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EDITORIAL

Editorial

Arkaitz Correa1

� Springer International Publishing Switzerland 2016

The genesis of cross-coupling reactions is often traced back toNi-catalyzed reactions of

Grignard reagents with aryl or vinyl halides reported in the 1970s. However, earlier

reports byKharasch 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 spectrumofoxidation states, thus

allowingdifferentmodesof reactivity and radicalmechanisms.Likewise, the lowcost 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
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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 bymeans ofNi 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 andK. 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.

All in all, the reviews assembledherein provide anexcellent overviewof 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 amgrateful toRubenMartin for kindly encouragingme to take on this task anddeeply

indebted to all distinguishedcolleagueswhohave contributedwith 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

Top Curr Chem (Z)  (2016) 74:71 
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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 sp3-, sp2-, 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

Arkaitz Correa.
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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 [5]. 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(III), as well as Ni(II), 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 sp3-, sp2-, 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.

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

123 Reprinted from the journal2



2 Reaction of Alkyl Electrophiles

2.1 C(sp3)–C(sp3) 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)2. 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)2 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 NiCl2, 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(p-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,

LaFe0.8Ni0.2O3, 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

Scheme 1 Cross-coupling of alkyl bromides bearing an alkene moiety with Et2Zn

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

Scheme 2 Halogen–zinc exchange reaction of alkyl bromides

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

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

Scheme 5 Cross-coupling of an alkyl fluoride with n-PrMgBr using a tetraene

Top Curr Chem (Z)  (2016) 374:66 
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[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 b-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].

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

Scheme 7 Cross-coupling of a fluorinated secondary alkyl bromide

Scheme 8 Cross-coupling of a secondary alkyl bromide with a secondary alkylzinc reagent

Top Curr Chem (Z)  (2016) 374:66 
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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,N0-
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,N0,N0-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,N0-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].

Scheme 9 Suzuki–Miyaura coupling of a secondary alkyl bromide with an alkylboron reagent

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

Top Curr Chem (Z)  (2016) 374:66 
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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 5-position quickly undergo 5-exo radical cyclization to form a

new alkyl radical with a 5-membered ring. Cárdenas 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

Scheme 11 Kumada–Tamao–Corriu coupling using Ni complex 13

Scheme 12 Diastereoselective alkylation of cyclohexyl iodides

Scheme 13 Cyclization/cross-coupling cascade

Top Curr Chem (Z)  (2016) 374:66 
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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(sp3)–C(sp2) Coupling Reaction

Early examples of Ni-catalyzed cross-coupling reaction of alkyl halides with aryl

metal reagents were reported by Scott employing NiCl2(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

Scheme 14 Decarboxylative cross-coupling of carboxylic esters

Scheme 15 Negishi coupling of an alkyl iodide with PhZnBr

Top Curr Chem (Z) (2016) 374:66 
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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 PPh3 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 b-
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].

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

Scheme 17 Cross-coupling using phosphine ligand 19

Scheme 18 Functional group tolerance of Kumada–Tamao–Corriu coupling

Top Curr Chem (Z)  (2016) 374:66 
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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 PhSiF3 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

Scheme 19 Cross-coupling using complex 20

Scheme 20 Reaction of CyBr with PhB(OH)2 using bipyridine-type ligands

Scheme 21 Hiyama coupling of a secondary alkyl bromide

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

123 10 Reprinted from the journal



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 t-

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. b-alkylstyrene was prepared by a one-pot operation via

hydroboration/cross-coupling sequence using a Ni complex 13 (Scheme 27) [65].

Scheme 22 Stille coupling of a secondary alkyl bromide

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

Scheme 24 Stereochemistry of arylation of a secondary alkyl bromide

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

Scheme 25 Cross-coupling of a secondary alkyl chloride with PhB(OH)2

Scheme 26 Stereoselective alkylation of alkenylborates

Scheme 27 Olefin synthesis by alkylation of alkynes via hydroboration/cross-coupling sequence

Scheme 28 Cross-coupling reaction of a tertiary alkyl bromide
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catalyst (Scheme 30) [68]. The reaction of Barton ester 33 of 2-ethylhexanoic acid

with PhZnCl�LiCl in the presence of catalytic amounts of NiCl2(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

Scheme 29 Cross-coupling of a bicyclic iodocyclopropane

Scheme 30 Decarboxylative cross-coupling of esters

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(sp3)–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)]ether (O-TMEDA), n-OctI 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

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

Scheme 33 Cross-coupling reaction of n-BuBr with an alkynyllithium
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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 CuI

[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-OctI 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

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

Scheme 35 Cross-coupling of n-OctI with a terminal alkyne using tridentate amine ligands
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Pd(II). These processes of Pd catalysis smoothly proceed when sp- and/or sp2-

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 p-Ligand System

It is known that alkylmetal intermediates, generated by oxidative addition of alkyl

halides to low valent metal catalysts, easily undergo b-hydrogen elimination to form

the corresponding alkenes and metal hydrides, which can act as a reducing agent

Scheme 36 Diastereoselective alkynylation of a substituted cyclohexyl iodide

Scheme 37 Disproportionation/comproportionation equilibria of Ni species
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toward alkyl halides in some cases. Because b-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(II) 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 p-
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 Et2Zn, 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 p-
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/1,3-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/1,3-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(p-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 p-allyl to r-allyl to maintain the 16e state at the Ni center and the other

p-allyl ligand stabilizes the ate complex by withdrawing the anionic charge on Ni to

Scheme 38 Ni-catalyzed Negishi coupling assisted by intramolecular olefin coordination
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its LUMO orbital by the p-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(p-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

Scheme 39 Ni/1,3-butadiene catalytic system with nickelate intermediates

Scheme 40 Nonradical mechanism of Ni/1,3-butadiene catalytic system
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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 MeI in the presence of a terpyridine

ligand provided a cationic methylnickel(II) complex 50 and the treatment of

NiMe2(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-HepI 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(II) 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(III) 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

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

Scheme 42 Intermediacy of neutral Ni(I) complex 51 with an alkyl iodide

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

12319Reprinted from the journal



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 14N atom, suggesting that the radical character

located mainly in the pybox ligand.

When Ni(II) 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

Scheme 43 Proposed catalytic cycle of Ni/terpyridine catalytic system

Scheme 44 Synthesis of phenylnickel(I) and (II) complexes bearing pybox ligand
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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(II) 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(II) complex 56 and Ni(I) complex 58 acts as an activator or a

promoter. A proposed pathway is depicted in Scheme 47.

Scheme 45 Reactivity of cationic Ni(II) and neutral Ni(I) complexes toward a secondary alkyl bromide

Scheme 46 Reaction of phenylnickel complex 56 with a secondary alkyl bromide promoted by
Ni(I) complex 58
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A modified catalytic cycle including carbon radical intermediates was proposed

for the reactions using anionic tridentate N-based ligands where two Ni(II)

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(II) complex 59, which then reacts with alkyl halides to give alkyl

radicals and a nickel(III) complex 60. Thus formed alkyl radicals recombine with

another alkylnickel(II) complex 59 to generate diorganonickel(III) 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(II) intermediates 13 and 59 to

complete the catalytic cycle. This pathway is supported by kinetic studies.

Scheme 47 Proposed reaction pathway of Ni/pybox catalytic system

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

Scheme 49 Bimetallic mechanism of oxidative addition of alkyl halides toward Ni
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Catalytic reactions using bidentate ligands are also examined. When a-bromo-

sulfonamides and a-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

(NiBr2�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 a-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 a-
bromoamide reacted selectively even in the presence of other simple primary and

Scheme 50 Competitive reactions of alkyl halides

Scheme 51 Stereoconvergent Negishi coupling of an a-bromoamide
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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 NiBr2(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-PrZnI was used

as a secondary alkylzinc reagent. Another evidence of this isomerization was

Scheme 52 Stereoconvergent Negishi coupling of benzylic halides

Scheme 53 Stereoconvergent Negishi coupling of allylic chlorides
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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].

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

Scheme 55 An evidence of isomerization of an alkyl group
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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 a-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,

a-bromo cyanides [100], sulfonamides, and sulfones [91] underwent the asymmetric

cross-coupling reaction to give the corresponding coupling products 78–80 with

high ee.

Scheme 56 Enantioselective alkylation of N-Boc-pyrrolidinylzinc reagent 73

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

Scheme 58 Scope of stereoconvergent Negishi coupling of activated secondary alkyl bromides
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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 CF3 and CH3 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,N0-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 c-phenyl bromide resulted in poor ee.

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

Scheme 60 Enantioselective cross-coupling using chiral diamine ligands
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However, 2-bromo-1,4-diphenylbutane as a b,c-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

Scheme 61 Stereocontrol by phenyl groups at remote positions

Scheme 62 Scope and limitations of stereoconvergent Suzuki–Miyaura coupling
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[107], a c-haloamide 87 [108], and a carbamate-protected haloamine 88 [109]

effectively controlled their enantioselectivities. Carbamate-protected c-haloamine

89 afforded a lower ee, whereas sulfonamides 90–92 and sulfone 93 at the c-
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 x-halocarboxylic
acids. In order to avoid messy protection-deprotection processes of the carboxyl

moieties, carboxylic acids were treated with t-BuMgCl to convert into their

Scheme 63 Asymmetric alkynylation of a seocndary bromide

Scheme 64 Diastereoselective alkylation of halosaccharides
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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 x-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/1,3-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.

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

Scheme 66 Total synthesis of khafrefungin 102
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Deprotection and macrolactonization of 106 afforded rac-107 in good yield

(Scheme 68) [65].

An antitumor active cembranoid diterpene, (±)-a-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-PrZnI to

synthesize an intermediate 109. (Scheme 69) [40].

The asymmetric formal total synthesis of fourteen membered macrocycle,

fluvirucinine A1 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 A1 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.

Scheme 67 Total synthesis of an inositol phospholipid 104

Scheme 68 Total synthesis of recifeiolide 107
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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

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

Scheme 70 Asymmetric synthesis of fluvirucinine A1 113
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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].

Scheme 71 Cross-coupling between saccharide derivatives

Scheme 72 Total synthesis of salmochelins
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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 0 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 sp3-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.

References

1. de Meijere A, Brase S, Oestreich M (2014) Metal-catalyzed cross-coupling reactions and more.

Wiley-VCH, Weinheim

2. Yamamoto T, Yamamoto A, Ikeda S (1971) J Am Chem Soc 93:3350

3. Tamao K, Sumitani K, Kumada M (1972) J Am Chem Soc 94:4374

4. Corriu RJP, Masse JP (1972) J C S Chem Commun 144

5. Iwasaki T, Kambe N (2014) Coupling reactions between sp3 carbon centers. In: Molander GA,

Knochel P (eds) Comprehensive organic synthesis, vol 3, 2nd edn. Elsevier, Oxford, p 337
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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],
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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 competitionwith protodemetalation aswell 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
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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(II) 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(III) 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(CF3)ppy)2(bpy)](PF6) as a photocatalyst, Ni(COD)2/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(III) 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

Scheme 3 Cross-coupling of benzyltrifluoroborate under dual photoredox/nickel catalysis
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reactive Ni(II) and Ni(III) 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 NiCl2�dme and the base additive to Cs2CO3 [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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Br

dual Ni / hν
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NiIII
N

N

Br
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elimination

NiII
N

N

Br
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Scheme 4 Computational study outcome of photoredox/Ni dual catalysis cross-coupling

Scheme 5 Comparison between experimental and calculated stereoinduction
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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

Scheme 6 Photoredox/Ni dual catalytic cross-coupling of secondary alkyltrifluoroborate

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

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

123 42 Reprinted from the journal



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

BF3K +

Br

H

O

4CzIPN (1.5 mol %)
NiCl2•dme (3 mol %)

2,2'-bpy (4 mol %)

2,6-lutidine (3.5 equiv)
DMF, 26 W CFL, rt, 24 h

H

O
90% yield

Scheme 9 Photoredox/Ni cross-coupling using donor–acceptor fluorophore 4CzIPN
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Scheme 8 Traditional Ir-based photoredox catalyst and donor–acceptor fluorophore catalyst

Scheme 10 Orthogonal photoredox/Ni dual cross-coupling

Scheme 11 Photoredox/Ni orthogonal reactivity and further functionalization
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[Ir(dF(CF3)ppy)2(bpy)](PF6) as the photocatalyst, Ni(NO3)2�6H2O/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 SF5, 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

Scheme 12 Photoredox/Ni dual catalytic cross-coupling of Boc-N-trifluoroboratomethyl amino acids
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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 a-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.

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

Scheme 14 Photoredox/Ni cross-coupling of alkoxymethyltrifluoroborates with aryl bromides
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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., 28 alkyl, a-alkoxy, and a-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

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

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(CF3)ppy)2
(bpy)](PF6) as a photocatalyst, and Ni(COD)2/dtbbpy as the precatalyst, with

irradiation from a blue LED at room temperature for 24 h [30]. Six different alkyl

bis (catecholato) silicates (18 and 28 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

(E0 = ? 0.75 V vs. SCE) [32] when compared to primary alkyltrifluoroborates

(E0[? 1.50 V vs. SCE) [33]. Furthermore, the use of the unstable Ni(COD)2 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., Et3N

or i-Pr2NH). 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

(E0 = ? 0.77 V vs. SCE) [34]. After optimization, suitable conditions were found

using [Ru(bpy)3](PF6)2 as the photocatalyst, NiCl2�dme/dtbbpy as the cross-

coupling precatalyst in DMF solvent with visible light. The scope of the silicate

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 18
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
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Scheme 18 Photoredox/Ni dual cross-coupling of ammonium alkylsilicates and aryl bromides
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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.
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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 SNAr reactions of alkylthiolates onto activated aromatic

systems, or SN2 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
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Scheme 22 Photoredox/Ni dual catalysis thioetherification
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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 a-cyano acids [43]. The pioneering work of MacMillan/Doyle and
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Scheme 24 Photoredox/Ni thioetherification using silicates as H-atom abstractor
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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(CF3)ppy)2(bpy)](PF6) as the photocatalyst, NiCl2�glyme/dtbbpy

as the precatalyst, and Cs2CO3 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

a-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(III) 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 a-
oxycarboxylic acids, a-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).

Scheme 26 Decarboxylative cross-coupling of a-amino acids under photoredox/Ni dual catalysis
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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 a-keto

R CO2

*IrIII

SET

IrII

RR CO2

CO2

LnNin
LnNin+1 R

Scheme 27 Formation of an alkyl radical from decarboxylative SET oxidation

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

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

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 a-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 a-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 O2 no coupled product

was observed, showing the requirement of an O2 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 a-amino acids and a-oxy
carboxylic acids with aryl- and heteroaryl halides (iodides, bromides, and chlorides)

bearing electron-poor and electron-rich substituents (Scheme 34).

Scheme 31 Photoredox/Ni decarboxylative cross-coupling in the synthesis of fenofibrate
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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.

N
Boc

CO2H

+

Br

O

[Ir(dF(CF3)ppy)2(dtbbpy)](PF6) (1 mol %)
NiCl2•dtbbpy (10 mol %)

Cs2CO3, DMF (degassed)
26 W CFL, rt, 4 h

No product

then
air

N
Boc

O

60% yield

Scheme 33 Effects of O2 in decarboxylative photoredox/Ni catalyzed cross-coupling

Scheme 32 Enantioselective dual photoredox/Ni decarboxylative cross-coupling

N
Boc

CO2H +

Br

OMe

O

4CzIPN (2.5 mol %)
NiCl2•dme (10 mol %)
2,2'-bpy (15 mol %)

Cs2CO3 (1.5 equiv), DMF
26 W CFL, rt, 10 h

N
Boc

O

OMe

65% yield

Scheme 34 Decarboxylative photoredox/Ni cross-coupling using donor–acceptor 4CzIPN
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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)2(dtbbpy)](PF6) as the

photocatalyst, NiCl2�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

N

+
N

Br

CF3

[Ir(dF(CF3)ppy)2(bpy)](PF6) (1 mol %)
NiCl2•glyme (10 mol %) 

dtbbpy (15 mol %)

KOH (3 equiv)
DMF, 26 W CFL, rt, 48 h

N N

CF3

60% yield

Scheme 35 Direct C(sp3)-H cross-coupling using dual photoredox/Ni catalysis

N

SET

*[Ir]III
N

- H+ NH
LnNin NLnNin+1H

Scheme 36 Radical formation by SET oxidation
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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(II) species undergoes a migratory insertion with an alkene, forming a

new organonickel(II) species. This intermediate, upon deprotonation and oxidation

by an excited Ru complex, forms a Ni(III) 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

R SH
SET

R SH R S

pyr

pyrH

LnNin
LnNin+1 SR

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

I

NHAcCl
+ n-Hex

[Ru(bpy)3](PF6)2 (1 mol %)
Ni(COD)2 (15 mol %) 

IPr (16 mol %)

Et3N (2 equiv)
acetone, blue LED, rt, 26 h

N
Ac

n-Hex

Cl

86% yield

Scheme 39 Photoredox/Ni dual catalysis indoline synthesis

Scheme 37 Photoredox/Ni dual catalytic cross-coupling of thiols
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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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55. Zhao D, Vásquez-Céspedes S, Glorius F (2015) Angew Chem In Ed 54:1657

56. Tasker SZ, Jamison TF (2015) J Am Chem Soc 137:9531

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

12359Reprinted from the journal



REVIEW

Nickel-Catalyzed Reductive Couplings

Xuan Wang1 • Yijing Dai1 • Hegui Gong1,2

Received: 29 March 2016 /Accepted: 30 May 2016 / Published online: 23 June 2016

� Springer International Publishing Switzerland 2016

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 CO2 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(sp3)–C(sp2) bonds arising from activated alkyl halides is next depicted followed

by allylic carbonylation. Finally, the coupling of aryl halides with other C(sp2)–

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(sp3) 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(sp3)–(e.g., unactivated alkyl halides

and allylic acetates) and C(sp2)–substrates (e.g., acyl and aryl/vinyl halides), as well

as CO2 and other carbonyl-type compounds. The asymmetric C(sp2)–C(sp3) bond

formation has also been developed using activated halides (e.g., benzyl, a-
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(sp2)–NiII]

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(sp3)–C(sp2) bonds, (for

reviews on Ni-catalyzed conventional coupling chemistry, see [9–15]) formation of

C(sp3)–C(sp3) 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(sp2)–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

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

123 62 Reprinted from the journal

R2 X

R1

X = Cl, Br, I
or activated OR 

and NMe3I

(Y = Br, I)

Y R2

R1

OCO2Me
R

R2

R1
R

R2

R1

R

O

(Y = Cl, Br, I)

R2

R1

R3

R3R3

R3

R3

R5

R4
R4

R5

RCOY
(Y = Cl, OH, OCOR)

Raryl-Y or Rvinyl-Y

NO

N N

O

Cl

L6: (4-Cl)-H-PyBox

N
N

N

R

R R

N
N

H
N

L11: 2-(4,5-dihydro-1H-
imidazol--2-yl)pyridine

L1: R = H: Terpy
L2: R = tBu: tBu-Terpy

NO

N N

O

R R
L3: R = Ph: Ph-Pybox
L4: R = (S)-sBu: (S)-sBu-Pybox
L5: R = tBu: tBu-Pybox

Ni-ligand/
reductant

CO2 N N

R R

L7: R = H, 2,2'-bipyridine (bipy)
L8: R = tBu, Di-tBuBipy (dtbbpy)
L9: R = Me, dmbpy

N N

Ph Ph

L10: bathophenanthroline

Scheme 1 Reductive coupling of alkyl halides with other electrophiles (left), and the representative
ligands used for the transformations (right)



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 Ni0/NiII catalytic pathway rather than a NiI/NiIII 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(sp3)– and C(sp2)–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 CO2,

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(sp2)–

halides with other C(sp2)– and C(sp)–electrophiles. Due to the extensive reviews

that have been published on reductive acylation (including CO2 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(sp3)–Electrophiles

2.1.1 Ni-Catalyzed Coupling Between Unactivated C(sp3)– and C(sp3)–

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/tBu-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 Ralkyl–Ni
III–Ralkyl intermediate. Unfor-

tunately, detection of the proposed NiIII 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(sp3)–C(sp3) 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)2 conditions A significant improvement on

chemoselectivity is observed when (Bpin)2 (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

NiCl2 glyme (0.5-5 mol % )
L2 (0.5-5 mol % )
Mn (1 equiv ), DMF, 40-80 oC
NaI (0.5 equiv) for X = Br, I

R1, R2 = alkyl, aryl, vinyl, or H
X = I, Br, activated Cl
1o alkyl-X (X = OMs, OAc, OC(O)CF3)

yield up to 98%

X

R2 R2 R2

Ni (cat.)/Zn or Mn Weix's method:

NiCl2(H2O)6 (5 mol %)
L1 or L3 (5 mol %)
Zn (1 equiv )
DMF

Leigh's method:R1
R1 R1

.

Scheme 4 Ni-catalyzed dimerization of alkyl electrophiles
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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–NiI–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 Ralkyl radical and Terpy–NiII–Me. Rapid combination of the

two species in a cage gives Terpy–NiIII(Ralkyl)–Me species, which generates the

product upon reductive elimination.

Both Ni/Zn and Ni/(Bpin)2 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
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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 Nin(Ln) (n = 0 or 1) results in R1
alkyl �

Ninþ2 Lnð Þ complex, which is then reduced by Zn to give R1
alkyl � NiI Lnð Þ. A second

oxidative addition of R2
alkyl halide leads to R1

alkyl�NiIII Lnð Þ�R2
alkyl species, which

releases the product upon reductive elimination. The origin of the selectivity relies

on the formation of R1
alkyl�Ninþ2 Lnð Þ and R1

alkyl�NiIII Lnð Þ�R2
alkyl intermediates,

wherein the Ni(Ln) may sterically and electronically differentiate the two alkyl

groups. In the Ni/(Bpin)2 conditions, generation of R1
alkyl � NiI may arise from

oxidative addition of R1
alkyl�X to NiI Lnð Þ�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)2 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).

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)2
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.
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6. Steric effect The steric effect in the Ni/Zn reductive conditions is not as

prominent as the Ni/(Bpin)2 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)2 conditions is much less effective

(Eq. 2) [22].

In the Ni/(Bpin)2 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 R1–alkyl halides (e.g., secondary bromides and more hindered primary

iodides as opposed to primary bromides) [22]. The resultant R1-NiI 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]

The steric effect appears predominantly important for tertiary alkyl halides.

When coupling of tBu–Br with unactivated primary bromide, no products

containing all carbon quaternary centers were observed under both Ni/Zn and Ni/

(Bpin)2 conditions. The only detectable cross-coupling product arose from

isomerization of the tertiary alkyl groups under the Ni/(Bpin)2 conditions

(Scheme 8) [22, 33].

Scheme 8 Reductive coupling of tBu–Br with a primary alkyl bromide under Ni/Zn and Ni/(Bpin)2
conditions
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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, a-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(sp3)–C(sp2) 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 g1-, g3- or p-Ni-allyl
complexes via oxidative addition to Ni0, 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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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(sp3)–C(sp3) 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/MeMgI 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

CbzN CbzN
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CbzNCbzN

93% (X = I) (X = Br) 71% 40% ( X = Cl) 61% (X = Br) 38% (X = Br)66% (X = Cl)

X
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X
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DMA, 25 oC

Scheme 11 Ni-catalyzed reductive cyclization of alkyl dihalides
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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-

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

123 70 Reprinted from the journal

Nap

O

Cl
cis (±), 20:1 dr

Ni(cod)2 (5 mol %)
rac- or (S)- or (R)-BINAP (5 mol %)

MeMgI (2 equiv)
PhMe, rt, 24 h

Nap OH

cis (±), 20:1 dr

Ar =
O S O

68% 80% 91% 98%

Nap

O

Cl
trans-(2R, 4R)
99% ee, 20:1 dr

standard
conditions Nap OH

trans-(1R, 2S)
99% ee, >99% es, 20:1 dr

Nap

O

Cl

Me Ni(cod)2 (10 mol %)
rac-BINAP (10 mol %)

MgI2 (1 equiv)
MeMgI (2 equiv)
PhMe, rt, 24 h99% ee, dr = 13:1

Nap Me

OH
88% yield
99% ee, dr = 20:1

Scheme 12 Ni-catalyzed reductive cyclization of dialkyl electrophiles bearing C(sp3)–Cl and benzyl
ethers

catalyst (2 mol %) 
Zn (4 equiv)
TMEDA (5 equiv)

PTS/H2O (2 mol %), rt

65-93%

P Pd P
Cl

Cl

R2 R2

R1

Br
R

X = I, Br

+

R1

(PTS: amphiphile surfactant)
3-4 equiv

X
R

R ZnXZn

R
X YR1

R2
+

FeCl3 (5 mol %)

TMEDA (20 mol %)
Mg, THF, 0 oC(X = Cl, Br) (Y = Cl, Br)

R
R2

R1

MgYR1

R2

38-74%
1.2 equiv 1 equiv

Jacobi von Wangelin: Lipshutz:

catalyst

Scheme 13 In situ Kumada (left) and Negishi (right) coupling of alkyl with aryl halides
(TMEDA = N1,N1,N2,N2-tetramethylethane-1,2-diamine)



catalyzed reductive coupling protocol for arylation of fluorinated secondary alkyl

bromides [51]. Addition of FeBr2 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., Ni0) rather than

from unactivated alkyl halides, which results in Ar–NiII intermediate. A radical

chain process is proposed for the formation of the NiIII species through addition of

alkyl radical to Ar–NiII complex (Scheme 16, left) [16]. Alkyl radical can be

generated via halide abstraction from the alkyl halides by NiI, which results from

the reductive elimination of the Ar–NiIII–alkyl intermediate. Meanwhile, the

stoichiometric reaction of Ar–NiIILn–X with alkyl halides delivers the coupling

product in good yield, suggesting that radicals can be initiated by the Ar–NiII

species.

On the other hand, Molander illustrates that under Ru-catalyzed photoredox/Ni-

catalyzed conditions, the addition of benzyl radicals to Ni0 is likely favored

according to the DFT studies [52]. The resultant Bn–NiI can further react with aryl

halides to give Ar–NiIII–Bn (Scheme 16, right). It should be noted that Peng
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proposed a mechanism involving oxidative addition of aryl iodides to unactivated

alkyl-NiI 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 Ni0 as

opposed to NiII is feasible, wherein oxidative addition of aryl halides to Ni0 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–NiII to give Ar–NiIII–Bn. Reductive

elimination gives the products and NiI, which can be reduced by Zn to Ni0, and

regenerate Ar-NiII 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 TiIII. The addition of alkyl

radicals to Ar–NiII proceeds in a similar manner to the radical-chain process, which

delivers the product upon reductive elimination, except that the resultant TiIV and
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NiI intermediates are individually reduced by Mn to TiIII and Ni0 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 IrII or RuII serves as the

reductants to reduce NiI to Ni0.

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)2, MgCl2, and Zn in DMA, the reductive

conditions enable effective construction of all carbon quaternary centers

(Scheme 19) [57]. For tBu–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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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(sp2)–electrophiles and the

activated C(sp3)–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–NiI by addition of benzyl radical to Ni0. Therein, oxidative addition of ArX to

Bn–NiI results in the key Ar–NiIII(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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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 a-
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 ArNiII-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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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 Boc2O and MgCl2 [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 tertiary 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].

2.4 Carboxylation of Alkyl Halides with CO2

Significant progress on fixation of CO2 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 CO2 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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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 TiIII

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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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 a-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 a-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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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

Ni0-Ln 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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substituted analogs, however, deliver poor anti/syn selectivities, which is possibly

due to the rapid conversion of g-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 aldehydeswere 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(sp2)–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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[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 CF3, 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 Ar0X to Ar–NiI 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 2,20-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/PCy3 catalyst enabled

efficient homocoupling of the aryl moieties [93].

Perhaps themost remarkable breakthrough in achieving excellent chemoselectivities

between two aryl electrophiles was found byWeix, 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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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/PPh3 catalyst [88]. The

origin of the high chemoselectivity inWeix’s system is attributed to preferential reaction

of Pd0 to aryl triflates andNi0 to aryl bromides leading toAr2–PdII(dppp)–OTf andAr1–

NiII(bpy)–Br, respectively (Scheme 36, left). The PdII species is stable and persistent in

solution, whereas the NiII complex is highly reactive with the PdII intermediate and

itself. Subsequent transmetalation between the NiII (low concentration) and PdII (high

concentration) intermediates affords Ar2–PdII–Ar1 and Br–NiII–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 Pd0,whileNi0 can be producedby reduction of

theNiII saltwithZn. The use ofKFas the additive is believed to suppress dimerization of

aryl bromides. A comparison of the oxidative addition rates of aryl halides and triflates

toward (bpy)Ni0 and (dppp)Pd0 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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Although Ni-catalyzed reductive coupling of aryl with vinyl electrophiles has not

been documented, the reactions under cobalt/PPh3 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–CoI 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 CO2 fixation with C(sp2)–electrophiles [e.g., C(sp2)–O and

benzyl C(sp3)–O 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(sp2)–O and C(sp3)–O 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 Ni0/NiII

catalytic processes wherein the key step comprises addition of Ar to isocyanates or

nitriles from a Ar–NiII intermediate.

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

12383Reprinted from the journal

NiII

Ar1 Br

NiII

TfO Br

Ni0 Pd0

PdII

TfO Ar2

PdII

Ar1 Ar2

BrAr1 OTfAr2

Zn0

ZnBrOTf Ar2Ar1

Ni Pd
I Br OTf Cl

I OTf Br Cl

(bpy)Ni

(dppp)Pd

> > >

> > >

Scheme 36 Proposed mechanism for Pd/Ni-dual catalytic conditions (left), and reactivity of aryl
electrophiles toward Ni and Pd catalysts

R1
Br

2 equiv

CoBr2 (10 mol %)
PPh3 (10 mol %)
Mn (4 equiv)
CH3CN, 50 oC

X

1 equiv

dropwise
10-40 min
X = Br or Cl

R1

retention of E/Z configuration
R1 = COOMe, CF3, H, MeO, etc. yield: 55-84%, 13 examples

Scheme 37 A two-step protocol for cobalt-catalyzed reductive vinylation of aryl halides



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 Ln–Ni
II–

Ar(Ar’CHO) complexes, wherein the coordination of carbonyl to Ni center is

favored due to formation of a cationic NiII intermediate. Trapping the halide anion

from Ar–NiIIX with in situ formed ZnX2 salt is key for the formation of the cationic

species. Subsequent addition of Ar to carbonyl results in a NiII 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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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 NiBr2(diglyme), 15 mol% of dtbbpy (L8, Scheme 1), two equivalents

of diethoxymethylsilane and Na2CO3 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 (PPh3)2NiCl2 (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–NiII

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(sp3)–C(sp3) and C(sp3)–
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C(sp2) 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(sp3)–C(sp2) bond forming processes has inspired

significant development of dual catalytic systems, which further diverts the reaction

types. The employment of other electrophiles such as CO2 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(sp2)–

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.
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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 (CO2) as a C1 building block has recently attracted considerable attention.

Among the different alternatives in CO2 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 available feedstock materials can be combined in a catalytic

fashion. This review article aims to describe the main achievements on the direct

carboxylation of unsaturated hydrocarbons with CO2 by using cheap and available

Ni or Fe catalytic species.
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1 Introduction

The atmospheric concentration of carbon dioxide (CO2) has been dramatically

raised in the last decades as result of the industrial development of our society. The

ever-growing concentration of CO2 has led to discussions on how to alleviate the

effects of the climatic change [1]. However, CO2 is an abundant, inexpensive, and

renewable feedstock that could be potentially used as a C1 building block for

synthesis [2–4]. Although the implementation of CO2 fixation in synthetic methods

will certainly not reduce its concentration in the atmosphere, it could be transformed

into high value-added fine chemicals. In fact, more than 110 megatons of CO2 are

used annually in industry for the synthesis of urea, salicylic acid, and carbonates

[1, 5]. However, CO2 is a highly oxidized and thermodynamically stable gas and,

consequently, high activation energies are required for its functionalization [6–10].

Carboxylic acids rank amongst the most prevalent backbones in pharmaceuticals

and agrochemicals. The main strategies for the synthesis of carboxylic acids are

based on the oxidation of primary alcohols and aldehydes, and the hydrolysis of

nitriles [11]. However, these methods suffer from the use of harsh conditions, strong

oxidants, and/or high temperatures, inevitably resulting in a poor chemoselectivity

profile. Alternatively, chemists have designed new routes for preparing carboxylic

acids via direct carboxylation of well-defined organometallic species in which CO2

inserts into a highly energetic metal–carbon bond that forms the corresponding

carboxylic acid upon hydrolytic work-up [12]. While a significant step-forward,

such a method is not particularly step-economical and requires handling with

stoichiometric and, in many instances, air-sensitive organometallic species, thus

reinforcing a change in strategy. Although the recent years have witnessed the

discovery of a myriad of elegant catalytic reductive carboxylation techniques with

organic (pseudo)halides [13–16], the utilization of unsaturated hydrocarbon

counterparts constitutes an ideal platform in the carboxylation arena, as these

motifs can be obtained in bulk from our petrochemical industry, thus representing a

formidable and unique opportunity for converting raw materials into valuable

products at the industrial level [17]. Additionally, such a scenario would allow for

accessing carboxylic acids at a large scale while avoiding the utilization of toxic

carbon monoxide [11].

The direct carboxylation of organic compounds has traditionally been associated

with the utilization of Ni complexes, an observation that can be traced back to the

seminal work of Aresta and coworkers by the isolation of the first CO2 complex to a

transition metal [Ni(g2-CO2)(PCy3)2] [18]. In the last three decades, CO2 fixation

into unsaturated hydrocarbons has garnered considerable attention from the

scientific community, either using stoichiometric or catalytic amounts of transition

metals, reaching remarkable levels of sophistication, efficiency, and applicability.

Given the preparative potential of these transformations, we identified the need to

review the most prominent advances in this field of expertise. Unlike other reviews

for similar means, the purpose of this article is to focus on the most recent advances

for preparing carboxylic acid derivatives from unsaturated hydrocarbon backbones

using Ni as well as the cheaper and more abundant Fe species in a homogeneous
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manner, including mechanistic considerations, when appropriate. Therefore, other

catalytic CO2 functionalization processes of paramount importance such as the area

of cyclic carbonates [19–21], polymer formation, production of methanol or formic

acid [22–24], electrochemical methods [25], co-catalyzed carboxylations [26],

carbonylation methods [27], or reductive carboxylations of organic (pseudo)halides

[14–16, 28, 29], among others, are beyond the scope of this review.

2 Carboxylation of Alkynes

2.1 Stoichiometric Processes

Prompted by the seminal Ni-catalyzed oxidative cyclization work of Inoue for

preparing 2-pyrones using CO2 as coupling partner [30], Burkhart and Hoberg

reported the isolation of an oxanickelacyclopentene (nickelalactone) from the

coupling of 2-butyne and CO2 with Ni(cdt) (cdt = 1,5,6-cyclododecatriene) and

N,N,N’,N’-tetramethylethylenediamine (TMEDA) [31]. The authors highlighted that

the corresponding a,b-unsaturated carboxylic acid can be easily within reach upon

simple protonolysis (Scheme 1).

The intermediacy of nickelalactones was further corroborated by theoretical

calculations [32–35]. Specifically, in 2008 Buntine and coworkers modeled the

reaction with acetylene and CO2 [34], selecting mDBU as a model ligand to mimic

[Ni(cdt)]
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Me Me + CO2
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rt, 48h

HCl
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Scheme 1 Synthesis of acrylic acids via the intermediacy of nickelalactones [31]
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Scheme 2 Gibbs free energies (kcal/mol) for the coupling of CO2 with acetylene [34]
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the behavior of DBU (DBU = diazabicyclo[5.4.0]undec-7-ene). The authors found

that the reaction proceeds through an associative mechanism, first involving the g2-
coordination of the alkyne to the nickel(0) complex followed by a direct insertion of

CO2 (Scheme 2). The reaction turned out to be thermodynamically favored, with an

activation barrier of 23.9 kcal/mol for the key oxidative cyclization event without

going through an Aresta-type complex.

Strikingly, it took more than 15 years until Yamamoto and Saito reported the

preparation of nickelalactones with terminal alkynes [36]. In this work, the authors

disclosed the stoichiometric carboxylation of terminal alkynes with in situ formed

Ni(DBU)2, leading to the rapid formation of b-substituted carboxylic acids with

high levels of chemo- and regioselectivity (Scheme 3). This reaction could be

applied to differently substituted alkynes bearing aromatic, aliphatic or silyl groups

with equal ease.

The regioselectivity observed in the oxidative cyclization of monosubstituted

alkynes with CO2 was theoretically rationalized by Buntine (Scheme 4) [34]. The

authors observed a markedly different energetic preference for the two possible

transition states (TS-I and TS-II), with a lower energy barrier for TS-I leading to I,
in which CO2 insertion takes place distal to the substituent on the alkyne motif.
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Scheme 4 Regioselectivity profile in the cycloaddition of terminal alkynes with CO2 [34]
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However, nickelalactone II turned out to be thermodynamically favored due to the

avoidance of a steric clash of the substituent on the alkyne terminus with the Ni

center. The effect of the ancillary ligand was also investigated, with DBU leading to

lower activation energies when compared to 2,20-bipyridine (bpy). It was

particularly interesting to find out that polar solvents such as DMF lowered down

all activation barriers due to the stabilizing effect of DMF on the transition states

when compared with commonly employed tetrahydrofuran (THF).

In 2004, the group of Iwasawa reported a similar study for the stoichiometric

carboxylation of terminal and unsymmetrical alkynes using a series of

bis(amidine)ligands [37]. Interestingly, the nature of the ligand dictated the

regioselectivity pattern; while ligands bearing substituents at the methylene carbon

generated predominantly cinnamic acids in good yields, less substituted bis(ami-

dine) ligands resulted in a switch of selectivity, leading preferentially to a-
substituted carboxylic acids, albeit in lower yields (Scheme 5). Although this

transformation still required stoichiometric amounts of nickel, this work represented

a formidable step forward for promoting a ligand-controlled regiodivergent

carboxylation of alkynes.

Mori and coworkers significantly extended the application profile of the Ni-

mediated carboxylation of alkynes with CO2 by using organozinc reagents as

coupling partners, thus triggering a transmetalation with the in situ-generated

nickelalactone, and giving rise to a formal alkylative or arylative carboxylation of

terminal alkynes depending on the organozinc reagent utilized [38]. The reaction

proceeded under mild conditions and a wide range of organozinc reagents could be

used leading to b,b0-disubstituted unsaturated carboxylic acids with an excellent

regioselectivity profile that goes in line with the hydrocarboxylation procedure

reported by Yamamoto and Saito (Scheme 6) [36]. Notably, the authors found that

heterocyclic structures were within reach by appropriately locating a tethered

heteroatom on the side-chain, thus setting the stage for an intramolecular Michael

addition [39, 40].
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The nickel(0)-promoted carboxylation of alkoxy acetylenes has been recently

developed by the group of Sato and Saito [41]. The authors predicted that the

electron-donating properties of an ether substituent could dictate the regioselectivity

profile when forming the intermediate nickelalactone, thus leading to a CO2

insertion onto the most nucleophilic carbon. As shown in Scheme 7, this turned out

to be the case. Such an outcome is noteworthy as an opposite selectivity pattern was

observed by Yamamoto and Saito, in which CO2 insertion occurred at the less

sterically congested carbon. The applicability of this transformation was further

corroborated by a subsequent Rh-catalyzed asymmetric hydrogenation, affording

enantioenriched b-aryloxypropionic acid derivatives.

2.2 Catalytic Carboxylation of Alkynes

The first metal-catalyzed carboxylation of alkynes with CO2 was reported 3 years

before the isolation of nickelalactones by Hoberg [31]. Specifically, in 1977 Inoue

described the carboxylation of alkynes with CO2 leading to the formation of
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2-pyrones. The utilization of terminal acetylenes such as 1-hexyne in combination

with a bidentate phosphine afforded the corresponding 2-pyrone in low yields,

together with inevitable trimerization side products (Scheme 8) [30]. As expected,

the parasitic trimerization could be avoided when using internal alkynes, affording

high yields of the tetrasubstituted-2-pyrones [42, 43]. Further improvements in

reactivity and selectivity were achieved by Walther [44] and Saegusa [45, 46],

revealing a non-negligible effect on the nature of the ligand utilized in order to

obtain the targeted 2-pyrones with high yields and selectivities.

Inoue tentatively proposed a mechanism based on the intermediacy of a

nickelacyclopentadiene formed via oxidative cyclization of two alkyne moieties.

Subsequent CO2 insertion into the Ni–C bond or an alternative [4 ? 2]

cycloaddition were proposed as conceivable pathways towards the corresponding

2-pyrones. Few years later, Hoberg’s stoichiometric studies unambiguously

revealed that this reaction proceeds via oxidative cyclization of an alkyne, CO2

and Ni(0), thus forming the corresponding nickelalactone that would ultimately

insert a second alkyne molecule to afford 2-pyrones upon final reductive

elimination [45–47]. A comprehensive review on the use of the oxidative

cyclization techniques starting from alkynes and CO2 was nicely reported by

Mori [48].

2.2.1 Reductive Carboxylation of Alkynes

Prompted by their previous work on the Ni-mediated carboxylation of disubstituted

alkynes [38] (Scheme 6), Mori reported the Ni-catalyzed synthesis of a-silyl-b,b0-
dialkyl a,b-unsaturated carboxylic acids from silyl-substituted alkynes in presence

of zinc reagents and an excess of DBU (Scheme 9). Although the reaction affords

tetrasubstituted alkenes with a high regioselectivity and good yields, the method-

ology was unfortunately limited to Me2Zn, Bu2Zn, Ph2Zn or Bn2Zn as reagents

[49, 50]. The regioselectivity was explained by the preferential formation of A in

which the Ni center is located distal to the silyl group, an issue that can be

interpreted on the basis of both electronic as well as steric effects [51]. Such a

finding was further corroborated in subsequent theoretical calculations in which

A was favored both from a kinetic and thermodynamic standpoint [34]. Not

surprisingly, a selectivity switch was observed for alkynes not possessing a silyl

group, such as tert-butyl or aromatic motifs. The synthetic utility of this

methodology was showcased on a short total synthesis of tamoxifen, an

antiestrogenic anticancer drug, in 36 % overall yield from p-iodophenol, using a

nBu H

Ni(cod)2 (1.5 mol%)
Ph2P(CH2)4PPh2 (6 mol%)

CO2 (50 atm)
benzene, 120 ºC, 20h

O

nBu

nBu O

+

9% yield

nBu nBu

nBu

+ oligomers

Scheme 8 First Ni(0)-catalyzed cycloaddition of alkynes with CO2 en route to 2-pyrones [30]
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Ni-catalyzed carboxylation of a phenyl-substituted acetylene with CO2 and Ph2Zn

as the key step [50].

The double carboxylation of alkynes to afford maleic anhydrides using Ni

precatalysts, Zn as reducing agent and MgBr2 as additive, has recently been

developed by Tsuji and Fujihara (Scheme 10) [52]. Based on stoichiometric and

DFT studies, the authors proposed a catalytic cycle consisting of the initial

formation of Hoberg’s nickelalactone, followed by one-electron reduction with Zn

in the presence of MgBr2 to generate B. A second CO2 insertion into the Ni-C bond

is mediated by the coordination of an MgBr? fragment to both CO2 and the

carboxylate moiety. Finally, one-electron reduction by Zn affords the dicarboxy-

lated species that ultimately are converted into the corresponding maleic anhydride

while recovering back the active propagating Ni(0) species.
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2.2.2 Catalytic Hydrocarboxylation of Alkynes

In 2011, the group of Ma described a nickel-catalyzed hydrocarboxylation of

alkynes using Ni(cod)2 and diethylzinc as reducing agent (Scheme 11) [53]. The

reaction turned out to be highly regio- and stereoselective, thus accessing syn-

hydrocarboxylated products at 1-3 mol % catalyst loadings. Although they

employed stoichiometric amounts of cesium fluoride (CsF), no additional ligand

was required, no doubt a formidable bonus when compared with other carboxylation

techniques. While the mechanism remains speculative, the authors favored a

transmetalation/b-hydride elimination pathway, resulting in an alkenyl zinc

derivative that ultimately reacts with CO2 to deliver the targeted carboxylic acid.

