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ABSTRACT

Transition metal-mediated formation of C—N bonds is an essential synthetic methodology. The discovery of
the Chan—Lam amination provided a C—N bond forming process that was mild, convenient, and inexpensive,
offering an alternative to complementary methods using other transition metals (TMs). Over the past 20 years,
this reaction has seen considerable development in its scope of application, uptake into industry, and
understanding of its mechanism. This review provides an account of the development of the Chan—Lam
amination, highlighting progress and notable examples of application since 2011. Focus is given to evolution
in mechanistic understanding and selected applications of the methodology within medicinal and process

chemistry.

1. INTRODUCTION

The formation of C—N bonds remains one of the most widely practiced reactions in synthetic chemistry due to
the prevalence of this functionality within bioactive molecules and materials. As such, the development of
methods for the installation of C—N bonds that allow easier/more efficient bond formation, the use of
milder/less expensive protocols, or the use of previously recalcitrant substrates remains a particularly vibrant

field of research.

Constructing C—N bonds within pharmaceutical R&D is the context that is arguably most widely invoked as
part of synthetic method development. The utility and impact of C-N bonds within the development of active
pharmaceutical ingredients (APIs) is especially evident: several studies have highlighted both the prevalence
of C—N bonds within marketed drug molecules as well as the frequency of C—N bond forming methods used

within discovery and process phases in pharmaceutical R&D.'™

In addition to more classical bond forming strategies, significant time and effort have been dedicated to
accessing aryl and heteroaryl molecules bearing nitrogenous functional groups through transition metal-
catalyzed reactions. Pd-catalyzed C—C bond forming methods have been used extensively to prepare
carbogenic frameworks that can be further elaborated to access more challenging (hetero)aryl structures.” '
Alongside these C—C bond formation reactions, the development of analogous TM-catalyzed methodologies
affording new C—N bonds has been a pivotal development in the synthesis of organic molecules of biological

interest.'>'*

1.1 Generalities and Context

Amide couplings, alkylations, reductive aminations, and SyAr are some of the most practiced methods for C—
N bond formation.'?- Of these, the SxAr reaction is particularly significant as it allows the formation of aryl
amines, from readily available aryl halides, which have physicochemical properties that are distinct from alkyl
amines and are important pharmacophores.® However, the application of SnAr is necessarily limited to

substrates that allow this type of reactivity and can therefore be incompatible for late stage functionalization.



Cross-coupling reactions have been developed to offer the flexibility and applicability for the formation of C—

N bonds that SyAr lacks and in a direct, cost-effective manner.

1.2 C-N Bond Formation via Cross-Coupling Reactions
There are two main approaches towards TM-catalyzed C—N cross-coupling: classic (electrophile-nucleophile),
typified by the Buchwald—Hartwig and Ullmann—Goldberg reactions, and oxidative (nucleophile-nucleophile),

with the Chan—Lam reaction the archetypal example (Scheme 1).

Scheme 1. General approaches to TM-catalyzed C—N cross-coupling.
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1.3 C-N Bond Formation via Nucleophile-Electrophile Cross-Coupling

In a first demonstration of classic electrophile-nucleophile cross-coupling, over 100 years ago, Ullmann and
Goldberg reported that aryl halides could react with an amine or amide using stoichiometric or catalytic
amounts of a Cu promoter.'>'® However, the low yields obtained, along with the harsh conditions employed,
hindered development of this useful transformation. More modern variants based on extensive ligand
development and mechanistic understanding have significantly enhanced the applicability of Ullmann—
Goldberg-type C-N (as well as C—X) bond formation.'”** Nevertheless, despite notable advances and the
potential advantages that can be afforded by Cu catalysis, the uptake and application of Ullmann—Goldberg-

based approaches has been largely overshadowed by developments in Pd catalysis.

Building on reports by Migita in 1983, and Boger and Panek in 1984,** Pd-catalyzed C-N cross-coupling
caught the attention of the scientific community in 1994 following independent reports from Hartwig and
Buchwald.*2* The development of mechanistic understanding and generally milder/more applicable reaction
conditions as compared to the Ullmann—Goldberg reaction subsequently led to the Buchwald-Hartwig reaction
to become one of the primary methods used for catalytic C-N bond formation from aryl (pseudo)halides.'***-
32 Despite extensive and insightful investigations of ligand effects in particular, some limitations persist,
including the general requirement of elevated temperatures, typically strong bases, and expensive Pd

(pre)catalysts are often required for the best results.****



The significant acceleration in oxidative addition and improved turnover, along with the possible benefits of
reduced base metal cost have encouraged the development of Ni-catalyzed C-N cross-coupling.’>*® Building
on reports by Hughes, Cramer, and Cristau dating from 1950-1975,°"° developments by Buchwald,* Fort,*'
and others** have provided effective Ni-catalyzed protocols for C-N bond formation. As with the Pd-catalyzed
variant, these processes have several constraints, including the use of air-sensitive Ni(0) catalysts or bespoke
ligand systems. This has been somewhat compounded by underdeveloped understanding of ligand design for
Ni catalysis and the ‘forced-fit” use of ligands from Pd catalyzed processes that are not necessarily optimal.*®
More recently, the combination of Ni catalysis with photoredox catalysis** or electrochemical methods***¢
have provided an alternative approach to traditional TM-catalyzed C—N bond forming reactions that can offer
lower temperatures and can employ simple Ni(Il) salts, obviating the dependency on phosphine ligands. In
parallel, recent developments in photoredox catalysis are also adding to the armamentarium of methods for

generation of C(aryl)-N bonds but that do not rely upon reductive elimination as the C—N bond forming

event.*’

The development trajectory for classical nucleophile-electrophile C—N cross-coupling has been to greater
efficiency, scope, and, more recently, reconciling increased synthetic efficiency with decreased dependency
on expensive metals or ligands. Achieving this goal is not straightforward: the Ullmann—Goldberg approach
would seem to offer the best financial efficiency based on inexpensive Cu salts and relatively simple ligands;

however, the scope is not as broad as Pd catalysis, which often require the most expensive ligand systems.

1.4 C-N Bond Formation via Nucleophile-Nucleophile Cross-Coupling

Nucleophile-nucleophile (oxidative) cross-coupling offers an alternative approach to TM-catalyzed C—N bond
formation. In this regard, and in the context of the cost/scope considerations outlined above, oxidative Cu
catalysis has become an important method for C-N bond formation. Historically, the interests in development
of Cu-based oxidative C-N cross-coupling began with a report by Dodonov*® leading to work by Barton***°
and later by Dodonov®' and Chan®® using arylbismuth reagents, as well as additional reports using aryllead

3334 and afterwards by Avendano.” Subsequently, Lam demonstrated that siloxanes

reagents again by Barton
were suitable reagents for the N-arylation of various N-nucleophiles using Cu(OAc),.*® Later, the same group
reported that aryl stannanes could also be used.”” While these Cu-catalyzed/promoted methods offered some
versatility, such as inexpensive Cu source and mild reaction conditions, the use of expensive or unfriendly

aryl donor reagents, or lack of accessibility of these reagents, limited uptake.

A breakthrough in this field was realized in 1998 in the discovery of the Cu-promoted Chan—Lam coupling

reaction with boronic acids (Scheme 2).5%



Scheme 2. Discovery of the Chan—Lam reaction: Cu-mediated C—-N bond formation using arylboronic acid

reagents.
1 5 Cu(OAc); (1-2 equiv) R _R?
Rin-R Ar—B(OH), _— N
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CHzclz, air, rt

The mild reaction conditions required (room temperature, weak base, ambient atmosphere) and the use of
readily available arylboronic acids, which at that time were very much in vogue due to developments in
Suzuki-Miyaura cross-coupling, afforded a C—N bond forming process that was more accessible than the Cu-
catalyzed/promoted methods using arylbismuth, aryllead, or arylsiloxane reagents, and potentially significant

advantages over complementary nucleophile-electrophile methods using Cu and Pd.

Over the past 20 years, a large number of research teams have made significant progress in expanding this
methodology to deliver a series of protocols for C—N, as well as an extensive range of C—X bond formations,
which have proven to be mild, versatile, and robust.'®?21-% These studies have detailed a vast volume of data
relating to the optimization of the reaction conditions for each transformation, with various catalyst sources,
solvents, bases, additives, ligands, and alternative boron reagents investigated, in addition to the expansion of
heteroatomic nucleophile scope as well as mechanistic studies. It is worthwhile noting that, similar to many
other synthetic methods, to date there is no general set of reaction conditions, and while many conditions are
similar, seemingly subtle changes can have a significant impact on the success of a given reaction. This
review focusses on Chan—Lam amination. The following sections will summarize the progress made in this

area, with general guidance to aid understanding of the effect of variables, where possible.

2. DISCUSSION

2.1 Discovery

The discovery of the Chan—Lam reaction originates from work by Chan and coworkers at DuPont to develop
new aryl nucleophiles for N-arylation reactions, stemming from work by Chan on the use of arylbismuth
reagents for this purpose.”> Changing the aryl nucleophile from a triarylbismuth reagent to the more
commercially and synthetically accessible arylboronic acid was subsequently found to produce equivalent
results and, in 1998, delivered the first examples of what is now known as the Chan—Lam reaction. These
results were disclosed in a first publication that demonstrated the reaction to be broadly applicable to a wide
range of N-nucleophile coupling partners, including alkyl amines, anilines, amides, ureas, and sulfonamides,

as well as O-donors such as phenols (Scheme 3a).™®

Scheme 3. The first reports of the Chan—Lam reaction. (a) The first report by Chan. (b) Evans’ application of
the O-arylation. (c) The first report by Chan and Lam.



(a) Chan’s N- and O-arylation
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Contemporaneous interactions between the Evans group and colleagues at DuPont resulted in further
application of the O-arylation methodology, resulting in a formal synthesis of L-thyroxine (Scheme 3b).”
Similarly, concurrently at DuPont, Lam began to explore the use of C-N coupling processes in the
development of Factor Xa inhibitors. In collaboration with Chan, Lam and coworkers demonstrated that the
new Cu-catalyzed reaction accommodated aromatic azaheterocycles, including imidazoles, pyrazoles,
triazoles, tetrazoles, benzimidazoles, and indazoles (Scheme 3c).” This wider project eventually yielded the
blockbuster anticoagulant Eliquis® (Figure 1), although, interestingly, the C(aryl)-N bond (highlighted) was

formed by Ullmann-Goldberg chemistry in the medicinal chemistry campaign.®

Figure 1. Eliquis®.
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These three back-to-back papers established the foundation of the Chan—Lam reaction. The main advantage of
this new Cu-mediated cross-coupling platform was the high functional group tolerance achievable from the
mild reaction conditions employed as well as the cheap Cu promoter and readily accessible substrates. The
wide diversity of N-nucleophile substrates, as well as indications of wider generality to C—X bond formation,
even in these initial explorations was also striking; however, low yields were obtained for some coupling
partners such as amides, ureas, and specific aromatic azaheterocycles (see Scheme 3a and 3c for several
examples). In addition, at this stage the reaction required stoichiometric amounts of Cu and excesses of
organoboron component. Extensive work over the past 20 years has focused on developing improved

conditions and expanding the scope of this useful reaction.

2.2 Development of Reaction Conditions
The classic Chan—Lam reaction is notable for its relative simplicity. Typically, a mixture of the heteroatomic
nucleophile, arylboronic acid, anhydrous Cu(OAc),, and base (e.g., EtsN or pyridine) was stirred at room

temperature in CH,Cl, for 1-3 days under air to deliver the desired product.’®

Since 1998, numerous papers and patents have highlighted the use of the Chan—Lam reaction.'**¢"” Many
groups have directed their efforts to the optimization of the reaction conditions, investigating catalyst sources,
solvents, bases, ligands, and additives, to afford an efficient cross-coupling of aryl and alkyl boronic acids or
derivatives with various heteroatom-based nucleophiles, most commonly C-N and C—O but with numerous

other including C-S, C-P, C-halide, efc.

Based on the utility and breadth of impact of C—N bond formation within bioactive molecule design, much of
the development of Chan—Lam methodology has focused on this bond formation. The following sections

describe observations relating to specific reaction conditions.

2.3 A General Mechanistic Description of the Chan—Lam Reaction
To contextualize and aid the discussion of reaction variables and application, a brief description of the general

reaction mechanism is essential.

The mechanistic operation of the Chan—Lam reaction remains underdeveloped. A number of studies over the
past 20 years have contributed in various ways to the present understanding of this reaction;**’*"® however, a
complete mechanistic description remains elusive. This is largely due to two key issues: (i) the multiple roles
of the Cu catalyst/promoter and (ii) the solution speciation of Cu complexes. Moreover, as noted above, the
Chan-Lam reaction is now particularly broad in scope and, as will be seen below, a large selection of
variables can (and have) been changed, all of which may affect the kinetics of individual steps of the reaction

or alter the pathway entirely (see Section 4 for mechanistic discussion).



