conditions, esters of N-hydroxytetrachlorophthalimide coupled
with arylboronic acids [69]. It is noteworthy that an ester 40 generated in situ by
treating the corresponding carboxylic acid and hydroxytetrachlorophthalimide 39
with a condensation reagent could be used for the coupling reaction without
purification and the desired coupling product was obtained without significant loss
of yield compared to the reaction using isolated ester 40 (Scheme 31). These results

o G
cl
HO-N
o & o NiCla: GHZO (20 mol%)

39 16 (20 mol%)

.
o DIC or DCC EtsN (10 eq)
OH 1,4-dioxane/DMF, 75 °C
F

72% (from acid)
78% (from ester)

Scheme 31 One-pot cross-coupling of a carboxylic acid via active ester 40
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imply that the coupling reaction provides a powerful tool to construct carbon
frameworks from easily accessible carboxylic acids through a simple one-pot/two-
operation process.

The evidence that cyclopropane ring opening was observed when a cyclopropy-
lacetate was employed suggests the formation of alkyl radical intermediates in the
decarboxylation step.

2.3 C(sp*)-C(sp) Coupling Reaction

Cross-coupling reaction of alkyl halides with metal acetylides is a useful method to
produce internal alkynes having an alkyl group, which are actually difficult to
access by conventional methods such as Pd-catalyzed Sonogashira coupling
reaction due to the unwanted side-reactions arising from B-hydrogen elimination.
In 2011, Hu and Sun independently reported Ni-catalyzed cross-coupling reaction of
unactivated alkyl halides with alkynylmagnesium and -lithium reagents, respec-
tively. When the Ni complex 13 was employed as the catalyst in the presence of
bis[2-(N,N-dimethylaminoethyl)Jether (O-TMEDA), n-Octl coupled with 1-propy-
nylmagnesium bromide to give 2-undecyne in 93 % yield at rt (Scheme 32) [70].

Because of higher nucleophilicity of alkynyllithium reagents, a primary alkyl
bromide coupled with alkynyllithium in N-methylpyrrolidone (NMP) without any
catalysts in 50 % yield. The addition of Ni complex 41 carrying PCP pincer ligand
improved the yield up to 99 % yield (Scheme 33) [71].

A more straightforward synthetic route toward internal alkynes is Sonogashira-
type cross-coupling reaction of alkyl electrophiles with terminal alkynes, which are
converted into the corresponding copper acetylides in situ without using strong
bases. However, due to the difficulty in using alkyl halides as the coupling partner,
over a period of three decades since its discovery in 1975 [72], no effective catalysts
for Sonogashira reaction of alkyl halides had been reported. Fu and Glorius
demonstrated that Pd-NHC catalytic systems promote Sonogashira coupling
reaction of alkyl halides carrying B-hydrogen(s) [73, 74]. In 2009, Hu reported

13 (5 mol%)

. O-TMEDA (3 eq) —
n-Oct—I + BrMg———Me n-Oct———Me

THF, 1t

93%

Scheme 32 Cross-coupling reaction of n-Octl with an alkynylmagnesium bromide

O‘Pth

Ql\ﬂi—CI

O/Il’th
S 41 (0.5 mol%) _

n-Bu—Br + Li—=——Ph n-Bu————~Ph

NMP, rt

99%
without cat. 50%

Scheme 33 Cross-coupling reaction of n-BuBr with an alkynyllithium
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13 (5 mol%)
Cul (3 mol%)
Cs,CO;3 (1.4 eq)

1,4-dioxane, 100°C X =1 83%
X = Cl 89%;with n-BuyNI (20 mol%) at 140 °C

n-Oct——=—=—n-Hex

n-Oct—X + H——==—n-Hex

Scheme 34 Sonogashira-type coupling of alkyl halides with a terminal alkyne

Ni cat (3.5 mol%)
Cul (9 mol%)

n-Oct—I + H———n-Hex n-Oct———n-Hex
LiOt-Bu (1.4 eq)
DMF, 20 °C
Me
NMe, I?h J { NMe,
] No o Ne |
N-Ni-Cl @[ i N-Ni-Cl
Coobe, Sy o (]
e
2 Me, NMe,
13 42 43
43% 13% 74%

Scheme 35 Cross-coupling of n-Octl with a terminal alkyne using tridentate amine ligands

the first example of Ni-catalyzed Sonogashira coupling reaction of primary alkyl
halides with various terminal alkynes by the combined use of complex 13 and Cul
[75]. This catalytic system is applicable to not only alkyl iodides and bromides but
also nonactivated alkyl chlorides albeit at high temperatures (Scheme 34).

When a suitable tridentate ligand was employed, the coupling reaction proceeded
even at room temperature. For instance, the reaction of n-Octl with octyne at 20 °C
resulted in only 43 and 13 % yields by use of Ni complexes 13 and 42, respectively.
On the other hand, Ni complex 43 efficiently catalyzed the coupling reaction to give
the coupling product in 74 % yield (Scheme 35) [76]. The hemilabile nature of the
dimethylaminoethyl ligand in complex 43 seems to be the key for this improved
performance.

Liu screened various combinations of Ni salts with nitrogen based ligands and
found that pybox 44 was the effective ligand for the coupling reaction of secondary
alkyl halides with terminal alkynes. When substituted cyclohexyl iodides were
employed as the coupling partner, the Sonogashira coupling reaction proceeded in
highly diastereoselective manner through the formation of alkyl radical interme-
diates (Scheme 36) [77].

3 Mechanisms
As it is well established, Pd-catalyzed cross-coupling reaction of organohalides with
organometallic reagents usually includes three elementary processes, that is (1)

oxidative addition of organohalides to Pd(0), (2) transmetalation between R-Pd-X
and organometallic reagents, and (3) reductive elimination of two organic groups on
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Ni(cod), (10 mol%)
Cul (2 mol%)

N

tB

B A A
— 44 (15 mol%)

H—=
. H—=
OTBS LiOt-Bu (2 eq)

| DMA/DME, 0 °C

X
OTBS

74%, dr = 99:1

Scheme 36 Diastereoselective alkynylation of a substituted cyclohexyl iodide
2 Ni(Il) P E— Ni(l) + Ni(ll)

Ni(0) + Ni(ll) =——= 2 Ni(l)

Scheme 37 Disproportionation/comproportionation equilibria of Ni species

Pd(II). These processes of Pd catalysis smoothly proceed when sp- and/or sp-
hybridized coupling partners are employed; however, the reactions using alkyl
halides may suffer from slow oxidative addition of alkyl halides as well as slow
reductive elimination of alkylpalladium intermediates. As the result, various side-
reactions such as B-hydrogen elimination from the alkylpalladium complexes often
take place [8, 9].

Principally, Ni behaves similarly as Pd does and catalyzes similar transforma-
tions. In some cases, however, Ni can catalyze the cross-coupling reaction of alkyl
electrophiles in different mechanisms [15, 17]. While Pd usually catalyzes cross-
coupling reaction via Pd(0)/Pd(II) catalytic cycle, Ni complexes having various
oxidation states from Ni(0) to Ni(IV) can participate in the catalytic cycles that may
include one-electron transfer from a Ni complex to the substrates employed and the
facile disproportionation/comproportionation equilibria (Scheme 37) [20].

The formation of alkyl radicals from alkyl halides via single electron transfer
(SET) usually results in unwanted side-reactions such as homocoupling, reduction,
or dehydrohalogenation of alkyl halides; however, if thus formed alkyl radicals are
recombined efficiently with Ni complexes in the reaction media, the corresponding
alkylnickel complexes can play important roles as intermediates in cross-coupling
reaction. Indeed, some of catalysts mentioned above involve the formal oxidative
addition through the formation of alkyl radicals by SET from Ni intermediates.

In this section, reaction mechanisms proposed in some representative Ni catalytic
systems are overviewed.

3.1 Ni/Electron Deficient n-Ligand System
It is known that alkylmetal intermediates, generated by oxidative addition of alkyl

halides to low valent metal catalysts, easily undergo -hydrogen elimination to form
the corresponding alkenes and metal hydrides, which can act as a reducing agent
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Scheme 38 Ni-catalyzed Negishi coupling assisted by intramolecular olefin coordination

toward alkyl halides in some cases. Because p-hydrogen elimination from
alkylnickel complexes is less favorable than the Pd case [78], the reduction and
the dehydrohalogenation of alkyl halides can of course take place, but might be less
serious in Ni-catalyzed reactions.

As shown in Scheme 1, when alkyl iodides and bromides having a C—C double
bond at 4- or 5-positions were employed, the Negishi cross-coupling reaction
proceeded efficiently. In these cases, oxidative addition of alkyl halides toward
Ni(0) species, generated in situ by reduction of the Ni(Il) salt, proceeded efficiently
without formation of the corresponding alkyl radicals. On the other hand, alkyl
halides having no double bond unit underwent halogen—zinc exchange reaction,
exclusively (Scheme 2). These results could be explained by assuming that the -
electrons of the double bond coordinate to diorganonickel intermediates 46,
generated by oxidative addition of Ni(0) with alkyl halides and following
transmetalation of complex 45 with Et,Zn, and accelerate reductive elimination
(Scheme 38). Indeed, pioneering work by A. Yamamoto [2] and following studies
by T. Yamamoto [79] revealed that the coordination of an electron deficient mt-
ligand toward square planer diorganonickel complexes enhances reductive
elimination.

Indeed, the addition of styrene derivatives having an electron-withdrawing
substituent or ketones is also effective to perform the coupling reaction efficiently.
These additives coordinate to the Ni center to promote the reductive elimination
selectively suppressing B-hydrogen elimination from the alkylnickel intermediates
[29-32].

3.2 Ni/l,3-Butadiene Catalytic System

As shown in Scheme 4, Ni represents high catalytic activity toward cross-coupling
reaction of alkyl halides in the presence of 1,3-butadiene. The proposed catalytic
cycle of the Ni/l,3-butadiene catalyzed cross-coupling of alkyl halides with alkyl
Grignard reagents is depicted in Scheme 39, where 1,3-butadiene acts as the ligand
precursor. An in situ generated Ni(0) undergoes oxidative dimerization of 1,3-
butadiene to form bis(n-allyl)nickel complex 47. The Ni center in the complex 47
has +2 oxidation state and is inert toward further oxidative addition of alkyl halides,
but readily reacts with alkyl Grignard reagents to form anionic Ni complex 48
[80, 81]. In this complexation step, one of two allyl ligands changes its coordination
mode from m-allyl to c-allyl to maintain the 16e state at the Ni center and the other
n-allyl ligand stabilizes the ate complex by withdrawing the anionic charge on Ni to
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Scheme 39 Ni/1,3-butadiene catalytic system with nickelate intermediates

NiCl, (1 mol%)

1,3-butadiene (10 mol%)
v/\Br +  n-Oct—MgClI V/\H-OCt + "poc
THF, 0 °C

87% n.d.

Scheme 40 Nonradical mechanism of Ni/1,3-butadiene catalytic system

its LUMO orbital by the m-back donation. The anionic complex 48 possesses
enhanced nucleophilicity and attacks alkyl halides to form Ni(IV) intermediates 49,
which then quickly undergo reductive elimination to give the cross-coupling
products with regeneration of the bis(n-allyl)Ni complex 47. Alternatively, the alkyl
group on anionic Ni may react directly with alkyl halides to yield coupling products.
The reductive elimination from the Ni(IV) intermediates 49 at a high oxidation state
should be a fast process and the reaction of alkyl halides with the anionic Ni
complex 48 was found to be the rate-determining step in the catalytic cycle in the
cases of alkyl bromides, iodides and tosylates [82]. Since all Ni intermediates 47-49
have the 16e structure with no open coordination site, the reaction can proceed
smoothly with complete suppression of B-hydrogen elimination leading to the
selective cross-coupling reaction. Computational studies on the catalytic cycle
support these mechanisms [83, 84].

A reaction of cyclopropylmethyl bromide with an alkyl Grignard reagent gave the
corresponding coupling product in 87 % yield without ring opening of the
cyclopropane (Scheme 40), supporting this ionic pathway without alkyl radical
intermediates that can possibly be generated from alkyl halides via an SET process [33].

The reaction of the anionic Ni complex 48 with alkyl halides is mainly controlled
by enthalpy factors [82]. In sharp contrast, the oxidative addition of alkyl halides to
a Pd(0)-trialkylphosphine complex is entropy controlled [85].

3.3 Ni/nitrogen Based Ligand System

In addition to the ionic pathways mentioned above, Ni-catalyzed cross-coupling
proceeds by alternative pathways involving radical intermediates via homolytic
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t-Bu

+ n-Hep—ZnBr ——— > n-Hep—Me
THF 8%
o

Scheme 41 A control experiment of cationic Ni(II) complex 50 with an alkylzinc reagent

cleavage of the C—X bond of alkyl halides triggered by SET from a Ni complex in
the presence of nitrogen based ligands, which can be classified into four types, that
is, (1) neutral tridentate, (2) neutral bidentate, (3) anionic tridentate, and (4) anionic
bidentate ligands.

As the type 1 ligands, the reactivity of alkylnickel complexes bearing a
terpyridine ligand and the catalytic reaction mechanisms were examined
[41, 42, 86]. The reaction of Ni(0) with Mel in the presence of a terpyridine
ligand provided a cationic methylnickel(II) complex 50 and the treatment of
NiMe,(tmeda) with the same ligand gave a neutral methylnickel(I) complex 51. The
reaction of the cationic Ni(II) complex 50 with an alkylzinc reagent gave only 8 %
yield of the coupling product (Scheme 41). On the other hand, the neutral
methylnickel(I) complex 51 reacted with n-Hepl to give the corresponding coupling
product in 90 % yield (Scheme 42). These results suggest that the Ni/NNN
tridentate catalytic system does not include a simple Ni(0)/Ni(Il) mechanism
comprising the oxidative addition of alkyl halides toward a Ni(0), transmetalation,
and reductive elimination.

A plausible catalytic cycle for the Ni-terpyridine-catalyzed cross-coupling
reaction of alkyl iodides with alkylzinc reagents is shown in Scheme 43. The in situ
formed Ni(I) complex 52 undergoes transmetalation with organozinc reagents to
give the corresponding organonickel species 53. SET from the Ni complex 53 to
alkyl iodides forms alkyl radicals and Ni(II) complex 54. Recombination of these
radicals gives Ni(IIl) species 55 as an intermediate of formal oxidative addition,
which then undergoes reductive elimination to yield coupling products with
regeneration of Ni(I) species 52 to complete the catalytic cycle.

As an example of type 1 ligands, Fu et al. reported mechanistic studies on Ni/
pybox-catalyzed Negishi coupling reaction (Sect. 4) [87]. Phenylnickel(II) complex

+ n-Hep—I —— > n-Hep—Me
THF 90%

Scheme 42 Intermediacy of neutral Ni(I) complex 51 with an alkyl iodide
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Scheme 43 Proposed catalytic cycle of Ni/terpyridine catalytic system

56 and phenylnickel(I) complex 57 (Scheme 44) were synthesized and their
molecular structures were determined by X-ray crystallography. Both of these
complexes adopt a square planer geometry. The ESR spectrum of Ni(I) complex 57
showed a signal with coupling to a '*N atom, suggesting that the radical character
located mainly in the pybox ligand.

When Ni(I) complex 56 was treated with a propargyl bromide, the correspond-
ing coupling product was obtained with a comparable yield and enantioselectivity
[88]. The stoichiometric reaction was largely affected by the addition of TEMPO,
resulting in no reaction in 4 h. However, the reaction did proceed to give the

B-Ar",
5 B 5 1)Ph22né0.5 eq) o e
' ,}l \ \) 2) NaBAr 4 (1.1 eq) S/ ' l}l \ \)
N— pjj—N— THF, —45 °C N—pjj*—N—
i-Pf Br, “i-Pr i-Pf Ph “i-Pr
56 70%

X

Cp*,Co (0.84 eq) o = 0)
Et,0, —40 °C S/N\N'/\N\)
i-Pr Ph i-Pr
57 44%

Scheme 44 Synthesis of phenylnickel(I) and (II) complexes bearing pybox ligand
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s . [Mhekes
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[ | \) + /\n-Bu > n-Bu
S/N\Ni/N / = DME, rt Z
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Scheme 45 Reactivity of cationic Ni(Il) and neutral Ni(I) complexes toward a secondary alkyl bromide

product in 76 % yield by prolonging the reaction time to 48 h, suggesting a
TEMPO-induced induction period. In contrast, somewhat lower yield and
enantioselectivity was observed when Ni(I) complex 57 was subjected to the same
stoichiometric reaction (Scheme 45).

The stoichiometric reaction employing phenylnickel(Il) complex 56 and
Ni(I) complex 58 carrying the opposite enantiomer of the pybox ligand provided
interesting information about the reaction pathway of this catalytic system
(Scheme 46). When Ni(II) complex 56 was treated with a racemic propargyl
bromide in the presence of 5 mol% of TEMPO, no reaction took place as shown
above. The addition of Ni(I) complex 58 to the reaction mixture did promote the
coupling reaction to give the corresponding coupling product with the same ee as in
Scheme 45. This result indicates that propargyl radical selectively recombines with
initially added Ni(I) complex 56 and Ni(I) complex 58 acts as an activator or a
promoter. A proposed pathway is depicted in Scheme 47.

B Ar",
| Br
o NSO TEMPO (5 mol% )
| | | J + /\n-Bu _— no reaction
. S/N\'TW/N . ™S DME, rt
i-Pr Ph i-Pr N
56 o | °
eas
\ N—nNj—N
Ph i-Pr Br i-Pr
58 (0.2 eq)
4 n-Bu
TMS

83%, 82% ee

Scheme 46 Reaction of phenylnickel complex 56 with a secondary alkyl bromide promoted by
Ni(I) complex 58
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Scheme 47 Proposed reaction pathway of Ni/pybox catalytic system

13
/\/O\/\Br + nBu-MgCl —» _~_0O._ n-Bu
DMA, —20°C  ~ n-Bu+ O
10 mol% 13 1:2
2 mol% 13 0:1

Scheme 48 Direct cross-coupling vs. cyclization/cross-coupling

A modified catalytic cycle including carbon radical intermediates was proposed
for the reactions using anionic tridentate N-based ligands where two Ni(Il)
complexes are involved in the catalytic cycle [89, 90]. In the coupling reaction of
allyl bromoethyl ether with n-BuMgCl using the Ni complex 13 as the catalyst, the
product ratio of the direct cross-coupling product and the cyclized product varied
depending on the amount of the catalyst employed, i.e., the cyclized product
predominated at low catalyst loading conditions (Scheme 48). This result and other
evidences suggested a bimetallic oxidative addition pathway is operating
(Scheme 49). The transmetalation of 13 with organometallic reagents forms an
alkylnickel(Il) complex 59, which then reacts with alkyl halides to give alkyl
radicals and a nickel(IIT) complex 60. Thus formed alkyl radicals recombine with
another alkylnickel(Il) complex 59 to generate diorganonickel(IIl) 61 which
undergoes reductive elimination giving rise to the coupling product and a
Ni(I) complex. The successive comproportionation of thus formed Ni(I) species
with the nickel(III) complex 60 regenerates the Ni(Il) intermediates 13 and 59 to
complete the catalytic cycle. This pathway is supported by kinetic studies.

Orpe Oy
| Alkyl-X |

N-Ni-R —_— N-

NM62

s OF oy ap
&

59 61

Scheme 49 Bimetallic mechanism of oxidative addition of alkyl halides toward Ni
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MS 4A, i-Pr,0, rt

relative rates of consumption (X/X')
X=1I,X=Br:>15
X =Br, X'=Cl: >15

Scheme 50 Competitive reactions of alkyl halides

Catalytic reactions using bidentate ligands are also examined. When o-bromo-
sulfonamides and o-sulfones with a C—C double bond at the 5-position were
subjected to a cross-coupling with ArZnX in nickel/bis(oxazoline) system (type 2),
the ratio of uncyclized/cyclized products changed depending on the concentration of
the catalyst [91]. This result supports the formation of free carbon radicals and their
trapping by a Ni intermediate.

Kinetic studies of Ni-catalyzed Suzuki-Miyaura coupling reaction using
secondary alkyl halides and a type 4 ligand 12 was performed (Scheme 50) [44].
The rate law for the reaction of cyclohexyl bromide is first-order in the catalyst
(NiBr,-diglyme/ligand 12), first-order in the alkylborane, and zeroth-order in the
electrophile. These results suggest that the oxidative addition process is not the rate-
determining step in the case of cyclohexyl bromide. In contrast, for cyclohexyl
chloride, the rate of cross-coupling depends on the concentration of the electrophile.