Notably, CO2 insertion typically occurs adjacent to the aromatic site in unsym-

metrically substituted alkynes or in close proximity to a directing group such as N-

tosyl motifs. It is worth noting that an otherwise related work was independently

described by Tsuji using Cu catalysts in combination with organosilanes as reducing

agents [54]. Later on, Ma and coworkers reported an otherwise related hydrocar-

boxylation and methyl-carboxylation technique of homopropargylic alcohols in

which the pending alcohol directs the carboxylation en route to a-alkylidene-c-
butyrolactones [55, 56].

More recently, Martin and coworkers described a novel Ni-catalyzed regiose-

lective hydrocarboxylation of alkynes that obviates the need for stoichiometric and

air-sensitive organometallic species by using simple alcohols as proton sources

(Scheme 12) [57]. Importantly, such a transformation was distinguished by an

intriguing regioselectivity profile in which CO2 insertion took place exclusively

distal to the aromatic site, regardless of whether a directing group was present or

not, and independently on the substitution pattern on the alkyne terminus, an

observation that demonstrates the complementarity of this method when compared

with other protocols using metal hydrides [58]. The origin of the regioselectivity

profile was attributed to the intermediacy of two nickelalactones that were in

equilibrium upon CO2 extrusion followed by a preferential binding of the alcohol

motif to the Ni(II) center in C, thus avoiding the clash with the bulkier aliphatic

backbone. A subsequent two-electron reduction mediated by Mn recovers back the

Top Curr Chem (Z) (2016) 374:45

12399Reprinted from the journal

Ni(cod)2 (1-3 mol%)
CsF (1 equiv.)

ZnEt2 (3 equiv.)
R1

R2

CO2 (balloon)
MeCN, 60 ºC

R2

R1

ZnEt

Ni
L H

R2

R1

ZnEt

H

R2

R1

CO2H

H

HPh

Ph CO2H

81%

HnPr

nPr CO2H

62%

HtBu

Ph CO2H

79%

HtBu

CO2HS

68%

HnBu

CO2H

NHTs
95%

Scheme 11 Ni(0)-catalyzed syn-hydrocarboxylation of alkynes promoted by Et2Zn [53]



Ni(0)Ln species while delivering a manganese carboxylate that upon hydrolytic

workup results in the expected acrylic acid. Notably, the mild reaction conditions as

well as the absence of highly nucleophilic organometallic reagents allowed for an

excellent chemoselectivity profile, as functional groups such as nitriles, amides,

aldehydes or alkenes, among others, were perfectly tolerated.

Although beyond the scope of this review, it is worth mentioning that a recent

report by Fu has demonstrated that a Ni-catalyzed hydrocarboxylation of alkynes

can be conducted using formic acid and a catalytic amount of anhydride via the

in situ generation of carbon monoxide [59]. Likewise, a remarkable cocatalyzed

carboxyzincation of alkynes has recently been reported by Tsuji and Fujihara,

allowing for preparing highly functionalized acrylic acids, even in a multicompo-

nent fashion, and under mild reaction conditions [26].

3 Carboxylation of Alkenes

3.1 Stoichiometric Processes Involving Alkenes

In 1982, pioneering studies by Hoberg et al. showed that electron-rich Ni(0) species

were able to promote the oxidative cyclization of olefins and CO2 in an analogous

manner to that shown previously for alkyne backbones [60, 61]. These processes

gave rise to nickelalactones that were isolated and characterized with ethylene in the

presence of bipyridine or bisphosphine ligands (Scheme 13) [61]. Protonolysis of
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Scheme 13 Ni-mediated oxidative cyclization of ethylene and CO2 en route to propionic acid [61]
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these complexes led to the formation of the corresponding propionic acid in good

yields, thus constituting a direct method to carboxylate alkenes in the presence of

nickel complexes.

Prompted by this seminal work, efforts were subsequently focused on unraveling

the fundamental features of the Ni-mediated oxidative cyclization of alkenes and

CO2 in terms of regioselectivity and reaction mechanism. The regioselectivity of the

corresponding five-membered metallacycles depends on the nature of the ligand,

alkene, and temperature. As shown in Scheme 13, both bipyridine and bisphosphine

ligands can be equally used to prepare the corresponding nickelalactone. However,

the formation of the five-membered metallacycle with mono- and 1,2-disubstituted

alkenes is more efficient with electron-rich imines DBU [62] and L1 [61]. Attempts

to prepare a nickelalactone with aliphatic monosubstituted alkenes and Ni/L2
systems resulted in the disproportionation of CO2 while forming CO and

[Ni(bpy)CO3] [61]. Interestingly, the electronic and steric nature of the alkene

strongly determines product distribution in the cyclization process. Specifically,

nickelalactones derived from styrene derivatives prefer to adopt a configuration in

which the aryl substituent is located adjacent to the Ni center, due to a better

stabilization of the Ni–C bond (Scheme 14, equation a). In this manner, the

corresponding linear carboxylic acid is obtained as the major product after a final

protonolysis event. In contrast, the regioselectivity with aliphatic a-olefins
(monosubstituted alkenes) is dictated by steric effects, and the most stable metal-

lacycle contains the Ni center coordinated to a primary carbon atom (Scheme 14,

equation b). Accordingly, the corresponding a-branched carboxylic acid is formed

predominantly after protonolysis. It is worth mentioning that the regioselectivity in

the oxidative cyclization with olefins differs from that shown with alkyne

counterparts (Scheme 3). Interestingly, the reaction temperature heavily influenced

the product distribution in the presence of aliphatic substituents. While a 4:1 ratio

favoring the a-branched carboxylic acid was found at room temperature, a
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negligible amount of linear carboxylic acid was observed at higher temperatures

(25:1 ratio). This observation suggested that the two possible nickelalactones likely

coexist in equilibrium upon CO2 extrusion when using bidentate phosphine ligands,

an observation that was univocally corroborated with further experimentation with

olefin crossover experiments [47].

The design of new ligands led to a further improvement of the regioselectivity in

the cyclization with aliphatic olefins. Particularly, pyridyl-phosphine ligands (P,N

ligands) with different electronic and steric properties afforded a strict control of the

position of the substituents in the nickelalactone [63, 64]. These ligands possess a

push–pull character consisting of a mixture of electron-donating phosphine moieties

with p-acidic pyridine fragments, which strongly stabilize the formation of the

metallacycle, thus making the oxidative cyclization step irreversible. More recently,

the formation of nickelalactones and subsequent protonolysis to give the

corresponding saturated carboxylic acids could be achieved with activated

trisubstituted olefins [65, 66]. In this case, methylenecyclopropanes led to the

corresponding cyclopropanecarboxylic acids in the presence of stoichiometric

amounts of Ni(0) species. The selectivity towards the formation of the carboxylic

acid respect to the propene ring-opened product was dictated by the nature of ligand

and solvent utilized.

Surprisingly, scarce mechanistic studies have been reported on the coupling of

alkenes and CO2 in the presence of Ni(0) species. Experimentally, a pathway

consisting of an oxidative cyclization from an Aresta-type CO2-coordinated Ni(0)

complex [18] and an external alkene was ruled out, as the substitution of CO2 by

the olefin was rapidly observed [67, 68]. This was also corroborated by the fact

that nickelalactones decomposed at high temperatures to give the corresponding

Ni(0)-olefin complexes by extrusion of CO2 [47]. Interestingly, a more recent

computational study shed light on the mode of operation of the oxidative

cyclization reaction of ethylene and CO2 with both Ni/L1 and Ni/L2 systems [69].

Two fundamental aspects were explored: (1) the possible intermediacy of a Ni(0)–

CO2 complex in the oxidative coupling process and (2) the nature of the transition

state in the C–C bond forming step. At the given level of theory, the DFT model

could validate the experimental observation that in the Aresta-type complex, the

CO2 ligand is substituted by ethylene in a process energetically favored by

1.4 kcal/mol with a negligible activation barrier. Therefore, an Aresta-type

complex is not likely to be an intermediate in the oxidative coupling process.

Additionally, Papai found that Hoberg’s suggested 18-electron intermediate

[Ni(L2)(C2H4)(CO2)] [47, 61] should be rather unstable as it would exothermi-

cally dissociate CO2 with a negligible activation barrier of 0.8 kcal/mol. As in the

case of alkynes, this indicates that the C–C bond forming step does not involve

the simultaneous coordination of the unsaturated hydrocarbon and CO2 to Ni(0).

Furthermore, although the optimization of a transition state was not possible,

calculations delivered a local maximum stationary point via the analysis of the

intrinsic reaction coordinate (IRC). This revealed that the formation of the C–C

bond would likely involve a single step in which the nickelalactone is formed

from the ethylene-coordinated intermediate with an incoming molecule of CO2

(Scheme 15, a). Therefore, it seems that the simultaneous coordination of both
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CO2 and C2H4 is not indispensable for the formation of the nickelalactone.

Calculations pointed towards a similar reaction pathway for L1 and other modified

bipyridines and bidentante phosphines, even though with different energetic

profiles. Further theoretical studies were carried with other different ligands,

leading to similar conclusions [70]. Interestingly, in 2014, Limbach et al.

theoretically proposed two different modes of addition of CO2 into the Ni(0)

ethylene intermediates with bidentate phosphine ligands, consisting of an inner

sphere and outer sphere mechanism (Scheme 15, b) [71]. In the former, the

insertion is believed to occur in a single concerted step, as previously reported by

the group of Papai. However, the direct attack of CO2 to the coordinated ethylene

without earlier interaction with the Ni center (outer sphere pathway) was

suggested to be energetically more viable in polar solvents (THF) and with bulky

ligands such as 1,2-bis(ditert-butylphosphino)ethane (L3).
Although saturated aliphatic carboxylic acids were within reach from the

corresponding nickelalactones, stoichiometric functionalizations of these metalla-

cycles should in principle not be limited to protonolysis events. In 1986, Hoberg

disclosed that the thermal decomposition of the DBU-containing nickelacycle

derived from the oxidative coupling of styrene and CO2 led to the formation of

cinnamic acid (Scheme 16) [62]. The rationale behind this result was interpreted on

the basis of a b-hydride elimination from the corresponding nickelalactone, leading

to a Ni(II)-hydride that adds into the C=N double bond of the DBU ligand, affording

the corresponding unsaturated carboxylic acid after hydrolysis (Scheme 16). This
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singular discovery opened up new vistas for preparing industrially attractive

acrylate derivatives from CO2 and simple olefins.

This rather intriguing reactivity could be turned into a strategic advantage by

implementing tandem processes involving the insertion of unsaturated molecules

prior to the b-hydride elimination step. In this manner, a variety of carboxylic acids

of different nature were prepared in a stoichiometric manner (Scheme 17) [72].

While the cycloaddition of alkenes and CO2 has primarily been conducted with

Ni(0) complexes, it is worth mentioning that similar reactivity has been observed

with Fe(0) species, forming five-membered metallalactones in the presence of CO2

and ethylene [73]. However, the corresponding oxaferracyclopentanones are rather

unstable and their isolation could not be unambiguously confirmed, certainly a

serious limitation when compared with their Ni analogues (Scheme 18). In sharp

contrast to their nickelalactone congeners, the oxaferracyclopentanones did not

result in monocarboxylic acids upon simple protonolysis, but rather in structures

bearing two carboxylic acids. Notably, the formation of linear or a-branched
products was strongly dependent on the bulkiness of the phosphine ligand utilized.

For example, while linear bis-carboxylic acids were obtained when operating under

a PMe3 regime, a protocol based upon L1 resulted in a b-hydride elimination/

migratory insertion scenario, leading to the branched product after a final CO2

insertion.
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3.2 Catalytic Carboxylation of Olefins with CO2

Despite the elegant stoichiometric studies reported in the 80s and 90s, the catalytic

preparation of carboxylic acids via the coupling of alkenes and CO2 still remains

challenging. This is likely attributed to the intrinsic inertness of CO2, making the

reaction energetically endergonic and kinetically disfavored [74]. Although this

issue has been partially overcome with the activation of both counterparts in

oxidative cyclization pathways mediated by selected metals (Ni, Fe, Co), the

corresponding metallacycles are remarkably stable, hence preventing the imple-

mentation of a catalytic process. Since the first report of nickelalactones, the vast

majority of research has been conducted with the aim of enabling a catalytic

carboxylation of olefinic counterparts. At present, two main strategies have been

reported: (1) the preparation of saturated carboxylic acids via formal hydrocar-

boxylation of an olefin with CO2, and (2) the synthesis of acrylate derivatives via b-
hydride elimination of in situ generated nickelelactone intermediates.

3.2.1 Catalytic Reductive Carboxylation of Alkenes with CO2

Although this review is focused on carboxylation processes involving Ni and Fe

complexes, it is worth mentioning that the first report dealing with a catalytic

hydrocarboxylation of alkenes was reported in 1978 by Lapidus et al. [75]. The

reaction involved homogeneous and heterogeneous Rh and Pd catalysts, which were

capable to carboxylate ethylene with CO2 under high pressure and temperature

(700 atm and 180 �C) in the presence of mineral acids. Under these conditions a

38 % yield of propionic acid could be obtained along with ethanol and ethyl

propionate as main byproducts. Unfortunately, the authors did not explicitly indicate

the catalyst loading utilized, thus leading to a reasonable ambiguity regarding the

turnover numbers of this transformation. Apart from this isolated example, a rather

limited number of methodologies have been shown to effectively carboxylate

olefins with the direct participation of CO2 in a reductive manner. In 2008, Rovis

reported an elegant Ni-catalyzed direct hydrocarboxylation of styrenes to afford the

corresponding a-methyl arylacetic acids in a highly regioselective manner [76]. The

reaction proceeded at room temperature in the presence of Ni(II) and Ni(0)

precatalysts and using ZnEt2 as a formal reducing agent (Scheme 19). A variety of

electron-neutral and deficient styrenes with different substituent at the aryl moiety

including ethers, ester, and ketones could be carboxylated in moderate to good

yields. Under these conditions, electron-rich or b-substituted styrenes, as well as

aliphatic a-olefins showed to be almost completely unreactive, thus showing the

inherent limitations of this protocol.

Taking into consideration the experimental results, the authors proposed a

mechanistic scenario not consisting of the intermediacy of nickelalactones.

Specifically, the authors proposed the participation of Ni(II) hydride species, which

promote a rapid migratory insertion into the styrene backbone giving rise to a

benzyl nickel intermediate. Direct carboxylation of the latter with CO2 leads to the

formation of the corresponding a-branched carboxylate nickel complex

(Scheme 20, path a). Catalytic turnover might be affected upon treatment with
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Et2Zn via b-hydride elimination or via transmetalation of the benzyl nickel species

with Et2Zn. This possibility was supported by deuterium incorporation at the

benzylic position on the reduced product when quenching the reaction with D2O at

short reaction times.

Recently, the mechanism of this transformation has been studied in detail from a

theoretical standpoint. Lin and Yuan compared the energetic profile of the

carboxylation reaction via nickelalactone formation and Rovis’ suggested nickel

hydride intermediates (Scheme 20, path b) [77]. The in silico study revealed that the

generation of a nickelalactone intermediate correlated to a thermodynamic sink,

avoiding catalytic turnover. The involvement of nickel hydride species was slightly

more favorable energetically, with a significantly lower energetic difference for

electron-rich substrates, an observation that could explain their lack of reactivity. As

for the nickel hydride pathway, theoretical calculations revealed that ZnEt2 act with

dual roles, both as a hydride donor by forming ethyl-Ni(II) intermediate that evolves

into the catalytically active nickel hydrides upon b-hydride elimination, as well as a

Lewis acid for activating CO2 and therefore facilitating its coordination to the Ni

center. In contrast to Rovis’ proposal, theoretical calculations point at the formation

of the corresponding carboxylic acid via reductive elimination of a CO2–
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coordinated carboxylate benzyl nickel(II) species. Interestingly, the regioselectivity

in the hydrometalation step was studied, revealing that the formation of nickel

benzyl species is favored by 4 kcal/mol when compared to the corresponding

phenylethyl derivatives.

Prompted by the seminal work of Rovis on the Ni-carboxylation of styrenes [76]

as well as by the work of Hayashi and Shirakawa on the Fe- and Cu-catalyzed

hydromagnesiation of terminal alkenes [78], Thomas reported the preparation of a-
methyl arylacetic acids in the presence of cheap and bench-stable iron/bis(imino)-

pyridine catalyst and Grignard reagents at room temperature (Scheme 21). [79]

Unlike the Rovis protocol, this reaction turned out to be particularly efficient for

styrene derivatives bearing electron-donating groups. However, the reactivity

achieved did not seem to be exclusively dictated by electronic mesomeric factors, as

3-methoxystyrene (electron-poor substrate according to its known –I inductive

effect of methoxy groups at the meta position: rmeta = ?0.12) smoothly afforded the

corresponding phenyl acetic acid. Unfortunately, the highly reactive nature of

Grignard reagents made this methodology incompatible with the use of ketones,

esters and other sensitive functional groups. Additionally, non-negligible amounts

of the corresponding linear carboxylic acids were observed in certain cases,

resulting in a selectivity switch when using cyclopentylmagnesium bromide

(Cp’MgBr) as reducing agent and ortho-substituted styrenes as substrates.

Unfortunately, and in line with Rovis’ protocol [76], substitution at the a or b
positions of the styrene backbone was not tolerated.

Quenching experiments with deuterated solvents revealed deuterium incorpora-

tion at the benzylic position, thus pointing towards the formation of iron hydride

intermediates that trigger an initial migratory insertion into the styrene motif

followed by transmetalation with the Grignard reagent. The corresponding in situ

generated benzylmagnesium bromide derivatives would then react rapidly with CO2

to afford a magnesium carboxylate that upon acidic workup would generate the

targeted phenyl acetic acid. In order to unravel the origin of the branched/linear

selectivity, the authors tested the reactivity of phenylethylmagnesium bromide
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under the reaction conditions. In the presence of the iron catalyst, the linear acid was

predominantly formed, suggesting that the b-hydride elimination/hydrometalation

sequence is faster than the isomerization of the iron intermediate to produce the a-
branched product.

Although beyond the scope of this review, it is worth mentioning that a number of

elegant hydroxycarbonylation processes have been reported in which CO2 conve-

niently serves as a surrogate of toxic carbon monoxide (CO) [80]. These processes

make use of the so-called water–gas shift reaction (WGSR) using CO/H2O and CO2/

H2 pairs [81]. A few number of reductive carboxylation of olefins following a reverse

water–gas shift reaction (rWGSR) principle has been achieved, especially in the

presence of Rh [82]. Recently, the hydroxycarbonylation of styrenes and aliphatic

olefins has been addressed by in situ generation of CO from CO2 andMeOH, using Ni

[83] and Ru catalysts [84]. However, these techniques still suffer from the use of harsh

conditions, high temperatures, and pressures, as well as moderate branched/linear

selectivities with aliphatic monosubstituted alkenes.

3.2.2 Carboxylation of Ethylene with CO2 En Route to Acrylate Derivatives

The direct conversion of alkenes and CO2 into the corresponding a,b-unsaturated
carboxylic acids has been a major research topic in both academic and industrial

laboratories [85]. Such interest is primarily associated to the possibility of

transforming cheap and abundant chemical feedstocks such as ethylene and CO2

into acrylate derivatives, which rank amongst one of the most versatile building

blocks used in chemical industry. After more than 30 years of intense research,

however, this transformation is still considered one of the main challenges in

modern synthetic chemistry [86].

Prompted by the observation that nickelalactones can readily be formed from

ethylene and CO2 in the presence of a Ni(0)Ln complex, a reasonable pathway for

the catalytic production of acrylates consists of a subsequent b-hydride elimination

leading to carboxylate nickel hydride species that would deliver the corresponding

acrylic acid after reductive elimination and ligand exchange with ethylene
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(Scheme 22). Although a seemingly trivial transformation, there are a number of

daunting challenges associated to this approach: (1) the direct transformation of

ethylene and CO2 into acrylic acid is endergonic by more than 20 kcal/mol,

therefore making the reaction thermodynamically uphill [74]; (2) the activation

barrier for b-hydride elimination step is energetically very costly (ca. 40 kcal/mol),

resulting in a non-favorable kinetic profile [87] and (3) only a few number of ligands

with specific features are able to efficiently promote the oxidative cyclization step

en route to the key nickelalactone intermediates. Not surprisingly, the vast majority

of efforts conducted in this field of expertise have been focused on adjusting the

kinetics of the b-hydride elimination step.

Walther systematically studied the behavior of a number of bidentate phosphine

ligands in the formation of acrylate derivatives from five-membered nickelalactone

intermediates [88]. Specifically, bisdiphenylphosphine ligands with aliphatic

bridges of different lengths were found to be particularly efficient for promoting

the targeted reaction (Scheme 23). While the reaction of the TMEDA-containing

nickelalactone with 1,2-bis(diphenylphosphino)ethane (dppe) cleanly gave rise to

the corresponding nickelalactone, an intriguing reductive decomposition efficiently

occurred with 1,3-bis(diphenylphosphino)propane (dppp) and 1,4-bis(diphenylphos-

phino)butane (dppb), thus forming the corresponding 18-electron Ni(0)L2 complex.

Interestingly, the utilization of a more labile ligand such as bis(diphenylphos-

phino)methane (dppm) resulted in the formation of a stable Ni(I)-Ni(I) dimer

containing an acrylate ligand, thus demonstrating the viability for performing a b-
hydride elimination.

Encouraged by these results, DFT calculations were performed to study the

viability of a catalytic preparation of acrylates from ethylene and CO2, revealing a

rate-determining b-hydride elimination pathway [87]. Interestingly, a distortion-

interaction analysis showed a tremendous energetic cost associated with the

difficulty of the system to adopt a conformation that could allow a Ni–H agostic

interaction, which is crucial for the success of the b-hydride elimination step.

Therefore, a Ni–O bond elongation in the nickelalactone intermediate was predicted

to facilitate this step by considerably reducing the ring strain. This crucial

information was taken by Rieger, who based their strategy on breaking the Ni–O

bond in the nickelalactone intermediate to promote the b-hydride elimination
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process via in situ alkylation of the carboxylate moiety [89]. When treating the

corresponding dppp-nickelalactone with methyl iodide, a 33 % yield of the methyl

acrylate could be detected. IR and NMR monitoring experiments showed the

cleavage of the Ni–O bond during the reaction and the formation of methyl acrylate.

This was further corroborated by the detection of methyl acrylate after the reaction

of methyl 3-iodopropionate with the Ni/dppp system, which gives rise to the same

intermediate. Based on these results, Kühn anticipated that the reaction with methyl

iodide should be ligand-dependent [90]; as expected, this turned out to be the case

and the ligand utilized exerted a tremendous influence on the formation of methyl

acrylate. Among these, TMEDA proved to be superior than dppp and dppe;

interestingly, no reaction was observed when exposing nickelalactones bearing dppb

or pyridine-containing ligands. Although the corresponding alkyl Ni(II) iodide

intermediate formed upon treatment with MeI could be detected by both FT-IR or

NMR spectroscopy, its isolation proved to be particularly recalcitrant (Scheme 24).

Importantly, DFT calculations revealed that the rate-determining step corresponded

to the addition of methyl iodide. In line with this notion, the authors found that the

inclusion of methyl triflate (MeOTf) significantly enhanced the rate of the reaction

[91]. Unlike the use of methyl iodide, the reaction of MeOTf turned out to be

particularly efficient with dppe, dppp, or even dppb, whereas the employment of

TMEDA failed to provide the targeted methyl acrylate. While counterintuitive, this

observation could be turned into a strategic advantage, as the corresponding alkyl

Ni(II) triflate intermediate could be isolated and characterized.

Limbach and Hofmann reported a comprehensive theoretical study on the

mechanism of the nickel-mediated synthesis of methyl acrylate from ethylene, CO2

and methyl iodide [92]. DFT calculations revealed an SN2-type mechanism for the

alkylation of the carboxylate ligand, which explain the experimental observations

gathered by the groups of Rieger and Kühn. Subsequently, Bernskoetter described

the ring-opening of the nickelalactone intermediates by coordination of the

carboxylate fragment with Lewis acids [93]. Thus, the reaction of the dppf

[bis(diphenylphosphino)ferrocene] nickelalactone with BAr3
f [Tris(pentafluo-

rophenyl)borane] led to the formation of an activated five-membered nickelacycle
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(c-nickelalactone), in which the Lewis acid is coordinated to the carboxylate

fragment, ultimately leading to a four-membered nickelacycle via b-hydride
elimination and subsequent migratory insertion (Scheme 25). The latter species

underwent formation of acrylate Ni(0) p-complexes upon addition of a base such as

BTPP [tert-butyliminotri(pyrrolidino)phosphorane] or DBU. The enhanced selec-

tivity towards the b-hydride elimination against unproductive pathways in the

presence of a base was also studied from a theoretical standpoint [92, 94]. Later, the

same group demonstrated that the c-to-b isomerization of nickelalactones could be

also achieved with NaBAr4
f , [95] in which the Na? cations were able to lower down

the barrier for b-hydride elimination as well as the energy of other putative reaction

intermediates.

With all the knowledge acquired from the stoichiometric experiments, Limbach

et al. attempted the development of a catalytic carboxylation of ethylene with CO2

using dtbpe [1,2-bis(ditertbutylphosphino)ethane] as the ligand [96]. The authors

showed that exposure of dtbpe nickelalactone to either sodium tert-butoxide

(NatOBu) or sodium hexamethyldisilazide (NaHMDS) resulted in the formation of

the acrylate Ni(0) complex via b-hydride elimination (90 and 87 % yield,

respectively). Interestingly, while ligand exchange of the acrylate Ni(0) complex

with ethylene occurred effectively at high pressure of ethylene (8–30 bar), thus

releasing sodium acrylate, no ligand exchange was observed with acrylic acid.

These experiments demonstrated the feasibility of preparing acrylate derivatives

from ethylene and CO2 (Scheme 26).

Although Limbach demonstrated the feasibility of all elementary steps within the

catalytic cycle, the implementation of a fully integrated catalytic process was far

from trivial. Indeed, while nickelalactone formation had to be prepared under a high

pressure of CO2, the b-hydride elimination and ligand exchange needed to be

conducted in the absence of CO2 to avoid the formation of carbonic acid half-esters.

Still, the authors developed an iterative regime at high and low pressure of CO2 that

allowed reaching ten catalytic turnovers, thus constituting the first catalytic reaction

of CO2 and ethylene to prepare acrylate derivatives. Recently, Schaub et al.

discovered that formation of carbonic acid half-esters could be avoided by

increasing the temperature up to 145 �C, successfully obtaining catalytic turnover
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for the non-iterative carboxylation process [97]. In 2014, Pidko exhaustively studied

this catalytic transformation in the presence of different bidentate phosphine ligands

using DFT calculations [70]. Although this study confirmed the important role of the

ligand on nickelalactone formation, there was a marginal electronic, geometric, or

steric effect of the ligand on the catalytic activity. In line with the experiments

performed by Limbach, it was found that the energy barrier for b-hydride
elimination was particularly low when employing NaOMe, due to a fast

deprotonation and an increased stabilization of the putative intermediates by the

presence of Na?.

Undoubtedly, the need for an iterative technique at high and low pressure of CO2,

together with the requirement for strong nucleophilic bases, represented an

important drawback to be overcome when designing a catalytic production of

sodium acrylate from ethylene. The authors found a subtle balance of nucleophilic-

ity and basicity when dealing with sodium 2-fluorophenoxide as the base, efficiently

promoting the formation of the acrylate Ni(0) complex via deprotonation of the

corresponding nickelalactone in the presence of CO2 [98]. This result enabled the

design of a one-pot catalytic carboxylation of ethylene, styrenes and 1,3-dienes with

electron-rich bidentate phosphine ligands. Fine-tuning of the reaction conditions

(ligand, Ni catalyst, and additives) led to the development of a highly active

catalytic procedure, able to promote the carboxylation of ethylene to more than 100

turnover numbers (TON) (Scheme 27). Notably, styrene displayed moderate

reactivity (12 TONs) whereas the inclusion of electron-withdrawing or electron-

donating groups resulted in lower TONs. Interestingly, (E)-configured acrylic acids

were obtained in all cases analyzed.

Recently, Schaub has experimentally investigated the mechanism of this

transformation and expanded the scope of this reaction to 1,3-dienes [99].

Simultaneously, Vogt reported a different strategy to achieve the catalytic formation

of acrylate derivatives from CO2 and ethylene. The authors tackled the critical ring

opening of nickelalactone derivatives with the utilization of a hard Lewis acid that
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could compete with the Ni center for binding the carboxylate moiety. Specifically,

the authors could enable the b-hydride elimination event by adding lithium iodide

and triethylamine as base [100]. Furthermore, DFT calculations predicted an

improved behavior of Li? compared to Na? when promoting the ring opening of the

nickelalactone followed by b-hydride elimination. A series of experiments led to the

optimal conditions for the carboxylation of ethylene using a regime based on

Ni(cod)2, dcpp [1,3-bis(dicyclohexylphosphino)propane] as ligand, LiI, triethy-

lamine, and Zn, forming lithium acrylate in chlorobenzene at 50 �C with a TON of

21. The presence of overstoichiometric amounts of Zn was indispensable to avoid

catalyst deactivation by converting [Ni(dcpp)I2] to the corresponding propagating

active Ni(0) species. More recently, Schaub has further improved the catalytic

preparation of acrylates avoiding the use of stoichiometric Zn [101], thus univocally

demonstrating that this technology is still at its infancy for producing industrially

relevant acrylic acid from ethylene and CO2 [102].

4 Carboxylation of Multiple Unsaturated Systems

4.1 Allenes

4.1.1 Stoichiometric Reactions Using Allenes

In 1984, Hoberg reported the first Ni(0)-mediated carboxylation of allenes with CO2

(Scheme 28) [103]. Interestingly, the reaction turned out to be highly regio- and

stereoselective, as illustrated by the fact that a wide variety of compounds were

obtained as single products. Specifically, it was found that the reaction proceeds via

the formation of the less-hindered nickelalactone and that the corresponding E-isomer

was formed preferentially. Subsequently, Mori reported that DBU could efficiently be

used for an otherwise identical transformation [104]. Interestingly, the utilization of

1-silyl-3-alkyl-substituted allenes turned out to be highly advantageous, obtaining

high yields of the targeted products and with an excellent regioselectivity profile
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[105]. In 2004, the Iwasawa group disclosed the use of bidentate bis-amidine ligands

in the Ni-mediated carboxylation of allenes, obtaining regioisomeric mixtures of the

targeted carboxylic acids, an issue that can be tentatively attributed to the in situ

formation of two regioisomeric nickelalactones [37].

The Mori group demonstrated the viability of trapping the intermediate

nickelalactone deriving from an allene, Ni(0) and CO2 with electrophiles other

than a proton source. Specifically, it was found that lactones possessing an exocyclic

double bond are within reach upon treatment with aldehydes and a final acidic

workup with pyridinium p-toluenesulfonate (PPTS) (Scheme 29) [104]. Interest-

ingly, the regioselectivity observed differs from that shown in the absence of

ArCHO upon simple acidic workup, suggesting that the selectivity switch depends

predominantly on the electrophile utilized. With all the experimental results in hand,

the authors proposed that the observed regioselectivity could be dictated by two

alternate pathways dealing with the intermediacy of p-allyl Ni intermediate or the

formation of a single nickelalactone intermediate that would evolve to the targeted

product via ipso substitution. Recently, the Sato group demonstrated the possibility
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of conducting an otherwise related transformation, but in an intramolecular fashion

[106].

In 2007, Iwasawa reported an interesting oxidative cleavage of the nickelalactone

intermediates utilizing oxygen as oxidizing agent (Scheme 30) [107]. Unlike

previous carboxylation of allene intermediates, the reaction resulted in regioiso-

meric mixtures of allylic alcohols, with a slight preference for the corresponding

secondary alcohol. The authors rationalized these results via the involvement of a p-
allyl Ni(II)-intermediate, although it was not possible to rule out an alternative

based on the formation of regioisomeric r-complexes.

4.1.2 Catalytic Processes Involving Allenes as Substrates

Unlike the wealth of literature data on stoichiometric reactions of allenes with CO2,

a limited number of Ni-catalyzed protocols have been reported. Prompted by the

seminal electrochemical method reported by Duñach [108], Mori and Sato described

a Ni-catalyzed carboxylation of 1-silyl-3-alkyl-substituted allenes using Me2Zn

(Scheme 31) [109]. Interestingly, the transformation occurred with a neat incorpo-

ration of two molecules of CO2 into the allene backbone, producing a single

regioisomer and with high yields. The observed regioselectivity was in agreement

with the initial stoichiometric studies reported by Mori when dealing with silanes

[105] and carbonyl-type electrophiles [104], via the intermediacy of p-allyl
intermediates. It was believed that the inclusion of Me2Zn triggered a transmet-

alation event of in situ generated nickelalactone, thus forming a nucleophilic allyl

Ni(II)-methyl species that trigger a subsequent carboxylation event instead of a

reductive elimination event.

4.2 Dienes and Related Unsaturated Systems

4.2.1 Stoichiometric Studies

In 1982, Walther disclosed a stoichiometric carboxylation of 2,3-dimethyl butadiene

using Ni(0) with TMEDA as ligand (Scheme 32) [110, 111]. The authors isolated
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and fully characterized by X-ray crystallography a p-allyl complex that formally

consisted of a 1:1:1 adduct of a butadiene derivative, Ni-TMEDA, and CO2.

Stoichiometric studies revealed that these species could be converted into the

targeted carboxylic acids by either treatment with aqueous H2SO4 or MeI. In the

latter case, a formal homologation of the 1,3-diene backbone was achieved, an

observation that is consistent with a nucleophilic attack of the more basic C-Ni bond

to MeI.

In parallel to these investigations, Hoberg studied a very similar process using

butadiene as model substrate (Scheme 33) [112, 113]. In this case, however, the

corresponding p-allyl Ni(II) intermediate could not be isolated in its pure form.

Indirect evidence for such intermediate, however, was revealed upon quenching with

aqueous HCl and subsequent MeOH treatment, as the corresponding methyl ester

possessing a terminal double bond on the side-chain was exclusively observed. Unlike

the Walther method, this protocol ended up in the corresponding terminal alkenes, an

observation that is tentatively ascribed to the substitution pattern present on the diene

backbone. More interestingly, (Z)-dimethyl-3-hexenedioate was found to be within

reach via a subsequent CO2 from the nickelalactone intermediate [113, 114].
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Behr and Kanne studied the behavior of trienes bearing both an isolated olefin

and a conjugated 1,3-diene moiety under similar conditions, demonstrating that the

carboxylation event is selective for 1,3-dienes and that the isolated olefin does not

affect the outcome of the reaction [115]. Hoberg showed that an otherwise identical

mono- and bis-carboxylation could also be achieved using Fe-complexes [116].

Kinetic studies by Geyer and Schindler using isoprene as model compound

highlighted the importance of the ligands employed, suggesting that future catalytic

variants should be focused on ligand design [117]. Furthermore, Saito, Yamamoto

and coworkers showed that mono-carboxylation of 1,3-unsaturated backbones can

be accomplished using enynes and diynes, in which CO2 insertion occurred at the

alkyne terminus and at the less-hindered site [36].

In 2001, a significant step-forward the development of a catalytic methodology

was reported by Takimoto and Mori (Scheme 34) [118]. In this work, the authors

described that DBU significantly increased the efficiency of the initial p-allyl Ni(II)
complex. Simple protonolysis of such adduct resulted in a mixture of regioisomers,

with slight preference for the carboxylation at the benzylic position. Interestingly,

while a cis-configured double carboxylation product was obtained upon treatment

with CO2 in the presence of Me2Zn, the inclusion of Ph2Zn delivered a mixture of

trans-configured monocarboxylation products. The rationale behind these results

was attributed to a change in mechanism; while the second carboxylation event

occurs by a CO2 insertion into the allyl C(sp3)–Ni bond, the presence of Ph2Zn

triggers a fast transmetalation followed by reductive elimination. Such hypothesis

could be corroborated by conducting a reaction with cyclohexadiene as substrate,

observing that the double carboxylation with Me2Zn gave rise to the trans-product

whereas a cis-isomer was obtained upon treatment with Ph2Zn.

In 2005, Sato and Mori described the viability of performing a carboxylation of

1,6- and 1,7-enynes mediated by Ni(cod)2 and DBU (Scheme 35) [119, 120]. Unlike

the previous method reported by Mori [118], conjugation of the two p-components

was not required; unfortunately, however, the method was limited to a rather

specific class of substrates with a Thorpe-Ingold effect for building up five- and six-

membered rings, in all cases requiring the presence of electron-withdrawing

substituents at the olefin backbone. Still, excellent diastereoselectivities were
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observed in all cases analyzed, thus setting the stage for the application of this

protocol for natural product synthesis as well as for the design of a catalytic process

[121].

4.2.2 Catalytic Carboxylation of 1,3-dienes

In 1987, Hoberg pioneered the development of a catalytic carboxylation of

butadiene using CO2 at high pressures, resulting in cyclopentane carboxylic acids

deriving from a dimerization/carboxylation event (Scheme 36) [122]. Although low

turnover numbers were obtained, the molecular complexity achieved in this

carboxylation event is certainly noteworthy. The postulated catalytic cycle consisted
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of an initial dimerization of butadiene followed by CO2 insertion into the C–Ni

bond. The resulting p-allyl Ni(II) species triggered an intramolecular carbometa-

lation en route to a six-membered nickelacycle that likely evolves via b-hydride
elimination and a final reductive elimination while recovering back the propagating

Ni(0) species. Unfortunately, no details were indicated regarding the stereochem-

istry of the final carboxylated product.

Shortly after, the group of Tsuda and Saegusa reported their studies on the Ni-

catalyzed carboxylative cyclization of 1,6- and 1-7-diynes using phosphine ligands

at high pressure CO2 (50 bar) [123, 124]. Unlike the dimerization protocol

described by Hoberg, this reaction was proposed to proceed through an initial

nickelalactone formation with one of the alkyne terminus followed by carbomet-

alation with the pending alkyne, leading to a seven-membered intermediate that

ultimately gives rise to a bicyclic a-pyrone while regenerating the active Ni(0)

catalyst. While the mechanistic rationale invoked that CO2 insertion occurred at the

less hindered alkyne, Louie revealed in a subsequent study that the regiochemistry

was misassigned and that CO2 insertion occurs adjacent to the most sterically

hindered site, consistent with the preferential formation of a nickelalactone with the

most sterically hindered alkyne (Scheme 37) [125, 126]. In contrast to the protocol

described by Tsuda and Saegusa, Louie employed N-heterocyclic carbene ligands

(NHC), enabling to operate at atmospheric pressure of CO2 under exceptional mild

conditions. In all cases analyzed, good yields and excellent regioselectivities of the

corresponding bicyclic a-pyrones were obtained for unsymmetrical diynes,

regardless of whether substituents at the tether were present or not. This observation

was further corroborated by X-ray crystallographic analysis.

Very recently, the group of Ma has reported the hydrocarboxylation of similar

1,6- or 1,7-diynes compounds giving rise to the corresponding methyl 2,4-

alkadienoate esters after treatment with CH2N2 (Scheme 38) [127]. The reaction is

remarkably regioselective in the case of diynes containing aliphatic substituents,

providing the corresponding (Z,E)-carboxylic acids in high yields. However,

mixtures of the two possible (Z,E) and (E,E) isomers were found when using aryl

substituents, especially bearing electron-withdrawing groups, with preferential

formation of the (Z,E)-product. After gathering some mechanistic insights, the
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authors explained the formation of the products via an alkyne-directed hydrocar-

boxylation pathway. First, the Ni(0) active species oxidatively inserts into the more

electron-rich alkyne followed by a transmetalation with ZnEt2. After b-hydride
elimination, the in situ generated Ni–H intermediate inserts into the second alkyne

leading to Int (Scheme 38). Finally, C–H bond-forming reductive elimination

followed by carboxylation of the organozinc species ultimately affords the

corresponding products.

Following up on their previous stoichiometricwork, Takimoto andMori disclosed a

Ni-catalyzed carboxylative cyclization of bis(1,3-dienes) possessing substituents at

the tether with CO2 and organozinc reagents (Scheme 39) [128]. The reaction was

proposed to proceed via initial intramolecular dimerization of two diene moieties,

leading to a bis-p-allyl Ni(II) intermediate that rapidly reacts with CO2, resulting in a
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p-allyl carboxylate Ni(II) that was inherently disposed to a transmetalation with

organozinc species. A final reductive elimination delivers the zinc carboxylate that

ultimately is treated with CH2N2 to afford the final ester motifs. The high

diastereoselectivity observed is inevitably linked to the initial cyclization step that

is facilitated by the presence of substituents at the tether. Furthermore, the utilization

of unsymmetric bis(1,3-dienes) resulted in a CO2 insertion at the less hindered site.

Interestingly, the nature of the organozinc derivative exerted a profound influence on

the reaction outcome; while Me2Zn and Ar2Zn invariably provided good results,

competitive b-hydride elimination was found when employing Et2Zn.

In 2004, Mori and coworkers expanded the synthetic utility of the carboxylation of

bis(1,3-dienes) by designing an enantioselective variant based on a MeO-MOP regime

(Scheme 40) [129]. In all cases analyzed, excellent yields and enantioselectivities were
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obtained for a wide range of substrates. Unlike the corresponding racemic version based

onPPh3 (Scheme 39), the authors found that the chiral ligandutilized largely suppressed

the parasitic b-hydride elimination when utilizing Et2Zn. Interestingly, the reduced

product was formed with an otherwise identical degree of enantioinduction, an

observation that is in good agreement with the mechanistic rationale highlighted in

Scheme 39, thus implying that the pathways leading to bothproduct and reduced species

only diverge after the enantiodetermining step has already occurred.

5 Conclusions and Future Perspective

The seminal stoichiometric studies reported by Hoberg in the early 1980s revealed

the unique features of nickelalactones, compounds that derive from an oxidative

cyclization of olefins and CO2. This seemingly trivial discovery triggered

unimaginable consequences in the field of organic synthesis, allowing for designing

unconventional carboxylation techniques using CO2 as coupling partner. Indeed, the

recent years have witnessed a meteoric development of Ni- and Fe-catalyzed

carboxylation protocols, providing new dogmas for promoting CO2 insertion into

unsaturated hydrocarbons, building blocks of utmost synthetic and industrial

relevance. Despite the impressive preparative advances realized, there are ample

opportunities in this vibrant research field as daunting challenges still need to be

addressed in this area of expertise: (1) the regioselectivity of the corresponding

carboxylation event is typically problematic when dealing with intermolecular

techniques; (2) the vast majority of catalytic carboxylation events of unsaturated

hydrocarbons remain confined to the utilization of well-defined, and air-sensitive

stoichiometric organometallic species; (3) catalytic carboxylation techniques of

alkenes are still rather substrate-specific, and a general solution to accommodate

either styrenes or less activated a-olefins remains rather elusive; (4) the preparation

of industrially relevant acrylic acid derivatives from ethylene requires the design of

an optimal catalytic protocol capable of operating at high turnover numbers under

mild reaction conditions; (5) catalytic enantioselective carboxylation events are

scarce. Taking into consideration the impressive knowledge acquired in catalytic

endeavors, we are certainly optimistic that many of these challenges will be

addressed in the near future, allowing for the implementation of green, efficient, and

practical catalytic carboxylation methods that will create new paradigms in

retrosynthetic analysis to be utilized in both industrial and academic laboratories. A

long-term goal will obviously deal with the opportunity of mimicking nature by

designing artificial catalytic photosynthesis in which CO2 is incorporated into

organic matter with visible light.
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Abstract Nickel-catalyzed cross-coupling reactions of aryl esters, carbamates,

carbonates, ethers and arenols are reviewed. Carbon–oxygen bonds in these phenol

derivatives cannot be activated by palladium, a typical cross-coupling catalyst, but a

low valent nickel species in conjunction with a strong r-donor ligand is uniquely

effective for achieving this. The review is organized primarily by substrate class and

secondarily by coupling partners, encompassing organometallics, heteroatom

nucleophiles, C–H bonds and many others. Although the reactions in this category

are covered thoroughly, each reaction is described only briefly, so that it is possible

to quickly overview the spectrum of nickel-catalyzed cross-coupling reactions of

inert phenol derivatives. The robustness of inert phenol derivatives under typically

used catalytic conditions as well as their utility as a directing group allow unique

synthetic applications of these new C–O cross-coupling reactions, which is also

included in cases where appropriate. Mechanistic aspects of C–O bond activation by

nickel are also summarized, highlighting their diversity compared with the C–X

bond activation involved in conventional cross-coupling processes.
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1 Introduction

Transition metal-catalyzed cross-coupling reactions of aryl electrophiles with

organic and organometallic reagents have become indispensable tools for the

synthesis of a wide range of aromatic compounds via carbon–carbon and carbon–

heteroatom bond formation [1, 2]. In these reactions, the most frequently used aryl

electrophile is an aryl halide. If aryl halides in such cross-coupling reactions could

be replaced with phenol or phenol derivatives, it would be advantageous because the

potential toxicity associated with halides could be avoided, and phenols are more

abundant feedstock than aryl halides (some are naturally occurring) [3, 4]. In fact,

phenols can participate in cross-coupling reactions when the phenolic hydroxyl

group is converted into a better leaving group, such as a triflate, and the synthetic

utility of such activated aryl sulfonates has been well appreciated. However, it

would be more favorable if more readily accessible aryl esters, ethers or phenol

itself could be coupled with nucleophiles. Despite the clear merit of using simpler

phenolic electrophiles, the inertness of the C(aryl)–O bond in these compounds

makes their cross-coupling processes difficult to realize, in particular with classical

palladium catalyst systems (Fig. 1).