For the purposes of clarity in the following sections, a very concise and general representation of the key
events of the Chan—Lam reaction using N-nucleophiles and ‘classic conditions’ (Cu(OAc), as the Cu source

and Et;N as the base) is shown in Scheme 4.

Scheme 4. General representation of the key events in the Chan—Lam reaction using N-nucleophiles under
classic conditions. S = solvent.
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Cu(OAc), is dimeric, existing as the dicopper tetraacetate ‘paddlewheel” or ‘lantern’ complex that is usually
solvated in the axial sites, typically by H,O, such that the classic conditions actually employ
[Cu(OAc):],#2H,O as the Cu source (see Section 4). Thus, the reaction begins by denucleation of
[Cu(OAc)2]»#2H,0 to a mononuclear Cu(Il) complex 1 by the heteroatomic nucleophile, in this case an
amine. Transmetalation of the organoboron compound, here a boronic acid, delivers Cu(ll) complex 2.
Disproportionation using a second Cu(II) delivers the key Cu(Ill) complex 3. Reductive elimination forges the
C—N bond, liberating the product and a Cu(l) species 4. Oxidative turnover of Cu(I) to Cu(ll), i.e., 4—1, using

a terminal oxidant, most commonly O,, completes the catalytic cycle.

Several points of this basic mechanism are worth noting at this stage:

(1) Depending on the Cu source used, the denucleation event may not be necessary. Indeed, ligation of the
heteroatomic nucleophile can occur after transmetalation.”®””

(2) Very few relevant Cu(Il) complexes have been isolated,””*® in particular the key Cu(II)(Ar) complexes
(such as 2) are unknown (mass ions consistent with the proposed structures have been detected”).

(3) The absence of robust information on the Cu(Il) complexes and the issue with ligand speciation renders an
understanding of the bonding, geometry, electronics, and therefore reactivity very difficult to predict or
rationalize by computational methods.

(4) Transmetalation of organoboron species to Cu(Il) complexes is poorly understood.

(5) The disproportionation reaction is a critical event that delivers the key Cu(Ill) complex. By necessity, this

implies a redox gradient between two Cu(Il) species. This in turn suggests that these Cu(Il) complexes have



different ligand sets. Related to (2) above, the ligand speciation and solution dynamics that enable this are, so
far, not understood at all. In addition, the mechanism of this disproportionation event is underdeveloped.
(6) The reaction requires 2 x Cu per turnover. This is important when considering the stoichiometry of Cu

used in catalytic Chan—Lam reactions is commonly 20-50 mol%.

It is important to note that Chan—Lam reactions can often generate byproducts, and these are invariably

derived from the organoboron compound (Scheme 5). Specifically, oxidation and protodeboronation of the

75,77

arylboronic acid leads to phenol and arene byproducts, respectively. The production of phenolic

byproducts can then lead to formation of diaryl ethers by Chan—Lam etherification of the phenol byproduct

with the parent boronic acid (oxidative homocoupling).” Reductive homocoupling of the organoboron has

also been observed but appears generally less problematic than protodeboronation and oxidation pathways,”””

although Cu-catalyzed homocoupling of organoboron species is well known 8%

Scheme 5. Common side reactions and byproducts of Chan—Lam reactions.
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Lam established that oxidation results from water in the system,” i.e., a competing Chan-Lam C—-O bond
formation using H>O as the heteroatomic nucleophile. Phenol, and consequently diaryl ether, formation can
therefore be diminished by using dry equipment/reagents/solvents and by inclusion of molecular sieves.*
However, it should be noted that some reactions work more effectively with added water or water as
solvent.”®#92 Protodeboronation of organoboron compounds using Cu(II) has been known for >80
years; > however, whether this is a parallel competing process or proceeds via a common Cu(aryl) species is
unknown. Similarly, the mechanistic origin of reductive homocoupling is underdeveloped.*? In addition, a
general lack of reported empirical data on observations of protodeboronation and reductive homocoupling

within Chan—Lam processes precludes even a surface level trend analysis.

Despite the absence of data and discussion of byproduct production in almost all Chan—-Lam methodology
studies, the general requirement for superstoichiometric quantities of the organoboron component (2 equiv is
common) suggests it is highly likely that these undesired pathways are operational in most systems. Some
recent studies have shown how analysis of byproducts alongside mechanistic understanding and ligand design
can allow development of conditions that can improve reaction efficiency while lowering byproduct formation

(discussed in more detail in Section 4).>7""8
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2.4 Reactions Variables and Selection of Reaction Conditions

As noted above, methodology studies have provided a wide variety of reaction conditions for Chan—Lam
couplings. Despite the breadth of C—X bonds that can be made, the most common Chan—Lam reactions are, by
far, amination using alkyl and aryl amines. Based on the available evidence, classic Chan—Lam conditions
(stoichiometric Cu(OAc),, EtsN, CH2Cl,, air, rt) can likely be expected to deliver the desired product, at least
in straightforward systems.”®* However, there exists a multitude of published conditions, each offering either
stated advantages (e.g., ability to use catalytic Cu) or simply stating that the variant of reaction conditions
works for the described process. This potentially renders selection of a set of conditions for a new
transformation non-obvious.”’ Indeed, in early studies of the heteroatomic nucleophile scope of the Chan—Lam
reaction, Cundy commented on “the somewhat capricious nature of this reaction”.”> However, from the
available data, some direction can be obtained. Examples of the range of variables used for Chan—Lam

reactions are provided in Table 1, the most common of each is indicated.

Variable

Cu source Cu(OAc);, Cu(OTf),, Cu(OPiv),, Cu(acac),, Cu(TFA),, CuBr, CuCly, CuSOs,
CuFAP, [Cu(DMAP)I]IL, [Cu(OH)- TMEDA]ClL,, Cu(MeCN)4PFs, CuCl, Cu,0O,
CusS, heterogenized Cu

Oxidant 0 (air), O, pyridine N-oxide, TEMPO, (#~-BuO)

Base Et:N, (i-Pr),NEt, pyridine, 4-methylpyridine, 2,6-lutidine, K,CO3, K3PO,, KOt-
Bu, N-methylpiperidine, n-BusNOH, NaOSiMes, none

Solvent CH:Cl;, MeCN, EtOAc, MeOH, EtOH, 1,4-dioxane, NMP, THF, DMF, PhMe,
DMSO, H,0, +-BuOH

Ligand None, TMEDA, DMAP, NacNac derivatives, pyridine, 1,10-phenanthroline,
iminoarylcarboxylates, iminoarylsulfonates

Additive None, myristic acid, urea, B(OH)3

Temperature rt, 40-100 °C

Table 1. Examples of the range of variables compatible with Chan—Lam reactions. Most common indicated in

bold.

Cu source. Cu(OAc), has become the ‘classic’ Cu source for Chan—Lam reactions and was used in all three

initial studies,’®

as well as the preceding works using arylbismuth,’**? aryllead, arylsiloxanes,*® and
arylstannanes.”’ This remains the Cu source most widely used for Chan—Lam reactions. With regards to the
frequently troublesome (and often academic) question of stoichiometry, the early studies used

superstoichiometric (1-2 equiv) Cu(OAc),,**

with Evans specifically demonstrating that stoichiometric
amounts of Cu(OAc); and aerobic conditions were required for the C—O bond forming process to proceed in
good yield.” Mechanistically, the process is believed to require Cu(Il) at the outset; however, in situ Cu(l)

disproportionation®® or oxidation of Cu(I)”"*® likely explains why Cu(I) sources can be used.

11



Although the number of examples is lower, the use of Cu(Il) halides (CuCl,, CuBr;) has been reported.
Despite halogenation of arylboronic acids and derivatives being known to proceed via ipso-substitution using
X, generated in situ by the well-known Cu(II)/X —Cu(I)/X, redox process (Scheme 6),”*?7 coupling to
counteranions derived from the Cu source has not been reported. However, this is somewhat achievable under
certain circumstances; for example, acetate esters are not reported when using Cu(OAc),, although it is

possible to prepare phenolate esters by Chan—Lam of AcOH (and other carboxylic acids) using Cu(OTf),.”

Scheme 6. Halogenation of arylboronic acids using CuXo.

—Cu(l) Ar—B(OH),
Cu(ll) + X —_— Xo _ Ar=X
ipso-substitution

Many methodology studies focus on delivering processes that are catalytic in Cu, and despite the advantages
that this might hold in the context of sustainable chemistry and/or process design, stoichiometric Cu(OAc); is
inexpensive and is generally effective for many reactions, often requiring less forcing conditions or
additives/ligands (some of the most effective ligands are bespoke). The tradeoff between stoichiometric Cu vs.
the need for higher temperatures or additives using catalytic Cu is one that can only be justified by
considering the totality of a chemical process in context. While showing the potential for catalysis is useful,
the downstream (e.g., industrial) utility is not necessarily clear from an academic methodology study. In
addition, while there are very effective catalytic processes in the literature, in the authors’ opinion and based

on experience in Chan-Lam amination,”’%!%

attempting catalytic Cu often causes more problems than it
solves and, depending on the context, when attempting a new reaction, using stoichiometric Cu(OAc), would

seem to be the most pragmatic approach from a synthetic perspective, at least initially.

Finally, it is worth noting that heterogenized copper sources have also been reported, including those

101,102

immobilized in inorganic frameworks and organic resins.'®'* These systems seem to offer increased

tolerance to H,O than more common Cu sources.

Oxidant. Based on current understanding, the reaction requires 2 x Cu(II) per C—X bond formed.”*’® Note
that this does not necessarily mean per desired C—X bond formed but rather for the total conversion of
ArB(OH), to Ar—X or Ar—Ar, where Ar—X is the desired product, phenol (from oxidation), or diarylether
(oxidative homocoupling), and Ar—Ar arises from reductive homocoupling, which is also promoted by Cu.*'"*
Consequently, full conversion of organoboron requires (at least) two relative stoichiometric equivalents of Cu
and where the stoichiometry is less than this, a terminal oxidant is required for oxidative turnover. By far the
most widely used, and indeed convenient, oxidant is O, as derived from an atmosphere of air.!” Evans
demonstrated that an atmosphere of argon led to poorer yield in C—O bond formation® and Stahl has

unequivocally shown the role of O, in driving the catalytic reaction using gas uptake studies and kinetic

analysis.”*™ A pure O, atmosphere has been used in several studies and has shown some benefits in these

12



systems as compared to air,”>’®

presumably originating from improved O uptake. Once again, the use of O
must be objectively balanced based on the increased experimental risk and complexity, particularly in the
context of industrial processes.”® Similarly, solid oxidants such as pyridine N-oxide and TEMPO have shown
utility and may offer advantages in certain cases but also increase complexity/cost.'”"'17 It should also be
noted that there has been two isolated reports of oxidant-free Chan—Lam processes, wherein the authors

propose the formation of boranes (HB(OH),) as byproducts, but these seem to be the exception.'**'?”

There have also been examples where photocatalysis has been used to bolster catalytic Chan—-Lam
amination.''® The oxidizing power of photoexcited organometallic complexes has been proposed to assist the
essential Cu(Il)—>Cu(IIl) oxidation and thereby accelerate the reaction. If mechanistically correct, this has the
potential to significantly improve catalytic Chan—Lam processes more generally. Similarly, Chan—Lam
arylation of anilines has recently been developed, where the electrochemical set up is proposed to assist
oxidative turnover.'"' Although, while potentially very helpful, this does add an additional element of

complexity to a reaction that has benefitted from the relative simplicity of reaction set up.

Base. There is a mechanistic dichotomy related to the role of the base. Ligation of the heteroatomic substrate
to Cu(Il) is essential and in the context of the amination process this requires an available N-lone pair. Since
the reaction generates an equivalent of acid (HX) during the disproportionation step (with the quantity of HX
present therefore correlating with the quantity of Cu(l) present), a base is required to mitigate substrate
protonation that would otherwise impair ligation to Cu(Il) (note that amine ligation to Cu(I) has also been
implicated as beneficial for oxidative turnover’®). Despite HX being essential to, and consumed during,

Cu()~>Cu(Il) oxidation for catalyst turnover,”"

its presence can impair overall reaction efficiency due to
substrate protonation. Accordingly, HX is both hero and villain, with its presence essential to one key
mechanistic event and detrimental to another. HX must therefore be modulated effectively using a suitable

base.

