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1. Introduction

Over the past 25 years the Pd-catalyzed amination of aryl

halides and pseudohalides has become a fundamental tool in

organic synthesis for the formation of C(sp2)@N bonds.[1] The

ubiquitous nature of aryl amines and related heterocycles in

natural products, pharmaceuticals, agrochemicals, and organ-

ic molecules relevant for materials science has prompted the

development of improved catalysts and general methodolo-

gies, which nowadays find applications in both academic

research and industrial processes.[2]

Historically, the formation of C(sp2)@N bonds has been

achieved by means of either nucleophilic aromatic substitu-

tions (SNAr) or by copper-mediated processes pioneered by

Goldberg[3] and Ullmann[4] at the beginning of the 20th

century. However, these methods typically suffer from

a narrow substrate scope and require high temperatures, long

reaction times, toxic solvents and, in the latter case, high

copper loadings. In recent years, some of these drawbacks

have been overcome through the use of copper-based

catalysts (often) bearing chelating ligands.[5]

The use of palladium complexes as catalysts for the

formation of C(sp2)@N bonds was pioneered in 1983 byMigita

and co-workers, who reported that palladium complexes of

P(o-tol)3 catalyze the formation of aryl amines from aryl

bromides and aminostannanes.[6] The limitations associated

with both the narrow substrate scope achieved in this seminal

work and the use of toxic aminostannanes were later circum-

vented by Stephen L. Buchwald and John F. Hartwig, who

independently reported first, in 1994, an improved protocol

for the coupling of aryl bromides and aminostannanes[7] and

later, in 1995, a tin-free Pd-catalyzed coupling of aryl

bromides with amines.[8] This breakthrough, together with

subsequent efforts from both groups towards a general and

efficient methodology for C@N bond formation and a deep

mechanistic understanding of the process, led to the establish-

ment of what nowadays is known as the Buchwald–Hartwig

amination reaction.

The aim of this Minireview is to give an overview of the

evolution of the Buchwald–Hartwig amination from its

discovery to the state of the art protocols, including recent

applications of this methodology in both academic and

industrial contexts. The main focus will therefore be on the

Pd-catalyzed formation of C(sp2)@N bonds, and consequently,

neither the use of other transition metals as catalysts for this

transformation[5, 9] nor the Pd-cata-

lyzed formation of other C(sp2)–

heteroatom bonds[10] will be discussed.

2. Evolution of the Catalyst and
Implications for the Substrate
Scope

The scope of the Buchwald–Hart-

wig amination has been widely illus-

trated for a variety of arene and amine

coupling partners. Nonetheless, the

choice of the catalyst is largely depen-

dent on the geometric and electronic

features of the substrates. As a consequence, the catalytic

system initially established for the Pd-catalyzed coupling of

aryl bromides with aminostannanes[7] has gradually evolved

into several generations of catalysts with distinct advantages

and limitations.

2.1. First Generation: Tri-o-Tolylphosphine as a Ligand

The seminal reports by Migita and co-workers[6] inspired

the development of the first general procedures for the

coupling of aryl bromides and free amines in the absence of

toxic aminostannane reagents, which relied on the use of

a Pd0/P(o-tol)3 complex as the catalytically active species in

the presence of a base, and the use of either toluene or THFas

the solvent (Scheme 1).[8] These protocols enabled the

preparation of a range of arylamines from the corresponding

dialkyl or alkylaryl secondary amines and functionalized

bromoarenes. However, primary amines could not be effi-

The Pd-catalyzed coupling of aryl (pseudo)halides and amines is one

of the most powerful approaches for the formation of C(sp2)@N bonds.

The pioneering reports from Migita and subsequently Buchwald and

Hartwig on the coupling of aminostannanes and aryl bromides rapidly

evolved into general and practical tin-free protocols with broad

substrate scope, which led to the establishment of what is now known

as the Buchwald–Hartwig amination. This Minireview summarizes the

evolution of this cross-coupling reaction over the course of the past

25 years and illustrates some of the most recent applications of this

well-established methodology.

Scheme 1. Pd-catalyzed coupling of aryl bromides and secondary

amines using P(o-tol)3 as the ligand. THF= tetrahydrofuran.
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ciently coupled due to a competitive b-hydride elimination

process leading to the formation of the reduced arene from an

Ar-PdII-H intermediate. As in the case of the coupling with

aminostannanes,[7a] aryl iodides provided lower yields of the

coupled arylamines, which was later circumvented by the use

of 1,4-dioxane as the reaction medium.[11] In contrast, aryl

iodides proved to be superior substrates for the intramolec-

ular version of this reaction.

The use of Pd2(dba)3 in combination with P(o-tol)3
successfully promoted the intramolecular C@N coupling of

enantiomerically enriched a-substituted secondary amine and

amide substrates with no erosion of their optical activity.[12]

The utility of this method was illustrated with the synthesis of

2, which is a key intermediate in the synthesis of the

angiotensin converting enzyme (ACE) inhibitor 3

(Scheme 2). Nonetheless, the intermolecular version of this

protocol led to (partial) racemization because of a competitive

b-hydride elimination.

2.2. Aromatic Bisphosphine Ligands

The use of aromatic bisphosphines as ligands for Pd-

catalyzed C@N couplings constituted the first step towards the

generalization of this method. Hence, the utilization of

palladium complexes of either DPPF[13] or BINAP[14] as

catalysts in the presence of NaOtBu led to a general improve-

ment of the yields previously reported, as well as to the

successful arylation of primary amines (Scheme 3). A key

feature of the success of these ligands was the fact that the

reductive elimination of the coupled products was favored

over b-hydride elimination due to the chelating effect of the

bisphosphine ligands to the metal center. Subsequent studies

demonstrated that, under similar reaction conditions, these

complexes promoted the coupling of not only aryl bromides

and iodides but also aryl triflates.[15] Furthermore, the use of

more sterically hindered ferrocene-based dialkylphosphines,

such as 1,1’-bis(di-tert-butylphosphino)ferrocene (DtBPF),

resulted in an enhancement of the coupling rates and, more

importantly, allowed for both the first amination of aryl

tosylates and the amination of aryl chlorides under mild

reaction conditions.[16] Concurrently, the amination of aryl

chlorides with both primary and secondary amines was also

accomplished through the use of Ni(COD)2 (COD= cyclo-

1,5-octadiene) in combination with DPPF[17] and other

bidentate ligands such as 2,2’-bipyridine.[18] In addition, the

use of a well-defined BINAP-containing Ni0 complex later

allowed for the Ni-catalyzed amination of (hetero)aryl

halides with primary aliphatic amines.[19]

Unlike in the case of P(o-tol)3, the use of either BINAP or

DPPF as ligands in the Pd-catalyzed intermolecular N-

arylation of enantiomerically enriched a-substituted amines

provided the coupled products with no loss of enantiomeric

purity.[12] As in the coupling of primary amines, these results

were attributed to the bidentate coordination of the bi-

sphosphine ligand to the palladium center, which precludes

the equilibration between palladium imine complexes that
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Scheme 2. Intramolecular C@N coupling of enantiomerically enriched

a-substituted secondary amine 1.

Scheme 3. Pd-catalyzed C@N coupling using aromatic bisphosphine

ligands. Tf= trifluoromethanesulfonyl, Ts-4-toluenesulfonyl.
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result from b-hydride elimination. Other N-nucleophiles such

as imines,[20] azoles,[21] lactams,[22] and sulfoximines[23] could

also be efficiently arylated under related reaction conditions.

In this context, the arylation of benzophenone hydrazones

was coupled to hydrolysis and trapping with an excess of

either aldehydes or ketones, which led to a novel entry into

the Fischer indole synthesis.[24] Furthermore, alkenyl bro-

mides[25] and triflates[26] could also be used as coupling

partners to form enamines and imines upon Pd-catalyzed

amination using BINAP as ligand.

POP-type phosphines were also examined as ligands in

Pd-catalyzed C@N couplings (Figure 1). The palladium com-

plex of bis[2-(diphenylphosphino)phenyl] ether (DPEphos)

proved to be a highly competent catalyst for the coupling of

anilines with aryl bromides, with an activity that either equals

or exceeds that of the corresponding BINAP and DPPF

complexes.[27] The structurally related Xantphos ligand in

combination with a palladium source promoted the coupling

of aryl halides with different N-nucleophiles, such as

amines,[28] amides,[29] sultams,[30] and ureas.[31] More recently,

the use of Xantphos enabled the Pd-catalyzed coupling of

aniline with aryl fluorosulfonates.[32] It was also found that the

use of catalytic amounts of metal triflates accelerates the

coupling of aryl halides with amides when Pd(dba)2/XantPhos

is used as the catalyst.[33] Furthermore, unactivated aryl

chlorides have been coupled to secondary amines using the

phenoxazine-based NiXantphos ligand.[34]

2.3. Sterically Hindered Monophosphine Ligands

The limited success in the amination of aryl chlorides

initially encountered through the use of bidentate aromatic

bisphosphine ligands, together with the high temperatures

typically required for C@N couplings, prompted the quest for

ligands that generate more active catalysts to achieve both

a broader substrate scope and milder reaction conditions. It

was expected that more-electron-rich bidentate phosphines

would facilitate the rate-limiting oxidative addition step by

increasing the electron density around the metal center. In

this context, the aminophosphine ligand Davephos (4) was

initially synthesized by Buchwald and co-workers and ex-

plored in Pd-catalyzed C@N coupling reactions, which led to

a highly active catalyst for the amination of aryl bromides and

chlorides (Scheme 4).[35] The superior activity of this system

allowed the amination of a number of aryl bromides, and even

one activated aryl chloride at room temperature.

