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Abstract Owing to the importance of amine/amide derivatives in all fields of
chemistry, and also the green and environmentally benign features of using alcohols
as alkylating reagents, the relatively high atom economic dehydrative N-alkylation
reactions of amines/amides with alcohols through hydrogen autotransfer processes
have received much attention and have developed rapidly in recent decades. Various
efficient homogeneous and heterogeneous transition metal catalysts, nano materials,
electrochemical methods, biomimetic methods, asymmetric N-alkylation reactions,
aerobic oxidative methods, and even certain transition metal-free, catalyst-free, or
autocatalyzed methods, have also been developed in recent years. With a brief
introduction to the background and developments in this area of research, this
chapter focuses mainly on recent progress and technical and conceptual advances
contributing to the development of this research in the last decade. In addition to
mainstream research on homogeneous and heterogeneous transition metal-catalyzed
reactions, possible mechanistic routes for hydrogen transfer and alcohol activation,
which are key processes in N-alkylation reactions but seldom discussed in the past,
the recent reports on computational mechanistic studies of the N-alkylation reac-
tions, and the newly emerged N-alkylation methods based on novel alcohol acti-
vation protocols such as air-promoted reactions and transition metal-free methods,
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are also reviewed in this chapter. Problems and bottlenecks that remained to be
solved in the field, and promising new research that deserves greater future attention
and effort, are also reviewed and discussed.

Keywords Alcohols - Alcohol activation - Alcohol oxidation - Amines - Amine
oxidation - Amides - N-Alkylation - Asymmetric N-alkylation - Reductive
N-alkylation - Dehydration - Hydrogen autotransfer - Borrowing hydrogen - Relay
race - Transfer hydrogenation - Anaerobic dehydrogenation - Aerobic oxidative
dehydrogenation - Homogeneous catalysis - Heterogeneous catalysis - Transition
metal catalysts - Transition metal-free - Catalyst-free - Autocatalysis

1 Introduction and Background

Nitrogen is one of the most important essential elements for life. It has been chosen
by nature to build essential molecules such as amino acids and nucleotides in the
construction of life. Consequently nitrogen-containing compounds play important
roles in all fields of chemistry, and in all aspects of life in living organisms. For
example, nitrogen functionalities and organonitrogen blocks are abundant in
numerous natural products, biologically active molecules, agrochemicals, synthet-
ically and pharmaceutically significant compounds. Commonly used pharmaceuti-
cals usually contain at least one nitrogen atom.

Amines and amine derivatives are the most fundamental and significant
organonitrogen compounds because they can be used as starting materials for the
preparation of other organonitrogen blocks. The reaction of ammonia/amines
with organohalides to produce alkylated amines [1], namely the Hofmann N-
alkylation reaction discovered by A. W. Hofmann in 1850 [2], is included in all
text books as a basic method of amine derivative synthesis [3]. However, this
method uses active and toxic organohalides as reactants, and is low in selectivity
and atom efficiency, producing a mixture of different amines and inevitable am-
monium salts as byproducts, which leads to serious problems with product
separation and purification. Since then, various more selective, efficient, and
atom economic methods have been developed for the synthesis of different
amines and amine derivatives to meet specific synthetic needs, which include
mainly the Gabriel method, reduction of nitro compounds, Ullmann/Buchwald-
Hartwig type transition metal (TM)-mediated/catalyzed couplings of N-H
compounds with aryl halides and pseudohalides, reductive alkylation of amines
with carbonyl compounds, transition metal-catalyzed hydroamination/hy-
droaminomethylation of carbon—carbon unsaturated compounds, as well as
dehydrative N-alkylation reactions of amines/amides with alcohols. The latter
method, N-alkylation of amines/amides using alcohols as the alkylating reagents
(Eq. 1), seemingly a direct dehydrative substitution of alcohol’s hydroxyl group
by the amines/amides, is a relatively environmentally benign alternative, not
only because comparatively high atom efficiency can be achieved by generating
water as the only byproduct, but also because alcohols are more available, more
stable, lower in toxicity, more easily stored and handled, much lower in cost,
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and are a class of greener chemicals than the corresponding organohalides or
carbonyl compounds.
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MOH + HEN | ————= =N+ H0 (1)
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In fact, in the early twentieth century, just half a century after Hofmann’s report,
J. U. Nef [4] first discovered that N-alkylation of amines/amides could be achieved
using alcohols at high temperatures under strong basic conditions, albeit the yields
and selectivities were not high (Scheme 1). This is mostly due to the fact that
alcohols are generally inactive in nature, and because hydroxyl is not a good leaving
group and thus activation for further transformations is difficult.

Following Nef’s report, other chemists also developed a number of methods for
N-alkylation of amines with alcohols, by using main group metal (Na, K, Al, Mg,
etc.) hydroxides or alkoxides [5-9], or heterogeneous transition metal (TM)-
impregnated silica or alumina catalysts, or metal alloys, metal salts, mixed oxides of
metals, or directly silica-alumina as the catalysts [10—12]. However, these methods
still require forcing reaction conditions such as high temperatures (200-400 °C),
high pressure, using large amounts of bases, and still suffer from the problems of
long reaction time, low yields, and low selectivities.

As more and more TM complexes were developed and applied in organic
synthesis, TM-catalyzed synthetic methods progressed quickly. In 1981 and 1982,
the groups of Grigg [13], Watanabe [14], and Murahashi [15] independently
reported the earliest homogeneous TM-catalyzed N-alkylation reactions of amines
with alcohols using [Ru], [Ir] or [Rh] complexes. A main difference of these
reactions compared to the previous methods is that, by using the noble transition
metal complexes, N-alkylation reactions could be achieved under milder conditions
(<200 °C) and tolerate a broader scope of substrates. Realizing TM catalysts’ higher
activity in alcohol activation, and their potential in the dehydrative alkylation
reactions, more and more chemists became interested in this research and the field
has progressed rapidly in the past three decades, especially after the 1990s due to
chemists’ growing awareness of environmental concerns regarding chemical
reactions, and the need to develop greener and more sustainable reactions to
replace traditional methods. In addition, in 2005, the ACS Green Chemistry Institute
(GCI) and global pharmaceutical companies founded an ACS GCI Pharmaceutical
Roundtable to promote the development of green chemistry and green engineering

PhNH PhHN=Et  20%
EtONa
CH30C, 250~305 °C CH30C
N-H N=-Et 40%
Ph PH

Scheme 1 Nef’s initial findings on dehydrative N-alkylation [4]
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in pharmaceutical industry. The inclusion of direct transformations of alcohols into
pharmaceutically useful chemicals as one of its key research areas by the ACS GCI
Pharmaceutical Roundtable also promoted the progress of alcohol-based research in
organic and pharmaceutical synthesis. Therefore, numerous homogeneous and
heterogeneous TM-, Lewis acids-, Bronsted acids-, or co-catalysts-catalyzed
methods for dehydrative N-alkylation of amines and amides with alcohols have
been developed in recent years.