Nickel is one of the metal centers that was used in the pioneering studies of cross-

coupling reactions. The use of low valent nickel complexes to activate strong r-
bonds [5] has attracted renewed interest, and significant advancements have been

made in recent years. Particularly important among these advances are nickel-

catalyzed cross-coupling reactions using inert phenolic electrophiles, which have

become a subject of intense research. The focus of this review is on nickel-catalyzed

cross-coupling reactions of readily available aryl esters (including carbamates),

ethers and phenols, covering the literature through March 2016. Reactions are

classified by the substrate involved (i.e., aryl esters, aryl ethers and arenols) and

subcategorized by the coupling partner. Cross-coupling reactions of inert phenol

derivatives by other transition metal catalysts, such as Ru [6–10], Fe [11, 12], Co

[13], Rh [14, 15] and Cr [16], are beyond the scope of this review. Catalytic

transformations via alkenyl [17–28] and benzylic C–O bond [29, 30] activation are

not covered. In addition, readers are encouraged to consult previous reviews on

catalytic C–O bond activation reactions [31–38].

Fig. 1 Phenolic electrophiles used in cross-coupling reactions
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2 Cross-Coupling Reactions of Aryl Esters and Carbamates

2.1 Kumada-Tamao-Corriu Type Reactions

In 1992, the nickel-catalyzed cross-coupling of aryl carbamates with Grignard

reagents was reported by Snieckus (Eq. 1) [39]. PhMgX and Me3SiCH2MgX were

reported to be coupled with aryl carbamates in the presence of a Ni(acac)2
(acac = acetyl acetonate) catalyst without a need for an added ligand. A carbamoyl

group can be substituted by a hydrogen when iPrMgX is used. This protocol was

successfully used for the synthesis of polysubstituted arenes via a carbamoyl-

directed ortho functionalization followed by the removal of the directing group

(Eq. 2).

 

Fig. 2 The PO ligand used for Kumada-Tamao-Corriu type cross-coupling and transition state model for
C–O bond cleavage
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Nakamura devised a new ligand for the Kumada-Tamao-Corriu type cross-

coupling of aryl carbamates (Fig. 2) [40]. The ligand has a triphenylphosphine-

based structure bearing a hydroxyl group, which was designed to assist the oxidative

addition of a C–O bond by forming a magnesium salt in situ. The magnesium center

functions as a Lewis acid to activate the carbamoyl group to facilitate the cleavage

of the C–O bond by nickel.

It should also be noted that cross-coupling reactions of aryl esters and carbamates

with a wider range of Grignard reagents have also been achieved using iron

catalysts, although they are beyond the scope of this chapter [11, 12].

Table 1 Nickel-catalyzed Suzuki-Miyaura type cross-coupling of aryl esters, carbamates and carbonates
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2.2 Negishi Type Reactions

The cross-coupling of aryl esters with organozinc reagents was reported by

Shi (Eq. 3) [41]. Similar to the reactions described in the following sections,

PCy3 serves as an effective ligand. The use of a pivaloyl group as the acyl

moiety in the substrate is essential for an efficient reaction, presumably to

avoid undesired cleavage of the C(acyl)–O bond. Although polyaromatic

substrates, such as naphthyl pivalates, successfully participate in this cross-

coupling, the corresponding phenyl pivalates are much less reactive except

those that contain an electron-withdrawing group. This is a general trend in

the nickel-catalyzed cross-coupling of inert phenol derivatives with less

reactive nucleophiles [38].

2.3 Suzuki-Miyaura Type Reactions

Among the nucleophiles used for cross-coupling reactions of aryl halides,

organoboron reagents have been recognized as being particularly useful because

of their stability to air and moisture, the fact that they tolerate a wide range of

functional groups and are readily available. Therefore, development of a catalyst

system that can allow organoboron cross-coupling for inert phenolic derivatives

has been intensively studied to date (Table 1). The first Suzuki-Miyaura type

cross-coupling of aryl esters was independently reported by two research groups

in 2008. Garg reported that aryl pivalates can be coupled with arylboronic acids

in the presence of a NiCl2(PCy3)2 catalyst [42], while Shi employed arylborox-

ines as nucleophiles in the presence of 0.88 equivalents of water, allowing for

the cross-coupling of aryl acetates, pivalates and benzoates [43]. Both groups

also extended their nickel-catalyzed protocols to the Suzuki-Miyaura type

reactions of aryl carbamates [44, 45]. Snieckus simultaneously reported on the

nickel-catalyzed cross-coupling of aryl carbamates using a 10:1 mixture of an

aryl carbamate and an arylboroxine [46, 47]. A close inspection of the reactions

conditions developed for Suzuki-Miyaura cross-couplings for aryl esters and

carbamates indicates that the presence of a suitable amount of water is crucial

for achieving an efficient catalysis. Indeed, Percec reported that these cross-

coupling reactions do not proceed smoothly when arylboronic esters are used as

nucleophiles, presumably because there is no water present in the system [48].

Molander demonstrated that potassium trifuluoroborate salts can also serve as
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effective coupling partners for the nickel-catalyzed cross-coupling of aryl

pivalates and carbamates [49]. A nickel complex having a pincer-type ligand

was shown to be a viable catalyst precursor, when used in conjunction with

PCy3, for the Suzuki-Miyaura type cross-coupling of hindered 9-anthracenyl

pivalates [50]. Aryl carbonates have also been reported to undergo cross-

coupling with organoboron compounds in the presence of NiCl2(PCy3)2 [44] or

Ni(cod)2/PCy3 catalysts (cod = 1,5-cyclooctadiene) [49]. Interestingly, Kuwano

reported that a bidentate ligand DCyPF [1,1-bis(di-cyclohexylphosphino)fer-

rocene] can also serve as an effective ligand for the nickel-catalyzed cross-

coupling of aryl carbonates with arylboronic acids [51].

The development of these cross-coupling processes using esters, carbamates and

carbonates as leaving groups allows them to be used as convertible directing groups

in arene functionalization reactions. For example, the directed ortho-metalation of

dicarbamate 1, followed by the reaction with an enal, gives the 2H-chromene

derivative 2 (Fig. 3). The carbamate group in 2 can then be functionalized by

nickel-catalyzed cross-coupling [46].

2.4 Cross-Coupling with C–H Bonds

The use of C–H bonds as coupling partners for cross-coupling reactions has

emerged as some of the more powerful and greener alternatives to the classical

cross-coupling reactions in which stoichiometric organometallic reagents are used

[52–56]. A number of methods for coupling aryl halides with C–H bonds in various

compounds, often called direct arylation, have been developed to date [57].

Naturally, it would become a widely applied method if inert phenol derivatives

could be made to undergo direct arylation reactions. This class of reaction was first

accomplished by Itami in the direct arylation of C–H bonds in azoles (Eq. 4) [58].

Naphthyl pivalates, carbamates and carbonates can be activated by Ni(cod)2/dcype

[dcype = 1,2-bis(dicyclohexylphosphino)ethane] to participate in the cross-

Fig. 3 Synthetic application of the Suzuki-Miyaura type cross-coupling of aryl carbamates
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coupling with C–H bonds of oxazole and thiazole derivatives. The use of this

electron-rich, bulky bisphosphine ligand is essential. The method was later extended

to the direct arylation of imidazoles by slightly modifying the reaction conditions,

which also permitted the scope of aryl carbamates to be extended to non-fused

aromatics [59].

Itami’s group also demonstrated that the nickel/bisphosphine system can be used

to mediate the arylation of C–H bonds a to a carbonyl group. A range of aryl

pivalates can be used for the arylation of ketones (Eq. 5) [60]. An optimal ligand for

this a-arylation is the thiophene-based bisphosphine ligand dcypt [dcypt = 3,4-

bis(dicyclohexylphosphino)thiophene], which has a relatively rigid backbone

structure compared with dcype. This catalyst system was further applied to the a-
arylation of esters and amides, in which aryl carbamates are particularly effective

aryl sources [61].

Martin reported that the a-arylation reaction can proceed in an enantioselective

manner when conducted with a chiral ligand. Thus, the reaction of aryl pivalates

with a 2-substituted 1-indanone in the presence of a nickel catalyst and a BINAP-

based ligand [BINAP = 2,20-bis(diphenylphosphino)-1,10-binaphthyl] generated the

a-arylated product with an excellent level of enantioselectivity at their quaternary

stereogenic centers (Eq. 6) [62].
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The nickel-catalyzed cross-coupling of inert phenol derivatives with aromatic C–

H bonds has been limited to C–H bonds with a relatively high acidity, as in azoles.

Although the direct arylation of benzene C–H bonds using an inert phenol-based

aryl source awaits future studies, the viability of such a process was demonstrated in

an intramolecular setting. Kalyani reported on a Ni(cod)2/dcype-catalyzed

intramolecular arylation that proceeded via the cleavage of C–H and C–OCOtBu

bonds (Eq. 7) [63]. This reaction represents one of the rare examples of the C–H

activation of benzene C–H bonds by a nickel catalyst [52]. Based on the finding of

an intramolecular kinetic isotope effect of 2.8, C–H bond cleavage was proposed to

proceed via a concerted metalation deprotonation pathway. On a related cobalt-

catalyzed reaction that deserves to be noted: aryl carbamates can be coupled with

C–H bonds of arenes intermolecularly when the arene contains an ortho-directing

group such as a 2-pyridyl group [13].

The cross-coupling of aryl halides with alkenes to form arylated alkenes, known

as the Mizoroki-Heck reaction, represents another class of C–H functionalization

reactions. Unlike cross-coupling with organometallic reagents, the Mizoroki-Heck

type reaction follows a mechanistically distinct process, i.e., insertion of the alkenes

and b-hydrogen elimination, after the oxidative addition of the aryl halide occurs.

Watson reported on the first Mizoroki-Heck type reaction using inert phenol

derivatives [64]. A range of styrenes could be arylated with aryl pivalates in the

presence of Ni(cod)2/dppf catalyst [dppf = 1,10-bis(diphenylphosphino)ferrocene]
to form trans-stilbene derivatives (Eq. 8).
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2.5 Carbon–Heteroatom Bond-Forming Reactions

Recent progress in transition metal-catalyzed cross-coupling technology has

reached the stage where aryl halides can be coupled with not only carbon

nucleophiles, but also heteroatom-based nucleophiles, including amines,

alcohols and related derivatives [65, 66]. Such carbon–heteroatom bond-

forming reactions are also possible with aryl ester and carbamate substrates

when a suitable nickel catalyst is used. For example, Tobisu and Chatani

reported that amination of aryl pivalates occurs effectively in the presence of a

Ni(cod)2/IPr catalyst [IPr = 1,3-bis(2,6-diidopropylphenyl)imidazol-2-ylidene]

(Eq. 9) [67]. The use of pivalates as a leaving group is crucial to prevent

undesired acyl-oxygen bond cleavage, which becomes a major pathway when

aryl acetates and benzoates are used.

Garg’s group reported on a similar amination reaction of aryl carbamates

[68]. Several ortho substituents in aryl carbamates were found to be tolerated,

thus allowing a carbamate-directed ortho C–H functionalization followed by

aminative removal of the directing group. In addition, an air-stable nickel(II)

precatalyst can be used when PhB(pin) (pin = pinacolate) is employed as a mild

reducing agent for the generation of the active nickel(0) species in situ (Eq. 10)

[69].
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The nickel-catalyzed borylation of aryl carbamates was developed by Shi using a

diboron reagent (Eq. 11) [70]. The suitable choice of solvent (toluene:DME = 1:1)

and a base (K3PO4) is important for an efficient reaction.

The carbon–silicon bond-forming cross-coupling of aryl pivalates was also

developed by Martin by using Et3SiB(pin) as a silylating agent. The yield of the

silylated product could be significantly increased when CuF2 was used as a

cocatalyst, which allows C–O bond activation to occur at temperatures as low as

50 �C (Eq. 12) [71]. The reaction is proposed to proceed by dual Ni/Cu catalysis, in

which the Et3SiCu species acts as a transmetalating agent.

Phosphorus-based nucleophiles are among the most challenging because

their strong coordinating ability can inhibit the nickel-ligand interaction that is

required for C–O bond activation. Chen and Han addressed this issue by

employing a nickel catalyst in conjunction with a chelating dcype ligand; these

are sufficiently robust to promote the cross-coupling of aryl pivalates with

phosphorus reagents including Ph2P(O)H (EtO)2P(O)H and Ph2PH (Eq. 13)

[72].
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2.6 Miscellaneous

The catalytic deoxygenation of phenol derivatives into the parent arenes has

widespread utility in organic synthesis, since it allows the electron-donating ability

of the phenolic oxygen to be temporarily used in arene functionalization reactions.

Tobisu and Chatani reported on the use of a hydrosilane reagent in the Ni(cod)2/

PCy3-catalyzed reductive cleavage of aryl pivalates (Eq. 14) [73]. A range of

functional groups, including amines, esters, amides and internal alkenes, are well

tolerated.

Garg reported that a carbamoyl group can also be removed under similar nickel-

catalyzed conditions using hydrosilane, which allows the carbamate group to be

used as a removable ortho-directing group [74]. Using this protocol, both ipso and

cine substitution strategies are possible (Fig. 4).

In 2012, Tsuji’s group reported on the reaction of aryl halides with CO2 to form

aryl carboxylic acids in the presence of a nickel catalyst and a stoichiometric

amount of powdered Mn [75]. They showed that an arylnickel(II) halide

[ArNi(II)X] intermediate, generated by the oxidative addition of the aryl halide to

Ni(0), is in situ reduced by the added Mn powder to produce an ArNi(I) species,

Fig. 4 Ipso and cine substitution via nickel-catalyzed C–O bond functionalization
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which is sufficiently reactive to capture CO2. Martin successfully extended this

reductive carboxylation strategy to aryl pivalate substrates (Eq. 15) [76]. This

protocol is applicable to various p-extended aryl and heteroaryl pivalates, which

have functional groups such as amines, ethers, amides and NO2.

Isoelectronic isocyanates can also be arylated with the nickel catalyst system to

form the corresponding carboxamides (Eq. 16) [77]. A range of aliphatic

isocyanates were found to undergo reductive coupling with naphthyl pivalates.

3 Cross-Coupling Reactions of Aryl Ethers

3.1 Kumada-Tamao-Corriu Type Reactions

In 1979, Wenkert reported that methoxyarenes undergo cross-coupling with

PhMgBr with the aid of a nickel catalyst (Eq. 17) [17, 18]. This reaction is the

first example that demonstrates the feasibility of using aryl ethers as electrophilic

coupling partners in cross-coupling reactions. The Wenkert reaction did not attract

significant attention at this stage because only a limited range of aryl ethers (i.e.,

mehtoxynaphthalenes) exhibited sufficient reactivity, which renders more reactive

aryl triflates the phenol derivatives of choice in cross-coupling reactions.

In the 25 years after Wenkert’s report, Dankwardt revisited the methoxyarene

cross-coupling reaction and found that switching the ligand to PCy3 significantly

expanded the scope of the aryl ether substrates to include diverse anisole derivatives

as well as heteroaryl ethers (Eq. 18) [78]. Shi reported that the Ni(0)/PCy3 system

can also catalyze the cross-coupling of aryl silyl ethers with ArMgX [79]. Several
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other ligands including modified PCy3 [80] and NHC [81, 82] were also used in the

Kumada-Tamao-Corriu type arylation of anisole derivatives.

In contrast to arylation reactions, methodology for the alkylation of aryl ethers

remains underdeveloped. Shi reported that aryl ethers can also be methylated by

using MeMgX in the presence of a NiCl2(PCy3)2 catalyst (Eq. 19) [83]. However,

no other alkyl Grignard reagents were found to undergo coupling under these

conditions.

Tobisu and Chatani reported that other alkyl Grignard reagents that lack b-
hydrogens such as benzyl and trimethysilylmethylmagnesium halides can be

successfully cross-coupled with anisole derivatives when 1,3-dicyclohexylimidazol-

2-ylidene (ICy) is used as a ligand (Eq. 20) [84]. It is noteworthy that PCy3, the

most frequently used ligand for aryl ether cross-coupling, is completely inactive for

this reaction. Strained alkyl groups, including 1- and 2-adamantyl and cyclopropyl

groups, can also be introduced, even in the presence of b-hydrogens, which

represents the only examples of aryl ether cross-coupling reactions, in which

secondary and tertiary alkyl groups are incorporated.

Despite the widespread utility of the Sonogashira reaction, the alkynylation of

aryl halides, the corresponding alkynylation of inert phenol derivatives has not

been developed, except for the following example. Tobisu and Chatani reported

that ethynylmagnesium bromide bearing a triisopropylsilyl (TIPS) group at the

terminal is a viable nucleophile for aryl ether cross-coupling to introduce an

alkynyl group (Eq. 21) [85]. Protection with a TIPS group is essential for this

reaction, probably to prevent the undesired interaction of an alkyne with the

nickel catalyst. This alkynylation protocol can be applied to a range of relatively
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complex aryl ethers, including natural product derivatives bearing a methoxy

group.

The nickel-catalyzed cross-coupling of aryl ethers promises to be a powerful

method for late-stage functionalization because of the robustness of the methoxy

group. For example, Nishihara exploited this feature of the nickel-catalyzed

alkynylation of methoxyarenes in the synthesis of p-conjugated compounds of

interest in the field of organic semiconductors (Fig. 5) [86]. The key to the success

of this synthesis is the stability of the methoxy group under repetitive palladium-

catalyzed cross-coupling conditions.

3.2 Negishi Type Reactions

Wang and Uchiyama reported on the cross-coupling of aryl ethers with an

organozinc reagent by a Ni(0)/PCy3 catalyst [87]. Although common organozinc

reagents such as PhZnX and Ph2Zn as well as monoanionic PhZnMe2Li failed to

participate in the cross-coupling process, the use of dianionic PhZnMe3Li2 resulted

in the successful production of the product (Eq. 22).

Fig. 5 Nickel-catlayzed cross-coupling of aryl ethers for late-stage functionalization
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3.3 Suzuki-Miyaura Type Reactions

Since the first report by Wenkert in 1979 (Eq. 17), until 2008, the intriguing

ability of a nickel catalyst to activate a C–O bond in an aryl ether had been used

only within the realm of Kumada-Tamao-Corriu type reactions using Grignard

reagents (Sect. 3.1). Tobisu and Chatani developed the first Suzuki-Miyaura type

cross-coupling of aryl ethers using Ni(cod)2/PCy3 catalyst (Eq. 23) [88]. Unlike

cross-coupling reactions using Grignard reagents, ketones and esters were also

found to be compatible. The scope of the aryl ethers is limited to polyaromatic

substrates such as methoxynaphthalene, which, in turn, allowed for the

regioselective arylation of compounds bearing two different methoxy groups

(the last example in Eq. 23).

Fig. 6 The second-generation catalyst for the Suzuki-Miyaura type reaction of aryl ethers
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The same research group developed a second-generation catalyst consisting of

Ni(cod)2/ICy, which allows the cross-coupling of anisole derivatives without a

fused aromatic ring and heteroaryl substrates that were unreactive when the Ni(0)/

PCy3 system was used (Fig. 6) [89].

3.4 Cross-Coupling with Other Organometalic Reagents

Organolithium reagents are also suitable nucleophiles for the cross-coupling of

aryl ethers. Rueping reported on the coupling of methoxyarenes with

Me3SiCH2Li in the presence of Ni(cod)2 (Eq. 24) [90]. Considering the pivotal

role of a strong r-donor ligand in C–O activation in a series of aryl ether cross-

couplings, it is surprising that no added ligand is required for this organolithium

cross-coupling.

During the course of a study dealing with the nickel-catalyzed cross-coupling of

aryl halides with PhLi, Hornillos and Feringa reported that methoxyarenes can also

be arylated, although only three substrates were examined in their study (Eq. 25)

[91].

Tobisu and Chatani disclosed that AlMe3 can serve as a methylating agent for a

range of aryl alkyl ethers (Eq. 26) [92]. Again, ICy performs much more effectively

as the ligand than PCy3.

3.5 Carbon-Heteroatom Bond-Forming Reactions

Although a number of heteratom-based nucleophiles can be used for aryl halides,

they cannot easily be employed in the cross-coupling of inert phenol derivatives, in
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particular aryl ethers. Indeed, only two types of heteroatom nucleophiles have been

reported to have been successfully used for the cross-coupling of aryl ethers. One,

which was developed by Tobisu and Chatani, is a carbon–nitrogen-forming reaction

in which an amine is used as a nucleophile (Eq. 27) [93, 94]. Several methoxyarenes

and heteroarenes have been reported to be aminated with secondary amines under

conditions in which a Ni(0)/IPr catalyst is used.

A second class of heteroatom nucleophile is a diboron reagent, which allows a

synthetically useful boryl group to be added at the ipso position of methoxyarenes

(Eq. 28) [95]. Martin reported that the addition of a weak base HCO2Na improved

the yield of the borylated product. Anisole derivatives without a fused aromatic ring

can also be used when ester, amide and CF3 groups are present at the ortho position

of the methoxy group.

3.6 Miscellaneous

The reductive cleavage of a C(aryl)–O bond in aryl ethers was independently

reported by two research groups. Martin’s group employed tetramethyldisiloxane as

a reducing agent [96, 97], while Tobisu and Chatani’s protocol used HSiMe(OMe)2
[73] (Eq. 29). Both groups use the same Ni(0)/PCy3 catalyst, which promotes the

dealkoxylation of p-extended aryl ethers. A methoxy group of an anisole derivative

can also be removed when a coordinating group, such as a 2-pyridyl or ester, is

located at the ortho position.

Hartwig reported that aryl ethers can be reductively cleaved using hydrogen as

the reducing agent (Eq. 30) [98]. The addition of an excess amount of NaOtBu was
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found to be effective for promoting the synthesis of various aryl ethers, including

diaryl ethers, the hydrogenolysis of which would eventually lead to the realization

of a catalytic depolymerization of lignin to produce low-molecular-weight aromatic

compounds. They also reported that a similar hydrogenolysis can also be performed

using a heterogeneous nickel system [99, 100].

The reductive cleavage of a C(aryl)–O bond in an aryl ether can occur, even in

the absence of an external reducing agent. Tobisu and Chatani found that aryl ethers

can be converted to the parent arenes when heated with a catalytic amount of

Ni(cod)2 and a newly developed NHC ligand bearing 2-adamantyl groups, I(2-Ad)

(Fig. 7) [101]. Because no reducing agent such as hydrosilane and hydrogen is

needed, this method allows unusual chemoselectivity: the alkoxy group is

exclusively reduced without affecting the normally more reducible alkene and

ketone moieties. Moreover, this reaction provides an experimental basis showing

that oxidative addition is indeed a viable mechanism for C–O bond cleavage by a

nickel catalyst (see Sect. 5 for more discussion).

Since the discovery of the Ullmann reaction in 1901 [102], the transition metal-

mediated homocoupling of aryl electrophiles has served as a powerful tool for the

synthesis of symmetrical biaryls. However, applicable substrates were limited to

Fig. 7 Nickel-catalyzed reductive cleavage of aryl ethers in the absence of an external reducing agent
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activated aryl electrophiles such as aryl halides or sulfonates. Tobisu and Chatani

developed a protocol that allows the homocoupling of methoxyarenes to proceed

[103]. The nickel-catalyzed reaction of methoxyarenes with 0.8 equivalents of a

diboron reagent led to the selective formation of a biaryl product via C–O bond

borylation [95], followed by Suzuki-Miyaura-type cross-coupling (Fig. 8, top)

[88, 89]. The use of an ICy ligand is crucial for this homocoupling, and the major

product is a borylated derivative when PCy3 is used. The robustness of a methoxy

Fig. 8 Nickel-catalyzed homocoupling of aryl ethers with the aid of a diboron reagent
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group allows a sequential cross-coupling/homocoupling process, enabling the rapid

synthesis of p-extended arenes (Fig. 8, bottom).

4 Cross-Coupling Reactions of Arenols

A method for directly cross-coupling arenols with nucleophiles would be of the

utmost utility in terms of substrate availability, atom efficiency and cost. Such a

process could be possible by the in situ conversion of arenols into activated forms

such as sulfonates or phosphonium [104, 105] through the addition of stoichiometric

amounts of activating reagents. Because of space limitations, this section only deals

with the nickel-catalyzed direct transformation of arenols using non-classical

stoichiometric activating reagents.

Shi reported that naphthols can be cross-coupled with ArMgX in the presence of

NiF2/PCy3 (Eq. 31) [106]. The preformation of a magnesium salt of naphthol is

essential for the success of this cross-coupling, indicating that the Lewis acidic

Mg2? likely assists the C–O bond activation by nickel.

The same group also demonstrated that organoboron nucleophiles can also

be used in the nickel-catalyzed naphthol cross-coupling reactions (Eq. 32)

[107]. In this reaction, sodium functions as an optimal counter cation, and the

addition of excess BEt3 was found to significantly enhance product yield. The

borate salt 4 was proposed as a key intermediate, in which the C(aryl)–O bond

is predicted to be more reactive toward a nickel species than a naphthol C–O

bond.

Shi’s group also reported one interesting example in their study of the palladium-

catalyzed borylation of benzyl alcohols. The nickel-catalyzed reaction of 2-naphthol
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with a diboron reagent resulted in the formation of a borylated product (Eq. 33)

[108].

Shi’s group subsequently reported that the same set of reactants resulted in the

formation of a deoxygenated product when the reaction conditions were modified

slightly (Eq. 34) [109]. Labeling studies revealed that both residual water and

toluene, as the solvent, can serve as a source of hydrogen atoms. The C(aryl)–O

bond cleavage was proposed to occur via the napthoxyborane intermediate 5.

Nakao developed the nickel-catalyzed deoxgenation of arenols using hydrosilane

as a reducing agent (Eq. 35) [110]. The use of a highly electron-donating NHC

ligand allows the deoxygenation of a range of phenol derivatives. The reaction is

proposed to proceed via a silyl ether intermediate 6, which is more reactive than

anisole under these reductive cleavage conditions.
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5 Mechanistic Aspects of the C–O Bond Activation of Inert Phenol
Derivatives by Nickel Catalysts

5.1 Activation of Aryl Esters and Carbamates

The difficulty associated with the activation of C(aryl)–O bonds of aryl esters arises

not merely from its higher bond dissociation energy (BDE) compared to aryl halides

or triflates, but also from the selectivity relative to the undesired C(acyl)–O bond

activation. The C(acyl)–O cleavage of aryl esters would be expected to occur more

readily compared to the C(aryl)–O bond cleavage in terms of BDE (Fig. 9).

Nevertheless, the nickel-catalyzed cross-coupling of aryl esters proceeds exclu-

sively via C(aryl)–O cleavage, as discussed in Sect. 2.

Several theoretical studies of the nickel-catalyzed cross-coupling of aryl

esters have been carried out in attempts to elucidate the mechanism of C–O

activation reactions as well as C(aryl)–O/C(acyl)–O selectivity [47, 111–114].

Liu reported a theoretical study of the Ni(0)/PCy3-catalyzed Suzuki-Miyaura

type cross-coupling of aryl acetates [111]. According to their calculation, the

oxidative addition of a C(acyl)–O bond can occur reversibly with a relatively

low barrier, but the subsequent transmetalation with phenylboronic acid is

energetically much less favored (Fig. 10). In contrast, the oxidative addition

of C(aryl)–O bonds can proceed irreversibly, and the subsequent transmeta-

lation readily follows, which is in good agreement with the experimental

outcome.

Fig. 9 C(aryl)–O cleavage vs. C(acyl)–O cleavage

Fig. 10 Rationale for the selectivity of C(aryl)–O and C(acyl)–O bond cleavage
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A detailed mechanism for the oxidative addition of C(aryl)–O bond of aryl esters

has been proposed based on the theoretical studies. In the case where PCy3 is used

as the ligand, oxidative addition to the nickel monophosphine species is favored,

since its vacant coordination site allows an additional Ni–O interaction, which

lowers the activation barrier for this process (A in Fig. 11) [47, 112]. When a

bidentate dcype ligand is involved, both the standard three-centered structure

B [112] and five-centered structure C [113, 114] were identified as viable transition

states, depending on the calculation method used.

The oxidative addition of a C(aryl)–O bond of aryl pivalates to a Ni(0)/dcype

species has been unambiguously proved by the isolation of the oxidative addition

complex from the stoichiometric reaction of Ni(cod)2, dcype and 2-naphthyl

pivalate (Eq. 36) [115].

5.2 Activation of Aryl Ethers

Several but still a limited number of theoretical studies on the nickel-catalyzed

transformation of aryl ethers have been reported to date. Those studies suggest that

the mechanism responsible for the cleavage of C(aryl)–O bonds of aryl ethers can

vary drastically, depending on the nature of the nucleophile. This aspect is in sharp

contrast to cross-couplings of aryl halides or esters, in which the mode of C-X or C–

O activation is consistently an oxidative addition, irrespective of the nucleophile

employed.

Wang and Uchiyama reported on a theoretical study of the Ni(0)/PCy3-catalyzed

cross-coupling of anisole with phenyl magnesium bromide [116]. Their calculation

Fig. 11 Calculated transition states for the oxidative addition of aryl esters and carbamates
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revealed that C(aryl)–O bond cleavage can occur with a lower activation barrier

when an anionic nickelate complex D, which is generated by the reaction of Ni(0)

with PhMgBr, is involved (Fig. 12). C–O bond cleavage via the five-membered

transition state E is favored over the classical three-centered oxidative addition.

Gómez-Bengoa and Martin proposed a unique silylnickel(I)-mediated mecha-

nism for the reductive cleavage of methoxynaphthalene using a hydrosilane reagent

based on spectroscopic, kinetic and computational studies [97]. A silyl-

nickel(I) species F, generated by the comproportionation of an initially formed

(silyl)Ni(II)H species, adds across naphthalene to form intermediate G, which gives

a reduced product via the concerted a-elimination of silyl methoxide (Fig. 13).

Interestingly, Martin’s group also disproved the involvement of the classical

oxidative addition mechanism for C(aryl)–OMe bond cleavage when PCy3 is used

as the ligand, based on the observation of a facile b-hydrogen elimination process

[117] from ArNi(OMe) species [97].

Top Curr Chem (Z) (2016) 374:41
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Fig. 12 Calculated mechanism for C–O bond cleavage in nickel-catalyzed Kumada-Tamao-Corriu type
cross-coupling of aryl ethers

Fig. 13 Calculated mechanism for C–O bond cleavage in the nickel-catalyzed reductive cleavage of aryl
ethers using hydrosilane

Fig. 14 Calculated mechanism for C–O bond cleavage in the nickel-catalyzed hydrogenolysis of aryl
ethers



Oxidative addition via the classical three-centered transition state can come into

play under certain circumstances. For example, the above-mentioned mechanisms

would not be operative in nickel-catalyzed reductive cleavage reactions in the

absence of an external reducing agent (Fig. 7), and C–O cleavage via oxidative

addition would be most likely. Surawatanawong [118, 119] as well as Chung [120]

reported that the classical oxidative addition pathway is also viable for the Ni(0)/

NHC-catalyzed hydrogenolysis of aryl ethers (Fig. 14).

6 Conclusions

Despite the seminal finding by Wenkert in 1979 on the nickel-catalyzed cross-

coupling of methoxyarenes with Grignard reagents, the field of cross-coupling

reactions has largely focused on the palladium-catalyzed transformation of activated

aryl electrophiles. It has only been during the last decade that chemists have re-

investigated the unique ability of low valent nickel complexes for activating

C(aryl)–O bonds of inert phenol derivatives for use in their catalytic transformation.

Although our knowledge and general understanding of cross-coupling chemistry

have been accumulating, this knowledge has not readily translated into the nickel-

catalyzed cross-coupling of inert phenol derivatives, due, in part, to the fact that

completely different mechanisms are operating. Indeed, compared to the palladium-

catalyzed cross-coupling of aryl halides, the scope and efficiency of these new C–O

cross-coupling reactions currently remain limited, leaving numerous opportunities

for the development of new C–O transformations. With respect to the mechanism

responsible for C–O bond activation, there are also a number of opportunities to

expand our knowledge base, in particular from an experimental standpoint such as

the isolation of key intermediates [7, 121]. Continued efforts promise to definitely

improve this infant but promising method (after the submission of this manuscript,

two methods for the alkylation of anisole substrates have appeared [122, 123]).
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Abstract Catalytic C–H functionalization using transition metals has received

significant interest from organic chemists because it provides a new strategy to

construct carbon–carbon bonds and carbon–heteroatom bonds in highly function-

alized, complex molecules without pre-functionalization. Recently, inexpensive

catalysts based on transition metals such as copper, iron, cobalt, and nickel have

seen more use in the laboratory. This review describes recent progress in nickel-

catalyzed aromatic C–H functionalization reactions classified by reaction types and

reaction partners. Furthermore, some reaction mechanisms are described and cut-

ting-edge syntheses of natural products and pharmaceuticals using nickel-catalyzed

aromatic C–H functionalization are presented.
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1 Introduction

C–H functionalization using nickel catalysts has recently received significant

attention from the field of organic chemistry because nickel catalysts are less

expensive than noble transition metal catalysts and less toxic than commonly used

metal catalysts such as palladium catalysts [1–7]. Important contributions to C–H

activation of aromatic compounds by nickel were made as early as the 1960s. In

1963, Dubeck and coworkers prepared an oxidative adduct of a C–H bond on an

aromatic ring onto a nickel complex (Scheme 1) [8]. When azobenzene (1) was

mixed with nickelocene (2) at 135 �C, C–H nickelation at the ortho C–H bond of 1
occurred to give nickel complex 3 by using the diazo moiety as a directing group

(chelation-assisted group). Thereafter, there were no reports describing the C–H

nickelation of aromatic C–H bonds for more than 50 years. In 2006, Liang and

coworkers reported that pincer nickel complex 4 could react with benzene (5) to
furnish complex 6, which likely occurred via the oxidative addition of the C–H bond

of benzene without any directing group [9].

This review focuses on nickel-catalyzed C–H functionalization, particularly on

aromatic rings (aromatic C–H functionalization), and showcases recent examples

classified by reaction types and reaction partners. Furthermore, some reaction

mechanisms are described and cutting-edge syntheses of natural products and

pharmaceuticals using nickel-catalyzed aromatic C–H functionalization are presented.

2 Redox-Neutral Aromatic C–H Functionalization with Organohalides

2.1 Aromatic C–H Arylation

Heterobiaryl frameworks such as 2-aryl-1,3-azoles represent privileged structural

motifs often found or used in bioactive molecules. In 2009, the groups of Itami and

Scheme 1 Pioneering work for C–H activation using nickel complexes
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Miura independently reported the first example of nickel-catalyzed C–H arylation of

1,3-azoles with aryl halides to synthesize 2-aryl-1,3-azoles (Scheme 2) [10, 11].

Itami and coworkers developed a [Ni(OAc)2/2,2
0-bipyridyl (bipy)/LiOt-Bu] catalyst

system for the C–H arylation of 1,3-azoles with aryl halides, while Miura

simultaneously reported similar conditions [NiBr2/1,10-phenanthroline (phen)/LiOt-

Bu] for the C–H arylation between 1,3-(benzo)azoles and aryl bromides. In both of

these reaction conditions, it was essential to use LiOt-Bu as the base. Thereafter, a

new protocol for Ni(OAc)2/bipy-catalyzed C–H arylation using Mg(Ot-Bu)2 as a

milder and less expensive alternative to LiOt-Bu was developed in 2011 by Itami

and coworkers [12]. Compared with the protocol that uses LiOt-Bu, the newly

developed Mg(Ot-Bu)2-based method is more effective for reactions involving

Scheme 2 C–H arylation of 1,3-azoles with aryl halides
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electron-deficient haloarenes. Then, in 2012, the Iaroshenko group reported that

imidazo[4,5-b]pyridines can be reacted with aryl iodides or aryl bromides in the

presence of Ni(PPh3)2Cl2 as the catalyst and K2CO3 in DMF to give the

corresponding coupling products [13]. Although these reactions can be performed

with palladium catalysts, yields using the nickel catalyst were superior. In general,

benzimidazoles and imidazoles had not been viable substrates in nickel-catalyzed

C–H arylation. Additionally, aryl chlorides had not been commonly used for the

nickel-catalyzed C–H arylation of 1,3-azoles. However, in 2015, Itami, Yamaguchi,

and coworkers discovered optimal conditions for the C–H arylation of benzimida-

zoles and imidazoles with aryl chlorides [14]. The key to achieving the C–H

arylation of imidazoles is to use t-AmylOH as the solvent with a Ni/1,2-

bis(dicyclohexylphosphino)ethane (dcype) catalyst (for reactions involving other

aryl sources under the same catalytic conditions, see Sect. 4.1).

These methods for the nickel-catalyzed C–H arylation of 1,3-azoles can be

applied to the synthesis of biologically active molecules (Scheme 3) [10, 12]. Under

the influence of a Ni(OAc)2/bipy catalyst and LiOt-Bu, thiazole 7 and aryl iodide 8
underwent coupling in dimethoxyethane (DME) at 100 �C to furnish the

corresponding coupling product. A Mg(Ot-Bu)2/dimethylsulfoxide (DMSO) system

was equally effective for the coupling. Subsequent treatment with CF3CO2H

afforded febuxostat (9) [15], a xanthine oxidase inhibitor, in 62–67 % overall yield.

Following the present synthetic route, only three steps are required (in 43–46 %

overall yield) to accomplish the synthesis of 9. Additionally, this reaction was

applicable for the synthesis of tafamidis (12), a transthyretin (TTR) stabilizer [16].

Scheme 3 Syntheses of febuxostat (9), tafamidis (12), and texaline (15) by Ni-catalyzed arylation of
azoles
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Carboxamide-substituted benzoxazole 10 was coupled with 1,3-dichloro-5-iodoben-

zene (11) to furnish the corresponding product. Subsequent hydrolysis of the amide

using HF�pyridine provided 12 in 70 % overall yield. Additionally, it was found that

texaline (15) [17], an antimycobacterial alkaloid, could be obtained in 84 % yield

by coupling oxazole 13 with aryl bromide 14 by the action of the Ni(OAc)2/bipy/

LiOt-Bu catalytic system in 1,4-dioxane at 120 �C. The efficient and rapid syntheses
of febuxostat (9), tafamidis (12), and texaline (15) highlight the potential of the

present nickel catalysis in a range of synthetic applications.

Concomitantly with the above C–H arylation of 1,3-azoles, Yamakawa and

coworkers reported the direct arylation of simple benzene, naphthalene, and

pyridine with aryl bromides using a Cp2Ni/BEt3 (or PPh3)/KOt-Bu catalyst system

(Scheme 4) [18]. It was presumed that the cross-coupling reaction proceeds through

a radical-type pathway, because regioisomers were produced by this nickel-

catalyzed system.

These nickel-catalyzed transformations work not only for heteroarenes, but also

for arenes (benzene derivatives). In 2014, Chatani and coworkers reported a nickel-

catalyzed C–H arylation of benzamides with aryl iodides (Scheme 5) [19]. For

example, benzamide 16 bearing a quinoline moiety as a chelation-assisted group

was coupled with iodobenzene (17) in the presence of catalytic Ni(OTf)2 to afford

the corresponding coupling product 18 in 92 % yield with exclusive ortho-

selectivity.

2.2 Aromatic C–H Alkynylation

The first example of C–H alkynylation of heteroarenes was reported by Miura and

coworkers (Scheme 6) [20]. For example, aryloxazole 19 was reacted with

bromophenylethyne (20) using a nickel catalyst [Ni(cod)2/1,2-bis(diphenylphos-

phino)benzene (dppbz)] and LiOt-Bu as base to afford the corresponding alkynyl

adduct 21 in 91 % yield.

In 2015, several examples of C–H alkynylation of six-membered (hetero)arenes

with alkynyl bromides were published using chelation-assisted groups (Scheme 7)

[21–23]. The groups of Shi (aromatic amides containing 2-pyridyldimethylamine),

Li (aromatic amides containing 8-aminoquinoline), and Balaraman (aromatic

amides containing 8-aminoquinoline) independently accomplished nickel-catalyzed

C–H alkynylations of pyridylamide and benzamide derivatives with bromoethynes

to give the corresponding ortho-substituted products in excellent yields.

Scheme 4 C–H arylation of pyridine with aryl halides
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The Li group also applied their method to synthesize an intermediate of a 17b-
hydroxysteroid dehydrogenase type-3 (17b-HSD3) inhibitor, which was considered

to be a clinical candidate for the treatment of prostate cancer (Scheme 8) [22]. The

obtained alkynyl product 22 was treated with BF3�OEt2 to give ester 23, followed by
sila-Sonogashira coupling with iodobenzene to give diarylethyne 24, which was an

intermediate toward 17 b-HSD3 inhibitor 25 [24].

Scheme 5 Chelation-assisted C–H arylation of benzamides

Scheme 6 C–H alkynylation of azoles with alkynyl bromides

Scheme 7 Aromatic C–H alkynylations with alkynyl halides
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2.3 Aromatic C–H Alkylation

In 2010, C–H alkylations of 1,3-azoles with alkyl halides were reported

independently by the groups of Hu and Miura (Scheme 9) [25, 26]. C–H activation

using alkyl reactants is relatively rare compared with using unsaturated reactants

because of the difficulty in suppressing the b-hydrogen elimination of alkylmetal

reagents. To suppress b-hydrogen elimination, Hu’s group used a pincer-type nickel

catalyst 26 in the presence of CuI as a co-catalyst. Meanwhile, the Hirano and Miura

group utilized terpyridine 27 as the ligand.

Although technically the reaction does not involve alkyl halides, the Miura group

developed a C–H alkylation of 1,3-azoles with alkyl hydrazones as the alkylating

agent in 2012 (Scheme 10) [27]. N-Tosylhydrazone 29 was converted to the diazo

species in situ that reacted with benzoxazole (28) in the presence of a NiBr2/phen/

LiOt-Bu catalytic system to afford the secondary alkylated product 30 in moderate

Scheme 8 Synthesis of a 17b-HSD3 inhibitor

Scheme 9 C–H alkylation of 1,3-azoles and alkyl halides
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yields. It is of note that this reaction also proceeded when a cobalt catalyst was used.

This C–H alkylation method shows the potential utility of alternative methods for

alkylated 1,3-azoles.

Furthermore, the Lei group reported an intramolecular C–H alkylation of arenes

in 2013 (Scheme 11) [28]. When a-bromoamide 31 was reacted with catalytic

Ni(PPh3)4/1,3-bis(diphenylphosphino)propane (dppp) and K3PO4 in toluene at 100

�C, cyclization product 32 was formed in 86 % yield. It was assumed that this

reaction proceeds through a radical pathway because the reaction was quenched

when 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) was added as a radical

scavenger. Additionally, this reaction worked well under visible light in the

presence of a tris(2-phenylpyridinato)iridium [Ir(ppy)3] photocatalyst.