Subsequent studies on the use of 4 as a ligand for Pd-

catalyzed C@O bond-forming reactions revealed no need for

the coordination of the amino group to achieve effective

catalysis,[36] which ultimately led to the development of a new

series of biaryl phosphane ligands that would play a pivotal

role in C@N coupling reactions (Figure 2).[37] As illustrative

examples, the Pd-catalyzed amination of a range of aryl

chlorides was accomplished with a variety of amine coupling

partners through the use of either JohnPhos (5) or CyJohn-

Phos (6) as ligands.[38] The more sterically demanding XPhos

ligand (7) enabled the expansion of the scope of the

amination of aryl halides, the development of protocols for

both the amination and amidation of aryl sulfonates, as well as

the first aqueous amination that does not necessitate the use

of a co-solvent.[39]This ligand also proved to be effective in the

Pd-catalyzed amination of heteroaryl halides[40] and allowed

for the selective formation of either di- or triarylamines from

aryl halides and ammonia.[41] A major breakthrough came

with the discovery of BrettPhos (8), which promoted the

amination of aryl mesylates and the selective monoarylation

of primary amines with aryl chlorides.[42] Structurally related

tBuBrettPhos (9) enabled the coupling of amides with aryl

chlorides.[43] In addition, RuPhos (10) turned out to be

a superior ligand for the coupling of secondary amines with

aryl chlorides.[44] This series of dialkylbiaryl phosphane

ligands was not only suitable for the amination and amidation

of arenes, but also alkenyl halides and triflates could be

converted into imines, enamines,[25,45] and enamides[46] by Pd-

catalyzed coupling with the corresponding nitrogen-based

nucleophile.

In a more recent example, reaction progress kinetic

analysis led to the design of an improved ligand (11) for the

Pd-catalyzed coupling of encumbered a,a,a-trisubstituted

primary amines (Scheme 5).[47] Weak organic amine bases

could also be used as substitutes for strong inorganic bases in

the presence of an electron-deficient palladium complex (12)

containing a dialkyl triarylphosphine ligand.[48] Moreover, the

Figure 1. POP-type ligands used in the Buchwald–Hartwig amination.

Scheme 4. Pd-catalyzed C@N coupling using ligand 4. dba=dibenzyli-

deneacetone, DME=dimethoxyethane.

Figure 2. Representative biaryl phosphane ligands for C@N coupling.
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tBuXPhos ligand has been utilized to prepare stable oxidative

addition palladium complexes of densely functionalized aryl

halide substrates, complexes which then engaged in a series of

couplings, including C@N couplings, in the context of drug

discovery.[49]

Concurrent with the development of biaryl monophos-

phine ligands, Hartwig and co-workers examined the use of

bulky trialkylphosphines as ligands for the Pd-catalyzed

amination of aryl halides. Thus, the use of PtBu3 in a ratio

0.8:1 with respect to a Pd0 source initially allowed for the

amination of aryl bromides and chlorides at either room

temperature or slightly above, and enabled both the arylation

of indoles and carbamates.[50] Further studies led to an

improved catalyst through the use of air-stable dimeric

palladium(I) complexes [PdBrL]2 (13 ; L=PtBu2(1-Ad) or

PtBu3), which promoted the coupling of secondary alkyl-

amines with aryl chlorides at room temperature within

minutes (Scheme 6).[51] The use of Pd(dba)2 and P(tBu)3 was

also effective in the coupling of aryl halides with LiN(SiMe3)2,

which upon hydrolysis led to the formation of the corre-

sponding anilines.[52] Moreover, the addition of a phase-

transfer catalyst allowed the use of aqueous hydroxide as

a base.[53] The palladium complex of the ferrocenyl-based

ligand QPhos (14) also turned out to be remarkably active for

the C@N coupling of both aryl bromides and chlorides with

secondary and also primary amines, affording the latter

monoarylated products with high selectivity.[54]

Following these pioneering achievements, numerous nov-

el monophosphines,[55] including triaminophosphines,[56] have

been designed and successfully applied to Pd-catalyzed C@N

couplings over the last years. In addition, the solvent-free Pd-

catalyzed Buchwald–Hartwig amination has recently been

accomplished for solid substrates using mechanochemistry as

an alternative to classic in-solution chemistry.[57] The key was

the use of Pd(OAc)2/PtBu3 as the catalyst combined with

olefin additives, which act as dispersants for the palladium

catalyst to prevent its deactivation. This method allowed for

the amination of a range of p-extended aryl bromides, which

could also be conducted on gram scale, and its potential utility

was exemplified with the synthesis of hole-transporting

materials.

2.4. Josiphos-Based Bidentate Ligands

In spite of the remarkable progress accomplished in the

field of C@N coupling through the use of catalysts containing

the biarylmonophosphine ligands described in the previous

subsection, those protocols still suffer from some limitations,

such as the low selectivity towards the monoarylation of

primary amines or high catalyst loadings typically required for

the amination of heteroaromatic halides. In this context,

Hartwig and co-workers envisioned that the steric and

electronic properties of bidentate Josiphos-type ligands

offered unparalleled opportunities to overcome those limi-

tations.[58] It was anticipated that the bulky groups surround-

ing the coordinating sites could prevent a second arylation in

the case of primary amine substrates, thus improving the

selectivity towards monoarylated products. In addition, the

bidentate nature of these ligands was expected to create

catalysts less prone to undergo ligand displacement by basic

heterocycles and primary amines, therefore improving the

coupling of halopyridines and other challenging substrates.

Initial studies revealed that the combination of the

CyPFtBu JosiPhos ligand 15 with Pd(OAc)2 was an effective

catalyst for the coupling of heteroaryl chlorides with primary

nitrogen nucleophiles including amines, amides, imines, and

hydrazones (Scheme 7).[59] The same catalyst also promoted

the coupling of aryl chlorides and primary amines with high

turnover numbers and excellent functional-group compati-

bility and selectivity towards monoarylation products. Fur-

thermore, aryl bromides and iodides,[60] as well as (hetero)aryl

tosylates[61] were successfully aminated under related reaction

conditions.

Scheme 5. Monophosphine ligands for the Pd-catalyzed C@N coupling

of encumbered primary amines (11) and for the C@N coupling using

weak organic bases (12). DBU=1,8-diazabicyclo[5.4.0]undec-7-ene,

MTBE=methyl tert-butyl ether.

Scheme 6. Pd-catalyzed C@N coupling using PdI dimers and QPhos

ligand.

Scheme 7. Pd-catalyzed arylation of primary amines using JosiPhos

ligand 15.
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The use of a preformed palladium(II) complex of 15 led,

in 2006, to the first coupling of (hetero)aryl halides with

ammonia to form primary anilines.[62] The coupling with

lithium amide proceeded under related reaction conditions to

afford primary aromatic and heteroaromatic amines. Fur-

thermore, the scope of this transformation was later expanded

to the amination of a variety of aryl chlorides, bromides,

iodides, and sulfonates with only 5 equivalents of ammonia

through the use of Pd[P(o-tol)3]2 as the catalyst precursor in

combination with equimolar amounts of 15.[63] Ammonium

salts of ammonia and gaseous amines could likewise be

coupled to aryl halides,[64] which was also later accomplished

using a Ni0 complex of 15 as the catalyst.[65] The Pd-catalyzed

amination of aryl halides with ammonia has also been

described using monophosphine ligands.[41, 66] More recently,

the in situ formed palladium complex of the P,N-ligand

MorDaIPhos proved to be effective in the monoarylation of

ammonia[67] and hydrazine.[68]

2.5. N-Heterocyclic Carbene (NHC) Ligands

Well-defined palladium(II) complexes of NHC ligands are

attractive catalyst precursors in cross-coupling reactions

because of their robustness and high degree of tunability.[69]

Following early reports on the C@N coupling of chloroarenes

catalyzed by Pd-NHC complexes generated in situ,[70] [Pd-

(IPr)Cl2]2 (16),
[71] the NHC-containing palladacyle 17,[72] and

[PdCl(h3-allyl)(IPr)] (18)[73] were initially used as catalyst

precursors in the arylation of amines (Figure 3). The coupling

of (hetero)aryl bromides and chlorides proceeded effectively

with both secondary amines and anilines in the presence of 16,

although this complex did not catalyze the coupling of aryl

triflates and base-sensitive substrates. Remarkably, these

reactions could be conducted under aerobic conditions. Aryl

tosylates could be coupled using either 17 or 18, and further

structural modifications of the latter led to significant

improvements regarding substrate scope, reaction times, and

temperatures. As illustrative examples, the replacement of

the allyl fragment in 18 by a cinnamyl ligand to form 19

allowed for the amination of unactivated aryl chlorides at

room temperature within minutes,[74] the use of low catalyst

loadings,[75] and the coupling of sterically demanding substra-

tes.[73b] Another structural variation consisted of the replace-

ment of the allyl group by an acetylacetonate (acac) moiety.[76]

The resulting [Pd(NHC)(acac)Cl] complexes, such as 20,

turned out to be highly active in the amination of a series of

substrates including sterically encumbered arenes and heter-

ocyclic aryl chlorides.