In general, these alcohol-based dehydrative N-alkylation reactions can be
classified into two categories. One is the direct nucleophilic substitution of the
hydroxy group by amines/amides mediated/catalyzed by Bronsted acids, Lewis
acids, or TM complexes via formation of carbocation or coordinated cationic metal
complexes under acidic conditions (Scheme 2) [16-20]. The famous Ritter reaction
of nitriles and alcohols giving alkylated amides may be classified as one of these
reactions, in which the nitriles serve as the N-nuleophile (Eq. 2) [21, 22].

R1 Q R1 R2
R-ON + Ho—{ Re BALAOTMaat )L” )<R3 2)
R3

The other category, as termed by the leading chemists in the area, is the
“borrowing hydrogen” [12, 23-32] or “hydrogen autotransfer” [9] methodology, or
more simply “hydrogen transfer reactions” [33, 34] that involve characteristic
hydrogen transfer processes in the reactions (Scheme 3). In these reactions, alcohols
are generally believed to be dehydrogenatively activated under inert conditions by
TM catalysts to form the more active aldehydes and the reducing hydridometal
species [MH] or [MH,], which then return the hydrogen atoms to the intermediate
imines to give the final alkylated amine/amide products. The method is thus mainly
suitable for primary amines and alcohols. According to this recapitulatory general
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Scheme 2 General mechanism for direct nucleophilic substitution reactions of alcohols by amines/
amides
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Scheme 3 General mechanism for alcohol-based borrowing hydrogen (a) or hydrogen autotransfer
reactions (b)

mechanism (Scheme 3), hydrogen transfer from alcohols to TM catalysts and then
from [MH]/[MH,] to intermediate imines are the typical key processes of the
methods. It should also be pointed out that inorganic bases were usually required in
hydrogen autotransfer reactions for deprotonation of the alcohols to facilitate their
coordination with TM catalysts. Since bases were usually used in large excess
amounts in the early TM-free methods [4-10], they were used only as additives but
not as catalysts in TM-catalyzed reactions [10-12, 23-34], even though in many
cases they were also used in catalytic amounts.

The direct nucleophilic substitution reactions (Scheme 2) [16-22], restricted
mainly to m-activated alcohols such as secondary arylmethanols, allylic and
propargylic alcohols, and tertiary alcohols that can readily form stable carbocationic
intermediates, are mechanistically different to hydrogen autotransfer reactions.
Although these reactions are not the focus of this chapter, since they are also very
relevant research areas, this brief introduction is anticipated to provide potentially
helpful references to assist interested researchers in their studies, especially in
boardline research where elucidation of reaction mechanisms is difficult.

In the case of N-alkylation reactions by hydrogen autotransfer processes,
asymmetric reactions, nano materials, electrochemical methods, biomimetic meth-
ods, reactions using amines as the alkylating reagents, the more practical aerobic N-
alkylation methods, and even some simple and efficient TM-free methods have also
been reported in recent years. It was proposed that, in addition to anaerobic
dehydrogenative for activation of the alcohols (Scheme 4, methods A-B), more
alternative protocols should also be available, which may include the use of

Dehydrogenative Activation | Oxidative Activation

H-Acceptors : stoichiometric

none [A]  loxidants[O] air (Op) E?ok&iﬁi
cat. [M ’ A ’C : E
Rer0n- 2 : = I; [RCHO]
: ——— Products
wastes : wastes Further
2 H : H20 ? Transformations
orMH] - [AHz 1 [OH;

Scheme 4 Known and potential protocols for alcohol activation
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hydrogen acceptors, oxidants or organocatalysts, aerobic oxidative methods, etc.
(methods C-F) [36]. Since TM-catalyzed aerobic oxidation of alcohols has been the
standard method for aldehyde synthesis [36—41], oxidative dehydrogenation
methods using various oxidants have been intensively employed in cross-
dehydrogenative coupling (CDC) reactions for substrate activation [42, 43], and
stoichiometric oxidants have also been employed for synthesis of alkylated amines
from alcohols and amines by one-pot multi-step oxidation—reduction reactions [44,
45], these new protocols for alcohol activation should be good complements to the
anaerobic dehydrogenation protocol.

Since there have been several important and excellent reviews on N-alkylation
reactions of the hydrogen transfer type in recent years [10-12, 23-35], this
chapter highlights mainly some typical examples of the main progress, technical and
conceptual advances, and recent mechanistic achievements contributing to devel-
opment of this research in the last decade. In addition to mainstream research on
homogeneous and heterogeneous transition metal-catalyzed reactions, possible
mechanistic routes for hydrogen transfer and alcohol activation that are the key
processes in N-alkylation reactions but seldom discussed in the past, recent
achievements on computational mechanistic studies of the N-alkylation reactions,
and some newly emerged N-alkylation methods based on novel alcohol activation
protocols such as air-promoted aerobic N-alkylation reactions and transition metal-
free methods are also reviewed in this chapter. Problems and bottlenecks remain in
the field, and promising new research that deserves greater future attention and
effort, such as potential protocols for alcohol and amine activation, meaningful and
attractive new methods or catalysts, and experimental and computational mecha-
nistic studies that can provide deeper insight into the alcohol activation and
hydrogen transfer processes and contribute to the design and development of new N-
alkylation methods, are also reviewed and discussed.

2 Hydrogen Autotransfer N-Alkylation Reactions Using Alcohols
as the Alkylating Reagents

2.1 Mechanistic Aspects of TM-Catalyzed N-Alkylation Reactions

TM-catalyzed N-alkylation reactions of amines/amides with alcohols are usually
held to proceed via the general borrowing hydrogen or hydrogen autotransfer
mechanism (Scheme 3) [10-12, 23-34]. This is based mostly on the concept that
TM catalysts can “borrow” and “return” hydrogen atoms from the alcohols and to
the products with temporary hydrogen storage by formation of [MH]/[MH,] species.
Therefore, the key to judge whether an N-alkylation reaction is a true borrowing
hydrogen or hydrogen autotransfer reaction would be the determination of the
[MH]/[MH,] species formed in situ in the reaction medium. However, this is not
that easy. Alternatively, according to the proposed general mechanism (Scheme 3),
whether the TM catalyst can directly produce aldehydes by alcohol dehydrogena-
tion: (1) under anaerobic conditions, (2) without external oxidants or hydrogen
acceptors, and (3) without aldehyde contamination in the substrate alcohols, which
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could lead to misleading results and conclusions, are also acting standards to help
making the judgement.