Intermolecular C–H alkylation of arenes through nickel catalysis was achieved

by using a chelation-assisted group by Chatani and coworkers (Scheme 12) [29–31].

Arylamides containing 8-aminoquinoline reacted with various alkyl bromides in the

presence of a Ni(OTf)2/PPh3 catalyst to give C–H alkylation products in good

yields. These reaction conditions can also be applied to methylation when using

TsOMe/NaI or PhMe3NI as the methylating reagent.

In 2013, Chatani’s group also demonstrated a C–H allylation of arylamides using

allyl bromides (Scheme 13) [29]. Thereafter, Sundararaju and coworkers reported a

similar result using m-toluic acid as an effective additive [32]. Furthermore, in 2014,

the group of Zeng obtained the same products by using allyl phosphates as allylating

reagents instead of allyl bromides [33].

This chelation-assisted group, the 8-aminoquinoline moiety, enabled the use of

not only primary alkyl and allyl halides but also secondary alkyl halides

(Scheme 14) [34]. The group of Ackermann found that bis(2-dimethy-

laminoethyl)ether (BDMAE) was an effective ligand for the nickel-catalyzed C–

Scheme 10 Aromatic C–H alkylation using alkyl hydrazones

Scheme 11 Intramolecular aromatic C–H alkylation
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H alkylation of benzamides with secondary alkyl bromides. Although only one

example was shown, Chatani and coworkers also reported a nickel-catalyzed C–H

alkylation of benzamides with cyclopropyl bromide using IMesMe as the ligand [30].

Very recently, Ackermann and coworkers reported a nickel-catalyzed C–H

alkylation of anilines with secondary alkyl halides (Scheme 15) [35]. Use of N,N0-
di-tert-butylethane-1,2-diamine (Dt-BEDA), a vicinal diamine, as a ligand, allowed

anilines that bear a monodentate N-pyrimidyl substituent to be alkylated under

nickel catalysis in excellent yield.

In 2014, a catalytic C–H carbonylation of arylamides was developed by Ge and

coworkers (Scheme 16) [36]. Although similar types of carboxylation are known

Scheme 12 C–H alkylation of benzamides with alkyl halides

Scheme 13 C–H allylation of benzamides
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with palladium, ruthenium, rhodium, and cobalt catalysts, this was the first example

involving nickel/copper catalysis. Additionally, these modified conditions can be

applied to aliphatic amides.

Scheme 14 C–H alkylations of benzamides with secondary alkyl halides

Scheme 15 C–H alkylations of anilines with secondary alkyl halides

Scheme 16 C–H acylation of benzamides
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3 Oxidative Aromatic C–H Functionalization

3.1 Oxidative C–H Arylation and Alkenylation

Nickel-catalyzed oxidative C–H arylations using arylmetal species as the aryl

source have also been reported in recent years (Scheme 17). The first nickel-

catalyzed oxidative direct arylation was disclosed by Miura and coworkers in 2010;

they developed a direct arylation of 1,3-azoles with arylsilanes in the presence of Cu

salts as oxidants [37]. This report can be regarded as an important finding not only

because this is the first nickel-catalyzed oxidative C–H arylation but also because

oxidative C–H arylation with arylsilanes is rare even with other transition metal

catalysts. A nickel-catalyzed oxidative C–H arylation of (benz)oxazoles with

arylboronic acids employing air as the oxidant was also developed by the group of

Miura in the same year [38]. An oxidative direct arylation using aryl Grignard

reagents through a nickel catalyst system was reported by Qu, Guo, and coworkers

[39].

Miura’s conditions can be used for the C–H alkenylation of 1,3-azoles with

alkenylsilanes and alkenylboronic acids, and two examples are shown in Scheme 18

[35]. Benzoxazole (28) was reacted with alkenylsilane 33 under nickel catalysis to

afford alkenylbenzoxazole 34 in 70 % yield. When alkenylboronic acid 36 was used
as the alkenyl source, 5-phenyloxazole (35) could be alkenylated in the presence of

a nickel catalyst to give the corresponding coupling product 37 in 47 % yield.

In 2009, Chatani, Tobisu, and coworkers reported a nickel-catalyzed C–H

arylation of azines with an arylzinc species (Scheme 19) [40]. By using diarylzinc

as an aryl nucleophile and Ni(cod)2/PCy3 as a catalyst, various azines such as

pyridines, quinolines, phenanthridines, and pyrazines were arylated in good to

excellent yields. This reaction provided C2-arylated azines regioselectively.

Scheme 17 Ni-catalyzed direct C–H arylation and alkenylation of azoles with organosilicon, boron, and
Grignard reagents
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The mechanism of this coupling reaction is assumed to consist of addition of the

aryl nucleophile under nickel catalysis, followed by in situ rearomatization to form

the coupling product. To support this hypothesis, the rearomatization reaction was

specifically studied by the group of Chatani [41]. Treatment of 2-phenyl-1,2-

dihydroquinoline (39; prepared by nucleophilic addition of phenyllithium onto

quinoline) with diphenylzinc at room temperature produced rearomatized product

40 without the nickel catalyst in 75 % yield (Scheme 20). According to this result,

loss of the C2 hydrogen atom of 38 proceeds via the intermediacy of an organozinc

species such as 39. On the basis of this investigation, a reaction mechanism for the

nickel-catalyzed C–H arylation of azines with diarylzinc was proposed. Nickel(0)

species 41 initially reacts with diarylzinc–pyridine adduct 42 to form azanickela-

cyclopropane 43. An intramolecular aryl transfer affords nickel species 44, which
subsequently liberates Ni0 catalyst 41 along with zinc amide 45 by reductive

elimination. The zinc amide species 45 then undergoes rapid oxidative rearoma-

tization, leading to arylated product 46.
Similarly, a C–H arylation of acridine at its C4 position was also reported by the

Chatani group using a Ni(cod)2/SIPr�HCl/NaOt-Bu catalytic system (Scheme 21)

[42]. Under the influence of a catalytic amount of Ni(cod)2, 1,3-bis(2,6-

diisopropylphenyl)imidazolinium chloride (SIPr�HCl), and a stoichiometric amount

Scheme 18 Oxidative C–H arylation of azoles with organosilicon and boron reagents

Scheme 19 C–H arylation of azines with arylzinc reagents
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of NaOt-Bu, acridines were cross-coupled with excess amounts of diarylzinc

reagents to afford C4-arylated products regioselectively.

3.2 Oxidative C–H Alkynylation

Nickel-catalyzed oxidative C–H alkynylation, which involves the use of alkynes

directly without pre-functionalization, was also reported by the groups of Miura and

Shi. For example, in the presence of catalytic NiBr2/di-t-butylbipyridyl (dtbpy) and

LiOt-Bu as a base in toluene under oxygen atmosphere, benzoxazole (28) was

reacted with arylethyne 47 to afford coupling product 48 in 62 % yield (Scheme 22)

[43].

In contrast, Shi and coworkers reported in 2015 that arylamides (49: containing a

2-pyridyldimethylamine moiety) can react with triisopropylsilyl acetylene 50 in the

presence of catalytic NiI2 and NaI as an additive in t-BuCN (similar reaction

conditions to Scheme 7) under an oxygen atmosphere to give C–H alkynylated

product 51 in 94 % yield (Scheme 23) [44].

Scheme 20 Reaction mechanism for Ni-catalyzed C–H arylation of azines with arylzinc reagents

Scheme 21 C4-selective C–H arylation of acridine with arylzinc reagents
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3.3 Oxidative C–H Alkylation

Nickel-catalyzed oxidative C–H alkylation was only recently reported by Qu, Guo,

and coworkers in 2012 (Scheme 24) [45]. For example, benzimidazole 52 can be

coupled with Grignard reagent 53 using 20 mol% of [1,30-bis(diphenylphos-
phino)propane]nickel dichloride [Ni(dppp)Cl2], and 1,2-dichloroethane as an

oxidant in THF to afford the coupling product 54 in 79 % yield. When using

these coupling partners, other metal catalysts such as palladium and iron were not

effective and only trace amounts of product were obtained.

4 Aromatic C–H Functionalization with Unconventional Coupling
Partners

4.1 Phenol and Alcohol Derivatives

In 2012, the first nickel-catalyzed C–H/C–O coupling of 1,3-azoles and phenol

derivatives was reported by the Itami group (Scheme 25) [46]. In the presence of a

Ni(cod)2/dcype catalyst and Cs2CO3 as base in 1,4-dioxane, 1,3-azoles and phenol

derivatives can be coupled to produce the corresponding 2-aryl-1,3-azoles.

Intriguingly, this reaction displays dramatic ligand effects, as other ligands do not

deliver coupling products. The Ni(cod)2/dcype catalyst is active for the coupling of

other phenol derivatives such as carbamates, carbonates, sulfamates, triflates,

tosylates, and mesylates. However, regarding the 1,3-azole coupling partner, it was

limited in terms of substrate scope, as imidazoles did not react at all under these

reaction conditions. More recently, Itami and Yamaguchi reported a new protocol

for the C–H arylation of benzimidazoles and imidazoles with phenol derivatives

Scheme 22 Oxidative C–H alkynylation of azoles with acetylenes

Scheme 23 Oxidative C–H alkynylation of benzamides with silylacetylene
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(carbamates) [14]. The catalyst can consist of Ni(II) such as Ni(OTf)2, which is a

less expensive complex compared to Ni(cod)2.

Scheme 26 depicts a plausible mechanism based on a Ni(0)/Ni(II) redox catalytic

cycle, occurring via (1) oxidative addition of the aromatic C–O bond of Ar–OR to

Ni(0) species 55, (2) C–H nickelation of an azole (Az–H) with Ar–Ni(II)–OR

species 56, and (3) reductive elimination from 57 of the heterobiaryl product (Ar–

Az) to regenerate the Ni(0) species. Extensive studies involving the isolation of

intermediate 56 and kinetic studies have been reported by Itami, Yamaguchi, and

Lei [47]. The isolation of key intermediate 56 resulting from C–O oxidative addition

revealed this plausible Ni(0)/Ni(II) redox catalytic cycle. Additionally, kinetic

studies and kinetic isotope effect investigations showed that the C–H nickelation is

the turnover-limiting step in the catalytic cycle. Furthermore, theoretical calcula-

tions were performed to gain further insight regarding the effect of base, especially

in the C–H nickelation step [48]. Through these combined experimental and

computational studies, a detailed catalytic cycle and the dramatic dcype ligand

effect on this reaction were unveiled.

In 2013, Itami and Yamaguchi found that Ni/dcype also catalyzes C–H/C–O

alkenylation using enol derivatives (Scheme 27) [14, 49]. Benzoxazole (28) was

coupled with enol derivative 55 under the nickel catalytic system using the dcype

ligand to form alkenyl oxazole 56 in 77 % yield by C–H alkenylation at the C2

position of oxazoles. For the C–H alkenylation of imidazole derivatives, it was

Scheme 24 C–H alkylation of benzimidazoles with organomagnesium reagents

Scheme 25 C–H arylation of azoles with phenol derivatives
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found that 3,4-bis(dicyclohexylphosphino)thiophene (dcypt) is an effective ligand,

and the coupling reaction of benzimidazole and enol derivative 58 in t-AmylOH as a

solvent successfully afforded the corresponding coupling product 59 in 75 % yield.

To demonstrate the applicability of this approach, a Ni-catalyzed C–H/C–O

coupling to functionalize estrone and quinine was attempted (Scheme 28). The

coupling of estrone triflate (60) with 35 proceeded smoothly under the standard

conditions to afford heteroarylated estrone 61 in 52 % yield. The C–H/C–O

coupling of quinine triflate (62) with 28 also occurred, giving the quinine–
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Scheme 26 Plausible catalytic cycle of nickel-catalyzed C–H arylation with phenol derivatives

Scheme 27 C–H alkenylation of azoles with phenol derivatives
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benzoxazole hybrid molecule 63, albeit with somewhat lower efficiency. Notably,

the hydroxyl, amine, and olefin functionalities were tolerated under the coupling

conditions. This successful application to the functionalization of the quinine

structure, which is known to be sensitive under acidic, basic, and redox conditions,

highlights the potential of the present nickel catalysis for further development and

applications.

To showcase the utility of this new azole alkenylation method, this reaction was

applied to the synthesis of siphonazole B (64), a natural product isolated from a

metabolite from Herpetosiphon sp. (Scheme 29) [50]. Although 64 had already been
synthesized by Moody and coworkers [51, 52] as well as Zhang and Ciufolini [53],

their syntheses took an excessive number of steps because of a parallel repetition of

linear synthetic sequences. To tackle this problem, a convergent synthesis of 64
through nickel-catalyzed C–H alkenylation was designed. Although 67 was a useful

intermediate in the previous synthesis, this had required seven linear steps. Thus,

this was retrosynthetically divided into oxazole 65 and alkenyl enol 66. The C–H/

C–O alkenylation of 65 and 66 delivered 67 in good yield over four linear steps,

thus accomplishing the formal synthesis of siphonazole B (64).
Meanwhile, an intramolecular C–H/C–O coupling with the same nickel catalyst

was also reported in 2013 by the Kalyani group (Scheme 30) [54]. For example,

pivalate 65 was subjected to reaction conditions similar to Itami’s group, but in

xylene instead of dioxane, to give benzofuran 66 in 75 % yield. This benzofuran

synthesis could be expanded to the synthesis of carbazoles (Z = NMe, 60 % yield).

This result is the first example of nickel-catalyzed C–H arylation of simple arenes

using C–O electrophiles.

Recently, Han and coworkers reported the nickel-catalyzed C–H alkylations of

azoles/pentafluorobenzene with benzylic alcohol derivatives (Scheme 31) [55].

Using a Ni(cod)2/dppb catalytic system and NaOt-Bu as a base, 1,3-azoles and

pentafluorobenzene could be alkylated with pivalates at the benzyl position to give

the corresponding products in good to excellent yields. Although these reactions

seem to proceed via nucleophilic substitution, they did not proceed without nickel

catalyst.

Scheme 28 Late-stage C–O bond heteroarylation of naturally occurring biomolecules by nickel catalysis
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4.2 Esters and Carboxylic Acids

In 2012, the group of Itami discovered the first nickel-catalyzed decarbonylative C–

H biaryl coupling of azoles and aryl esters (Scheme 32) [56]. Under a catalytic

system similar to the aforementioned nickel-catalyzed Ar–H/Ar–O coupling (see

Scheme 24), decarbonylative C–H coupling of benzoxazole (28) and phenyl

Scheme 29 Synthesis of siphonazole B

Scheme 30 Dibenzofuran and carbazole synthesis through intramolecular C–H/C–O coupling

Scheme 31 C–H alkylation of fluorobenzenes and azoles with benzyl alcohol derivatives
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thiophenecarboxylate (69) proceeds smoothly to furnish the corresponding coupling

product 70 in 96 % yield. Various esters, particularly heteroaromatic esters such as

furans, thiophenes, thiazoles, pyridines, and quinolines, can be used in this reaction

to give the corresponding coupling products. Additionally, these reaction conditions

can be applied to the decarbonylative C–H alkenylation of azoles and a,b-
unsaturated phenyl esters such as 71 [49].

Thereafter, Gade and coworkers also demonstrated the same reaction using a

unique nickel catalyst (Scheme 33) [57]. They prepared nickel complex 73 from

[NiCl2Py4] and bis(diisopropylphosphinomethyl)amine, and coupling of 28 and 69
was conducted in the presence of 10 mol% 73 to afford the coupling product 70 in

84 % yield.

A plausible reaction mechanism of the decarbonylative C–H functionalization is

shown in Scheme 34. The reaction might proceed through Ni0/NiII redox catalysis

involving (1) oxidative addition of the phenyl ester C–O bond onto Ni0; (2) C–H

nickelation of azole (Het–H) with Ar–NiII(CO)n–OPh to generate Ar–NiII(CO)n–

Het; (3) CO migration (decarbonylation) onto the nickel center to produce an Ar–

NiII(CO)n?1–Het species (n = 0 or 1) [58]; and (4) reductive elimination to release

the coupling product (Het–Ar) and to generate a Ni0(CO)n?1 species. Although a

seemingly inactive nickel dicarbonyl complex 74 would be produced after two

turnovers, the active Ni0 catalyst could be regenerated by thermal extrusion of CO

from 74. After Itami’s and Gade’s reports, the group of Houk [59] and Lu [60]

independently reported the mechanistic studies of this decarbonylative coupling as

well as Ar–H/Ar–O coupling (see Scheme 26) by density functional theory (DFT)

calculations.

This newly developed decarbonylative C–H functionalization is useful in complex

natural product synthesis. For example, Itami and Yamaguchi achieved the synthesis

of muscoride A (74), a natural product with antibacterial activity (Scheme 35)

[56, 61]. Two azole esters, 75 and (-)-76, were coupled under Ni/dcype catalysis to

furnish the corresponding coupling product (-)-77 in 39 %yield. As the conversion of

(-)-77 into (-)-74 had been previously described [62], a formal synthesis of (-)-

muscoride A (74) was completed. If the synthesis was planned and executed with

Scheme 32 Decarbonylative C–H arylation and alkenylation of azoles
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typical cross-coupling substrates (aryl halides and organometallic reagents) instead, it

would have become much less efficient, with many added steps.

Very recently, Yamaguchi and Itami also applied their decarbonylative C–H

arylation to the formal synthesis of thiopeptide antibiotics GE2270s (Scheme 36)

[63]. Two azole esters 78 and 79, which were prepared in five steps and three steps

respectively from commercially available compounds, were coupled under modified

conditions to afford the corresponding coupling product 80 in 49 % yield. Next,

coupling product 80 was reacted with thiazolyl acrylic acid 81 in o-dichlorobenzene

at 180 �C via a decarboxylative Diels–Alder reaction to afford the corresponding

Scheme 33 Decarbonylative C–H arylation by an alternative nickel catalyst

Scheme 34 Plausible reaction mechanism of decarbonylative C–H functionalization
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trithiazolylpyridine. Subsequently, removal of the acetal group by trifluoroacetic

acid (TFA) afforded 82 in 38 % yield over two steps. The key trithiazolylpyridine

82 can be converted to thiopeptide antibiotic precursors. Compound 82 was treated

with tert-butyldimethylsilyl trifluoromethanesulfonate (TBSOTf) and NEt3 fol-

lowed by bromination with N-bromosuccinimide (NBS) to afford brominated

products. These products were treated with thioamide 83 followed by trifluoroacetic

anhydride (TFAA) to afford 84 in 36 % yield (four steps). Since the conversion of

84 to GE2270s had been described previously by Nicolaou and coworkers [64, 65],

the formal syntheses of GE2270s were accomplished through intermediate 82.
Zhang and coworkers reported a nickel-catalyzed decarboxylative coupling of

1,3-azoles and carboxylic acid derivatives (Scheme 37) [66]. The catalyst

Ni(PCy3)2Cl2 in conjunction with IPr�HCl was effective in increasing yields.

Although this catalytic transformation was already reported with other metals such

as palladium, copper, iron, rhodium, and ruthenium, they were the first to

investigate this type of reaction using nickel catalyst. Although electron-deficient

substituents such as nitro or fluoro groups were required at the ortho position of

arenecarboxylic acids, 2-arylazoles can be obtained from arenecarboxylic acids as

the coupling partner.

Ge and coworkers also reported a nickel-catalyzed decarboxylative coupling

using a-oxoglyoxylic acids as coupling partners (Scheme 38) [67]. Although a

similar palladium-catalyzed C–H acylation using a-oxoglyoxylic acids had already

been reported, it was the first time in which C–H acylation proceeded by nickel

catalysis. For example, benzoxazole (28) and phenyloxoglyoxylic acid (85) were
heated with a catalytic amount of Ni(ClO4)2�6H2O and stoichiometric Ag2CO3 in

benzene to afford acylation product 86 in 85 % yield.

Scheme 35 Synthesis of muscoride A via decarbonylative C–H arylation
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5 Introduction of Heteroatoms at Aromatic C–H Bonds

Examples of introducing heteroatoms at aromatic C–H bonds by nickel catalysts are

still rare, and only several studies have been reported for aromatic C–H borylation

and thiolation. In 2015, the Itami group and the Tobisu–Chatani group

Scheme 36 Formal syntheses of GE2270s

Scheme 37 Decarbonylative coupling of 1,3-azoles and arenecarboxylic acids
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independently reported the C–H borylation of (hetero)aromatic rings by nickel

catalysis (Scheme 39) [68, 69]. The Itami group used a Ni(cod)2/tricyclopentylphos-

phine (PCyp3)/CsF catalytic system and bis(pinacolato)diboron (B2pin2) as the

borylation agent, whereas Tobisu and Chatani used a Ni(cod)2/ICy�HCl/NaOt-Bu
catalytic system and pinacolborane (HBpin) as the borylation agent. Under both

conditions, toluene was preferentially borylated at the meta position, along with a

mixture of ortho, para, and benzylic borylation products.

These reaction conditions were not only applicable when using excess amounts

of simple arenes but also when using stoichiometric amounts of heteroaromatics

such as indoles (Scheme 40) [68, 69].

In contrast, the groups of Lu, Shi, and Kambe independently reported a nickel-

catalyzed C–H thiolation of benzamide derivatives containing a chelation-assisted

Scheme 38 Decarboxylative C–H acylation of 1,3-azoles and a-oxoglyoxylic acids

Scheme 39 C–H borylation of arenes
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group in 2015 (Scheme 41) [70–72]. Although the chelation-assisted group differed

(2-pyridyldimethylamine by Lu and Shi, and 8-aminoquinoline by Kambe), they all

used disulfides for the thiolating reagent.

6 Hydroarylation-Type C–H Functionalization

The addition of a (hetero)arene C–H bond onto alkynes or alkenes under transition

metal catalysis to generate alkenyl or alkyl arenes can be classified as a

hydroarylation-type C–H functionalization (Scheme 42). Although hydroarylations

using other metal catalysts have been reported, this section focuses on nickel-

catalyzed hydroarylation-type C–H functionalization. Mechanistically, these reac-

tions typically start with the coordination of an alkyne/alkene to a Ni(0) species. The

complex is reacted with a (hetero)aromatic C–H bond via oxidative addition,

followed by hydronickelation forming an Ar–Ni(II)–alkenyl (alkyl) intermediate,

which then undergoes reductive elimination to afford hydro(hetero)arylation

products. Since an excellent review of this reaction type by nickel catalysis has

already been reported by Nakao [6], details are omitted and only reaction types are

classified here.

6.1 Hydroarylation of Alkynes

In 2006, Nakao, Hiyama, and coworkers reported a nickel-catalyzed hydroarylation

of alkynes with heteroarenes (Scheme 43) [73]. Various heteroarenes such as

indoles, benzofurans, benzimidazoles, and benzoxazoles reacted with alkynes in the

presence of Ni(cod)2/PCyp3 in toluene under mild conditions to give the

Scheme 40 C–H borylation of indoles
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Scheme 41 C–H thiolation of benzamides

Scheme 42 Hydroarylation-type C–H functionalization

Scheme 43 Hydroarylation of alkynes using heteroarenes
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corresponding heteroaryl-substituted ethenes with high chemo-, stereo-, and

regioselectivity.

This nickel-catalyzed hydroarylation is applicable not only for benzoheteroare-

nes, but also for five-membered heteroarenes (Scheme 44). For example, Nakao and

Hiyama demonstrated the hydroarylation of thiazoles using the same nickel catalyst

[73], and the Miura group reported the hydroarylation of oxadiazoles by using a

Ni(cod)2/PCyp3 catalytic system [74]. Additionally, Nakao and Hiyama discovered

that AlMe3 is an effective additive for pyrazoles and imidazoles [75, 76]. These

reactions typically proceeded selectively at the C2 position on heteroarenes.

However, when imidazoles bearing a C2 substituent were used, hydroarylation

proceeded at the C5 position of imidazoles. When using dialkylethynes, the reaction

proceeded with syn addition, whereas diarylethynes led to anti-addition products.

The first example of nickel-catalyzed hydroarylation of electron-deficient

heteroaromatics was reported by Nakao and Hiyama in 2007 (Scheme 45) [77].

Alkynes were reacted with azine N-oxides under nickel catalysis to afford alkenyl

products in good yields. In 2008, they discovered that the addition of Lewis acids

such as ZnMe2 or ZnPh2 instead of using N-oxides is effective, affording the

corresponding hydroarylation products regioselectively at the C2 position on

Scheme 44 Hydroarylation of alkynes with 5-membered heteroarenes
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pyridines [78]. In 2009, they also applied modified catalytic conditions to the

alkenylation of pyridone derivatives [79]. In contrast, Ong and coworkers reported a

nickel-catalyzed hydroarylation of alkynes and pyridines at the C4 position [80].

They assumed that the complexation of amino-NHC (87) and AlMe3 such as 88
activated a C–H bond on pyridine at the C4 position.

This nickel catalysis enables the hydroarylation of alkynes with fluoroarenes

(Scheme 46). In 2008, Nakao and Hiyama demonstrated that pentafluorobenzene

can react with alkynes using a Ni(cod)2/PCyp3 catalyst [81]. Recently, Zimmerman

and Montgomery found that 1,5-cyclooctadiene (cod) plays an inhibitory role in

catalytic efficiency in nickel-catalyzed reactions, and therefore they used precatalyst

89 involving 1,5-hexadiene instead of cod [82]. With this modification, the

hydroarylation of alkynes with fluoroarenes smoothly proceeded at room temper-

ature to afford the corresponding alkenylated products in good yields.

6.2 Hydroarylation of Alkenes

Hydroarylation is applicable not only for alkynes but also for alkenes (Scheme 47).

In 2010, Nakao and Hiyama reported a nickel-catalyzed hydroheteroarylation of

Scheme 45 Hydroarylation of alkynes with electron-deficient heteroaromatics
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alkenes with benzo-annulated heteroarenes such as indoles using a Ni(cod)2/IMes

catalytic system [83]. Ong and coworkers reported a similar reaction using Ni(cod)2
and an amino-NHC ligand (87) [84, 85]. In their investigation, it was found that the

regioselectivity switches when using AlMe3 as the additive. The hydroarylation

normally affords branched products, whereas linear adducts (anti-Markovnikov

products) are obtained when using AlMe3. Recently, collaborative research by the

groups of Nakao and Hartwig also demonstrated an anti-Markovnikov hydro-

heteroarylation of alkenes catalyzed by a hindered nickel NHC (90) system [86].

This reaction proceeded with high anti-Markovnikov selectivity and showed broad

substrate scope, as it was applicable for unactivated alkenes, internal alkenes, and

cyclic alkenes as the alkene component and indoles, pyrroles, benzofurans, and

furans as the heteroarene component.

For the hydroarylation of alkenes with electron-deficient heteroaromatics such as

pyridines, Nakao and Hiyama achieved regioselective hydroarylation when using a

bulky Lewis acid additive, methylaluminum bis(2,6-di-tert-butyl-4-methylphenox-

ide) (MAD) (Scheme 48) [87]. In this reaction, alkenes bearing aromatics afforded

branched products, whereas alkenes bearing alkyl chains gave linear products.

In 2014, the Hartwig group also demonstrated a nickel-catalyzed hydroarylation

of electron-deficient aromatics (Scheme 49) [88]. Although only 1,3-bis(trifluo-

romethyl)benzene worked well, catalytic Ni(IPr)2/NaOt-Bu gave alkylated benzene

derivatives in good to moderate yields.

Typically, the hydroarylation of alkynes and alkenes is applicable only for

heteroaromatics and specific arenes (see Sect. 6). In the case of simple arenes such

as benzoic acid derivatives and anilines, utilization of chelation-assisted groups is

required for enhanced reactivity. In 2011, Chatani and coworkers attempted a

nickel-catalyzed hydroarylation of alkynes with benzamides containing a 2-pyridy-

laminomethane moiety and obtained isoquinoline derivatives via oxidative

cyclization (annulation) (Scheme 50) [89]. Although similar types of reactions

have already been reported using noble metals such as ruthenium and rhodium, this

was the first example of nickel-catalyzed ortho C–H bond activation and

hydroarylation of alkynes with simple arenes. Ackermann and coworkers also

Scheme 46 Hydroarylation of alkynes with pentafluorobenzenes
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reported a similar type of reaction involving a nickel-catalyzed annulation of

anilines and alkynes to form substituted indoles [90].

7 Summary

The field of nickel-catalyzed aromatic C–H functionalization has evolved signif-

icantly in the past decade. Such reactions are not only advantageous because of the

low cost associated with nickel catalysts but they also enable unique transformations

on aromatic starting materials for conversion into new organic materials, natural

Scheme 47 Hydroarylation of alkenes with electron-rich heteroaromatics
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products, and pharmaceuticals. Additionally, while this review focused on aromatic

C–H functionalization, nickel-catalyzed sp3 C–H functionalization with haloarenes

[91–97], oxidative coupling [98–102], heteroatom formation [103–107],

Scheme 48 Hydroarylation of alkenes with pyridines

Scheme 49 Hydroarylation of alkenes with electron-deficient arenes

Scheme 50 Alkyne annulation via ortho C–H bond activation
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hydrocarboxylation and hydroalkylation of alkynes and alkenes [108–111], and

annulation [112] also appeared recently. With continued development of novel

catalysts [113–117], nickel-catalyzed C–H functionalization is becoming a broadly

applicable and reliable synthetic method for next-generation organic synthesis.
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76. Kanyiva KS, Löbermann F, Nakao Y, Hiyama T (2009) Tetrahedron Lett 50:3463–3466

77. Kanyiva KS, Nakao Y, Hiyama T (2007) Angew Chem Int Ed 46:8872–8874

78. Nakao Y, Kanyiva KS, Hiyama T (2008) J Am Chem Soc 130:2448–2449

79. Nakao Y, Idei H, Kanyiva KS, Hiyama T (2009) J Am Chem Soc 131:15996–15997

80. Tsai CC, Shih WC, Fang CH, Li CY, Ong TG, Yap GPA (2010) J Am Chem Soc 132:11887–11889

81. Nakao Y, Kashihara N, Kanyiva KS, Hiyama T (2008) J Am Chem Soc 130:16170–16171

82. Nett AJ, Zhao W, Zimmerman PM, Montgomery J (2015) J Am Chem Soc 137:7636–7639

83. Nakao Y, Kashihara N, Kanyiva KS, Hiyama T (2010) Angew Chem Int Ed 49:4451–4454

84. Shih WC, Chen WC, Lai YC, Yu MS, Ho JJ, Yap GPA, Ong TG (2012) Org Lett 14:2046–2049

85. Lee WC, Shih WC, Wang TH, Liu Y, Yap GPA, Ong TG (2015) Tetrahedron 71:4460–4464

86. Schramm Y, Takeuchi M, Semba K, Nakao Y, Hartwig JF (2015) J Am Chem Soc

137:12215–12218

87. Nakao Y, Yamada Y, Kashihara N, Hiyama T (2010) J Am Chem Soc 132:13666–13668

88. Bair JS, Schramm Y, Sergeev AG, Clot E, Eisenstein O, Hartwig JF (2014) J Am Chem Soc

136:13098–13101

89. Shiota H, Ano Y, Aihara Y, Fukumoto Y, Chatani N (2011) J Am Chem Soc 133:14952–14955

90. Song W, Ackermann L (2013) Chem Commun 49:6638–6640

91. Fernández-Salas JA, Marelli E, Nolan SP (2015) Chem Sci 6:4973–4977

92. Aihara Y, Chatani N (2014) J Am Chem Soc 136:898–901

93. Li M, Dong J, Huang X, Li K, Wu Q, Song F, You J (2014) Chem Commun 50:3944–3946

Top Curr Chem (Z) (2016) 374:55

123 188 Reprinted from the journal



94. Iyanaga M, Aihara Y, Chatani N (2014) J Org Chem 79:11933–11939

95. Wang X, Zhu L, Chen S, Xu X, Au C-T, Qiu R (2015) Org Lett 17:5228–5231

96. Liu Y-J, Zhang Z-Z, Yan S-Y, Liu Y-H, Shi B-F (2015) Chem Commun 51:7899–7902

97. Wu X, Zhao Y, Ge H (2014) J Am Chem Soc 136:1789–1792

98. Li K, Wu Q, Lan J, You J (2015) Nat Commun 6:8404

99. Liu D, Liu C, Li H, Lei A (2013) Angew Chem Int Ed 52:4453–4456

100. Gartia Y, Ramidi P, Jones DE, Pulla S, Ghosh A (2014) Catal Lett 144:507–515

101. Cao W, Liu X, Peng R, He P, Lin L, Feng X (2013) Chem Commun 49:3470–3472

102. Wu X, Zhao Y, Ge H (2015) J Am Chem Soc 137:4924–4927

103. Yan S-Y, Liu Y-J, Bin L, Liu Y-H, Zhang Z-Z, Shi B-F (2015) Chem Commun 51:7341–7344

104. Lin C, Yu W, Yao J, Wang B, Liu Z, Zhang Y (2015) Org Lett 17:1340–1343

105. Wang X, Qiu R, Yan C, Reddy VP, Zhu L, Xu X, Yin S-F (2015) Org Lett 17:1970–1973

106. Ye X, Petersen JL, Shi X (2015) Chem Commun 51:7863–7866

107. Wu X, Zhao Y, Ge H (2014) Chem Eur J 20:9530–9533

108. Nakao Y, Idei H, Kanyiva KS, Hiyama T (2009) J Am Chem Soc 131:5070–5071

109. Li M, Yang Y, Zhou D, Wan D, You J (2015) Org Lett 17:2546–2549

110. Maity S, Agasti S, Earsad AM, Hazra A, Maiti D (2015) Chem Eur J 21:11320–11324

111. Miyazaki Y, Yamada Y, Nakao Y, Hiyama T (2012) Chem Lett 41:298–300

112. Nakao Y, Morita E, Idei H, Hiyama T (2011) J Am Chem Soc 133:3264–3267

113. Ruan Z, Lackner S, Ackermann L (2016) ACS Catal 6:4690–4693

114. Zheng X-X, Du C, Zhao X-M, Zhu X, Suo J-F, Hao X-Q, Niu J-L, Song M-P (2016) J Org Chem

81:4002–4011

115. Zhan B-B, Liu Y-H, Hu F, Shi B-F (2016) Chem Commun 52:4934–4937

116. Aihara Y, Chatani N (2016) ACS Catal 6:4323–4329

117. Yan Q, Chen Z, Yu W, Yin H, Liu Z, Zhang Y (2015) Org Lett 17:2482–2485

Top Curr Chem (Z) (2016) 374:55

123189Reprinted from the journal



REVIEW

Iron-Catalyzed C–H Functionalization Processes

Gianpiero Cera1 • Lutz Ackermann1

Received: 17 May 2016 / Accepted: 23 July 2016

� Springer International Publishing Switzerland 2016

Abstract Iron-catalyzed C–H activation has recently emerged as an increasingly

powerful tool for the step-economical transformation of unreactive C–H bonds.

Particularly, the recent development of low-valent iron catalysis has set the stage for

novel C–H activation strategies via chelation assistance. The low-cost, natural

abundance, and low toxicity of iron prompted its very recent application in

organometallic C–H activation catalysis. An overview of the use of iron catalysis in

C–H activation processes is summarized herein up to May 2016.

Keywords Iron � C–H activation � Chelation assistance � Arylation � Alkylation �
Alkenylation � Amination
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dppb 1,4-Bis(diphenylphosphino)butane

dppe 1,2-Bis(diphenylphosphino)ethane

dppen cis-1,2-Bis(diphenylphosphino)ethylene

dtbpy 4,40-Di-tert-butyl-2,20-dipyridyl
E Electrophile

EDG Electron-donating group

equiv Equivalent

EWG Electron-withdrawing group

FG Functional group

Hal Halogen

Het Heteroatom

Me Methyl

Mes Mesityl

PA Picolinic acid

Ph Phenyl

Ph-dppen (Z)-1-Phenyl-1,2-bis(diphenylphosphino)ethylene

Pin Pinacol

PMP p-Methoxyphenyl

Pr Propyl

Q 8-Aminoquinoline

SET Single electron transfer

TAM Triazolylaminomethyl

TEMPO (2,2,6,6-Tetramethypiperidin-1-yl)oxidanyl

TM Transition metal

1 Introduction

Transition metal-catalyzed cross-coupling reactions are valuable tools for the

formation of C–C bonds in organic chemistry [1–8]. However, the preparation of the

prerequisite organometallic reagents R–M requires a number of synthetic opera-

tions, during which undesired waste is generated (Scheme 1).

In recent years, the direct functionalization of C–H bonds has emerged as an

environmentally benign and economically attractive strategy for achieving

unprecedented C–C and C–X bond forming reactions, which avoid the synthesis

and use of prefunctionalized substrates [9–13]. Specifically, the utilization of

inexpensive, naturally abundant 3d transition metals [14–18] has gained consider-

able attention as an alternative to precious second- and third-row transition metal

Scheme 1 Metal-catalyzed cross-coupling reactions with prefunctionalized substrates
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complexes [19–23]. In this context, iron catalysis constitutes an effective platform

not only as a Lewis acid or in oxidation and hydrogenation reactions [24–28] but

also in the field of C–H functionalizations. Indeed, iron is the most abundant metal

in the earth’s crust after aluminium [29]. Moreover, various iron compounds are

present in biological systems and are an essential part of important metabolic

processes, such as in cytochrome P450. As a result, iron’s low toxicity allows for its

application in pharmaceutical and agricultural industries or in the synthesis of

cosmetics, among others [30, 31]. As for other transition metal-catalyzed C–H

functionalizations [32–37], the reactivity of iron catalysts can be categorized into

two distinct reaction manifolds. First, catalysis that involves an outer-sphere

activation mode [38, 39], and, second, catalysts that operate by an inner sphere, that

is organometallic, mechanism [13, 40]. In the first case, the C–H functionalization

step does not proceed through the formation of an organometallic species with a

C–Fe bond, but is rather induced by the ligand on the metal center. In these

transformations, iron is normally found in its higher oxidation states, typically

featuring oxo or imido ligands (Scheme 2). These C–H functionalizations were

predominantly suggested to proceed through radical pathways via hydrogen

abstraction (Scheme 2a), [41–44] or operating by C–H insertions with iron-oxo or

iron-imido species as the key intermediates (Scheme 2b) [45, 46].

These outer-sphere reactions usually occur at the weakest C–H bonds, that is

mostly benzylic, allylic, or tertiary alkyl C–H bonds.

In the second scenario, reducing reaction conditions gives access to iron species

in their lower oxidation states, largely ranging from -II to ?I [47, 48], and thereby

generating nucleophilic iron species that are able to promote several unique organic

transformations, such as nucleophilic substitutions, cycloisomerizations, conven-

tional cross-couplings, and hydrosilylation reactions [49, 50]. Inspired by early

reports from Kochi on iron-catalyzed cross-coupling reactions [51, 52], the

scientific community only recently started to appreciate the use of easily accessible

iron complexes for C–H activation strategies. In this review, we focus on iron-

catalyzed C–H activation processes for cross-couplings, in which the use of

organometallic iron intermediates proved to be the key to success. The low-valent

iron species have proven instrumental for the activation of thermodynamically

stable aryl and alkenyl C(sp2)–H bonds and likewise proved applicable to C(sp3)–H

functionalizations (Scheme 3).

From a historical perspective, it is noteworthy that an early example of

stoichiometric organometallic C–H activation was reported by Miyake in 1968 [53].

Scheme 2 Iron-catalyzed outer-sphere C–H functionalization pathways: a hydrogen abstraction, b C–H
insertion with high-valent imido species
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The synthesis of complex 2 was achieved by irradiating the iron complex 1 with

UV-light (Scheme 4).

Subsequent contributions demonstrated the feasibility of iron complexes to

promote the stoichiometric activation of C–H bonds [54–56]. For instance, Klein

and coworkers demonstrated that low-valent iron complexes, such as the well-

defined complex Fe(PMe3)4 (4), were suitable for the stoichiometric ortho-selective

metalation of ketimines 3 (Scheme 5) [57].

With respect to implementing the stoichiometric C–H metalation into catalytic

C–H functionalizations, two possible reaction manifolds can be envisioned. First,

C–H transformations can occur with organometallic reagents, along with an external

oxidant, thereby facilitating an oxidation-induced reductive elimination (Sche-

me 6a). Second, the C–H functionalizations can proceed by means of organic

electrophiles reacting with the nucleophilic intermediate 6 (Scheme 6b).

While recent computational studies on low-valent iron-catalyzed C–H arylations

invoke a catalytic cycle, in which the oxidation state evolves in the sequence Fe(II)/

Fe(III)/Fe(I) [58], a detailed mechanistic rational is often not at hand. Thus, herein

the catalytic transformations are summarized according to (i) oxidative transfor-

mations with organometallic reagents as well as (ii) reaction with organic

electrophiles until May 2016.

2 Iron-Catalyzed C–H Activation with Organometallic Reagents

2.1 Iron-Catalyzed C–H Arylations with Organozinc Reagents

Inspired by early studies on iron-catalyzed cross-coupling reactions [51, 52],

Nakamura, Yoshikai, and coworkers discovered an unusual C–H activation within

Scheme 3 Organometallic iron-catalyzed C–H functionalization via chelation assistance

Scheme 4 Synthesis of cyclometallated complex 2 via activation of a C(sp2)–H bond
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an attempted cross-coupling of 2-bromopyridine (7) with an in situ generated

diphenylzinc reagent. Thus, product 8b was also observed, which was suggested to

be formed by an iron-catalyzed C–H arylation of the initially formed 2-phenylpyr-

idine (8a) (Scheme 7) [59].

This observation and the subsequent detailed optimization studies of the key

reaction parameters led to the development of an efficient low-valent iron-catalyzed

C–H arylation (Scheme 8).

Particularly, Ph2Zn generated in situ from PhMgBr and ZnCl2*TMEDA was

found to be crucial to guarantee the C–H transformation, while other organometallic

reagents, such as Ph2Zn or PhZnBr, were completely ineffective under otherwise

identical reaction conditions. Dichloroisobutane (DCIB) proved to be essential,

which was rationalized by its role as an oxidant in analogy to vic-dihaloalkanes

previously being used in iron-catalyzed cross-coupling reactions [60, 61].

The optimized catalytic system was applied to the direct arylation of various

2-arylpyridines 11 (Scheme 9) [59].

The iron catalyst featured a broad scope and a high functional group tolerance

allowing for the chemo-selective synthesis of arylated pyridines 12 even in the

presence of an ester moiety. Interestingly, additional nitrogen-containing

Scheme 5 Ortho-C–H
metalation of ketimines 3 by
iron complexes

Scheme 6 Organometallic iron-catalyzed C–H functionalization manifolds

Scheme 7 Iron-catalyzed cross-coupling of 2-bromopyridine (7) with C–H arylation of 2-phenylpyridine
(8a)
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heterocycles, such as pyrimidine 11m and pyrazole 11o, were found to be

competent directing groups in the C–H arylation manifold.

Significant subsequent advances were constituted by the development of a

protocol for the direct arylation of synthetically useful ketimines 13 (Scheme 10)

[62].

The use of the bypyridine dtbpy 14 as the ligand, along with DCIB as the oxidant,

led to complete conversion of the starting materials 13 into acetophenone

derivatives 16 upon subsequent hydrolysis under rather mild reaction conditions

(Scheme 11).

 

Scheme 8 Iron-catalyzed C–H arylation of a-benzoquinoline (9)

Scheme 9 Iron-catalyzed arylation of 2-arylpyridines 11
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The protocol displayed high functional group tolerance and ample scope, hence

enabling the synthesis of functionalized acetophenone derivatives 16 after aqueous

work-up. Interestingly, the reaction showed high chemo-selectivity in that aryl

triflates and tosylates were fully tolerated, without any cross-coupling products

being formed.

Likewise, benzamides 17 were identified as suitable substrates for the iron-

catalyzed C–H arylation under the optimized reaction conditions (Scheme 12) [63].

Notably, N-isopropyl and N-phenyl amides 17b–c (Scheme 12) could not be

converted, indicating the repulsive nature of steric interactions. Furthermore,

tertiary N,N-dimethyl benzamide 17d failed to undergo the C–H arylation,

suggesting that the N–H acidic motif is essential. Thus, under the optimized

Scheme 10 Iron-catalyzed C–H arylation of aryl imines 13

Scheme 11 Scope of the iron-catalyzed C–H arylation of ketimines 13
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reaction conditions, various N-methyl benzamides 17 were efficiently transformed

into the corresponding arylated products 18 with moderate yields and good

functional group tolerance, while ortho-substituted benzamide 17m and electron-

deficient heteroarenes gave less satisfactory results.