Early studies demonstrated that the addition of a base improves reaction yield,™® " and reactions with bases
are certainly more common; however, ‘base-free’ Chan—Lam amination reactions are well-known.” 81,108,112~
15 This could be explained by the amine substrate, and the resulting amine product, fulfilling this role.
Analysis of the most widely used bases reveals relatively weak organic bases, in particular Et;N, have been
most common. Inorganic bases are less common but have seen success in certain situations. The potential
reasons for the relative lack of methods using inorganic bases are undesired interactions with Cu and the
organoboron. For example, in the classic Chan—Lam amination, denucleation of Cu(OAc), dimer is driven by
the amine substrate and, depending on the Lewis basicity of the amine, is inhibited by AcO™.”> An additional

largely unrecognized issue relates to ligand speciation and the need for a redox gradient between two Cu(Il)

species to drive the disproportionation. While most mechanistic efforts have focused on establishing a
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reasonable description of the Cu within the main catalytic cycle, the ligation state of the Cu(Il) oxidant, which
is essential, remains unknown. The oxidation potential of Cu complexes is profoundly affected by the
counteranion.”®!"® Accordingly, use of inorganic bases that can coordinate Cu may affect the oxidation

potential of the Cu(Il) oxidant, thereby influencing the pivotal Cu(Il)—>Cu(Ill) event.

Current understanding of the Chan-Lam mechanism suggests engagement of a Cu complex with the
organoboron via Lewis pairing process.”>”® This requires the organoboron to be neutral and formation of

boronates via interaction of the base may affect this event.'”

Solvent. An analysis of Chan—Lam reaction shows that CH,Cl, is the most frequently used solvent, although
others have been successful-this is purely empirical. In their 1998 publication, Chan and Lam established the
following order for the solvent in terms of reactivity for the N-arylation of imidazole:** CH,Cl, > 1,4-dioxane

= NMP = THF = DMF >> EtOAc = Toluene = DMSO (MeOH = NR).

The origin of solvent effects is unclear; however, solubility of Cu is likely to be critical. Many Chan—Lam
reactions will appear heterogeneous due to low solubility of many Cu salts. Solubility is improved in alcoholic

solvents but, while specific examples of Chan—Lam reactions have been shown in MeOH and EtOH,’¢!0!1%-

Bl competing etherification can generate additional byproducts. Watson and coworkers have shown that
MeCN:EtOH (20:1) mixtures can improve Chan—Lam amination reactions of anilines by assisting the
denucleation of the Cu(OAc), dimer;'” however, the authors note that small amounts of ethyl ether were

generated. In addition to solubility of Cu, the solubility of the organoboron will vary.'"’

Ligand. The majority of Chan—Lam processes do not use a ligand; however, a number of processes using
either preformed Cu complexes or with added ligands have been documented. Specific examples of preformed
complexes include [Cu(OH)eTMEDA],CL,”""* [Cu(DMAP)I]L,'*® and Schaper’s bespoke complexes (see
Section 4).”%"" Besides preformed complexes, a number of other ligands have been used and/or assessed in

various ways and with a range of success,'”-/>9%112130.132-136

Due to the different roles of Cu species and the potential of ligand speciation, the specific role of ligands in
the Chan—-Lam is rather ambiguous. Well-defined Cu complexes are beginning to allow more rigorous
interrogation in these systems, for example, the complexes developed by Schaper.”*”” However, for the
majority of systems that use simple salts (“ligand-free”) identification of the structure and reactivity of Cu

complexes, to allow processes to be tuned more effectively, remains especially difficult (see Section 4).

Additive. Similar to the above, the majority of Chan—Lam reactions do not use an additive. Buchwald found

the addition of myristic acid to be beneficial for the Chan—Lam arylation of alkyl and aryl amines under
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catalytic conditions,'?” with Yudin later finding the same catalytic conditions to be effective for the arylation
of aziridines.'*® However, the specific role of myristic acid is unknown, with the efficiency gains attributed to
possible increased solubility of Cu species.”” Similarly, Cheng found the addition of urea enabled more
effective arylation of carboxylic acids, yet the role of urea remains unknown (similar effects were noted with
benzamide).” Watson reported the use of B(OH); to enable a more effective coupling of arylboronic acid
pinacol esters (BPin) with a range of nucleophiles under catalytic conditions.” In this case, the role of B(OH);
was established as precluding catalyst inhibition by pinacol while promoting oxidative turnover of Cu(l) to a
similar extent as Et;NeAcOH. However, the same group reported that the B(OH); conditions were less
effective for arylation of N-aryl sulfonamides, again highlighting the issue of generality across substrate

types.’®

Temperature. Chan—Lam reactions are most often conducted at room temperature. Some reactions have
required to be heated anywhere from 40-100 °C but the origin of this requirement is unknown. While heating
is most common when using substoichiometric Cu, numerous catalytic reactions do work effectively at room
temperature. Accordingly, it is unclear what mechanistic event(s) require thermal promotion to ensure

efficiency or if this is due to physical properties of the reagents, for example, solubility of the Cu source.

Substrates. As notoriously dangerous as making assumptions/predictions is, the majority of ‘simple’ Chan—
Lam reactions, specifically those using alkyl or aryl amines or alcohols with arylboronic acids, can usually be
expected to work reasonably effectively (i.e., deliver some desired product) using classic Chan—Lam reaction

conditions with stoichiometric Cu(OAc),. Greater general scope in the amination process has been

76,77 75,78,100

demonstrated using the processes described by Phukan,'?® Schaper,”®”” and Watson.
Issues arise, however, when attempting to use different heteroatomic nucleophiles, even those that seem
relatively innocuous.” As noted briefly above (and will be discussed in more detail in Section 4), based on the
current understanding of the process, substrate-Cu interactions are key. Of course, it is essential to have the
heteroatomic nucleophile on the metal such that reductive elimination of the desired C—X bond can take place.
However, prior to this event, the substrate can be involved in denucleation (depending on the Cu source). In
addition, and perhaps more importantly, the ligation of the heteroatomic nucleophile will affect the oxidation
potential of the Cu(Il) complex, affecting the key disproportionation. Moreover, it has been shown that the
oxidative turnover of Cu(l) is influenced by heteroatomic nucleophile in Chan—Lam aminations.” In this light,
it is perhaps unsurprising that reaction efficiency is hugely affected by the heteroatomic substrate and this

influence is not understood or, consequently, easily predicted.

There are subtle complexities even within tried and tested amination reactions. For example, a reaction that is
effective with arylboronic acids can be challenging by the seemingly straightforward change to using the

equivalent BPin compound.”>'?*!%1%2 In addition, the electronics of the aryl ligand can reasonably be
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expected to affect Cu(Il) disproportionation. There is a general issue with ortho-substitution of the aryl
organoboron, where reactions tend to be less effective with increasing bulk around the borylated position —

again the reasons are unclear.

With regards to understanding, it is important to recognize when a Chan—-Lam reaction is a Chan—-Lam
reaction and not something else. Chan—Lam methods are distinct from other methods using organoboron
compounds for cross-coupling and also distinct from other Cu-mediated C—X bond forming reactions. While
this may sound obvious, there are several instances of confusion where the Chan—-Lam amination has been

143,144 o1 as an Ullmann reaction.'*

referred to as a Suzuki reaction
3. SCOPE OF THE CHAN-LAM AMINATION

The substrate scope of the Chan—Lam amination is broad, with the majority of the routine compound classes
containing a functionalizable NH position explored as substrates. In addition, certain compounds ostensibly
non-compliant with this remit (i.e., lacking a conventional N—H) have also undergone C—N bond formation
under Chan—Lam conditions (vide infra). There have been several preceding reviews of Chan—Lam C-N/C-X
bond formation and the reader is directed to these resources for additional accounts of scope.'®?%'"%7 The
following sections provide examples of the successful use of the Chan—Lam reaction to forge C—N bonds
since 2011. Where possible, examples have been selected that show the utility of the chemistry in non-
academic methodology projects, i.e., preferentially presenting applications from industrial medicinal
chemistry studies. Methodological examples are provided where this has not been possible. The scope of
utility is particularly large; accordingly, only selected examples of the particular C-N bond-forming reaction

classes are discussed.

3.1 Organoboron Variation

The vast majority of Chan—Lam aminations employ arylboronic acids — examples of these are provided in the
following sections. That other organoboron compounds are less frequently used perhaps indicates that these
are less readily accommodated. Indeed, the comparative difficulty in using arylboronic acid pinacol esters
(ArBPin) has been noted, with the origin of this problem proposed to be due to Cu inhibition” or lower
reactivity relative to the equivalent boronic acid.'"* However, there has been a number of developments in the
application of various other organoboron reagents, providing additional substrate breadth of the Chan—Lam

amination; a selection of these are highlighted in this section.
Arylboronic acids are, by far, the most common coupling partners for Chan—Lam reactions, with the

analogous alkylboronic acids much less frequently employed; however, there have been a number of reports

employing simple alkylboronic acids such as MeB(OH); or c-propylB(OH) (Scheme 7).
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Pudlo and coworkers showed that MeB(OH), could be employed for aniline N-methylation using
superstoichiometric Cu (Scheme 7a),'*® demonstrating the use of a Chan-Lam coupling as an unconventional

alternative to classical electrophile-based methylation.

Cyclopropyl motifs are common within medicinal chemistry and agrochemistry, with methods for their
installation broadly desired."” Zhu and Neuville demonstrated c-propylboronic acid can readily undergo
Chan-Lam coupling with a range of anilines and aliphatic amines (Scheme 7b).'*® The reaction required
stoichiometric Cu(OAc), and 2,2’-bipyridine as a ligand to proceed, with catalytic attempts significantly
reducing reaction yields. These reaction conditions were subsequently used in a structure-activity relationship

(SAR) study of verapamil (Scheme 7c).'*’

Scheme 7. Chan—Lam amination using alkylboronic acids.

(a) Use of MeB(OH),
o} Me —B(OH),

MeO Cu(OAc), (2.7 equiv
OMe )2 (2.7 equiv)
pyridine, 1,4-dioxane

MeO NH

—
» air, reflux 1

66% yield
(b) Use of c-propylB(OH), (methodology)

[>—s(oH)

(j)l\ Cu(OAc); (1 equiv)
_— Me
Me 2,2-bipyridine (1 equiv)
Na,COj3 (2 equiv)
DCE, air, 70 °C
95% yleld
16 other examples
(c) Use of c-propylB(OH), (target synthesis) 40-99% yield
OMe OMe
OMe OMe
Me [> B(OH) Me
oN Cu(OAc), (1 i N
c e
H Me Uu(OAc), (1 equiv) N Me
2,2-bipyridine, Na,CO3
DCE, air, 70 °C
OMe OMe
OMe 19% yield OMe

The direct use of arylboroxines have seen limited development within Chan—Lam couplings in general.
Although it should be noted that where reaction mixtures are dry (as is common for Chan—Lam chemistry in
order to avoid phenol formation) then it is highly likely that boroxine is formed in situ from the parent boronic
acid.""” An example of boroxine-based amination from Yu and coworkers used catalytic Cu(OTf), in the
absence of ligand/base and allowed effective N-arylation of amines and NH-heterocycles (Scheme 8).'*
Despite the reaction being performed in EtOH, no competing etherification was reported. In fact, protic

solvents were found to be key for successful cross-coupling with the more common Chan—Lam solvents
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(PhMe, MeCN, CH,Cl) entirely ineffective. It is therefore likely that EtOH assists hydrolysis of the boroxine

to the corresponding boronic acid diethyl ester, which may be more reactive.

Scheme 8. Chan—Lam amination of boroxines.

N
N | .y
B. Cu(OTf), (10 mol% N\ 99% yield
@E \> o o M ©: N> 18 other examples
N B B EtOH, air, 40 °C \ 30-98% yield

Ph” o ~Ph bh

~

Triolboronates are generally stable to air and water and are competent nucleophiles in Pd-catalyzed cross-

151

coupling.” Miyaura reported the Chan—Lam amination of a range of primary and secondary amines and

heterocycles using potassium triolboronates under simple catalytic Chan—Lam conditions (Scheme 9).'*!!

Perhaps most notable of these examples was the successful use of 2-pyridyl triolboronate, as the equivalent

boronic acid is notoriously prone to protodeboronation.'>*'?