4 Asymmetric Coupling Reaction of Alkyl Electrophiles

When alkyl radical intermediates are involved in the cross-coupling reaction, the
stereochemistry of the products can be controlled by chiral ligands regardless of the
stereochemistry of the alkyl halides employed (for representative reviews
:[13, 18, 19]). This section covers recent advances on Ni-catalyzed asymmetric
cross-coupling reaction using alkyl electrophiles.

The pioneering studies on asymmetric cross-coupling were performed by Fu
using activated alkyl halides [89, 92]. The reaction of racemic o-bromoamide 62
with an alkylzinc reagent using pybox 9 as a chiral ligand gave the coupling product
63 in 90 % yield with 96 % ee (Scheme 51) [92]. The reaction was sensitive to the
structure of the substrates and almost no reaction took place when an N,N-diethyl
amide was used instead of 62. The bromide was recovered as a racemic mixture
after the reaction indicating no evidence of kinetic resolution. The result that the o-
bromoamide reacted selectively even in the presence of other simple primary and

o) NiCly(dme) (10 mol%) [e)
R,R)-9 (13 mol%
BI’I\N)J\( Et + n-Hex—ZnBr ( )-9 ( o) Bn\N Et
| o |
Ph  Br DMI/THF, 0 °C Ph  n-Hex
62 63 90%, 96% ee

Scheme 51 Stereoconvergent Negishi coupling of an o-bromoamide
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X NiBr,(diglyme) (10 mol%)

S,S)-9 (13 mol%
+ NC/\/\ZnBr ( ) ( °)
DMA, 0 °C

Scheme 52 Stereoconvergent Negishi coupling of benzylic halides

CN

X =Cl: 56%, 91% ee
X =Br: 640/0, 91% ee

secondary alkyl bromides implies that the N-aryl amide moiety plays important
roles in the C—X bond cleavage processes.

Benzylic and allylic secondary alkyl chlorides and bromides were found to be
suitable alkyl electrophiles for the stereoconvergent Negishi coupling reaction. For
instance, chloro- and bromoindane coupled with an alkylzinc reagent in the
presence of NiBr,(diglyme) and chiral pybox ligand 9 to give the alkylated product
in good yields with high enantioselectivities (Scheme 52). Substituted haloindane
derivatives also coupled with alkylzinc reagents in excellent enantioselectivity
higher than 91 % ee, while 1-bromoethylbenzene resulted in somewhat lower
enantioselectivity of 75 % ee [93]. Allylic chlorides 65 coupled with alkylzinc
halides under similar conditions. This reaction was accelerated by addition of 4
equiv. of NaCl, either by increasing the ionic strength of the reaction mixture and/or
by activating the organozinc reagents, without affecting the enantioselectivities
[94]. Symmetrical allylic chlorides gave the corresponding coupling products in
good yields with high enantiomeric excesses. Unfortunately, reactions of unsym-
metric allylic chlorides 65 sometimes result in poor regioselectivities, although high
enantioselectivities can be attained (Scheme 53).

Superiority of bidentate ligands having only one chiral oxazoline moiety 68 and
69 in comparison with pybox 9 and box 67 was demonstrated for asymmetric
Negishi coupling of acyclic secondary alkyl bromides with secondary alkylzinc
reagents, which affords high yields and excellent enantioselectivities (Scheme 54)
[95]. However, the use of these modified ligands sometimes suffers from unwanted
isomerization of alkyl groups via B-hydrogen elimination. Actually, a mixture of
coupling products having i-Pr and n-Pr groups was produced when i-PrZnl was used
as a secondary alkylzinc reagent. Another evidence of this isomerization was

(0] (0]
JERRY;
N N—/

Bn S

(S,5)-64 (5.5 mol%) —Bn

cl NiCl,(dme) (5 mol%) R
/\)\ + RN znBr
R Me NaCl (4 eq) RYXA"Me

DMA/DMF, -10 °C

65a: R = n-Bu

65b: R = t-Bu R R' Regioselectivity yield ee
66a n-Bu Ph 1.9:1 97% 83%
66b t-Bu COOMe >20:1 85% 81%

Scheme 53 Stereoconvergent Negishi coupling of allylic chlorides
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NiBr,(diglyme) (10 mol%)

Zn ligand (13 mol%)
\O Csl (1.2 eq) ©/\

CH,Cl,/1,4-dioxane

-30°C
/-Pr “iPr I-Pr GPr
t Bu
(S,9)-9 (S,9)-67 (S)-68 (S)-69
<2%, — 9%, 55% ee 84%, 78% ee 91%, 95 %ee

Scheme 54 Ligand effect on cross-coupling of a secondary bromide with a secondary alkylzinc reagent
using oxazoline-based ligands

. . o »D
Br D NiBry(diglyme) (10 mol%)

1Zn (S)-69 (13 mol%) v
+ :
Me \D Csl (1.2 eq) ©/\Me

CH,CI,/1,4-dioxane
-30°C
70 71 95%, 97% ee
five isomers
D-phenylethyl: trans

Scheme 55 An evidence of isomerization of an alkyl group

obtained by the use of a deuterated cyclopentylzinc reagent 70 which coupled with a
secondary alkyl bromide to give a mixture of five isomers 71 having D at different
positions (Scheme 55).

By using a chiral diamine 72, Ni-catalyzed asymmetric cross-coupling of cyclic
and acyclic secondary alkyl iodides with racemic N-Boc-pyrrolidinylzinc reagent 73
afforded excellent yields and ee (Scheme 56) [96]. Racemic products were obtained
by the combination of a chiral zinc reagent 73 with an achiral catalyst. In addition,
the use of either enantiomer of the stereochemically stable chiral alkylzinc reagent
73 gave the product having the same stereochemistry, which was controlled only by
the chiral ligand 72. No evidence of kinetic resolution of the alkylzinc reagent 73
and epimerization of the chiral center was observed. With these results, the
stereochemistry might be determined by B-hydride elimination/B-migratory inser-
tion pathway without dissociation of the olefin from Ni under the chiral environment
created by the ligands.

Asymmetric cross-coupling of arylzinc reagents with racemic propargyl halides
was also achieved using Ni/pybox 75 catalytic system with high enantioselectivities
(Scheme 57) [88]. Under the similar reaction conditions, the coupling reaction of
propargyl carbonates with arylzinc reagents smoothly proceeded with good
enantioselectivities [97].
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MeHN NHMe
(RR)-72 (17 mol%)

| NiCly(dme) (15 mol%)
e[S W)
Boc/ , rt Boc
74

73
from rac-R,Zn: 86%, 93% ee
from (S)-RoZn: 80%, 96% ee

Scheme 56 Enantioselective alkylation of N-Boc-pyrrolidinylzinc reagent 73
o) (o)
N e
N N—/

™S (=)-75 (3.9 mol%) ™S )
Me o DME, -20 °C Ve
71%, 93% ee

Scheme 57 Asymmetric cross-coupling of a propargyl bromide with an arylzinc reagent

FG._ Alkyl chiral Ni cat. FG._ Alkyl

he +  Ph—znX

Br Ph

(e} (@] \/O O\\/,O O\\//O
Ph)J\./Me Ph)S/Et NC._ M-S BY g Sa B
Ph F Ph Ph Ph Ph

76 77 78 79 80
87%,94% ee  88%,97% ee  98%, 94% ee 88%, 96% ee 96%, 94% ee

Scheme 58 Scope of stereoconvergent Negishi coupling of activated secondary alkyl bromides

As shown in Scheme 58, alkyl halides having various functional groups were
subjected to enantioselective coupling reaction with arylzinc reagents using
tridentate and bidentate N-based ligands. An o-bromoacetophenone derivative
coupled with phenylzinc reagent to give 76 in high yield and enantioselectivity [98].
Introduction of fluorine atom at the a-position of ketones did not affect the reaction
giving rise to enantiomerically enriched tertiary alkyl fluoride 77 [99]. In addition,
o-bromo cyanides [100], sulfonamides, and sulfones [91] underwent the asymmetric
cross-coupling reaction to give the corresponding coupling products 78-80 with
high ee.
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Me_ Me
OO
S/N N\_)
Ph Ph
(S,5)-81 (7.8 mol%) OMe
)B\r Cizn OMe  NiCly(dme) (6 mol%)
N
F3sC~ Me \©/ THF/diglyme
—20°C FsC~ Me

81%, 91% ee

Scheme 59 Enantioselective arylation of 2-bromo-1,1,1-trifluoropropane

For the enantioselective cross-coupling reaction of CF3 substituted secondary
alkyl halides with arylzinc reagents, chiral box ligand 81 afforded the best result.
Surprisingly, the chiral Ni/box catalyst could discriminate between CF5 and CHj; to
give the coupling product in 91 % ee (Scheme 59) [101].

Secondary alkyl bromides carrying C—O double bond of ketone, ester, or amide at
the adjacent position underwent the asymmetric cross-coupling reaction with
various alkenyl and aryl metal reagents involving organoboron [102], silicon [103],
magnesium [104], and zirconium [105] reagents by the aid of appropriate chiral
ligands and additives.

Fu et al. examined commercially available chiral diamine ligands for the Suzuki—
Miyaura coupling and found that the reaction of a secondary homobenzylic bromide
with an alkyl-9-BBN proceeded in enantioselective manner by the aid of chiral
N,N'-dimethylethylenediamine type ligands [106]. The electron deficient diamines
having trifluoromethylphenyl group 82 provided a good yield with a high
enantiomeric excess. When a sterically congested diamine ligand 85 was used,
both yield and ee decreased (Scheme 60). The electron deficient chiral ligand 82
afforded high enantioselectivities for various homobenzylic secondary alkyl
bromides. This reaction is sensitive to the structures of the substrates. For example,
the reactions of 2-bromo-1,2,3,4-tetrahydronaphthalene as a cyclic homobenzylic
bromide and (3-bromobutyl)benzene as a y-phenyl bromide resulted in poor ee.

Ni(cod), (10 mol%),

Ar. Ar
— (12 mol%)
PP 4 ppSgppy  MeHN  NHMe _ Ph/\i/\
Br KOt#-Bu (1.2 eq), i-BuOH (2 eq), Ph
-Pr,0, 5 °C
Ar yield ee
Ph 12 76% 85%
3-CF3CgHy- 82 85% 89%
4-CF3CgHy- 83 66% 88%

3,5-Me,CeHs- 84 72%  80%
2,46-MesCgH,- 85 46% 6%

Scheme 60 Enantioselective cross-coupling using chiral diamine ligands
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Ni(cod), (10 mol%),
FsC CF;

82 (12 mol%)

Ph / Ph
MeHN  NHM Ph
P + ph >"o.8BN ° ° > AE;/\

Br KOt-Bu (1.2 eq), i-BuOH (2 eq), Ph
i-Pr,0, 5 °C

68%, 90% ee

Scheme 61 Stereocontrol by phenyl groups at remote positions

However, 2-bromo-1,4-diphenylbutane as a pB,y-diphenyl bromide afforded the
corresponding alkylated product with 90 % enantioselectivity (Scheme 61) [106].
These results suggest that the interaction between B-aryl group and Ni center plays
an important role in the stereoselection step of the catalytic cycle.

The effects of functionalities at remote positions on the stereoselectivities were
examined using substrates bearing coordinating heteroatom functionalities, and the
results are summarized in Scheme 62. Carbonyl group of an acylated halohydrin 86

NiBr,-diglyme (10 mol%),

Ar/’ Ar
— 12 1%
DG R MeHN NHMe( mere) L
n +  Alkyl-9-BBN > n:
X KOt-Bu (1.4 eq), n-CgH430H or Alkyl
i-BUOH (1.8 eq), i-Pr,0, rt
Jiy i 1 r
Bn. Et Ph_ -B
"N o/\/ N)W PhO” N e PhOJ\N/\)\
| | |
Ph Br Ph Cl n-Bu Br n-Bu
86 87 88 89
96% ee 85% ee 90% ee 54% ee
Br 0 0 O 0
Ms . n-CsH13 \ 7/ \ /7
N/Y Ms .. S Et 8 Et
l N MesN n-Bu
n-Bu Br | 2 \/Y \/Y
n-Bu Br Br
90 91 92 93
90% ee 74% ee 85% ee 88% ee
©\ MezN
[}]/Y \©\/Y MeZN/©\/Y
Me ClI Cl Cl
94 95 96
89% ee 12% ee 12% ee
I\I/Ie
N
Q\NQ/CI \/Y
cl Cl
97 98 99
41% ee 10% ee <5% ee

Scheme 62 Scope and limitations of stereoconvergent Suzuki—-Miyaura coupling
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| AN Br * |n%Ph> 5 \\
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Scheme 63 Asymmetric alkynylation of a seocndary bromide

0
0 .Cl NiCly(dme) (10 mol%) />
BnO (\O 35 (15 mol%) BnO o -“‘\/ko
- +
BnO' OBn O)\/\ZnBr
OBn

DM, rt BnO" OBn
OBn

100 101 65%, a-only

Scheme 64 Diastereoselective alkylation of halosaccharides

[107], a <y-haloamide 87 [108], and a carbamate-protected haloamine 88 [109]
effectively controlled their enantioselectivities. Carbamate-protected y-haloamine
89 afforded a lower ee, whereas sulfonamides 90-92 and sulfone 93 at the 7y-
position also act as the appropriate directing groups in the asymmetric Suzuki—
Miyaura coupling reactions.

Tertiary amino groups also play important roles, but their positions are important
to achieve high enantioselectivity, as shown in Scheme 62 [110]. Dimethylamino
group on the phenyl ring at m- or p-position in substrates 95 and 96 exhibited little
effect on the ee. Cyclic analog 97 was not a suitable substrate for the asymmetric
Suzuki—Miyaura coupling reaction. The evidence that 94 reacts faster than 98 but
the ratio of the relative rates is only two suggests that the amino groups do not
largely affect the reactivity of the Suzuki-Miyaura coupling but play important role
in the stereo selection process.

Asymmetric alkynylation of benzylic secondary alkyl bromides with alkyny-
lindium has also been achieved using chiral Ni/pybox 9 complex (Scheme 63)
[111].

Gagné demonstrated the Ni-catalyzed diastereoselective C-alkylation of halosac-
charides with organozinc reagents. The diastereoselectivity largely depended on the
structure of sugars and mannose derivative 100 showed excellent diastereoselec-
tivity rather than glucose and galactose derivatives (Scheme 64) [112, 113].

5 Applications

In this section, applications of Ni-catalyzed cross-coupling reaction to the synthesis
of natural products and their analogues are briefly overviewed.

The Ni-butadiene catalytic system was employed to construct long alkyl chains
of fatty acids and related compounds by the cross-coupling of ®-halocarboxylic
acids. In order to avoid messy protection-deprotection processes of the carboxyl
moieties, carboxylic acids were treated with ~BuMgCl to convert into their
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1. NiCl, (1 mol%),
1,3-butadiene (1 eq),
t-BuMgCl (1 eq), NMP (1 eq),

TBSO. _ ~ A~ THF, —78° then 0°, 1 h (0]
MgBr

> BFW
+ 2. Br,PPh; (3 eq), CH,Cly, 1t, 12 h Z m OH
0 m=5:72%
BF\M#OH m=6:85%

m=17:>99%
NiCl, (1 mol%), m=8:93%
1,3-butadiene (1 eq), m=9:95%
t-BuMgCl (1 eq), NMP (1 eq),
CH3(CH,),MgCl (1.4 eq) o
THF, -78 °C then 0°C, 1 h WOH
' ' m=5,n=5:90%
m=6,n=4:88%
m=7,n=3:>99%
m=8,n=2:97%
m=9,n=1:93%

Scheme 65 Synthesis of elaidic acid and its regioisomers by iterative coupling

magnesium salts [114] prior to the Ni-catalyzed cross-coupling. Iterative cross-
coupling by a one-pot procedure provided elaidic acid, which has trans-olefin
moiety at ®-9 position, and its regioisomers in excellent yields (Scheme 65) [115].

Kobayashi employed the cross-coupling reaction using Ni-butadiene catalytic
system in the synthesis of the C7-C22 fragment of an antifungal agent, khafrefungin
102, as a key step of the asymmetric total synthesis (Scheme 66) [116].

By the use of Ni/l,3-butadiene catalytic system, a long unsaturated fatty acid
moiety 103 having 30 carbons of an inositol phospholipid 104 from E. histolytica
was synthesized and used for the total synthesis of the natural product (Scheme 67)
[117].

Hu et al. demonstrated the utility of their one-pot hydroboration/cross-coupling
sequence by synthesizing a natural macrolide, recifeiolide 107. Hydroboration of
alkyne 105 and subsequent cross-coupling reaction with ethyl 7-bromoheptanoate
by Ni complex 13 gave the corresponding cross-coupling product 106 in 78 % yield.

TsO _~_-0Bn 1 Ni(acac),
NF E
CH3(CHa)ge_~_OH
90%

.
CHy(CH)g-MgBr % BCls

14 steps
——» CH3(CHy)g

Scheme 66 Total synthesis of khafrefungin 102
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Scheme 67 Total synthesis of an inositol phospholipid 104

O
H 9-BBN
=z L sy
TBDMSO TBDMSO 5 OEt

105 THF, rt
O
13 (5 mol%) J\/\/\H)J\ 3 _ 3steps o
—_—_——
NaOMe (1.6 eq) TBDMSO
1,4-dioxane, 80 °C 106 78% A

rac-107 58%

Scheme 68 Total synthesis of recifeiolide 107

Deprotection and macrolactonization of 106 afforded rac-107 in good yield
(Scheme 68) [65].

An antitumor active cembranoid diterpene, (4)-o-cembra-2,7,11-triene-4,6-diol
110, has tertiary carbon centers with the 14-membered macrocycle skeleton. The
adjacent tertiary carbon centers were successfully constructed by Ni-catalyzed
secondary—secondary coupling of a propargyl bromide 108 with i-PrZnl to
synthesize an intermediate 109. (Scheme 69) [40].

The asymmetric formal total synthesis of fourteen membered macrocycle,
fluvirucinine A; 113, possessing two tertiary stereocenters has been achieved by
asymmetric Negishi reaction using Ni/pybox 64. The coupling reaction of an allylic
chloride with an alkylzinc reagent gave the corresponding coupling product 111 in
93 % yield with 96 % ee. Subsequent asymmetric Negishi coupling of a racemic
secondary allyl chloride with an alkylzinc reagent derived from 111 gave the
coupling product 112 with excellent enantio- and diastereoselectivities. Flu-
virucinine A; 113 was successfully synthesized by the following two step operations
(Scheme 70) [94]. Due to the difficulty of constructing isolated chiral centers based
on diastereoselective strategies, the present method would be useful for the
asymmetric total synthesis of a wide variety of natural products.
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S \\ 10 (10 mol%), i-PrZnl (3 eq) ~ AN
Br DMA, rt o "i-Pr
X X
108 rac-109 61%

HO Ho

8 steps
i-Pr

110

Scheme 69 Total synthesis of (+)-o-cembra-2,7,11-triene-4,6-diol 110

Although connecting two saccharide units by cross-coupling reaction is a highly
challenging issue in organic synthesis due to the difficulties arising from their highly
functionalized skeletons, Ni-catalyzed Suzuki—Miyaura cross-coupling provides a
reliable synthetic tool to combine two saccharides by forming a C—C bond. For
instance, 2-halomethylhexose derivative 114 was coupled with borylated D-glucal
115 in the Ni/16 catalytic system giving 116 in good yields (Scheme 71) [118].