Scheme 12 Iron-catalyzed ortho-monoarylation of benzamides 17

Scheme 13 Proposed catalytic cycle and rationale for the selective monoarylation
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A plausible catalytic cycle was put forward, which is depicted in Scheme 13.

Hence, a low-valent iron species that is in situ generated by reduction with the

organometallic reagents is coordinated by the deprotonated benzamide generating

the ferracycle 17a0. Subsequently, the C–H activation is suggested to take place,

inducing the metalation of the ortho-C–H bond. The low reactivity of ortho-

substituted benzamides 17 may be accounted for by sterics that prevent the

formation of the key ferracycle 17 m00. In a key elementary step of the catalytic

cycle, the low-valent iron intermediate is oxidized by DCIB, which induces the final

reductive elimination. Thereby, the arylated benzamide 18 is obtained, and the

catalytically active iron species is regenerated after transmetalation with the

organozinc reagent.

The iron-catalyzed arylations proved also applicable to a set of N-, S-, and

O-containing heterocycles 19 with excellent levels of chemo and positional

selectivity (Scheme 14) [64].

A careful control of the reaction conditions allowed for the efficient catalytic

transformation of ketimines 19 in a remarkably short reaction time of only 15 min.

The dropwise addition of the Grignard reagent and a large surface area of the

reaction vessel were found to impact the yields of desired products 20. Moreover,

the presence of catalytic amounts of KF [65] suppressed the formation of biphenyl

as undesired byproduct, leading to an improved performance of the iron catalyst

[64]. Among a variety of heterocycles, thiophene derivatives furnished the best

results. The corresponding heteroaromatic ketones were generally obtained upon

acidic work-up, while the pyridine derivatives 20j–k could be directly isolated in

high yields as the ketimines.

Scheme 14 Iron-catalyzed ortho-arylation of heteroaromatic ketimines 19
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The robust nature of the iron catalyst allowed for the selective C–H arylation of

alkenes 21, as reported by Nakamura and coworkers [66]. Indeed, the dropwise

addition of the Grignard reagents proved beneficial for the stereospecific arylation

of the olefinic C–H bonds (Scheme 15).

It is particularly noteworthy that the reaction medium played a crucial role in

controlling the diastereo-selectivity of the C–H arylation reaction. Hence, mech-

anistic studies suggested that a Z/E isomerization was promoted by a low-valent iron

species when using THF as the solvent (Scheme 15, i). In contrast, an aromatic

solvent, such as chlorobenzene [67, 68], was proposed to act as a ligand for the

active iron species, thereby inhibiting the Z/E isomerization (Scheme 15, ii) [66].
With the optimized protocol in hand, a variety of cyclic and acyclic olefins 21

featuring a pyridyl directing group were converted into the corresponding products

22 with high Z-diastereo-selectivity (Scheme 16) [66].

In stark contrast, 2-vinylpyridine 21c delivered the E-diastereomer (Scheme 16,

entry 22c). Careful monitoring of the reaction progress after 1, 3, and 5 min upon

Scheme 15 Iron-catalyzed diastereoselective C–H arylation of olefins

Scheme 16 Scope of the iron-catalyzed C–H arylation of olefinic substrates 21
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the addition of the Grignard reagent led to the observation of an effective

isomerization process (E/Z = 35:65, 65:35, 96:4, respectively). Notably, ketimine

21m was smoothly arylated to the corresponding unsaturated ketone 22m upon

aqueous hydrolysis.

As to the catalysts working mode, a dichotomy caused by an iron-catalyzed

Mizoroki–Heck reaction was initially put forward (Scheme 17a) [69].

However, if a Mizoroki–Heck-type mechanism was operative (path a), the five-

membered metalacycle 23 would need to undergo a b-hydride elimination in order

to afford product 24 as the E-isomer. Thereby, a highly reactive iron hydrido species

would be generated, which are known to affect the reduction of the substrate 21 or

the arylated product 22 to the corresponding alkanes [69]. Since alkane products

were not detected during the C–H arylation process, a different mode of action was

proposed to be operative. Particularly, the formation of metalacycle 25 is more

likely, which then undergoes an oxidation-induced reductive elimination in the

presence of DCIB (path b).

2.2 Iron-Catalyzed Arylations of Allylic C–H Bonds

An early example of allylic diversification was reported by Tsuji by means of a p-
allylpalladium complex [70]. In contrast, recently, Nakamura and coworkers

reported the coupling of an aryl Grignard reagent with an alkene under iron catalysis

[71]. The reaction proceeded through the functionalization of an allylic C–H bond

of cyclohexene 26 with a relatively high catalyst turnover number (TON) of up to

240 (Scheme 18).

The reaction highlighted a fair functional group tolerance with respect to the aryl

Grignard reagents, featuring both electron-donating and electron-withdrawing

substituents. Moreover, several cyclic alkenes 26f–g underwent a selective arylation

of the allylic C(sp3)–H bond.

To gain insight into the reaction mechanism, (rac)-4-methylcyclohexene (26o)
was submitted to the optimized reaction conditions, as depicted in Scheme 19.

(a)

(b)

Scheme 17 Potential reaction manifolds: a carbometalation followed by b-hydride elimination, b C–H
cleavage followed by reductive elimination
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Thus, the reaction of (rac)-4-methylcyclohexene (26o) delivered trans-5-methyl-

3-phenyl-cyclohexene (27o) as the major product. This compound was formed

through the coordination of the iron catalyst by the alkene, followed by an

intramolecular abstraction of the axial Ha to give the allyl iron intermediate 26o0.
The abstraction of the Hb to produce intermediate 26o00 was less favored due to

repulsive steric interactions. The cis-isomer products 28o–o0 were obtained only in

trace amounts, likely because of the elementary step of reductive elimination being

sensitive to steric congestion.

Notably, the product selectivity in the case of allylbenzene 26p further supported

the formation of a p-allyl-iron intermediate, rendering a Mizoroki–Heck-type

mechanism less likely to be of relevance here (Scheme 20) [72].

Scheme 18 Iron-catalyzed allylic arylation of olefins via C(sp3)–H activation

Scheme 19 Proposed mechanism for the phenylation of (rac)-4-methylcyclohexene (26o)
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2.3 Iron-Catalyzed C–H Functionalizations by Bidentate Assistance

Major recent progress in the area of iron-catalyzed C–H activations has been

achieved by developing protocols for the challenging functionalization of unacti-

vated C(sp3)–H [73–75] bonds by chelation assistance. The use of 8-aminoquinoline

(Q) as a powerful directing group was originally established by Daugulis for

palladium-catalyzed functionalizations of unactivated C(sp3)–H bonds [76]. In

contrast, Nakamura reported on user-friendly, air and moisture-stable iron catalysts

in combination with the diphosphine ligand dppz (30) for the arylation of

unactivated C(sp3)–H bonds by Q-assistance (Scheme 21) [77].

A bidentate-chelated low-valent organoiron intermediate was proposed as the key

intermediate in the arylation of C(sp3)–H bonds. The functionalization of the b-
methyl position of a 2,2-disubstituted propionamide bearing the Q as directing

group proceeded with high yields and good functional group tolerance. The

organometallic character of the iron catalysis was, among others, reflected by the

preference of the methyl group over the more reactive benzylic position as well as

by the strong influence of the phosphine ligand.

The optimized iron catalyst displayed a broad substrate scope and functional

group tolerance as illustrated in Scheme 22.

The Q auxiliary is difficult to access in a modular fashion, and its removal usually

requires harsh reaction conditions, such as concentrated HCl at 130 �C. Thus, a
major advance in iron-catalyzed C–H activation was accomplished by introducing a

modular family of easily accessible triazole-based TAM groups, in an area thus far

being dominated by the Q directing group (Scheme 23) [78–81]. In this context it is

Scheme 20 Experimental evidence disfavoring a Mizoroki–Heck-type mechanism

Scheme 21 b-Arylation of amides 29 via iron-catalyzed C(sp3)–H activation
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noteworthy that the TAM group is prepared by the copper-catalyzed click 1,3-

dipolar cycloaddition in a highly modular manner [79, 80, 82].

In 2014, Ackermann and coworkers identified the easily accessible 1,2,3-triazole

as an enabling motif in bidentate directing groups for the iron-catalyzed C(sp2)–H

and C(sp3)–H arylations (Scheme 24) [82].

Thereby, a wealth of TAM-derived benzamides 32 was efficiently converted with

ample scope and high catalytic efficacy to the corresponding arylated amides 33
(Scheme 25).

Interestingly, an intermolecular competition experiment between the TAM-

amide 32a and the corresponding Q-amide 32a0 derived from 8-aminoquinoline,

Scheme 22 Iron-catalyzed C(sp3)–H arylation of Q-amides 29

Scheme 23 Retrosynthetic analysis for the TAM directing group

Scheme 24 Iron-catalyzed C(sp2)–H arylation of TAM-carboxamides 32
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clearly revealed the TAM group to display an improved directing group power

(Scheme 26).

The judicious choice of the phosphine ligand and the solvent even allowed for the

challenging iron-catalyzed C(sp3)–H arylation with good yields and complete

mono-selectivity by TAM-assistance (Scheme 27).

2.4 Iron-Catalyzed Arylation and Alkenylation with Boronates

Metal-catalyzed C–H functionalizations with shelf-stable organoboron compounds

are of particular topical interest in organic synthesis, with considerable advances

being achieved by the aid of precious 4d and 5d transition metals [83–86]. While

this strategy proved to be powerful, it displayed significant limitations, particularly

with respect to the stereo-selective formation of alkenyl-aryl and alkenyl–alkenyl

linkages. This observation was partly attributed to the strong interactions of the 4d

Scheme 25 Scope of the iron-catalyzed C(sp2)–H arylation by TAM-assistance

Scheme 26 Competition experiment: directing group ability
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and 5d orbitals with the p-bonds of the alkene, which likely leads to undesired

alkene isomerization [87–89]. To overcome these limitations, Nakamura developed

a protocol for the C–H arylation and alkenylation using organoboron compounds 36,
employing iron catalysts that feature only a minor p-back-donation (Scheme 28)

[90].

The use of n-butyllithium allowed for the generation of boronate salts. However,

it is noteworthy that zinc additives proved to be mandatory here for the C–H

functionalization process to occur [91, 92].

Furthermore, the use of the boronic acid ester precursors 36 set the stage for the

synthesis of olefins 39 with excellent Z-diastereo-selectivity (Scheme 29).

Here, a good functional group tolerance was reflected by fully accepting the

silylether, chloride, diene, and triene motifs (39a–e). The stereochemistry of E-

boronates 39a–e was fully retained, while in the case of a Z-boronate 39f a slight

decrease (Z,Z/Z,E = 82:18) was noted.

The same iron catalyst proved applicable for alkenylations and arylations of

aromatic Q-benzamides 38 as well (Scheme 30) [90].

Scheme 27 Iron-catalyzed C(sp3)–H arylation by triazole assistance

Scheme 28 Iron-catalyzed C(sp2)–H functionalization with organoboron compounds 36
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The oxidative functionalization approach with organometallic reagents was not

limited to arylations and alkenylations. Indeed, direct alkylations were accom-

plished as well [93]. The use of in situ generated alkylzinc reagents thus allowed for

the ortho-selective alkylation [94] via bidentate chelation assistance with the AQ

auxiliary (Scheme 31) [93].

Notably, the homo-coupling and b-hydride elimination of the in situ generated

alkylzinc reagents were largely suppressed, delivering the desired alkylated amides

42 in good yields and high Z-stereoselectivity. Likewise, the protocol proved

amenable to the alkylation of aromatic benzamides 38 with primary and secondary

alkylzinc reagents (Scheme 32) [93].

The methyl group represents a key structural motif of various bioactive

compounds, and the introduction of a single methyl substituent can significantly

impact the biological activities and physical properties of pharmacologically

relevant drug molecules. Hence, a methyl group increases the hydrophobic character

of a given molecule and thereby its affinity to bind to biomolecules. This so-called

magic methyl effect can induce a hundred-fold boost in potency, resulting in a

Scheme 29 Alkenylation and arylation with organoboron compounds 36
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considerable improvement of its IC50 value [95]. The direct introduction of a methyl

group has until recently been predominantly achieved with 4d transition metal

catalysts based on palladium and rhodium catalysts [95–98]. In contrast, Ackermann

introduced a widely applicable iron-catalyzed methylation protocol for C(sp2)–H

and C(sp3)–H bonds by TAM-assistance (Scheme 33) [99].

The method proved not only amenable for the C–H methylation of arenes and

heteroarenes, but also for the ethylation with b-hydrogen containing EtMgBr as the

alkylating reagent (43m–o, Scheme 33) [99].

Scheme 30 Alkenylation and arylation of aromatic benzamides 38

Scheme 31 Iron-catalyzed C–H alkylation of olefins 37
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It is noteworthy that the exact same protocol was also found suitable for

challenging C(sp3)–H methylations, as depicted in Scheme 34 [99]. The C–H

functionalization was shown to operate by an organometallic mode of action and to

occur as the ‘‘turnover-limiting’’ step of the catalytic reaction [100], as was

indicated by the strong phosphine ligand effect as well as by a kinetic isotopic effect

(KIE) of 1.8 as determined from two parallel reactions.

Another approach for the positional selective iron-catalyzed C–H methylation

was established with trimethylaluminium or its air-stable derivative DABCO-

2AlMe3. The iron catalyst was found to be effective even at a low catalyst loading

of only 1.0 mol%. The protocol was applicable to several picolinamide (PA)

derivatives 45, notably in the absence of zinc additives (Scheme 35) [101].

The substrate scope included amides 38 bearing different functional groups,

while the catalyst was not restricted to picolinamide derivatives 45. Indeed, also C–

H methylations of benzamides 38 derived from the 8-AQ bidentate auxiliary were

accomplished (Scheme 36).

The catalytic system also proved competent for the selective functionalization of

C(sp3)–H bonds, again occurring in the absence of zinc additives (Scheme 37).

3 Iron-Catalyzed C–H Activation with Organic Electrophiles

3.1 Iron-Catalyzed C–H Alkylations

The oxidative iron-catalyzed C–H functionalizations generally proceeded through

the formation of a putative alkyl or aryl-substituted low-valent iron intermediate 49
(vide supra) that was proposed to directly couple with a nucleophile by the action of

an external oxidant (Scheme 38a).

Scheme 32 C–H alkylation of aromatic benzamides 38
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Scheme 33 Iron-catalyzed C–H methylations by TAM-assistance

Scheme 34 Iron-catalyzed C(sp3)–H methylations by triazole assistance
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Very recently, a major advance in iron-catalyzed C–H activation was represented

by unraveling that the low-valent iron species 49 could directly be reacted with

various organic electrophiles (Scheme 38b).

Hence, Nakamura reported an early example of iron-catalyzed C–H allylation

using allyl ether 50 as the electrophile. The method was widely applicable and

displayed a high functional group tolerance (Scheme 39) [102, 103].

The use of the organometallic base was crucial, since C–H methylation and

arylations were observed in the presence of simple organozinc reagents, such as

Me2Zn or Ph2Zn, respectively.

To gain information on the catalysts mode of action, a C–H allylation was

performed in the presence of (1,1-dideuterio-allyloxy)benzene ([D]2-50), selectively

Scheme 35 Iron-catalyzed C–H methylation with organoaluminium reagents

Scheme 36 Scope of iron-catalyzed benzamide C(sp2)–H methylations
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affording the c,c-deuterated-product [D]2-51. This finding provided strong support

for a SN2
0-type reaction manifold (Scheme 40).

The concept was extended to the direct alkylation of alkenyl amides 37 with

primary and secondary tosylates 52 (Scheme 41) [104]. The use of alkyl tosylates

52 is particularly noteworthy, since such alkylations were thus far mostly

accomplished with alkyl halides [105].

The use of an excess of NaI is crucial in order to suppress the C–H arylation,

although the occurrence of an in situ Finkelstein reaction between the tosylates and

excess iodide could not be ruled out [106]. As for the reaction scope, several amides

37 were alkylated with primary and secondary alkyl tosylates 52 [104]. Interest-

ingly, the stereochemical information was partially sacrificed when using stereo-

chemically well-defined trans-4-tert-butylcyclohexyl tosylate 52j. This observation
can be rationalized in terms of a radical-based C–O cleavage [107].

Likewise, the C–H transformation smoothly proceeded for the alkylation of

aromatic benzamides 62 with a wide range of alkyl tosylates 52 (Scheme 42).

Several mechanistic findings are noteworthy. First, the regiochemical integrity of

the secondary tosylates indicates that a potential b-elimination/hydroarylation

sequence is not operative here. Second, the use of the radical scavenger TEMPO

Scheme 37 Iron-catalyzed C(sp3)–H methylations of aliphatic amides 29

Scheme 38 Possible pathways for iron-catalyzed C–H transformations
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completely inhibited the catalytic efficacy, highlighting the radical character of the

C–X cleavage process.

Another approach to the alkylation of C–H bonds was independently disclosed by

Cook, reporting a strategy for the iron-catalyzed ortho-benzylation (Scheme 43)

[108].

The slow addition of the Grignard reagents proved to be beneficial in order to

achieve optimal efficacy of the iron catalyst. Furthermore, it was found that the

reaction is best performed within a short reaction time, while the use of zinc

additives was interestingly found to be detrimental. The selective monoalkylation

protocol was widely applicable to different aromatic amides 38. For instance,

thioether, amino and halogen substituents were fully tolerated, thereby affording the

corresponding benzylated products 55.
The optimized protocol also proved to be viable for the alkylation with secondary

alkyl bromides 56. Here, the radical inhibitor BHT was employed in order to avoid

the formation of transient secondary alkyl radicals (Scheme 44).

Scheme 39 Iron-catalyzed C–H allylation with allyl ether 50

Scheme 40 Evidence for a SN2
0-type mechanism in C–H allylations
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Scheme 41 Iron-catalyzed C(sp2)–H alkylation with primary and secondary alkyl tosylates 52

Scheme 42 Iron-catalyzed direct C–H alkylation of aromatic amides 38
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In addition, Cook observed that C–H alkylations with primary alkyl bromides 58
proved to be viable under otherwise identical reaction conditions (Scheme 45)

[109].

A good functional group tolerance was noted with respect to the viable

substitution patterns of the alkyl bromides 58. Namely, substrates bearing ether,

Scheme 43 Iron-catalyzed Q-assisted C(sp2)–H benzylation

Scheme 44 Iron-catalyzed C(sp2)–H alkylations with secondary alkyl bromides 56
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silyl ether, and ester groups yielded the corresponding alkylated benzamides

(Scheme 46).

Experiments were carried out in order to shed light on the reaction mechanism.

To this end, the reaction with cyclopropylmethyl bromide (58y) provided the

Scheme 45 Iron-catalyzed C(sp2)–H alkylations with primary alkyl bromides 58

Scheme 46 Iron-catalyzed alkylations with primary alkyl bromides 58
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homoallylated product 59y as the sole product (Scheme 47). Moreover, 6-bromo-1-

hexene (58z) furnished product 59z0 with a 5:1 ratio along with the linear product

59z, being suggestive of a single-electron-transfer (SET)-type C–Br cleavage

[110, 111].

In independent studies, Ackermann devised a widely applicable method for the

C–H alkylations, employing the user-friendly TAM entity (Scheme 48) [112].

The protocol proved to be generally applicable for various aromatic and

heteroaromatic benzamides 32. Interestingly, differently substituted allyl chlorides

62a–b furnished the same allylated product 63g–h with comparable levels of

regioselectivity (Scheme 48c) [112]. These findings provided strong support for the

formation of a g3-allyl-iron intermediate [113, 114].

Notably, allyl chlorides 60 also turned out to be excellent substrates for the

unprecedented alkenyl C–H allylation of amides 64. The triazole-assisted alkene C–

H functionalizations were characterized by remarkably short reaction times and

excellent diastereo-selectivities (Scheme 49).

Under otherwise identical reaction conditions, the most generally applicable

protocol also allowed for the C–H benzylation, methylation and alkylation

employing benzyl, methyl and primary or secondary alkyl bromides 66, respectively
(Scheme 50). Furthermore, the versatile iron catalyst enabled the C–H alkylation

with alkyl iodides, bromides, and even chlorides as the electrophiles.

The working mode of the versatile iron catalyst was studied in great detail

(Scheme 51) and the results were consistent with a SET-type C–Hal cleavage.

Importantly, a novel protocol for the facile removal of the TAM auxiliary was

devised. Thus, NOBF4-promoted the cleavage of the triazole directing group under

exceedingly mild reaction conditions [112], overcoming an important limitation of

the Q-directing groups in C–H activation methodologies (Scheme 52) [115, 116].

Scheme 47 Evidence for radical intermediates
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Scheme 48 Iron-catalyzed C(sp2)–H allylation by TAM-assistance

Scheme 49 Iron-catalyzed C(sp2)–H allylation of alkenes 64
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3.2 Iron-Catalyzed C–H Aminations

The direct catalytic conversion of C–H bonds into C–N bonds constitutes an

important challenge in organic synthesis due to the practical relevance of amines in

Scheme 50 Iron-catalyzed C(sp2)–H benzylations, methylations, and alkylations by TAM-assistance

Scheme 51 Key mechanistic findings for the iron-catalyzed C–H alkylations
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pharmaceutical and chemical industries, medicinal chemistry, and material sciences

[117, 118]. In a research area being dominated by the use of precious transition

metal catalysts, Nakamura reported on an iron-catalyzed C–H amination using N-

chloroamines 69 as the electrophilic aminating reagents (Scheme 53) [119].

A simultaneous dropwise addition of the Grignard reagents and the N-

chloroamine 69 led to complete conversion of the starting materials under bidentate

assistance of 8-AQ to give anthranylic acid derivatives 70. Interestingly, the ligand
displayed a key role in controlling the chemo-selectivity of the C–H nitrogenation

process. Particularly, electron-deficient bidentate phosphine ligands performed best,

highlighting the importance of electronic effects (Scheme 54).

The optimized catalytic system proved tolerant of functional groups and allowed for

the transformation of various substituted benzamides 38 (Scheme 53). The amination

was viable with different N-chloroamines 69 as well, as shown in Scheme 55.

4 Conclusions

During recent years, C–H functionalization has emerged as an increasingly viable

alternative to traditional cross-coupling reactions. Particularly, iron complexes have

received considerable recent attention as inexpensive, non-toxic, and environmen-

tally benign catalysts for C–H activations. These approaches largely avoid the

synthesis and use of prefunctionalized substrates that are required for classical

Scheme 52 Mild removal of
the TAM directing group

Scheme 53 Iron-catalyzed C–H aminations of benzamides 38
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Scheme 54 Ligand effect on C–H aminations

Scheme 55 Scope of iron-catalyzed C–H aminations with N-chloroamines 69
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Scheme 56 Palladium-
catalyzed cross-coupling versus
iron-catalyzed C–H
functionalization



cross-coupling reactions. Thereby, a minimization of undesired waste is accom-

plished, which renders the C–H activation strategy a most user-friendly platform for

academia and the practitioner in industries (Scheme 56).

Particular success has been achieved in oxidative C–H activations as well as C–H

transformations with organic electrophiles, with major contributions by inter alia

Nakamura, Ackermann and Cook. Thus, oxidative arylations, alkenylations, and

alkylations of C(sp2)–H bonds were achieved under rather mild reaction conditions

using monodentate directing groups or bidentate auxiliaries. Particularly, the

bidentate binding motif has proven to be instrumental for the challenging

functionalization of unactivated C(sp3)–H bonds. The robustness of the iron

catalysts was further reflected by the recent development of iron-catalyzed C–H

hydroarylation reactions by an organometallic mode of action (for miscellaneous

reactions involving low-valent iron species, see [120, 121]). In contrast, organic

electrophiles were only recently identified as suitable substrates for novel C–H

alkylation and nitrogenation reactions. Thus, significant advances have been

accomplished by bidentate chelation assistance ensured by the 8-aminoquinoline or

modular 1,2,3-triazoles. Particularly, the triazole-assisted C–H arylations, benzy-

lations, and primary or secondary alkylations were characterized by ample substrate

scope, good functional tolerance, and the facile removal of the bidentate auxiliary in

a traceless fashion. Considering the sustainable nature of C–H functionalization

technologies, along with the cost-effective nature of iron catalysis, further exciting

developments are expected in this rapidly evolving research area, which should

address enantioselective transformations and the effective reuse of heterogeneous

[122] iron catalysts, among others. These studies should be guided by detailed

experimental and computational mechanistic studies to fully delineate the key role

of the metal additives and ligands in organometallic iron-catalyzed C–H activation

processes.
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Abstract Cross-dehydrogenative coupling (CDC), which enables the formation of

carbon–carbon (C–C) and C–heteroatom bonds from the direct coupling of two C–H

bonds or C–H/X–H bonds, represents a new state of the art in the field of organic

chemistry. Iron, a prominent metal, has already shown its versatile application in

chemical synthesis. This review attempts to provide a comprehensive understanding

of the evolution of cross-dehydrogenative coupling via iron catalysis, as well as its

application in synthetic chemistry.

Keywords Cross-dehydrogenative coupling (CDC) � Iron catalysis � C–H bond �
C–C bond � C–X bond

1 Introduction

The development of selective, efficient, sustainable, and environmentally benign

synthetic methodologies for the formation of carbon–carbon (C–C) and C–

heteroatom bonds is an area of great interest to chemists, and one that is being

actively pursued. Carbon–hydrogen (C–H) bonds exist broadly in a variety of

organic molecules. Catalytic functionalization of C–H bonds has evolved as a

powerful tool for organic synthesis, which not only provides an atom-economic

alternative method, but also opens new routes to the target molecules. This trend is

evidenced by reports of the ever-increasing utilization of C–H bonds as substrates

for cross-coupling reactions [1–6]. Among reported methods, cross-
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dehydrogenative coupling (CDC), which enables C–C and C–heteroatom bond

formation from the direct coupling of two C–H bonds or C–H/X–H bonds, has

emerged as the most attractive—and also the most challenging [7–10]. It is worth

noting that in most cases, hydrogen gas (H2) is not produced in CDC transformation,

and an appropriate sacrificial oxidant is generally needed. The obvious benefit of

this strategy is that there is no need for preparation and isolation of activated

reagents, or for pre-functionalization of easily available chemicals, thus improving

atom and step economy. However, the conundrum that chemists must confront is

how to overcome the low reactivity of C–H bonds and achieve site-selective

functionalization of one C–H bond in the presence of all others. Li et al. have

pioneered work addressing this challenge, and have made significant contributions

in developing a series of synthetic methodologies in this field [11–16].

Iron, as one of the most abundant metals, is particularly attractive given its low

cost, non-toxicity, and environmentally benign character. Various iron complexes

have been incorporated into biological systems, with resulting low toxicity that is

critical in the pharmaceutical and food industries. In addition, versatile iron-

catalyzed organic transformations have been achieved over the past few decades.

Several instructive and significant reviews have been published on this fascinating

chemistry from various perspectives [17–22].

The current review focuses mainly on the evolution of iron-catalyzed CDC

through C–H bond oxidation. Advances in other metal-mediated and metal-free

CDC reactions have already been well documented and are beyond the scope of this

work. In general, iron-catalyzed CDC results mainly in the formation of C–C, C–N,

and C–O bonds. This review is structured around the hybridization of both of the C–

H coupling partners. We hope that this paper provides a comprehensive overview of

this topic, sheds light on new perspectives, and inspires chemists to work towards

further improving and expanding the application of CDC.

2 Coupling of C(sp3)–H with X(sp3)–H

Iron-catalyzed direct C–H oxidation for the construction of C–C and C–X bonds

(X=O, S, N, P, etc.), with its remarkable potential for step efficiency, atom

economy, and environmental sustainability, has emerged as one of the most

significant tools in synthetic organic chemistry. Oxidative C(sp)–H and C(sp2)–H

cross-coupling for the formation of C–C bonds has garnered much attention and has

seen great progress over the past decade. However, oxidative couplings involving

C(sp3)–H bonds remain challenging, given their low reactivity and lack of

suitable coordination site for the iron catalyst. The following section will focus on

advances in iron-catalyzed CDC reactions involving C(sp3)–H bonds. These

transformations are classified by the type of C–H bonds, including benzylic C–H

bonds and C–H bonds adjacent to heteroatoms (Fig. 1).

The general reaction pathway of iron-catalyzed CDC is depicted in Fig. 2. The

reaction with benzylic substrates proceeds as follows (Eq. 1): the initial hydrogen

abstraction of the substrate by the oxidant generates the carbon radical I. Then I is
further oxidized by the Fe catalyst through single-electron transfer (SET) to give the
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radical cation II, which is trapped by a nucleophile to give the final product. The

process involving C(sp3)–H bonds adjacent to heteroatoms is also shown (Eq. 2).

The Fe catalyst first oxidizes the substrate through SET to give the radical cation

III. Then III is readily a-deprotonated by the oxidant to generate a carbenium ion

IV, which is trapped by a nucleophile to give the final product. In both cases, the

deprotonation of Nu–H occurs either before or after being trapped, depending on the

acidity of the Nu–H proton.

2.1 C–C Bond Formation

The formation of C–C bonds is an important area of research in modern organic

synthesis, and a variety of critical contributions have been made over the past

several decades [23–26]. Among the methods reported thus far, the direct oxidative

coupling of C(sp3)–H bonds and other C–H bonds to construct C–C bond

architecture is the most convenient.

2.1.1 Benzylic C(sp3)–H Bond

In 2007, Li et al. reported the first instance of an iron-catalyzed CDC of a benzylic

C–H bond with an active dicarbonyl methylene to form a new C(sp3)–C(sp3) bond

(Scheme 1) [27]. Among various iron salts, FeCl2 exhibited the highest efficacy,

giving the desired products in good yields. Other transition-metal salts such as CuBr

and CoCl2 were far less efficient. The use of di-tert-butyl peroxide (DTBP) as an

oxidant in place of tert-butyl hydroperoxide (TBHP) further increased the yield.

Top Curr Chem (Z) (2016) 374:38
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Fig. 1 General substrate types of C(sp3)–H bonds in CDC

Fig. 2 General reaction pathways of iron-catalyzed CDCs



This transformation was applicable to both cyclic and acyclic benzylic compounds,

and the electronic properties of substituents showed little influence on the reaction

outcome.

The reaction mechanism is depicted in Scheme 2. The homolytic cleavage of the

peroxide bond of DTBP generates a tert-butoxyl radical, which abstracts one

hydrogen atom from the benzyl substrate to form a benzylic radical. The iron(III)

catalyst reacts with 1,3-dicarbonyls, leading to a chelate Fe-enolate complex, which

then reacts with the benzylic radical to give the final product and regenerate the

Fe(II). The reaction was also found to proceed efficiently at room temperature, and

the coupling product was isolated in 80 % yield when the reaction time was

extended.

Li and Zhang further demonstrated an iron-catalyzed alkylation of activated 1,3-

diketones with inactive cycloalkanes in the presence of DTBP (Scheme 3) [28]. In

contrast to classical Fenton-type initiation, the active catalyst was considered as the

chelate Fe-enolate complex formed from the FeCl2 and dicarbonyl compound.

 

Scheme 1 FeCl2-catalyzed benzylic alkylation with dicarbonyl methylene

 

Scheme 2 Proposed
mechanism for FeCl2-catalyzed
benzylic alkylation
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In 2012, Li et al. applied toluene derivatives to oxidative coupling reactions with

1,3-dicarbonyl compounds. Fe(OAc)2 was selected as the best catalyst and DTBP as

the ideal oxidant (Scheme 4) [29]. Various toluene derivatives were efficiently

coupled with 1,3-dicarbonyl compounds under optimized conditions. The mecha-

nistic study suggested that the benzylic radical addition to the benzoyl methano-iron

species may occur in the CDCs.

In 2014, Song et al. reported an iron-catalyzed tandem cross-dehydrogenative

arylation of toluene derivatives with 1,3-dicarbonyl compounds using 2,3-Dichloro-

5,6-dicyano-1,4-benzoquinone (DDQ) as oxidant (Scheme 5) [30]. This transfor-

mation afforded one new C(sp3)–C(sp2) bond and one new C(sp3)–C(sp3) bond in a

one-pot protocol. The mechanistic study suggested that the process was initiated by

homo-coupling of two aryl methane molecules to produce diaryl methylene

intermediates, followed by CDC with 1,3-dicarbonyl compounds to give the final

products.

In 2012, Xu et al. reported a novel iron-catalyzed vinylation of benzylic C(sp3)–

H bonds with N,N-dimethyl amides (Scheme 6) [31]. This reaction efficiently

transferred one carbon atom in the N-methyl moiety of N,N-dimethylacetamide to

Scheme 3 FeCl2�4H2O-catalyzed alkylation of activated 1,3-diketones with simple cycloalkanes

Scheme 4 Fe(OAc)2-catalyzed alkylation of toluene derivatives with 1,3-dicarbonyl compounds

Scheme 5 FeCl2-catalyzed tandem CDC of toluene derivatives with 1,3-dicarbonyls
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2-methyl aza-arenes. Mechanistic investigations indicated that the CDC between

2-methyl aza-arenes and N,N-dimethyl amides occurred preferentially, followed by

elimination to generate vinylarenes. Independently, Wang et al. reported a similar

Fe-catalyzed vinylation of 2-methylquinoline with N,N-dimethyl formamide in the

presence of TBHP [32].

Li et al. also recently reported an iron-catalyzed a-methylenation of ketones

using N,N-dimethylacetamide as the one-carbon source (Scheme 7) [33]. Various

ketones including aryl and alkyl ketones, enones, and dicarbonyl compounds were

well tolerated and gave the corresponding a,b-unsaturated carbonyls in moderate to

excellent yields.

2.1.2 C(sp3)–H Bond Adjacent to Heteroatom

Direct functionalization of C(sp3)–H bonds adjacent to heteroatoms is a highly

desirable method for the derivation of heteroatom-containing compounds in organic

synthesis. Inspired by the success of iron-catalyzed CDC with biphenyl-methane

derivatives, Li et al. reported a general iron-catalyzed C–C bond formed by direct

oxidation of a-C–H bonds of ethers with 1,3-dicarbonyls (Scheme 8) [34]. Catalyst

screening showed that Fe(OAc)2, FeCl2, FeBr2, and Fe2(CO)9 displayed almost

identical catalytic efficiency, indicating the excellent redox capability of iron

catalysis in this radical transformation. Under optimized conditions, both cyclic and

linear ether derivatives reacted smoothly with 1,3-dicarbonyls to give the desired

products in good yields. Sulfide and amine groups were also found to be

suitable substrates in this iron-catalyzed C–H bond oxidative transformation.

Li et al. subsequently extended their work, using N,N-dimethylaniline as a

substrate, and reported a novel dialkylation of the methylene group with 1,3-

Scheme 6 FeCl3�6H2O-catalyzed vinylation of benzylic C–H bonds

Scheme 7 FeCl3�6H2O-catalyzed a-methylenation of ketones
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dicarbonyls (Scheme 9) [35]. In this transformation, N,N-dimethylaniline was used

for the first time as the methylenic source, and a variety of methylene-bridged bis-

1,3-dicarbonyls were constructed selectively and efficiently.

There are several possible pathways to account for this dialkylation reaction, as

depicted in Scheme 10. Initially, the intermediate I was formed via the oxidative

coupling of the substrates in the Fe2(CO)9/TBHP system. One possibility is that

I undergoes a Cope elimination to give the intermediate II, followed by Michael

addition with a second molecule of 1,3-dicarbonyl to generate the methylene-

bridged bis-1,3-dicarbonyl product. Another possibility is that I undergoes an SN2

substitution by the second molecule of 1,3-dicarbonyl to afford the desired product.

It is also possible that the reaction of 1,3-dicarbonyl with formaldehyde, which is

generated in situ via iron-catalyzed oxidative N-demethylation, leads to the final

product.

In addition to N,N-dimethylaniline acting as methylenic source, N-alkyl tertiary

amines can be used as a synthetic equivalent of enones. In 2011, Li et al. reported an

iron-catalyzed oxidative reaction between two molecules of N-alkyl tertiary amines

and 1,3-dicarbonyls in a Fe2(CO)9/TBHP system (Scheme 11) [36]. The reaction

was completed within 10 min at room temperature, and gave various b-1,3-
dicarbonyl aldehydes in moderate to good yields. The authors proposed that two

Scheme 9 Fe2(CO)9-catalyzed dialkylation of the methylene group with 1,3-dicarbonyls

Scheme 8 Iron-catalyzed oxidative coupling of C–H bonds adjacent to heteroatoms with 1,3-dicarbonyls

Top Curr Chem (Z) (2016) 374:38

123231Reprinted from the journal



molecules of tertiary amines are first condensed in the presence of TBHP, and the

in situ-generated key intermediates a,b-unsaturated aldehydes then undergoes

Michael addition to give the final products.

Coupling of tetrahydroisoquinolines with nitroalkanes in the presence of FeCl3/

DTBP was reported by Hayashi and Shirakawa in 2011 (Scheme 12) [37]. This
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Scheme 10 Proposed pathways
for Fe2(CO)9-catalyzed
dialkylation of the methylenes

Scheme 11 Fe2(CO)9-catalyzed oxidation of N-alkyl tertiary amines

Scheme 12 FeCl3-catalyzed coupling of tetrahydroisoquinolines with nitroalkanes and activated
methylenes



direct oxidative coupling provided various 1-nitroalkyl-substituted tetrahydroiso-

quinolines in high yields. In addition, activated methylene compounds were

successfully utilized as nucleophiles.

A similar transformation was reported by Li et al. using magnetic Fe3O4 or

CuFe2O4 nanoparticles as catalysts. Notably, the catalysts were easily recovered and

reused for at least nine runs, with no loss of activity [38, 39]. In addition, in the

work of Mancheño and Richter, the coupling of isochroman with 1,3-dicarbonyls

was realized in the presence of catalytic amounts of iron(II) triflate and

oxammonium salt of TEMPO as oxidant [40]. Zhang et al. reported an oxidative

coupling of propargylic ethers with 1,3-dicarbonyls in the presence of FeCl2/DDQ,

affording various propargylated b-dicarbonyl compounds in moderate yields

(Scheme 13) [41].

In 2015, Huo et al. reported a novel iron-catalyzed dual-oxidative dehydrogena-

tive tandem annulation of glycine derivatives with tetrahydrofuran (THF)

(Scheme 14) [42]. This transformation was performed under mild reaction

conditions and afforded various quinoline-fused lactones in moderate yields. The

authors proposed a possible reaction mechanism. Initially, glycine ester and THF

are converted to aryl imine and DHF in the presence of FeCl2/TBHP. An oxidative

imino Diels–Alder reaction then occurs, generating the tetrahydro-quinazoline

intermediate, which is isomerized to give the final product under acidic conditions.

2.2 C–N Bond Formation

Transition metal-catalyzed C–N bond formation has emerged as a powerful and

efficient protocol for the synthesis of N-containing compounds. Tremendous
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Scheme 13 FeCl2-catalyzed oxidative coupling of propargylic ethers with 1,3-dicarbonyls

Scheme 14 FeCl2-catalyzed dual-oxidative dehydrogenative tandem annulation of glycine derivatives
with THF



contributions have been made in this field over the past few decades [43–45]—for

example, Buchwald–Hartwig cross-coupling [46, 47], the Ullmann condensation

[48, 49], and N-arylation of amide [50, 51]. However, because the pre-function-

alization of starting materials is required, direct C–H bond amination is highly

desirable and of great significance. For now, however, direct C–H bond amination

via hetero-CDC remains challenging.

2.2.1 Benzylic C(sp3)–H Bond

In 2008, Fu et al. reported the first instance of iron-catalyzed amidation of benzylic

C(sp3)–H bonds by means of CDC (Scheme 15) [52]. This reaction was carried out

in an efficient, cheap, and air-stable FeCl2/NBS catalyst/oxidant system. Carbox-

amides and sulfonamides were reacted with a series of benzylic reagents,

respectively, under optimized conditions, and gave the corresponding products in

moderate to good yields.

The amidation mechanism of FeCl2-catalyzed benzylic C(sp3)–H bonds is

depicted in Scheme 16. The bromination of sulfonamide with NBS produces N-

bromosulfonamide I, which then reacts with iron salt to give intermediate II.
Subsequently, II is transferred into iron-nitrene complex III. The reaction of III
with benzylic C–H bonds forms intermediate IV. Finally, removal of the iron salt

provides the target product.

2.2.2 C(sp3)–H Bond Adjacent to Heteroatom

In 2012, Zhu et al. reported the direct amination of aryl amides with N-substituted

pyrrolidin-2-ones in a Fe(II) complex/TBHP system (Scheme 17) [53]. The

transformation was highly regioselective, and only the methylenic sp3C–H bond

adjacent to the nitrogen was aminated. This facile method provided rapid access to

the amination reaction of N-substituted pyrrolidin-2-ones in moderate to excellent

yields. In 2014, Bao et al. reported a similar reaction under FeCl3/TBHP without a

ligand [54].

In 2013, Yang et al. reported an iron-catalyzed direct C-1 amination of

isochroman derivatives with anilines (Scheme 18) [55]. A variety of cyclic

Scheme 15 FeCl2-catalyzed benzylic C(sp3)–H bond amidation
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hemiaminals were selectively obtained in good to excellent yields under mild

conditions. The authors posited that the C-1 position is oxidized to the carbenium

oxonium ion, which is subsequently trapped by the N-nucleophile.

Gu et al. further developed iron-catalyzed tandem oxidative cyclization of simple

toluene derivatives with 2-aminophenols (Scheme 19) [56]. The reaction was

carried out in a FeCl2/DTBP system, and afforded a series of substituted

benzoxazoles in a selective and efficient manner. In this transformation, the

oxidative C(sp3)–H/O–H coupling of 2-aminophenols with toluene occurred first,

followed by an oxidative C(sp3)–H/N–H cyclization and aromatization. Six protons

were removed in a one-pot procedure.

Scheme 16 FeCl2-catalyzed benzylic C(sp3)–H bond amidation

Scheme 17 FeCl2•4H2O-catalyzed amination of N-substituted pyrrolidin-2-ones

Scheme 18 FeCl2�4H2O-catalyzed amination of isochroman derivatives
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2.3 C–O Bond Formation

The direct esterification and etherification of C–H has attracted much attention over

the past few years. The process involves the oxidative coupling of commercial

starting materials, and offers high step efficiency and atom economy. Several

transition-metal catalysts, including palladium, rhodium, platinum, and copper, have

been developed for this C–H oxidative functionalization [57–59].

2.3.1 Benzylic C(sp3)–H Bond

In 2012, Urabe et al. reported an iron-catalyzed C–H bond oxygenation for the

synthesis of tert-butyl peroxyacetals (Scheme 20) [60]. With this method, a series of

olefinic and acetylenic tert-butyl peroxyacetals, and also unsaturated peroxy

orthoesters were synthesized in good to excellent yields.

A pathway was proposed for the formation of tert-butyl peroxyacetals

(Scheme 21) as follows: The hydrogen abstraction from ether forms the benzyl

radical, which is transmitted to benzyl cation stabilized by an oxygen atom under

iron catalysis. The subsequent nucleophilic attack by t-BuOOH generates the final

product.

Scheme 19 FeBr2-catalyzed tandem oxidative cyclization

Scheme 20 Fe(acac)3-catalyzed synthesis of tert-butyl peroxyacetals
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A benzyl cation generated by the oxidation of a benzyl C–H bond was trapped by

carboxylic acid to give an ester (Scheme 22) [61]. This transformation was carried

out using benzyl derivatives and benzoylformic acids as the substrates in a FeF3/

DTBP system, thus providing straightforward access to various a-keto benzyl esters.
Mechanistically, the nucleophilic attack of benzoylformic acid on the benzyl cation

accounts for the generation of the desired ester.

2.3.2 Propargylic C(sp3)–H Bond

In 2012, Jiao et al. reported an oxidative dehydrogenative coupling of aryl propargyl

azides with carboxylic acids in a FeCl2/DDQ system (Scheme 23) [62]. The azides

were prepared in situ from NaN3 and the corresponding chlorides. The authors found

that although the homologous chloride had a structure similar to azide, it lacked an

azido group, and did not afford the desired C–O coupling product. This result

suggests that the azido group acted as an assisting group to facilitate this C(sp3)–H

functionalization. The obtained acyloxylated propargyl azides were further trans-

formed to 4,5-disubstituted-1,2,3-triazoles, 3-alkoxyenals, and benzotriazoles.