In fact, the borrowing hydrogen or hydrogen autotransfer concept, and generation
of [MH]/[MH,] species in alcohol-based N-alkylation reactions were, to a large
extent, based on the well-documented transfer hydrogenation reactions of unsat-
urated compounds, especially the carbonyl compounds and imines with alcohols
[46-51]. The last step of the borrowing hydrogen mechanism (Scheme 3), namely
the reduction of imine intermediates by alcohols, is, in effect, a transfer
hydrogenation reaction. The only difference is, in conventional transfer hydro-
genation reactions, excess alcohols such as isopropanol are used only as a hydrogen
source, and byproduct acetone is generated as a waste product [46-51]; while in N-
alkylation reactions, the alcohols are both the hydrogen and alkyl source, and
byproduct aldehydes are recovered in the catalytic cycle. Therefore, the mechanistic
aspects of these two transformations have much in common.

2.1.1 Mechanistic Possibilities for Transfer of Hydrogens from Alcohols
to Intermediate Imines

In spite of much work, the mechanism of a given N-alkylation reaction, especially
the question of how hydrogens are transferred from alcohols to intermediate imines,
remains to be elucidated specifically in each case. Several possibilities might exist,
and the reaction mechanism may vary depending on the substrates, TMs and ligands
used, and the specific reactions conditions employed [26]. On the other hand, the
general mechanism (Scheme 3) gives little insight into how hydrogen atoms are
transferred. Since little attention has been paid to this aspect in the past, and the
hydrogen transfer process is closely related to the key alcohol activation step, this
introductory discussion is designed to stimulate more focus on these mechanisms in
future studies.

_ L M.
j)\H base O L,MX "o
R'” "R2 -H R RZ  -X R1J\R2
Ln
v LaM- M_ M g
Jj\ + S 4 0 —_— +
| J
R3 R4 R1 R2 R3J~\(—\>VR1 R3 L H R1 R2
R4 H R2 R
Y=NR, O OH L
R R? " j)\
yH R7R?
R34\H
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Scheme 5 Direct hydrogen transfer route
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As summarized in review papers, there may be several possibilities for hydrogen
transfer from alcohols to unsaturated bonds (C=0O and C=N bonds in particular)
under TM-catalyzed conditions [26, 46-51]. One is the direct hydrogen transfer
route, involving a TM-templated concerted process with six-membered cyclic
transition states [47, 48]. As shown in Scheme 5, the base first deprotonates the
alcohol to facilitate its coordination with the TM pre-catalyst, which then
coordinates with the C=Y compound, making both the alcohol and C=Y moieties
bind to the metal center in close proximity. The metal acts as a template to provide
correct orientation for a concerted hydride shift from the alcohol to the C=Y bond.
As a result, both the B-C-H and O-H of the alcohol are transferred selectively to
become the B-C-H and Y-H of the product, as can be inferred by using deuterium-
labeled alcohols as the hydrogen source and measuring the deuterium content of
Y-H and C-H in the product (Scheme 6). The direct hydrogen transfer route is
similar to the Meerwein-Pondorf-Verley reduction and Oppenauer oxidation (MPV—
0O) route of the main group metals (Schemes 39, 40 vide infra) [52—-54]. Although
the MPV-O route is typical of the main group metals, it cannot be excluded
completely in TM-catalyzed reactions [47, 48], especially for TM pre-catalysts,
with which it is difficult to form hydridometal species, or under conditions not
suitable for formation of hydridometals.

Other possible routes include hydride routes, especially for TM pre-catalysts,
which can readily form [MH]/[MH,] species [26, 46-51]. To form [MH]/[MH,]
species, coordination of TMs with strong electron-donating ligands, such as
phosphines, seems to be indispensible. Nevertheless, most [MH]/[MH,] are still
known to be sensitive, short-lived, and prone to react with oxidants such as
molecular oxygen. [MH]/[MH,] species are thus usually obtained under anaerobic
conditions (such as in a glove box), or prepared/characterized in situ in the presence
of ligands. Hence, a borrowing hydrogen or hydrogen autotransfer N-alkylation
reaction is typically performed under anaerobic conditions with inert atmosphere
protection.

There are two routes for hydride transfer. One is the monohydride route
(Scheme 7). It is commonly held that, after alcohol deprotonation by the base and
coordination with the TM, the TM center abstracts only the -C-H of the alcohol to
give [MH] species via a four-membered cyclic transition state, which then reduces
the C=Y bond via a similar but reverse hydride transfer route. Consequently, if a
deuterium-labeled alcohol is used as the hydrogen source (Scheme 8), both the $-C-

M
-7 ~—~
- via Y|} /\?\ ~100%

O/H ‘\“*Y R3J\‘\(—\ R1 -H (@)
B g R D R2 /L .
RRrz D™ R? RS7 D R "R?

~100%

Scheme 6 Deuterium labeling of direct hydrogen transfer route
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Scheme 8 Deuterium labeling of the monohydride route

D* and O-H of the alcohol can be transferred selectively to become B-C-D* and
Y-H in the product, respectively [49, 50]. Since this process is the same with the
direct hydrogen transfer (Scheme 6) and TM-free MPV-O (Scheme 40, vide infra)
routes, the deuterium labeling method cannot be used to distinguish them.

The other route is the dihydride route, involving sequential abstraction of both
the O-H and B-C-H of the alcohol onto the TM center (Scheme 9) [26, 49-51]. It is
commonly held that zero-valent TM first inserts into the O—H bond of the alcohol,
followed by B-H elimination to give [MH,] species. [MH,] then reduces C=Y
compounds via a similar but reverse route. As a result, this route is not selective
regarding the hydride transfer processes. If a deuterium-labeled alcohol is used, the
deuterium contents of Y-H and C-H in the product should both be around 50 %
(Scheme 10) [50, 51].

Mechanistically, reactions taking the dihydride route should not require bases.
Indeed, several base-free N-alkylation reactions have been reported. Heterogeneous
catalysts impregnated with zero-valent TMs may therefore also belong to this class.
Besides, zero-valent TM catalyst L,M(0) and/or [MH,] may also be generated
in situ from the corresponding TM pre-catalysts, such as the frequently used
RuCl,L; and PdX,L,, via reduction by alcohols [49-51]. In such cases, bases are
also required to facilitate the generation of L,M(0) and [MH,] species. As shown in

R'COR? M ,MLnH

ML H )L
OH  L,M(0) o’M"nH R
)\ V) R1J\(n _L, LMH, )V )VR“

R2 R1 R2 Y=NR,O H

R1

Scheme 9 Dihydride route
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Scheme 10 Deuterium labeling of the dihydride route
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Scheme 11 In situ generation of L,M(0) and [MH,] species from transition metal (TM) pre-catalysts

Scheme 11, this transformation is accomplished by a stepwise reduction of the TM
precatalyst by the alcohol via formation of monohydride.