Total synthesis of a family of salmochelins, metabolites of the ferric-binding
siderophores produced by E. coli and S. enterica, was achieved by Gagné and Gong
et al. employing Ni-catalyzed cross-coupling reaction of a bromoglucose derivative

BrzZn NiCly(dme) (5 mol%)
cl o+ \k(o (S,S)-64 (5.5 mol%) . |
oj NaCl (4 eq), DMA/DMF, —10 °C  Et0OC 0
5

111 93%, 96% ee

EtOOC

NiCly(dme) (5 mol%),
2 steps Zn, I (S,S)-64 (5.5 mol%)

o} ~ NaCl (4 eq), DMA/DMF, —10 °C

Br OJ cl

89% Et)m\

COOEt

(o) 2 steps
4>

b

COOEt
112 82%, 98% ee, dr = 15:1 113 58%

Et

Scheme 70 Asymmetric synthesis of fluvirucinine Al 113
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Scheme 71 Cross-coupling between saccharide derivatives

with an arylzinc reagent using terpyridine ligand 117 [113]. The key coupling
reaction proceeded with excellent diastereoselectivity in a good yield to give 118.
The C-aryl glycoside 118 was successfully converted into salmochelin S1 120 and
S2 121 by subsequent condensation and deprotection processes (Scheme 72) [119].

t-Bu
X
t-Bu N N/ ‘ N t-Bu
| N N~ COOMe
O .Br 1Zn COOMe 117 (15 mol%) OBn
AcO Ni(cod), (10 mol%)
- y +
AcO' ‘OAc 0Bn DMF, 1t AcO OBn
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OAc
118 55%
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4 steps
OBn 119 5 steps
i 2 steps oHH
OH OH
OH
OH HO
OH oH o 0 OH
HO O HI?O 0
HO o OH 2 H
OH HN N
HN oH I\o OH
I\ o> oH>oH’ M
O (0] OH
O
0o O<_NH
O, NH
HO
HO
HO
120 HO 121
Scheme 72 Total synthesis of salmochelins
33 @ Springer

Reprinted from the journal



Top Curr Chem (Z) (2016)374:66

6 Conclusion and Outlook

During the past two decades, a great deal of effort has been devoted to developing
cross-coupling reaction using alkyl electrophiles. Among various transition metals
that can catalyze such transformation, Ni exhibits promising and unique catalytic
activities. The reaction proceeds efficiently under mind conditions with high
tolerance to a wide range of functional groups even in the cross-coupling with
Grignard reagents. Various alkyl halides including fluorides and pseudo halides such
as tosylates and carbonates, as well as carboxylic acid esters via decarboxylation can
be employed as the source of saturated carbon frameworks, which include not only
primary and secondary alkyls, but also tertiary alkyls. The scope of coupling partners
includes various organometallic compounds with any types of carbon skeletons such
as n-, sec-, tert-alkyl, vinyl, aryl, and alkynyl groups carrying various metals such as
B, Mg, Zn, Si, Zr, and In. An attractive feature of the Ni-catalyzed system is the
stereoconvergent cross-coupling of racemic alkyl electrophiles using chiral ligands.
This procedure will provide a new route to create stereogenic carbon centers. These
interesting features of Ni-catalyzed cross-coupling are in part due to the properties of
the nickel metal that can take various oxidation states from O to 4, i.e., oxidative
addition of alkyl halides can be facilitated by an electron transfer mechanism which
also enables stereoconvergent synthesis and formation of Ni complexes at high
oxidation states accelerates reductive elimination. With these successful C-C bond
formations on sp>-carbon centers, Ni-catalyzed cross-coupling reactions have been
employed for the synthesis of various natural products and their analogues.

The cross-coupling reaction provides a powerful tool for recombination of single
bonds as the metathesis reorganizes unsaturated bonds. It was thought for a long
time that use of alkyl electrophiles in cross-coupling is not practical. Now, as
mentioned above, such transformations emerged as a promising tool to construct
saturated carbon frameworks and will open a new era in organic synthesis by means
of providing new convenient routes for constructing organic molecules.
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Abstract The traditional transition metal-catalyzed cross-coupling reaction,
although well suited for C(sp2)-C(sp2) cross-coupling, has proven less amenable
toward coupling of C(sp3)-hybridized centers, particularly using functional group
tolerant reagents and reaction conditions. The development of photoredox/Ni dual
catalytic methods for cross-coupling has opened new vistas for the construction of
carbon—carbon bonds at C(sp3)-hybridized centers. In this chapter, a general outline
of the features of such processes is detailed.

Keywords Photoredox catalysis - Cross-coupling - Alkyltrifluoroborates -
Alkylsilicates

1 Introduction

Transition metal-catalyzed cross-couplings are among the most important classes of
reaction for carbon—carbon bond formation [1], with the synthesis of many
biologically relevant molecules being realized by using at least one cross-coupling
step in their construction [2]. Through the years, the development of new catalysts,
ligands, and substrates have greatly improved the scope of this transformation [3],

This article is part of the Topical Collection “Ni- and Fe-Based Cross-Coupling Reactions”; edited by
“Arkaitz Correa”.

X< Gary A. Molander
gmolandr @sas.upenn.edu

Livia N. Cavalcanti
liviacavalcanti8 1 @gmail.com
Instituto de Quimica-Universidade Federal do Rio Grande do Norte, Natal, RN, Brazil

Roy and Diana Vagelos Laboratories, Department of Chemistry, University of Pennsylvania,
Philadelphia, PA 19104-6323, USA

Reprinted from the journal 37 @ Springer


mailto:gmolandr@sas.upenn.edu
mailto:liviacavalcanti81@gmail.com

Top Curr Chem (Z) (2016) 374:39

making it efficient for a variety of electrophiles (organic halides and pseudohalides)
and nucleophiles (organometallic compounds). Nonetheless, although very efficient
for coupling of C(sp2)-C(sp2) centers, current methods often lack diversity when it
comes to coupling of sp3-hybridized carbons. The major challenge arises from lower
rates of transmetalation and subsequent competition with protodemetalation as well as
undesired B-hydride elimination pathways observed using methods transpiring
through the traditional two-electron catalytic cycle (Scheme 1). The development of
new ligands and the use of other metal catalysts, such as nickel- and iron-based
complexes, have expanded the scope of the electrophilic partner for this reaction to
include unactivated and sterically hindered alkyl substrates by diminishing the
formation of B-hydride elimination side products [4]. However, the incorporation of
C(sp3)-hybridized nucleophilic components has remained a challenge, often requiring
more highly reactive reagents (e.g., Grignard reagents [5] or organozinc reagents [6])
for successful coupling. Alternatively, harsh reaction conditions, such as excess base
and high temperatures using superstoichiometric amounts of less reactive nucle-
ophiles (i.e., organoboron reagents [7, 8]) to improve the rates of transmetalation can
also be utilized. In either case, current protocols have become highly restrictive in
terms of their tolerance of sensitive functional groups.

To overcome these limitations, a novel mechanistic paradigm has been
developed. Thus, a combination of visible light photoredox/nickel dual catalysis
has become a powerful tool for cross-couplings of C(sp3)-hybridized substrates,
allowing new and improved reactivity patterns never achieved in a traditional cross-
coupling cycle. The utility of this method comes from the capacity of the
photocatalyst to “activate” the nucleophilic coupling partner by generating a high-
energy radical intermediate via single-electron transfer (SET) chemistry, making
C(sp3)-hybridized nucleophiles ideal substrates for this transformation. In essence,
the interaction of the photocatalyst with visible light provides the energy of
activation needed to overcome the often-prohibitive energy barrier associated with

Ar'
reductive Ln Pd?
elimination oxidative
addition

R1 L Pd R1 and
R2™N B-hydride Y
+ elimination R2
Pd(H)Ar!

transmetalation M
2
re_L__

Scheme 1 Traditional Pd-catalyzed cycle for cross-couplings reaction
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Scheme 2 Proposed mechanism for photoredox/Ni dual catalytic cross-coupling

the transmetalation of minimally nucleophilic (but functional group tolerant)
partners under two-electron mechanistic schemes.

A prototypical mechanistic scenario for photoredox/Ni dual catalytic cross-
coupling is depicted in Scheme 2 [9]. In the photoredox cycle, a C(sp3)-hybridized
radical is generated from SET oxidation of a suitable precursor by an excited-state
photocatalyst (PC) complex. This radical can enter the cross-coupling cycle in two
different pathways: addition to an organonickel(Il) species, formed after oxidative
addition of an aryl halide to a Ni(0) catalyst, or direct radical addition to the Ni(0)
catalyst followed by oxidative addition of the aryl halide. Both pathways provide a
common Ni(IIT) intermediate that can rapidly dissociate the stabilized radical or
more slowly undergo reductive elimination to afford the desired coupled product
and a Ni(I) species. The latter can be reduced by the iridium complex to regenerate
both the Ni(0) and the photocatalysts (Scheme 2).

This chapter provides an overview of the advances made in this newly
established area, which includes cross-coupling with organotrifluoroborates,
silicates, and carboxylates, among others, showcasing the utility of these methods
for cross-coupling of C(sp3)-hybridized nucleophiles.

2 Cross-Coupling with Organotrifluoroborates

Organotrifluoroborates have been utilized through the years as robust nucleophilic
partners in Suzuki—Miyaura cross-coupling reactions [10]. They are known for
undergoing a variety of transformations while keeping the appended carbon—boron
bond intact [11-13]. Consequently, molecular complexity can be built into various
functionalized core reagents, providing more diversity by which targeted molecular
platforms can be constructed. Moreover, when compared to other boron species,
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such as boronic acids and boronate esters, organotrifluoroborates are more stable,
allowing them to be stored for years without appreciable decomposition. Despite all
these advantages and concerted efforts, examples of cross-coupling of C(sp3)-
hybridized alkyltrifluoroborates have been limited [14—16], and successful protocols
still require harsh conditions (excess base, high temperatures) to overcome a slow
transmetalation.

Given the enormous resources devoted by several groups to the development of
suitable conditions for C(sp3)-hybridized cross-coupling using organoboron
reagents, it became apparent that a new approach to the challenge was needed.
The seminal breakthrough in cross-coupling of secondary alkyltrifluoroborates came
with the development of an elegant and mild protocol combining visible light
photoredox/nickel dual catalysis to allow cross-couplings reactions of these
nucleophiles [17]. This approach takes advantage of the fact that the effective
transmetalation step, in which the alkyl group on boron ends up on the nickel center
through a net one-electron oxidation of the Ni (Scheme 2), is a virtually barrierless
process [9]. This single electron pathway thus transforms the problematic, high-
energy, two-electron transmetalation into a facile one-electron process.

The ease of SET oxidation associated with many alkyltrifluoroborates (making
them suitable carbon radical precursors) along with favorable single-electron redox
potentials of the nickel catalysts, were the perfect match to allow the cross-coupling
of benzyl and alkoxyalkyltrifluoroborates with aryl- and heteroaryl bromides. Thus,
employing [Ir(dF(CF;z)ppy).(bpy)](PFe) as a photocatalyst, Ni(COD),/dtbbpy as the
cross-coupling precatalyst, and irradiation from a 26-W compact fluorescent light
bulb (CFL) at room temperature for 24 h, the desired coupled products were
obtained in good to excellent yields (Scheme 3). In the SET oxidation of the
alkyltrifluoroborates, BF3 is released as a byproduct. This was found to inhibit the
cross-coupling, and thus additives are needed to sequester this Lewis acid. In the
initial report, 2,6-lutidine was used for this purpose. Other bases, including amines,
inorganic bases, and metal fluorides, have subsequently found use in this role.

Once this unique paradigm of reactivity was established, a computational
analysis of the process was conducted to gain insight into and confirm the intricacies
of this novel class of reaction [9]. As outlined previously (Scheme 2), these studies
revealed that the radical formed in the photoredox cycle can add to nickel either
after or before oxidative addition, depending on the concentration of Ni(0) or Ni(II),
with both pathways converging to a common Ni(IIl) intermediate. This diorganon-
ickel(III) intermediate undergoes dissociation to form a Ni(II) species faster than the
subsequent reductive elimination (Scheme 4). According to these calculations, the

[Ir(dF(CF3)ppy)2(bpy)I(PFe) (2 mol %)
Ni(COD), (3 mol %)

©/\BF3K . BrrN dtbbpy (3 mol %) mN
N/) 2,6-lutidine (3.5 equiv) N/)
acetone/MeOH (95:5)

26 W CFL, 24 h

96% yield

Scheme 3 Cross-coupling of benzyltrifluoroborate under dual photoredox/nickel catalysis
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Scheme 5 Comparison between experimental and calculated stereoinduction

reactive Ni(II) and Ni(IIl) intermediates thus reside in a Curtin~-Hammett regime,
pointing to the reductive elimination step being responsible for the stereoselectivity
of these processes via dynamic kinetic resolution (DKR) when a chiral nickel ligand
is utilized.

The prediction made with the theoretical study was confirmed with experiments
that tested this hypothesis (Scheme 5). The practical value of this new method
derives from the fact that readily available, racemic alkyltrifluoroborates may be
utilized in a stereoconvergent process to access enantio-enriched products simply by
using chiral ligands for the nickel catalyst. Proof of principle was provided in the
synthesis of an enantioenriched diarylmethane.

With a better understanding of the mechanism of these reactions, the method was
further extended to a variety of organotrifluoroborate nucleophiles. The scope of
secondary alkyltrifluoroborates was studied under similar conditions, changing the
nickel catalyst to NiCl,-dme and the base additive to Cs,COj3 [18]. Alkyltrifluo-
roborates with different ring sizes and steric demands were efficiently coupled with
aryl- and heteroaryl bromides. In contrast to previous results for similar
transformations under traditional Pd-catalyzed conditions [13, 16], (£)—2-methyl-
cycloalkyltrifluoroborates afforded the desired products without rearrangement,
giving only the racemic, trans-diastereomer (Scheme 6). Importantly,
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Scheme 6 Photoredox/Ni dual catalytic cross-coupling of secondary alkyltrifluoroborate

[Ir(dF(CF 3)ppy)2(bpy)l(PFe) (2.5 mol %)
NiCl,*dme (5 mol %)

v B f j dtbbpy (5 mol %
T e > No reaction
COyMe Cs,CO;3 (1.5 equiv)

dioxane, 26 W CFL, 24 h

Scheme 7 Photoredox/Ni dual catalytic cross-coupling of cyclopropyltrifluoroborate

alkyltrifluoroborates in which the alkyl group possesses greater s-character have
unfavorable redox potentials (because radicals generated from these species are less
stable than those with less s-character), thus inhibiting radical formation.
Consequently, the desired coupled product was not detected when cyclopropyltri-
fluoroborate was tested. This is not of particular concern because cyclopropyltri-
fluoroborates couple extremely well under normal Pd-catalyzed conditions [19, 20],
but this result does serve to showcase one of the limitations of the process and also
points to the complementary nature of the photoredox/Ni dual catalytic method
relative to that of two-electron cross-coupling methods (Scheme 7).

The efficacy of the photoredox/Ni dual catalysis cross-coupling of benzyltriflu-
oroborates was tested using inexpensive, donor—acceptor fluorophores instead of the
expensive Ir catalyst for the photoredox cycle (Scheme 8) [21]. After optimization,
the alternative 4CzIPN photoredox catalyst was found efficient, affording the
desired coupled products in yields comparable to those obtained using iridium
photoredox catalysts. The use of this fluorophore catalyst allowed photoredox/Ni
cross-coupling of benzylic trifluoroborates with aryl- and heteroaryl bromides
bearing electron-poor and electron-rich substituents (Scheme 9). If this organic
photocatalyst proves to be generally applicable to related applications, it would
provide a way to carry out these transformations in a highly economical manner,
with Ni as the only base transition metal catalyst.

High selectivity was anticipated in the photoredox/Ni dual catalytic transforma-
tions of sp3-hybridized alkyltrifluoroborate partners over sp2-hybridized boronate
esters. The former are more easily oxidized not only because the radical generated
upon oxidation is more stable, but also because the boronate esters are isoelectronic
with electron deficient carbocations, and thus highly resistant toward single electron
oxidation. In the event, reaction of benzylic trifluoroborates with aryl bromides
containing tricoordinate, sp2-hybridized boron species was achieved under
photoredox/Ni dual catalytic conditions (Scheme 10) [22]. The products obtained
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Scheme 9 Photoredox/Ni cross-coupling using donor—acceptor fluorophore 4CzIPN

1. [Ir(dF(CF3)ppy)2(bpy)I(PFg) (2 mol %)
Ni(COD), (3 mol %), dtbbpy (3 mol %)

Br. BPin OH
HTMP (3 equiv), THF, 26 W CFL, 24 h
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Scheme 10 Orthogonal photoredox/Ni dual cross-coupling

1. Photoredox/Ni cross-coupling

2. Suzuki cross-coupling (74%) Ph
PR Br 3. Buchwald-Hartwig (70%)
Ph BFgK N B
cl BPin 0 7

Scheme 11 Photoredox/Ni orthogonal reactivity and further functionalization

were further reacted in known transformations to build molecular complexity in an
efficient, modular manner, taking advantage of the highly selective cross-coupling
of the benzyltrifluoroborate with aryl bromides (Scheme 11).

Chiral a-aminomethyltrifluoroborates were also tested in the cross-coupling
reaction with aryl- and heteroaryl bromides, using synergistic photoredox/Ni dual
catalysis [23]. The best set of conditions was established using
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[Ir(dF(CF3)ppy).(bpy)](PFe) as the photocatalyst, Ni(NOj3),-6H,0O/bioxazole as the
cross-coupling precatalyst, and 2,6-lutidine as an additive, with irradiation from a
26-W CFL at room temperature to promote the reaction (Scheme 12). This method
allowed access to a variety of valuable N-benzylic amino acids, including those with
a highly functionalized caffeine motif and pharmacologically relevant SFs, thienyl
sulfonamide, and boronic acid functional groups. Importantly, no epimerization of
the stereogenic center was observed under the developed conditions, validating the
mild reaction conditions of this protocol.

Fluorinated molecules are of great importance to the pharmaceutical and
agrochemical industries [24]. The presence of one fluorine atom can enhance the
bioavailability of a compound compared to non-fluorinated species. Hence, methods
to access fluorine-containing structures are highly desirable and yet challenging
because of the high electronegativity associated with this atom, which often conveys
unexpected reactivity patterns. As an approach to introduce the CF3 group in a novel
manner, the use of a-trifluoromethylated alkylboron reagents in combination with
photoredox/Ni catalytic cross-coupling became a valuable tool to synthesize new
trifluoromethylated products. Thus, utilizing very similar reaction conditions to the
previously developed photoredox/Ni cross-coupling of secondary alkyltrifluorobo-
rates, the coupled products of a-trifluoromethylated trifluoroborates with a variety
of aryl- and heteroaryl bromides has been reported [25]. The substrate scope for this
reaction included nitrile, ester and ketone functional groups in addition to a variety
of aryl- and nitrogenated heteroaryl bromides. Importantly, after extensive
screening using traditional Pd-catalyzed cross-coupling protocols, no conditions
could be found that provided useful conversion to the desired target structures.
Although the photoredox/Ni cross-coupling reactions were not optimized for high
enantioselectivity, modest asymmetric induction could be achieved from racemic
trifluoroborates in the transformations, induced by the chiral ligand in a
stereoconvergent process (Scheme 13) [26]. Non-benzylic, trifluoromethylated

[Ir(dF(CF3)ppy)2(bpy)I(PFs) (2 mol %)
Ni(NO3),°6H,0 (5 mol %) N ~

o] N Br
Boc\)N/k(O\ . —NWN\ bioxazole ligand (10 mol %) o) N 0
o N \>_g\/
o% \

2,6-lutidine (3.1 equiv) N
KF3B EtOAc, 26 W CFL, 7.5 h, rt pum
O \

. . (0] N
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74% vyield (L-isomer)
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Boc j;(o p/ bioxazole ligand (10 mol %) N
N N+ N (0]
J 0 N 2,6-lutidine (3.1 equiv)
KF3B Ao} EtOAc, 26 W CFL, tt, 6 h N,N\
. ' o N \Si)
Bioxazole ligand = [ />_</ j 81% yield
N (0]

Scheme 12 Photoredox/Ni dual catalytic cross-coupling of Boc-N-trifluoroboratomethyl amino acids
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[Ir(dF(CF 3)ppy)2(bpy)l(PFe) (3 mol %)

CF, NiBry*dme (5 mol %) CF3
Br ~F Ligand (7.5 mol %) F
BFK + A A N
_N Cs,COj3 (4 equiv), KF (1 equiv) | N

MeO dioxane, 26 W CFL, 48 h MeO Z

51% yield
o 6]
Ligand = 27— ] 80:20 er
Ph N N, _-Ph

Scheme 13 Cross-coupling of a-trifluoromethylated trifluoroborates under dual photoredox/Ni catalysis

[Ir(dF(CF 3)ppy)2(bpy)I(PFe) (2 mol %)
NiCl,*dme (3 mol %)

| S 0 BEK Br fN dtbbpy (3 mol %) @O | XN
+
N N/J K,HPO, (3 equiv) N N/J

dioxane/DMA, 26 W CFL, 24 h, rt

71% yield

Scheme 14 Photoredox/Ni cross-coupling of alkoxymethyltrifluoroborates with aryl bromides

trifluoroborates were ineffective using the developed protocol, probably due to the
high oxidation potentials of the trifluoroborates. Poor or no conversions were
observed for aryl chloride electrophiles.

Another important and unique class of organotrifluoroborate that has been
utilized in the synergistic photoredox/Ni cross-coupling are alkoxymethyltrifluo-
roborates, which undergo cross-couplings with aryl- and heteroaryl bromides [27] as
well as acyl chlorides [28], affording benzylic ethers and o-alkoxy ketones,
respectively. The scope of the reaction with aryl bromides included partners with
aldehyde, ketone, nitrile, methoxy, fluoride, trifluoromethyl, and amide functional
groups. Bromides embedded within heteroaryl substructures such as benzothio-
phene, thiophene, benzofuran and a variety of nitrogen-containing heterocycles,
such as pyridines, quinolines and pyrimidines, were also successfully coupled with
the alkoxymethyltrifluoroborates (Scheme 14). This protocol allows a unique access
to benzylic and pseudobenzylic ethers, which are normally prepared by Williamson
ether-type syntheses. The novel carbon—carbon bond connect permits the introduc-
tion of much more structural diversity into such systems, because it incorporates
readily available aryl- and heteroaryl halide partners as opposed to the more scarce
benzylic derivatives required for carbon—oxygen bond formation.