Scheme 9. Chan—Lam amination of triolboronates.
®

Xy K AN
| oo O Cu(OAC); (20 mol%) IN/ N
N" B~go N 4 AMS, PhMe, O,, 60 °C
0 H
Me

70% yield
45 other examples
53-98% yield

Batey demonstrated the compatibility of aryl potassium trifluoroborates (ArBFs;Ks) as substrates for Chan—
Lam amination soon after the initial discovery.''? Building on this earlier work, alkynyl, alkenyl, and alkyl
BF:Ks have also been shown to effectively participate in Chan—Lam amination (Scheme 10). Evano and
coworkers reported the synthesis of a range of ynamides using alkynyl BF;Ks (Scheme 10a).'** This process
employed catalytic CuCl,#2H,O in combination with 1,2-dimethylimidazole as a ligand, which was found to
be crucial for reactivity. Interestingly, where electron-rich monodentate N-ligands (e.g., imidazoles) were

effective, bidentate ligands (e.g., phenanthroline) completely inhibited the reaction.

In contrast, Batey developed the Chan—Lam coupling of alkenyl BF;Ks to a range of amides under ligandless
conditions (Scheme 10b)."** This protocol was later expanded upon to enable the synthesis of enol esters from

alkenyltrifluoroborate and carboxylic acids or carboxylates.'*

Lastly, complementary to the use of c-propylB(OH),, Engle and McAlpine demonstrated the use of c-propyl
BF:K reagents for the alkylation of phenols and azaheterocycles (Scheme 10c)."”’ In their reaction
development, the authors reported that copper(Il) formate, rarely employed in Chan—Lam couplings, was as

effective as Cu(OAc),, although the latter was the preferred Cu source for the majority of the study.
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Scheme 10. Examples of the Chan—Lam amination of potassium trifluoroborates.

(a) Acetylinic BF3K

1) CuCly*2H,0 (15 mol%) o
1,2-dimethylimidazole (40 mol%)
N pa——— =
(e} N
\/

Q" NH 4 AMS, CH,Cly, O,, rt
\/
64% yield
23 other examples
(b) Alkenyl BF 3K 27-99% yield
9 o
Cu(OAc); (10 mol%) Ph
Ph N
DMSO/CH,CI; (1:1) H
4 AMS, 0,,40°C
60% yield
21 other examples
25-97% yield

(c) c-propyl BF3K
N Cu(OAC), (25 mol%) | A
| 1,10-phen (12.5 mol%)
I>—BF3K —_— N o)
N (@) K2C03 (2 equiv)
H PhMe/H,0, O,, 60 °C A

87% yield
29 other examples
27-89% yield

Boronic acid pinacol esters (BPin) are common components within cross-coupling chemistry in general;
however, they have seen much more limited uptake within Chan—Lam chemistry. As noted above, the reasons
for this are likely due to poor reactivity as a result of Cu inhibition by pinacol, released during the reaction or
due to lower reactivity.”'** An early report from Hartwig successfully used arylBPin for the arylation of a
range of primary amines in moderate to good yield by using KF as an additive (Scheme 11a)."*? The origin of
the KF effect is unclear but it is likely that this drives formation of a boronate, although the question remains

whether this then facilitates hydrolysis or undergoes transmetalation.

A report from Kuninobu in 2016 demonstrated the catalytic Chan—Lam amination (and etherification) of
amides using primary and secondary alkylBPin reagents, again highlighting the use of Chan—Lam chemistry
as an alternative to more traditional alkylations (Scheme 11b)."* The reaction required the unusual use of (-
BuO), as the terminal oxidant but organoboron oxidation was not reported to be problematic. Watson
subsequently reported the catalytic amination of a wide range of functionalized alkylBPin but using a more
complex mixture of catalyst and reagents, including a NacNac ligand, silanoate base, and, similar to

Kuninobu, stoichiometric peroxide as terminal oxidant.'*®
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Scheme 11. Methods for Chan—Lam amination using arylBPin.
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(a) Hartwig’s arylBPin amination

o) 0 y OFEt
BPin N \)\
OEt MeO N Cu(0Ac), (10 mol%)  MeO OEt
B
EtO NH, KF, 4 A MS, MeCN
0,, 80°C
Me Me
66% yield

13 other examples
31-67% yield
(b) Kuninobu'’s alkylBPin amination

Cu(OAc), (5 mol% OH
Ph”” BPin Phan M u(OAC), (5 mol®) Ph” N7
H (+-BuO),, PhMe, 50 °C Bh
82% yield

11 other examples

20->99% yield
(c) Watson’s process using NacNac ligands oyie

(o]

NMe
NH, Cu(OAc), (10 mol%) 2

N

o
L1 (10 mol%)
F N =N
BPin NaOSiMe3, DTBP H
N4E/\/ 4AMS, tBUOH, 75°C

s

67% yield
OMeMe
Me;N N 23 primary BPin examples
12 secondary BPin examples

N HN 31-86% yield

|

Me )\)\ OMe
Me Z Me
L1

(d) Clark’s aryIBPin amination /@\ NMe,
NH EtO,C NH
/©/ 2 /@C NMe,  Cu(OAc), (10 mol%) z
Br EtO,C BPiIn 3 AMS, MeCN, O,, 80 °C
55% yield

11 other examples
36-66% yield  Br

(e) Watson’s arylBPin amination using mixed solvent

NC NH, Cu(OAc); (1 equiv NC N§
Ph—BPin (OAc), (1 equiv) Ph
Et3N, MeCN/EtOH, air, 80 °C
F F
58% yield
61 other examples
10-91% yield
(f) Watson'’s arylBPin amination using B(OH)3
e
=
N NTSN [ j | |
| _ N X y
N |

Cu(OAc), (20 mol%)

B
Z B(OH), MeCN/t-BuOH H \(
H o N NH
N BPin 4 AMS, 0,, 80 °C
I 0
Me

(0] Me
67% yield
56 other examples
36-94% yield
(g) Watson’s arylBPin amination of sulfonamides
=
BPi o l
0.0 = | | AN in Cu(MeCN),PFg (50 mol%) Mo SN XN
NQ7
Me/S\N NN Z K3PO,, MeCN, air, rt
H = |
N
51% yield
24 other examples
35-96% yield
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Clark and coworkers reported the amination of benzylamine-based arylBPin under catalytic Chan—Lam
conditions using simple Cu(OAc),, although the addition of KF was beneficial in some cases (Scheme 11d).'*°
The typical recalcitrant BPin reactivity is overcome by site-directed activation where Cu-coordination to the
benzylamine is proposed to aid transmetalation. The group later applied the same activation process for Chan—
Lam etherification of phenols under similar conditions.'*' Similar to Clark, Xu subsequently demonstrated

that a range of carbonyl groups could also promote ArBPin cross-coupling via Cu-coordination.'’

In 2016, Watson and coworkers found that a 20:1 MeCN/EtOH system allowed effective Chan—Lam
amination using arylBPin (Scheme 11e).'” A small quantity of EtOH significantly improved reaction
efficiency using stoichiometric Cu(OAc), across a broad range of substrates and with minimal etherification
reported. The same group subsequently reported a mechanistic investigation of the amination process (see
Section 4) where they identified B(OH); had positive effects on specific mechanistic events.” Use of B(OH);
as an additive instead of Et:N allowed effective catalytic Chan—Lam amination of arylBPin using alkyl and
aryl amines as well as several other nucleophile classes, with utility exemplified in the synthesis of the
tyrosine-kinase inhibitor Imatinib on 0.5 g scale (Scheme 11f). However, the B(OH); conditions were found
to be ineffective for general arylation of N-aryl sulfonamides using arylBPin, with Watson and coworkers

subsequently identifying alternative conditions for this substrate class (Scheme 11g).”®

3.2 Aryl Amines (Anilines)

As noted above, aryl amines are valuable pharmacophores and a primary target for the development of TM-
catalyzed arylation methodology. Unsurprisingly, aryl amines have been thoroughly explored as one of the
main amine classes within Chan—-Lam amination. Selected recent examples within drug discovery are

provided below.

The Chan—Lam amination was used for the library synthesis of 4-aryloxy anilines for succinate-cytochrome C
reductase (SCR) inhibition, an enzyme essential in bacteria and fungi cellular machinery, by Wu and
coworkers (Scheme 12).' Optimization of reaction conditions (Cu source, base, solvent) identified
essentially classic Chan—Lam conditions as the most effective approach. A small library of compounds was
synthesized by variation of the aniline and boronic acid, allowing identification of nanomolar inhibitors of the

target.

Scheme 12. N-arylation of anilines within SCR drug discovery.

Cl
Cl

o]
fe) Cu(OAc),.H,0 (1 equiv)
Ph—B(OH), Ph
EtsN, MeCN, air, rt SN cl Cl
H,N | H

C Cl

81% yield
23 other examples
56-93% yield
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Similarly, Simons and coworkers prepared inhibitors of retinoic acid 4-hydroxylase (CYP26) using Chan—
Lam arylation of an aniline core as an integral part of the route, again under classical Chan—Lam conditions
(Scheme 13).!43144161° A small library of final products was prepared using a range of aryl boronic acids,
including heterocyclic examples, with some final products ultimately displaying greater potency than

marketed drugs in this therapy area.

Scheme 13. N-arylation of aniline within CYP26 drug discovery.
OH O

-~ “OMe OH ©
HN Me' Me Cu(OAc), (1.4 equiv)  B'~\ A | AN ome
2 - - . 5
pyridine, 4 A MS N Me' Me
NZ B(OH), CHyCly, air, rt H
| 58% yield
Br X 16 other examples
4-82% yield

A late stage Chan—Lam amination was used by Asada and coworkers to aid the SAR investigation as part of a
program to develop selective antagonists for EP3 (Scheme 14).'? Four different boronic acids were coupled
to the aniline core, with chemoselectivity over the appended secondary amide, generating the expected

products in good yield.

Scheme 14. N-arylation of aniline within EP3 drug discovery.

OEt

Me (6]

Cu(OAc), (10 mol%)

NH ZUoAck D Mo o

EtzN, CH,Cl,, air, rt
Me then aq. NaOH Me NH
Me Me NC/©
NC B(OH), Me
\©/ 57% yield (over 2 steps)

3 other examples
57-78% yield

Me

Hattori and coworkers used the Chan—Lam amination as part of a late-stage SAR investigation to access novel
agonists for B*-adrenergic receptors (Scheme 15).'® A small selection of arylboronic acids was used to arylate
aniline cores and seemed to be chemoselective towards the aniline over the appended secondary alcohol

motif; however, the yields were moderate and no comment was given on the mass balance.
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Scheme 15. N-arylation of aniline within B*-adrenergic receptor drug discovery.

NH, CO,H
OH Q/
HN
Cl Cu(OAc), (1 equiv)
_—
BocN EtsN, 4 AMS oH
CH,Cly, air, rt cl
B(OH), then aq. NaOH
/©/ BocN
MSOZC

42% yield (over 2 steps)
3 other examples
28-46% yield

3.3 Heteroaryl Amines (Heterocyclic Anilines)

As noted above, variation in substrate electronics can significantly affect reaction performance, which is likely
to manifest more profoundly in the Chan—Lam amination of heteroaryl amines. In addition, depending on the
heterocyclic component, coordination to Cu(I) or Cu(Il) has greater potential to affect mechanistic events than
in simple aniline systems; however, this can be difficult to deconvolute from other possible factors that may
also affect efficiency. Selected examples of heteroaryl amine arylation in medicinal chemistry projects are

provided below.

Salvati and coworkers synthesized an array of inhibitors of MEK, a kinase linked to various human cancers.'®*
Late-stage arylation of an amino pyrrolopyridazine intermediate provided access to the expected products
(Scheme 16) with apparent chemoselectivity for the primary aniline, although this was not specifically
commented upon. Salvati commented that the low yield was likely a result of the density of N(sp®) in the

template as well as steric issues imparted due to ortho-substitution.

Scheme 16. N-arylation of heterocyclic aniline within kinase drug discovery.

OPh OPh
HN /i: Cu(OAc), HN /©/
Me N Ph—B(OH), ———————> Me N
NN EtsN, CHoCly, 1t N
HaN"\ HN—Q
o N, = 4 N =
cl N Ph SN

15% yield

Formyl peptide receptors (FPRs) are associated with a variety of human physiological processes and of
particular importance in inflammatory conditions. Giovannoni and coworkers synthesized a variety of
selective FPR agonists via arylation of an amino pyridazinone core with methoxyphenyl boronic acids in

moderate yields under classic Chan—Lam conditions (Scheme 17).'%>-1¢7
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Scheme 17. N-arylation of heterocyclic aniline within FPR drug discovery.

Br
Br

Me
Me R
. - BOH:2  cuoAc), (1.5 equiv) N~ |
-z MeO—+ S N
N L EtsN, CH,Cly, 1t 0 NH
N
o) NH, °© ~
o |
- A
R = ketone, pyrazole MeO
8 examples

11-64% yield

Phosphatidylinositol 3 kinases (PI3Ks) have been the subject of interrogation due to their involvement in
several pathologies. Smith and coworkers designed and synthesized a series of potential candidates for PI3K
inhibition via Chan-Lam amination under classic conditions (Scheme 18).'®® The low yield highlights the

difficulty of coupling relatively simple substrates with multiple N(sp?).