2.1.2 Mechanistic Aspects of Dehydrogenative Activation of Alcohols to Carbonyl
Intermediates

Since hydroxyl is not a good leaving group, alcohols usually need to be activated for
further transformations. In TM-catalyzed N-alkylation reactions via the hydrogen
autotransfer processes, alcohols are believed to be activated to carbonyl compounds
by anaerobic dehydrogenation. However, alcohol dehydrogenation with formation
of [MH]/[MH,] species or extrusion of H, is known as a thermodynamically
unfavorable uphill process [55, 56], being in many cases the rate-limiting step of the
whole reaction. Meanwhile, substrate and product amines as well as intermediate
imines are all known to be good ligands that may complex with TMs, possibly
poisoning, or even deactivating, the TM catalysts. Therefore, to accomplish
dehydrogenative alcohol activation, the activity of TMs needs to be enhanced.
Capricious ligands are hence adopted to improve TM activity and stabilize the
[MH]/[MH,] species; exceptions to this are rare.

R3NH 3
RICOR2 ——2- n-R j.\H s
b LnM\o /‘ -HO 1)\\ ) LnM\N/R3 R17R2 HN’R
ase R R
L,MX + L,MH —_—
)\RZ _HX )\ n /jﬁRZ H)VR2

R T R2 H™ ki R

Scheme 12 Possible mechanism of N-alkylation reactions via the monohydride route
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Based on the general mechanism (Scheme 3), borrowing hydrogen or hydrogen
autotransfer catalysts should be able to dehydrogenate alcohols to carbonyl
compounds and form [MH]/[MH,] species under inert conditions. As shown in
Scheme 12, with the monohydride route, carbonyl compounds and [MH] species are
first generated by P-H elimination of the metal alcoholate complex. Imine
intermediates formed by simultaneous condensation of the carbonyl intermediates
with amines are then reduced by [MH] to give a metal-product complex, and finally
the product via proton exchange. This may imply that, with monohydride
mechanism, TM catalysts can activate the alcohols to carbonyl compounds
followed by formation of imine intermediates, which then serve as the hydrogen
acceptor to oxidize [MH] species. By analogy, the monohydride mechanism
(Scheme 12) may be most consistent with the general borrowing hydrogen or
hydrogen autotransfer mechanism (Scheme 3).

In the dihydride mechanism (Scheme 13), generation of the [MH,] species
requires an initial alcohol dehydrogenation process to reduce TM pre-catalysts to
L,M(0) with formation of the first carbonyl intermediate, followed by L,M(0)
activation of the alcohol to give [MH,] and the second carbonyl intermediate.
Consequently, with the dihydride mechanism, TM catalysts can readily activate the
alcohols to carbonyl compounds without much difficulty.

In contrast, in the direct hydrogen transfer route, no carbonyl compound is
generated simultaneously with, or prior to, the hydrogen transfer step (Scheme 5).
Thus, no imine intermediates can be employed as the hydrogen acceptor to
accomplish hydrogen transfer from the alcohol. The initial step of alcohol activation
to carbonyl compounds is thus an issue to be solved in the catalytic cycle, which
may become the rate-limiting step in the whole reaction. Hence, alternative means
of alcohol activation should be adopted (Scheme 14). According to recent
developments, this may include aerobic N-alkylation reactions using air as the
promoter of the reactions, or reactions involving metal oxidants- or hydrogen
acceptors-initiated processes.

2.1.3 Computational Mechanistic Studies on TM-Catalyzed N-Alkylation Reactions

Mechanisms of TM-catalyzed N-alkylation reactions have also been investigated in
recent years by employing computational methods such as density functional theory
(DFT) calculations [57-63]. In 2008, Eisenstein and coworkers [57] performed a
DFT calculation on the mechanism of the [Cp*IrCl,],/K,CO;3-catalyzed

j’L 0 RN R
RYAR? RUR LHo iR
OH  base L,M(0) L M R "R? )v
LaMX, +R1 )\Rz i or nMH; HUR?
L, MHX OH R
R'” "R?

Scheme 13 Possible mechanism of N-alkylation reactions via the dihydride route
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Scheme 14 Possible mechanism of N-alkylation reactions via the direct hydrogen transfer route

(Cp* = nS-CSMeS) N-alkylation reaction of amines and alcohols. They found that
the reaction favors the product-forming direction because the alcohol dehydro-
genation step by B—H elimination has a lower barrier than dehydrogenation of the
product amines. Besides, the two hydrogen atoms transferred from the alcohol to the
imine intermediate are transferred as one hydridle H™ and one proton H™
(Scheme 15). The hydride goes from the alcohol to the metal, and then from the
metal to the imine, which is consistent with the monohydride mechanism
(Scheme 12); while the proton goes from the alcohol to the carbonate base and
further to the product amine, which differs slightly from the monohydride
mechanism (Scheme 12), because the ancillary carbonate ligand was found to
coordinate with Ir and thus be involved in the hydrogen transfer step (Scheme 15).

In 2012, Fristrup and Madsen studied the mechanism of the same N-alkylation
reaction as above by combining experimental and theoretical methods [58]. In
contrast to Eisenstein’s proposal [57], Fristrup and Madsen’s results suggested that
both aldehyde and hemiaminal intermediates stay coordinated to the iridium catalyst

4 \ bi§
/
R'CH,OH f SoCHR!T O\ R "H
0 X 2
o= NP o cpr RN
O 0= \Ir/
O D O// \H

catalyst

H
& AN i
R" O NHR? :< < RS

N CH,R!
R2

NHR?

Scheme 15 Proposed mechanism for [Cp*IrCl,],/K,COj3-catalyzed N-alkylation reaction supported by
Eisenstein’s density functional theory (DFT) calculation [57]
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in the catalytic cycle. Further dehydration to imine and reduction to product amine
also take place without breaking the coordination to the catalyst (Scheme 16).

In 2015, Liu and co-workers also re-investigated the DFT calculation of the
above [Cp*IrCl,],/K,CO3-catalyzed N-alkylation reaction [59]. They found the
initial alcohol dehydrogenation to aldehyde and the second aldehyde-amine
condensation steps are thermodynamically endergonic; whereas the third imine
reduction to product amine step is highly exergonic, being the driving force for the
whole catalytic cycle. For the alcohol dehydrogenation and imine reduction steps,
the most favorable pathways are the inner-sphere hydrogen transfer pathway under
the catalysis of Cp*Ir(NHPh)CI, and the inner-sphere hydrogen transfer pathway
with KHCOj; as the proton donor.