The tentative reaction mechanism is proposed in Scheme 24. Initially, azide

undergoes hydrogen abstraction through an iron-facilitated single-electron oxidation

with DDQ to form the radical species I, which may be stabilized by the azido group.

Scheme 21 Proposed mechanism for the formation of tert-butyl peroxyacetals

Scheme 22 FeF3-catalyzed esterification of a benzylic C–H bond

Scheme 23 FeCl2-catalyzed CDC of aryl propargyl azides with carboxylic acids
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Subsequently, the radical species I is further oxidized to give the aryl propargyl

cation II. The nucleophilic attack of cation II by carboxylic acid then gives the

desired product with regeneration of the catalyst.

2.3.3 C(sp3)–H Bond Adjacent to Heteroatom

In 2005, Pearson and Kwak reported an iron-catalyzed stereoselective oxidation of

chiral 2-pyrrolidino-1-ethanol derivatives to oxazolopyrrolidines (Scheme 25) [63].

This transformation employed tricarbonyl(cyclohexadiene)iron complex as catalyst

and trimethylamine N-oxide (Me3NO) as oxidant. It was believed that Me3NO could

be used for the removal of CO ligands from metal carbonyls and the demetallation

of diene–Fe(CO)3 complexes. Although the detailed mechanism of this process is

unclear, it was assumed that the actual oxidant coordinates to the –OH group, and

the amine oxidation reaction occurs intramolecularly. The –OH group reacts with

the iminium intermediate to form the oxazolidine ring.

In 2011, Hiyashi et al. reported an FeCl3-catalyzed oxidation of alkylamides to a-
(tert-butoxy) alkylamides with DTBP [64]. The authors proposed that the

acyliminium salt, which is generated under a FeCl3/DTBP system, reacts with t-

BuOH to give the desired a-(tert-butoxy) alkylamide (Scheme 26).

Around the same time, Liang et al. reported a similar C–O bond formation by

iron(II)-catalyzed oxidation of C(sp3)–H bonds adjacent to a nitrogen atom of

unprotected arylureas with TBHP in water (Scheme 27) [65]. This method enabled

Scheme 24 Proposed mechanism of FeCl2-catalyzed oxidative dehydrogenative C–O bond formation

Scheme 25 CHDFe(CO)3-
catalyzed stereoselective
oxidation of chiral
2-pyrrolidino-1-ethanols
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the efficient simultaneous dioxygenation of both a-positions to the nitrogen atom,

providing various tert-butoxylated and hydroxylated arylureas in good yields.

A possible mechanism is proposed in Scheme 28. Initially, TBHP decomposes

into a tert-butoxyl radical in the presence of FeSO4, which further gives a tert-butyl

peroxy radical. The resulting peroxyl radical reacts with aminyl radical I derived

from the oxidation of the arylurea to form the unstable N-(tert-butylperoxyl)urea II.
The elimination of the tert-butylperoxy radical then generates a new carbon radical

III via 1,4-hydrogen radical transfer, which is trapped by tert-butanol to give a a-
tert-butoxylated urea IV and regenerates TBHP. Finally, a hydroxyl group is

introduced to the other a-position of IV via hydrogen abstraction by TBHP,

releasing the final product.

Tang et al. recently reported an efficient and practical method of iron catalysis for

the functionalization of pyrrolones with alcohols (Scheme 29) [66]. This transfor-

mation was carried out under mild conditions using Fe(OTf)3 as the catalyst and O2

as the oxidant. The authors proposed that the aerobic oxidation of pyrrolones

catalyzed by Fe(OTf)3 forms the reactive N-acyliminium ion intermediates, which

undergo nucleophilic additions with alcohols to give the corresponding products.

In 2014, Chang and Wang reported an iron-catalyzed oxidative coupling of

salicyl-aldehydes with cyclic ethers through the direct a-C–H functionalization of

ethers. This transformation produced the corresponding acetals in moderate to

excellent yields in the presence of a labile aldehyde group (Scheme 30) [67].

In 2014, Han et al. reported an iron-catalyzed oxidative CDC esterification of C–

H bonds in cyclic ethers with carboxylic acids (Scheme 31) [68]. In this

transformation, aromatic acid and phenylacetic acid were identified as

Scheme 26 FeCl3-catalyzed oxidation of alkylamides to a-(tert-butoxy) alkylamides

Scheme 27 FeSO4-catalyzed
oxygenation of C(sp3)–H bonds
in aryl ureas
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suitable substrates and reacted with various cyclic ethers to give the desired a-
acyloxy ethers. This oxidative esterification exhibited excellent regioselectivity.

When non-equivalent ether such as 1,3-dioxolane was tested, only the methylenic

C–H bond adjacent to one oxygen atom was selectively esterified. However, the

decarboxylative alkenylation of cyclic ether occurred when cinnamic acid was used

as the substrate under the same conditions.

The proposed mechanism is depicted in Scheme 32. A l-oxo, l-carboxylate
diiron(III) intermediate I is initially generated upon the reaction of the iron catalyst,

carboxylic acid, and the oxidant, which is further oxidized to give the Fe(IV)

Scheme 28 Proposed mechanism

Scheme 29 Fe(OTf)3-catalyzed oxidative coupling of pyrrolones with alcohols

Scheme 30 Fe2(CO)9-catalyzed oxidative coupling of salicyl-aldehydes with cyclic ethers
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intermediate II. Intermediate II then reacts with a cyclic ether to generate

intermediate III, which undergoes a cross-coupling process to give the desired

product and active catalyst Fe(III) intermediate I. Additional intermolecular

competing kinetic isotope effect (KIE) experiments were carried out and indicated

that C(sp3)–H bond cleavage may be involved in the rate-determining step.

3 Coupling of C(sp3)–H with X(sp2)–H

3.1 C–C Bond Formation

3.1.1 Benzylic C(sp3)–H Bond

In 2009, Shi et al. reported for the first time the cross-dehydrogenative arylation

(CDA) of benzylic C–H bonds with electron-rich arenes in a FeCl2/DDQ system

(Scheme 33) [69]. A variety of electron-rich arenes and various diarylmethanes

Scheme 31 Fe(acac)3-catalyzed direct C–O bond formation

Scheme 32 Proposed mechanism
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were found to be suitable substrates for this transformation, giving the desired

products in good yields with excellent regioselectivity. Notably, increasing the

electron density of the arenes was shown to improve yields, which is consistent with

their nucleophilicity, thus suggesting a Friedel–Crafts-type reaction feature. With

the more electron-rich arenes such as 1,2,3-trimethoxybenzene, a double-CDA

product was obtained with high efficiency.

Mechanistically, this reaction is initiated by the iron-assisted SET oxidation to

generate the benzyl radical, which may be further oxidized to the benzyl cation.

Subsequent Friedel–Crafts-type alkylation, followed by abstraction of the proton by

the reduced hydroquinone, delivers the desired product and regenerates the catalyst

(Scheme 34). A large intramolecular kinetic isotopic effect (kH/kD = 6.0) is also

observed, indicating that the cleavage of the benzylic C–H bond is involved in the

rate-determining step.

In 2015, Li et al. reported a similar FeBr3-catalyzed CDA of 3-substituted

oxindoles with electron-rich aromatic and heteroaromatic compounds (Scheme 35)

[70]. This transformation was carried out under an air atmosphere and gave various

3,30-disubstituted oxindoles in moderate to good yields.

3.1.2 C(sp3)–H Bond Adjacent to Heteroatom

In 2009, Li et al. reported a CDC reaction of C–H bonds adjacent to an oxygen atom

with indole derivatives in a FeCl2/DTBP system. The reaction proceeded via tandem

C–H bond oxidative coupling and C–O bond cleavage (Scheme 36) [71].

Mechanistically (Scheme 37), the indole-ether adduct, which is generated in situ

via C–H oxidation, reacts efficiently with another molecule of electron-rich indole

to deliver 1,1-biaryl products via Friedel–Crafts alkylation. Notably, when electron-

poor 4-nitroindole was applied to react with isochroman, the mono-indolation

product was selectively obtained. The results indicated that the first indolation step

was easy and was less influenced by the electronic properties of indoles, while the

Scheme 33 FeCl2-catalyzed CDA of aryl C–H bonds with benzylic C–H bonds
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second indolation step was the rate-determining step, and proceeded efficiently only

with electron-rich indoles, which agrees with Friedel–Crafts aromatic alkylation.

Coumarins are valuable natural product classes in drug discovery, with carbonyl-

conjugated olefin functions in their structures. In 2015, Ge and Zhou reported an

Scheme 34 Proposed
mechanism of FeCl2-catalyzed
CDA

Scheme 35 FeBr3-catalyzed CDA of 3-substituted oxindoles with arenes

Scheme 36 FeCl2-catalyzed tandem C–H bond oxidative coupling and C–O bond cleavage
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iron-catalyzed CDC of coumarins with ethers via C(sp3)–H oxidation (Scheme 38)

[72]. This reaction was highly regioselective, and the ether substrates were bound to

the more electron-rich a-position of the coumarin esters. The authors posited that

the nucleophilic ether radical attacks the a-position of coumarin’s olefin moiety to

generate a more stable radical intermediate, and thus the a-ether-substituted
coumarin derivatives are obtained in a regiospecific manner.

In 2015, Correa et al. reported an iron-catalyzed direct a-arylation of ethers with

azoles (Scheme 39) [73]. This practical oxidative method allowed the efficient C2-

alkylation of a variety of (benzo)azoles, which constituted straightforward access to

heterocycles of the utmost medicinal significance. The experiments and DFT

calculations revealed that FeF2 plays a key redox role in assisting both the

heterolytic cleavage of the oxidant and the oxidation of the carbon radical to the

oxonium ion.

As amines are known to undergo oxidation to form iminium ion intermediates,

this process can be utilized in oxidative coupling reactions. In 2009, Itami and

Wünsh reported an iron-catalyzed oxidative coupling of heteroarenes with N-methyl

amines in a FeCl2�4H2O/pyridine N-oxide system (Scheme 40) [74]. The oxidative

coupling reaction was successfully applied to the intermolecular coupling of

thiophenes, furans, and indoles with methylamines. Notably, this reaction took place

Scheme 37 Proposed
mechanism of FeCl2-catalyzed
synthesis of 1,1-bis-
indolylmethanes

Scheme 38 FeCl3-catalyzed CDC of coumarins with ethers
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predominantly at N-methyl C–H bonds though other reactive bonds, including the

more acidic benzylic C–H and the C–H bond to the carbonyl group.

The authors also applied this protocol to intramolecular oxidative coupling, and a

benzazepine-like bicyclic nitrogen heterocycle was formed, albeit in 27 % GC yield

(Scheme 41). The low efficiency may arise from the general difficulty in achieving

cyclization of a seven-membered ring. The obtained product showed good binding

affinity and selectivity towards the r1, r2, and NMDA receptors.

In 2013, You et al. reported an efficient iron-catalyzed oxidative coupling of N-

(pyridin-2-ylcarbonyl)-substituted a-amino acid derivatives with indoles

(Scheme 42) [75]. The high efficiency and ready elimination made 2-pyridinecar-

bonyl an ideal candidate for the N-protecting group. Other activating substituents at

the amino group, such as imidazol-2-ylcarbonyl, 2-quinolin-2-ylcarbonyl, isoquino-

line-1-ylcarbonyl, and pyrimidin-2-ylcarbonyl groups, were found to be less

efficient, and non-nitrogen-containing substituents were inactive. This C–H/C–H

cross-coupling was highly tolerant of various synthetically valuable functional

groups on both a-amino acids and nucleophiles, and delivered a series of a-
quaternary a-amino acid derivatives in good yields.

Scheme 39 FeF2-catalyzed direct a-arylation of ethers with azoles

Scheme 40 FeCl2�4H2O-catalyzed oxidative coupling of heteroarenes with N-methyl amines

Scheme 41 Intramolecular oxidative coupling for constructing benzazepine-like bicyclic nitrogen
heterocycle
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Mechanistically (Scheme 43), the 2-picolinamido a-tertiary amino acid ester

coordinates with FeIII to yield the intermediate I. The tert-butoxyl radical (t-BuO.)

generated from DTBP then abstracts the a- hydrogen atom of I to form the radical

intermediate II. Subsequently, the radical species II undergoes an intramolecular

single-electron transfer (SET) to give the a-ketimine intermediate III. The

coordination of the picolin-amido group with Fe3? species activates the a-ketimine

and facilitates the addition of the nucleophile to give the desired a-quaternary a-
amino acid ester product. The model reaction was performed under an N2

atmosphere, and the desired product was obtained in only 39 % yield. This suggests

that the released Fe2? is reoxidized to Fe3? by air as well as DTBP to fulfil the

catalytic cycle.

In 2013, Doyle et al. reported an iron-catalyzed aerobic C–H functionalization of

tertiary anilines with tetrahydroisoquinolines (Scheme 44) [76]. The oxidative

protocol allowed facile functionalization of an aliphatic C–H bond in N,N-

dialkylanilines with siloxyfuran, nitroalkanes, and other nucleophiles using a cheap

FeCl3 catalyst and a green O2 oxidant. Interestingly, when nitroalkane was utilized

as the coupling partner, the addition of 1.0 equiv of weak acid such as 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP) strongly promoted the oxidative aza-Henry reaction.

The authors proposed that the oxidation of tertiary anilines under a Fe(III)/O2

system forms reactive iminium ion intermediates, which undergoe Mannich

reactions with various nucleophiles to give the corresponding products.

The detailed mechanism for this oxidative Mannich reaction is depicted in

Scheme 45. The initial step is the electron transfer between ferric chloride and

amine to produce radical cation and iron(II) chloride. This process is compatible

with the potentials of the Fe(III)/Fe(II) (?0.77 V vs NHE) and amine/radical cation

redox pairs (?0.79 V/?1.08 V vs NHE). One hydrogen atom abstraction from the

radical cation then produces the iminium ion through iron(II)-bound dioxygen. The

resulting peroxo species then enters Haber–Weiss or Fenton-like chemistry to

complete the process. The requirement of weak acid in the aza-Henry reaction is

proposed to inhibit the coordination of iron(III) with the amine reactant or to

activate the nitroalkane.

Scheme 42 FeCl3�6H2O-catalyzed oxidative coupling of a-C(sp3)–H bonds of a-tertiary a-amino acid
esters
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3.2 C-N Bond Formation

3.2.1 Benzylic C(sp3)–H Bond

In 2011, Chen and Qiu reported an iron-catalyzed C–N bond formation between

imidazoles and benzylic hydrocarbons (Scheme 46) [77]. The direct amidation of

the benzylic C(sp3)–H bonds is an important method for the synthesis of valuable

Scheme 44 FeCl3-catalyzed aerobic C–H functionalization of tertiary anilines with
tetrahydroisoquinolines

Scheme 43 Possible mechanism of the a-C(sp3)–H bond oxidation of a-substituted a-amino acid esters
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nitrogen-containing compounds without the need for a pre-functionalized starting

material. The nucleophilic addition reaction of imidazole with benzyl cation

delivered the desired product. In 2012, Chen et al. reported a similar transformation

[78].

In 2014, Bolm et al. reported an efficient iron-catalyzed C-N bond formation by

hetero-CDC between sulfoximines and diarylmethanes. This transformation

provided a new strategy for the synthesis of N-alkylated sulfoximines with a-
branched substituents (Scheme 47) [79].

3.2.2 C(sp3)–H Bond Adjacent to Heteroatom

In 2010, Li et al. reported an iron-catalyzed N-alkylation of azoles via oxidation of a

C(sp3)–H bond adjacent to an oxygen atom under neutral conditions (Scheme 48)

[80]. A wide variety of azoles and ethers were selectively transformed into the

corresponding oxidative coupling products in good to excellent yields. In 2015,

Wang and He reported a similar transformation using aryl tetrazoles as the coupling

partner [81].

The proposed mechanism is shown in Scheme 49. Initially, TBHP decomposes

into a tert-butoxyl radical and hydroxyl anion in the presence of the iron catalyst

(step a). Deprotonation of the azole gives the anion species I (step b). Meanwhile, a

hydrogen abstraction from the C–H bond adjacent to an oxygen atom affords II,
which can be trapped by TEMPO, followed by ferric oxidation to generate oxonium

Scheme 45 Possible reaction mechanism

Scheme 46 FeCl2-catalyzed direct C-N coupling of imidazoles and benzylic compounds
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ion III (step c). Finally, the nucleophilic addition of I to III provides the desired

coupling product (step d). A competition experiment was carried out to investigate

the electronic properties of azoles in this reaction. The results indicated that the

reactivity of azoles is related to the nucleophilicity of the conjugate bases of azoles

rather than their acidity, which agrees with the nucleophilic reaction. Moreover, a

large isotopic effect (kH/kD = 4.0 ± 0.1) indicates that the cleavage of the a-C–H
bond of ether is involved in the rate-determining step.

In 2012, Chen et al. reported the N-alkylation of azoles via oxidative cleavage

of a C(sp3)–H bond adjacent to the N-atom of amides and sulfonamides

(Scheme 50) [82]. This method efficiently and selectively provided a variety of

azole derivatives, which are fundamental structural motifs in N-heterocyclic

carbenes (NHC) and ionic liquids. A similar transformation was reported by Reddy

et al. in 2015 [83].

Scheme 47 FeBr3-catalyzed hetero-CDC between sulfoximines and diarylmethanes

Scheme 48 FeCl3�6H2O-catalyzed N-alkylation of azoles

Scheme 49 Plausible pathway for FeCl3�6H2O-catalyzed N-alkylation of azoles
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3.3 C–O Bond Formation

In 2009, Li et al. reported a breakthrough in the construction of polysubstituted

benzofurans via iron-catalyzed tandem oxidative coupling and annulation between

phenols and b-keto esters (Scheme 51) [84]. Various iron salts were tested, with

little observed effect on efficiency. Notably, the water in iron catalysts had a

dramatic effect on promotion of the reaction. For example, the desired products

were obtained in high yields in the presence of FeCl3�6H2O, while adding a 4Å

molecular sieve completely inhibited the transformation. The authors postulated that

water may assist the proton transfer process involved in the reaction. Other proton

sources, such as methanol, ethanol, acetic acid, benzoic acid, and tert-butanol, were

examined and were found to promote this transformation. In addition, the kinetic

isotopic effect (kH/kD = 1.0 ± 0.1) indicates that aromatic C–H bond cleavage is

not involved in the rate-determining step.

The proposed reaction mechanism is depicted in Scheme 52. An intermediate

Fen?-chelated species I is formed in situ, followed by reductive elimination to

produce the adduct II. The tautomerization of II then gives phenol III, which
undergoes intramolecular condensation in the presence of the iron catalyst to afford

the desired benzofuran. Notably, the iron catalyst displays dichotomous catalytic

behavior, acting as transition-metal catalyst in the oxidative coupling step and a

Lewis acid in the condensation step.

Scheme 50 FeCl2-catalyzed N-
alkylation of azoles

Scheme 51 FeCl3�6H2O-catalyzed tandem oxidative coupling and annulation between phenols and b-
keto esters

Scheme 52 Tentative mechanism of FeCl3�6H2O-catalyzed oxidative reaction of phenols and b-keto
esters
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In 2013, Pappo et al. successfully applied this methodology to the total synthesis

of coumestrol (Scheme 53) [85]. The first stage of the two-step synthesis of

coumestrol involved a modified aerobic oxidative cross-coupling between ethyl

2-(2,4-dimethoxybenzoyl)acetate and 3-methoxyphenol, with FeCl3 (10 mol %) as

the catalyst. The benzofuran coupling product was then subjected to a sequential

deprotection and lactonization protocol, affording the natural product in 59 %

overall yield.

4 Coupling of C(sp3)–H with C(sp)–H

In 2009, Vogel et al. reported a chemoselective oxidative C–C cross-coupling of

tertiary amines with terminal alkynes into propargylamines (Scheme 54) [86]. This

reaction was applied to a large variety of aromatic and aliphatic amines with alkynes

in a FeCl2/DTBP system. The reaction was highly chemoselective due to steric

hindrance, and thus the methyl amino group reacted much more rapidly than other

alkyl amino groups. In addition, the silyl group was successfully applied for

protection of the other side of the terminal alkyne, providing an efficient method for

constructing asymmetric 1,4-propargylic diamine via double-CDC processes.

Mechanistically, it was proposed that the iron-catalyzed SET oxidation generates

Scheme 53 Total synthesis of coumestrol via iron-catalyzed CDC reaction

Scheme 54 Chemoselective FeCl2-catalyzed oxidative coupling with two different tertiary amines
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an iminium intermediate, which is quenched by an alkynyl carbon anion to give the

desired product.

In 2009, Hu et al. reported an iron-catalyzed oxidative coupling of N-arylglycine

derivatives with alkynes. This facile method provided a series of substituted

quinolines in good yields. Mechanistically, the prior C(sp3)–H/C(sp)–H coupling

and subsequent intramolecular Friedel–Crafts reaction was responsible for the

formation of quinolines (Scheme 55) [87].

5 Coupling of C(sp2)–H with X(sp3)–H

In 2013, Bao et al. reported a novel iron-catalyzed intramolecular C–H amination,

with O2 as the oxidant (Scheme 56) [88]. With this method, a series of

polysubstituted 1H-indazoles and 1H-pyrazoles were obtained in good yields.

That same year, Sun et al. developed an environmentally friendly method for the

amination of benzoxazoles with H2O2 as a green oxidant (Scheme 57) [89]. This

transformation comprised two steps, and was conducted using a one-pot procedure:

ring opening to form an amidine intermediate, and iron-catalyzed oxidative

intramolecular cyclization.

In 2014, Lei et al. reported an iron-catalyzed oxidative coupling of amides with

aldehydes (Scheme 58) [90]. The authors tested the suitability of a variety of amides

and aldehydes for use as substrates in a FeBr2/TBHP system for the direct, efficient

construction of imides. Mechanistic studies revealed that an acyl bromide

intermediate is generated in situ from aldehyde and FeBr2 in the presence of

TBHP, which reacts with the respective amide to give the desired imide.

6 Coupling of C(sp2)–H with X(sp2)–H

6.1 C(sp2)–H Bond of Arenes

Biaryl coupling, discovered more than a century ago, is now among the most

important tools in organic synthesis. The macro-arenes are widely present in various

Scheme 55 An efficient route for formation of quinolines by FeCl3-catalyzed oxidative coupling of N-
arylglycine derivatives with alkynes
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biologically active molecules and functional materials. In 2008, Wang et al.

reported an iron-catalyzed intramolecular oxidative biaryl coupling reaction

(Scheme 59) [91], in which phenanthrene-9-carboxylic acids were efficiently

constructed from E- and Z-2,3-diphenylacrylic acid using iron(III) chloride, in

excellent yields. The coupling products were further manipulated for the synthesis

of naturally occurring alkaloids such as tylophorine, deoxytylophorinine, and

antofine.

In 2010, Zhang et al. reported an iron-catalyzed intermolecular oxidative homo-

coupling of indoles towards 3,30-biindolyls (Scheme 60) [92]. In addition, Zheng

et al. recently reported a Fe(OTf)3-catalyzed intermolecular homo-coupling reaction

to synthesize fused porphyrin dimers [93].

Scheme 56 FeBr3-catalyzed intramolecular C–H amination

Scheme 57 FeCl2-catalyzed amination of benzoxazoles with H2O2

Scheme 58 FeBr2-catalyzed oxidative coupling of amides with aldehydes
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As we all know, homo-couplings are generally inevitable when different

coupling partners are involved. Over the past few decades, various efforts have been

made to resolve this frustrating obstacle in biaryl coupling, wherein one of two

coupling partners is pre-activated, while the second is subjected to direct coupling.

Selective CDC is still a challenge in the construction of an aryl–aryl bond without

the use of pre-functionalized substrates.

In 2011, Chandrasekharam et al. reported an efficient iron-catalyzed CDC of two

aromatic compounds using DTBP as oxidant (Scheme 61) [94]. This direct biaryl

coupling reaction was highly regioselective, and the C–C bond was created at the

ortho position relative to the functional group of the substrate. Importantly, no

homo-coupled products were observed under optimized conditions. Moreover, this

cross-coupling reaction was not sensitive to moisture or air, and produced a variety

Scheme 59 FeCl3-catalyzed intramolecular biaryl coupling

Scheme 60 FeCl3-catalyzed intermolecular oxidative homo-coupling of indoles

Scheme 61 FeCl2-catalyzed direct biaryl couplings
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of dialkyl amino- and hydroxy-substituted biaryls. The authors proposed that a

sufficient difference in oxidation potential between the two coupling partners

(difference of 440 mV) favored the selective formation of cross-coupled products.

In 2013, Chandrasekharam et al. applied this methodology to the synthesis of

various anilino-dibenzo furanols, which showed moderate to good anti-mycobac-

terial activity [95].

Pappo et al. recently reported an iron-catalyzed selectively oxidative unsym-

metrical biphenol coupling with 1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP) as the

solvent (Scheme 62) [96]. The kinetic studies support a chelated radical–anion

coupling mechanism in which both phenolic components are attached to the catalyst

during the C–C-forming step.

The detailed reaction mechanism is depicted in Scheme 63. The initial step is the

reversible binding of the phenolic components A and B and the peroxide to the iron

salt (complex I). The peroxide bond is then cleaved by the metal, which is likely

involved in the rate-determining step, followed by a SET process to form a bound

phenoxyl A• radical (complex II). The latter electrophile reacts with the chelated

phenol(ate) B (complex III) or with a second chelated phenol(ate) A in a homo-

coupling process. The catalytic cycle is terminated by a ligand exchange process

that gives both the biphenol and tert-butyl alcohol. The phenol oxidation and

coupling steps determine the chemoselectivity of the reaction.

In addition, based on mechanistic studies, the authors proposed a general model

(Scheme 64) for predicting the feasibility of cross-coupling for a given pair of

phenols, as well as electrochemical methods and density functional theory

calculations. Specifically, the authors proposed that (1) phenol A undergoes

selective oxidation to a phenoxyl A• radical in the presence of phenol

B (EoxA\EoxB); (2) the coupling takes place via a radical–anion coupling

mechanism; and (3) phenol B is a stronger nucleophile than phenol A (NB[NA),
where N is the theoretical global nucleophilicity.
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6.2 C(sp2)–H Bond of Alkenes

In 2010, Liang et al. reported the preparation of indoles via iron-catalyzed

intramolecular oxidative coupling (Scheme 65) [97]. The iron catalyst combined

with quantitative oxidant Cu(OAc)2-CuCl2 to facilitate this C–H oxidation reaction.

The authors posited that, mechanistically, a copper and iron bimetallic chelate

complex may be formed by the coordination of the nitrogen and the double bond,

which significantly enhances the reaction activity of the enolates.

In 2015, Lei et al. reported a novel iron-catalyzed oxidative C–H/C–H cross-

coupling reaction between electron-rich arenes and diaryl-ethylenes, with DDQ as

the oxidant (Scheme 66) [98]. Mechanistic studies indicated that this reaction

proceeded via a radical pathway, and that DDQ played a key role in the formation of

the aryl radical. Experiments utilizing X-ray absorption fine structure (XAFS)

revealed that the oxidation state of the iron catalyst did not change during the

reaction, suggesting that FeCl3 might serve as a Lewis acid.

The detailed reaction mechanism is depicted in scheme 67. The electron-rich

arene is oxidized by DDQ to produce the aryl radical I, which is trapped by C–C

bonds to yield the radical intermediate II. II is subsequently oxidized to afford the

cationic intermediate III, which loses one proton to give the desired triaryl-ethylene.
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Scheme 63 Mechanism of
chelated radical-anion oxidative
coupling

 

Scheme 64 General principles for the cross-coupling of phenols



6.3 C(sp2)–H Bond of Carbonyls

In 2013, Studer et al. reported an iron-catalyzed CDC via base-promoted homolytic

aromatic substitution (BHAS) (Scheme 68) [99]. With this method, fluorenones and

xanthones were efficiently prepared via readily available ortho-formyl biphenyls

and ortho-formyl biphenyl ethers, respectively. In contrast to the more commonly

known BHAS reaction, this transformation does not require a halide as a radical

leaving group or an external strong base, thereby improving the step efficiency and

atom economy of the overall process.

The BHAS reaction pathway is depicted in Scheme 69. The combination of

TBHP and Fe(II) produces a t-BuȮ radical and Fe(III) complex. Hydrogen

abstraction of aldehyde by the t-BuȮ radical gives the acyl radical I, which then

Scheme 65 FeCl3-catalyzed direct oxidative coupling for the preparation of indoles

Scheme 66 FeCl3-catalyzed oxidative cross-coupling between electron-rich arenes and diaryl-ethylenes

Scheme 67 Proposed reaction mechanism
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attacks the arene to form the cyclohexadienyl radical II. Deprotonation by basic

OH- forms the biaryl radical anion III, which then reacts with TBHP to deliver the

desired product and tert-butoxyl radical. Because the basic OH- is generated in situ

in this transformation, no external base is needed.

In 2015, Li et al. reported a direct oxidative coupling of alkenes with the C(sp2)–

H bonds of formamide (Scheme 70) [100]. This new method provided a,b-
unsaturated amides with excellent chemo-and regioselectivity. Just as the authors

predicted, the presence of FeCl3 lowered the capacity of alkenes to react with the

C(sp3)–H bonds of amides, as thė OH radical was consumed to form the Fen?(OH)

species, thus suppressing the generation of the t-BuOȮ radical.

Mechanistically (Scheme 71), the hydrogen abstraction from N,N-dimethylfor-

mamide (DMF) by t-BuȮ radical delivers carbonyl radical I, and then I is added

across alkenes to afford alkyl radical II, which is oxidized by Fen?1 to give alkyl

cation III. Finally, b-H elimination of III with t-BuȮ using the DABCO base gives

the desired product.

Scheme 68 FeCp2-catalyzed CDC via base-promoted homolytic aromatic substitution (BHAS)

Scheme 69 Proposed
mechanism for BHAS reaction

Top Curr Chem (Z) (2016) 374:38

123 258 Reprinted from the journal



7 Coupling of C(sp2)–H with C(sp)–H

In 2011, Bobade et al. reported an iron-catalyzed oxidative alkynylation of azoles

with terminal alkynes under ligand- and solvent-free conditions (Scheme 72) [101].

With this method, a series of 2-alkynylated benzoxazoles and benzothiazoles were

obtained in high yields.

8 Miscellaneous

Heteroaryl sulfide structural motifs are found in many pharmaceutically active

compounds and advanced materials. The synthesis of heteroaryl thioethers by direct

thiolation of heteroarene C–H bonds with thiols is a highly desirable method. In

2012, Gao and Yu reported a Lewis acid-catalyzed, copper(II)-mediated thiolation

Scheme 70 FeCl3-catalyzed direct oxidative coupling of alkenes with formamide

Scheme 71 Proposed reaction
mechanism

Scheme 72 FeCl2-catalyzed oxidative alkynylation of azoles with terminal alkynes
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reaction for the synthesis of heteroaryl thioethers (Scheme 73) [102]. In this

transformation, FeF2 was used as Lewis acid, which was able to activate

heteroarenes and coupling with thiols in the presence of copper(II).

Organophosphorus compounds exist in a wide range of nucleotides, pharmaceu-

ticals, and phosphine-containing ligands. They also play an important role in cell

metabolism and growth, cell division, and genetic processes. In 2009, Ofial et al.

reported an iron-catalyzed oxidative a-phosphonation of N,N-dimethylanilines with

dialkyl H-phosphonates. This method allowed the formation of new C–P bonds with

non-functionalized starting materials (Scheme 74) [103, 104].

In 2010, Tatsumi and Ohki reported a dehydrogenative borylation of furans and

thiophenes with pinacolborane, using a coordinatively unsaturated NHC iron

complex as catalyst (Scheme 75) [105]. The evolved hydrogen equivalent was

trapped by tert-butylethylene. The reaction proceeded regioselectively in the 2(5)-

position, providing borylation of heterocycles in good yields.

Scheme 73 FeF2-catalyzed thiolation of heteroarene C–H bonds

Scheme 74 FeCl2-catalyzed a-phosphonation of tertiary amines

Scheme 75 [Fe]NHC-catalyzed dehydrogenative borylation
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9 Conclusion and Outlook

Research efforts exploring green and sustainable chemistry in the field of organic

synthesis have seen the emergence of a new concept, that of cross-dehydrogenative

coupling reactions. Various carbon–carbon (C–C) and C–heteroatom bonds have

been formed directly from C–H and C–H bonds under oxidative conditions. This

concept continues to evolve, with reports of many fascinating examples. For

example, Wu et al. reported a visible light-promoted cross-coupling hydrogen

evolution reaction without the use of any sacrificial oxidants [106]. By combining

eosin Y and graphene-supported RuO2 nanocomposite (G-RuO2) as photosensitizer

and catalyst, the desired cross-coupling products and H2 were achieved in

quantitative yields. Li and Mi recently reported the successful photo-induced

conversion of naturally abundant methane into benzene over GaN nanowires

[107, 108]. This non-oxidative dehydroaromatization of light alkanes represents a

green method for the fabrication of aromatics without the use of petroleum cracking

or steam reforming. These reactions provide a foundation for the next generation of

chemical synthesis, guided by the principles of green chemistry.

The need for practical approaches to C–H bond oxidation using more

environmentally friendly reagents, such as oxygen, electricity, and visible light,

will be a key consideration in future research efforts. In terms of asymmetric

catalysis, the enantioselective cross-dehydrogenative coupling reaction is still in its

infancy. Ultimately, the application of CDC in the total synthesis of structurally

complex and biologically relevant molecules will demonstrate its true utility.
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Abstract Over the last decades, iron-catalyzed cross-couplings have emerged as an

important tool for the formation of C–C bonds. A wide variety of alkenyl, aryl, and

alkyl (pseudo)halides have been coupled to organometallic reagents, the most

currently used being Grignard reagents. Particular attention has been devoted to the

development of iron catalysts for the functionalization of alkyl halides that are

generally challenging substrates in classical cross-couplings. The high functional

group tolerance of iron-catalyzed cross-couplings has encouraged organic chemists

to use them in the synthesis of bioactive compounds. Even if some points remain

obscure, numerous studies have been carried out to investigate the mechanism of

iron-catalyzed cross-coupling and several hypotheses have been proposed.

Keywords Iron � Cross-coupling � C–C bond formation � Organometallics
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amandine.guerinot@espci.fr

& Janine Cossy

1 Laboratoire de Chimie Organique, Institute of Chemistry, Biology and Innovation (CBI)-UMR

8231, ESPCI Paris/CNRS/PSL* Research Institute, 10 rue Vauquelin, 75231 Paris Cedex 05,

France

123

Top Curr Chem (Z) (2016) 374:49

DOI 10.1007/s41061-016-0047-x

265Reprinted from the journal

mailto:amandine.guerinot@espci.fr


dpm Dipivaloylmethide

dppbz 1,2-Bis(diphenylphosphino)benzene

dppe 1,2-Bis(diphenylphosphino)ethane

dppp 1,2-Bis(diphenylphosphino)propane

HMTA Hexamethylenetetramine

IMes 1,3-Bis(2,4,6-trimethylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene

IPr 1,3-Bis(2,6-diisopropylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene

NMI N-Methylimidazole

NMP N-Methylpyrrolidinone

OA Oxidative addition

PEG Polyethylene glycol

RE Reductive elimination

SciOPP Spin-control-intended o-phenylene bis-phosphine

SIPr 1,3-Bis(2,6-di-i-propylphenyl)imidazolidin-2-ylidene

TC Thiophene carboxylate

THF Tetrahydrofuran

TM Transmetalation

TMCD Tetramethylcyclohexan-1,2-diamine

TMEDA Tetramethylethanediamine

TMP Tetramethylpiperidine

1 Introduction

Nowadays, metal-catalyzed cross-coupling plays a key role in the chemical

toolbox for the formation of C–C bonds. In this field, palladium and nickel

catalysis are still predominant. However, due to economical and environmental

issues, there is a growing need for cheap and low-toxic catalysts. Despite the

seminal works of Kharash et al. in 1941 and Kochi et al. in the 1970s, iron-

catalyzed cross-coupling has been an under-explored field for a long period of

time. In 1998, Cahiez et al. had a significant breakthrough by highlighting the

high synthetic potential of iron-catalyzed cross-couplings. Since then, the

development of iron-catalyzed cross-couplings has become an expanding area of

research as attested by the impressive number of publications and reviews

reported (for a selection of books and reviews, see [1–12]). In this chapter, we

would like to give an overview of the evolution of iron-catalyzed cross-

couplings from Kharash’s and Kochi’s early work to the very last developments.

We will focus on the formation of C–C bonds by cross-couplings of halides or

(pseudo)halides with organometallic reagents. The iron-catalyzed CH-activation

will not be presented herein as it is the topic of another chapter of this book.

The review will be divided into sections depending on the nature of the coupling

partners. A section dedicated to the mechanistic studies and hypotheses will be

presented at the end of the chapter.
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2 Alkenyl (pseudo)halides

2.1 Coupling with Alkyl Organometallics (Csp2-Csp3)

2.1.1 Alkenyl Halides

2.1.1.1 With Alkyl Grignard Reagents The first example of an iron-catalyzed

cross-coupling between alkenyl halides and alkyl Grignard reagents was reported by

Kochi et al. in the early 1970s [13–15]. A low catalytic loading in FeCl3 (1 mol%)

was sufficient to perform the alkenylation of various alkyl Grignard reagents and the

coupling products were isolated in good yields. Interestingly, the geometry of the

double bond was maintained during the process. The main drawback of the method

was the excess alkenyl halide required (5 equiv) that can be a limit to its application

for synthetic purposes (Scheme 1).

Iron(III) catalysts possessing diketone ligands such as Fe(dbm)3 (dbm = diben-

zoylmethide) showed higher performances than iron trichloride and a decreased

amount of alkenyl bromide from 5 equiv to 3 equiv was possible (Scheme 2) [16].

During the next 20 years, only few developments of iron-catalyzed cross-

coupling were reported in the literature. In 1986, Naso et al. studied the metal-

catalyzed cross-coupling between bromo-alkenyl sulphides and secondary alkyl

Grignard reagents. Among the screened palladium, nickel and iron salts, Fe(dpm)3
(dpm = dipivaloylmethide) was the most effective catalyst allowing the chemos-

elective formation of the coupling product. Worthy of note, a complete retention of

the geometry of the double bond was observed during the reaction (Scheme 3) [17].

In 1998, Cahiez et al. made a significant breakthrough in the area of iron-

catalyzed cross-coupling by demonstrating the positive role played by a co-solvent

added to THF. When the Fe(acac)3-catalyzed coupling between 1-bromoprop-1-ene

and octylmagnesium chloride was performed in pure THF a moderate yield of 40 %

in 11 was obtained. In contrast, when 2 equiv of N-methylpyrrolidinone (NMP)

were added, the yield jumped to 87 % (Scheme 4, eq 1). Among the co-solvent

tested, DMPU, DMF, and DMA also showed good results. The nature of the

Scheme 1 Early example from Kochi et al.

Scheme 2 Fe(dbm)3-catalyzed coupling of alkenyl halides
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iron(III) catalyst had a low impact on the outcome of the coupling as similar results

were obtained with Fe(acac)3, Fe(dbm)3, Fe(dpm)3, or FeCl3. The geometry of the

double bond was retained during the cross-coupling. The presence of NMP even

allowed the use of poorly reactive alkenyl halides such as alkenyl chlorides

(Scheme 4, eq 2) [18].

This method was successfully applied to the alkylation of a pyrrolidine precursor,

15, and the coupling product could be engaged directly in a ring-closing metathesis

without purification to produce the substituted pyrrolidine 18 (Scheme 5) [19].

The possibility of using alkenyl chlorides was exploited by Alami et al. for the

functionalization of chloroenynes. The coupling products were obtained with good

yields (61–88 %) with complete retention of the geometry of the double bond.

Interestingly, free alcohols were tolerated under the reaction conditions even if an

excess of Grignard reagent was required (Scheme 6) [20].

The same authors also studied the alkylation of 1,1-dichloro-1-alkenes.

Surprisingly, in this case, the presence of NMP proved detrimental to the reaction

and good yields could be obtained in THF at -30 �C. When primary alkyl Grignard

reagents were involved, the bis-alkylated product was the only isolated compound.

In contrast, in the presence of cyclohexylmagnesium bromide, the mono-alkylated

product was formed in 64 % yield as a 5:1 mixture of undetermined E/Z isomers

(Scheme 7) [21].

Scheme 3 Coupling involving bromo-alkenyl sulphides

Br

4
(1 equiv)

n-C8H17MgBr
Fe(acac)3 (3 mol %)

-5 °C to 0 °C

10
(1.1 equiv)

11

n-C8H17

THF only (40%)
THF-NMP (2 equiv) (87%)

n-Bu

n-Bu
Cl n-BuMgCl

Fe(acac)3 (1 mol %)

-5 °C to 0 °C n-Bu

n-Bu
n-Bu

THF only (5%)
THF-NMP (9 equiv) (85%)

(eq 1)

(eq 2)

12
(1 equiv)

13
(1.1 equiv)

14

Scheme 4 Crucial role of the NMP
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Recently, NMP was identified as a reprotoxin and thus could be considered as a

limit in the use of iron-catalyzed cross-coupling in industrial applications. Cahiez

and coworkers showed that iron(II) thiolates prepared from FeCl2 or FeCl3 and

ArSMgCl were effective precatalysts for the coupling of alkenyl halides with alkyl

Grignard reagents. Alkenyl bromides as well as alkenyl chlorides were suit-

able partners and a broad range of functional groups such as ester, ketone, or acetal

were well tolerated (Scheme 8) (see also [22–26]).

2.1.1.2 With Alkyl Organomanganese Reagents As an alternative to alkyl

Grignard reagents, Cahiez et al. demonstrated that organomanganese chlorides

could be efficiently coupled to alkenyl chlorides, bromides, and iodides. The

Scheme 5 Synthesis of pyrrolidine 18

Scheme 6 Functionalization of chloroenynes

Scheme 7 Cross-coupling involving 1,1-dichloro-1-alkenes
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reaction proceeded with complete retention of the geometry of the double bond and

tolerated the presence of sensitive functional groups such as ketones, which could

be problematic in the presence of more nucleophilic Grignard reagents (Scheme 9)

[27, 28].

2.1.2 Enol Triflates

Enol triflates can be considered as attractive partners in cross-couplings due to their

easy preparation from the corresponding ketones. In 2004, Fürstner et al. studied the

iron-catalyzed cross-coupling between alkenyl triflates and alkyl Grignard reagents.

A broad range of functional groups were tolerated and moderate to good yields were

generally obtained in favor of the coupling product (Scheme 10) [29].

The iron-catalyzed cross-coupling between enol triflate 40 and the alkyl Grignard
reagent 41 was performed to synthesize latrunculin A, B, C, M, S, and their

analogues (Scheme 11) [30–33].

To achieve the cross-coupling of bicyclic alkenyl triflates with an alkyl Grignard

reagent, a mixture of THF and NMP (1:3) was again identified as the optimal

solvent even if the use of DMPU could also give good results (Scheme 12) [34, 35]

(for other applications of iron-catalyzed cross-coupling between enol triflates and

alkyl Grignard reagents, see [36–40]).

2.1.3 Enol Phosphates

Similarly to enol triflates, enol phosphates are easily accessible from the

corresponding ketones. In addition, compared to enol triflates, they are less

expensive, more stable and thus easier to handle. Cahiez et al. were the first to

realize an iron-catalyzed cross-coupling involving an enol phosphate. This latter

Scheme 9 Coupling involving an organomanganese reagent

Scheme 8 Iron thiolates as catalysts
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was less reactive compared to its halide counterpart and, consequently a higher

catalytic loading in Fe(acac)3 (6 vs. 1 mol%) as well as a larger amount of Grignard

reagent (2 equiv vs. 1.1 equiv) were necessary to reach complete conversion. In

these conditions, the coupling product was isolated with a good yield of 78 %

(Scheme 13) [18].