The quest for improved NHC-containing precatalysts for

Pd-catalyzed cross-coupling reactions led to the development

of Pd-PEPPSI complexes of type 21 (PEPPSI=pyridine-

enhanced, precatalyst preparation, stabilization, and initia-

tion), which were first applied in C@N coupling in 2008.[77]

Modifications of the backbone of the NHC ligands in Pd-

PEPPSI precatalysts allowed for the expansion of the

substrate scope and the use of milder reaction conditions.[78]

Polymer-supported Pd-PEPPSI precatalysts[79] as well as

a mechanochemical method based on the use of Pd-PEP-

PSI-IPent[80] have also been recently developed for C@N

couplings. In addition, the use of a NHC-containing pallada-

cycle enabled the amination of diaryl sulfoxides, which could

be regioselectively conducted by means of steric bias.[81]

3. Mechanistic Studies

The reaction mechanism of the Buchwald–Hartwig ami-

nation has been extensively studied throughout its develop-

ment,[82] which has led to the proposal of different catalytic

cycles depending on the nature of the ligand and the reacting

partners.

3.1. Monophosphine Ligands

The mechanism of the initial Pd-catalyzed amination of

aryl bromides with aminostannanes reported by Migita[6] was

first studied in detail by Hartwig and co-workers (Sche-

me 8).[7b] The Pd0 complexA, containing two P(o-tol)3 ligands,

was independently prepared and tested as a catalyst in the C@

Figure 3. Well-defined PdII complexes of NHC ligands used in C@N

coupling.

Scheme 8. Catalytic cycle proposed for the Pd-catalyzed amination of

aryl bromides using P(o-tol)3 as the ligand.
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N bond formation reaction, which gave rise to the coupled

products in yields comparable to those obtained from the PdII

precursor. The reaction of A with aryl bromides led to the

isolation of the dimeric species C, which turned out to be the

resting state of the catalyst. However, this transformation was

retarded by the addition of an excess of P(o-tol)3, which

pointed towards the intermediacy of B through initial

reversible dissociation of one phosphine ligand. In addition,

C or its corresponding monomer reacted with aminostan-

nanes in what appeared to be the rate-limiting step to form E,

which upon reductive elimination would release the coupled

product and regenerate the Pd0 catalyst. This mechanism for

the Pd-catalyzed coupling of aryl bromides with amino-

stannanes was further studied through a combination of

independent synthesis of reaction intermediates and stoichio-

metric transformations, which led to the first identification of

the three-coordinate PdII alkylamido complex E as the

intermediate that subsequently undergoes reductive elimina-

tion to form the C@N bond.[83] In addition, complexes of type

E could also be prepared from C through the addition of

lithium amides, and pointed towards the possibility of

a catalytic cycle that would not require the presence of

aminostannane reagents, which eventually led to the develop-

ment of the tin-free coupling of aryl bromides with amines.[8]

Indeed, it was demonstrated that the dimeric complexesC are

cleaved in the presence of amines to form the monomeric

species D, bearing one phosphine and one amine ligand,

which due to the enhanced acidity that results from the

coordination to the palladium center can be deprotonated

with either MOtBu (M=Li, Na) or LiN(SiMe3)2. The

resulting amido complex E undergoes rapid reductive elim-

ination at room temperature to afford the coupled aniline

product.[8a] In the case of using LiN(SiMe3)2 as the base,Awas

found to be the resting state of the catalyst and therefore the

oxidative addition appeared to be the rate-limiting step. In

contrast, the reactions conducted in the presence of MOtBu

were limited by the generation and reductive elimination of

E.

The low yields obtained for the coupling of primary

amines using P(o-tol)3 could be rationalized on the basis of

some of the results derived from these mechanistic studies.[8]

On the one hand, a b-hydride elimination process may

compete with the reductive elimination from E in the cases

where the alkylamido group possesses b-hydrogen atoms,

which leads to the formation of the corresponding imine and

concomitant reduction of the aryl halide. The selectivity

towards reductive elimination could be improved through the

use of either bulkier phosphine ligands, more nucleophilic

amines, or electron-deficient aryl bromides,[84] yet mixtures of

amination and reduction products were typically obtained

when primary amines were used as nucleophiles. On the other

hand, it was found that primary amines have a great tendency

to form catalytically incompetent palladium bis(amine) com-

plexes by the reaction of C with an excess of the amine.[85]

While the cleavage of C readily proceeds in the presence

of an amine to form D, the process to cleave the iodide-

bridged analogue was found to be endergonic, which might be

responsible for the lower efficiency observed in the amination

of aryl iodides compared to aryl bromides.[85] Thus, it was

hypothesized that the use of ligands such as biarylphosphines,

which prevent the formation of such dimers, would favor the

coupling of aryl iodides.[86] In addition, further investigations

unveiled that NaI, which is generated as a byproduct, inhibits

the Pd-catalyzed coupling of aryl iodides with amines by

binding to PdII intermediates. Consequently, the use of

solvents in which the iodide is insoluble led to suppression

of the inhibition effect and therefore to a more efficient

coupling of aryl iodides.

3.2. Bisphosphine Ligands

As discussed in the previous section, the use of chelating

ligands was found to be a viable alternative to P(o-tol)3
[13,14] to

prevent competing b-hydride elimination during the amina-

tion of aryl halides.[87] The effect of the bite angle and steric

and electronic properties of a series of bidentate phosphine

ligands on the product ratios that result from the amination of

aryl bromides was systematically examined, concluding that

the formation of the reduced arene and diarylation side

products was significantly diminished through the use of

electron-rich, hindered phosphines with small bite angles.[16,88]

The isolation of several reaction intermediates led to the

postulation of the catalytic cycle depicted in Scheme 9. When

BINAP was used as the bidentate ligand, the PdII complex G

could be independently synthesized by the reaction of BINAP

with C.[14a] The corresponding Pd(BINAP)(dba) complex was

also isolated. Both complexes proved to be catalytically

competent and rendered the coupled products in yields and

product distributions similar to those obtained when a combi-

nation of Pd2(dba)3 and BINAP was used as the catalyst.

Additionally, the PdII amido complexes I, containing DPPFas

the chelating ligand, could also be isolated.[13,89] These four-

coordinate complexes underwent reductive elimination upon

heating in the case of secondary amides and even at room

temperature when primary amides containing b-hydrogen

atoms were bound to the palladium center, which presumably

Scheme 9. Catalytic cycle proposed for the Pd-catalyzed amination of

aryl bromides using chelating bisphosphines as the ligands.

Angewandte
ChemieMinireviews

17124 www.angewandte.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2019, 58, 17118 – 17129

http://www.angewandte.org


results from the cis configuration of the aryl and amido

moieties.[90] Further mechanistic studies from the groups of

both Hartwig[91] and Buchwald[92] led eventually to a revised

mechanistic picture for the amination of aryl bromides

catalyzed by Pd-BINAP complexes.[93] Hence, the bromoar-

ene appears to react with [Pd(BINAP)] rather than [Pd-

(BINAP)2], which is an off-cycle intermediate and generates

the active species by reversible dissociation of one of the

BINAP ligands. Moreover, it was also demonstrated that the

structure of the inorganic base plays a key role in the reaction

rate in the cases where a rate-limiting deprotonation step is

involved.[94]

Contrary to the aryl- and alkylamido complexes I

containing either BINAP or DPPF ligands, the corresponding

parent amido complexes neither formed nor underwent

reductive elimination with anilines,[95] which is consistent

with the fact that these ligands are ineffective in the coupling

of aryl halides with ammonia. In contrast, the parent PdII

amido complex 22, bearing 15 as a ligand, could be generated

and slowly underwent reductive elimination at room temper-

ature in the presence of PPh3 (Scheme 10).

4. Recent Applications

The modern protocols developed for Pd-catalyzed cou-

pling of amines and aryl (pseudo)halides exhibit in general

broad substrate scope, high reproducibility, and scalability,

which makes them appealing methods for the preparation of

aryl amines in both academic research and industrial pro-

duction. The number of applications in fields such as natural

product synthesis, material sciences, agrochemicals, or syn-

thesis of ligands has grown exponentially since the first

coupling protocols were disclosed.[2] In this section, some of

the most recent illustrative applications of the Buchwald–

Hartwig amination, with a particular focus on applied

research, will be summarized with the aim of exemplifying

the state-of-the-art and the potential of this methodology.

4.1. Applications in Basic Research

The Pd-catalyzed amination of aryl halides is typically one

of the most straightforward disconnections to obtain aryl

amines, which are key building blocks in numerous molecules

with either relevant biological or optoelectronic properties. A

comprehensive review covering a broad assortment of

applications of C@N bond formation has been recently

published.[2a] Thus, only some representative examples de-

scribed over the course of the past two years are presented in

this subsection (Figure 4). In the context of total synthesis of

natural products, an intramolecular C@N coupling catalyzed

by Pd/BINAP was used as one of the key steps in the synthesis

of structurally related 7-isovaleryloxy-8-methoxygirinimbine

(23)[96] and furoclausine-B (24).[97] This strategy has also been

applied in the preparation of B,N-containing polycyclic

aromatic hydrocarbons such as 25,[98] which are of potential

relevance for implementation in optoelectronic devices.

Additionally, the amination of the vertexes of well-defined

nanographenes provided an entry to reversed donor-acceptor

conjugates such as 26,[99] whose electron-deficient cavity can

host electron-rich guests as a result of intermolecular charge

transfer. In a different example, the sixfold Buchwald–

Hartwig amination of a 9,10-diaminoanthracene derivative

with 1,4-dibromobenzene afforded hexaaza[16]para-

cyclophane 27.[100] This compound was converted into the

corresponding triradical trication upon oxidation, which was

found to be a spin-frustrated three-spin system.