In addition to the above computational studies on the mechanism of Ir-catalyzed
N-alkylation reactions, in 2015 Martin-Matute and co-workers [60] also investigated
a bifunctional iridium complex-catalyzed N-alkylation reaction of amines and
alcohols by a combination of experimental and computational methods. The
mechanisms of Ru- [61], Cu- [62], and Pd-catalyzed [63] N-alkylation reactions
have also been studied by DFT calculations.

2.2 Recent Advances in Homogeneous TM-Catalyzed N-Alkylation
Reactions

Homogeneous TM-catalyzed N-alkylation methods for synthesis of amine/amide
derivatives are the mainstream of hydrogen autotransfer reactions. Since the seminal
reports from the groups of Grigg, Watanabe and Murahashi in the early 1980s [13—
15], more and more TM complexes, such as [Rh], [Pd], [Au], [Ag], [Pt], [Os] and
[Re], and even the non-noble metals [Ni], [Cu], [Fe], and [Co], have been found to
be active catalysts in the last decade [10, 23-34]. Recently, more environmentally
benign methods such as reactions in aqueous media, at much lower temperatures,
with very low catalyst loadings, or using biomass-derived alcohols, have gradually

2 Cp*
?p* ?p* R NH2 H\‘“I'\OH
2 wire, . R? {
R1/\O/Ir\N,R S IO—|/r H A_l, R2_,N\<
H2 \\l 2 H R1
RT7NHR2 R
R']/\OH Cl:p* ?p*
Cp* Hlrs R H' ™o,
Rz H2 \\R1 R
HO  R2NH,

Scheme 16 Revised catalytic cycle for [Cp*IrCl,],/K,CO5-catalyzed N-alkylation reaction supported by
Fristrup and Madsen’s DFT calculation [58]
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appeared in the field. Applications of N-alkylation reactions in the synthesis of bio-
active and pharmaceutical molecules have also been reported.

In 2007, Williams and co-workers [64] reported a [Ru(p-cymene)Cl,],/dppf-
catalyzed N-alkylation of secondary amines with alcohols. Piribedil (1), a piperazine
dopamine agonist used in the treatment of Parkinson’s disease, could be obtained in
87 % yield (Eq. 3). In 2009, by using DPEphos as the ligand instead of dppf, the same
group achieved a general N-alkylation method for a wide range of amines such as
primary and secondary amines, sulfonamides, and amides. N-Heterocycles could also
be obtained by the reaction of diols and primary amines (Eq. 4) [65, 66]. In 2013, the
Williams group extended the method to the synthesis of amines with a boronic ester
group. Saccharide sensor 2 could be prepared in 84 % yield (Eq. 5) [67].

ZT

[ ] [Ru(p-cymene)Cly], (1.25 mol %) O
<O©AOH N dppf (2.5 mol %), 3 A MS ( ]@AU
o + § 0 YN |

toluene, N, 110 °C, 24 h

N N N
U Piribedil (1), 87% yield >
3)
[Ru(p-cymene)Cls], (2.5 mol %) RS R4
jD\H 3 R DPEphos (5 mol %), NEts (10 mol%) N’
R17OR2 + \H’ toluene, reflux, 24 h R R2

R' = Ar, heteroAr, alkyl 0~97% yields
RZ = H, alkyl; R® = H, alkyl o

R4 = ArSO,, ArCO, Ar, heteroAr, alkyl
PPh, PPh,

DPEphos

[Ru(p-cymene)Cly], (2.5 mol %)
DPEphos (5 mol %), Na,CO3 (10 mol %) NMe

toluene, reflux, 24 h

=™ 99®
Q 2, 84% yield

(5)
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R3-NH,
Ruz(CO)42 (2 mol%) R3\NH
CataCXiumPCy (6 mol%) J\ @)
Ar, 110~150 °C, 24 h R'” "R2
R' = Ar, heteroAr, alkyl 0~98% yields
R2Z = H, alkyl. R3 = Ar, alkyl
H
R3’N'R4 R3
OH RUS(CO)12 (2 mol%) N
J\ CataCXiumPCy (6 mol%)
R1” TR2 t- amyl alcohol, 120~140 °C, 24 h R1
R' = Ar, heteroAr, alkyl 5~92% er|dS CotaC c
R2 = alkyl. R3= alkyl. R*= alkyl ataCXium PCy
NH;
RU3(CO)12 (1"2 mol%) NH2
CataCXiumPCy (6 mol%) A (©)
Ar, 140~150 °C, 20 h R R
r 45~93% vyields

R' = Ar, heteroAtr, alkyl. RZ = alkyl

Scheme 17 Ru3(CO),,/CataCXiumPCy-ctalyzed N-alkylation of primary and secondary amines and
ammonia with alcohols

In 2006, Beller and co-workers [68] reported a reaction of primary amines with
primary and secondary alcohols using an Ru;(CO);/tri(o-tolyl)-phosphine catalyst. In
2007, they developed an improved Ru3(CO),,/CataCXiumPCy catalyst, with which a
variety of functionalized alcohols and amines could be converted into the corresponding
secondary amines in high yields (Scheme 17a) [69]. In 2008, the Beller group extended
the method to the reactions of alcohols and secondary amines (Scheme 17b) [70]. In
2010, the Beller group and the Vogt group simultaneously reported the amination of
secondary alcohols with ammonia catalyzed by Ru3(CO);,/CataCXiumPCy complex
(Scheme 17c¢) [71, 72], which represents further progress after Milstein’s first report on
the amination of primary alcohols with ammonia using an acridine-based pincer Ru
complex (Eq. 6) [73]. In Milstein’s method (Eq. 6), the precatalyst 3 might be first
reduced by the alcohol to give [RuH] complex 4, which rapidly converts to the active
catalyst [RuH] complex 5 in the presence of ammonia (Scheme 18) [74].

cat. (0.1 mol%) . RN
toluene, reflux 12-32 h

P

OH * NH,

R = Ar, heteroAr, alkyl

R
61~96% yields
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In 2014, Vogt and co-workers reported the selective synthesis of cyclic amides/
amines from amino-alcohols catalyzed by Ru3(CO);,/CataCXiumPCy with catalyst
loadings as low as 0.5 mol% (Eq. 7) [75]. Interestingly, upon addition of water,
cyclic amines could be produced as the major product. The authors proposed that
this may be attributed to water which possibly acts as a weak acid to facilitate the
dehydration of the cyclic half-aminals by hydrogen bonding to give imine
intermediates.