Scheme 18. N-arylation of heterocyclic aniline within PI3K drug discovery.

H
N = i | |
S Br N OMe i-ProNEt, CH.Cly, 1t Nv\[Br _ oM

6.5% yield

3.4 Alkyl Amines

Primary and secondary alkyl amines are the most effective and therefore commonly employed N-nucleophiles
within Chan-Lam amination. The mildness of the Chan—Lam amination allows the arylation of complex
molecules, such as pharmaceuticals or agrochemicals, containing primary or secondary amine moieties at a

late stage, providing a method for the generation of compound libraries for SAR analyses.

Judd and coworkers, employed a Chan—Lam amination for the arylation of a primary amine as part of an SAR
campaign targeting methylated tetrahydropyran compounds for inhibitors of isoprenylcysteine carboxyl

). A small library of analogues was prepared

methyltransferase within anticancer research (Scheme 19a
using classic stoichiometric Chan—Lam amination conditions, with variation of the arylboronic acid delivering

the products in modest yield.

An oncology team at AstraZeneca demonstrated the use of the Chan—Lam amination to functionalize the core
of a PI3KP/S inhibitor (Scheme 19b).'” Arylation of the functionalized chromen-4-one core using 3.4,5-
trifluorobenzeneboronic acid using stoichiometric Cu(OAc), under an O, atmosphere delivered a modest yield

of the desired product.
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A team at GlaxoSmithKline reported the use of Chan—Lam amination in the late stage functionalization of a
series of BET bromodomain inhibitors (Scheme 19¢).'”" A variety of aminotetrahydroquinoline cores (with
variation of the Ar unit) were arylated using a range of arylboronic acids via Chan—Lam amination under
classic stoichiometric conditions. While no yields were reported for these couplings, the scope of arylboronic

acid was reasonably diverse, including a variety of electron-donating and electron-withdrawing substituents.

Scheme 19. N-arylation of primary amines in drug discovery.

a) N-arylation of alkyl amines in cancer drug discovery

B(OH), Cu(OAc 2 (1 equiv) @\
\©/ /Pr2NEt CH,Cly, air, rt

14 other examples
4-51% yield

(b) N-arylation of alkyl amine in kinase drug discovery

Cu(OAc); (1.1 equiv)
P
pyridine, 4 A MS
DCE, Oy, rt

31% yield
(c) N-arylation of alkyl amines in kinase drug discovery

HN
\©\/j BOH:  Cu(OAc) (15equiv) :
e,
Et3N, CH20|2, air, rt \©\/j
o N “Me
Oéj\ Me

17 examples
R = H, Me, t-Bu, CI, F, OMe
CN, CO,Me, SO,Me

Li and Stamford used the Chan—Lam amination for the arylation of a piperidine derivative as part of an SAR
campaign to develop neuropeptide Y (NPY) Y5 receptor antagonists (Scheme 20a).'”? The late stage Chan—
Lam amination using a wide variety arylboronic acids provided access to the desired library in generally low

yield.

While the use of secondary cyclic amines, such as piperidine, within Chan—Lam amination is well known, the
equivalent processes with smaller cyclic secondary amines are less well documented. One report from Yudin
details the N-arylation of aziridines using a catalytic Chan—Lam reaction (Scheme 20b)."** While the authors
report a limited scope of only two arylboronic acids and two aziridine derivatives, the couplings do proceed in

moderate to good yield under the catalytic conditions developed by Buchwald."*’
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Scheme 20. N-arylation of cyclic secondary amines.

(a) N-arylation of piperidine F.
. T
N \ﬂ/ N Cu(OAc), cl I\O\ o
—_—
Me
HO/ o] \O\l\ EtsN, CHoCl, NJ\N’
SO,Me

air, rt H
17 other examples
F B(OH), 7-26% yield N

|
cl SO,Me

(b) N-arylation of aziridine
(OH)2 Cu(OAC), (10 mol%)
NH N
myristic acid, 2,6-lutidine
OMe PhMe, air, rt
78% yield
5 other examples
40-87% yield

3.5 Amides

As one of the most prevalent groups in drug molecules, the preparation of amides remains one of the most
practiced reactions in pharmaceutical research and development.*” The Chan-Lam amination has been used
as a method for the functionalization of primary and secondary amides, providing an alternative method for
secondary amide formation (i.e., by functionalization of a primary amide) or for the direct functionalization of

secondary amides (e.g., for library synthesis).

Watson and coworkers reported the alkylation of primary amides using Chan—Lam amination with alkyl

boronic acids, giving a range of secondary amides (Scheme 21).'”

Despite alkylboronic acids being generally
problematic, this was not reported to be an issue under the catalytic conditions. Similar to Koninobu, (+~BuO),
was used as an oxidant. Unusually, NaOSiMe; was found to be the optimal base, with the authors suggesting
this allowed generation of sufficient concentration of amide anion but without over-ligation of the Cu catalyst.
The conditions were broadly effective to allow synthesis of a range of secondary amides, varying both the

alkylboronic acid and substituents on the primary amides, and with no over alkylation reported.

Scheme 21. N-alkylation of primary amides.

(e} (o}
M
MMNHZ e CuBr (10 mol%) Me%j‘)LN/\(Me
HO ka g H
Me HN—=Me (HO): Me  NaOSiMeg, (t-BuO), Me HN—~Me Me
Me t-BuOH, 75 °C —fvle
80% yield

30 other examples
40-91% yield

Charton and coworkers prepared TGRS agonists via arylation of a triazole-derived secondary amide under
classic Chan—Lam conditions in moderate yield but on a relatively functional group-dense template, including

several Cu-chelating sites (Scheme 22).'™
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Scheme 22. N-arylation of a secondary amide for TGRS drug discovery.

B(OH)2 cu(0Ac), (1.5 equiv
. N/\< D/ ( )2 ( )
N
~ pyridine, 4 A MS /<
CE\SAN MeO CH,Cly, air, rt
F

F
50% yield

While Cu-chelation could be expected to interfere with catalytic Chan—Lam processes, Baidya and coworkers
used this to their advantage, developing a chelation-assisted Chan—Lam coupling of secondary amides with
arylboronic acids (Scheme 23).'” A picolinamide directing group allowed chemoselective amide N-arylation
in the presence of a free indole NH and other functionalities using catalytic Cu with air as the terminal

oxidant. The picolinamide could subsequently be removed via basic hydrolysis.

Scheme 23. Chemoselective N-arylation of amide vs. indole.
o) o

OJ( A
NH N —< >
=N B(OH),  Cu(OAc),eH,0 (20 mol%) =N

©/ DMAP (20 mol%)

A\ Kl (20 mol%), DME, air, rt AN\
N N
H H
90% yield

35 other examples
52-96% yield

Jones and Guy explored a new method of synthesizing 1-arylquinazolinediones by direct N-arylation of
quinazolinediones via classic Chan—Lam conditions using arylboronic acids and with some success employing
arylBPin and arylBF;K (Scheme 24).'7® Catalytic Cu could be used with TEMPO as terminal oxidant but at

the expense of overall efficiency.

Scheme 24. Chemoselective N-arylation of amide vs. carboxylic acid.

(0]
_Me
0 /L
N,Me B(OH), Cu(OAc), (2 equiv) N 0
—_—
L r e
N O HO,C CH,Cly, air, rt
CO,H
73% yield
9 other examples
0-92% yield
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3.6 NH-Heterocycles

Aromatic heterocycles are key constituents of bioactive molecules, with azaheterocycles particularly
prevalent. Methods for alkylation or arylation of NH-heterocycles has been a focus of metal-catalyzed
processes for many years, in particular via the Ullmann—Goldberg and Buchwald—Hartwig reactions.'***>? As
with the N-arylations discussed in the previous sections, the Chan—Lam amination offers an alternative for

NH-heterocycle N-arylation with the associated benefits.

Zhang and coworkers used a Chan—Lam amination as the first step in their synthesis of a series of GPR120
inhibitors (Scheme 25)."”” Substituted pyrroles or imidazoles were arylated to access the biaryl core which
could then undergo further functionalization steps to furnish the desired compound collection. Despite using

MeOH as solvent, the authors reported no competing etherification.

Scheme 25. N-arylation of pyrrole and imidazole.
~\

N_/
jon
R/©/ Cu(OAc), D X ?

R
o ueRer N_ / . Me
1 OC \(
Et0,C H MeOH, air, rt—60 /Ej COEL Ve
D X =N,CH R
X/ R=Cl, Et 77-95% yield

CO,H

Perhaps one of the best demonstrations of the use of the Chan—Lam amination in the synthesis of bioactive
molecules comes from researchers at Eli Lilly, who used a continuous reaction setup to synthesize the
penultimate intermediate en route to an API on multikilo scale (Scheme 26).'”® The pyrazole intermediate was
alkylated with c-propylboronic acid under homogeneous catalytic conditions using diluted air (5% O in Ny)

in order to deliver over 50 kg of the desired intermediate.

Scheme 26. Large scale N-alkylation of pyrazole.

Cu(OAc); (12.5 mol%)
2,2’-bipy (18.75 mol%)
valeric acid (25 mol%)

[>—B8(oH),

i-PrNEty, THF/DMSO (1:1)
5% 0,/N, (300 psi), 90 °C

Cl N Cl N
69% yield on 75 kg scale

Han and coworkers demonstrated the N-arylation of tetrazoles under Chan—Lam conditions (Scheme 27).'7%'%
Their initial report in 2012 demonstrated this could be achieved using a low loading of Cu,O in DMSO under

an O, atmosphere, varying both the arylboronic acid and aryl tetrazole.'” Notably the reaction proceeds in the
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absence of any exogenous base or ligand. This prompted the authors to further investigate the mechanism of
this reaction, and in 2014 they reported that both tetrazole and DMSO are crucial in forming the active Cu
species through a series of coordination and oxidation processes.'® Latyshev and coworkers recently reported

a complementary process for the N-vinylation of both triazoles and tetrazoles.'®!

Scheme 27. N-arylation of tetrazole.

n=N O,N B(OH), Cu,0 (5 mol%) N
— /NH - - \N
Ph N DMSO, O,, 100 °C =,/
pn” N
80% yield
27 other examples
0-95% yield

Researchers at Merck employed a Chan—-Lam N-arylation to generate a library for SAR interrogation of a
peroxisome proliferator-activated receptor y (PPARY) partial antagonists (Scheme 28)."®? Four substituted
arylboronic acids were coupled to the indole core under classic Chan—-Lam conditions and, following
deprotection of the methyl ether, a second Chan—Lam achieved the desired O-arylation. The scope of the O-

arylation was more varied, with nine different arylboronic acids employed.

Scheme 28. N-arylation of indole.

CF3
OMe OMe /@
O
mcoza mcoza
Cl H CU(OAC)Z Cl N \ COgEt
Et;N, 4 AMS Cl N
/©/B(OH)2 CH,Cly, air, 1t
F3C CF4
14 other examples CF,

50-70% yield

Van der Eycken and coworkers investigated the Chan—Lam reaction on pyrazinone compounds (Scheme
29a).'® An unusual set of conditions was developed where classic stoichiometric Chan-Lam conditions was
subjected to microwave irradiation with simultaneous cooling. This is a rare example of a Chan—Lam
amination being run below room temperature; however, it was found to be key in this process, as room
temperature reactions were sluggish and heating caused a sharp drop off in yield. The authors reported the
coupling of a range of arylboronic acids, many in excellent yield, with the unsuccessful reactions attributed to

steric hindrance or instability of the boronic acids. No variation of the pyrazinone was reported.
On a related template, Kennedy and coworkers described the use of Chan—Lam amination to vary cytosine-

based cores in their exploration of TET enzyme inhibitors; however, while this is a Chan—Lam process, this

was incorrectly identified as “copper-mediated Ullman conditions” in the manuscript (Scheme 29b).'*> This
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example builds on earlier work from Yu and coworkers who identified the MeOH/H>O mixed solvent system
as optimum for the coupling of similar nucleobases.” Interestingly, the coupling proceeds with complete

chemoselectivity — neither Kennedy nor Yu report any competing coupling of the primary amine.

Scheme 29. N-arylation of pyrazinone and pyrimidinone (cytosine) scaffolds.