4.2. Applications in Scale-Up Processes

In addition to being an indispensable tool in basic

research, Pd-catalyzed cross-coupling reactions have also

become crucial in industry.[2c–e,101] As such, Pd-catalyzed C@N

couplings have found applications in the large-scale produc-

tion of pharmaceuticals and agrochemicals. In this subsection,

a selection of examples reported over the course of the past

five years are discussed.[102]

Chemists at Pfizer reported in 2014 the scale-up of the

coupling of 6-bromoisoquinoline-1-carbonitrile (28), featur-

ing a potentially base-labile nitrile group, with (S)-3-amino-2-

methylpropan-1-ol (29) to provide pharmaceutical intermedi-

ate 30 in 80% yield on a 2.5 kilogram scale (Scheme 11).[103]

Notably, the competing formation of the corresponding

diarylated amine was significantly circumvented and 30 was

obtained in 94.8% purity, containing less than 5% of this

byproduct.

A multi-kilogram scale protocol for synthesis of the

potential drug candidate AMG 925 (34) was developed by

taking advantage of a Buchwald–Hartwig amination as one of

the key steps (Scheme 12).[104] Thus, chloropyridine 32 was

coupled with aminopyrimidine 31 using a catalyst generated

Scheme 10. Reductive elimination from parent amido complexes 22.

Figure 4. Selected recent applications of the Buchwald–Hartwig amina-

tion in basic research.
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from Pd(OAc)2 and BrettPhos, which gave rise to 12 kilo-

grams of intermediate 33 in a single batch with a palladium

content lower than 5 ppm.

The most efficient large-scale synthesis of broad-spectrum

fungicide sedaxane (37) includes the Buchwald–Hartwig

coupling of chloroarene 35 and benzylamine, the product of

which is subsequently cleaved to afford the corresponding

aniline 36 (Scheme 13).[105]

A scalable synthesis of venetoclax (41), which is an active

pharmaceutical ingredient, has also been developed based on

a key Buchwald–Hartwig coupling between 38 and 39

(Scheme 14).[106] This new protocol led to a significant reduc-

tion of the production cost with an overall yield that exceeds

double that obtained in the first-generation synthesis, and

allowed the preparation of up to 8.5 kilograms of 41 in a single

batch.[107]

In addition to batch processes, Pd-catalyzed couplings of

aryl halides with amines have also been conducted in

continuous flow on a multi-kilogram scale.[107]

5. Summary and Outlook

The noteworthy progress achieved in the Buchwald–

Hartwig amination over the past 25 years has turned it into

a well-established and remarkably convenient methodology

to form aniline derivatives from aryl (pseudo)halides and

amines. The pioneering reports on the coupling of amino-

stannanes with aryl halides rapidly evolved into tin-free

protocols with impressive substrate scope, encompassing,

among others, aryl halides and phenol derivatives, which can

be coupled with a range of N-nucleophiles including ammo-

nia. In addition, the reaction development was accompanied

by in-depth mechanistic studies, which not only unveiled

reaction intermediates and unprecedented elementary steps,

but also contributed to further innovations in catalyst design.

Notably, even though some motifs appear to be privileged in

the structure of the ligands employed in Buchwald–Hartwig

aminations, none of them has proved to be superior as an all-

purpose ligand.

The widespread occurrence of aniline derivatives in

a broad spectrum of research areas makes the Buchwald–

Hartwig amination a tremendously useful method for both

academic research and industrial processes. The operational

simplicity and availability of the required ligands have also

been decisive factors for the rapid implementation of this

methodology. Furthermore, there is a growing interest in the

development of first-row transition-metal-catalyzed alterna-

tives to palladium catalysis for this transformation[9] including

their coupling to photochemical[9e,108] or electrochemical

processes.[109] In contrast to basic research, the number of

applications on large scale still remains somehow limited

compared to Pd-catalyzed C@C cross-coupling methodolo-

gies. Nonetheless, the importance of aminated building blocks

together with the fundamental developments accomplished

over the past years certainly hold potential for additional

future industrial applications.

Acknowledgements

A.M.H. thanks BASF SE, particularly Dr. Johann-Peter

Melder, Dr. Xenia Beyrich-Graf, and Dr. Detlef Kratz for

general support. C.P.G. is grateful for a PhD fellowship from

the Fonds der Chemischen Industrie. The Ramln Areces

Foundation is also gratefully acknowledged for a postdoctoral

fellowship to R.D.

Conflict of interest

The authors declare no conflict of interest.

How to cite: Angew. Chem. Int. Ed. 2019, 58, 17118–17129

Angew. Chem. 2019, 131, 17276–17287

Scheme 11. Kilogram-scale synthesis of the pharmaceutical intermedi-

ate 30.

Scheme 12. Kilogram-scale synthesis of the AMG 925 precursor 33.

Scheme 13. Scale-up synthesis of sedaxane (37).

Scheme 14. Scale-up synthesis of venetoclax (41).

Angewandte
ChemieMinireviews

17126 www.angewandte.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2019, 58, 17118 – 17129

http://www.angewandte.org


[1] For selected reviews, see: a) J. F. Hartwig, Angew. Chem. Int.

Ed. 1998, 37, 2046 – 2067; Angew. Chem. 1998, 110, 2154 – 2177;

b) B. H. Yang, S. L. Buchwald, J. Organomet. Chem. 1999, 576,

125 – 146; c) R. J. Lundgren, M. Stradiotto, Chem. Eur. J. 2012,

18, 9758 – 9769; d) D. S. Surry, S. L. Buchwald, Chem. Sci. 2011,

2, 27 – 50; e) J. P. Wolfe, S. Wagaw, J.-F. Marcoux, S. L.

Buchwald, Acc. Chem. Res. 1998, 31, 805 – 818; f) Palladium-

Catalyzed Amination of Aryl Halides and Related Reactions“:

J. F. Hartwig, Handbook of Organopalladium Chemistry for

Organic Synthesis, Wiley-Interscience, New York, 2003 ;

g) M. M. Heravi, Z. Kheilkordi, V. Zadsirjan, M. Haydari, M.

Malmir, J. Organomet. Chem. 2018, 861, 17 – 104.

[2] a) P. Ruiz-Castillo, S. L. Buchwald, Chem. Rev. 2016, 116,

12564 – 12649; b) S. L. Buchwald, C. Mauger, G. Mignani, U.

Scholz, Adv. Synth. Catal. 2006, 348, 23 – 39; c) C. Torborg, M.

Beller, Adv. Synth. Catal. 2009, 351, 3027 – 3043; d) B.

Schlummer, U. Scholz, Adv. Synth. Catal. 2004, 346, 1599 –

1626; e) J.-P. Corbet, G. Mignani, Chem. Rev. 2006, 106,

2651 – 2710.

[3] I. Goldberg, Chem. Ber. 1906, 39, 1691 – 1692.

[4] F. Ullmann, Chem. Ber. 1903, 36, 2382 – 2384.

[5] a) G. Evano, N. Blanchard, M. Toumi, Chem. Rev. 2008, 108,

3054 – 3131; b) S. V. Ley, A. W. Thomas, Angew. Chem. Int. Ed.

2003, 42, 5400 – 5449; Angew. Chem. 2003, 115, 5558 – 5607;

c) F. Monnier, M. Taillefer, Angew. Chem. Int. Ed. 2009, 48,

6954 – 6971; Angew. Chem. 2009, 121, 7088 – 7105; d) C. Sam-

biagio, S. P. Marsden, A. J. Blacker, P. C. McGowan,Chem. Soc.

Rev. 2014, 43, 3525 – 3550; e) D. Ma, Q. Cai, Acc. Chem. Res.

2008, 41, 1450 – 1460; f) K. Kunz, U. Scholz, D. Ganzer, Synlett

2003, 15, 2428 – 2439.

[6] a) M. Kosugi, M. Kameyama, T. Migita, Chem. Lett. 1983, 12,

927 – 928; b) M. Kosugi, M. Kameyama, H. Sano, T. Migita,

Nippon Kagaku Kaishi 1985, 3, 547 – 551.

[7] a) A. S. Guram, S. L. Buchwald, J. Am. Chem. Soc. 1994, 116,

7901 – 7902; b) F. Paul, J. Patt, J. F. Hartwig, J. Am. Chem. Soc.

1994, 116, 5969 – 5970.

[8] a) J. Louie, J. F. Hartwig, Tetrahedron Lett. 1995, 36, 3609 –

3612; b) A. S. Guram, R. A. Rennels, S. L. Buchwald, Angew.

Chem. Int. Ed. Engl. 1995, 34, 1348 – 1350; Angew. Chem. 1995,

107, 1456 – 1459.

[9] For a review, see: a) J. Bariwal, E. Van der Eycken, Chem. Soc.

Rev. 2013, 42, 9283 – 9303. For selected examples of Ni-

catalyzed C@N bond formation, see: b) M. Mar&n, R. J. Rama,

M. C. Nicasio, Chem. Rec. 2016, 16, 1819 – 1832; c) C. M.

Lavoie, M. Stradiotto, ACS Catal. 2018, 8, 7228 – 7250; d) J. P.

Tassone, E. V. England, P. M. MacQueen, M. J. Ferguson, M.

Stradiotto,Angew. Chem. Int. Ed. 2019, 58, 2485 – 2489;Angew.

Chem. 2019, 131, 2507 – 2511; e) E. B. Corcoran, M. T. Pirnot, S.

Lin, S. D. Dreher, D. A. DiRocco, I. W. Davies, S. L. Buchwald,

D. W. C. MacMillan, Science 2016, 353, 279 – 283; f) E. M.

Wiensch, J. Montgomery, Angew. Chem. Int. Ed. 2018, 57,

11045 – 11049; Angew. Chem. 2018, 130, 11211 – 11215. For

selected examples using other transition metals, see: g) M. R.

Brennan, D. Kim, A. R. Fout, Chem. Sci. 2014, 5, 4831 – 4839;

h) M. Kim, S. Chang, Org. Lett. 2010, 12, 1640 – 1643.