Using acyl chlorides as the electrophiles, alkoxymethyltrifluoroborates contain-
ing primary, secondary, and tertiary alkoxy groups were efficiently coupled under
the developed protocol, and a broad range of acyl chlorides with aryl-, alkyl-, and
heteroaryl substituents could be utilized as well (Scheme 15). As was the case with
the benzyl ether syntheses outlined above, the a-alkoxy ketone synthesis derives
from a unique bond connection that complements every other approach to this class
of molecules. Modest asymmetric induction could be achieved in a stereoconver-
gent process starting with a racemic alkyltrifluoroborate partner in conjunction with
a chiral ligand on the nickel cross-coupling catalyst.
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[Ir(dF(CF3)ppy)2(bpy)I(PF6) (2 mol %)
NiCl,*dme (4 mol %)

N (o] Ligand (4 mol %) | N 0
+
EZ/O\/BHK CI)J\/\Ph Cs,CO; (1 equiv) = O\)J\/\Ph
THF, 26 W CFL, 24 h, rt

Ligand = C}—{: j\

t-Bu

66% yield

[Ir(dF(CF 3)ppy)2(bpy)I(PFg) (2 mol %)
NiCly*dme (4 mol %) o

Ph BF 3K (0] Ligand (4 mol %)
OBn Cl Ph Cs,CO5 (1 equiv)

THF, 26 W CFL, 24 h, -25°C OBn

91% yield
Ligand = 0 O] 81:19 er
7
Ph N N, _-Ph

Scheme 15 Photoredox/Ni cross coupling of alkoxymethyltrifluoroborates with acyl chlorides

3 Cross-Coupling with Silicates

Although the photoredox/Ni dual catalytic cross-coupling of alkyltrifluoroborates
constitutes a remarkable breakthrough for couplings of C(sp3)-C(sp2) bonds, these
methods are still limited by the high oxidation potential of these pro-nucleophiles.
The implication of this is that only relatively stabilized radicals can be generated
from the alkyltrifluoroborates (e.g., 2° alkyl, a-alkoxy, and o-amino), and
additionally an expensive Ir photocatalyst is often used for partners that are more
challenging to oxidize. Furthermore, these reactions require base additives to
sequester the BF3 generated, and high dilution is ideal owing to the poor solubility
of potassium organotrifluoroborates in many solvents.

In response to these limitations, radical precursor reagents were sought that
would resolve these issues, and attention was turned toward alkylammonium
bis(catecholato)silicates. The reported ability of these reagents to serve as radical
precursors in photoredox processes [29] made such substrates an attractive
alternative to use as nucleophilic partners in the photoredox/Ni dual catalyzed
cross-couplings. Their oxidation potentials were much more favorable than those of
the alkyltrifluoroborates, they exhibited enhanced solubility in a variety of solvents,
and moreover, the byproducts generated during the catalytic cycle (bis

[Ir(dF(CF3)ppy)2(bPY)I(PFe) (2 mol %)

@ .
N Kt[18-0-6] Ni(COD), (3 mol %)
a5 [O Br dtbbpy (3 mol %)
N
NS + \©\ N
H o oN  DMF, blue LED (477 nm), rt, 24 h H
CN

87% yield

Scheme 16 Photoredox/Ni dual catalysis cross-coupling of alkylsilicates
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catecholsilane and alkylammonium bromide) are benign, thus avoiding the need for
base additives. Preliminary work using this concept was reported for alkyl
bis(catecholato) silicates with 4-bromobenzonitrile using [Ir(dF(CF;)ppy)»
(bpy)](PF¢) as a photocatalyst, and Ni(COD),/dtbbpy as the precatalyst, with
irradiation from a blue LED at room temperature for 24 h [30]. Six different alkyl
bis (catecholato) silicates (1° and 2° alkyl as well as aminomethyl derivatives) were
utilized, and the resulting products were obtained in very good yields (Scheme 16).
A tert-butyl derivative provided none of the desired product under the developed
conditions. Because potassium was the counterion of choice in these early studies,
the addition of the expensive additive 18-crown-6 was necessary to aid in both the
stability and solubility of the compounds.

Under the same set of conditions developed, the scope of this work was later
expanded to a variety of aryl- and heteroaryl bromides containing electron-
withdrawing and electron-donating groups, such as ketones, fluorides, hydroxyls,
chlorides, and silyl and boronate esters, and the coupled products were obtained in
moderate to good yields (Scheme 17) [31]. Benzylic, allylic, and primary
alkylsilicates were also suitable partners for this transformation. The crown ether
stabilizer was again utilized to improve solubility and yields.

Despite the proof of principle that alkylsilicates could be used as alternative
nucleophilic partners in a combined photodoredox/Ni cross-coupling, the reported
method utilized similar conditions to those developed for organotrifluoroborates
without exploiting the lower oxidation potential of primary alkylsilicates
(E° = + 0.75 V vs. SCE) [32] when compared to primary alkyltrifluoroborates
(E° > + 1.50 V vs. SCE) [33]. Furthermore, the use of the unstable Ni(COD), as a
precatalyst and the high cost of the 18-C-6 additive made these protocols wholly
impractical. With these considerations in mind, concurrent studies were carried out
in which the method was dramatically improved. First, alkylsilicates possessing
inexpensive alkylammonium counterions were synthesized from alkyltrimethoxysi-
lanes and two equivalents of catechol in the presence of various amines (e.g., Et;N
or i-Pr,NH). This protocol provided excellent yields of the desired bis(catecholato)
silicates, which were easily isolated as indefinitely stable crystalline solids or free-
flowing powders. Taking advantage of the more favorable redox potential of
alkylsilicates relative to that of alkyltrifluoroborates, a base-free photoredox/Ni
cross-coupling was developed using a less expensive ruthenium photocatalyst
(E° = + 0.77 V vs. SCE) [34]. After optimization, suitable conditions were found
using [Ru(bpy)3](PFs), as the photocatalyst, NiCl,-dme/dtbbpy as the cross-
coupling precatalyst in DMF solvent with visible light. The scope of the silicate

D [Ir(dF(CF3)ppy)2(bpy)I(PFe) (2 mol %)
L o, \IKnecel Ni(COD), (3 mol %)
ACO/\/\§< Ij) . Br | \ dtbbpy (3 mol %) ACON\Q
o \Q\l DMF, blue LED (477 nm), 24 h N
2 I !

81% yield

Scheme 17 Photoredox/Ni dual catalysis cross-coupling of alkylsilicates with bromoarenes
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partner was shown to include primary and secondary alkyl bis(catecholato)silicates
containing pyridine, esters, lactams and most importantly, free primary amine
functional groups (Scheme 18). Aryl- and heteroaryl bromides with electron-
donating and electron-withdrawing groups were also successful under this set of
conditions.

To showcase the complementary nature of this method with that of the
corresponding alkyltrifluoroborate coupling, two consecutive photoredox/Ni dual
catalytic cross-couplings were carried out using dibrominated arenes. The first
cross-coupling was performed using an alkyltrifluoroborate under the previously
reported Ir-based photoredox/Ni dual catalysis. The product of this reaction was not
isolated, but only filtered and concentrated. Addition of a suitable solvent and a 1°
alkylsilicate (coupling of which could not be accomplished with the analogous
trifluoroborates) provided the second coupled product in very good yield over two
steps (Scheme 19).

As an extension of this protocol, alkenyl halides were utilized as electrophiles in
the cross-coupling [35]. Alkenyl iodides, -bromides and even unactivated alkenyl
chlorides were all efficient in producing the desired coupled products in moderate to
very good yields (Scheme 20). Of note, no isomerization of the double bond was
observed under the developed set of conditions. The reaction with an alkenyl
bromide containing a free hydroxyl group was not successful, with no desired
product being detected. Both primary and secondary alkylsilicates underwent cross-
coupling in moderate to excellent yields.

Interestingly, while attempting the cross-coupling of an alkylthiosilicate under
the same set of conditions, a new thioesterification process was discovered [36].
This unanticipated transformation was proposed to derive from an intermediate thiyl
radical, formed by a hydrogen-atom transfer (HAT) from the initially formed alkyl

[Ru(bpy)3](PFg)2 (2 mol %)
NiCly+dme (5 mol %)

o LO Br o H.N
Hﬁ s @ + m diobpy (6 mol %) ’ /\/\@
N DMF, 26 W CFLt, 16 h N

87% yield

[Ru(bpy)3](PFe)2 (2 mol %)

®
\ | HNEt, NiClysdme (5 mol %) _N
o o Br N dtbbpy (5 mol %)
Si + | J N\
H

N DMF, 26 W CFLrt, 16 h

Z=~/

98% yield
[Ru(bpy)3](PFe)2 (2 mol %)

®
7 \ | HNEts NiCly=dme (5 mol %)
\fj\ﬁ@ o Br dtbbpy (5 mol %)
SN Si +
o OMe DMF, 26 WCFLt, 16 h

2

50% vyield

Scheme 18 Photoredox/Ni dual cross-coupling of ammonium alkylsilicates and aryl bromides
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[Ir(dF(CF 3)ppy)2(bpy)I(PF¢) (2 mol %)
NiCly+dme (5 mol %)

Br O dtbbpy (5 mol %)
+
@: g KFB Cs,CO03 (1 equiv)
r

dioxane, 26 W CFL, rt, 48 h

O
i. filtration
B ® OAc
ii.
Br
e 5 \ | HNEt; 97%
(not isolated) AcO Si @
o
2
DMF, 26 W CFL, rt, 16 h
Scheme 19 Consecutive photoredox/Ni dual cross-couplings
® [Ru(bpy)3](PFs)2 (2 mol %)
\ | HNEt; NiClysdme (5 mol %) O. OFEt
o /O o] dtbbpy (5 mol %)
Si + Cl Et =
g o© \:)LO DMF, blue LED (470 nm), tt, 24 h
2
80% yield
® [Ru(bpy)3](PFe)2 (2 mol %)
\ HNEt; NiCl+dme (5 mol %)
e /O dtbbpy (5 mol %) o M Cetis
QSi + o TCeH13
o DMF, blue LED (470 nm), rt, 24 h
2 74% yield
® [Ru(bpy)s](PFe)2 (2 mol %)
[} \ | HNEt, NiCly+dme (5 mol %)
o LO dtbbpy (5 mol %) (e}
)J\O /\/\Si + \/O )J\ /v\/O
o Br .~ DMF, blue LED (470 nm), rt, 24 h o
2
74% yield

Scheme 20 Photoredox/Ni dual cross-coupling of ammonium alkylsilicates and alkenyl halides

® [Ru"* [Ru']
o \ | HoN(i-Pr),
S SET

HS\_/—Si

LNin

HAT H
., j - [LnNi"” -SPr}
°s

o
2

Scheme 21 Formation of the thiyl radical

radical (Scheme 21). Once generated, it is the thiyl radical that engages with the
nickel complex in a single electron oxidation process (Scheme 2), that eventually
leads to reductive elimination to generate the thioether.

Reprinted from the journal 49 @ Springer



Top Curr Chem (Z) (2016) 374:39

With this new reactivity pattern, the photoredox/Ni dual catalytic cross-coupling
of thiosilicates with aryl and heteroaryl bromides was investigated. Aryl- and
heteroaryl bromides containing electron-rich and electron-poor functional groups
were well tolerated in this protocol, affording arylthioethers in good yields
(Scheme 22). Notable exceptions were 4-bromophenol and 5-bromobenzofuran,
which failed to give the product under this developed protocol.

Because thiol-substituted trimethoxysilanes [used as precursors in the formation
of the bis(catecholato)thiosilicates] have limited availability, a version of this
transformation using thiols and a sacrificial alkylsilicate as a hydrogen atom
abstractor was envisioned. The proposed mechanistic pathway would involve a
HAT from thiol to the alkyl radical formed through SET oxidation of the silicate,
yielding a thiyl radical that would be the species to enter the dual catalytic cycle
(Scheme 23).

This protocol proved to be highly efficient, and a wide range of thiols were
coupled with diverse aryl- and hetereoaryl bromides (Scheme 24). The products
were obtained in moderate to excellent yields for primary, secondary and tertiary
thiols containing free hydroxyl groups, unprotected primary amines, cysteine,
esters, and ketones. The method provides a useful route that is highly complemen-
tary to existing methods of synthesis of aryl alkyl thioethers. Such materials are
normally prepared by SnyAr reactions of alkylthiolates onto activated aromatic
systems, or Sy2 reactions of aryl thiolates onto alkyl halides. Both of these routes
have rather severe mechanistic/substrate restrictions, and thus the development of
the photoredox/Ni cross-coupling approach provides a unique entry into this
important subclass of molecules.

Borazaronaphthalenes are a unique and important class of heteroaromatic
compounds. The B—N bond in these species exhibits isosterism with C = C bonds
in aromatic congeners [37]. The introduction of the B-N bond into new molecular
platforms is of great interest in medicinal chemistry, because it has the potential to

[Ru(bpy)3](PFe)2 (2 mol %)

® : !
\ | HoN(i-Pr NiCly«dme (5 mol %)
e /0 NEFD2 B O dtbbpy (5 mol %) S oS
Hs i * \ |
o N7 DMF, blue LED (470 nm), rt, 12 h N7
2 72% yield

Scheme 22 Photoredox/Ni dual catalysis thioetherification

® R2—S-H
5 \ | HaN(i-Pr),
1_%. SET &HAT
R i [ «R! } R!'—H
o} \,
2
{ R2—Se* } ~ >, cross-coupling

Scheme 23 Proposed hydrogen-atom transfer for thiyl radical formation
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®
o /o \ | HoN(i-Pr),
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o
2
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"0, ¢ e gt ]
+
g o LM RupysIPRe), (2 mol %) S one
oc NiCly+dme (5 mol %) NHBoc

dtbbpy (5 mol %)
DMF, blue LED (470 nm), rt, 24 h

83% yield

Scheme 24 Photoredox/Ni thioetherification using silicates as H-atom abstractor

Fs ®
; AN UIHNEG,  [Ru(bpy)si(PFe)2 (2 mol %) Fs
@i < o Oj@ NiCly=dme (5 mol %) N
.
7 Br o N

dtbbpy (5 mol %) B

2 DMF, blue LED (470 nm), rt, 40 h ‘ N
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[Ru(bpy)s](PFe)2 (2 mol %)
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H ¥ o fo ) MNEs A H "
mol
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Scheme 25 Photoredox/Ni dual catalyzed cross-coupling of brominated borazaronaphthalenes

lead to new, biologically active drugs [38]. In this context, the use of borazaron-
aphthalenes in the photoredox/Ni dual catalysis cross-coupling protocol is a highly
attractive transformation to provide an increase in molecular diversity [39]. Thus,
using the same set of conditions previously developed for bromoarene electrophiles,
a variety of brominated borazaronaphthalenes were successfully engaged in
photoredox/Ni  catalysis ~ with ~ ammonium  alkylbis(catecholato)silicates
(Scheme 25). The scope of the silicate partner was shown to include primary and
secondary unprotected amines, amides, esters and heteroaryl functional groups.

4 Decarboxylative Cross-Coupling

Concomitant with the development of the photoredox/Ni dual catalysis with
organotrifluoroborates came the findings of decarboxylative cross-couplings using a
similar mechanistic paradigm. Carboxylic acids have the advantage of being widely
available, stable, and generally inexpensive precursor reagents. Their use as
nucleophilic partners in decarboxylative cross-couplings with aryl halides to form
C(sp2)—C(sp2) bonds has been well established, and many examples with benzoic
acid derivatives as well as aryl and heteroaryl halides have been reported to date
[40, 41]. Nonetheless, alkyl carboxylic acids are more challenging partners in cross-
couplings reactions, often requiring activated substrates such as cyclohexadienyl
[42] or o-cyano acids [43]. The pioneering work of MacMillan/Doyle and
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coworkers using the synergistic photoredox/nickel catalysis strategy for cross-
coupling of a-amino acids is a viable alternative to the reported methods [44]. The
formation of carbon-centered radicals in the proposed catalytic cycle makes C(sp3)
centers ideal nucleophilic partners for this transformation. Optimal conditions were
found using [Ir(dF(CF5z)ppy).(bpy)](PFs) as the photocatalyst, NiCl,-glyme/dtbbpy
as the precatalyst, and Cs,COj as an additive, with irradiation coming from a 34-W
blue LED at room temperature. An array of aryl halides, including aryl iodides,
-bromides, and -chlorides containing electron-donating and electron-withdrawing
groups, as well as heteroaryl halides, were successfully cross-coupled with diverse
o-amino acids and an a-oxycarboxylic acid (Scheme 26).

The proposed mechanism for this transformation involves the formation of a
radical species from a single electron transfer oxidation/decarboxylation promoted
by a photoexcited Ir(Ill) complex (Scheme 27), which can enter the nickel catalytic
cycle to form the desired product.

Merging photoredox and nickel catalysis in decarboxylative cross-coupling was
further studied for a variety of carboxylic acid precursors with alkenyl halides [45].
Using a similar set of conditions as the one developed for aryl halides, the scope of
the reaction was shown to include cyclopentenyl- and cyclohexenyl ring systems,
ribose-derived cyclic a-oxycarboxylic acids, acyclic primary and secondary o-
oxycarboxylic acids, o-amino acids, as well as secondary alkyl and benzylic
carboxylic acids (Scheme 28). In terms of the electrophiles, alkenyl iodides and -
bromides containing aromatic rings, benzyl ethers and silane functional groups
could be used. Importantly, when a (Z)-alkenyl iodide was utilized, no isomerization
of the double bond was observed. Primary alkyl carboxylic acids afforded the
desired coupled products, albeit in low yield (11 %), whereas tertiary alkyl
carboxylic acids were not efficient partners in this method.

Finally, the synthesis of a natural product was realized utilizing the developed
protocol. Hence, trans-rose oxide was obtained in 79 % yield from a combined
photoredox/Ni catalytic cross-coupling of a trans-tetrahydropyran carboxylic acid
and an alkenyl iodide (Scheme 29).

[Ir(dF(CF3)ppy)2(bpy)I(PFe) (1 mol %) o
NiCl,+glyme (10 mol %)

o
COH dtbbpy (15 mol %) o
.
N | NHBoc Cs,CO3 Q
Br DMF, 34 W blue LED, tt, 72 h ’

Bod N NHBoc

Boc/
83% yield

[Ir(dF(CF3)ppy)2(bpy)](PFe) (1 mol %)

o NiCl,+glyme (10 mol %) o
@ dtbbpy (15 mol %)
.
o~ ~CO:H Cs,CO5
Br DMF, 34 W blue LED, rt, 72 h )
82% vyield

Scheme 26 Decarboxylative cross-coupling of o-amino acids under photoredox/Ni dual catalysis
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Scheme 27 Formation of an alkyl radical from decarboxylative SET oxidation

[Ir(dF(CF3)ppy)2(bpY)I(PFs) (1 mol %)
NiClyeglyme (1 mol %)
] COMH 4 g\ nCeHis z i / X N-CeHiz
HN NHBoc Cs,C0;5, DMA HN NHBoc

34 W blue LED, rt, 4 h

LNi
—_— [ LNin*1-R }

R.

79% yield

[Ir(dF(CF3)ppy)2(bpy)I(PFe) (1 mol %)
NiClysglyme (5 mol %)

dtbpy (5 mol %)
+ N nCeHys =
CO,H Cs,CO3, DMSO n-CeHq3

34 W blue LED, rt, 8 h

78% yield

[Ir(dF(CF3)ppy)2(bpy)I(PFg) (1 mol %)
NiCly+glyme (10 mol %)

n-CgHy1q dtbpy (15 mol %) n-CsHq4
coH 1S %
(¢} 2 Z Cs,CO3, DMF 0 N\F

34 W blue LED, rt, 70 h

84% yield

Scheme 28 Photoredox/Ni dual decarboxylative cross-coupling with alkenyl halides

[Ir(dF(CF3)ppy)2(bpy)I(PFs) (1 mol %)

NiClyeglyme (5 mol %) le)
\KﬁH dtbpy (5 mol %) H
.
I\)\
CO,H Cs,CO;, DMSO N

34 W blue LED, rt, 18 h
79% yield

Scheme 29 Photoredox/Ni decarboxylative cross-coupling in the synthesis of rose oxide

The synthesis of aryl ketones was also developed utilizing photoredox/Ni
catalysis in the decarboxylative cross-couplings of a-keto acids [46]. Reaction
conditions were developed to carry out an efficient coupling of a variety of o-keto

[Ir(dF(CF3)ppy)(dtbbpy)](PFg) (1 mol %)
NiCl,eglyme (5 mol %) le)

o)
Bra_ dtbpy (15 mol %)
OH . | AN
g N Li,COs (2 equiv), DMF/H,0 | N
34 W blue LED, rt, 72 h

83% yield

Scheme 30 Photoredox/Ni decarboxylative cross-coupling of a-keto acids
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acids bearing aromatic and aliphatic substituents as well as for aryl-, heteroaryl-,
alkenyl-, and secondary alkyl halides (Scheme 30).