(a) N-arylation of pyrazinone CFs
H
N__O FsC B(OH):  cu(0Ac), (2 equiv)
—_—m
JI I /© Et3N, pyridine N 0]
Cl N S CH,Cly, air, 0 °C |
then pw 300 W 7
Cl S
93% yield

11 other examples
0-97% yield

O

N

(b) N-arylation of chlorocytosine
o

J

o
NT SNH B(OH)2 Cu(OAG), (1 equiv) NJ\N
)%) TMEDA, MeOH/H,0, air, rt L

HoN

cl

3

HyN
Cl

54% yield
12 other examples
9-79% yield

In an example involving a purine base, Nielsen and coworkers used the Chan—Lam amination to prepare a
pleuromutilin derivative (Scheme 30a).'"®* The protected adenosine N’ was arylated using 3- and 4-
iodophenylboronic acid using stoichiometric Cu(OAc),. Further manipulations provided a series of

compounds that were assessed against three different bacteria strains.

Das and coworkers developed a method for chemoselective N-arylation of unprotected 1H-pyrazolo[3,4-
b]pyridin-3-amines (Scheme 30b)."*> The optimized conditions facilitated selective N'-arylation over the
anilinic position and was applicable to a range of aryl- and heteroarylboronic acids as well as variation of the
azole. Following the initial N'-arylation, optimized conditions were developed for arylation of the anilinic
position, providing a method for sequential Chan—Lam arylation of this chemotype. It should also be noted
that Das has developed conditions for chemoselective N-arylation in the presence of phenols providing further

tools for discrimination of common functional groups.'*

Ishikawa and coworkers employed the Chan—Lam amination as part of their route towards centromere-
associated protein-E (CENP-E) inhibitors (Scheme 30c)."*” N-arylation of indole and thieno[3,2-b]pyrrole
cores under classic Chan—Lam conditions delivered the desired N-aryl products that were converted to the

target compounds in several steps and assessed as inhibitors for CENP-E.
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Scheme 30. N-arylation of fused azaheterocycles.

(a) N-arylation of purine

NBoc, N
AN B(OH), Cu(OAc), (1.5 equiv) </ | /)

I— N
(Nf\/) 2 Et;N, 3 A MS, DMF, rt N
N N |\//

N\

42 and 51% yield
2 examples
(b) N-arylation of pyrazolo[3,4-b]pyridine NH,
X
NH, | \/N
SN o) B(OH), Cu(OAc); (20 mol%) NZ N
- .
| > /N <O MeOH, air, rt
o
o
85% yield
30 other examples
60-92% yield
(c) N-arylation of thieno[3,2-b]pyrrole s

\| N CO,Et

S N
N B(OH), Cu(OAc); (2.5 equiv)
N CO,Et B
N . EtN, pyridine, 3 A MS
Br

PhCF3, air, rt

F
85% yield

3.7 C-N Bond Formation to non-NH-Nucleophiles
While the majority of Chan—Lam processes proceed using the remit of functionalization of the N-nucleophile

by replacement of the N—H with the N—C bond, there are exceptions.

In an interesting example of chemoselectivity, Xu, Su, and Mo reported the N-selective alkenylation/arylation
of hydroxybenzotriazole derivatives (Scheme 31a).'® While previous uses of HOBt in TM-catalyzed

couplings reacted solely at the O-site,'®’

the authors found that stoichiometric Chan—Lam conditions, with the
addition of Na,SOs, afforded the N-coupled products. DFT calculations were performed to rationalize this
selectivity, proposing that the N-atom binding and subsequent reductive elimination was more favorable by
3.0 kcal mol™. The process was found to be very general, with a wide range of alkenyl and arylboronic acids
tolerated in addition to substituted HOBt derivatives. The authors exemplify their study with the late stage

functionalization of a steroid in good yield.

Similarly, Mo and coworkers developed a methodology for the synthesis of N-alkenyl nitrones employing
Chan—Lam methodology and building on previous work from Anderson (Scheme 31b).""*'*! The optimized
conditions allowed for selective catalytic N-aryl/alkenylation of the nitrone motif, over the possible -OH and
—NH sites. A large selection of alkenyl boronic acids were showcased, as well as variation of substituents on

the benzene nucleus of the nitrone. Increasing the Cu equivalents led to arylation of both the nitrone and
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oxindole (-NH) motifs and, interestingly, removal of the C2 carbonyl led to alkenylation of the -OH and -NH
sites, highlighting the importance of the carbonyl moiety.

Scheme 31. N-aryl/alkenylation of non-NH-nucleophiles.

(a) N-alkenyl/arylation of HOBt

N\
\/N
N Cu(OAc), (1 equiv)

- 4
Na,SOy,, pyridine N
1,4-dioxane, air, 40 °C

I
®@N=N
/

Oo  61% yield
41 other examples
23-96% yield
(b) N-alkenylation of oxime
N—OH

CF40 / eo\N® N
o) Cu(OAc), (10 mol%) CF,0 ) N\ n-Bu
N _—
| Ly
N

NaySOy, pyridine
MeOH, air, rt

B(OH),
n-Bu” N 72% yield

34 other examples
29-97% yield

3.8 Sulfonamides and Sulfoximes

Similar to the amide functional group, sulfonamides are commonplace throughout medicinal chemistry, with
the value of this unit clearly demonstrated by its presence in drug compounds for a wide range of diseases.
Accordingly, methods for preparation or derivitization of sulfonamides are broadly valued in synthetic

medicinal chemistry.

Manukonda and coworkers designed a series of potential inhibitors of PTP1B, a member of the protein
tyrosine phophatases (PTP) family, using molecular docking.'”* The Chan—Lam amination was used to carry
out late stage SAR analysis via a selective N-arylation of a primary sulfonamide motif (Scheme 32a).
Coupling of four different arylboronic acids, and subsequent hydroysis of the ethyl glyoxamide gave the

desired oxamic acid products that were evaluated in a PTP1B inhibition assay.

In an example of large scale industrial Chan—Lam amination, Eastgate and coworkers improved on a previous

synthesis of dicyclopropylamine hydrochloride (Scheme 32b).'"

A thorough optimization was performed,
identifying that MeCN addressed solubility issues and allowed full conversion of starting materials. Similarly,
ligands were found to promote the process with 2,2’-bipyridine and 1,10-phenanthroline delivering the best
performance, and 2,2’-bipyridine selected due to bulk availability and economics. On smaller scale, an O»
atmosphere was used as the stoichiometric oxidant; however, while this is a safety concern on large scale,

moving to 5% O»/N, addressed these concerns and allowed effective arylation. Solid oxidants (e.g., KMnO4

and TEMPO) were ineffective. Regarding work-up, treatment with 1 N HCI provided the lowest residual Cu
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concentration in the product (<10 ppm). Ultimately, the arylation was carried out on scales of 60-80 kg in

reliably high yields and purity.

Watson and coworkers developed the arylation of N-aryl sulfonamides, a motif known to be difficult in Chan—
Lam amination (Scheme 32c).”® Mechanistic reasoning identified Cu(MeCN)sPFs as the Cu source as it
avoided problems associated with denucleation with more common Cu sources (e.g., Cu(OAc),). N-
methylpiperidine was used as the base for arylboronic acids, proposed to increase the concentration of N-
arylsulfonamide anion and thereby the rate of Cu(l) oxidation. K;PO4 was found to perform better in the
arylBPin system, thought to be due to its increased base strength increasing substrate anion concentration and
limiting Cu inhibition by pinacol. A variety of arylboronic acids, arylBPins, and N-arylsulfonamides were
explored, giving good to excellent yields. In a final showcase of the methodology, drug intermediate NS5B

inhibitor GSK8175 was synthesized in good yield on multigram scale under tailored conditions.

Jia and Xu demonstrated that chemoselective N-arylation of aminobenzene sulfonamides was possible under

).'"* Using CuCl and Et;N, selective N-arylation of

two different sets of reaction conditions (Scheme 32d
primary sulfonamides was effective across a range of substrates in generally good yield. Alternatively, CuTC

and 2,6-Iutidine enabled selective N-arylation of the appended aniline instead, again in good yield.

Bolm and Moessner developed catalytic Chan—Lam conditions for N-arylation of sulfoximines using
arylboronic acids under mild, base-free conditions (Scheme 32e).'?® A notable absence of problematic side
reactions was observed; no homocoupling and only small quantities of the methyl ether. A range of
arylboronic acids were accomodated delivering some excellent yields, with the expected steric limitations

observed (e.g., 2,6-dimethylphenylboronic acid was completely ineffective).

Scheme 32. Chan—Lam arylation of sulfonamides and sulfoximes.
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(a) Primary sulfonamide

O O
EtO HO
NH
B(OH), 0
Cu(OAc), (2 equiv)
—_—
pyridine, CH,Cly, rt
) o R
R then hydrolysis
Y
N _S.
0* || “NH, O~ °N
R = Me, CF3, OMe, Oi-Pr 4 examples
30-38% yield
(b) Secondary sulfonamide
H
O\\ _N

Cu(OAc), (0.5 equiv)

o)
Y W [>—8(oH), S
2,2"-bipy, NayCOj, 5% O/N; /©/ % \/
O,N

O,N MeCN, 55 °C

c) Multigram syntheS|s of an APl intermediate

o SOzMe

Cu(MeCN)4PFg (0.6 equiv)
BPin
Et3N, MeCN, 5% O,/N,, 10 °C
then MeNH,
MeO,C Cl
Cl CO,Me Br

63% yield on 15 g scale

(d) Chemoselective N-arylation of sulfonamides/anilines
CuCl (40 mol%) H2N©\ N
~Na
. . .S Ar

Et3N, 1,4-dioxane, air, rt

o’ Yo
HoN 29 examples
S,NHZ Ar—B(OH), — 45-84%
720N
o’ “o
CuTC (20 mol%) HN
4 _NH,
2,6-lutidine, DMF, air, rt Ar >SS
o’ Yo
13 examples

53-92%
(e) N-arylation of sulfoximine

o\\ //NH Me . ©\
g B(OH), Cu(OAc), (10 mol%)
7,

S
Me - O N
MeOH, rt s’

75% yield
10 other examples
0-93% yield

3.9 Sequential Processes

The ability of Cu to mediate several different catalytic reactions has allowed the development of reactions
where two separate events are catalyzed by the same Cu additive. Guo and coworkers developed a one-pot
synthesis of functionalized 1,2,3-triazoles from arylboronic acids, NaNs, and alkynes (Scheme 33a).'*” An

initial Chan—Lam amination of arylboronic acids with NaNj3 could be catalyzed by CuSO4in MeOH under air.
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Subsequent addition of H,O, NaAsc, and terminal alkyne allowed formation of the triazole via a CuAAC

process.

Busca and Prestat reported the diarylation of aminopyrazoles via chemoselective sequential Cu catalysis, in
which aminopyrazoles first underwent a selective Ullmann—Goldberg reaction at the pyrazole NH, followed
by a Chan-Lam N-arylation of the primary amine using the same Cu catalyst (Scheme 33b)."”* In order to
achieve sequential Cu(l)/Cu(Il) catalysis using the same Cu source, the reaction required the addition of
several additives to neutralize byproducts from the initial Ullmann—Goldberg reaction. AgBF4 and AcOH
were found to effectively neutralize Csl and CsHCOs, respectively, both of which were found to inhibit the

second stage Chan—Lam reaction.

The Chan—Lam amination has been used in sequential processes to prepare a range of fused heterocycles.
Neuville and Zhu showed that Chan—Lam amination could be merged with C—H activation to allow the one-
pot synthesis of benzimidazoles via N-arylation of an amidine (Scheme 33c)."”® Zhang demonstrated that
acridines could be prepared via Chan—Lam amination of o-aminoaryl ketones followed by a Freidel-Crafts
cyclization/dehydration process (Scheme 33d)."”” The same authors also reported the synthesis of acridones
via a similar process using o-aminoacetophenones.'” Wei and coworkers developed a synthesis of
indazolones via Chan—Lam amination of o-amino benzamides and subsequent dehydrogenative N—N bond

formation (Scheme 33e).'”’

Alternative methods for the preparation of N-arylcarbamates were reported by the groups of Kim (Scheme
33)'"? and Baghersad (Scheme 33g)'* using acyl azides and KOCN, respectively. Kim and coworkers
described the reaction of several azidoformates with arylboronic acids with catalytic CuCl under very mild
conditions to deliver arylcarbamate products (Scheme 33f). Variation of the organoboron was tolerated but

with a range of yields.

Baghersad and coworkers prepared carbamates from arylboronic acid and KOCN in the presence of an
alcohol using catalytic CuBr; under air (Scheme 33g). A variety of alcohols were compatible to give the
corresponding carbamate (MeOH, EtOH, n-PrOH, i-PrOH, and allyl alcohol used). A range of arylboronic

acids gave generally moderate yields, with BPin species less effective.
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Scheme 33. Sequential reactions involving the Chan—Lam amination.