[10] a) G. Mann, C. Incarvito, A. L. Rheingold, J. F. Hartwig, J. Am.

Chem. Soc. 1999, 121, 3224 – 3225; b) K. E. Torraca, X. Huang,

C. A. Parrish, S. L. Buchwald, J. Am. Chem. Soc. 2001, 123,

10770 – 10771; c) M. A. Fern#ndez-Rodr&guez, Q. Shen, J. F.

Hartwig, Chem. Eur. J. 2006, 12, 7782 – 7796; d) C. G. Frost, P.

MendonÅa, J. Chem. Soc. Perkin Trans. 1 1998, 2615 – 2624;

e) J. F. Hartwig, Nature 2008, 455, 314 – 322.

[11] J. P. Wolfe, S. L. Buchwald, J. Org. Chem. 1996, 61, 1133 – 1135.

[12] S. Wagaw, T. A. Rennels, S. L. Buchwald, J. Am. Chem. Soc.

1997, 119, 8451 – 8458.

[13] M. S. Driver, J. F. Hartwig, J. Am. Chem. Soc. 1996, 118, 7217 –

7218.

[14] a) J. P. Wolfe, S. Wagaw, S. L. Buchwald, J. Am. Chem. Soc.

1996, 118, 7215 – 7216; b) J. P. Wolfe, S. L. Buchwald, J. Org.

Chem. 2000, 65, 1144 – 1157.

[15] J. Louie, M. S. Driver, B. C. Hamann, J. F. Hartwig, J. Org.

Chem. 1997, 62, 1268 – 1273.

[16] B. C. Hamann, J. F. Hartwig, J. Am. Chem. Soc. 1998, 120,

7369 – 7370.

[17] J. P. Wolfe, S. L. Buchwald, J. Am. Chem. Soc. 1997, 119, 6054 –

6058.

[18] a) E. Brenner, Y. Fort, Tetrahedron Lett. 1998, 39, 5359 – 5362;

b) E. Brenner, R. Schneider, Y. Fort, Tetrahedron 1999, 55,

12829 – 12842.

[19] S. Ge, R. Q. Green, J. F. Hartwig, J. Am. Chem. Soc. 2014, 136,

1617 – 1627.

[20] J. P. Wolfe, J. Ahman, J. P. Sadigui, R. A. Singer, S. L. Buch-

wald, Tetrahedron Lett. 1997, 38, 6367 – 6370.

[21] G. Mann, J. F. Hartwig, M. S. Driver, C. Fern#ndez-Rivas, J.

Am. Chem. Soc. 1998, 120, 827 – 828.

[22] W. C. Shakespeare, Tetrahedron Lett. 1999, 40, 2035 – 2038.

[23] C. Bolm, J. P. Hildebrand, Tetrahedron Lett. 1998, 39, 5731 –

5734.

[24] S. Wagaw, B. H. Yang, S. L. Buchwald, J. Am. Chem. Soc. 1998,

120, 6621 – 6622.

[25] J. Barluenga, M. A. Fern#ndez, F. Aznar, C. Vald8s, Chem. Eur.

J. 2004, 10, 494 – 507.

[26] M. C. Willis, G. N. Brace, Tetrahedron Lett. 2002, 43, 9085 –

9088.

[27] J. P. Sadighi, M. C. Harris, S. L. Buchwald, Tetrahedron Lett.

1998, 39, 5327 – 5330.

[28] Y. Guari, D. S. van Es, J. N. H. Reek, P. C. J. Kamer, P. W. N. M.

van Leeuwen, Tetrahedron Lett. 1999, 40, 3789 – 3790.

[29] a) J. Yin, S. L. Buchwald, Org. Lett. 2000, 2, 1101 – 1104; b) J.

Yin, S. L. Buchwald, J. Am. Chem. Soc. 2002, 124, 6043 – 6048.

[30] D. Steinhuebel, M. Palucki, D. Askin, U. Dolling, Tetrahedron

Lett. 2004, 45, 3305 – 3307.

[31] G. A. Artamkina, A. G. Sergeev, I. P. Beletskaya, Tetrahedron

Lett. 2001, 42, 4381 – 4384.

[32] P. S. Hanley, T. P. Clark, A. L. Krasovskiy, M. S. Ober, J. P.

OQBrien, T. S. Staton, ACS Catal. 2016, 6, 3515 – 3519.

[33] J. Becica, G. E. Dobereiner, ACS Catal. 2017, 7, 5862 – 5870.

[34] J. Mao, J. Zhang, S. Zhang, P. J. Walsh, Dalton Trans. 2018, 47,

8690 – 8696.

[35] D. W. Old, J. P. Wolfe, S. L. Buchwald, J. Am. Chem. Soc. 1998,

120, 9722 – 9723.

[36] A. Aranyos, D. W. Old, A. Kiyomori, J. P. Wolfe, J. P. Sadighi,

S. L. Buchwald, J. Am. Chem. Soc. 1999, 121, 4369 – 4378.

[37] a) D. S. Surry, S. L. Buchwald, Angew. Chem. Int. Ed. 2008, 47,

6338 – 6361; Angew. Chem. 2008, 120, 6438 – 6461; b) B. T.

Ingoglia, C. C. Wagen, S. L. Buchwald, Tetrahedron 2019, 75,

4199—4211.

[38] a) J. P. Wolfe, S. L. Buchwald, Angew. Chem. Int. Ed. 1999, 38,

2413 – 2416; Angew. Chem. 1999, 111, 2570 – 2573; b) J. P.

Wolfe, H. Tomori, J. P. Sadighi, J. Yin, S. L. Buchwald, J. Org.

Chem. 2000, 65, 1158 – 1174.

[39] X. Huang, K. W. Anderson, D. Zim, L. Jiang, A. Klapars, S. L.

Buchwald, J. Am. Chem. Soc. 2003, 125, 6653 – 6655.

[40] K. W. Anderson, R. E. Tundel, T. Ikawa, R. A. Altman, S. L.

Buchwald,Angew. Chem. Int. Ed. 2006, 45, 6523 – 6527;Angew.

Chem. 2006, 118, 6673 – 6677.

[41] D. S. Surry, S. L. Buchwald, J. Am. Chem. Soc. 2007, 129,

10354 – 10355.

[42] B. P. Fors, D. A. Watson, M. R. Biscoe, S. L. Buchwald, J. Am.

Chem. Soc. 2008, 130, 13552 – 13554.

[43] B. P. Fors, K. Dooleweerdt, Q. Zeng, S. L. Buchwald, Tetrahe-

dron Lett. 2009, 65, 6576 – 6583.

Angewandte
ChemieMinireviews

17127Angew. Chem. Int. Ed. 2019, 58, 17118 – 17129 T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