This reaction protocol was also utilized in the synthesis of fenofibrate, a
cholesterol-modulating drug, further highlighting its utility (Scheme 31).

An enantioselective version of the dual photoredox/Ni catalyzed cross-
coupling of commercially available a-amino acids and aryl bromides was also
sought [47]. Under conditions very similar to those developed for the achiral
transformation but using a chiral ligand, it was possible to synthesize benzylic
amines in good to excellent yields and ees up to 92 % (Scheme 32). The scope
of the reaction was shown to allow electron-rich and electron-poor aryl
bromides, and bromopyridines containing trifluoromethyl and fluorine func-
tional groups. Substituents such as carbamate, ether, ester, indole, and
thiophene were well tolerated in the Boc-protected o-amino acid moiety.
Changing the protecting group to N-Cbz still afforded the coupled product,
albeit in lower yields.

Complementary studies on the decarboxylative cross-coupling of o-amino acids
to investigate the influence of oxygen, solvent, and light on these transformations
were carried out [48]. The protocol reported by MacMillan and coworkers for
photoredox/Ni dual catalytic cross-coupling of Boc-Pro-OH with 4-iodotoluene was
utilized as a model for the study. Under rigorous exclusion of O, no coupled product
was observed, showing the requirement of an O, atmosphere. When other ligands,
solvents and Ni catalysts were tested, all showed the dependence of oxygen with
lower yields or no conversions being observed in a degassed reaction mixture
(Scheme 33).

As in the case of the alkyltrifluoroborates (Scheme 9), the use of donor—acceptor
fluorophore catalysts was also investigated for the photoredox/Ni cross-coupling of
carboxylic acid partners [21]. The alternative 4CzIPN photoredox catalyst was
found efficient to afford the desired coupled products in yields comparable to those
obtained using iridium complexes. The use of this fluorophore photocatalyst
allowed photoredox/Ni decarboxylative cross-coupling of o-amino acids and o-oxy
carboxylic acids with aryl- and heteroaryl halides (iodides, bromides, and chlorides)
bearing electron-poor and electron-rich substituents (Scheme 34).

o]
OH
o 0 [Ir(dF(CF3)ppy)2(dtbbpy)I(PFg) (1 mol %)
\r 0 NiCl,+glyme (10 mol %) o
o dtbpy (15 mol %)
+ Li,COj3 (2 equiv), DMF/H,0 YO%O cl
34 W blue LED, 1t, 72 h 5

'\@\ 71% yield
cl

Scheme 31 Photoredox/Ni decarboxylative cross-coupling in the synthesis of fenofibrate
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[Ir(dF(CF3)ppy),(dtbbpy)](PFg) (2 mol %)
NiClyeglyme (2 mol %)

0 XN Chiral ligand (2.2 mol %), TBAI ~ N
Me + |
OH B l_ . Cs,C03, DME/toluene Me N
Me NHBoc 34 W blue LED, 18 °C, 36 h Me NHBoc
CN
) ) 0 — 0 63% yield
Chiral ligand = \\> 91% ee
NH N—/
t-Bu t-Bu

Scheme 32 Enantioselective dual photoredox/Ni decarboxylative cross-coupling

@COQH
N

Boc [Ir(dF(CF 3)ppy)2(dtbbpy)](PFe) (1 mol %) then o
NiCl,+dtbbpy (10 mol %) air
No product ——>
* Cs,CO3, DMF (degassed) N

Boc
26 WCFL, rt, 4h

Br \©\'( 60% yield

(0]

Scheme 33 Effects of O, in decarboxylative photoredox/Ni catalyzed cross-coupling

5 Miscellaneous

During the development of the decarboxylative cross-coupling under photoredox/Ni
dual catalysis by MacMillan/Doyle, the direct functionalization of C(sp3)-H bonds
using N,N-dimethylanilines was achieved, affording the products in moderate to
good yields (Scheme 35) [44]. In this preliminary finding, three aryl iodides
containing methyl-, chloro- and methoxy substituents, as well as one pyridine-based
heteroaryl bromide, were found to be efficient in this transformation. The proposed
mechanism for this reaction requires the formation of the nitrogen-stabilized alkyl
radical of dimethylaniline from a SET oxidation promoted by an excited-state
iridium complex (Scheme 36). This radical can enter the Ni cross-coupling cycle
(Scheme 2) to complete this dual catalytic reaction.

4CzIPN (2.5 mol %)
NiCly+dme (10 mol %)

Br 0
' 0,
QCO?H + \@TOMe 22700y (1m0l %) >—< >—4

Cs,CO3 (1.5 equiv), DMF N OMe

o 26 W CFL, rt, 10 h Boc
65% yield

Scheme 34 Decarboxylative photoredox/Ni cross-coupling using donor—acceptor 4CzIPN

Reprinted from the journal 55 @ Springer



Top Curr Chem (Z) (2016) 374:39

[Ir(dF(CF 3)ppy)2(bpy)I(PFe) (1 mol %)
NiCl,eglyme (10 mol %) \N N

\N e
Br -~y dtbbpy (15 mol %) |
+ | ZCF
7 CF, KOH (3 equiv) 3

DMF, 26 W CFL, rt, 48 h

60% yield

Scheme 35 Direct C(sp3)-H cross-coupling using dual photoredox/Ni catalysis
AN PN N P
L,Nimt N

N
E— E— I
SET

Scheme 36 Radical formation by SET oxidation

Thioethers are important structures found in many drugs for treatment of diseases
such as cancer, HIV, and Alzheimer’s disease [49]. The traditional transition metal-
catalyzed synthesis of thioethers often requires strong bases, high temperatures,
specially designed ligands, and high catalyst loading, limiting functional group
tolerance [50, 51]. Thiyl radicals are easily formed from thiols, making them useful
substrates for radical reactions in organic synthesis [52]. Using this concept, thiols
were utilized as nucleophilic partners in a photoredox/Ni dual catalytic cross-
coupling in a method that complements that previously outlined in Scheme 24 [53].
Optimal conditions were found utilizing [Ir(dF(CF3)ppy).(dtbbpy)](PFs) as the
photocatalyst, NiCl,-glyme/dtbbpy as the cross-coupling precatalyst, pyridine as an
additive, and irradiation with a 34-W blue LED at room temperature. A wide variety
of aryl iodides containing electron-rich and electron-poor functional groups were
tolerated, forming the thioethers in moderate to very good yields. The scope of the
thiol nucleophile was found to include thiophenols, N-Boc-cysteine, as well as
primary and secondary functionalized alkylthiols (Scheme 37).

The proposed mechanism for formation of the thiyl radical entering the
photoredox/Ni dual catalytic cycle starts with a single-electron transfer oxidation of
the thiol by the photoexcited Ir complex to produce a thiol radical cation, which
undergoes deprotonation by pyridine to yield the desired thiyl radical (Scheme 38).
The latter feeds into the Ni-catalyzed cross-coupling cycle.

Indolines are important scaffolds in total synthesis and medicinal chemistry. The
synthesis of these compounds generally relies on Pd- or Rh-catalyzed cyclization of
alkenes with aryl halides [54] or C—H activation [55]. However, because of the ease
of B-hydride elimination (Heck-type reaction) for the alkyl intermediate formed
after alkene insertion, these methods often require strongly deactivating alkenes or
alkenes bearing no B-hydrogen, thus limiting the utility of this transformation. The
use of photoredox/Ni dual catalytic cross-coupling for the synthesis of indolines
allows the formation of the desired products because B-hydride elimination can be
avoided [56]. Thus, reaction of 2-iodoacetanilide derivatives with various alkenes
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[Ir(dF(CF3)ppy) (dtobpy)](PFs) (2 mol %)
NiCly+glyme (10 mol %)

dtbbpy (15 mol %
FiC  SH + /©/ 2 5 ~ /©/
| pyridine (2 equiv) FsC S

MeCN, 34 W blue LED, rt, 24 h

92 % yield

Scheme 37 Photoredox/Ni dual catalytic cross-coupling of thiols

pyr
SET -
R—SH ——= [ R—SH]

pyrH”

LNi" _
R—s-] T~ |LNi™1-SR

Scheme 38 Proposed mechanistic formation of thiyl radical under photoredox/Ni dual catalysis

under optimized photoredox/Ni cross-coupling conditions provided a variety of
functionalized indolines in low-to-good yields (Scheme 39). Within the alkene
partner, a number of functional groups could be embedded, including alkylsilyl
groups, silyl-protected alcohols, nitriles, chlorides, Boc-protected primary amines,
esters, and arenes.

The proposed mechanism for this transformation differs from the established
cycle for the photoredox/Ni dual catalysis cross-coupling, because in this case there
is no radical formation. Instead, after oxidative addition of the aryl halide, the
organonickel(I) species undergoes a migratory insertion with an alkene, forming a
new organonickel(Il) species. This intermediate, upon deprotonation and oxidation
by an excited Ru complex, forms a Ni(Ill) complex that undergoes reductive
elimination to provide the product and release Ni(I) halide, which is reduced to
Ni(0) by the Ru photocatalyst (Scheme 40).

6 Conclusions and Outlook
The photoredox/Ni dual catalytic cross-coupling protocol has opened new vistas for

carbon—carbon bond-forming reactions. Not only has it enabled transformations that
were extremely challenging, if not impossible, under previous conditions, but these

[Ru(bpy)s](PFg)2 (1 mol %)

Ni(COD), (15 mol %) n-Hex
' IPr (16 mol %)
L, - oo o
cl NHAG Et3N (2 equiv) al N
acetone, blue LED, rt, 26 h Ac
86% yield

Scheme 39 Photoredox/Ni dual catalysis indoline synthesis
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IPr—Ni°

oxidative
n-Hex IPr—Ni' addition
I
|
®
N IPr /IPr—I )
Ac Nill Nt |
. — 2
Ru(bpy)s NHAc H/K
reductive
elimination
migratory Zn-Hex
insertion

®
Et;NH

Et:N
Scheme 40 Proposed mechanism for indoline synthesis using photoredox/Ni dual catalysis

reactions can also be carried out in a highly sustainable manner using readily
available starting materials at room temperature. Visible light is utilized to
overcome the previously problematic high-energy transition state barriers associated
with the transmetalation from non-nucleophilic organoboron and organosilicon
coupling partners. New coupling partners (e.g., carboxylic acids) have been
introduced, and all of these reactions take place using inexpensive, Ni-based
catalysts. With the introduction of suitable organic photocatalysts, practitioners are
now in a position to carry out unprecedented cross-coupling reactions in a highly
effective and economical manner, while at the same time significantly expanding
three-dimensional chemical space. With the promise of performing all of these
reactions in a stereoconvergent manner from racemic precursors, photoredox/Ni
cross-coupling represents an incredibly powerful new renaissance for this important
class of carbon—carbon bond-forming transformations.
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Abstract The Ni-catalyzed reductive coupling of alkyl/aryl with other electrophiles
has evolved to be an important protocol for the construction of C—C bonds. This
chapter first emphasizes the recent progress on the Ni-catalyzed alkylation, aryla-
tion/vinylation, and acylation of alkyl electrophiles. A brief overview of CO, fix-
ation is also addressed. The chemoselectivity between the electrophiles and the
reactivity of the alkyl substrates will be detailed on the basis of different Ni-
catalyzed conditions and mechanistic perspective. The asymmetric formation of
C(sp™)-C(sp?) bonds arising from activated alkyl halides is next depicted followed
by allylic carbonylation. Finally, the coupling of aryl halides with other C(sp?)—
electrophiles is detailed at the end of this chapter.

Keywords Reductive coupling - Nickel catalysis - Electrophiles - Selectivity

1 Introduction

In recent years, development of transition metal-catalyzed cross-coupling between
two electrophiles has received considerable attention (for reviews, see [1-6]). These
methods avoid the prepreparation of nucleophiles that are often converted from their
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more stable and accessible electrophile precursors, which may become critically
useful when entries to certain nucleophiles are exceedingly difficult [7, 8]. In
particular, reductive coupling of alkyl electrophiles with other electrophiles has
advanced to be an important strategy for the construction of C—C(sp®) bonds,
wherein nickel, and in some cases cobalt, catalysts have proven to be exceptionally
powerful (Scheme 1) (for reviews, see [1-6]). The electrophiles capable of coupling
with alkyl halides and pseudo-halides include C(sp*)—(e.g., unactivated alkyl halides
and allylic acetates) and C(sp”)—substrates (e.g., acyl and aryl/vinyl halides), as well
as CO, and other carbonyl-type compounds. The asymmetric C(sp®)~C(sp’) bond
formation has also been developed using activated halides (e.g., benzyl, o-
chloronitriles). Under these reductive coupling conditions, the nickel catalysts have
shown remarkable efficiency in differentiating the two different electrophiles and
manipulating the reactivity of alkyl substrates. The highly competitive homocou-
pling and the B-elimination issues can be well controlled by suitable choices of the
catalytic conditions (for reviews on Ni-catalyzed conventional coupling chemistry,
see [9-15]).

Although insightful understanding of the reaction mechanisms still requires
tremendous studies, it is now well accepted that alkyl halides participate in the Ni-
catalyzed reductive coupling reactions through a radical process [1-6]. The radical
can diffuse to a bulk solution, and bind to an organonickel [e.g., C(spz)—Ni“]
intermediate via a radical-chain process (Scheme 2) (for other examples involving
Ni-catalyzed radical-chain mechanism, see [16-20]). It may also bind to the
catalytic species in a cage upon its generation via one-electron reduction or halide
abstraction by low-valent Ni (cage-rebound, Scheme 2) [21-23]. While radical-
chain mechanisms may operate for construction of C(sp>)-C(sp?) bonds, (for
reviews on Ni-catalyzed conventional coupling chemistry, see [9-15]) formation of
C(sp*)—C(sp>) bonds via a cage-rebound process is possible according to previous
studies on the Ni-catalyzed Negishi chemistry (Scheme 2) [23]. The latter
transformation, however, is much less understood [21].

By comparison, transition metal-catalyzed reductive coupling of aryl or vinyl
halides (or pseudo halides) with other C(spz)—electrophiles is generally well
explored. The Ni-catalyzed protocols in particular have enabled efficient cross-
assembly of aryl/vinyl with aryl/vinyl, carbonyl groups as well as activated alkenes

R RS [N
3R (Y=Br1) L1:R=H: Terpy L3: R Ph:ph- F'ybox
25\ L2:R=Bu: rBu Terpy -4 R=(8)-"BU: (S)-"Bu-Pybox  L6" (4-Cl)-H-PyBox
RCOY R_YorR 5 R= 'Bu ‘Bu- F'ybcx

Y
_ Ni-ligand/ i ]
(¥ = Cl. 0K, 0CORL~ [eyifian - o, Br"‘y \ y / O\(
! X=cl,Br,|
Rfk{o co, Cl, Br, \ 7\ /
R?

Rt R!
RM{ S OCO,Me v Rp\/ R |
< \ A

:r:da;l"\;:"fd OR L7:R = H, 2,2-bipyridine (bipy)
3 L8: R =By, Di-tBuBipy (dtbbpy) L10° bathophenanthroline L11: 2-(4,5-dihydro-1H-
\/ L9: R = Me, dmbpy imidazol--2-yl)pyridine

Scheme 1 Reductive coupling of alkyl halides with other electrophiles (leff), and the representative
ligands used for the transformations (right)
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cage-rebound radical chain
radical diffusion

RZY + Ni" _> — > R2_Ni™2 bulk solution  Ni® RZ-Ni'

PR+ N

2y + RN o2 I R1-Nj*2 B Nl
RY TR ! bulk solution R'-Ni™— > RL.Ni™!
I

R2
R2

Scheme 2 Tllustration of the cage-rebound (left) and radical-chain (right) processes in the Ni-catalyzed
reductive coupling chemistry

o
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aldehydes OF CO,
OH X=cl,Br, I, 0
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R'= OH, NHR' or gjkyi/aryl

Scheme 3 Reductive coupling of C(sp?)—halides with other electrophiles

and alkynes (Scheme 3). Of special note is the moderate efficiency for cross-
Ullmann reactions between two aryl electrophiles due to competitive homodimer-
ization. A marked improvement of cross-selectivity was recently achieved between
aryl halides and aryl triflates via a Pd/Ni-dual catalytic system (see Sect. 2.7), which
may proceed through a Ni%Ni" catalytic pathway rather than a Ni'/Ni"" process
often suggested in the reductive biaryl synthesis [24, 25].

In this review, we focus on the summary of important advances on the Ni-
catalyzed reductive coupling of C(sp®)— and C(sp?)-halides and pseudo-halides. The
origin of the selectivities and the reactivity of substrates is detailed, particularly
from a mechanistic perspective. The three categories pertaining to alkyl elec-
trophiles include alkylation, arylation and vinylation, and acylation (including CO,,
acid derivatives) of alkyl electrophiles. Following this, the asymmetric reductive
arylation, vinylation, and carbonylation of activated alkyl electrophiles are
illustrated. The last section of this chapter summarizes the coupling of C(sp®)—
halides with other C(sp*)— and C(sp)—clectrophiles. Due to the extensive reviews
that have been published on reductive acylation (including CO, fixation), arylation
of alkyl electrophiles [1-6], electrochemical coupling, as well as Co-catalyzed
reductive coupling methods [3], only recent progress will be highlighted for these
chemistries.
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2 Reductive Coupling of Two Electrophiles
2.1 Cross-Coupling of Two C(sp®)-Electrophiles

2.1.1 Ni-Catalyzed Coupling Between Unactivated C(sp’)— and C(sp’)—
Electrophiles

1. Dimerization of alkyl halides When the coupling takes place between two
different alkyl electrophiles, the control of chemoselectivity becomes considerably
challenging. The catalyst should effectively bias the subtle steric and electronic
difference between the two alkyl partners, as the homocoupling of alkyl
electrophiles under reductive coupling conditions may otherwise substantially
impede the cross-coupling efficiency. Indeed, Ni/'Bu-Terpy (L2), Ph-Pybox (L3),
Bipy (L7) (see Scheme 1 for structures), ethyl acrylate or dppe (1,2-
bis(diphenylphosphanyl)ethane)-catalyzed dimerization of alkyl halides has shown
striking competence using Mn or Zn as the reductant (Scheme 4) [26-29]. The
reaction is believed to proceed through a Ralky]—NiHI—Ra]ky] intermediate. Unfor-
tunately, detection of the proposed Ni™ species is not available (Vicic, Ni(III))
[30, 31].

2. Cross-coupling using Ni/Zn conditions In 2011, Gong et al. disclosed that Ni/
Pybox catalytic conditions enabled the first catalytic cross-coupling of two different
alkyl halides, wherein zinc powder served as the reductant (Scheme 5) [21]. This
method efficiently generates C(sp>)—C(sp”) bonds in moderate-to-good yields, and
features excellent functional group tolerance and broad substrate scope. However,
the Ni/Zn reductive conditions only moderately bias the two alkyl coupling partners
because one of the coupling halides needs threefold excess (Scheme 5). In addition
to the formation of the cross-coupling products, the highly competitive homocou-
pling side reactions account for the mass balance of the excess alkyl halides.