In 2008, the same authors generalized the reaction to various enol phosphates and

a deeper study of such cross-coupling was achieved [41]. Interestingly, NMP should

Scheme 10 Enol triflates as coupling partners

Scheme 11 Application to the synthesis of latrunculin A

Scheme 12 Functionalization of bicyclic alkenyl triflates

Top Curr Chem (Z) (2016) 374:49

123271Reprinted from the journal



be omitted and good yields in favor of the cross-coupling products were obtained in

pure THF (Scheme 14, eq 1). The authors hypothesized that the enol phosphate

itself may play the role of a ligand, stabilizing the iron intermediates. The cross-

coupling could be performed on both acyclic and cyclic enol phosphates but the

reaction was limited to primary alkyl Grignard reagents as poor yields were

obtained with secondary alkyl Grignard reagents (Scheme 14, eq 2).

Worthy of note, as the (E)-enol phosphate reacted faster than the (Z)-isomer, the

(E)- and (Z)- isomers could be differentiated during the reaction (Scheme 15).

Enol phosphate 54 derived from 4-piperidone was efficiently coupled to

n-butylmagnesium chloride using Fe(acac)3 as the catalyst (Scheme 16) [42].

A one-pot procedure including the preparation of the enol phosphate starting

from the ketone and the cross-coupling was developed delivering the expected

product in good yield (88 %) (Scheme 17).

The reaction was successfully applied to dienol and trienol phosphates allowing

the synthesis of an insect pheromone of Diparopsis castanea (Scheme 18) [43] (for

another synthetic application, see [44]).

2.1.4 Alkenyl Pivalates, Acetates, and Tosylates

In 2009, Shi et al. explored the feasibility of an iron-catalyzed cross-coupling

between alkenyl carboxylates and Grignard reagents. Alkenyl pivalates were

selected, and among the catalytic systems tested for the coupling with an alkyl

Grignard reagent, FeCl2 associated to an NHC ligand (H2IMes) were the most

effective. Surprisingly, the cross-coupling worked well with the hexylmagnesium

chloride but failed with the hexylmagnesium bromide. This absence of reactivity

could be solved by adding an excess of LiCl (6 equiv) and, under these

conditions, the NHC ligand was no more required (Scheme 19). Several functional

OPO(OPh)2

n-BuMgCl
Fe(acac)3 (3 mol %)

-20 °C, THF

90%

n-Bu

OPO(OPh)2 ClMg Fe(acac)3 (20 mol %)

-20 °C, THF/NMP

20%

(eq 1)

(eq 2)

48 13 49

50 44 51

Scheme 14 Cross-couplings involving enol phosphates

Scheme 13 Enol phosphates as electrophilic partners
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groups were tolerated under the reaction conditions including acetals, esters and

ketones [45, 46].

In the previous example, the steric hindrance of the pivaloyl group disfavored the

direct nucleophilic attack of the Grignard reagents on the ester moiety. However,

the use of easily accessible and cheap alkenyl acetates could be attractive, notably

from an atom economy point of view. Consequently, a cross-coupling between

alkenyl acetates and alkyl Grignard reagents was examined. FeCl2 was selected as

the catalyst and the use of an additive was essential. Among the amines, NHC and

ethers tested, N-methyl-2-pyrrolidinone gave the best results. A range of alkenyl

acetates were efficiently coupled with Grignard reagents1 affording the desired

product in good yields (Scheme 20) [47].

Scheme 15 (E)/(Z) differentiation

Scheme 16 Functionalization of a piperidine

Scheme 17 One-pot procedure

Scheme 18 Synthesis of an insect pheromone

1 Some aryl Grignard reagents were also coupled.
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Depending on the conditions, (E)- or (Z)-enol tosylates could be accessed from b-
keto esters. Both enols were involved in iron-catalyzed cross-coupling delivering

the product in good yields. FeCl3 was preferred for the cross-coupling of (E)-enol

tosylates whereas Fe(dbm)3 was more effective than FeCl3 for (Z)-enol tosylates

(Scheme 21). In some cases, a slight (Z)/(E) isomerization was observed [48].

2.1.5 Alkenyl Sulphur Derivatives and Alkenyl Chalcogenides

Alkenyl sulphones could be used as the coupling partner instead of alkenyl halides.

Iron(III) acetylacetonate was used as the catalyst and, once again, a perfect retention

of the stereochemistry of the double bond was obtained during the cross-coupling

(Scheme 22) [49]. A similar reaction using FeCl3 as the catalyst was applied to the

synthesis of a sexual pheromone of yellow scale [50, 51].

An iron-catalyzed desulfinylative cross-coupling using sulfonyl chloride was

reported by Vogel et al. in 2008. For example, (E)-styrenesulfonyl chloride was

Scheme 19 Cross-coupling of an alkenyl pivalate with an alkyl Grignard reagent

Scheme 20 Cross-coupling involving an alkenyl acetate

Scheme 21 Cross-coupling involving alkenyl tosylates
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reacted with n-octylmagnesium bromide to give the coupling product in 61 % yield

and with a perfect retention of the geometry of the double bond (Scheme 23). From

a mechanistic point of view, the authors proposed an oxidative addition of the iron

into the S-Cl bond followed by a SO2 release (for more details about the mechanism

of iron-catalyzed cross-coupling, see Sect. 7) [52].

Alkenyl selenides as well as alkenyl tellurides were successfully involved in an

iron-catalyzed cross-coupling with alkyl Grignard reagents. The coupling was

completely stereoselective regarding the geometry of the double bond of the starting

material. The reaction was performed in a THF/NMP mixture and a positive role of

Et3N was noticed (Scheme 24) [53].

2.2 Coupling with Aryl Organometallics (Csp2-Csp2)

2.2.1 Alkenyl Halides

In their seminal work, Kochi et al. described the first iron-catalyzed cross-coupling

of phenylmagnesium bromide with an alkenyl halide. However, 3 equiv of the

halide partner were necessary and the cross-coupling product was obtained with a

low yield of 32 % (Scheme 25) [3].

Scheme 22 Alkenyl sulphones as electrophilic partners

Scheme 23 Desulfinylative cross-coupling

Scheme 24 Coupling involving alkenyl selenides and tellurides
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A few years later, Molander et al. carried out an optimization of the reaction

conditions and they demonstrated that the use of DME as the solvent instead of

THF, associated to a decrease of the temperature, led to a significant improvement

in the yield of the coupling product (68 % versus 32 %) (Scheme 26) [54].

In 2001, the reaction was generalized to functionalized aryl magnesium

bromides, prepared by a halide/metal exchange from the corresponding iodides

using isopropyl magnesium bromide. Alkenyl iodides as well as alkenyl bromides

were suitable partners in the cross-coupling which tolerates a wide range of

functional groups including esters, cyanides, nonaflates, and silyl ethers

(Scheme 27) [55].

The cross-coupling between alkenyl halides and aryl Grignard reagent was

applied to an efficient synthesis of the calcium receptor binder cinacalcet and,

worthy of note, the reaction could be performed on kilogram scale (Scheme 28) [56]

(for another synthetic application, see [57]).

A one-pot procedure including the in situ formation of the aryl Grignard reagent

and the subsequent iron-catalyzed cross-coupling with an alkenyl bromide was

developed. The aryl bromide was first treated with FeCl3 (5 mol%) and tetram-

ethylethanediamine (TMEDA) (20 mol%) in the presence of a stoichiometric

Scheme 25 Low-efficient alkenyl/aryl cross-coupling

Scheme 26 Cross-coupling between an alkenyl bromide and phenylmagnesium bromide

I
GF

iPrMgBr
-20 °C, THF

MgBr
GF

R
X

Fe(acac)3 (5 mol %)
-20 °C, THF

GF
R

X = I, Br

50-73%

FG = CO2Et, CN, ONf, OTIPS

79
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8281

Scheme 27 Functionalized aryl
Grignard reagents in cross-
coupling
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amount of magnesium to induce the formation of the Grignard reagent and then the

alkenyl halide was added to give the coupling product. The scope of this domino

process was rather limited and, when electron-rich aryl bromides or heteroaryl

bromides were used, a tandem process including an iron-free pre-formation of the

Grignard reagent followed by the addition of the alkenyl halide was preferred to

suppress biarylic by-products (Scheme 29) [58].

A cross-coupling involving 1-arylvinyl halides and aryl Grignard reagent was

developed to access 1,1-diarylethylene motifs, which are present in numerous

bioactive products. Interestingly, an iron/copper co-catalysis was used to promote

the cross-coupling. Both FeCl3 and CuTC play an important role as lower yields in

the coupling product were obtained when only one of the two salts was used.

However, the exact role of each metal salt in the coupling has not been investigated

(Scheme 30) [59].

2.2.2 Enol Triflates

2.2.2.1 With Aryl Grignard Reagents Enol triflates can be considered as an

attractive alternative to alkenyl halides. The cross-coupling between alkenyl triflates

and aryl Grignard reagents was first reported in 2004 using Fe(acac)3 as a catalyst

and a mixture of THF and NMP (Scheme 31) [29].

Scheme 28 Kilogram-scale synthesis of 85

Scheme 29 One-pot procedure including Grignard formation
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This method was applied to the arylation of bicyclic alkenyl triflates (Scheme 32)

[34].

2.2.2.2 With Aryl Organocopper Reagents Interestingly, functionalized aryl

copper reagents could be efficiently coupled to alkenyl triflates or nonaflates. A

range of functional groups on the aryl copper reagent are tolerated and the reaction

is only slightly sensitive to steric hindrance (Scheme 33) [60].

2.2.3 Enol Phosphates

The stable and low expensive enol phosphates have also been used as coupling

partners with aryl Grignard reagents. The phosphate could play the role of the ligand

of the iron catalyst and thus, additives could be omitted. The reaction between enol

phosphate 101 and phenyl magnesium bromide occurred with partial isomerization

of the double bond (Scheme 34) [41].

This reaction was successfully applied to the arylation of dienol phosphates even

if a partial isomerization of the double bond was observed (Scheme 35) [43].

2.3 Coupling with alkynyl Grignard reagent (Csp2-Csp)

A cross-coupling between alkenyl halides and alkynyl Grignard reagents was

developed to afford the corresponding enynes. The reaction was sluggish in the

Scheme 30 Synthesis of 1,1-diarylethylene motif

Scheme 31 Enol triflates as
electrophilic partners

Scheme 32 Arylation of a bicyclic alkenyl triflate
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absence of any additives but the addition of a stoichiometric amount of lithium salt

considerably improved the yield in the coupling product (Scheme 36). The authors

hypothesized that the presence of the lithium salt induced the formation of a

magnesium ate complex that could be a better reducing agent toward the iron

catalyst than the Grignard reagent [61].

Scheme 33 Coupling involving enol triflates and organocopper reagents

Scheme 34 Arylation of an enol phosphate

OPO(OEt)2

BrMg

F

Fe(acac)3 (1 mol %)

20 °C, THF

52%
F

58 (E/Z = 99:1) 104 (E/Z = 80:20)103

Scheme 35 Arylation of a dienol phosphate

Scheme 36 Alkynylation of an alkenyl bromide
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3 Aryl (pseudo)halides

3.1 Coupling with Alkyl Organometallics (Csp2-Csp3)

3.1.1 Aryl Halides

3.1.1.1 With Alkyl Grignard Reagents The first example of iron-catalyzed cross-

coupling involving an aryl chloride was reported in 1989 by Pridgen and coworkers.

o-Chloro arylimine 107 was coupled to alkyl Grignard reagents using Fe(acac)3 as a

catalyst (Scheme 37). In this case, the iron catalyst proved superior to Ni(acac)2 as,

with nickel catalyst, a reduction of the imine was observed [62].

A large variety of couplings between (hetero)aryl chlorides and alkyl Grignard

reagents were reported in 2002 using Fe(acac)3 as a catalyst. Interestingly, the use of

aryl iodides and bromides instead of chlorides led to lower yields in the coupling

product that can be explained by the formation of a significant amount of dehalogenated

compound (Scheme 38) [63, 64] (for an extension of this method to chloro styrenyl

derivatives, see [65]) (for an application to the functionalization of corannulenes, see

[66]) (for an iron-catalyzed cross-coupling involving 2-bromofuran, see [67]).

The method was applied to the functionalization of heteroaryl chlorides and

especially to dichloropurines and pyrimidines, which are intermediates in the synthesis

of nucleosides. Worthy of note, the iron-catalyzed cross-coupling was selective towards

the most reactive chlorine atom and could be followed by a subsequent Suzuki cross-

coupling to afford bis-functionalized N-heterocycles (Scheme 39) [68–70] (for other

iron-catalyzed cross-couplings involving heteroaryl chlorides, see [71–79]).

Most of the coupling reactions between (hetero)aryl chlorides and alkyl Grignard

reagents involved the supposed reprotoxic NMP as a co-solvent. To avoid the use of

Scheme 37 Cross-coupling involving a o-chloro arylimine

Scheme 38 Cross-coupling involving (hetero)aryl chlorides
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this additive, several catalytic systems have been developed. In the presence of an

NHC ligand (HIPr) and FeCl2�4H2O, aryl chlorides were coupled to primary and

secondary alkyl Grignard reagents in THF (Scheme 40) [80].

Using a catalytic amount of TMEDA allowed the cross-coupling between aryl

chlorides and alkyl Grignard reagents at room temperature with a low catalytic

loading of the iron catalyst (0.1–1 mol%). The reaction conditions were tolerant

toward the presence of an ester or an amide moiety on the aromatic ring

(Scheme 41) [81].

Scheme 39 Functionalization of dichloropurines and pyrimidines

Scheme 40 NMP-free coupling of chlorobenzene
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Scheme 41 Alkylation of aryl chlorides
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Cahiez et al. showed that the iron thiolate complex was able to catalyze the reaction

between aryl chlorides and n-butylmagnesium chloride. The coupling was carried out at

0 �C and delivered the expecting products in high yields (Scheme 42) [22].

3.1.1.2 With alkyl organomanganese reagents Recently, an iron-catalyzed ben-

zylation of (hetero)aryl halides was reported using benzylic manganese chlorides

(Scheme 43) [82].

3.1.2 Aryl Sulfonates

As an alternative to aryl chlorides, aryl triflates and tosylates can be involved in

iron-catalyzed cross-coupling with alkyl Grignard reagents and the resulting product

was isolated in similar yields (Scheme 44) [63, 64] (for another examples of cross-

coupling involving an (hetero)aryl tosylates, see [83, 84]).

The reaction was applied to a scalable synthesis of the immunosuppressive agent

FTY720 and 23 mmol (ca. 7 g) of the aryl triflate 132 were transformed into 133
(Scheme 45) [85, 86].

Aryl triflates are more reactive than aryl chlorides under iron-catalyzed cross-

coupling conditions and Fürstner et al. took advantage of this difference of

reactivity to perform two consecutive cross-couplings on the chloro-sulfonate

pyridine 134. The obtained 2,6-alkyl pyridine was then transformed into muscopy-

ridine, an odoriferous alkaloid (Scheme 46) [87].

Scheme 42 Iron thiolate-catalyzed alkylation of an aryl chloride

Scheme 43 Cross-coupling involving a benzylic organomanganese reagent

Scheme 44 Coupling involving aryl sulfonates

Top Curr Chem (Z) (2016) 374:49

123 282 Reprinted from the journal



Recently, a cross-coupling involving heteroaromatic tosylates and alkyl Grignard

reagents2 was studied and a library of tetrasubstituted pyrimidines was prepared

(Scheme 47) [88].

3.1.3 Other Aryl Derivatives (Sulfamates, Carbamates, and Phosphates)

In 2012, Garg and coworkers developed an iron-catalyzed alkylation of aryl

sulfamates and carbamates. Among the catalytic systems tested, the use of FeCl2 in

the presence of a NHC ligand gave the best result for the coupling. Surprisingly, the

addition of substoichiometric amount of CH2Cl2 was crucial to get the coupling

products with good yields but the authors have no explanation concerning its

putative role in the process. The reaction was not sensitive to steric hindrance on the

aryl sulfamate or carbamate and tolerated the presence of N-heteroaromatics. In

O

O
OTf

n-C8H17MgBr
Fe(acac)3 (10 mol %)

0 °C to rt, THF/NMP

O

O
n-C8H17

64%

n-C8H17

HO

H2N

OH

FTY720

132 13310

Scheme 45 Synthesis of FTY720

Scheme 46 Key steps in the synthesis of muscopyridine

2 Some examples of coupling with aryl Grignard reagents are also reported albeit with moderate yields.
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most cases, sulfamates and carbamates exhibited similar reactivity (Scheme 48)

[89, 90].

Aryl sulfamates could also be coupled to primary and secondary alkyl Grignard

reagents using FeF3�3H2O as a catalyst and IPr as a ligand. It is worth mentioning

that the use of this iron salt limits the formation of undesired linear product when a

secondary Grignard reagent, such as isopropylmagnesium chloride, is involved in

the coupling (Scheme 49) (for another example of cross-coupling involving an

(hetero)aryl tosylates, see [83, 84]).

Heteroaryl phosphates are also good partners in iron-catalyzed cross-coupling

with alkyl Grignard reagents (Scheme 50) [83].

3.1.4 Aryl Trimethylammonium Triflates

In 2013, an iron-catalyzed cross-coupling between aryl trimethylammonium triflates

and alkyl Grignard reagents was reported. Fe(acac)3 was selected as the catalyst and

the addition of NMP proved beneficial to the reaction, which proceeded smoothly at

room temperature (Scheme 51) [91].

3.2 Coupling with Aryl Organometallics (Csp2-Csp2)

3.2.1 With aryl Grignard Reagents

Unsymmetrical biarylic compounds constitute an important class of compounds that

find a broad variety of applications not only in the pharmaceutical industry but also

in organic materials (see for example [92, 93]) and liquid crystals [94]. Thus, the

development of efficient, scalable, and sustainable methods allowing the formation

of this motif is highly desirable. In that context, several examples of iron-catalyzed

cross-coupling between aryl halides or (pseudo)halides and aromatic organome-

tallics have been developed, the main difficulty being the suppression of the

undesired homocoupling side-reaction. Indeed, in the early reports from Kharasch

et al., iron salts were shown to induce the homocoupling of Grignard reagents in the

presence of aryl halides that played the role of oxidizing agents [95]. In the reported

aryl–aryl cross-coupling, (hetero)aryl chlorides are generally preferred over

bromides as they are less reactive towards halogen-magnesium exchange.

The first iron-catalyzed aryl–aryl cross-coupling was reported by Fürstner et al.

in 2002 using Fe(acac)3 in a THF/NMP mixture. Disappointingly, when phenyl-

magnesium bromide was added to aryl chloride 109, a low yield of 28 % was

Scheme 47 Cross-coupling involving an heteroaromatic tosylate
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obtained in favor of the coupling product. The major formation of the biphenyl

homocoupling product was responsible for the low yield in 152. In contrast, when

the coupling reaction was carried out on 2-chloropyridine, the desired coupling

product was isolated with a good yield of 73 % (Scheme 52). This difference of

behavior between aryl chlorides and heteroaryl chlorides could be explained by a

lower oxidizing potential of heteroaryl chlorides that are not able to induce the

homocoupling of the Grignard reagent. The reaction was extended to a wide range

of heteroaryl chlorides including pyrimidines, pyrazines, or isoquinolines [63, 64]

Scheme 48 Couplings involving aryl sulfamates and carbamates

Scheme 49 Alkylation of aryl sulfamates

Scheme 50 Heteroaryl phosphates as electrophilic partners

Scheme 51 Coupling involving an aryl trimethylammonium triflate
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(for other examples of iron-catalyzed cross-coupling between heteroaryl chlorides

and aryl Grignard reagents, see [96, 97]) (for an example of iron-catalyzed cross-

coupling between heteroaryl sulfamates and aryl Grignard reagent, see Ref. [61]).

In 2012, Knochel et al. reexamined the reaction and found that the use of FeBr3
in a mixture of t-BuOMe and THF gave good yield in the coupling of

2-chloropyridine with phenylmagnesium bromide. The low-toxic ethereal co-

solvent t-BuOMe is a good substitute of NMP, particularly for industrial

perspectives. The reaction was extended to a variety of functionalized Grignard

reagents prepared by LiCl-mediated Mg insertion from the corresponding bromides

(Scheme 53) [98] (for the preparation of the functionalized Grignard reagents, see

[99]).

One year later, the same group showed that the addition of a catalytic amount of

isoquinoline allowed to increase the reaction rate and improved the yield of

coupling that were reluctant under the ligand-free conditions (Scheme 54). The

conditions were applied to heteroaryl chlorides and bromides. It could be

hypothesized that isoquinoline helps the stabilization of low-valent iron species

[100, 101].

An iron-catalyzed cross-coupling between aryl Grignard reagents and chloro-

styrene derivatives was reported. The reaction proceeded using Fe(acac)3 as a

catalyst in a mixture of THF and NMP. However, it was strictly restricted to

styrenyl derivatives as in the absence of the double bond, no reaction occurred. The

authors hypothesized an olefin coordination of the iron catalyst followed by

haptotropic migration along the p-system (Scheme 55) [102].

The first general iron-catalyzed aryl–aryl coupling was developed by Nakamura

et al. in 2007. They demonstrated that using FeF3•3H2O in association with a NHC

ligand allowed the suppression of the homocoupling product. The reaction was quite

general and delivered the coupling product in good-to-excellent yields. To explain

the difference of reactivity between FeCl3 and FeF3, the authors suggested that the

presence of the strongly coordinated fluoride atoms could prevent the formation of

ferrate complex of type [Ar3Fe], which could be at the origin of the homocoupling

product. The bulky electron-donor NHC ligand not only accelerates the oxidative

addition but also could prevent the undesired ‘‘over’’-transmetalation that delivers

[Ar3M] (Scheme 56) [103, 104].

Scheme 52 First iron-catalyzed aryl–aryl coupling
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Scheme 53 FeBr3-catalyzed aryl–aryl coupling

Scheme 54 Positive role of catalytic isoquinoline

Scheme 55 Cross-couplings involving chloro-styrenes
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Cook and coworkers further extended this reaction to the coupling of aryl

tosylates and sulfamates with aryl Grignard reagents. Once again, among the iron

salt tested, FeF3�3H2O gave the best conversion of the starting material in favor of

the heterocoupling product (Scheme 57) [105].

An iron alkoxide should be used instead of FeF3 to suppress the formation of the

homocoupling product. The presence of the NHC ligand SIPr was crucial and an

addition of a catalytic amount of t-BuONa proved beneficial. Under these

conditions, various aryl and heteroaryl chlorides were efficiently coupled to aryl

Grignard reagents (Scheme 58) [106].

Due to its reluctance in catalyzing the homocoupling reaction, Fe(OTf)2 was

identified as a good catalyst in the cross-coupling of aryl chlorides and tosylates

with aryl Grignard reagents. As previously, the use of the NHC precursor SIPr�HCl
together with a base allowed a good selectivity in favor of the coupling product over

homocoupling by-products. An impressive numbers of biaryl motifs were

constructed using this efficient method (Scheme 59) [107] (for an example of

cross-coupling between heteroaromatic tosylates and aryl Grignard reagents, see

also Ref. [87]).

3.2.2 With aryl copper reagents

The cross-coupling of non-heteroaromatic aryl chlorides revealed more difficult

because of their propensity to induce the homocoupling of the Grignard reagent. To

address this issue, less reactive aryl copper reagents were prepared by transmet-

alation of the corresponding Grignard reagents and involved in an iron-catalyzed

cross-coupling with aryl halides. In the presence of Fe(acac)3 catalyst, aryl iodides,

bromides, and chlorides were converted to the biaryl with a decreasing reactivity.

The reaction tolerated a wide range of functional groups including ketones, esters,

or nitriles on both partners (Scheme 60). The main drawback of this coupling was

the required preparation of the aryl copper reagents that needed a stoichiometric

amount of copper salt [108, 109].

Cl
p-TolMgBr

[Fe] (5 mol %)
SIPrlHCl (15 mol %)

60 °C, THF
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PhMgBr
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NMe2
88%
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Scheme 56 FeF3-catalyzed aryl–aryl cross-coupling
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3.2.3 With arylzinc reagents

A Negishi-type cross-coupling between N-heteroaryl halides and diarylzinc reagents

was developed using an iron catalyst bearing two bisphosphine ligands, catalyst Fe

Scheme 57 Arylation of aryl tosylates

ClTBSO
p-TolMgBr

Fe2(Ot-Bu)3 (2.5 mol %)
SIPrlHCl (15 mol %)
t-BuONa (15 mol %)

80 °C, THF

p-TolTBSO

N

Cl

Ph

p-TolMgBr

Fe2(Ot-Bu)3 (2.5 mol %)
SIPrlHCl (15 mol %)
t-BuONa (15 mol %)

80 °C, THF N

p-Tol

Ph
65%

85%
175 168 176

177 168 178

Scheme 58 Use of an iron alkoxide catalyst for aryl–aryl cross-coupling

Scheme 59 Fe(OTf)2 catalyzed aryl-aryl coupling

Scheme 60 Arylation using aryl copper reagents
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2. However, the reaction was limited to 2-halogeno pyridines or pyrimidines and

moderate yields in coupling products were obtained (Scheme 61) [110].

3.2.4 With tetraarylborates

The same catalyst Fe 2 was also used in a Suzuki type cross-coupling between

2-bromo pyridines and sodium tetraphenylborate. A diarylzinc reagent was required

as an additive in order to form the ‘‘true’’ catalyst of the reaction (Scheme 62) [110]

(for another example of iron-catalyzed Ar-Ar Suzuki-type cross-coupling, see

[111]).

4 Alkynyl Halides

4.1 With Aryl Organocuprate Reagents (Csp-Csp2)

To the best of our knowledge, only one example of iron-catalyzed cross-coupling

between an alkynyl halide and an organometallic has been described in the

literature. Castagnolo et al. reported that 1-bromoalkynes could be coupled to

organocuprate reagents under iron catalysis. The organocuprates were formed in situ

by addition of the corresponding Grignard reagents on copper chloride (Scheme 63)

[112].

5 Activated Alkyl (pseudo)halides

Alkyl electrophiles bearing b-hydrogen atoms have been considered for a long time

as unsuitable substrates in metal-catalyzed reactions. Several reasons may explain

their reluctance to undergo metal-catalyzed cross-coupling. At first, the C(sp3)-X

bond is more electron-rich than the C(sp2)-X bond rendering the oxidative addition

N Br

Zn(p-Tol)2

[Fe 2] (5 mol %)

THF/toluene N p-Tol
65% (NMR yield)
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no coupling product

Ph2
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Scheme 61 Negishi-type aryl–aryl cross-coupling
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to a metal center more difficult. In addition, the absence of p-electrons able to

stabilize the resulting alkyl metal by interaction with the empty d orbitals species

favors side reactions such as b-elimination or hydrodehalogenation. Despite these

difficulties, metal-catalyzed cross-couplings involving alkyl halides have known

tremendous developments over the past decades, particularly using nickel, cobalt,

and iron salts.

5.1 Propargylic Derivatives

5.1.1 With Alkyl Grignard Reagents (Csp3-Csp3)

The first examples of iron-catalyzed cross-coupling involving alkyl (pseudo)halides

were developed with activated alkyl (pseudo)halides such as propargylic, allylic, or

benzylic derivatives.

In the 1970s, a cross-coupling between propargylic chloride and an alkyl

Grignard reagent delivering an allene product was described (Scheme 64). A

mechanism including an oxidative addition, a transmetalation, a rearrangement

toward the allene tautomer and a final reductive elimination was proposed to explain

the formation of the observed product [113, 114] (for another example of coupling

on propargylic halides, see [115]).

5.2 Allylic Derivatives

5.2.1 With Alkyl and Aryl Grignard reagents (Csp3-Csp3 and Csp3-Csp2)

Most of the reported iron-catalyzed cross-couplings involving allylic derivatives are

performed on allyl (pseudo)halides such as allyl acetates, allyl phosphates or allyl

sulfonyl chlorides. In the presence of Fe(acac)3, primary allylic phosphates were

N Br

Na[BPh4]

[Fe 2]  (5 mol %)
Zn(4-OMe-C6H4)2 190 (10 mol %)

85 °C, THF/toluene N Ph
64%
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P
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Scheme 62 Suzuki-type aryl–aryl cross-coupling

Scheme 63 Arylation of
alkynyl bromides
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efficiently coupled to alkyl and aryl Grignard reagents producing a SN2 type product

with high selectivity (Scheme 65) [116, 117].

The allylation of aryl Grignard reagents using allyl acetate in the presence of a

catalytic amount of Fe(acac)3 was reported in 2010 [118]. Interestingly, in the

presence of the iron salt, the acetate group acts as a leaving group, whereas in the

absence of any catalyst, a bis-addition of the Grignard reagent on the carbonyl

moiety was observed (Scheme 66).

A desulfinylative cross-coupling involving allylic sulfonyl chlorides was

developed to perform the allylation of various Grignard reagents. The reaction

proceeded at room temperature delivering the coupling products in good yields.

Starting from a mixture of (E)- and (Z)-203 resulted in a mixture of the linear and

branched product in a 90:10 ratio in favor of the linear compound (Scheme 67)

[119].

5.3 Benzylic Derivatives

5.3.1 With Aryl Grignard Reagents (Csp3-Csp2)

The coupling of benzylic electrophiles remains problematic because of the

competing homocoupling of the halide partner. When a cross-coupling between

benzyl chloride and p-methoxymagnesium bromide was carried out in the presence

of a catalytic amount of FeCl2 without any additional ligand, the desired

diarylmethane was isolated in a low yield of 31 % while the homocoupling product

was the major product (64 %). To circumvent this difficulty, Nakamura et al.

screened a panel of iron catalysts bearing different bisphosphine ligands and Fe 3
was identified as the most efficient one, delivering the coupling product in 71 %

yield. However, the formation of the homocoupling product was not completely

inhibited and the reaction was sensitive to steric hindrance of the benzyl chloride

(Scheme 68) [120].

The iron(III) amine-bis(phenolate) complex Fe 4 was developed for the cross-

coupling between benzylic halides and aryl Grignard reagents resulting in the

expected product in variable yields (0–94 %) (Scheme 69) [121].

5.3.2 With Arylzinc Reagents

Bedford et al. developed an iron-catalyzed Negishi-type cross-coupling between

benzylic halides and diarylzinc reagents. The use of these softer nucleophiles

compared to the Grignard reagents allowed to reduce the amount of the undesired

homocoupling products. The bis(dpbz) iron(II) complex Fe 2 exhibited the best

Scheme 64 Alkylation of propargyl chloride
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performances toward the formation of the coupling product (Scheme 70) [122] (for

a mechanistic study of this Negishi-type cross-coupling, see [123]) (for a screening

of diphosphine ligands in the Negishi-type cross-coupling between benzylic halides

and diarylzinc reagents, see [124]).

The main drawback of these reactions is the cost of the bis-phosphine ligand

which reduces the attractiveness of the iron complex from an economical point of

view. With this idea in mind, the authors developed a less-expensive iron catalyst

incorporating two (diphenylphosphino)ethane ligands. This iron complex was able

to catalyze a Negishi-type cross-coupling with benzylic halides (Scheme 71) [125].

An even simpler monophosphine 214 could be used in a similar Negishi-type

cross-coupling involving benzyl bromides and diphenylzinc reagent (Scheme 72)

[126].

Scheme 65 Cross-couplings involving allylic phosphates

Scheme 66 Allyl acetate in cross-coupling
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Scheme 67 Desulfinylative cross-coupling involving allylic sulfonyl chlorides
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5.3.3 With Tetraarylborates (Csp3-Csp2)

The iron catalyst Fe 2 was used in a Suzuki-type cross-coupling involving benzylic

halides and sodium tetraphenylborate in the presence of a catalytic amount of

diarylzinc reagent as reducing agent of the iron complex (Scheme 73) [110] (for an

extension to the coupling of benzyl halides with aryltrialkylborates, tetraaryl

aluminates, and tetraarylindates, see [127]).

6 Non-Activated Alkyl (pseudo)halides

6.1 Coupling with Aryl Organometallics (Csp3-Csp2)

6.1.1 Alkyl Halides

6.1.1.1 With Aryl Grignard Reagents In the Presence of an External Ligand The

pioneering work for the coupling of non-activated alkyl halides with aryl Grignard

reagents was achieved by Nakamura et al. in 2004. By using FeCl3 and TMEDA, an

efficient arylation of primary and secondary alkyl iodides, bromides, and chlorides

was performed (Scheme 74) [128] (for an application to the coupling of alkyl

halides with biphenyl Grignard reagents, see [129]) (Et3N and DABCO could also

be used as ligands in similar cross-couplings, see [130]).

To reduce the amount of TMEDA, the iron complex [(FeCl3)2(TMEDA)3] could

be prepared, isolated and stored. It was used successfully in the arylation of primary

Scheme 68 Arylation of benzyl chlorides
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and secondary alkyl bromides. Alternatively, the addition of hexamethylenete-

tramine (HMTA) to the reaction mixture allowed working with a catalytic amount

of TMEDA and HMTA (Scheme 75) [131].

As an alternative to diamine ligands, phosphines, and phosphites can be

associated to simple iron salt such as FeCl3 to induce cross-couplings between alkyl

halides and aryl Grignard reagents, however with less efficiency (Scheme 76) [132].

Scheme 69 Fe 4-catalyzed arylation of benzyl halides

Scheme 70 Fe 2-catalyzed Negishi-type cross-coupling involving benzylic bromides
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In 2011, Knochel et al. studied the diastereoselective cross-coupling of TBS-

protected iodohydrine with aryl magnesium halides. Several catalytic systems were

screened and the best results in term of yield and diastereoselectivity were obtained

with FeCl2�2LiCl and 4-fluorostyrene. The latter has been already used in nickel-

catalyzed cross-coupling and was known to facilitate the reductive elimination.

Under these conditions, the trans-2-arylated cyclic products were efficiently

prepared. It should be noted that a large amount of the iron salt was used (0.85

equiv) (Scheme 77) [133].

An efficient iron-catalyzed arylation of iodo-azetidines was developed using

tetramethylcyclohexane-1,2-diamine (TMCD) as the ligand (Scheme 78, eq 1).

When 2,3-disubstituted azetidines were engaged in the coupling a good diastere-

oselectivity in favor of the trans-compound was observed (Scheme 78, eq 2). A few

months later, a similar coupling on iodo-azetidines was reported using Fe(acac)3 and

TMEDA (Scheme 78, eq 3) [134, 135].

In 2010, Daugulis et al. showed that the Grignard reagents could be accessed by

selective deprotonation using TMPMgCl�LiCl (TMP = tetramethylpiperidine) as a

base. Using this method, heteroaromatic Grignard reagents could be efficiently

coupled to alkyl halides in the presence of FeCl3 and the trans-N,N’-1,2-

dimethylcyclohexane-1,2-diamine ligand (Scheme 79) [136].

Very recently, Nakamura et al. were the first to develop a chemoselective and

enantioselective iron-catalyzed cross-coupling. The reaction was performed

between chloroesters and aryl Grignard reagents using Fe(acac)3 and an optically

active bisphosphine ligand. The reaction was enantioconvergent and the enan-

tiomeric ratio (er) varied from 74:26 to 91:9 (Scheme 80) [137].

The main problem encountered in the absence of any ligand is the precipitation of

the low-valent iron species. Bedford et al. proposed that iron nanoparticles could be

formed during the reduction of iron by the Grignard reagent and would aggregate in

the absence of a stabilizer. To test their hypothesis, polyethylene glycol (PEG), a

Scheme 72 Negishi-type cross-coupling of benzylic bromides in the presence of ligand 214

Scheme 73 Suzuki-type cross-coupling involving a benzylic bromide
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known stabilizing agent of nanoparticles was added to FeCl3 prior to the Grignard

reagent and alkyl halide. This system was able to catalyze the coupling between

alkyl bromides and aryl Grignard reagents (Scheme 81). The observation of samples

of the cross-coupling reaction using TEM revealed the presence of iron nanopar-

ticles with size ranging from 7 to 13 nm [138].

Without any External Ligands Only few ligandless conditions were developed for

the coupling between arylmagnesium bromides and alkyl halides using commer-

cially available iron sources. The use of a catalytic amount of Fe(acac)3 in refluxing

ether gave the best results and the expected products were delivered in moderate

yields. In contrast, when a-bromo esters were involved as coupling partners, the

reaction was carried out in THF at -78 �C to avoid non-catalyzed addition of the

Grignard reagents on the ester moiety. Among the bromo-esters tested, only t–butyl

Scheme 74 First arylation of non-activated alkyl halides

Scheme 75 Arylation of non-activated alkyl halides using a catalytic amount of ligands

Scheme 76 Phosphines and phosphites ligands for the arylation of alkyl halides
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bromo-acetate was suitable and the reaction was sensitive to the steric hindrance of

the Grignard reagent (Scheme 82) [139, 140].

During mechanistic investigations concerning iron-catalyzed cross-coupling,

Fürstner et al. suspected the involvement of low-valent iron species (see Sect. 7 for

more details about the mechanism of iron-catalyzed cross-couplings). To confirm

this hypothesis, they evaluated the ferrate complex [Li(TMEDA)]2[Fe(C2H4)4]

containing a Fe(-II) iron center in the cross-coupling of a variety of alkyl halides

Scheme 77 Diastereoselective cross-coupling of TBS-protected iodohydrines

Scheme 78 Arylation of iodo-azetidines

Scheme 79 Cross-coupling of alkyl halides with in situ prepared Grignard reagents

Top Curr Chem (Z) (2016) 374:49

123 298 Reprinted from the journal



with aryl Grignard reagents. The reaction proceeded at -20 �C delivering the

coupling products in good to excellent yields (Scheme 83). Based on these positive

results, the authors hypothesized that Fe(-II) low-valent iron species could be

involved in the mechanism of cross-coupling when Fe(II) or Fe(III) salts are used as

precatalysts [141].

Iron (III)-salen complexes have been evaluated in the cross-coupling of alkyl

halides with aryl Grignard reagents and, among the iron complexes tested, Fe 6
showed the best performance (Scheme 84). The iron complex Fe 6 was easily

prepared from FeCl3 and a Schiff base ligand. Its low hygroscopy makes it easy to

handle [142].

Scheme 80 First enantioselective iron-catalyzed cross-coupling

Scheme 81 Iron nanoparticles-catalyzed cross-coupling

Scheme 82 Ligandless conditions for the arylation of alkyl bromides
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A chiral iron pincer complex was used in the cross-coupling of alkyl halides with

phenylmagnesium chloride. The coupling products were isolated in good yields

albeit with low enantioselectivity (Scheme 85) [143, 144].

The iron(III) amine-bis(phenolate) complex Fe 8 as well as an iron(III) complex

Fe 9 possessing a tridentate-aminoketonato ligand were developed for the cross-

Scheme 83 [Li(TMEDA)]2[Fe(C2H4)4]-catalyzed arylation of alkyl halides

Scheme 84 Fe 6-catalyzed arylation of alkyl bromides
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Scheme 85 Fe 7-catalyzed arylation of an alkyl iodide
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coupling of alkyl halides with aryl Grignard reagents. In both cases, no additional

ligand was required and the reactions could be carried out at room temperature

furnishing the expected products in modest to good yields (Scheme 86) [145, 146]

(an iron-phenolate complex was also used for the activation of the C-Cl bond of

CH2Cl2, see [147]).

Nakamura et al. synthesized an iron-bisphosphine complex by reaction of

FeCl2(H2O)4 with 1,2-bis{bis[3,5-di(t-butyl)phenyl]phosphine}-benzene (3,5-t-Bu2-

SciOPP) and demonstrated that this iron complex was efficient to catalyze the cross-

coupling between alkyl halides and aryl Grignard reagents. Interestingly, it allowed

the use of challenging ortho-substituted aryl Grignard reagents such as mesityl-

magnesium bromide (Scheme 87) [148].

Fürstner et al. developed a more convenient procedure for the coupling of alkyl

halides with such sterically hindered Grignard reagents, using the bis(diethylphos-

phino)ethane iron(II) complex Fe 11 (Scheme 88) [149].

With the aim of developing a recyclable catalyst, iron-containing ionic liquid

were examined as catalyst for the cross-coupling between alkyl halides and aryl

Grignard reagents. The ionic liquid butylmethylimidazolium tetrachloroferrate was

identified as a promising catalyst for the coupling of a variety of alkyl halides with

Scheme 86 Fe 8- and Fe 9-catalyzed arylation of alkyl bromides

Scheme 87 Arylation of an alkyl iodide using a sterically hindered Grignard reagent
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aryl Grignard reagents. Worthy of note, the catalyst could be recycled and reused

without a significant decrease of activity (Scheme 89) [150] (for other examples of

recyclable ionic iron catalysts in cross-coupling, see [151, 152]).

Most of the examples described above involve the use of alkyl bromides and

alkyl iodides whereas alkyl chlorides are known to be less reactive. The use of

FeCl3 in association with the NHC ligand IPr efficiently catalyzed the arylation of

mono- as well as poly-chloroalkanes (Scheme 90) [153].

A dinuclear iron complex bearing NHC ligands was identified as a powerful

catalyst for the arylation of alkyl fluorides. To the best of our knowledge, it is the

first example of iron-catalyzed functionalization of C(sp3)-F bond (Scheme 91)

[154] (for other examples of iron-NHC complexes in cross-coupling, see

[155, 156]).

6.1.1.2 With Arylzinc Reagents Due to their high reactivity, the access to

functionalized Grignard reagents incorporating sensitive electrophilic groups is

Scheme 88 Coupling of alkyl
halides with sterically hindered
Grignard reagents

Scheme 89 Cross-coupling in an iron-containing ionic liquid

Scheme 90 Arylation of chloro-derivatives
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difficult thus limiting the scope of the cross-coupling. To circumvent this difficulty,

Nakamura et al. examined the iron cross-coupling of the softer nucleophiles

(di)arylzinc reagents with alkyl halides. A diarylzinc reagent (prepared from 1 equiv

of ZnCl2 and 2 equiv of PhMgBr), in the presence of FeCl3 and TMEDA, reacted

smoothly with bromocycloheptane to give the expected coupling product. Using

phenylzinc halide prepared from 1 equiv of ZnCl2 and 1 equiv of PhMgBr, no

reaction occurred demonstrating the importance of diarylzinc reagents. Interest-

ingly, the presence of a magnesium salt was crucial as a diphenylzinc prepared from

phenyllithium (2 equiv) and zinc dichloride (1 equiv) was totally unreactive. It is

worth noting that to avoid the loss of an aryl group, a non-transferable group could

be introduced on the zinc atom (Scheme 92) [157].

The coupling of polyfluorinated diarylzinc reagents with alkyl halides was then

examined. However, with these nucleophiles, the catalytic system composed of

FeCl3 and TMEDA proved ineffective. The authors suspected a catalyst poisoning

caused by fluoride anions generated in situ by a side reaction between the iron

complex and the fluoroaromatic groups. Among the screened ligand, 1,2-

bis(diphenylphosphino)benzene (dppbz) was the most efficient and selective toward

the formation of the coupling product. Using this catalytic system, mono-, di-, and

tri-fluoro arylzinc reagents were efficiently coupled to a variety of alkyl halides

(Scheme 93) [158].

Scheme 91 Arylation of an
alkyl fluoride

Scheme 92 Arylation of alkyl bromides using arylzinc reagents
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A cross-coupling involving diarylzinc reagents and alkyl halides bearing

b-fluorines was performed under iron catalysis. The main by-product observed

was 263, which resulted of a deiododefluorination and, using a mixture of TMEDA3

and diphenylphosphinopropane (dppp) together with FeCl2, gave the best selectivity

in favor of the coupling product 262 (Scheme 94) [159].

6.1.1.3 With lithium Arylborates Nakamura et al. developed an iron-catalyzed

Suzuki-type cross-coupling between alkyl halides and lithium arylborates prepared

from arylboronic acid pinacol ester and alkyllithium reagents. An iron complex

bearing two bulky phosphine ligands was identified as the best catalyst in this

reaction and the addition of MgBr2 was necessary. The coupling was applied to a

range of primary and secondary alkyl halides possessing sensitive groups such as

esters, nitriles, and ketones (Scheme 95) [160].

A few years later, Bedford et al. demonstrated that the catalytic system could be

simplified by using either Fe(acac)3 or FeCl2(dppe), thus avoiding the bulky and

expensive diphosphine ligand (Scheme 96) [161].