RU3(CO)12 (05 mOl%) o
CataCXium PCy (3 mol%) = m=NH NH
HoN () OH o or (7)
n cyclohexane/ H,0, 140 °C |
n

|
n=1-3 "
up to 100% selectivity

In 2010, Williams, Beller, and co-workers [76] achieved the first homogeneous
N-alkylation of indoles with alcohols catalyzed by Shov catalyst with a low catalyst
loading (0.2 mol%) (Scheme 19). Unlike Grigg and co-workers’ C-3-alkylation of
indoles in the presence of KOH (20 mol%) [77], in the former work, a catalytic
amount of PTSA (0.025 mol%) was added, which may have led to a change in pH,
and thus the selectivity of the reaction.

In 2011, Beller and co-workers reported the direct synthesis of o-amino acid
derivatives from the reaction of o-hydroxy amides and esters with anilines, primary
and secondary aliphatic amines, and ammonia (Eq. 8) [78]. After screening 17
different ligands, [Ru3(CO);,] and a bulky phosphine ligand, DCPE gave the best
results. In the same year, the authors also reported that [Ru(CO)CIH(PPhs)s]/
Xantphos is an excellent catalyst for the amination of challenging substrates such as
the diamination of isosorbide with ammonia (Eq. 9) [79]. In 2013, Deutsch and co-
workers reported a similar [Ru(CO)CIH(DPEphos)(PPh;)]-catalyzed aminnation of
alcohols with ammonia [80]. Primary and secondary alcohols, hydroxy esters, and
diols are all suitable substrates. Mechanism of the ruthenium-catalyzed direct
amination reaction was later investigated by Vogt in 2014, revealing that the
initially formed inactive [RuH,] species could be (re)activated by intermediate
imine [81]. Later, the correlation of ligand fluxionality and catalytic performance of
the catalyst were investigated by the same group [82].

RCH,0OH
NaOtBu or NaH

NHj3 (100 equiv)

OC | = =, : N
o p/Ru——PCY2 toluene, rt., 2 h A toluene-dg, rt., <5 min H3NI
Y2 / Z Ru—PCy, 2 _Ru—FPC
H ‘¢l CyZP / Cy2P ?U Y2
OoC H oC H
3 4 5 (active catalyst)

Scheme 18 Possible active Ru complexes in Milstein’s method [73, 74]
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N Shov catalyst (0.2 mol%) AN
R TN ~ PTSA (0.025mol%) ~ RM- |
0 _ N + R2 OH _— N
H

_ o
toluene, 110-130 °C. 24 h \\Rz
H 18 examples, 19~92% yields
M Ph 07
O
Ph . o
Ph/%/ ‘@\ ‘ isomerization
MH \ Ph involving M
OC COOC CO ‘
M Shov catalyst
RIS S R
i _ N R (@] P N
H ——
\\\R3
Scheme 19 Possilble mechanism for Ru-catalyzed N-alkylation of indoles with alcohols
O
o Ru3(CO)12 (2 mol%) R R2
R! _R? DCPE (6 mol%) \I)kN’
H +  R3NH, S - H
OH t-amyl alcohol, 160 °C, 24 h R3.NH
R'=H, Me, Ph; RZ=H, Ar Cy,P~""PCy; 20~91% vyields
R3=H, Ar, alkyl DCPE
(8)
HO H [RU(CO)CIH(PPhy)] (3 mol%) 12N H
210) + NH Xantphos (3 mol%) 210)
3 >
0=t 140°C, 20 h 0 =~/ 9)
H oH H NH,
isosorbide 96% vyield

In 2012, Martin-Matute and co-workers [83] reported another pincer ruthe-
nium(II) complex-catalyzed selective N-alkylation of (hetero)arylamines with
primary alcohols. When the method was extended to aliphatic amines, the authors
found that the aliphatic amine moiety could not be oxidized or alkylated. Inspired by
this finding, aminoalcohols were later used as the alkyl source for N-alkylation of
(hetero)aromatic amines. N-Arylated diamines were selectively obtained in
excellent yield (Eq. 10).
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R? R cat. (1 mol%) R R
t-BuOK (1.0 equiv. H
Ho X + R°-NH, (1.0 equiv.) N
NH, toluene, 110°C,24h R NH,

R'=H, Me; R? = Me, Et, i-Pr 74~91% yields

R3 = Ph, pyridiy!
m = thP(CH2)4PPh2
P P

(10)

In 2014, Zhang and co-workers [84] reported the [Ru3(CO);,]/binap-catalyzed
alkylation of 2-aminobenzonitriles with pyridylmethanols. An important structural
unit, 1,2,3,4-tetrahydrobenzo[e][1, 4]diazepin-5-one (6), could be achieved by this
straightforward one-pot method (Eq. 11).

1) Ru3(CO)42 (1 mol%), binap (3 mol%) o]

cN t-amyl alcohol, BuOK (10 mol%) NH
| X N 120 °C, 15 h, N, R
= OH

N NH, 2)KsPOs (1.0 equiv.), H,0, 100 °C, 10 h N N
6

RCHO (1.0 equiv.) /N

6a (R = 4CI-CgHy), 40% yield
6b (R = 3MeO-CgHy), 41% yield

(11)

Some highly efficient catalytic systems enabling N-alkylation reactions to work
under mild conditions even at room temperature have also been developed. In 2014,
Enyong and co-workers [85] described ruthenium complex-catalyzed N-alkylation
of primary and secondary amines with simple alcohols under mild conditions
(Eq. 12). The authors found that when the substrate alcohol was used as the solvent,
the reactions could be achieved at 40—60 °C and even at room temperature; whereas
when using stoichiometric amounts of alcohol, higher temperatures, mostly 110 °C,
were required. In 2015, Taddei and co-workers [86] reported a rather mild
[Ru(cod)Cl,]/PTA/t-BuOK-catalyzed N-alkylation of aromatic amines with pri-
mary alcohols at 55 °C (Eq. 13). This may be the mildest N-alkylation reaction
catalyzed by ruthenium complexes described so far.
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[Ru(p-cymene)Cl,], (6~12mol %) R2
H L (12~24 mol%), t-BuOK (24~48 mol%) R3 l\ll

N, + R3S ° ~ Rl
RY"R* * R "OH 3AMS, Ny, rt~110°C, 12~61 h R
o)

R'=H, Ar, alkyl; R? = Ar, alkyl
R3 = Ar, heteroAr, alkyl ph/\HJ\N/Ph
H Ligand

NH,

36~99% vyields

(12)

[Ru(cod)Cl5], (2.5 mol%)
PTA (5 mol%)
KOtBu (1.0 equiv.)