3. Cross-coupling using Ni/(Bpin), conditions A significant improvement on
chemoselectivity is observed when (Bpin), (Bis(pinacolato)diboron) serves the
reductant (Scheme 5) [22]. The reaction requires only 1.5 equiv of the second alkyl
halides, which works effectively for the coupling of secondary as well as hindered
primary halides with primary bromides. In most cases, the results were comparable
to the conventional Ni-catalyzed Suzuki reactions. The formation of a possible Ni—
Bpin complex may be responsible for differentiating the two alkyl halides in the
oxidative addition step, by taking advantage of subtle electronic and steric
differences of the two alkyl partners. This work represents the first efficient coupling
of unactivated alkyl halides using boron as the terminal reductant. The preliminary

_ 1 1
R? X Ni (cat.)/zn OF Mn R R Weix's method: © Leigh's method:
R2 R2 2 , | .
NiCly" glyme (0.5-5m0l %) i NiCly(H20)s (5 Mol %)
R1 R2= alkyl, aryl, vinyl, or H L2 (0.5-5 mol % ) 3 L1 orL3 (5 mol o)
X =1, Br, activated Cl yield up to 98% Mn (1 equiv ), DMF, 40-80 °C {  Zn {1 equiv)
Nal (0.5 equiv) for X 7 Br, | DM

1° alkyl-X (X = OMs, OAc, OC(O)CF3)

Scheme 4 Ni-catalyzed dimerization of alkyl electrophiles
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method A (Ni/zn): mehtod B (Ni/(Bpin)z):
R3
vy 3equiv RSNY 1.5 equiv
4 Y =Br,| Y =8,
Ni(COD)2 (10 Mol %) Nil, (10 mol o)
1 3 1 3
R R L4 (y =1yorL6 (v = gr) (8 mol %) RV\(BF L11 (10 mol 5, R >_/R
R? R Zn (3 equiv) R? (Bpin)z (2 equiv) R2
DMA (0.16 M), 25°C LiOMe (2.5 equiv)

1. moderate yields

1. yield up to 85%
2. non-Negishi process

o
NMP, 40 °C, 16 h 2. hon-Suzuki process

Ph o) Me
nOm DT wO, WO GO
n
R ="Bu, Y =Br, 67% Y =Br: 67% _
{R—"Pr Y= 67% ’ {v =1 a8% gg g; ”_;; gg; A(Y =Br): 2% A (R = 1-butenyl, Y = Br): 65%
B(R="Bu, Y =Br):81% B (Y = Br): 79% B(R="Bu, Y= Br 67%
I A oy Nohse Qf oo,
\/\/
B (v=8r): 61% B (Y= I): 65% B (y=1): 77% {Y Br, R = 1-butenyl: 92% B (Y= Br): 55%
Y =Br, R ="Butyl: 72%

Scheme 5 Ni-catalyzed cross-coupling of two different alkyl halides under Ni/Zn or Ni/(Bpin),
conditions [(Bpin), = bis(pinacolato)diboron, DMA = N,N-dimethyl acetamide, NMP = N-methyl-2-
pyrrolidone]

mechanistic investigation excludes the possibility of in situ organoboron/Suzuki
process.

4. Possible mechanism On the basis of Vicic’s proposal on the Ni-catalyzed
Negishi coupling of alkyl halides, Terpy—Ni'-Me was suggested to be a key
intermediate, which reacts with cyclohexyl bromide to give the coupling product
(Scheme 6, left) [23]. The mechanism likely involves one-electron transfer or halide
abstraction to generate R,y radical and Terpy—Ni"-Me. Rapid combination of the
two species in a cage gives Terpy—NiHI(Ralkyl)—Me species, which generates the
product upon reductive elimination.

Both Ni/Zn and Ni/(Bpin), systems likely comprise alkyl radical processes,
which are evidenced by use of the radical clocks. The reaction mechanism for the
Ni/Zn method is proposed to undergo two steps of oxidative addition of alkyl

Zn RI_NI_L, Bpin-X
Ln

%;—Br RI_Ni-Br
|
RI-NillX Bp'”\

. 1Nl
R? R'-Ni"—L, } l ‘R Ln—Ni”—Bpm]

r

.
cage-rebound cage-rebound
Niizn i /L/

‘ Rlaior * R2 R'-Br
L
R'—Ni"—L, LoNiBpin
r
L,-Ni0
R'-R X-Bpin
Zn LoeNil-X (Bpin)2 * LiOMe

Scheme 6 Mechanistic proposals for Ni-catalyzed Negishi process (left), and cross-coupling of two
different alkyl halides under Ni/Zn or Ni/(Bpin), conditions (right)
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halides to low valent Ni species (Scheme 6, right). Namely, oxidative addition of
the first alkyl halide to a low valent Ni"(L,) (n =0 or 1) results in R}i]ky, -
Ni"*2(L,,) complex, which is then reduced by Zn to give R:ﬂkyl — Nil(L,). A second
halide leads to RzlllkylfNiHI(L,,)nglkyl species, which
releases the product upon reductive elimination. The origin of the selectivity relies

on the formation of R}, ,—Ni"**(L,) and R}, —Ni""(L,)—R,,

oxidative addition of Rilky,

, intermediates,
wherein the Ni(L,) may sterically and electronically differentiate the two alkyl
groups. In the Ni/(Bpin), conditions, generation of R;lkyl — Ni' may arise from

oxidative addition of R;lkyl—X to Ni'(L,,)—Bpin followed by reductive elimination
of X-Bpin (Scheme 6, right).

5. Effect of leaving groups Based on the proposed reaction mechanisms, one
strategy to induce a different rate in the oxidative addition step is use of different
leaving groups [21, 22]. Experimental studies have shown a general deceasing trend
in reactivity of the alkyl halides: secondary iodide > primary iodide > secondary
bromide > primary bromide. It is not clear whether the rates of oxidative addition
of alkyl halides to Ni will precisely follow the reactivity sequence of the alkyl
substrates. Steric effect should also be taken into account. However, the selection of
halide sources is critical for the coupling events. In the Ni/Zn conditions, it was
found that at least one of the alkyl substrates needs to be bromides, whereas the Ni/
(Bpin), conditions generally necessitate both coupling partners to be bromides.
However, for those substrates not bearing functional groups (usually electron-
withdrawing ones), use of their iodides seems to be critical to promote the reactivity
so as to match that of the other coupling partners which are alkyl bromides (Eq. 1).

MeO
" : QX ST \/\/O 0
O _~_"Br method B (Scheme 5) 0
(o]

X equiv y equiv

(o]

X X X
oo

The effect of leaving groups is also found critical for methyl electrophiles [32].
While methyl iodide is not suitable for the reductive coupling with other alkyl
electrophiles, methyl tosylate proves to be effective under modified Ni/(Bpin),
conditions (Scheme 7). The in situ generated methyl iodide or chloride at much
lower concentration may account for the chemoselectivity between methyl and more
hindered alkyl groups, wherein formation of ethane or Me—ZnX is not favored.

NiCly- glyme (10 mol

L2 (10 mol o) [SNge]

o}
¢} O Me
8 N TBDPSO \\Me ~ TN
O [ﬁ A m

54% 74% 69% 63%

)
R Br ) i
\(2 + MeOTs _(BPIN)2(2 equiv) R‘Y Me
R 5 equiy HOMe (25 equiv) 2
2 equlv NMmp, 40 °C, 16 h

Scheme 7 Ni-catalyzed methylation of alkyl halides under Ni/(Bpin), conditions (glyme = dme = 1,2-
dimethoxyethane)

@ Springer 66 Reprinted from the journal



Top Curr Chem (Z) (2016) 374:43

6. Steric effect The steric effect in the Ni/Zn reductive conditions is not as
prominent as the Ni/(Bpin), protocol [21]. The coupling of 1 equiv of secondary
bromide with 3 equiv of n-propyl- and cyclohexyl bromides under Zn conditions
gave the products in 67 and 40 % yields, respectively [22]. In contrast, the coupling
of cyclohexyl bromide under the Ni/(Bpin), conditions is much less effective
(Eq. 2) [22].

R—Br (1.5 equiv) R—Br (3 equiv)
Ni/(Bpin), Ni/Zn
TsN R =——— TsN Br TsN R (2)
method B (Scheme 5) method A (Scheme 5)
R ="Bu: 81% R ="Pr: 67%
R = °Hex: 20% = °Hex: 40%

In the Ni/(Bpin), conditions, the impact of steric hindrance can be attributed to the
formation of a Ni-Bpin complex, which may preferentially react with sterically more
reactive R'-alkyl halides (e.g., secondary bromides and more hindered primary
iodides as opposed to primary bromides) [22]. The resultant R'-Ni' species selectively
reacts with less hindered primary alkyl bromides. When 1-iodo-2,2-dimethylpropane
is subjected to the coupling with benzoyloxy appended propyl bromide, marked
promotion for the coupling efficiency is observed (Eq. 3). In contrast, the less hindered
1-iodo-2-methylpropane is much less competent possible due to enhanced homocou-
pling side reaction. These results suggest that steric and electronic properties of the
substrates together have a profound effect on the coupling outcomes [22]

(]

/\/\>(
ﬁ e T I method B (Scheme 5) (o) R 3)
MeO

1 5 equiv R Me: 74%
j: R =H:43%

The steric effect appears predominantly important for tertiary alkyl halides.
When coupling of ‘Bu-Br with unactivated primary bromide, no products
containing all carbon quaternary centers were observed under both Ni/Zn and Ni/
(Bpin), conditions. The only detectable cross-coupling product arose from
isomerization of the tertiary alkyl groups under the Ni/(Bpin), conditions
(Scheme 8) [22, 33].

BnO” ™>"Br 3 equiv BnO" >"Br 1.5 equiv
Ni(COD)2 (10 Mol %) Nily (10 mol g
L6 (g mol o) Br L11 (10 mol o)
Bn ~“Inmemio R — Bn
n(3 equ(l)v) (Bpin)2 (2 equiv) 20%
not observed DMA, 25°C 1 equiv LiOMe (2.5 equiv) (the 0n|y°cross-
0,
NMP, 40°C, 16 h coupling product)

Scheme 8 Reductive coupling of ‘Bu-Br with a primary alkyl bromide under Ni/Zn and Ni/(Bpin),
conditions
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Cul (10 mol %)
R1YX . RBYBr gppm(tomoiey R F
R2 R4 LiOMe (1 equiv) R2 /RA
~ Mg (2 equiv), THF, 0°C
X=0Ts,OMs (2.2 5 equiv) RI,R? -/ RO R
|— R'__MgBr T
A
RZ
Scheme 9 Cu-catalyzed alkyl/alkyl in situ Kumada coupling

[dppm = bis(diphenylphosphanyl)methane)]

Cu-catalyzed in situ Kumada method In 2014, Liu reported that by meriting the
different reactivity for alkyl tosylates and bromides in the formation of the
organometallic reagents, in situ Cu-catalyzed Kumada coupling between two alkyl
electrophiles could be achieved (Scheme 9) [34]. This protocol features a higher
rate of Grignard formation from alkyl bromides than that of homocoupling or
reduction, whereas alkyl tosylate remains inert to magnesium insertion.

2.1.2 Coupling with Activated Alkyl Electrophiles

The activated alkyl halides such as allyl, benzyl, a-carbonyl, nitrile, o-oxo and aza-
electrophiles have been extensively studied. Of special interest is the competence of
many of these substrates in the development of asymmetric coupling methods, which
is discussed separately in Sect. 2.5. Homocoupling and reduction of the C-halide
bonds of the activated substrates may become more problematic due to enhanced
reactivity as compared to the unactivated counterparts [35]. While most transforma-
tions based on activated alkyl electrophiles emphasize C(sp)~C(sp?) bond forming
methods (see Sects. 2.2-2.5), the cross-coupling of allylic acetates (or carbonates)
with unactivated alkyl halides represents the only example for the construction of
hetero C(sp3)—C(sp3) bonds utilizing activated alkyl electrophiles [36—38].

Provided the double oxidative addition mechanistic model operates (Scheme 6),
the chemoselectivity in the reductive coupling event may drastically alter when the
two electrophiles exhibit pronounced rate difference in the oxidative addition steps.
Allylic electrophiles, e.g., allyl carbonates can form n'-, m’- or n-Ni-allyl
complexes via oxidative addition to Nio, which is faster than that of unactivated
alkyl halides. The second oxidative addition of allyl carbonate to the Ni-allyl
species should be disfavored as opposed to unactivated alkyl halides.

The Ni-catalyzed reductive coupling protocol enables allylation of a wide set of
alkyl halides (Scheme 10) [36-38]. The reactions display excellent regioselectiv-
ities wherein addition of alkyl groups to the less hindered allylic positions is
adopted. Only E-olefins were detected even cis-alkenes were initially used. In
Gong’s method, the effect of substituents on unactivated alkyl halides is prominent
on the coupling results. For instance, cyclohexyl bromide generally gives low-to-
moderate yields as opposed to good results for the functionalized secondary alkyl
substrates [36]. While Gong’s conditions are more effective for secondary alkyl
halides, Weix’s method accommodates primary alkyl bromides when coupling with
1-aryl-decortated allylacetates [36, 37]. The reactivity of the alkyl halides is tunable
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Gong's conditions: Weix's conditions:

Eiz(COD)z I(10 mol %) allylic acetates (1.5 equiv)
15 mol o) R NiCly(dme) (5 Mol %
R _Br+ R ( R - 2(dme) ( 6)
alkyl MeOCO__~y¢ MgClz (15 equiv) alkyl S SE L2 (5 mol o)
2 equiv) Zn (3 equiv) Mn (2 equiv), Zn (3 equiv)
DMA, 12 h, 80 °C 3:1 THF:DMA, 40 °C
Ph
TBSO . HO—~_ o _7/ Ph""NCH(CHa)CsHr1
?}O_): 3 h Tsl Me 79%
C 0 'S - "
e PRS0 H
85% 56% 82% 70% 68%

Scheme 10 Ni-catalyzed allylation of alkyl halides with allyl carbonates and acetates (‘Bu-Terpy = L2,
Scheme 1)

with judicious choice of the catalysts. Sterically more demanding secondary and
tertiary alkyl halides, as well as the more hindered 1,3-disubstituted allylic
electrophiles remains unsatisfactory.

2.1.3 Cyclization of Dielectrophiles

The reductive coupling strategies for C(sp*)—C(sp>) bond formation are applicable
to intramolecular cyclization of alkyl dihalides [39]. The construction of five-
membered rings is generally more efficient than six-membered ones, whereas the
formation of seven-membered rings is the least effective (Scheme 11). The
chemoselectivity issue may be deemphasized due to rapid intramolecular reactions.
The formation of three- and four-membered rings is unsuccessful, possibly due to
strained metallacyclobutane and pentane intermediates.

However, Jarvo discovered that formation of cyclopropane derivatives was
highly effective via the intramolecular cyclization of benzylic ether-bearing
chloroethyl groups under catalytic Ni/MeMgl reductive conditions (Scheme 12).
The reactions are stereospecific, featuring retention of benzylic and inversion of C—
Cl carbon centers. Both di- and tri-substituted chloroalkyl benzyl ethers are
compatible with the reductive cyclization scenario [40].

2.2 Reductive Arylation and Vinylation of Alkyl Halides
2.2.1 Ni-Catalyzed Reductive Arylation of Alkyl Halides
In 2009, Von Wangelin and Lipshultz independently published Fe- and Pd-

catalyzed in situ Kumada and Negishi coupling of alkyl and aryl halides
(Scheme 13) [41, 42]. Both methods merit faster formation of alkyl magnesium

X 5 Nil; (10 mol %) | Ph
2 oS oo e (T () (50 )
> - >
R DR Zn(3equiv) o, Ph
N DMA, 25 °C RE | 93% (x=1) (X=Br)71% 40% (X=Cl) 61% (X=Br) 66% (X=Cl) 38% (X = Br)

Scheme 11 Ni-catalyzed reductive cyclization of alkyl dihalides
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standard
o Ni(cod)z (5 mol %) OO\ conditions Nap/,_v/\/OH
)Q\ rac- or (S)- or (R)-BINAP (5 mol %) c
Cl

Nap OH |Nap"’
Nap MeMgl (2 equiv) trans-(2R, 4R) trans-(1R, 28) _
cis (£), 2011 dr PhMe, tt, 24 h cis (x), 20:1 dr 99% ee, 20:1 dr 99% ee, >99% es, 20:1 dr
5 Me Nicod)z (10 mol o)
Ar= mg A g @; o rac-BINAP (10 mol %) Nap\v/\/Me
Mgl2 (1 equiv) OH
Nap cl MeMgl (2 equiv) 88% yield

68% 80% 91% 98% 99% ee, dr = 13:1 PhMe, rt, 24 h 99% ee, dr = 20:1

Scheme 12 Ni-catalyzed reductive cyclization of dialkyl electrophiles bearing C(sp®)~Cl and benzyl
ethers

Jacobi von Wangelin: Lipshutz:
R! catalyst (2 mol %) | cl ;
X R Y kec o Br Zn (4 equiv) R )Lpipdrpr
T e e | T e B (7 Bt
R A———— —_— : ;
7 R? TMEDA (20 mol %) L~ R// X=1Br PTS/H0 (2 mol %), it Rt ; @ :
(X=Cl,Br) (Y= CI,‘Br) Mg, THF, 0 °C 38-74% ! (PTS: amphiphile surfactant) ~ 65-93% '

1.2 equiv 1 equiv 3-4 equiv R2 R?

L{ v o —==a e

R2

Scheme 13 In situ Kumada (leff) and Negishi (right) coupling of alkyl with aryl halides
(TMEDA = N’ ,N[,N2,N2—tetramethylethane—l,2—diamine)

and zinc reagents than aryl ones when exposure to Mg or Zn. Unlike these in situ
nucleophile/electrophile coupling processes, the recent Ni-catalyzed reductive
arylation of alkyl electrophiles possesses distinctive mechanisms, which has
sparkled important novel dual catalytic arylation/vinylation modes.

1 Ni-catalyzed arylation of primary and secondary alkyl halides Weix first
reported a Ni-catalyzed reductive coupling of alkyl and aryl halides in the presence
of 10 mol% pyridine using Mn as the reductant, wherein in situ generation of
organometallic reagents is not involved (Scheme 14, left) [43]. A wide range of
alkyl and aryl halides are suitable under mild reaction conditions. A notable feature
of this work is the remarkable chemoselectivity, wherein equimolar alkyl and aryl
halides are used. The method is highly effective for primary alkyl halides. Only
moderate-to-good yields were obtained for secondary halides. The initial use of
phosphine ligand L12 can be avoided under modified Ni/Mn conditions [44].
Concurrently, similar results using cobalt/phosphine catalytic systems were
disclosed by Gosmini, which appears to limit to electron-deficient aryl bromides
[45]. Improvement by Gong was later achieved using 1 equiv of pyridine as the
additive and Zn as the reductant, which is significantly efficient for secondary alkyl
halides, but not for primary ones (Scheme 14, right) [46]. Moreover, Peng has
utilized acrylates as additives for intramolecular cyclization of primary alkyl-aryl
halides [47, 48]. Liu and coauthors extended the Ni-catalyzed reductive coupling
strategy to arylation of chiral iodoalanine with aryl halides, which provides
convenient modification of amino acids [49].

Very recently, Molander demonstrated that alkyl tosylates could be incorporated
into reductive arylation upon heating (Scheme 15) [50]. A set of heteroaryl
bromides give the products in good yields. In addition, Zhang reported a Ni-
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Weix's method: Gong's method:
B~ 1 equiv R
Rty a 2j>7Br 1 equiv PPh,
R Nilo -xH,0 (10.7 mol %) @x R R — @

S P O L gm0
R L8 (5 mol %) RS Nilz (10 mol %) R2 \ 7 R o(PhaP)sCets (L12)
Z L12 (5 mol %) Toquy  BOmOI%) 2P)2CeHs
pyridine (10 mol %) ;)r/]rl(dzlr;e l(J‘:vt)eqmv)

Mn® (2 equiv ) in DMPU, 80 °C DMA 1qZh 1t

Peng' method:

Br
A Pen®
btas o Y~ EC (90 mol %) E/O o H \XR,
A~ NG 1 P _ NiCl, (30 mol %) etz
'/Y»‘WR{IYJ" we ) =

pyridine (excess)

Zn (3 equiv) —
gyri(dsine (gx)c.es;)MF " 16 equiv CH3CN, rt H 1 0
n equiv) in y = - | N o D
q Y=0,N-PG B L7 (36 mol %) 5 H R
Me— X COE y e
(EC) %y

Scheme 14 Ni-catalyzed reductive arylation of alkyl halides [DMPU = 1,3-dimethyl-3,4,5,6-
tetrahydro-2(1H)-pyrimidinone]

NiBr,- glyme (5 mol %)
L8 (5 mol %)

Br. o . R
R, OTs + A-ethylpyridine (1 equiv)_ “alky!
Y Kl (1 equiv)
1 equiv 1 equiv Mn (2 equiv)
DMA (0.2 M), 80 °C
Boc
N 3 fss A X S o
= _ A N
Raikyl Ar = ‘ | & Q
N N = A
r Boc
73% 74% 60% 42% 62%

Scheme 15 Ni-catalyzed reductive arylation of alkyl tosylates

catalyzed reductive coupling protocol for arylation of fluorinated secondary alkyl
bromides [51]. Addition of FeBr, suppresses the hydrodebromination and B-fluorine
elimination of fluorinated substrates.

2. Possible mechanism The origin of chemoselectivity is believed to stem from
selective oxidative addition of aryl halides to low valent Ni (e.g., Ni’) rather than
from unactivated alkyl halides, which results in Ar-Ni"! intermediate. A radical
chain process is proposed for the formation of the Ni'"" species through addition of
alkyl radical to Ar-Ni" complex (Scheme 16, left) [16]. Alkyl radical can be
generated via halide abstraction from the alkyl halides by Ni', which results from
the reductive elimination of the Ar-Ni'"—alkyl intermediate. Meanwhile, the
stoichiometric reaction of Ar—Ni"L,—X with alkyl halides delivers the coupling
product in good yield, suggesting that radicals can be initiated by the Ar—Ni"
species.