6.1.1.4 With Tetraarylaluminates The same authors also examined briefly the

cross-coupling between alkyl halides and arylaluminates using the iron complex Fe
5 as the catalyst. The coupling products were obtained in good yields but only one

out of the four aryl groups was transferred (Scheme 97) [125] (for a cross-coupling

between triarylaluminium reagents and alkyl halides using FeCl2(dppbz)2 as

catalyst, see [162]).

Tetraarylaluminates prepared by transmetalation from the corresponding Grig-

nard reagent and AlCl3 were efficiently coupled to a variety of halohydrins using the

iron catalyst Fe 14. A good diastereoselectivity in favor of the trans-isomer was

generally obtained (Scheme 98) [163].

6.1.2 Alkyl pseudohalides

6.1.2.1 With Aryl Grignard Reagents Alkyl pseudohalides and particularly

sulfonyl chlorides, sulfur and sulfone derivatives could be involved in a

desulfinylative iron-catalyzed cross-coupling with aryl Grignard reagents. The

desulfinylative arylation of alkyl sulfonyl chlorides was performed using a catalytic

Scheme 93 Coupling of a polyfluorinated diarylzinc reagent with bromocycloheptane

3 ZnCl2�TMEDA was used as a source of TMEDA.
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amount of Fe(acac)3 in a THF/NMP mixture delivering the products in moderate

yields. In 2013, Denmark et al. studied the cross-coupling involving alkyl aryl

thioethers or aryl alkylsulfones as the electrophilic partner. Using Fe(acac)3 as the

Scheme 94 Coupling of a diarylzinc reagent with 261 bearing b-fluorines

Scheme 95 Arylation of alkyl bromides using lithium arylborates

Scheme 96 Suzuki-type cross-coupling between alkyl halides and lithium arylborates
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catalyst, cyclopentyl methyl ether (CPME) was selected as the solvent and no

additional ligand was required for the coupling of thio ethers. In contrast, the

addition of an excess of TMEDA was necessary to reach satisfactory yields when

sulfones were used as starting materials (Scheme 99) (see Refs. [43] and [164]).

[Fe 5] (5 mol %)

80 °C, THF

83% (NMR yield)

MgCl[Al(p-Tol)4]Br p-Tol

Ph2
P

P
Ph2

Fe

N

N

Ph2
P

P
Ph2

Fe 5

254 271 272

Scheme 97 Arylation of bromocycloheptane with an organoaluminate reagent

Scheme 98 Coupling between halohydrins and tetraarylaluminates

Scheme 99 Desulfinylative iron-catalyzed cross-coupling with aryl Grignard reagents
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6.1.2.2 With Arylzinc Reagents A cross-coupling between alkyl tosylates and

arylzinc reagents was developed using FeCl3 and TMEDA as the catalytic system

(Scheme 100) [165].

6.2 Coupling with Alkenyl Organometallics (Csp3-Csp2)

6.2.1 With alkenyl Grignard Reagents

The reported examples of iron-catalyzed alkenylation of alkyl halides remain rare in

the literature (for a seminal example, see [166]). In 2007, Cossy et al. and Cahiez

et al. reported in independent work the cross-coupling between alkyl halides and

alkenyl Grignard reagents [167, 168]. In the first article, iron trichloride associated

to an excess of TMEDA efficiently promoted the alkenylation of a range of primary

and secondary alkyl iodides and bromides. [118a] In the second report, it was

demonstrated that the amount of ligand could be lowered by addition of HMTA to

the reaction mixture. [118b] The less hygroscopic Fe(acac)3 was preferred over

FeCl3 and both TMEDA and HMTA were introduced in a catalytic amount. This

ternary system efficiently catalyzed the cross-coupling between alkyl halides and

various alkenyl Grignard reagents (Scheme 101).

This iron-catalyzed alkenylation was applied in the synthesis of natural products

notably in synthetic studies towards the cytotoxic metabolite, spirangien A. In 2013,

Rizzacasa et al. performed an iron-catalyzed cross-coupling on a highly function-

alized alkyl iodide to introduce the trisubstituted double bond present in spirangien

A. The high yield obtained in the coupling product illustrated the high functional

group tolerance of the reaction (Scheme 102) [169, 170] (for other examples of

applications in the synthesis of natural products, see [171, 172]).

Scheme 100 Coupling between alkyl tosylates and arylzinc reagents

Scheme 101 Alkenylation of alkyl halides
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The same catalytic system was applied to the alkenylation of C-bromo

mannopyrannose within the synthesis of a fragment of amphidinol 3 (Scheme 103).

A slow addition of a mixture of the Grignard reagent and TMEDA (200 mmol.h-1)

was essential to get high yield in the coupling product [173].

6.2.2 With Alkenylzinc Reagents

In order to use more functionalized alkenyl organometallics in the cross-coupling

with alkyl halides, Nakamura et al. turned their attention towards alkenylzinc

reagents. The use of diorganozinc reagents was required and the addition of an

excess of TMEDA was crucial to get high yield in the coupling product. A non-

transferable alkyl group could be introduced on the zinc atom to prevent the loss of

one alkenyl moiety (Scheme 104) [174].

6.2.3 With Alkenyl Borates

A Suzuki-type cross-coupling involving an alkenyl lithium borate and alkyl halides

was reported in 2012. The reaction was catalyzed by the bulky iron complex Fe 14
and the addition of MgBr2 was essential. High yield in favor of the cross-coupling

product was obtained and a complete retention of the geometry of the double bond

was observed (Scheme 105) [175].

6.3 Coupling with Alkynyl Organometallics (Csp3-Csp)

In 2011, Nakamura et al. developed an iron-catalyzed alkynylation of non-activated

alkyl halides using an iron catalyst possessing a bulky bisphosphine ligand. This

‘‘Sonogashira-type’’ coupling was performed on a range of primary and secondary
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Scheme 102 Application to the synthesis of a precursor of spirangien A

Scheme 103 Alkenylation of a C-bromo mannopyrannose
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alkyl halides delivering the alkynes in good yields. Few years later, the reaction

conditions were simplified by Xu et al. who demonstrated that the cross-coupling

could be performed using FeBr2 in the absence of any ligand in a THF/NMP

mixture (Scheme 106) [176, 177].

6.4 Coupling with Alkyl Organometallics (Csp3-Csp3)

6.4.1 With Alkyl Grignard Reagents

The alkyl–alkyl cross-coupling is particularly difficult because of competitive side

reactions such as homocoupling, disproportionation, dehalogenation, or b-elimina-

tion. As a consequence, only few examples of iron-catalyzed alkyl–alkyl cross-

Scheme 104 Alkenylation using alkenylzinc reagents

Scheme 105 Suzuki-type coupling between an alkenyl lithium borate and an alkyl halide
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couplings are reported in the literature and further developments and optimization

are still needed. The first study concerning the iron-catalyzed (sp3)-(sp3) coupling

was reported in 2007 by Chai et al. A panel of ligands was tested for the coupling of

bromododecane with n-butylmagnesium bromide in the presence of a catalytic

amount of Fe(OAc)2. Among the amines, phosphites, and phosphines tested,

XantPhos gave the best result toward the formation of the coupling product.

However, the formation of the dehalogenated product as well as the homocoupling

product could not be totally suppressed. In addition, the reaction is limited to

primary alkyl bromides (modest yields of ca. 40 % were obtained starting from

secondary alkyl bromides) and only non-functionalized compounds were involved

(Scheme 107) [178].

The precedent reaction was improved by replacing the phosphine by a NHC

ligand. Variable yields ranging from 36 % to 88 % were obtained in the coupling

products and the scope was broaden as functional groups such as acetals, esters, or

carbamates on the alkyl iodide as well as on the Grignard reagent were tolerated

(Scheme 108) [179].

The cross-coupling between homobenzylic methyl ethers and alkyl Grignard

reagents was reported using FeF2 and PCy3. To explain the formation of the

coupling product, the authors hypothesized an elimination of the methoxy group

Scheme 106 Alkynylation of alkyl halides

Br
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Scheme 107 Alkyl-alkyl cross-coupling
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using the Grignard reagent as a base followed by a carbometalation of the resulting

alkene C with an alkyl-Fe species A. A transmetalation of intermediate D with the

Grignard reagent furnished E that could provide the coupling product by quenching

the reaction with ethanol (Scheme 109) [180] (for an example of an iron-catalyzed

cross-coupling of CH2Cl2, CHCl3, and CCl4 with alkyl organometallics, see [181]).

6.4.2 With Tetraalkylborates

A catalytic system composed of Fe(acac)3 and XantPhos was efficient to promote a

Suzuki type cross-coupling between alkyl halides and tetraalkyl borates. The latter

were obtained by hydroboration of an olefin using BH3�Me2S followed by addition

of isopropyl magnesium chloride to form the ate complex. Under these conditions,

moderate-to-good yields were obtained in favor of the alkyl–alkyl coupling products

(Scheme 110) [182].

Scheme 108 Alkyl-alkyl cross-coupling in the presence of a NHC ligand

Scheme 109 Cross-coupling involving a homobenzylic methyl ether
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7 Acyl Electrophiles

7.1 Acyl Chlorides and Acyl Cyanides

7.1.1 With Grignard Reagents

In the absence of any catalyst, the reaction between an acyl chloride and a Grignard

reagent generally provides a mixture of ketone and tertiary alcohol resulting from a

bis-addition of the Grignard reagent. In 1953, Cook et al. were the first to perform

an iron-catalyzed cross-coupling between an acyl chloride and an alkyl Grignard

reagent. The addition of a catalytic amount of FeCl3 allowed reaching selectively

the ketone product (Scheme 111) [183].

Marchese et al. generalized the reaction to a variety of acyl chlorides and

Grignard reagents delivering the ketone product in high yields (Scheme 112)

[184, 185]. The method was applied to the synthesis of 2,4,6-cycloheptatrienyl

ketones [186].

The reaction was further extended to acyl chlorides and Grignard reagents

bearing sensitive functional groups such as esters and acetals. Interestingly, a

complete selectivity was observed toward the coupling of the acyl chloride with the

Grignard reagent when an aryl bromide was present on the substrate (Scheme 113)

[29] (for a supported catalysis, see [187]).

The reaction was applied to the synthesis of the musk odorant (3R)-(Z)-5-

muscenone (Scheme 114) [188].

The use of a di-Grignard reagent in a cross-coupling with an acyl chloride

furnished the symmetrical diketone (Scheme 115) [189].

As an alternative to acyl chlorides, acyl cyanides could be used as partners in

iron-catalyzed cross-coupling with Grignard reagents. The use of acyl cyanides

instead of acyl chlorides could be advantageous for the preparation of diaryl ketones

as the coupling between aryl acyl chlorides and aryl Grignard reagents generally

proceeds with moderate yields (Scheme 116) [190, 191].

R1 R2

Br
[R4iPrB][MgCl]

BH3lMe2S R3

1/ THF, 60 °C
2/ iPrMgCl

Fe(acac)3 (3-5 mol %)
XantPhos (6-10 mol %)

rt-60 °C,THF R1 R2

R

54-82%

Scheme 110 Coupling between alkyl bromides and tetraalkylborates

Scheme 111 Alkylation of an acyl chloride
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7.1.2 With Alkylzinc Reagents

The iron-catalyzed acylation of organozinc reagents using acyl chlorides has been

reported in 1996 (Scheme 117) [192].

Scheme 112 Functionalization of acyl chlorides

Scheme 113 Cross-coupling involving functionalized acyl chlorides

Cl

O
BrMg
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Scheme 114 Application to the synthesis of muscenone

Scheme 115 Coupling of a di-Grignard reagent with an acyl chloride
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7.2 Imidoyl Chlorides

Iron-catalyzed cross-coupling involving imidoyl chlorides and Grignard reagents

have been developed. The cross-coupling was carried out in a THF/NMP mixture in

the presence of a catalytic amount of Fe(acac)3 and tolerated several functional

groups including esters and Weinreb amides (Scheme 118) [193].

7.3 Thioesters

Thioesters were also identified as good partners in iron-catalyzed cross-coupling

reaction with alkyl and aryl Grignard reagents. Particularly, S-phenyl carbonochlo-

ridothioate could be involved in two successive selective cross-couplings involving

a nickel salt and then an iron salt as catalysts (Scheme 119) [194, 195].

8 Mechanism Investigations

Since the pioneering work of Kochi [13–16], the mechanism of iron-catalyzed

cross-coupling has been thoroughly investigated. Several points have been debated

such as the oxidation state of the active catalyst, the nature and the order of the

elementary steps, the presence of radical intermediates, or the role of the ligand.

Depending on the nature of the two partners, different pathways could be involved.

Scheme 116 Arylation of acyl
chlorides and cyanides

Scheme 117 Alkylation of an acyl chloride using an organozinc reagent

Scheme 118 Alkylation of an imidoyl chloride
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In addition, the study and identification of the active in situ generated catalysts is

rendered difficult by their high sensitivity and short lifetime. In this section, a brief

overview of the works that have been done to address these different questions is

given. For the sake of clarity, we tried to divide this section into four main parts

even if some results could be interconnected.

8.1 Oxidation State of the Active Catalyst in Kumada-Type Cross-Coupling
[196]

8.1.1 Iron-Catalyzed Csp2-Csp3 Cross-Couplings

The first question that arises when considering iron-catalyzed cross-coupling is the

nature of the active catalyst. Indeed, Fe(III) or Fe(II) salts are generally employed as

commercially available and bench stable pre-catalysts but it is well accepted that a

preliminary reduction of these iron salts induced by the Grignard reagent is required

to initiate the catalytic cycle. The nature of the resulting low-valent iron complex,

whose oxidation state should be inferior or equal to one, has been the object of

several debates.

In the 1970s, Kochi et al. were the first to examine the mechanism of iron-

catalyzed cross-coupling between alkenyl halides and alkyl Grignard reagents [16].

To determine the oxidation state of the active catalyst, they studied the reaction

between Fe(III) salts and methylmagnesium bromide that should proceed according

to the equation presented in Scheme 120. By using GC analysis, they measured the

amount of methane and ethane formed and deducted the n number. This

experimental investigation led them to postulate the formation of a Fe(I) species

(n = 2). However, the possible formation of a Fe(0) was not completely excluded.

Inspired by the mechanism proposed for nickel-catalyzed Kumada cross-

coupling, they hypothesized the pathway depicted in Scheme 121 that included

an oxidative addition of the alkenyl halide to the reduced iron center followed by a

transmetalation and a reductive elimination. However, they clearly precised that this

mechanism was a basis for discussion and that deeper investigations were needed

[16, 197–199].

In the cross-coupling between aryl chlorides and Grignard reagents, Fürstner

et al. observed a marked difference of reactivity between methylmagnesium

bromide and ethylmagnesium bromide. When methylmagnesium bromide was used,

Scheme 119 Successive cross-
couplings involving a chloro-
thioester

Scheme 120 Reduction of Fe(III) by CH3MgBr
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no reaction occurred whereas the coupling product was delivered in quantitative

yield in the presence of ethylmagnesium bromide (Scheme 122) [200].

This difference was attributed to the absence of b-hydrogens on methylmagne-

sium bromide and two pathways were proposed according to the nature of the

Grignard reagents. According to a previous work concerning the formation of

‘‘inorganic Grignard reagents’’, [201, 202] four equivalents of ethylmagnesium

bromide could react with a Fe(II) salt to give the new iron species [Fe(MgX)2]. In

this species, iron centers are connected to the magnesium centers via fairly covalent

interactions to form small clusters and the iron center possesses the formal oxidation

state (-II) (Scheme 123). Owing to its high nucleophilic character, this non-

stabilized Fe(-II) species is able to oxidatively add to aryl halides [203] and the

authors hypothesized that Fe(-II) could be the active catalyst of the cross-coupling

[38, 143].

To support the involvement of this Fe(-II) species, a reaction between aryl

chloride 109 and a highly activated Fe(0) powder was tested. No insertion was

observed whereas when an excess of an alkyl Grignard reagent was added to the

Fe(0) powder, the coupling product was formed (the yield in 325 was not

mentioned) (Scheme 124) [63, 64, 200].

To bring an additional experimental evidence, the Fe(-II) ferrate complex

[Li(TMEDA)]2[Fe(C2H4)4] (Fe 15) was prepared as a mimic of [Fe(MgX)2]. It was

successfully used as a catalyst for the coupling between aryl halides and alkyl

Scheme 121 Hypothesized
mechanism by Kochi et al.

Scheme 122 Difference of
reactivity between MeMgBr and
EtMgBr
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Grignard reagents and for the arylation of alkyl halides with aryl Grignard reagents

demonstrating that this Fe(-II) species can be able to enter into the catalytic cycle

(Scheme 125) [141, 200].

The mechanism depicted in Scheme 126 including an oxidative addition, an

alkylation and a reductive elimination was proposed.

When using Grignard reagents that do not possess b-hydrogens such as MeMgBr

or PhMgBr, an organoferrate complex is supposed to be formed [143].

With the objective to reconcile the two different scenarios proposed by Kochi

et al. [13–16] and by Fürstner et al. [141, 200] Norrby and coworkers re-examined

the iron-catalyzed cross-coupling between aryl chlorides or triflates and alkyl

Grignard reagents [204]. At first, they studied the reaction between an aryl chloride

and an increasing amount of C8H17MgBr in the presence of an iron salt by titrating

the starting material, the coupling product and octane. This plot allowed them to

highlight the existence of three phases: an initiation phase corresponding to the

reduction of the iron salt, a linear phase when the coupling occurred and a

deactivation phase. They next proceeded to a Hammett study using several

substituted aryl triflates as electrophilic partners. They showed that electron-

withdrawing groups on the aryl triflate strongly accelerated the reaction and a

Hammett constant of q = ?3.8 was determined. This strongly positive q value

indicated that a negative charge is created on the aromatic ring during the transition

state of the oxidative addition. Two catalytic cycles were envisaged (Scheme 127):

the first one (pathway a) was the one proposed by Kochi et al., including an

oxidative addition followed by a transmetalation and a final reductive elimination.

Scheme 123 Formation of a Fe(-II) species

Scheme 124 Cross-coupling using Fe(0)* powder as the catalyst
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Scheme 125 [Li(TMEDA)]2[Fe(C2H4)4]-catalyzed cross-coupling

Scheme 126 Hypothesized
mechanism by Fürstner et al.

Scheme 127 Two possible
pathways for iron-catalyzed
cross-coupling
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In the second one (pathway b), the transmetalation occurred first, followed by

oxidative addition and reductive elimination.

Finally, Norrby et al. have performed computational studies to determine the

oxidation state of the active iron catalyst. Four active catalysts were postulated

whose oxidation ranged from Fe(-II) to Fe(I) and a model reaction between phenyl

chloride and ethyl magnesium chloride was selected. To determine the oxidation

state of the active catalyst, the authors focused on the free energies of the reductive

elimination, which is the common step to the two possible catalytic cycles proposed.

In the presence of Fe(-II) and Fe(-I) catalysts, the reductive elimination revealed to

be very endergonic making these oxidation states thermodynamically unfavorable.

To differentiate the Fe(II)/Fe(0) cycle from a Fe(III)/Fe(I) cycle, the activation

barrier for the reductive elimination was calculated and a very low DG= was

obtained for the Fe(III)/Fe(I) couple validating the initial hypothesis of Kochi et al.

(Table 1) [205].

To explain the successful results of the Fe(-II) pre-catalyst in the cross-coupling

described by Fürstner et al., the authors proposed that a double oxidative addition of

the halide to the Fe(–II) center could occur giving a R2Fe(II) species that could

combine with another Fe(II) salt to release a Fe(I) species (Scheme 128).

In contrast, it was not possible to decide between the ‘‘oxidative addition first’’

and the ‘‘transmetalation first’’ pathways using calculations as very tiny differences

of free energy were obtained. The authors hypothesized that the two modes could be

operating depending on the concentration of the different partners. In both

scenarios, the oxidative addition would be the rate-limiting step.

In a subsequent article, the same group performed a competitive Hammett study

for the cross-coupling between cyclohexyl bromides and p-substituted aryl Grignard

reagents [206]. A moderate correlation was found between the relative rate

(log(krel)) and the r value and an estimated q value of -0.5 was calculated. This

negative value showed that Grignard reagents bearing electron-donating substituents

were more reactive in the cross-coupling. As previously, two different pathways

(‘‘oxidative addition first’’ or ‘‘transmetalation first’’) could be operative and the

authors hypothesized that the mechanism may differ according to the

Table 1 Free energies of the reductive elimination step

[Fe] Ox. statea DG (kJ/mol) DG= (kJ/mol)

FeMg (-II) 195 –

FeMgCl (-I) 94 –

Fe (0) 30 191

FeCl (?1) -181 10

a Oxidation state of Fe after reductive elimination

Scheme 128 Hypothetic role of the Fe(-II) species in cross-coupling
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nucleophilicity of the Grignard reagents justifying the difficulties encountered

during the Hammett plot.

Based on DFT calculations, the same group suggested that an atomic transfer

process could be lower in energy compared to a classical oxidative addition.

However, their calculations were performed on a specific iron alkoxide catalyst and

the energy levels strongly depend on the number of solvent molecules coordinated

to the iron center [207].

The paramagnetic character of the iron species formed during the cross-couplings

made difficult the collection of experimental evidences notably using spectroscopic

methods. Bauer et al. used X-ray absorption spectroscopy to determine the nature of

the active catalyst [208]. XANES (X-ray absorption near edge structure) experi-

ments performed on Fe(acac)3 in the presence of an increasing amount of PhMgCl

(0–4 equiv) led to the hypothesis of a Fe(I) center. In addition, they demonstrated

that only 3 equiv of the Grignard reagent were necessary to access the active

catalytic species. This result was confirmed by a quantitative analysis (GC) of the

biphenyl product resulting from the reduction of iron by the Grignard reagent.

EXAFS (extended X-ray absorption fine structure) were also carried out to get some

insights concerning the structure of the active iron species. The formation of

Fe(I) clusters was suggested and the existence of a [Fe(I)-Ph]n active species was

proposed rather than the usual [Fe(I)-X] complex. Finally, a classical catalytic cycle

including an oxidative addition, a transmetalation and a reductive elimination was

suggested (A Fe(II)/Fe(0) scenario was also proposed elsewhere, see ref. [131])

[209].

8.1.2 Iron-Catalyzed Csp2-Csp2 Cross-Coupling

Jutand et al. combined NMR spectroscopy, EPR spectroscopy and cyclic

voltammetry to investigate the mechanism of iron-catalyzed aryl–aryl cross-

coupling [210]. Based on these three techniques, they showed that phenylmagne-

sium bromide was able to reduce Fe(acac)3 to the Fe(I) complex [MgBr]?

[PhFe(I)(acac)]- by the mean of a first monoelectronic reduction followed by a

transmetalation and a second monoelectronic reduction (Scheme 129). The

oxidation step of the final Fe(I) complex was confirmed by EPR spectroscopy.

The Fe(I) complex revealed rather unstable and could undergo a dismutation to

give a Fe(II) complex and undefined Fe(0) species, which appeared as black

precipitate in the reaction mixture (Scheme 130).

Scheme 129 Hypothetic Fe(I) active catalyst by Jutand et al.

Top Curr Chem (Z) (2016) 374:49

123 320 Reprinted from the journal



The authors next compared the reactivity of [PhFe(I)(acac)]- toward phenyl

iodide and 2–chloropyridine and significant differences were observed. The iron

complex [PhFe(I)(acac)]- reduced PhI to give [PhFe(II)(acac)] and a phenyl radical

that could abstract a hydrogen from THF to deliver benzene. DFT calculations

showed that this monoelectronic reduction was facilitated by an interaction between

the iron center and the iodide and proceeds according to an inner-sphere

mechanism. The resulting Fe(II) complex was unable to react with PhI and could

be reduced by the Grignard reagent in excess to regenerate the Fe(I) species

(Scheme 131). Under these conditions, no coupling product was formed.

In stark contrast, no halogen-bonding was operating between the Fe(I) center and

the chlorine of 2-chloropyridine. DFT calculations highlighted an SNAr-type

oxidative addition of the chloropyridine to the metal center providing a 2-Py-Fe(III)

complex. A reductive elimination delivered the coupling product and the

Fe(I) complex [Fe(I)(acac)Cl]-, which after transmetalation led to the initial

Fe(I) catalyst (Scheme 132).

This study explained why the aryl–aryl cross-coupling is much easier when

electron-poor heteroaryl halides are used instead of aryl halides and why in the latter

case, the homocoupling of the Grignard reagent is the major product.

Nakamura et al. demonstrated that iron fluoride showed excellent performance in

aryl–aryl cross-coupling [62]. In combination with a NHC ligand, the coupling

product was formed and few amounts of the homocoupling product were detected.

These observations were in contrast with the results obtained with FeCl2 or FeCl3.

The authors hypothesized that upon treatment of iron chloride with the Grignard

reagent, a ferrate complex of type [Ph4Fe][MgX]2
? could be formed and delivered

the homocoupling product after reductive elimination. In contrast, the presence of

strongly coordinated fluorides on the iron center could prevent the formation of such

Scheme 130 Dismutation of the Fe(I) species

Scheme 131 Reaction of [PhFe(I)(acac)]- with PhI
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metalate complexes thus decreasing the homocoupling side reaction. The mecha-

nism depicted on Scheme 133 was proposed. An addition of the aryl Grignard

reagent on the FeF2 complex led to the metalate G. An oxidative addition gave the

unstable high-valent Fe(IV) species H, which underwent a fast reductive elimination

providing the coupling product and the Fe(II) complex I. Upon transmetalation with

the Grignard reagent, the initial metalate G was regenerated (Scheme 133). The fast

reductive elimination should prevent the formation of ate complexes which could be

at the origin of the homocoupling products.

8.1.3 Iron-Catalyzed Csp3-Csp3 Cross-Coupling

Cárdenas et al. studied the catalytic system composed of Fe(OAc)2 and IMes�HCl,
which is active in alkyl–alkyl cross-coupling. An increasing amount of the alkyl

Grignard reagent was added to a mixture of Fe(OAc)2/IMes�HCl and the

homocoupling product was titrated using GC analysis. An increase of the quantity

of the homocoupling product upon addition of the Grignard was first observed and

stabilization to a value of 0.5 mmol per 1 mmol of Fe was then observed. According

to the equation depicted in Scheme 134, this value was in favor of a monoreduction

of the iron(II) species into an iron(I) complex. The presence of a Fe(I) was

confirmed by EPR spectroscopy [179].

8.2 Formation of Radical Intermediates

Several experimental evidences are in favor of the formation of radical interme-

diates during iron-catalyzed cross-coupling involving alkyl halides. In 2004,

Nakamura et al. showed that the cross-couplings between 1-bromo-4-t-butylcyclo-

hexane and an aryl magnesium bromide gave the same diastereomer (trans/

cis = 96:4) irrespective to the relative configuration of the starting bromide

Scheme 132 Reaction of [PhFe(I)(acac)]- with 2-chlropyridine
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(Scheme 135). This stereoconvergence suggests the presence of a radical interme-

diate [128].

When a cross-coupling was performed on an optically active bromo-alkane, a

complete loss of the enantiomeric purity was observed indicating the possible

formation of a radical species (Scheme 136) [141].

To confirm the formation of radical intermediates, several cross-couplings have

been performed on radical-clocks i.e., alkyl halides bearing a pendant olefin moiety

or a cyclopropylmethyl halide. In most cases, a cyclization/ring-opening prior to the

cross-coupling was observed. Selected examples are presented on Scheme 137

[141, 148, 167].

To explain the intervention of radical intermediates, one of the most currently

accepted hypothesis is the splitting of the oxidative addition into two consecutive

Scheme 133 Hypothetic mechanism for the aryl–aryl cross-coupling by Nakamura et al.

Scheme 134 Mechanistic hypotheses for alkyl–alkyl cross-coupling
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single electron transfer. An example of an hypothetic mechanism is proposed on

Scheme 138. However, the order of the elementary steps (‘‘SET first’’ or

‘‘transmetalation first’’) still remained uncertain [180].

Recently, Norrby and coworkers investigated the nature of the oxidative addition

using Hammett studies and proposed that an atom transfer initiated by a

coordination of the iron center to the halide could be more probable than a SET

mechanism [211]. The radical could then recombine with the Fe(II) species to give a

Fe(III) and complete the formal oxidative addition (Scheme 139).

8.3 Role of the Ligands

The precise effect of the ligand on iron-catalyzed reactions has not been fully

elucidated. Particularly, the fact that the nature of the preferred ligand varies with

Scheme 135 Stereoconvergence in the cross-coupling of 1-bromo-4-t-butylcyclohexane

Scheme 136 Loss of enantiomeric purity during an iron-catalyzed cross-coupling

Scheme 137 Radical clocks in iron-catalyzed cross-coupling

Top Curr Chem (Z) (2016) 374:49

123 324 Reprinted from the journal



the nature of the cross-coupling (Csp3-Csp2, Csp2-Csp2, Csp3-Csp3) still remains

unclear and further studies are needed. However, some research groups have tried to

investigate the role of the ligands on iron-catalyzed cross-couplings and their results

are summarized in this section.

8.3.1 Diamine Ligands

In 2009, Nakamura et al. studied the role of the TMEDA in the iron-catalyzed cross-

coupling between alkyl halides and aryl Grignard reagents [212]. The authors chose

the reaction between 1-bromooctane and mesitylmagnesium bromide and conducted

it in the presence of FeCl3 and TMEDA in a THF/C6D6 mixture. In the absence of

1-bromooctane, the iron complex (TMEDA)Fe(Mes)2 J could be isolated and

characterized by NMR, X-ray and elemental analysis (FeCl3, MesMgBr and

TMEDA were introduced in a 1:3:8 ratio). Addition of 1-bromooctane to J triggered
the formation of (TMEDA)Fe(mes)Br L together with the coupling product. Based

on experiments with radical clocks, the authors proposed the existence of a short-

lived radical K and postulated the following mechanism: TMEDA coordinates to

the iron center and this coordination initiates the catalytic cycle. In addition, a

Fe(II)/Fe(III) couple is suggested (Scheme 140). However, we should keep in mind

that the bulky mesitylmagnesium bromide may be a particular case and that the

isolation of complexes is not an absolute evidence of their involvement in the

catalytic cycle. Besides, J was formed under specific conditions (only 3 equivalents

Scheme 138 Proposed mechanism with radical intermediates

Scheme 139 Hypothesis of an atom transfer mechanism
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of Grignard calculated based the iron salt) that differ from the classical cross-

coupling conditions.

To complete this work, Bedford and coworkers studied a reaction between FeCl3,

TMEDA, and mesitylmagnesium bromide in the presence of an excess of Grignard

reagent to mimic the usual catalytic conditions [213]. They were not able to detect

(TMEDA)Fe(Mes)2 Fe 17 using 1H NMR but instead observed the formation of the

Fe(II) ate complex [Fe(Mes)3]
-. The reaction between 1-bromooctane and

[Fe(Mes)3]
- was significantly faster than the one involving Fe 17 (Scheme 141).

In addition, when the cross-coupling reaction was carried out in the absence of

TMEDA, the formation of side-products such as octane and octene increased. From

these results, the authors deduced that TMEDA does not coordinate to the iron

center in the catalytically relevant species but instead traps off-cycle intermediates

that otherwise may conduct to undesired by-products. The Fe(II) complex may be

stabilized by the bulky mesityl ligands, which prevent the reductive elimination,

thus explaining why in this special case, Fe(I) species does not seem to be involved

in the catalytic cycle. However, the authors suggested that with less bulky aryl

Grignard reagents the formation of iron complex with an oxidation state inferior to

Fe(II), i.e., Fe(I) or Fe(0) was more probable.

8.3.2 Bisphosphine Ligands

Bisphosphine ligands proved useful in a range of iron-catalyzed cross-coupling

including Kumada-type, Negishi-type and Suzuki-type cross-couplings. To identify

the catalytic species formed during the coupling between primary alkyl halides and

mesitylmagnesium bromide in the presence of FeCl2(SciOPP), Neidig et al. used a

combination of 57Fe Mössbauer spectroscopy, Magnetic Circular Dichroism (MCD)

Scheme 140 Proposed role of
the TMEDA as ligand
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and DFT calculations [214]. They first synthesized the well-defined iron complexes

Fe(Mes)Br(SciOPP) and Fe(Mes)2(SciOPP) upon addition of MesMgBr on

FeCl2(SciOPP). These two complexes were fully characterized using Mössbauer

spectroscopy and MCD. The authors next studied the reaction between FeCl2(-

SciOPP) and increasing amounts of MesMgBr to identify the in situ formed species

by comparison with their previously synthesized well-defined iron complexes. In the

presence of 1 equiv of MesMgBr, the only iron complex that could be detected was

Fe(Mes)Br(SciOPP) (Table 2, entry 1) but when 2 equiv of MesMgBr were added, a

mixture of Fe(Mes)Br(SciOPP), Fe(Mes)2(SciOPP) and [Fe(mes)3]
- was observed

(Table 2, entry 2). Interestingly, in conditions that are closer to those of the cross-

coupling (20 equiv or more of the Grignard reagent), the ate complex [Fe(Mes)3]
-

was formed together with Fe(Mes)2(SciOPP) (Table 2, entries 3–4).

These two complexes are in equilibrium that can be displaced by addition of

MesMgBr or free SciOPP. The reactivity of the in situ generated [Fe(Mes)3]
- and

Fe(Mes)2(SciOPP) towards alkyl halides proved significantly different. Fe(Mes)2(-

SciOPP) reacted cleanly with 1-iododecane to form Fe(Mes)I(SciOPP) and

mesityldecane whereas the reaction involving [Fe(Mes)3]
- and 1-iododecane led

to an equimolar mixture of mesityldecane and decene (Scheme 142). Both reactions

occurred with similar kinetic rates demonstrating that the formation of [Fe(Mes)3]
-

could dramatically reduce the selectivity of the cross-coupling.

Scheme 141 Mechanism of coupling with MesMgBr

Table 2 Reaction between FeCl2(SciOPP) and MesMgBr

Entry MesMgBr (equiv) Fe 18 (equiv) Fe 19 (equiv) Fe 16 (equiv)

1 1 1 0 0

2 2 0.03 0.90 0.07

3 20 0 0.38 0.62

4 100 0 0.02 0.98
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Notably, when MesMgBr was added slowly to a mixture containing FeCl2(-

SciOPP), the alkyl halide and free SciOPP no [Fe(Mes)3]
- could be detected. This

observation shows that the ‘‘slow addition protocol’’ combined with the presence of

the bisphosphine ligand protect the iron from the formation of undesired

[Fe(Mes)3]
- that would lead to undesired side-reaction. During the cross-coupling,

EPR spectroscopy indicated that no Fe(I) was formed, confirming the hypothesis of

a Fe(II)/Fe(III) couple. However, the authors pointed out that this situation could be

restricted to the particular case of this bulky Grignard reagent. This study is in

accordance with a mechanism proposed by Nakamura et al. for Suzuki-type cross-

coupling in the presence of FeCl2(SciOPP) (Scheme 143) [160].

The same group then extended the study to the less bulky aryl Grignard reagent

phenylmagnesium bromide using a similar experimental approach [215]. Upon

addition of 2.2 equiv of PhMgBr on FeCl2(SciOPP), the formation of the Fe(0)

complex [Fe(g6-biphenyl)(SciOPP)], resulting from a bis-addition of the Grignard

followed by a reductive elimination, was observed. However, this complex reacted

sluggishly with chloro-cycloheptane and thus, did not seem to be kinetically

relevant. Consequently, the authors focused on iron species that could be formed

prior to the reductive elimination leading to the Fe(0) inactive complex and they

showed that [Fe(Ph)X(SciOPP)] as well as [Fe(Ph)2(SciOPP)] could be formed

during the reaction. The former reacted smoothly with bromocycloheptane

delivering phenylcycloheptane (84–92 %) and cycloheptene (9–14 %) whereas

the latter gave a 1:1 mixture of phenylcycloheptane and cycloheptene. Taking

together, these data suggest that [Fe(Ph)X(SciOPP)] could be the active catalytic

species during the cross-coupling between aryl Grignard reagents and alkyl halides

(Scheme 144) [216].

8.3.3 NHC Ligands

With the objective of investigating the mechanism of cross-coupling mediated by an

iron NHC complex, (IPr2Me2)2FePh2 was prepared from FeCl2, IPr2Me2, and

phenylmagnesium bromide and characterized using X-ray diffraction, 1H NMR and

Mössbauer spectroscopy. Its reactivity with a stoichiometric amount of alkyl halide

was then studied and excellent yields for the formation of the coupling product were

obtained. In addition, when cyclopropylmethyl bromide was used a ring-opening

prior to the cross-coupling was observed suggesting the formation of radical

Scheme 142 Difference of
reactivity between Fe 19 and Fe
16

Top Curr Chem (Z) (2016) 374:49

123 328 Reprinted from the journal



intermediates. During this reaction, the main iron-containing product was

(IPr2Me2)2FePhX (Scheme 145).

Two possible mechanisms for this stoichiometric reaction between (IPr2Me2)2-
FePh2 and alkyl halides were proposed. After a single-electron transfer from the

Fe(II) complex to the alkyl halide, the resulting radical may either react with the

formed Fe(III) complex (Scheme 146, eq 10) or with an other molecule of the initial

Fe(II) complex (Scheme 146, eq 20).
The performance of (IPr2Me2)2FePh2 was lower under catalytic conditions as

alkene and alkane side products derived from the alkyl halide were formed in

significant amount. The authors suggested that in the presence of an excess of the

Grignard reagent, anionic species such as [(IPr2Me2)2FeAr3]
- or [FeAr4]

- could be

formed and would led to the formation of by-products (Scheme 147) [217].

Tonzetich et al. studied the catalytic performances of [Fe(IPr)Cl2]2 in a variety of

cross-couplings of alkyl and aryl halides with aryl and alkyl Grignard reagents

[218]. The best results were obtained for the coupling involving alkyl halides and

aryl Grignard reagents (Scheme 148).

The formation of radical intermediates was highlighted by the use of a radical

trap, BHT (2,6-di-tert-butyl-4-methylphenol) which completely inhibited the

coupling between cyclohexyl bromide and phenylmagnesium bromide. In addition,

when 1-bromo-5-hexene was used as a substrate, a mixture of the linear product 347
and the cyclic compound 348 was formed. The amount of the linear product

increased with higher catalytic loadings in the iron complex suggesting the

dissociation of the radical from the solvent cage of the catalyst (Scheme 149).

Scheme 143 Proposed
mechanism for the coupling
between alkyl halides and
MesMgBr
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Based on these results, the following mechanism was proposed. The (NHC)Fe(II)

precursor would undergo a transmetalation to give P that could perform a halogen

atom abstraction on the alkyl halide. The resulting radical would dissociate from the

metal solvent cage and would react with an aryl group present on the Fe(III)

complex to deliver the coupling product and a Fe(II) complex. A transmetalation

performed on the latter would regenerate the catalyst P (Scheme 150).

8.4 Mechanistic Investigation on Negishi and Suzuki-type Cross-Couplings

To investigate the mechanism of Negishi-type iron-catalyzed cross-coupling,

Bedford et al. chose the reaction between benzyl bromide 211 and ditolylzinc 186 in

Scheme 144 Reaction between FeCl2(SciOPP) and phenylmagnesium bromide

Scheme 145 Couplings in the presence of NHC ligands

Scheme 146 Proposed mechanisms for the reaction between [(IPr2Me2)2FePh2] and alkyl halides
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the presence of the iron catalyst Fe 2.80 The reaction proceeded smoothly at -10 �C
delivering, after 30 min, the coupling product in high yield (94 %) together with the

biaryl product (11 %) which was essentially formed at the beginning of the coupling

(Scheme 151).

p-TolylMgBr

(IPr2Me2)2FePh2 
(5 mol %)

rt, Et2O
Br

6
p-Tol

6 5 5

343 (49%) 344 (22%) 345 (13%)338 168

Scheme 147 Performance of (IPr2Me2)2FePh2 under catalytic conditions

Scheme 148 [Fe(IPr)Cl2]2-catalyzed arylation of cyclohexyl bromide

Scheme 149 Use of a radical clock in [Fe(IPr)Cl2]2-catalyzed cross-coupling

Scheme 150 Proposed
mechanism for [Fe(IPr)Cl2]2-
catalyzed cross-coupling
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To determine the oxidation state of the true iron catalyst, the reaction between the

diarylzinc and the iron complex was studied in the absence of an electrophile. The

authors argued that, under these conditions, the oxidation state of the iron catalyst

generated in situ could be directly deduced from the amount of the biaryl product

resulting from the reduction of the iron center (Scheme 152).

The titration of the biaryl product formed during the time let the authors to

postulate the formation of a Fe(I) complex. Even if the iron catalyst possessing an

oxidation state inferior to Fe(I) could be accessed by reaction with the diarylzinc

reagent, their formation was too slow regarding to the timescale of the cross-

coupling. The two Fe(I) complexes Fe 23 and Fe 24 were then synthesized and

characterized using X-ray diffraction and EPR. Both were able to catalyze the

reaction between the benzyl bromide and the diarylzinc reagent but the reaction

with Fe 24 was faster and its reaction rate was comparable to those of the classical

cross-coupling (Scheme 153). Consequently, the authors proposed that Fe 24 could

be the active catalytic species formed by reaction between the precatalyst and the

diarylzinc while complex Fe 23 could be an off-cycle species.

Br

OMe

4-Tol2Zn
[Fe 2] (5 mol %)

p-Tol

OMe

212 (94%) 170 (11%)

-10 °C, toluene

Ph2
P

P
Ph2

Cl

Cl
Fe

Fe 2

211 186

p-Tol-p-Tol

Scheme 151 Negishi-type arylation of benzylic bromide 211

Scheme 152 Reaction between the iron complex and the arylzinc reagent

[FeX2(dpbz)2]

p-Tol2Zn
[Fe(I)(dpbz)2p-Tol]

2 BnMgX
[Fe(I)(dpbz)2Br]

X = Cl, Br

Br

OMe

p-Tol2Zn
p-Tol

OMe

[Fe 23]  (97%)
[Fe 24]  (98%)

45 °C, toluene

[Fe] (5 mol %)

211 186 212

Fe 23

Fe 24

Scheme 153 Hypothesis of an iron(I) catalyst
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A similar study based on the titration of the biaryl product was carried out for the

cross-coupling between benzyl bromide and aluminates or indates [84]. In the

presence of the precatalyst Fe 2, the reaction between 211 and MgCl[M(4-Tol)4]

(M = Al, In) reached 50 % completion after only 30 s (Scheme 154). In the

absence of the benzyl bromide, the titration of the biaryl by-product indicated that,

after 30 s, a Fe(I) complex was formed.

Br

OMe

p-Tol

OMe

85 °C, toluene
MgCl[M(p-Tol)4]

[FeCl2(dpbz)2]
(5 mol %)

M = Al, In

conversion of 211 = 50% after 30 s
211 212

Scheme 154 Coupling of 211 with organoaluminate or organoindate reagents

P P

t-Bu

t-Bu

t-Bu

t-Bu

t-Bu

t-Bu

t-Bu

t-Bu

Fe

Cl Cl

R1-X
O

B
OR2

Ar

-
M+

Fe 10 (1-5 mol %)
MgBr2 (0-20 mol %)

0-40 °C, THF
R1-Ar

M = Li, MgBr

Fe 10

Scheme 155 Suzuki-type
coupling of alkyl halides with
aryl lithium borates

Scheme 156 Proposed
mechanism for the Suzuki-type
coupling
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Based on their previous studies concerning iron-catalyzed cross-couplings,[155]

Nakamura et al. proposed a mechanism for the Suzuki-type coupling between alkyl

halides and aryl borates (Scheme 155) [160].

As no biaryl product was observed during the reaction, the authors hypothesized

that no reduction of the Fe(II) complex occurred. After formation of complex

S upon reaction between the borate and the precatalyst, a homolytic cleavage of the

R-X bond afforded a Fe(III) species together with an alkyl radical (Scheme 156).

The latter reacted with an aryl group present on the iron center to give the coupling

product and a Fe(II) complex. After transmetalation, the active complex S was

regenerated. The authors hypothesized that the steric bulk induced by the phosphine

ligand may prevent the undesired formation of ferrate complexes. A similar

mechanism was proposed for the alkyl–alkyl Suzuki-type cross-coupling [182].
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