R"OOH +  Ar-NH, - RSN
toulene, 55°C, 12~48 h H
R = Ar, heteroAtr, alkyl I/P\l 20~99% yields

N[N (PTA)
LN
(13)

Nitroarenes and nitriles could also be employed as amine precursors. In 2010, Li
and co-workers reported a ruthenium complex-catalyzed synthesis of tertiary
amines by N-alkylation of nitroarenes with alcohols (Eq. 14) [87]. In this method,
large excess amounts of the alcohols (mostly 7.5 equiv.) are necessary to reduce the
nitroarenes to anilines prior to N-alkylation. In 2011, Shi and co-workers also
developed an amination reaction for secondary amine synthesis from nitro or nitrile
compounds (Eq. 15) [88]. In the same year, Deng and co-workers reported a
ruthenium-catalyzed method for tertiary-amine synthesis from nitriles and primary
alcohols [89]. In 2013, Beller and co-workers reported another N-alkylation reaction
of nitrile compounds with secondary alcohols [90].

Ru(CO)(H)2(PPh3)3 (5 mol%) R2
o NO2 g~ L (7.5mol%) R \ll\l
1 p1 + R OH
R Ar, 150 °C' 16 h AR
" = R?

12 e
R'=MeO, F, CI, Br, COzEt /_§\ Me 32~91% yields
R?= Ar, alkyl N, N

A
Me -
Me Me Me
Ligand
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RuCl; (5 mol%)

CN PPhs (5 mol%)
K,CO3 (15 mol%) &~ N~ R2
7 gt + R70H - R H (15)
P 130 °C, Ar,9~24h XX
R'=MeO,Cl etc.; R?= aryl, alkyl 81~95% yields

In 2014, Li and co-workers reported a direct synthesis of N-alkylated amides via
tandem hydration/N-alkylation of nitriles and aldoximes with alcohols catalyzed by
[Cp*IrCl,], with a low catalyst loading (1 mol%) (Eq. 16) [91]. Control experi-
ments revealed that nitriles were initially hydrated by aldoximes to give amides,
which then reacted with alcohols to give N-alkylated amide products.

a) [Cp*IrClo]o (1 mol%)

n-C3H,CHNOH JOL
[e]
RICN toluene, 100 °C, 6 h R SNTR2 (16)
. b) R2CH,OH H
R" = Ar, alkyl . 76~86% vield
9 _ Cs,CO3 (0.2 equiv.) o yie
R< = Ar, alkyl
130°C, 12 h
RuH,(CO)(PPh3); (10 mol%) o
0, 0,
RO+ R2.ON L (10 mol%), NaH (20 moIA>)= R1J\N/\R2
toluene, 110 °C, 48 h H
R' = aryl, arkyl; R2 = aryl, arkyl )\Br‘ 53~99% vields
N* N
0 \—/
*-CN ligand
R "N” "R? [RuH,
H
[Ru] H NH
R1)\N/\R2 —<R2 R2J\H
H
1N
R1CH20[Ru]H OH
R1 ,,—"[RU]HZ N H

\I&O |
HN, <« —
H I R?
R2
Scheme 20 Proposed catalytic cycle for the reversed and redox-neutral N-alkylation reaction of nitriles
for amide synthesis
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In 2013, Hong and co-workers reported a Ru-catalyzed reversed and redox-
neutral N-alkylation reaction of nitriles and alcohols to afford N-alkylated amides
with high atom efficiency (Scheme 20) [92]. Unlike the preceding reactions of
alcohols and nitriles [88—91], in this reaction the alcohol serves as the acyl moiety of
the amide product rather than the alkyl moiety. This also differs from the Ritter
reaction, in which the alcohol serves as the alkyl source [22, 23]. In contrast, in this
reaction the cyano moiety of the nitrile was reduced to become the alkyl moiety of
the amide product. As shown in Scheme 20, the cyano moiety is initially
hydrogenated by the dihydridoruthenium species RuH, to form a Ru-imine
complex. The alcohol is then dehydrogenated to aldehyde by Ru to give another
RuH; species, followed by imine reduction by RuH, and addition of the generated
amine intermediate to aldehyde to give the hemiaminal intermediate. The last

NH,X
[Cp*IrCly], (1~5 mol%)
NaHCO3 (3~30 mol%)

toluene, 130~140 °C, 17 h

NH(CH,R"), + N(CH,R'); (a)

R = Ar, alkyl, RZ = H, X = OAc trace 55~92% yields
1= 2 — -
R =Ar, alkyl, R® = H, X = BF4 50~98% yields 2~9% yields
R3-NH,

[Cp*IrCl5]5 (0.05~5 mol%)
NaOAc (5 mol%) or

t-BuOK (1~30 mol% R"iNH
130°C, 17 h
1 R1/|\R2 (b)
R" = Ar, heteroAr, alkyl

R?=H, alkyl; R® = RCO, RSO, ~ 46~98% yields

OH \
e H NO—S NH,

(0]
[Cp*IrCl,], (1 mol%)
C82C03 (0.2"‘0.4 equiv.)

)
~150 °C, 12~ \ \
t-amyl alcohol 120~150 °C, 12~24h _ H,N S NH ()

R' = Ar, heteroAr, alkyl o
R2 = H, alkyl; R® = Me, Cl, Br etc. 50~92% yields Ph
Q
R3-NH, HoN §—NH
[Cp*IrCl,], (0.2 mol%) o]
K,CO3 or NaOH (20 mol%) R3 9
130~150 °C NH
s . (d)
R' = Ar, heteroAr, alkyl R R?

2= . p3 =
R< = H, alkyl; R” = heteroAr 71~97% yields

Scheme 21 [Cp*IrCl,],-catalyzed amination of alcohols with ammonium salts, carbamates, amides,
sulfonamides and primary heteroarylamines
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dehydrogenation of hemiaminal by Ru gives the corresponding N-alkylated amide
product and regenerates the catalyst. In 2014, the authors extended the method to
the synthesis of cyclic imides [93].

In 2010, Bruneau and co-workers described an unprecedented cascade N- and
C(3)-dialkylation of unactivated cyclic amines with benzylic and aliphatic alcohols
using a new (arene)ruthenium (II) complex 7 bearing a phosphinosulfonate ligand as
the catalyst (Eq. 17) [94]. In 2012, they achieved a three-component N- and
C-dialkylation reaction of the easily accessible anilines, diols, and aldehydes
through tandem hydrogen transfer reactions in the presence of iridium complex 8
(Eq. 18) [95].

cat. 7 (1.5 mol%)

( CSA (20~40 mol%
“SOH + n ( ) Ar/\QN_-\
N toluene,150 °C, 16 h ( Ar
n=1-3 H n
tBu_ Ph % 50~71% yields
@P‘

OCI

/, \\

(17)

a) cat. 8 (3 mol%)
b) R2-CHO (1.1 equiv.)
CSA (1 mol%) Ar

c) HCOOH (2 equiv.) N
ArNH,  +
toluene, 150 °C, 20 h R2

HO OH
46~83% vyields

(18)