On the other hand, Molander illustrates that under Ru-catalyzed photoredox/Ni-
catalyzed conditions, the addition of benzyl radicals to Ni’ is likely favored
according to the DFT studies [52]. The resultant Bn—Ni' can further react with aryl
halides to give Ar-Ni""-Bn (Scheme 16, right). It should be noted that Peng
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Weix's proposal: Molander's proposal:
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Scheme 16 Mechanistic proposals for Ni-catalyzed reductive arylation of alkyl halides (leff) and photo
redox/Ni dual catalytic reactions (right)

NiCl,’(dme) (10 mol %)

1. EtN('Pr),, L8, Zn, DMA X L7 (10 mol %) HO,,
Co(Pc) then Ms,0, 60 min, rt : mol o '
AfSOH Ax  _on TN TR I A /O/ M OQ Zn (2 equiv), ELN HCI (1 equiv)
2. NiBr,* 3H,0, rt, overnight R Cp,TiCl, (10 mol %) R
DMPU, rt R =aryl, vinyl
OH up to 88% yield
Ph Ph Ph OH OH
OH Ar
/\©\ /\©\ FD@ )\/Ph )\/ Ph Me/*\/ Ph Me)\/
OMe Bpin 3 CoHig BnO Me Ar = Ph: 87%

Ar = p-MeO-CgH,Br: 83%
Ar = p-CF4-CgH,Br: 79%

X'=Br, 50% X=1,87% X =Br, 50% 82% 64% 65%

Scheme 17 Dual catalytic conditions involving Ni-catalyzed reductive arylation of benzyl tosylates and
epoxides [Pc = phthalocyanine, DMPU = 1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone]

proposed a mechanism involving oxidative addition of aryl iodides to unactivated
a]kyl—Nil intermediate in their intramolecular cyclization work [48]. Whether this
catalytic scenario is applicable to unactivated alkyl halides is not clear at this time.
However, the small energy difference between Weix and Molander’s proposals
indicates that at least for benzyl type radicals, the addition of radicals to Ni° as
opposed to Ni'! is feasible, wherein oxidative addition of aryl halides to Ni® appears
to be less facile.

3. Development of dual-catalytic reactions Based on the radical-chain mecha-
nism, if radicals and organo—-Ni species can be independently generated through
dual catalysis, then development of new reaction modes is possible. Weix has
disclosed a cobalt phthalocyanine (Co(Pc))/Ni co-catalytic system for the coupling
of benzylic mesylates with aryl halides [53]. The cobalt catalyst is responsible for
benzyl radical formation, which adds to Ar-Ni" to give Ar-Ni""-Bn. Reductive
elimination gives the products and Ni', which can be reduced by Zn to Ni’, and
regenerate Ar-Ni'' upon oxidative addition by ArX (Scheme 17, left). The same
group also discovered a Ti and Ni co-catalyzed epoxide ring-opening/arylation
process (Scheme 17, right) [54]. The epoxides can be utilized for generation of
2-hydroxyl alkyl radical in the presence of catalytic Ti". The addition of alkyl
radicals to Ar—Ni" proceeds in a similar manner to the radical-chain process, which
delivers the product upon reductive elimination, except that the resultant Ti'V and
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Scheme 18 Possible radical-chain mechanisms for photo-redox/Ni (path A) and Ni/metal (path B) dual
catalytic conditions
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Br pyridine %30 mol %) N/:\N
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ortho: 65% (40:1) R= MeS(O)z 81% (50 1) o b )
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Scheme 19 Ni-catalyzed arylation of tertiary alkyl halides

Ni' intermediates are individually reduced by Mn to Ti™ and Ni° to allow the
catalytic cycle to proceed (Scheme 17).

The recent development in Ir- or Ru-catalyzed photo-redox/Ni-catalyzed
arylation of alkyl acids, borons, and silicates has led to successful arylation of a
myriad of alkyl groups [18, 19, 55, 56]. A general catalytic scheme can be depicted
using a radical chain process (Scheme 18), wherein the Ir'" or Ru'" serves as the
reductants to reduce Ni' to Ni’.

4. Reductive coupling with tertiary alkyl halides For the coupling of sterically
more demanding tertiary alkyl halides, the conditions used for both primary and
secondary ones are not valid. When pyridine constitutes the sole additive or labile
ligand combining with catalytic Ni(acac),, MgCl,, and Zn in DMA, the reductive
conditions enable effective construction of all carbon quaternary centers
(Scheme 19) [57]. For ‘Bu-Br, the limiting reagents were set as aryl bromides.
For the more hindered tertiary alkyl halides, two equivalents of aryl bromides
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Fig. 1 Examples from Weix’s vinylation of alkyl halides using the arylation conditions

Ru(bipy)s(PFg); (2 mol %)
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Scheme 20 Molander’s vinylation of alkyl silicates under photoredox dual catalytic conditions

necessitate the coupling process. Isomerization of the tertiary alkyl groups accounts
for the major side reaction in the coupling event (ratio of quaternary to
isomerization product shown in the parenthesis in Scheme 19). The addition of
imidazolium salts promotes the reaction yields and inhibits the isomerization to
minor degrees. The crucial requirement of pyridine as the labile ligand may be
attributed to steric bulkiness of the tertiary alkyl groups, which balances the steric
demand for Ni intermediates.

2.2.2 Vinylation of Unactivated Alkyl Halides

Weix’s reductive arylation protocol also works moderately well for vinylation of
primary alkyl halides, whereas secondary alkyl halides were not discussed (Fig. 1)
[44]. Molander and McMillan independently discovered that the Ru and Ni co-
catalyzed photoredox arylation conditions could be extended to efficient vinylation
of alkyl silicates or alkyl acids [58, 59]. The reactions display excellent functional
group tolerance. A broad range of B-vinyl halides bearing hydroxyl and amide is
competent, so are a set of primary and secondary alkyl halides including n-hexyl
and benzylic groups (Scheme 20).

2.2.3 Coupling of Activated Alkyl Electrophiles

The selectivity arising from the coupling between C(sp”)—electrophiles and the
activated C(sp’)-halides is nontrivial, since their preference in the oxidative
addition to low valent Ni may become less distinctive. As discussed in Sect. 2.2.1,
the photoredox/Ni-catalyzed arylation of benzyl chlorides may favor the formation
of Bn—-Ni' by addition of benzyl radical to Ni’. Therein, oxidative addition of ArX to
Bn-Ni' results in the key Ar-Ni"(X)-Bn intermediate [52].

While electrochemical arylation and vinylation of a-chloroketones and esters, as
well as allyl acetates are well established [35], the equivalent chemical reduction
methods have been documented for arylation of a-chloroesters (Scheme 21) [60]
and allylic acetates [37, 61]. The allylation of aryl halides is generally efficient for
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Scheme 21 Ni-catalyzed reductive arylation of o-haloesters using Mn as the reductant (Bipy = L7,
Scheme 1)

Weix's method: Gong's method:
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Scheme 22 Ni-catalyzed reductive arylation of allylic acetates with aryl halides (‘Bu-Terpy = L2,
Scheme 1)
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Scheme 23 Ni-catalyzed reductive arylation of benzylic acetals with aryl iodides (dme = 1,2-
dimethoxyethane)

both electron-deficient and -rich arenes, which display excellent regioselectivities
by the addition of aryl groups to the less-hindered allylic terminals (Scheme 22)
[37, 61]. The asymmetric vinylation and arylation of benzylic chlorides and o-
chloronitriles are detailed in Sect. 2.5.

Recently, Doyle disclosed that benzylic acetals could couple with aryl iodides
under Ni-catalyzed reductive conditions, which produced dialylated ethers by
replacement of one methoxy group with aryl (Scheme 23) [62]. The reaction
mechanism was proposed involving the addition of benzyl radicals to ArNi"-X
intermediate, analogous to Scheme 16. The generation of oxonium ion promoted by
Lewis acid may account for the key precursor for reductive formation of the benzyl
radical species (dash box, Scheme 23).

Activation of benzylic C—O bonds under Ni-catalyzed reductive conditions can
be further manipulated for inter- and intramolecular coupling of benzyl pivalic acid
esters with aryl halides, as demonstrated by Jarvo (Scheme 24) [63]. The
employment of bathophenanthroline L10 (Scheme 1) for cyclization and dppf for
intermolecular process indicates that two sophisticated Ni catalytic processes are
operative. Of note is the stereospecific feature for the cyclization of a chiral ester,
which undergoes inversion of the benzyl centers.
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Scheme 24 Ni-catalyzed reductive arylation of benzylic esters with aryl halides [dppf = 1,1’-
ferrocenediyl-bis(diphenylphosphine)]

2.3 Ketone Synthesis

A summary of Ni-catalyzed reductive ketone formation has been detailed in recent
reviews [1, 5]. The coupling protocols are suited for primary and secondary alkyl
halides with acid derivatives, including acid chlorides, anhydrides, and in situ
activated acids in the presence of Boc,O and MgCl, [63-68]. Although initial
development was centered on primary and secondary alkyl iodides, finely tuning the
reaction parameters satisfied alkyl bromides. It should be noted that fertiary alkyl
halides are qualified for the coupling with alkyl acids but not with aryl acid
derivatives (Eq. 4) [69]. Activated electrophiles competent for acylation comprise
1-bromo-sugar and benzyl chlorides [68, 69]. The reaction mechanism although
needs more study; a radical-chain pathway similar to the arylation process in
Sect. 2.2.1 appears to be more convincing. Noteworthy is that the photoredox/Ni
dual catalysis has also been utilized to ketone synthesis under similar arylation
conditions [70-72].

R o Ni(acac),/Zn R'" 0O
Boc,0/MgCl. 4
4 2 2 R
Rz\%/ Br N R \()kOH _— R? “4)
5
R3 R R®

17 examples
up to 84% yield

2.4 Carboxylation of Alkyl Halides with CO,

Significant progress on fixation of CO, has recently been achieved using Ni-
catalyzed reductive coupling chemistry. A wide set of electrophiles including aryl
halides and triflates, benzylic halides and ethers, allylic esters, as well as unactivated
primary alkyl iodides are competent [73—77]. The use of CO, as the electrophiles
expands the feedstock for the reductive coupling protocols. A comprehensive
review has detailed this field; thus, only very recent examples are briefly discussed
[5]. In particular, the regiodivergent synthesis of terminal and branched allylic acids
was accomplished by regulation of ligands (Scheme 25, left) [76]. The use of
benzylic ammonium iodide on the other hand provided the benzylic acids in high
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Scheme 25 Ni-catalyzed reductive formation of acids via coupling of allylic acetates (left) and benzyl
ammonium salts (right) with CO,
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@—O .
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R = MeO,C: 82% (82% ee) Vil OTf, 59% (82%ee) - 3.809, (91% ee)  67% (91% ee)  80% (94% ee)
Scheme 26 Ni-/Ti-co-catalyzed asymmetric arylation of meso-epoxides

yields, in which a variety of alkyl-substituted benzyl groups were competent with no
dimerization or B-H elimination side reactions that often occur in the reductive
coupling of benzyl halides (Scheme 25, right) [77].

2.5 Enantioselective C(sp3)—C(sp2) Bond Formation

Control of enantioselectivity in reductive coupling chemistry is exceedingly
sophisticated due to the radical nature of alkyl groups. Judicious use of a chiral Ti"!
catalyst in Weix’s epoxide ring-opening/arylation method affords asymmetric
arylation products in high ees under the Ni/Ti-co-catalyzed conditions (Scheme 26)
[78]. The reactions tolerate a wide range of functional groups. The enantioselec-
tivity arises from the formation of chiral Ti—O complexes that serve as the auxiliary
in control of diastereoselectivity as well.

Reisman first discovered that under Ni-catalyzed reductive conditions, acylation
of racemic benzylic chlorides with acid chlorides generated the ketones in high ees
using a chiral box ligand (Scheme 27) [79]. With the Ni-catalyzed reductive
coupling strategy, the same group also developed asymmetric vinylation of benzylic
chlorides with vinyl bromides (Scheme 27). A box ligand was again found to be
optimal [80]. The stable benzyl radicals may be key for the origin of high
enantioselectivity, as unactivated alkyl halides appear to be incompetent in
generation of enantioenriched products under a variety of Ni-catalyzed asymmetric
reductive coupling conditions [21].

Likewise, Weix and Molander investigated the asymmetric arylation of benzylic
chlorides using a chiral box ligand [52, 53]. A highest 65 % ee was disclosed,
requiring further endeavors for this type of reaction [52].
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Scheme 27 Ni-catalyzed asymmetric acylation and vinylation of racemic benzyl chlorides
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Scheme 28 Ni-catalyzed asymmetric arylation of racemic o-chloronitriles with heteroaryl iodides

The observation that activated alkyl halides are critical for high enantioselec-
tivities is further evidenced in Reisman’s recent success in the Ni-catalyzed
asymmetric arylation of a-chloronitriles (Scheme 28) [81]. A myriad of heteroaro-
matic iodides are incorporated into the formation of o-aryl nitriles in good yields
and good-to-excellent ees. Understanding the insight into the origin of enantios-
electivities will require significant investigation of the reaction mechanisms.

The asymmetric decarboxylative arylation of o-amino acids under photoredox
and nickel dual catalytic conditions has recently been developed by Macmillan and
Fu (Scheme 29). A variety of naturally occurring amino acids can be readily
transferred into chiral amines when coupling with aryl halides. The electron-
deficient arenes appear to be more effective for high ees. The coupling with
iodobenzene only produced 66 % ee and 64 % yield [82]. A mechanism illustrated
in Scheme 18 may operate.

2.6 Addition of Allyl and Benzyl Groups to Carbonyl Compounds

Gong reported the first asymmetric Ni-catalyzed reductive coupling of allylic
carbonates with aldehydes utilizing zinc powder as the terminal reductant
(Scheme 30) [83]. This method differs from the previous umpolung allylation
methods, which exploit allylic halides or expensive transition metals. The
homoallylic alcohols are generated in good-to-excellent yields and ees. The
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Scheme 29 A photoredox and nickel dual catalytic protocol for decarboxylative arylation of a-amino
acids [diglyme = 1-methoxy-2-(2-methoxyethoxy)ethane]
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Scheme 30 Asymmetric allylic carbonylation under Ni/Pybox/Zn conditions

substitution patterns for both electron-withdrawing and -donating groups on the aryl
aldehydes do not cause notable variations on the yields and enantioselectivities
when coupling with 2-phenyl allyl carbonate. Furan-2-carbaldehyde and (E)-but-2-
enal are competent. Substantial decrease of ee (60 %) was detected for 2-methyl
allylic carbonate. A stoichiometric reaction of allyl carbonate, benzaldehyde and
Ni’-L,, in the absence of Zn was able to produce the product in a similar yield and ee
to the catalytic conditions, suggesting allyl-Ni may be the key intermediate for the
allylation event. This is distinctive from the Nozaki—Hiyama—Kishi reactions [84].
In addition, the 1- or 3-phenyl-substituted allyl carbonate gave the product in
moderate yield and ee at —25 °C but with high anti/syn selectivities. The methyl-
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Scheme 32 Ni-catalyzed reductive allylation of in situ imines and ketones

substituted analogs, however, deliver poor anti/syn selectivities, which is possibly
due to the rapid conversion of n-allyl-Ni from terminal to branched structures.

More recently, Iranpoor demonstrated that addition of benzyl halides and pseudo
halides (OR) was viable using the Ni/dppf/Zn conditions, which generated alcohols
in good-to-excellent yields. The excellent functional group tolerance is evidenced,
wherein even nitro is compatible (Scheme 31) [85].

Extension of the same strategy to ketones and in situ generated imines has been
achieved by Gong and Weix, respectively (Scheme 32) [86, 87]. The use of a chiral
Pybox ligand and DMF solvent for the synthesis of quaternary homoallylic alcohols is
pivotal, although no enantioselectivity was observed [86]. Similar regioselectivities to
those in allylation of aldehydes were detected for 1- or 3-substituted allyl carbonates or
acetates, wherein addition occurs on the more-hindered carbon centers [86, 87].

2.7 Reductive Coupling of Aryl Halides with Other C(sp®)-Electrophiles
2.7.1 Formation of Biaryl Compounds

In a 2008 report, Gosmini disclosed a cobalt-catalyzed unsymmetrical biaryl
synthesis via direct assembly of two aryl electrophiles, using Mn as the reductant
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Scheme 33 Ni-catalyzed reductive cross-coupling of pyridyl halides with aryl halides (leff), and cross-
coupling of two different aryl halides (Bipy = L7 and dmbpy = L9, Scheme 1)

[88]. One of the aryl electrophiles was set as two equivalents in excess. By taking
advantage of the reactivity gaps between the two aryl coupling partners, good-to-
excellent yields are generally observed. The difference in reactivity can be resulted
when the aryl electrophiles display notable differences in electron density and bear
different leaving groups. Likewise, the same group has shown that the coupling of
6-halopyridine with a variety of aryl halides can be effectively carried out under Ni-
catalyzed reaction conditions (Scheme 33, left) [89]. The initial use of 2-bromopy-
ridine is highly competent for para- and meta-methoxycarbonyl phenyl bromides.
However, a poor result was achieved for the ortho-analog. The coupling with
2-chloropyridine derivatives on the other hand allows a broad set of aryl halides to
be compatible. Pyridines decorated with strong electron-withdrawing groups such as
CN and CF;, and an electron-dense group such as MeO are suited, although the
yields decrease for substituted pyridines. Qian et al. discovered that direct coupling
of two substituted aryl halides can lead to the biaryl products in moderate-to-good
yields [90]. When one of the aryl partners bear an electron-withdrawing group, low
yield was observed. The chemoselectivity in these methods varies from poor to
excellent, largely depending on the electron-density gap between the two aryl
coupling partners. Although no details on the mechanism were addressed, a possible
oxidative addition of Ar'X to Ar-Ni' is plausible according to previous stoichio-
metric studies [24, 25].

Application of Ni-catalyzed reductive biaryl synthesis to bipyridine derivatives
was recently revealed by Weix, Duan, and Iranpoor (Scheme 34) [91-93]. The
ligand-free conditions allow the construction of 2,2'-bipyridine in high yields. Duan
also demonstrated cross-coupling between two different pyridyl halides by setting
one of electrophiles in excess [92]. Iranpoor indicated that 1,3,5-triazine could be
utilized for activation of aryl-O bonds [93]. By comparison, the bond length
increases with respect to unactivated phenol. Use of Ni/PCy; catalyst enabled
efficient homocoupling of the aryl moieties [93].

Perhaps the most remarkable breakthrough in achieving excellent chemoselectivities
between two aryl electrophiles was found by Weix, which are controlled mainly by the
catalysts rather than the substrates [94]. The utilization of both Ni and Pd co-catalysts
enabled efficient coupling of equimolar aryl/vinyl bromides with aryl/vinyl triflates to
generate unsymmetrical biaryls and dienes (Scheme 35). Although Gosmini has shown
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Scheme 34 Ni-catalyzed reductive coupling of pyridyl halides (Cys;P = tricyclohexylphosphine)
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Scheme 35 Pd/Ni-dual catalytic conditions for the coupling of equimolar aryl halides with triflates

that excellent yields can be obtained for the coupling of 2 equiv of 4-trifluoromethyl-
sulfonyloxybenzoic acid ethyl ester with one equivalent of 4-bromoanisole, the intrinsic
chemoselectivity does not seem to be governed by the cobalt/PPhj catalyst [88]. The
origin of the high chemoselectivity in Weix’s system is attributed to preferential reaction
of Pd” to aryl triflates and Ni® to aryl bromides leading to Ar*—Pd"(dppp)-OTf and Ar'-
Ni''(bpy)-Br, respectively (Scheme 36, left). The Pd" species is stable and persistent in
solution, whereas the Ni'' complex is highly reactive with the Pd" intermediate and
itself. Subsequent transmetalation between the Ni'" (low concentration) and Pd" (high
concentration) intermediates affords Ar’~Pd"—Ar' and Br-Ni"-OTf species. This
process is analogous to the persistent radical effect, where one radical is stable while the
other is highly reactive and unselective. The following reductive elimination on the Pd
center gives the products and regenerates Pd’, while Ni® can be produced by reduction of
the Ni'" salt with Zn. The use of KF as the additive is believed to suppress dimerization of
aryl bromides. A comparison of the oxidative addition rates of aryl halides and triflates
toward (bpy)Ni® and (dppp)Pd” is also outlined (Scheme 36, right) with iodides and
chlorides being the most and least reactive in both cases. While bromobenzene is more
vulnerable to (bpy)Ni than phenyltriflate, an inversed trend is found for (dppp)Pd
[dppp = 1,3-bis(diphenylphosphanyl)propane].
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Scheme 36 Proposed mechanism for Pd/Ni-dual catalytic conditions (left), and reactivity of aryl
electrophiles toward Ni and Pd catalysts
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Scheme 37 A two-step protocol for cobalt-catalyzed reductive vinylation of aryl halides

Although Ni-catalyzed reductive coupling of aryl with vinyl electrophiles has not
been documented, the reactions under cobalt/PPh; catalytic conditions are known
[95]. A variety of substituted aryl bromides can be effectively vinylated with
undecorated B-bromo- or chlorostyrene using a two-step protocol (Scheme 37).
Dropwise addition of bromostyrene to the pre-formed aryl-Co' intermediate appears
to be key to avoiding severe homocoupling of the more reactive vinyl electrophile.
Suitable selection of the halide source is pivotal for matching the reactivity of the
two coupling partners. For instance, aryl iodides are generally less efficient due to
rapid homocoupling.