https://doi.org/10.1002/(SICI)1521-3773(19980817)37:15%3C2046::AID-ANIE2046%3E3.0.CO;2-L
https://doi.org/10.1002/(SICI)1521-3773(19980817)37:15%3C2046::AID-ANIE2046%3E3.0.CO;2-L
https://doi.org/10.1002/(SICI)1521-3757(19980803)110:15%3C2154::AID-ANGE2154%3E3.0.CO;2-C
https://doi.org/10.1016/S0022-328X(98)01054-7
https://doi.org/10.1016/S0022-328X(98)01054-7
https://doi.org/10.1002/chem.201201195
https://doi.org/10.1002/chem.201201195
https://doi.org/10.1039/C0SC00331J
https://doi.org/10.1039/C0SC00331J
https://doi.org/10.1021/ar9600650
https://doi.org/10.1016/j.jorganchem.2018.02.023
https://doi.org/10.1021/acs.chemrev.6b00512
https://doi.org/10.1021/acs.chemrev.6b00512
https://doi.org/10.1002/adsc.200505158
https://doi.org/10.1002/adsc.200404216
https://doi.org/10.1002/adsc.200404216
https://doi.org/10.1021/cr0505268
https://doi.org/10.1021/cr0505268
https://doi.org/10.1002/cber.19060390298
https://doi.org/10.1002/cber.190303602174
https://doi.org/10.1021/cr8002505
https://doi.org/10.1021/cr8002505
https://doi.org/10.1002/anie.200300594
https://doi.org/10.1002/anie.200300594
https://doi.org/10.1002/ange.200300594
https://doi.org/10.1002/anie.200804497
https://doi.org/10.1002/anie.200804497
https://doi.org/10.1002/ange.200804497
https://doi.org/10.1039/C3CS60289C
https://doi.org/10.1039/C3CS60289C
https://doi.org/10.1021/ar8000298
https://doi.org/10.1021/ar8000298
https://doi.org/10.1246/cl.1983.927
https://doi.org/10.1246/cl.1983.927
https://doi.org/10.1021/ja00096a059
https://doi.org/10.1021/ja00096a059
https://doi.org/10.1021/ja00092a058
https://doi.org/10.1021/ja00092a058
https://doi.org/10.1016/0040-4039(95)00605-C
https://doi.org/10.1016/0040-4039(95)00605-C
https://doi.org/10.1002/anie.199513481
https://doi.org/10.1002/anie.199513481
https://doi.org/10.1002/ange.19951071216
https://doi.org/10.1002/ange.19951071216
https://doi.org/10.1039/c3cs60228a
https://doi.org/10.1039/c3cs60228a
https://doi.org/10.1002/tcr.201500305
https://doi.org/10.1021/acscatal.8b01879
https://doi.org/10.1002/anie.201812862
https://doi.org/10.1002/ange.201812862
https://doi.org/10.1002/ange.201812862
https://doi.org/10.1126/science.aag0209
https://doi.org/10.1002/anie.201806790
https://doi.org/10.1002/anie.201806790
https://doi.org/10.1002/ange.201806790
https://doi.org/10.1039/C4SC01257G
https://doi.org/10.1021/ol100437j
https://doi.org/10.1021/ja984321a
https://doi.org/10.1021/ja984321a
https://doi.org/10.1021/ja016863p
https://doi.org/10.1021/ja016863p
https://doi.org/10.1002/chem.200600949
https://doi.org/10.1038/nature07369
https://doi.org/10.1021/jo951844h
https://doi.org/10.1021/ja971583o
https://doi.org/10.1021/ja971583o
https://doi.org/10.1021/ja960937t
https://doi.org/10.1021/ja960937t
https://doi.org/10.1021/ja9608306
https://doi.org/10.1021/ja9608306
https://doi.org/10.1021/jo9916986
https://doi.org/10.1021/jo9916986
https://doi.org/10.1021/jo961930x
https://doi.org/10.1021/jo961930x
https://doi.org/10.1021/ja981318i
https://doi.org/10.1021/ja981318i
https://doi.org/10.1021/ja964391m
https://doi.org/10.1021/ja964391m
https://doi.org/10.1016/S0040-4039(98)01105-8
https://doi.org/10.1016/S0040-4020(99)00788-7
https://doi.org/10.1016/S0040-4020(99)00788-7
https://doi.org/10.1021/ja411911s
https://doi.org/10.1021/ja411911s
https://doi.org/10.1016/S0040-4039(97)01465-2
https://doi.org/10.1021/ja973524g
https://doi.org/10.1021/ja973524g
https://doi.org/10.1016/S0040-4039(99)00086-6
https://doi.org/10.1016/S0040-4039(98)01199-X
https://doi.org/10.1016/S0040-4039(98)01199-X
https://doi.org/10.1021/ja981045r
https://doi.org/10.1021/ja981045r
https://doi.org/10.1002/chem.200305406
https://doi.org/10.1002/chem.200305406
https://doi.org/10.1016/S0040-4039(02)02249-9
https://doi.org/10.1016/S0040-4039(02)02249-9
https://doi.org/10.1016/S0040-4039(98)00988-5
https://doi.org/10.1016/S0040-4039(98)00988-5
https://doi.org/10.1016/S0040-4039(99)00527-4
https://doi.org/10.1021/ol005654r
https://doi.org/10.1021/ja012610k
https://doi.org/10.1016/j.tetlet.2004.02.081
https://doi.org/10.1016/j.tetlet.2004.02.081
https://doi.org/10.1016/S0040-4039(01)00716-X
https://doi.org/10.1016/S0040-4039(01)00716-X
https://doi.org/10.1021/acscatal.6b00865
https://doi.org/10.1021/acscatal.7b01317
https://doi.org/10.1039/C8DT01852A
https://doi.org/10.1039/C8DT01852A
https://doi.org/10.1021/ja982250+
https://doi.org/10.1021/ja982250+
https://doi.org/10.1021/ja990324r
https://doi.org/10.1002/anie.200800497
https://doi.org/10.1002/anie.200800497
https://doi.org/10.1002/ange.200800497
https://doi.org/10.1016/j.tet.2019.05.003
https://doi.org/10.1016/j.tet.2019.05.003
https://doi.org/10.1002/(SICI)1521-3773(19990816)38:16%3C2413::AID-ANIE2413%3E3.0.CO;2-H
https://doi.org/10.1002/(SICI)1521-3773(19990816)38:16%3C2413::AID-ANIE2413%3E3.0.CO;2-H
https://doi.org/10.1002/(SICI)1521-3757(19990816)111:16%3C2570::AID-ANGE2570%3E3.0.CO;2-S
https://doi.org/10.1021/jo991699y
https://doi.org/10.1021/jo991699y
https://doi.org/10.1021/ja035483w
https://doi.org/10.1002/anie.200601612
https://doi.org/10.1002/ange.200601612
https://doi.org/10.1002/ange.200601612
https://doi.org/10.1021/ja074681a
https://doi.org/10.1021/ja074681a
https://doi.org/10.1021/ja8055358
https://doi.org/10.1021/ja8055358
https://doi.org/10.1016/j.tet.2009.04.096
https://doi.org/10.1016/j.tet.2009.04.096
http://www.angewandte.org


[44] D. Maiti, B. P. Fors, J. L. Henderson, Y. Nakamura, S. L.

Buchwald, Chem. Sci. 2011, 2, 57 – 68.

[45] J. Barluenga, M. A. Fern#ndez, F. Aznar, C. Vald8s, Chem.

Commun. 2004, 1400 – 1401.

[46] a) M. C. Willis, G. N. Brace, I. P. Holmes, Synthesis 2005, 3229 –

3234.

[47] P. Ruiz-Castillo, D. G. Blackmond, S. L. Buchwald, J. Am.

Chem. Soc. 2015, 137, 3085 – 3092.

[48] J. M. Dennis, N. A. White, R. Y. Liu, S. L. Buchwald, J. Am.

Chem. Soc. 2018, 140, 4721 – 4725.

[49] M. R. Uehling, R. P. King, S. W. Krska, T. Cernak, S. L.

Buchwald, Science 2019, 363, 405 – 408.

[50] J. F. Hartwig, M. Kawatsura, S. I. Hauck, K. H. Shaughnessy, L.

Alc#zar-Rom#n, J. Org. Chem. 1999, 64, 5575 – 5580.

[51] J. P. Stambuli, R. Kuwano, J. F. Hartwig, Angew. Chem. Int. Ed.

2002, 41, 4746 – 4748; Angew. Chem. 2002, 114, 4940 – 4942.

[52] S. Lee, M. Jørgensen, J. F. Hartwig, Org. Lett. 2001, 3, 2729 –

2732.

[53] R. Kuwano, M. Utsunomiya, J. F. Hartwig, J. Org. Chem. 2002,

67, 6479 – 6486.

[54] N. Kataoka, Q. Shelby, J. P. Stambuli, J. F. Hartwig, J. Org.

Chem. 2002, 67, 5553 – 5566.

[55] For representative examples, see: a) S. Harkal, F. Rataboul, A.

Zapf, C. Fuhrmann, T. Riermeier, A. Monsees, M. Beller, Adv.

Synth. Catal. 2004, 346, 1742 – 1748; b) C. M. So, Z. Zhou, C. P.

Lau, F. Y. Kwong, Angew. Chem. Int. Ed. 2008, 47, 6402 – 6406;

Angew. Chem. 2008, 120, 6502 – 6506; c) F. Rataboul, A. Zapf,

R. Jackstell, S. Harkal, T. Riermeier, A. Monsees, U. Dinger-

dissen, M. Beller, Chem. Eur. J. 2004, 10, 2983 – 2990; d) S.

Doherty, J. G. Knight, J. P. McGrady, A. M. Ferguson, N. A. B.

Ward, R. W. Harrington, W. Clegg,Adv. Synth. Catal. 2010, 352,

201 – 211; e) D. Liu, W. Gao, Q. Dai, X. Zhang, Org. Lett. 2005,

7, 4907 – 4910; f) X. Xie, T. Y. Zhang, Z. Zhang, J. Org. Chem.

2006, 71, 6522 – 6529; g) P. Y. Choy, K. H. Chung, Q. Yang,

C. M. So, R. W.-Y. Sun, F. Y. Kwong, Chem. Asian J. 2018, 13,

2465 – 2474; h) A. T. Brusoe, J. F. Hartwig, J. Am. Chem. Soc.

2015, 137, 8460 – 8468.

[56] a) S. Urgaonkar, M. Nagarajan, J. G. Verkade, Org. Lett. 2003,

5, 815 – 818; b) S. Urgaonkar, J. G. Verkade, J. Org. Chem. 2004,

69, 9135 – 9142; c) C. R. V. Reddy, S. Urgaonkar, J. G. Verkade,

Org. Lett. 2005, 7, 4427 – 4430.

[57] K. Kubota, T. Seo, K. Koide, Y. Hasegawa, H. Ito, Nat.

Commun. 2019, 10, 111.

[58] J. F. Hartwig, Acc. Chem. Res. 2008, 41, 1534 – 1544.

[59] Q. Shen, S. Shekhar, J. P. Stambuli, J. F. Hartwig,Angew. Chem.

Int. Ed. 2005, 44, 1371 – 1375; Angew. Chem. 2005, 117, 1395 –

1399.

[60] Q. Shen, T. Ogata, J. F. Hartwig, J. Am. Chem. Soc. 2008, 130,

6586 – 6596.

[61] a) A. H. Roy, J. F. Hartwig, J. Am. Chem. Soc. 2003, 125, 8704 –

8705; b) T. Ogata, J. F. Hartwig, J. Am. Chem. Soc. 2008, 130,

13848 – 13849.

[62] Q. Shen, J. F. Hartwig, J. Am. Chem. Soc. 2006, 128, 10028 –

10029.

[63] G. D. Vo, J. F. Hartwig, J. Am. Chem. Soc. 2009, 131, 11049 –

11061.

[64] R. A. Green, J. F. Hartwig, Org. Lett. 2014, 16, 4388 – 4391.

[65] R. A. Green, J. F. Hartwig, Angew. Chem. Int. Ed. 2015, 54,

3768 – 3772; Angew. Chem. 2015, 127, 3839 – 3843.

[66] T. Schulz, C. Torborg, S. Enthaler, B. Sch-ffner, A. Dumrath, A.

Spannenberg, H. Neumann, A. Bçrner, M. Beller,Chem. Eur. J.