(a) Sequential Chan—Lam amination/CuAAC

@[B(OH)Z
i) NaN3z, CuSO4 (10 mol%
OMe i) NaN3, Cu 4_( mol%)

MeOH, air, rt

= ii) NaAsc (0.5 equiv) N_ N
MeOH, air, rt N

OMe
92% yield

N3
via @[
OMe

10 other examples
63-96% yield

(b) Sequential Ullmann—Goldberg/Chan—Lam amination

NH,
i) Ar'-1, Cul (10 mol%), Cs,CO3, NMP, 120 °C
N
| N/N ii) Ar2-B(OH),, AgBF4, AcOH, 3 A MS, air, 80 °C
H

(c) Sequential Chan—Lam amination/C-H activation

()

14 examples
14-63% yield

B(OH), Cu(OAc),*H,0 (20 mol%)
/©/ NaOPiv, DMF, air, 50 °C
then O, 120 °C
(d) Sequentlal Chan-Lam amination/Friedel-Crafts

B(OH), Cu(OTN, (12 equiv)
TCE 100 °C

Sequentlal Chan-Lam amination/Dehydrogenation
B(OH), i) CuCl (20 mol%)
/©/ Et3N MeOH, air, rt
||) DMSO, 120 °C

(f) Coupling of acyl azides

B(OH),
(¢} CuCl (20 mol%)
I I —
BnO N3 s MeOH, air, rt

(g) Coupling of potassium cyanate

B(OH), CuBr; (10 mol%)
KOCN
MeO MeOH, air, 60 °C MeO

Me
N
7
N
H OMe

78% yield
21 other examples
6-90% yield

Ph

Me
~N
I
N

70% yield
23 other examples
40-93% yield

&,

85% yield
18 other examples
62-94% yield

o S
A A2

77% yield
27 other examples
0-94% yield

J T

48% yield
18 other examples
0-80% yield
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3.10 C-N Bond Formation on Nucleobases and Peptides

The use of biomolecules offers significant challenges for catalysis. With specific regard to the Chan—-Lam
reaction, as this is an oxidative process, oxidative degradation could be assumed to be problematic, as it can
be in other Cu-catalyzed processes such as the CuUAAC reaction.”” However, recent examples have shown

that the Chan—Lam amination can be compatible with biomolecules and offer unique access to bioconjugates.

Peng and co-workers utilized the Chan—Lam amination to create an array of N-arylaminotriazole
ribonucleosides for an SAR investigation for pancreatic cancer drug discovery (Scheme 34a).*" In total 11
arylboronic acids were coupled to an N-aryltriazole ribonucleoside core to deliver the expected products in a
range of yields and, again, with the standard steric observations. Following the arylation, aminolysis with
NH;3/MeOH gave the primary amide products that were tested for antiproliferation activity against cancer cell

lines.

Ball and coworkers achieved the selective N-arylation of peptides using mild reaction conditions (Scheme
34b).22 The site- and chemoselectivity of the arylation is controlled by a histidine residue, directing arylation
to a specific prolinone. A small selection of arylboronic acids were used for the aryl- and alkenylation of
leuprolide (shown in Scheme 34b) and angiotensin I, with alkenylboronic acids found to offer the greatest
efficiency, possibly due to limited steric hindrance. Three further polypeptides were also shown to undergo
selective N-arylation: neuromedin B, LHRH, and N-Hippuryl-HL. The selective aryl/alkenylation was also

replicated in more challenging systems using cell lysates.?”

Scheme 34. Chan—Lam amination of biomolecules.

(a) N-arylation of aminotriazole ribonucleosides

R
H2N>_N NH
! N
N, A~° B(OH) - >/_\ o
N 2 Cu(OAc), (1.5 equiv) N\N

AcO OMe R —_—

o pyridine, 4 AMs ~ AcO OMe
CH,Cly, rt o

R = Me, Et, Pr, MeO,
OAc OAc MeS, CF3, F, Cl OAc OAc

13 examples

- 0, i
b) N-arylation of peptides 0-98% yield

CO.H COzH
B(OH)Z
Cu(OAc), (10 equiv)
/L

HEPES buffer (pH 7.4)
air, rt

WSY DLeu-LRP-NHEt J\ WSY DLeu-LRP-NHEt

24% conversion
19 other examples
0-100% conversion
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4. MECHANISM

4.1 Historical Context

In the first of the trilogy of initial papers, Chan®® initially suggested the reaction mechanism to be related to
the Bi-based arylation methods where, following initial studies by David and Thieffry,****°> Barton observed a
significant rate acceleration in the presence of Cu(OAc),.>” The mechanism of this process is believed to be
formation of a nucleophilic Cu-alkoxide complex 5 followed by oxidative arylation to form a Cu(IIl) species 6

that enables a facile reductive elimination (Scheme 35).

Scheme 35. Proposed mechanism of Cu-catalyzed arylation using Bi(V) reagents.

Ligand Oxidative Reductive
Exchange Arylation AcO_ _OR Elimination o
CuX —— > Cu—OR ——» Cu’ — pp~ " r * CuX
R—OH 5 Ph3Bi(OAc), 6 Ph
Cu(l) Cu(lll)

Evans suggested a slightly different sequence of events, specifically suggesting two options for the reaction
mechanism (Scheme 36).%’ Since transmetalation of organoboron compounds to Cu(I) and Cu(II) was known
at the time,””” Evans suggested formation of a Cu(II)(Ar)(X) complex 7, which undergoes ligand exchange
with the heteroatomic nucleophile (in this case, a phenol) to deliver Cu(II)(Ar)(OR) complex 8. At this stage,
Evans noted the possible ambiguity over the oxidation state of Cu prior to reductive elimination: reductive
elimination from 8 would deliver the desired product and Cu(0), while oxidation to Cu(Ill) complex 9, would
allow reductive elimination to give the ether product and Cu(I), with the latter being analogous to reductive
elimination in the related, but mechanistically distinct, Ullmann—Goldberg reaction.!”?? Based on Evans’
observation that the reaction was more effective in its presence, O» was proposed as the oxidant for the

Cu(II)—>Cu(IlI) event.

Scheme 36. Initial mechanistic possibilities by Evans.

Ligand Reductive
Transmetalation | x  Exchange | OR Elimination o
CuX, “Cu —— cul T 5~y * Cu(0)
Ar—B(OH), L/7 A R—_OH L/8 Ar Ar” TR
Cu(ll) Cu(ll)
—1e”
Reductive
X._ _OR Elimination _o. + Cux
- U\Ar Ar R
9
Cu(lll)

In the final of the three initial studies, Chan and Lam subsequently proposed formation of a complex between
the heteroatomic nucleophile and Cu(OAc), before transmetalation and reductive elimination from a

“het/Cu/Ar” complex, but did not comment on the structure or oxidation state of the Cu.’

39



Following Evans’ initial hypothesis of reductive elimination from Cu(IIl) to generate the C—X bond,” in
2000, Collman reported the first example of a ligand-based Chan—Lam that allowed some additional insight
(Scheme 37a).”"”? The complex [Cu(OH)eTMEDA],Cl, (10) was found to enable the catalytic Chan-Lam
arylation of imidazoles. Transmetalation was proposed to allow access to monomeric Cu(Il) complex 11.
Association of the N-nucleophile enables access to Cu(Il) complex 12 that undergoes oxidation using O,
based on Evans’ proposal, to give the required Cu(Ill) species 13. Reductive elimination then gives Cu(I)
complex 14, which undergoes oxidation with O, to complete the catalytic cycle. More importantly from a
mechanistic standpoint, the realization that the substrate affects the Cu(Il) reduction potential was put
forward.?”® Specifically, the increased electron density at proposed Cu complex 12 due to the presence of the
aryl and N-nucleophile was proposed to enable more facile Cu(Il)—>Cu(Ill) oxidation using O,. Very soon
after, Lam proposed a similar mechanism for the related Cu-promoted amination of hypervalent aryl
siloxanes,™ and, subsequently, favored the Cu(IIl) mechanism for the Chan-Lam amination (Scheme

37b).70’106

Scheme 37. (a) Collman’s proposed mechanism. (b) Lam’s proposal favoring Cu(III).

(a) Collman’s proposed catalytic mechanism using [Cu(OH)e TMEDA],Cl,
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Lam proposed that the amine nucleophile undergoes coordination to Cu(OAc). with subsequent deprotonation
giving Cu(Il) amide 15. Transmetalation was proposed to deliver the Cu(Il) complex 16 that could undergo
either of the reductive elimination pathways proposed by Evans. Direct reductive elimination to give the
product and Cu(0) was disfavored based on the trace amount of Cu(0) detected in the reaction mixture.”” The
Cu(IIT) route (via 17) was the favored pathway and was proposed to be based on O, oxidation or, for the first

time, via disproportionation.

The Cu(Ill)-based mechanism became increasingly favored; however, the issue of whether this was driven by
O, or disproportionation remained unclear. Support for an O,-based oxidation was readily available from
inorganic studies of the metalloproteins where binding of O, to Cu(Il) complexes and subsequent oxidation to
Cu(IIT) was well known.”” Similarly, disproportionation was also well established.”® In addition, Ribas
documented Cu(Ill) complexes that were similar to the proposed Cu(Ill) intermediates in the Chan—Lam

210,211

process, and Stahl subsequently demonstrated that these can undergo reductive elimination with amine

nucleophiles.*

4.2 Mechanistic Investigations in the Etherification Reaction

In 2009 more substantive mechanistic data emerged. In a seminal study by Stahl, a combination of gas (O,)
uptake kinetic studies and EPR began to provide important detail to support various aspects of the proposed
mechanistic pathway.”>’* The model system was based on the Chan—Lam etherification of p-tolylboronic acid
dimethyl ester with MeOH using catalytic Cu(OAc), (Scheme 38a).'*® This led to the proposed catalytic cycle

shown in Scheme 38b.

Scheme 38. (a) Stahl’s model system for mechanistic development. (b) Stahl’s proposed mechanism for the

Chan—Lam etherification reaction.

(a) Model system used by Stahl
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From the mechanistic standpoint, Stahl proposed that the reaction begins with an undefined Cu(Il) species that
undergoes turnover-limiting transmetalation via initial formation of a complex with the organoboron (18).
This delivers aryl Cu(Il) complex 19 that undergoes oxidation to the key Cu(Ill) complex 20 by
disproportionation. Reductive elimination delivers Cu(I), which is reoxidized to Cu(Il) in the presence of the
byproduct from transmetalation, HX, and O,. Specific data that underpinned this mechanistic proposal is

worth noting as it has been invoked in subsequent mechanistic studies:

(1) The process had an observed stoichiometry of 2:1 Cu(Il)/organoboron and the reaction proceeded in the
absence of O, suggesting that Cu(II) can act as the oxidant, supporting the disproportionation pathway.

(2) The reaction demonstrated a first-order dependence on [Cu(OAc),], saturation dependence on
[ArB(OMe),], and zero-order dependence on [O:], suggesting Cu(l) reoxidation is faster than substrate
oxidation.

(3) The noted dependence on [Cu(OAc),] and [ArB(OMe),] suggests the transmetalation event is turnover
limiting under standard conditions.

(4) EPR studies of reaction aliquots determined that almost all Cu in solution was Cu(Il) and that this Cu(II)
species lacked strong donor ligands. This supported the above observation that transmetalation is turnover

limiting.

Consistent with the proposals of Evans and Lam,””’° Stahl noted that these data supported reductive

elimination from Cu(IIl) and that the potential reductive elimination from Cu(Il) was unlikely.

Stahl subsequently enhanced the understanding of this mechanism by providing further detail relating to
competing processes and a proposal for the mechanism of transmetalation within the model system used in
Scheme 38a (Scheme 39).” In relation to the Cu source used, the addition of AcO™ or AcOH was detrimental
to reaction efficiency in the model system that used Cu(OAc),; however, Cu(ClO4) was ineffective in the
model reaction unless AcO™ was added, suggesting a pivotal role for AcO™. Consistent with their proposed

transmetalation hypothesis (vide infia), the addition of MeO™ also accelerated reactions using Cu(ClOy).

Scheme 39. Stahl’s proposed bridged complexes and transmetalation pathway.
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With respect to transmetalation, additional EPR studies suggested the presence of two similar Cu species that
arise from the combination of the organoboron and [Cu(OAc).].. While full structural determination was not

possible, Stahl proposed related complexes 21 and 22 or related MeO-bridged or higher aggregate species as
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resting states prior to the transmetalation pathway: the initial acetate-bridged complex 21 was proposed to
undergo rearrangement to the methoxide-bridged 22 allowing transmetalation similar to other TM-catalyzed

reactions of organoborons.