2.7.2 Coupling of Aryl Electrophiles with Carbonyl Compounds

Since a comprehensive review on the reactions of electrophiles with carbonyl
compounds has been detailed in 2014 [5], this section only highlights the important
features on Ni-catalyzed reductive coupling methods. Accordingly, the recent
elegant development on CO, fixation with C(sp?)—electrophiles [e.g., C(sp®)—O and
benzyl C(sp3)—0 bond activation] and alkynes is not discussed [96, 97].

In 2014, Correa and Martin developed an efficient Ni-catalyzed reductive
coupling method to amides by exposure of aryl electrophiles to isocyanates
(Scheme 38) [98]. The competence of C(spz)—O and C(sp3)—0 electrophiles for
amide synthesis significantly expands the source of electrophiles other than halides,
since naphthyl and naphthalen-2-ylmethyl pivalates as well as aryl tosylates are
suitable. Likewise, Cheng has shown that aryl iodides can be used for amide or
imine synthesis under similar Ni/Zn reductive coupling conditions (Scheme 38)
[99]. The same protocol is applicable to the reductive coupling of nitriles with aryl
iodides affording ketones [100]. Both Martin and Cheng tentatively suggest Ni%/Ni"!
catalytic processes wherein the key step comprises addition of Ar to isocyanates or
nitriles from a Ar—Ni" intermediate.
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Scheme 38 Ni-catalyzed reductive coupling of aryl halides with isocyanides and nitriles
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Scheme 39 Ni-catalyzed reductive coupling of aryl halides with aldehydes affording alcohols (leff) and
ketones (right)

Cheng has also investigated direct coupling of aryl halides with aldehydes under
Ni/dppe reductive conditions [101, 102]. By careful selection of temperatures and
halide source, the same reactions can lead to either ketones or Barbier-type alcohols
using aryl bromides and iodides, respectively (Scheme 39) [101, 102]. The
proposed reaction mechanism suggests that both reactions may involve L,-Ni'—
Ar(Ar’CHO) complexes, wherein the coordination of carbonyl to Ni center is
favored due to formation of a cationic Ni" intermediate. Trapping the halide anion
from Ar—Ni""X with in situ formed ZnX, salt is key for the formation of the cationic
species. Subsequent addition of Ar to carbonyl results in a Ni'' alkoxide that
undergoes hydrolysis to alcohol [101] or B-elimination to ketones, [102] relying on
the temperatures. Excellent functional group tolerance is evidenced in both
conditions (Scheme 39). The Ni-catalyzed reductive protocol can be extended to the
formation of quaternary alcohols via intramolecular addition of vinyl and aryl
chlorides to ketones, as demonstrated by Jia and Gao [103]. The use of bulky and
electron-dense Cy3P as the ligand is critical for activation of aryl chlorides.
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Scheme 40 Ni-catalyzed reductive coupling of unactivated alkenes with unactivated alkyl halides or aryl
iodides

2.7.3 Coupling of Aryl Electrophiles with Michael Acceptors

Trapping of alkyl halides with activated double bonds under Ni-catalyzed reductive
conditions has been extensively summarized in an early review, which can lead to
radical addition or Heck-type products [104]. Interestingly, a very recent work
disclosed by Liu indicates that Ni catalyst enables the cross-coupling between
unactivated olefins with unactivated alkyl or aryl halides in the presence of
diethoxymethylsilane as the reductant [105]. Rather than generation of Heck
products, direct hydroalkylation of unactivated olefins with a combination of
10 mol% of NiBr,(diglyme), 15 mol% of dtbbpy (L8, Scheme 1), two equivalents
of diethoxymethylsilane and Na,CO; in N,N-dimethyl acetamide (DMA) necessi-
tates the addition of alkyl group to the terminal carbon of the alkenes (Scheme 40).
The alkyl group is believed to proceed through a radical process.

On the other hand, the addition of aryl and vinyl halides with acrylates and
styrenes in the presence of (PPh;),NiCl, (cat.)/Zn/pyridine effectively generates
Heck-type products [106]. In 2010, Cheng expanded this strategy to the reductive
condensation of aryl halides with conjugated alkynes in the presence of an ortho-
amine or amide group (Scheme 41, top) [107, 108]. The enone intermediates can be
trapped with amine or amide to give quinolone or isoquinolone derivatives. With a
similar protocol, Weix disclosed that conjugate addition of aryl bromides to enones
can lead to 1,4-addition product, and the resultant enolate can be trapped with
trialkylchlorosilane reagent (Scheme 41, bottom) [109]. The reactions display
excellent functional group tolerance. The authors also proposed a mechanism that
differs from the conventional Heck-type mechanism involving insertion of Ar—Ni"
to alkenes. Instead, formation of allyl-Ni species followed by reaction with aryl
halides was believed to be the key. The chemoselectivity between the two
electrophiles arises from rapid reaction of Ni(0) with enone/trialkylchlorosilane, and
steric effect of ligands that suppresses the dimerization of enones.

3 Conclusions
In summary, direct coupling of alkyl electrophiles with different electrophiles under

reductive conditions has emerged as one of the very appealing research fields. The
mild and easy-to-operate methods allow ready access to C(sp>)-C(sp>) and C(sp)—
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Scheme 41 Reductive coupling of aryl halides with conjugated alkenes and alkynes

C(sp?) bonds without prepreparation of organometallic nucleophiles. The use of
earth-abundant inexpensive transition metals such as Ni, Fe, Cu, and Co enables
practical applications of these approaches in the construction of complex structures.
The extensive studies on Ni-catalyzed reductive coupling methods in particular lead
to successful control of the chemoselectivities between different electrophiles and
manipulation of enantioselectivities for the activated alkyl halides. The reactivity of
the electrophiles can be tuned by the catalysts. Understanding of the radical-chain
mechanisms in the Ni-catalyzed C(sp”)-C(sp®) bond forming processes has inspired
significant development of dual catalytic systems, which further diverts the reaction
types. The employment of other electrophiles such as CO, has also broadened the
scope of electrophiles and has led to useful protocols to acids. Finally, the more
challenging tertiary alkyl halides have also proven to be competent for the reductive
coupling strategies.

Likewise, the Ni-catalyzed reductive cross-coupling of two different C(sp®)—
electrophiles has achieved tremendous success, which provides ready access to aryl
amides, ketones, and alcohols. The recent unsymmetrical biaryl synthesis using Pd/
Ni dual catalytic conditions, in particular, opens the possibility for finely tuning the
chemoselectivity between two aryl electrophiles.

Future work in this field may foresee incorporation of novel electrophiles and
different transition metals that may result in new transformations and broaden the
substrate scope for a wide range of electrophiles. More detailed mechanistic studies
for the Ni-catalyzed reactions should be performed, which not only provide insight
into the reaction process but may also inspire design of new reactions. Enrichment
of the types of asymmetric coupling reactions, particularly the unactivated alkyl
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substrates, is challenging, but important. Not only does this help in understanding
the reaction mechanisms, but may also further enhance the practicality of the
reductive coupling methods to the construction of complex molecules.

Acknowledgments Financial support was provided by the Chinese NSF (Nos. 21172140, 21372151, and
21572127), Shanghai Municipal Education Commission for the Programs for Professor of Special
Appointment (Dongfang Scholarship), Shanghai Peak Discipline Construction (N.13-A302-15-L02), and
Shanghai Science and Technology Commission (14DZ2261100).

References

(98]

(el B e WU RN

13

24.
25.
26.
217.
28.
29.
30.

31.

32.
. Unpublished results from the author’s lab
34.

35.
36.
. Anka-Lufford LL, Prinsell MR, Weix DJ (2012) J Org Chem 77:9989
38.

. Gu J, Wang X, Xue W, Gong H (2015) Org Chem Front 2:1411
. Everson DA, Weix DJ (2014) J Org Chem 79:4793
. Knappke CE, Grupe S, Gértner D, Corpet M, Gosmini C, von Jacobi Wangelin A (2014) Chem Eur

J 20:6828

. Weix DJ (2015) Acc Chem Res 48:1767

. Moragas T, Correa A, Martin R (2014) Chem Eur J 20:8242

. Nédélec J-Y, Périchon J, Troupel M (1997) Top Curr Chem 185:141

. Jana R, Pathak TP, Sigman MS (2011) Chem Rev 111:1417

. Thaler T, Haag B, Gavryushin A, Schober K, Hartmann E, Gschwind RM, Zipse H, Mayer P,

Knochel P (2010) Nat Chem 2:125

. Fu GC (2008) Acc Chem Res 41:1555
10.
11.
12.

Netherton MR, Fu GC (2004) Adv Synth Catal 346:1525
Rudolph A, Lautens M (2009) Angew Chem Int Ed 48:2656
Frisch AC, Beller M (2005) Angew Chem Int Ed 44:674

. Hu X (2011) Chem Sci 2:1867

. LiZ, Liu L (2015) Chin J Catal 36:3
15.
16.
17.
18.
19.
20.
21.
22.
23.

Tasker SZ, Standley EA, Jamison TF (2014) Nature 509:299

Biswas S, Weix DJ (2013) J Am Chem Soc 135:16192

Breitenfeld J, Ruiz J, Wodrich MD, Hu X (2013) J Am Chem Soc 135:12004

Tellis JC, Primer DN, Molander GA (2014) Science 345:433

Zuo Z, Ahneman DT, Chu L, Terrett JA, Doyle AG, MacMillan DW (2014) Science 345:437
Schley ND, Fu GC (2014) J] Am Chem Soc 136:16588

Yu X, Yang T, Wang S, Xu H, Gong H (2011) Org Lett 13:2138

Xu H, Zhao C, Qian Q, Deng W, Gong H (2013) Chem Sci 4:4022

Jones GD, Martin JL, McFarland C, Allen OR, Hall RE, Haley AD, Brandon RJ, Konovalova T,
Desrochers PJ, Pulay P, Vicic DA (2006) ] Am Chem Soc 128:13175

Tsou TT, Kochi JK (1979) ] Am Chem Soc 101:7547

Colon I, Kelsey DR (1986) J Org Chem 51:2627

Prinsell MR, Everson DA, Weix DJ (2010) Chem Commun 46:5743

Goldup SM, Leigh DA, McBurney RT, McGonigal PR, Plant A (2010) Chem Sci 1:383

Peng Y, Luo L, Yan C-S, Zhang J-J, Wang Y-W (2013) J Org Chem 78:10960

Wada M, Murata T, Oikawa H, Oguri H (2014) Org Biomol Chem 12:298

Zhang C-P, Wang H, Klein A, Biewer C, Stirnat K, Yamaguchi Y, Xu L, Gomez-Benitez V, Vicic
DA (2013) J Am Chem Soc 135:8141

Yu S, Dudkina Y, Wang H, Kholin K, Kadirov M, Budnikova Y, Vicic D (2015) Dalton Trans
44:19443

Liang Z, Xue W, Lin K, Gong H (2014) Org Lett 16:5620

Liu JH, Yang CT, Lu XY, Zhang ZQ, Xu L, Cui M, Lu X, Xiao B, Fu Y, Liu L (2014) Chem Eur J
20:15334

Durandetti M, Perichon J (2004) Synthesis 3079

Dai Y, Wu F, Zang Z, You H, Gong H (2012) Chem Eur J 18:808

Qian X, Auffrant A, Felouat A, Gosmini C (2011) Angew Chem Int Ed 50:10402

Reprinted from the journal 87 @ Springer



Top Curr Chem (Z) (2016) 374:43

39.
40.
41.
42.
43.
44.

45

58

Xue W, Xu H, Liang Z, Qian Q, Gong H (2014) Org Lett 16:4984

Tollefson EJ, Erickson LW, Jarvo ER (2015) J Am Chem Soc 137:9760-9763
Krasovskiy A, Duplais C, Lipshutz BH (2009) J Am Chem Soc 131:15592

Czaplik WM, Mayer M, von Jacobi Wangelin A (2009) Angew Chem Int Ed 48:607
Everson DA, Shrestha R, Weix DJ (2010) J Am Chem Soc 132:920

Everson DA, Jones BA, Weix DJ (2012) J Am Chem Soc 134:6146

. Amatore M, Gosmini C (2010) Chem Eur J 16:5848
46.
47.
48.
49.
50.
51.
52.
. Ackerman LK, Anka-Lufford LL, Naodovic M, Weix DJ (2015) Chem Sci 6:1115
54.
55.
56.
57.

Wang S, Qian Q, Gong H (2012) Org Lett 14:3352

Yan CS, Peng Y, Xu XB, Wang YW (2012) Chem Eur J 18:6039

Peng Y, Xu XB, Xiao J, Wang Y-W (2014) Chem Commun 50:472

Lu X, Yi J, Zhang Z-Q, Dai J-J, Liu J-H, Xiao B, Fu Y, Liu L (2014) Chem Eur J 20:15339
Molander GA, Traister KM, O’Neill BT (2015) J Org Chem 80:2907

Li X, Feng Z, Jiang Z-X, Zhang X (2015) Org Lett 17:5570

Gutierrez O, Tellis JC, Primer DN, Molander GA, Kozlowski MC (2015) J Am Chem Soc 137:4896

Zhao Y, Weix DJ (2013) J Am Chem Soc 136:48

Yamashita Y, Tellis JC, Molander GA (2015) Proc Natl Acad Sci USA 112:12026
Jouffroy M, Primer DN, Molander GA (2015) J] Am Chem So 138:475

Wang X, Wang S, Xue W, Gong H (2015) J Am Chem Soc 137:11562

. Patel NR, Kelly CB, Jouffroy M, Molander GA (2016) Org Lett 18:764

. Noble A, McCarver SJ, MacMillan DW (2015) J Am Chem Soc 137:624
60.
61.
62.
63.

Durandetti M, Gosmini C, Périchon J (2007) Tetrahedron 63:1146

Cui X, Wang S, Zhang Y, Deng W, Qian Q, Gong H (2013) Org Biomol Chem 11:3094

Arendt KM, Doyle AG (2015) Angew Chem Int Ed 54:9876

Konev MO, Hanna LE, Jarvo ER (2016) Angew Chem Int Ed 55: ASAP. doi:10.1002/anie.
201601206

. Wotal AC, Weix DJ (2012) Org Lett 14:1476

. Wu F, Lu W, Qian Q, Ren Q, Gong H (2012) Org Lett 14:3044

. Yin H, Zhao C, You H, Lin K, Gong H (2012) Chem Commun 48:7034

. Lu W, Liang Z, Zhang Y, Wu F, Qian Q, Gong H (2013) Synthesis 45:2234

. Jia X, Zhang X, Qian Q, Gong H (2015) Chem Commun 51:10302

. Zhao C, Jia X, Wang X, Gong H (2014) J Am Chem Soc 136:17645

. Le CC, MacMillan DW (2015) J Am Chem Soc 137:11938

. Joe CL, Doyle AG (2016) Angew Chem Int Ed 55:4040

. Amani J, Sodagar E, Molander GA (2016) Org Lett 18:732

. Ledén T, Correa A, Martin R (2013) J Am Chem Soc 135:1221

. Moragas T, Cornella J, Martin R (2014) J Am Chem Soc 136:17702

. Liu Y, Cornella J, Martin R (2014) J Am Chem Soc 136:11212

. Wang X, Liu Y, Martin R (2015) J Am Chem Soc 137:6476

. Moragas T, Gaydou M, Martin R (2016) Angew Chem Int Ed 55. doi:10.1002/anie.201600697
. Zhao Y, Weix DJ (2015) J Am Chem Soc 137:3237

. Cherney AH, Kadunce NT, Reisman SE (2013) J Am Chem Soc 135:7442

. Cherney AH, Reisman SE J] Am Chem Soc 136:14365

. Kadunce NT, Reisman SE (2015) ] Am Chem Soc 137:10480

. Zuo Z, Cong H, Li W, Choi J, Fu GC, MacMillan DWC (2016) ] Am Chem Soc 138:1832
. Tan Z, Wan X, Zang Z, Qian Q, Deng W, Gong H (2014) Chem Commun 50:3827
. Liu X, Li X, Chen Y, Hu Y, Kishi Y (2012) J Am Chem Soc 134:6136

. Panahi F, Bahmani M, Iranpoor N (2015) Adv Synth Catal 357:1211

. Zhao C, Tan Z, Liang Z, Deng W, Gong H (2014) Synthesis 46:1901

. Caputo JA, Naodovic M, Weix DJ (2015) Synlett 26:323-326

. Amatore M, Gosmini C (2008) Angew Chem Int Ed 47:2089

. Gosmini C, Bassene-Ernst C, Durandetti M (2009) Tetrahedron 65:6141

. Qian Q, Zang Z, Chen Y, Lin K, Gong H (2013) Synlett 24:619

. Iranpoor N, Panahi F (2015) Org Lett 17:214

. Liao L-Y, Kong X-R, Duan X-F (2014) J Org Chem 79:777

. Buonomo JA, Everson DA, Weix DJ (2013) Synthesis 45:3099

. Ackerman LKG, Lovell MM, Weix DJ (2015) Nature 524:455

. Moncomble A, Le Floch P, Lledos A, Gosmini C (2012) J Org Chem 77:5056

@ Springer 88 Reprinted from the journal



Top Curr Chem (Z) (2016) 374:43

96. Correa A, Leon T, Martin R (2014) J Am Chem Soc 136:1062

97. Wang X, Nakajima M, Martin R (2015) J Am Chem Soc 137:8924

98. Correa A, Martin R (2014) J Am Chem Soc 136:7253

99. Hsieh J-H, Cheng C-H (2005) Chem Commun 4554

100. Hsieh J-C, Chen Y-C, Cheng A-Y, Tseng H-C (2012) Org Lett 14:1282

101. Majumdar KK, Cheng CH (2000) Org Lett 2:2295

102. Huang YC, Majumdar KK, Cheng CH (2002) J Org Chem 67:1682

103. Hu JX, Li CY, Sheng W1J, Jia YX, Gao JR (2011) Chem Eur J 17:5234

104. Qian Q, Zang Z, Chen Y, Tong W, Gong H (2013) Mini Rev Med Chem 13:802

105. Lu X, Xiao B, Zhang Z, Gong T, Su W, Yi J, Fu Y, Liu L (2016) Nat Commun 7:11129
106. Lebedev SA, Lopatina VS, Petrov ES, Beletskaya IP (1988) J Organomet Chem 344:253
107. Liu C-C, Parthasarathy K, Cheng C-H (2010) Org Lett 15:3518

108. Korivi RP, Cheng C-H (2006) J Org Chem 71:7079

109. Shrestha R, Dorn SCM, Weix DJ (2013) J Am Chem Soc 135:751

Reprinted from the journal 89 @ Springer



Top Curr Chem (Z) (2016) 374:45 @ CrossMark
DOI 10.1007/541061-016-0045-2

REVIEW

Ni- and Fe-catalyzed Carboxylation of Unsaturated
Hydrocarbons with CO,

Francisco Julia-Herniandez' - Morgane Gaydou' +
Eloisa Serrano' - Manuel van Gemmeren' -
Ruben Martin!?

Received: 11 May 2016/ Accepted: 11 June 2016/ Published online: 30 June 2016
© Springer International Publishing Switzerland 2016

Abstract The sustainable utilization of available feedstock materials for preparing
valuable compounds holds great promise to revolutionize approaches in organic
synthesis. In this regard, the implementation of abundant and inexpensive carbon
dioxide (CO,) as a C1 building block has recently attracted considerable attention.
Among the different alternatives in CO, fixation, the preparation of carboxylic
acids, relevant motifs in pharmaceuticals and agrochemicals, is particularly
appealing, thus providing a rapid and unconventional entry to building blocks that
are typically prepared via waste-producing protocols. While significant advances
have been realized, the utilization of simple unsaturated hydrocarbons as coupling
partners in carboxylation events is undoubtedly of utmost academic and industrial
relevance, as two ava