2009, 15, 4528 – 4533.

[67] R. J. Lundgren, B. D. Peters, P. G. Alsabeh, M. Stradiotto,

Angew. Chem. Int. Ed. 2010, 49, 4071 – 4074; Angew. Chem.

2010, 122, 4165 – 4168.

[68] R. J. Lundgren, M. Stradiotto, Angew. Chem. Int. Ed. 2010, 49,

8686 – 8690; Angew. Chem. 2010, 122, 8868 – 8872.

[69] a) S. P. Nolan, Acc. Chem. Res. 2008, 41, 1440 – 1449; b) G. C.

Fortman, S. P. Nolan, Chem. Soc. Rev. 2011, 40, 5151 – 5169;

c) R. D. J. Froese, C. Lombardi, M. Pompeo, R. P. Rucker,

M. G. Organ,Acc. Chem. Res. 2017, 50, 2244 – 2253; d) E. A. B.

Kantchev, C. J. OQBrien, M. G. Organ, Angew. Chem. Int. Ed.

2007, 46, 2768 – 2813; Angew. Chem. 2007, 119, 2824 – 2870.

[70] a) J. Huang, G. Grasa, S. P. Nolan, Org. Lett. 1999, 1, 1307 –

1309; b) S. R. Stauffer, S. Lee, J. P. Stambuli, S. I. Hauck, J. F.

Hartwig, Org. Lett. 2000, 2, 1423 – 1426.

[71] M. S. Viciu, R. M. Kissling, E. D. Stevens, S. P. Nolan,Org. Lett.

2002, 4, 2229 – 2231.

[72] M. S. Viciu, R. A. Kelly III, E. D. Stevens, F. Naud, M. Studer,

S. P. Nolan, Org. Lett. 2003, 5, 1479 – 1482.

[73] a) O. Navarro, H. Kaur, P. Mahjoor, S. P. Nolan, J. Org. Chem.

2004, 69, 3173 – 3180; b) G. Bastug, S. P. Nolan, Organometal-

lics 2014, 33, 1253 – 1258.

[74] N. Marion, O. Navarro, J. Mei, E. D. Stevens, N. M. Scott, S. P.

Nolan, J. Am. Chem. Soc. 2006, 128, 4101 – 4111.

[75] O. Navarro, N. Marion, J. Mei, S. P. Nolan, Chem. Eur. J. 2006,

12, 5142 – 5148.

[76] a) N. Marion, E. C. Ecarnot, O. Navarro, D. Amoroso, A. Bell,

S. P. Nolan, J. Org. Chem. 2006, 71, 3816 – 3821; b) S.Meiries, A.

Chartoire, A. M. Z. Slawin, S. P. Nolan, Organometallics 2012,

31, 3402 – 3409.

[77] M. G. Organ, M. Abdel-Hadi, S. Avola, I. Dubovyk, N. Hadei,

E. A. B. Kantchev, C. J. OQBrien, M. Sayah, C. Valente, Chem.

Eur. J. 2008, 14, 2443 – 2452.

[78] For representative examples, see: a) Y. Zhang, V. C8sar, G.

Lavigne, Eur. J. Org. Chem. 2015, 2042 – 2050; b) Y. Zhang, G.

Lavigne, N. Lugan, V. C8sar, Chem. Eur. J. 2017, 23, 13792 –

13801; c) X.-B. Lan, Y. Li, Y.-F. Li, D.-S. Shen, Z. Ke, F.-S. Liu,

J. Org. Chem. 2017, 82, 2914 – 2925; d) F.-D. Huang, C. Xu, D.-

D. Lu, D.-S. Shen, T. Li, F.-S. Liu, J. Org. Chem. 2018, 83, 9144 –

9155. For a review, see: e) C. Valente, M. Pompeo, M. Sayah,

M. G. Organ, Org. Process Res. Dev. 2014, 18, 180 – 190.

[79] J. Balogh, A. R. Hlil, I. El-Zoghbi, M. G. Rafique, D. Chouikhi,

M. Al-Hashimi, H. S. Bazzi, Macromol. Rapid Commun. 2017,

38, 1700214.

[80] Q. Cao, W. I. Nicholson, A. C. Jone, D. L. Browne, Org.

Biomol. Chem. 2019, 17, 1722 – 1726.

[81] Y. Yoshida, S. Otsuka, K. Nogi, H. Yorimitsu, Org. Lett. 2018,

20, 1134 – 1137.

[82] J. F. Hartwig, Synlett 1997, 4, 329 – 340.

[83] J. Louie, F. Paul, J. F. Hartwig,Organometallics 1996, 15, 2794 –

2805.

[84] J. F. Hartwig, S. Richards, D. BaraÇano, F. Paul, J. Am. Chem.

Soc. 1996, 118, 3626 – 3633.

[85] R. A. Widenhoefer, S. L. Buchwald, Organometallics 1996, 15,

3534 – 3542.

[86] B. P. Fors, N. R. Davis, S. L. Buchwald, J. Am. Chem. Soc. 2009,

131, 5766 – 5768.

[87] G. M. Whitesides, J. F. Gaasch, E. R. Stedronsky, J. Am. Chem.

Soc. 1972, 94, 5258 – 5270.

[88] B. C. Hamann, J. F. Hartwig, J. Am. Chem. Soc. 1998, 120,

3694 – 3703.

[89] a) M. Yamashita, J. V. Cuevas Vicario, J. F. Hartwig, J. Am.

Chem. Soc. 2003, 125, 16347 – 16360; b) M. W. Hooper, J. F.

Hartwig, Organometallics 2003, 22, 3394 – 3403.

[90] M. S. Driver, J. F. Hartwig, J. Am. Chem. Soc. 1997, 119, 8232 –

8245.

[91] L. M. Alcazar-Roman, J. F. Hartwig, A. L. Rheingold, L. M.

Liable-Sands, I. A. Guzei, J. Am. Chem. Soc. 2000, 122, 4618 –

4630.

[92] U. K. Singh, E. R. Strieter, D. G. Blackmond, S. L. Buchwald, J.

Am. Chem. Soc. 2002, 124, 14104 – 14114.

Angewandte
ChemieMinireviews

17128 www.angewandte.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2019, 58, 17118 – 17129

https://doi.org/10.1039/C0SC00330A
https://doi.org/10.1039/B403655G
https://doi.org/10.1039/B403655G
https://doi.org/10.1055/s-2005-918480
https://doi.org/10.1055/s-2005-918480
https://doi.org/10.1021/ja512903g
https://doi.org/10.1021/ja512903g
https://doi.org/10.1021/jacs.8b01696
https://doi.org/10.1021/jacs.8b01696
https://doi.org/10.1126/science.aac6153
https://doi.org/10.1021/jo990408i
https://doi.org/10.1002/anie.200290036
https://doi.org/10.1002/anie.200290036
https://doi.org/10.1002/ange.200290035
https://doi.org/10.1021/ol016333y
https://doi.org/10.1021/ol016333y
https://doi.org/10.1021/jo0258913
https://doi.org/10.1021/jo0258913
https://doi.org/10.1021/jo025732j
https://doi.org/10.1021/jo025732j
https://doi.org/10.1002/adsc.200404213
https://doi.org/10.1002/adsc.200404213
https://doi.org/10.1002/anie.200802157
https://doi.org/10.1002/ange.200802157
https://doi.org/10.1002/chem.200306026
https://doi.org/10.1002/adsc.200900577
https://doi.org/10.1002/adsc.200900577
https://doi.org/10.1021/ol051844w
https://doi.org/10.1021/ol051844w
https://doi.org/10.1021/jo060945k
https://doi.org/10.1021/jo060945k
https://doi.org/10.1002/asia.201800575
https://doi.org/10.1002/asia.201800575
https://doi.org/10.1021/jacs.5b02512
https://doi.org/10.1021/jacs.5b02512
https://doi.org/10.1021/ol027450b
https://doi.org/10.1021/ol027450b
https://doi.org/10.1021/jo048716q
https://doi.org/10.1021/jo048716q
https://doi.org/10.1021/ar800098p
https://doi.org/10.1002/anie.200462629
https://doi.org/10.1002/anie.200462629
https://doi.org/10.1002/ange.200462629
https://doi.org/10.1002/ange.200462629
https://doi.org/10.1021/ja077074w
https://doi.org/10.1021/ja077074w
https://doi.org/10.1021/ja035835z
https://doi.org/10.1021/ja035835z
https://doi.org/10.1021/ja805810p
https://doi.org/10.1021/ja805810p
https://doi.org/10.1021/ja064005t
https://doi.org/10.1021/ja064005t
https://doi.org/10.1021/ja903049z
https://doi.org/10.1021/ja903049z
https://doi.org/10.1021/ol501739g
https://doi.org/10.1002/anie.201500404
https://doi.org/10.1002/anie.201500404
https://doi.org/10.1002/ange.201500404
https://doi.org/10.1002/chem.200802678
https://doi.org/10.1002/chem.200802678
https://doi.org/10.1002/anie.201000526
https://doi.org/10.1002/ange.201000526
https://doi.org/10.1002/ange.201000526
https://doi.org/10.1002/anie.201003764
https://doi.org/10.1002/anie.201003764
https://doi.org/10.1002/ange.201003764
https://doi.org/10.1039/c1cs15088j
https://doi.org/10.1021/acs.accounts.7b00249
https://doi.org/10.1002/anie.200601663
https://doi.org/10.1002/anie.200601663
https://doi.org/10.1002/ange.200601663
https://doi.org/10.1021/ol990987d
https://doi.org/10.1021/ol990987d
https://doi.org/10.1021/ol005751k
https://doi.org/10.1021/ol0260831
https://doi.org/10.1021/ol0260831
https://doi.org/10.1021/ol034264c
https://doi.org/10.1021/jo035834p
https://doi.org/10.1021/jo035834p
https://doi.org/10.1021/om500026s
https://doi.org/10.1021/om500026s
https://doi.org/10.1021/ja057704z
https://doi.org/10.1002/chem.200600283
https://doi.org/10.1002/chem.200600283
https://doi.org/10.1021/jo060190h
https://doi.org/10.1021/om300205c
https://doi.org/10.1021/om300205c
https://doi.org/10.1002/chem.200701621
https://doi.org/10.1002/chem.200701621
https://doi.org/10.1002/ejoc.201500030
https://doi.org/10.1002/chem.201702859
https://doi.org/10.1002/chem.201702859
https://doi.org/10.1021/acs.joc.6b02867
https://doi.org/10.1021/acs.joc.8b01205
https://doi.org/10.1021/acs.joc.8b01205
https://doi.org/10.1021/op400278d
https://doi.org/10.1002/marc.201700214
https://doi.org/10.1002/marc.201700214
https://doi.org/10.1039/C8OB01781F
https://doi.org/10.1039/C8OB01781F
https://doi.org/10.1021/acs.orglett.8b00060
https://doi.org/10.1021/acs.orglett.8b00060
https://doi.org/10.1021/om960188o
https://doi.org/10.1021/om960188o
https://doi.org/10.1021/ja954121o
https://doi.org/10.1021/ja954121o
https://doi.org/10.1021/om9603169
https://doi.org/10.1021/om9603169
https://doi.org/10.1021/ja901414u
https://doi.org/10.1021/ja901414u
https://doi.org/10.1021/ja00770a021
https://doi.org/10.1021/ja00770a021
https://doi.org/10.1021/ja9721881
https://doi.org/10.1021/ja9721881
https://doi.org/10.1021/ja037425g
https://doi.org/10.1021/ja037425g
https://doi.org/10.1021/om030257g
https://doi.org/10.1021/ja971057x
https://doi.org/10.1021/ja971057x
https://doi.org/10.1021/ja9944599
https://doi.org/10.1021/ja9944599
https://doi.org/10.1021/ja026885r
https://doi.org/10.1021/ja026885r
http://www.angewandte.org