The proposal that structures 21 and 22 were part of a pre-RDS equilibrium was consistent with experimental
observations including (i) the inhibitory effect of AcO™ and AcOH, which would be expected to inhibit
conversion of 21 to 22, (ii) the need for AcO™ in reactions where this was not already present (i.e., when using
Cu(ClO4)), and (iii) the promotive effect of MeO™ in reactions without AcO™ (when using CuClO4 and
Cu(OT1)).

4.3 Mechanistic Investigations in the Amination Reaction

Building on the work of Stahl, in 2017, Watson and coworkers reported a mechanistic investigation of the
Chan-Lam amination reaction using mass spectroscopy, crystallography, and EPR.” The primary focus of
this study was to address a common problem in the Chan—Lam amination when using arylboronic acid pinacol
esters (BPin), which are known to be significantly less effective in Chan—Lam processes with the exception of
several specific reports.'**”'** This reactivity problem was also reported to be more profound with arylamines

than alkylamines.'®

Watson investigated a benchmark stoichiometric amination reaction using an arylboronic acid with exemplar

aryl and alkyl amines as shown in Scheme 40a leading to the mechanistic proposal shown in Scheme 40b.
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Scheme 40. Watson’s proposed mechanism for the amination reaction.
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Watson proposed that the Cu(OAc). dimer is denucleated to a monocopper species 24 by action of the amine
substrate. This results in the amine substrate being bound to Cu from the outset, similar to the proposal by
Lam but lacking the deprotonation event.”!®® Similar to Stahl,’*™ Watson suggested that a Lewis pairing
process occurs between hydroxycopper complex 24 and the organoboron giving 25 that facilitates
transmetalation in the same way to Stahl’s methoxide-bridged species (22, Scheme 39) to deliver aryl copper
complex 26.” Invoking Stahl’s disproportionation pathway,””’* this delivers Cu(III) species 27 that allows

reductive elimination to generate Cu(I), which is oxidized to Cu(Il) using O, to complete the cycle.

The main construct for this mechanism was based on Stahl’s earlier work but with a focus on determining the
origin of the observed difference in reactivity of different amine (alkyl vs. aryl) and organoboron (RB(OH),
vs. RBPin) chemotypes. The overall picture of this mechanism is similar to that of Stahl but with some key

differences and subtleties established between the etherification and amination processes.

(1) EPR demonstrated that the amine is involved in the Cu(OAc), dimer denucleation (Scheme 41, right). This
is similar to the proposed denucleation by MeOH in the Stahl study, which was both the nucleophile and
solvent.”*™ In the amination, the Lewis basicity affects the denucleation with alkyl amines driving this
process more effectively than aryl amines providing a clear reactivity difference at the very outset of the

reaction.
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Scheme 41. Denucleation and inhibition in the amination process.
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(2) Similar to Stahl’s findings,”* AcO™ inhibits the denucleation but only for aryl amines: Alkyl amines were
found to drive denucleation in the presence of KOAc while the aryl amines were less effective (Scheme 41,

right).

(3) Perhaps unsurprisingly based on the above, AcOH inhibited denucleation for both amine classes due to N-
protonation of the amine. This also resulted in the formation of new Cu(Il) dimer species 28 (Scheme 41, left).
Independent preparation of this complex and exposure to arylboronic acid under identical reaction conditions
resulted in a poorer yield, suggesting that this is a parasitic off-cycle species that is detrimental to reaction

efficiency.

(4) The complex formed from amine-driven denucleation (29 and 30, Scheme 41) are assumed to have
structure similar to that of 24 (Scheme 40). Cu(Il) complex 24 was believed to be the catalytically active
species; however, this was found to exist in an equilibrium with its dimer, 31, and tetramer, 32 (Scheme 42).
32 was believed to be an off-cycle reservoir since independent synthesis and exposure to arylboronic acid

under identical reaction conditions delivered the expected product in good yield.

Scheme 42. Equilibration of proposed Cu(Il) complex 24 to reservoir 32.
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(5) Stahl suggested HX is involved in the oxidation of Cu(I)>Cu(ll) (oxidative turnover; Scheme 38b).”>™
UV studies by Watson confirmed that AcOH promotes this process and that this is slowed down in the

presence of EtsN — the most commonly used base for Chan—Lam reactions — due to buffering.
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(6) In addition to the amine substrate driving denucleation of [Cu(OAc):], at the outset of catalysis, UV
experiments demonstrated that the amine also influenced the rate of oxidation of Cu(I)—>Cu(Il) (oxidative
turnover). Both aryl and alkyl amine substrates slowed down the oxidation relative to AcOH as would be
expected based on observations with EtsN; however, more significantly, the rate of Cu(I) oxidation was faster
with alkyl amines than aryl, even in the presence of AcOH. This suggested some involvement of the amine

within the oxidation, likely via coordination to Cu(I), with the stronger donor allowing faster oxidation.”*®

(7) While not mechanistically important, the origin of poorer reactivity using BPin was attributed to inhibition

of catalysis by formation of [Cu(II)(Pin),]*~ complexes.

With specific regards to the Chan—Lam amination, in one of the earliest studies, Cundy commented on the
“capricious nature” of the reaction in terms of variability of yield with different substrates.”> The Watson data

assists in explaining this:

The denucleation is driven by the amine substrate and this is clearly dependent on the Lewis basicity of the
amine. Aggregation equilibria of the proposed mononuclear complex 24 will be affected by the
stereoelectronic parameters of the amine, potentially affecting the solution concentration of the mononuclear
complex. The amine is proposed to remain ligated to Cu(Il) up to and including the oxidation to Cu(IIl).
Changes in electron density at Cu(Il) will likely affect the rate of transmetalation, which is known to be
sensitive to electronic changes at the organoboron, and the key disproportionation process, as alluded to by
Collman.”"™ With specific regard to catalytic processes, since oxidative turnover is also influenced by the
amine, this means that every individual mechanistic step in the catalytic cycle is affected by changes in the
amine substrate. This perhaps explains Cundy’s comment on the perceived capriciousness with respect to
substrates and, therefore, why there are so many variants to the reaction conditions depending on the N-
nucleophile used. This also means that a priori identification of suitable reaction conditions for an untested

substrate class is rather difficult and the identification of a panacea is especially challenging.

4.4 Mechanistic Investigations in the Amination Reaction: Ligand-based Systems

The bulk of the mechanistic work discussed above is related to classic conditions where ligands are not
employed. However, as noted earlier, there are numerous examples of Chan—Lam reactions that employ a
specific ligand. Of these, the only in-depth mechanistic understanding comes from the work of
76,77,213,214

Schaper,
Figure 2).”

with significant data arising from well-defined iminoarylsulfonate complexes (e.g., 33,
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Figure 2. Schaper’s iminoarylsulfonate complex.
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As noted previously, solution speciation processes in classic systems using simple Cu salts render
identification of specific complexes, and thereby the rationalization of their reactivities, particularly difficult.

Ligand-based systems such as 33 have allowed a targeted interrogation.

Schaper’s mechanism (Scheme 43)"" suggested discrete complex 33 undergoes ionization to solvated cationic
complex 34 that undergoes Lewis pairing with the arylboronic acid to deliver 35, followed by rate-
determining transmetalation consistent with 36, similar to Stahl’s mechanism.”’* An incoming N-nucleophile
and expulsion of the boron byproduct promotes formation of complex 37. Disproportionation by combination
of 37 and 33 delivers key Cu(Ill) species 38 and Cu(I) complex 39. This allows reductive elimination and

subsequent catalyst turnover by oxidation similar to Stahl’s proposal.

Scheme 43. Schaper’s proposed catalytic cycle.
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Importantly, Schaper provided in depth kinetic data on this process and, interestingly, much of the
underpinning kinetic and spectroscopic data from Schaper’s analysis using 33 in the context of amination

73,74

aligned with the observations and conclusions made by Stahl in the etherification process and some

similarities with Watson’s data,” hinting at some level of mechanistic consistency across three different
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7™ included (i) the reaction required 2 x Cu per molecule of product

processes. Similarities to Stahl’s process
formed and (ii) transmetalation is turnover limiting. The observation of the off-cycle amine-bound Cu
complex 40 is similar in nature to the off-cycle complex 32 proposed as a reservoir by Watson.” Finally,
Schaper’s system was also consistent with the general Chan—Lam observation with respect to the organoboron

in that electron-rich boronic acids were generally faster.

Several differences were also notable and likely attributable to the ligand-based system, such as (i) amine-
bound complex 40 was proposed as the resting state in contrast to the Lewis complexes (21 and 22) in Stahl’s
system,” (ii) generally lower amounts of byproducts with the main byproduct being reductive homocoupling
in contrast to protodeboronation and oxidation for the majority of Chan—Lam processes, (iii) two additional
byproducts derived from amine oxidation (aryl and alkyl) were observed that are otherwise uncommon in
Chan—Lam amination, (iv) there was a reversal in the generally observed trend for the electronics of anilines,
with electron-poor performing better than electron-rich and, in addition, binding of electron-rich anilines to
the Cu catalyst could inhibit the reaction, and, (v) the formation of aniline-boronic acid complexes influenced

the reaction kinetics, which was unexplored by Stahl and Watson.

4.5 Mechanism Summary

Overall, many pieces of data have been collected over the past 20 years that have helped to describe the
Chan-Lam reaction in an empirical sense. The breadth of different reaction conditions described over
numerous alongside various ‘plausible’ mechanisms have likely contributed to some development of
ambiguity and compounding the notion that this chemistry is capricious. However, alongside key early
experimental findings of Chan, Lam, Evans, and Collman, the more recent in-depth studies of Stahl, Watson,
and Schaper have now begun to provide a reasonable overall description of the Chan—Lam reaction that,
importantly, demonstrates some signs of consistency in core mechanistic events. This now allows the
community to begin to understand why seemingly straightforward changes in substrates can lead to,

sometimes vastly, different outcomes.

An important point to note is the significant difference in operation between the Chan—Lam reaction and the
often-compared Buchwald-Hartwig amination. The ill-advised comparison between these processes leads to
confusion. The differences in metal and nature of the catalysis (classic vs. oxidative) notwithstanding, the
discrete catalysis and predictable ligand effects means that Pd-based methodology is generally much better
behaved allowing for a more digestible understanding and rationalization of observations. In comparison, the
Chan—Lam reaction is significantly more complex with substrates profoundly affecting the catalysis at the
most fundamental levels, the involvement of more than one Cu, and solution speciation leads to a system that

is not as readily understood or rationally manipulated in order to solve a synthetic problem.
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Having said this, the developing mechanistic knowledge, coupled with emerging DFT insight into oxidative
coupling processes,*'” is beginning to provide the insight that may soon allow a more intuitive understanding

and allow a more facile selection of reaction conditions for a given set of substrates.

5. CONCLUSIONS AND OUTLOOK

In summary, over the past 20 years the Chan—Lam amination, and Cu-mediated oxidative C—X bond
formation in general, has become a valuable synthetic methodology. The advantages arising from the mild
reaction conditions, inexpensive reagents, and scope of coupling partners have provided a go-to general
method for C-N (and C—X) bond formation for discrete or library synthesis at discovery level chemistry
through to scale-up processes for API or commodity chemical synthesis. The limitations of the methodology
have mainly been empirically defined but have lacked explanation, frustrating development of guides for
general a priori identification of reaction conditions for a given transformation. However, the emergence of
mechanistic understanding is now offering insight that has assisted in explaining observations and, with
sustained progress in this area, may allow development of more authoritative guidance for efficient reaction

design and offer new strategies for Cu-mediated C—X bond formation.
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kinase kinase; MS, Molecular sieves; NaAsc, Sodium ascorbate; NacNac, 1,3-Diketiminate ligand; N-
Hipuryl-HL, an angiotensin converting enzyme; NMP, N-Methyl-2-pyrrolidone; NPY, Neuropeptide Y; NR,
no reaction; NS5B, Nonstructural protein 5B; 1,10-Phen, 1,10-Phenanthroline; PI3K[3/y, Phosphatidylinositol
3 kinase P/y; Pin, Pinacol/pinacolate; PTP, Protein tyrosine phosphatases; R&D, Research and Development;
RDS, Rate-Determining Step; SAR, Structure-Activity Relationship(s); SCR, Succinate-cytochrome C
reductase; TBDMS, #-Butyldimethylsilyl; TEMPO, (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl; TGRS, Takeda-
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G-protein-receptor-5; THF, Tetrahydrofuran; TMEDA, Tetramethylethylenediamine; UV, Ultraviolet-Visible

spectroscopy.
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