[93] S. Shekhar, P. Ryberg, J. F. Hartwig, J. S. Mathew, D. G.

Blackmond, E. R. Strieter, S. L. Buchwald, J. Am. Chem. Soc.

2006, 128, 3584 – 3591.

[94] C. Meyers, B. U. W. Maes, K. T. J. Loones, G. Bal, G. L. F.

LemiHre, R. A. Dommisse, J. Org. Chem. 2004, 69, 6010 – 6017.

[95] J. L. Klinkenberg, J. F. Hartwig, J. Am. Chem. Soc. 2010, 132,

11830 – 11833.

[96] C. Brgtting, A. W. Schmidt, O. Kataeva, H.-J. Knçlker, Syn-

thesis 2018, 50, 2516 – 2522.

[97] B. Spindler, O. Kataeva, H.-J. Knçlker, J. Org. Chem. 2018, 83,

15136 – 15143.

[98] A. Abenglzar, P. Garc&a-Garc&, D. Sucunza, A. P8rez-Redon-

do, J. J. Vaquero, Chem. Commun. 2018, 54, 2467 – 2470.

[99] Y.-M. Liu, H. Hou, Y.-Z. Zhou, X.-J. Zhao, C. Tang, Y.-Z. Tan,

K. Mgllen, Nat. Commun. 2018, 9, 1901.

[100] R. Kurata, D. Sakamaki, M. Uebe, M. Kinoshita, T. Iwanaga, T.

Matsumoto, A. Ito, Org. Lett. 2017, 19, 4371 – 4374.

[101] a) “Palladium-Catalyzed Cross-Coupling Reactions—Industri-

al Applications”: A. Dumrath, C. Lgbbe, M. Beller, in

Palladium-Catalyzed Coupling Reactions (Ed.: _. Moln#r),

Wiley-VCH, Weinheim (Germany), 2013 ; b) P. Devendar, R.-

Y. Qu, W.-M. Kang, B. He, G.-F. Yang, J. Agric. Food Chem.

2018, 66, 8914 – 8934.

[102] For previous examples of the Buchwald–Hartwig coupling in

process development, see: a) C. C. Mauger, G. A. Mignani,

Org. Process Res. Dev. 2004, 8, 1065 – 1071; b) H.-J. Federsel,

M. Hedberg, F. R. Qvarnstrçm, W. Tian,Org. Process Res. Dev.

2008, 12, 512 – 521; c) E. J. Kiser, J. Magano, R. J. Shine, M. H.

Chen,Org. Process Res. Dev. 2012, 16, 255 – 259; d) M. Betti, G.

Castagnoli, A. Panico, S. S. Coccone, P. Wiedenau,Org. Process

Res. Dev. 2012, 16, 1739 – 1745; e) G. E. Robinson, O. R.

Cunningham, M. Dekhane, J. C. McManus, A. OQKearney-

McMullan, A. M. Mirajkar, V. Mishra, A. K. Norton, B.

Venugopalan, E. G. Williams, Org. Process Res. Dev. 2004, 8,

925 – 930.

[103] J. B. Sperry, K. E. P. Wiglesworth, I. Edmonds, P. Fiore, D. C.

Boyles, D. B. Damon, R. L. Dorow, E. L. P. Chekler, J. Langille,

J. W. Coe, Org. Process Res. Dev. 2014, 18, 1752 – 1758.

[104] C. Affouard, R. D. Crockett, K. Diker, R. P. Farrell, G. Gorins,

J. R. Huckins, S. Caille, Org. Process Res. Dev. 2015, 19, 476 –

485.

[105] H. Walter, H. Tobler, D. Gribkov, C. Corsi, Chimia 2015, 69,

425 – 434.

[106] Y.-Y. Ku, V. S. Chan, A. Christesen, T. Grieme, M. Mulhern, Y.-

M. Pu, M. D. Wendt, J. Org. Chem. 2019, 84, 4814—4829.

[107] a) P. Yaseneva, P. Hodgson, J. Zakrzewski, S. Falß, R. E.

Meadows, A. A. Lapkin, React. Chem. Eng. 2016, 1, 229 – 238;

b) A. Chartoire, C. Claver, M. Corpet, J. Krinsky, J. Mayenb, D.

Nelson, S. P. Nolan, I. PeÇafiel, R. Woodward, R. E. Meadows,

Org. Process Res. Dev. 2016, 20, 551 – 557; c) S. Falß, G.

Tomaiuolo, A. Perazzo, P. Hodgson, P. Yasenava, J. Zakrzewski,

S. Guido, A. Lapkin, R. Woodward, R. E. Meadows, Org.

Process Res. Dev. 2016, 20, 558 – 567.

[108] For selected examples, see: a) M. S. ODerinde, N. H. Jones, A.

Juneau, M. Frenette, B. Aquila, S. Tentarelli, D. W. Robbins,

J. W. Johannes, Angew. Chem. Int. Ed. 2016, 55, 13219 – 13223;

Angew. Chem. 2016, 128, 13413 – 13417; b) C.-H. Lim, M.

Kudisch, B. Liu, G. M. Miyake, J. Am. Chem. Soc. 2018, 140,

7667 – 7673.

[109] C. Li, Y. Kawamata, H. Nakamura, J. C. Vantourout, Z. Liu, Q.

Hou, D. Bao, J. T. Starr, J. Chen, M. Yan, P. S. Baran, Angew.

Chem. Int. Ed. 2017, 56, 13088 – 13093; Angew. Chem. 2017,

129, 13268 – 13273.

Manuscript received: April 17, 2019

Accepted manuscript online: June 5, 2019

Version of record online: September 18, 2019

Angewandte
ChemieMinireviews

17129Angew. Chem. Int. Ed. 2019, 58, 17118 – 17129 T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

https://doi.org/10.1021/ja045533c
https://doi.org/10.1021/ja045533c
https://doi.org/10.1021/jo049774e
https://doi.org/10.1021/ja1023404
https://doi.org/10.1021/ja1023404
https://doi.org/10.1021/acs.joc.8b02426
https://doi.org/10.1021/acs.joc.8b02426
https://doi.org/10.1039/C7CC09264D
https://doi.org/10.1021/acs.orglett.7b02088
https://doi.org/10.1021/acs.jafc.8b03792
https://doi.org/10.1021/acs.jafc.8b03792
https://doi.org/10.1021/op049832y
https://doi.org/10.1021/op8000146
https://doi.org/10.1021/op8000146
https://doi.org/10.1021/op200332p
https://doi.org/10.1021/op300170q
https://doi.org/10.1021/op300170q
https://doi.org/10.1021/op0499369
https://doi.org/10.1021/op0499369
https://doi.org/10.1021/op5002319
https://doi.org/10.1021/op500367p
https://doi.org/10.1021/op500367p
https://doi.org/10.1021/acs.joc.8b02750
https://doi.org/10.1039/C5RE00048C
https://doi.org/10.1021/acs.oprd.5b00349
https://doi.org/10.1002/anie.201604429
https://doi.org/10.1002/ange.201604429
https://doi.org/10.1021/jacs.8b03744
https://doi.org/10.1021/jacs.8b03744
https://doi.org/10.1002/anie.201707906
https://doi.org/10.1002/anie.201707906
https://doi.org/10.1002/ange.201707906
https://doi.org/10.1002/ange.201707906
http://www.angewandte.org