In 2008, Fujita, Yamaguchi and co-workers reported an efficient solvent-free
synthesis of secondary and tertiary amines by [Cp*IrCl,],-catalyzed multi-
alkylation of ammonium salts with primary or secondary alcohols [96]. The
authors found that the type of ammonium salts greatly affected the selectivity of
the reaction (Scheme 21a). Secondary 5- and 6-membered cyclic amines could
also be prepared from ammonium tetrafluoroborate and diols by the same method.
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In 2009, these authors also reported a similar transformation at 10 mmol scale,
which makes the method more practical [97]. In the same year, the same authors
again extended the method to N-alkylation of carbamates and amides, and in 2010
to N-alkylation of sulfonamides with catalyst loading as low as 0.05 mol%
(Scheme 21b) [98, 99]. In 2014, Trudell and co-workers reported a microwave-
mediated [Cp*IrCl,],-catalyzed N-alkylation of amides under solvent- and base-
free conditions [100]. In 2015, Li and co-workers reported a direct synthesis of
amino-(N-alkyl)benzenesulfonamides via N-alkylation of aminobenzenesulfon-
amides with alcohols catalyzed by [Cp*IrCl,],/Cs,CO5; (Scheme 21c) [101].
Notably, biologically active 9, a histone arginine methyltransferase inhibitor,
could be obtained in 80 % yield by this method. In 2012-2013, Li and co-workers
also realized the N-alkylation reactions of primary heteroarylamines such as
2-aminothiazoles, 2-aminoimidazoles, 2-aminopyrimidines, 2-aminoquinazolines,
and the corresponding secondary amines could be obtained in moderate to
excellent yields (Scheme 21d) [102-104].

In 2011, by employing the iridium-catalyzed “borrowing hydrogen” reaction as
the key step, Berliner and co-workers achieved the first kilogram-scale synthesis of
10, a GlyT1 inhibitor for treatment of schizophrenia (Eq. 19) [105]. In a smaller
10 g scale reaction, the catalyst loading could even be reduced to less than
0.05 mol% Ir (S/C >2000), while still affording the product in a good yield of 84 %.

[Cp*IrCly], (2.5 Mol%) F
HO K,CO3 (5 mol%)

~
: F 5v toluene, 3% H,0  ClI D
H/,I ‘\H
é + HoN ci 100 °C, 5 h, sealed vessel HN D
D
N D D \N—
Mel H PAS H/,
s N7 N7 /~\H
Me—Ni:[>""\ =
_____ - 7 N N

“““ . H 5 Me
78% kilogram-scale
10

Cl F

(19)

Biomass-based alcohols could also be employed directly as substrates in N-
alkylation reactions, making the hydrogen autotransfer method more practical. In
2011, Martin-Matute and co-workers reported a [Cp*IrCl,],-catalyzed method for
synthesis of secondary aminosugars from primary aminosugars with simple alcohols
and primary carbohydrate alcohols (Eq. 20) [106]. In 2009, Stephens, Marr and co-
workers reported that a one-pot bio- and chemo-catalytic process could be used for
direct conversion of crude glycerol from biodiesel production to valuable secondary
amines in a biphasic system without intermediate separation of 1,3-propanediol
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[107]. In 2012, Marr and co-workers achieved an amination reaction of pure 1,3-
propanediol in the presence of an Ir complex 11 (Eq. 21) [108].

Bno, OBn
O. .OMe O._.OMe [Cp*IrClo], (3 mol%)
HoN : +Ho Cs,CO03 (25 mol%) BnO"'thN
BnO" “OBn  BnO" ""OBN toluene, 120 °C, 24 h MeO\: ° -1OMe
. den BnO' /
78%yield g,d  OBn
(20)
OH 9
aCOs (omaty PPN o
+  Ph-NH, 23 - i i \/\NHPh
N1g88NTf2, 115°C, 24~48 h b P\ Hph
OH \g
ve 7
N _ir—cl
(‘Y o M
=N
n-Bu
(21)

In 2012, Sridharan and co-workers reported a selective C- or N-alkylation of
2-aminoacetophenone catalyzed by [Cp*IrCl,], under microwave irradiation
conditions (Eq. 22) [109]. C-Alkylation takes place in the presence of [Cp*IrCl,],/
KOH at 110 °C, while N-alkylation could be achieved using [Cp*IrCl,],/K,CO; at
140 °C. By using different bases under different conditions, clean C- or
N-selectivity could be achieved.

0 o) %
[Cp*IrCI2]2 [Cp*IrCI2]2
R KOH, 110°C ©\)\ K,CO3 , 140 °C
P
NH, R”OH NH, R OH N R
60~80% yields 50~92% yields

(22)

By using certain ligands to improve the activity of the metal catalyst, the N-
alkylation reactions could also be performed under milder conditions. In 2009,
Kempe and co-workers reported that a [Ir(cod)Cl],/P,N-ligand complex could
enable the N-alkylation of (hetero)arylamines with alcohols under mild conditions
of only 70 °C with a catalyst loading as low as 0.1 mol% (Eq. 23) [110]. In 2010,
the same group designed a new P,N-ligand stabilized iridium complex 12
(Scheme 22) for efficient alkylation of anilines with alcohols under mild conditions

@ Springer



Top Curr Chem (Z) (2016) 374:27 Page 25 of 74 27

(70 °C) with catalyst loadings as low as 0.05 mol% [111]. In 2012, the Kempe
group extended the method to the synthesis of symmetrical and unsymmetrical
alkylated diamines under mild conditions (70 °C) [112]. For example, 4,4'-
sulfonyldianiline (13), effective antibiotic medicaments used in the treatment of
leprosy or malaria, could be symmetrically and unsymmetrically N-alkylated by this
method.

[Ir(cod)Cl], (0.1~1 mol%)
L (0.2~2 mol%) H
N

@NH2+ oy _KOMBU(122equiv) | A R
X diglyme, 70 °C, 24~48 h | _X

X = C,N; R= Ar, alkyl 44~97% yields

Ligand

Pi-Pr,

(23)

In 2015, Xiao and co-workers reported an iridium complex (14)-catalyzed N-
alkylation of amines with alcohols under mild conditions (100 °C) (Scheme 22)
[113]. Anilines, heteroarylamines, N-alkyl-N-arylamines, and sulfonamides could
serve as N-nucleophiles. The same method can also be applied to amine-based N-
alkylation reactions (vide infra).

In 2013, Andersson and co-workers reported an iridium NHC-phosphine
complex-catalyzed solvent-free, and selective N-alkylation of anilines with alcohols
under mild conditions even at room temperature (Eq. 24) [114]. Intramolecular N-

[Ir(cod)CI], (0.1~1 mol%)

L (0.2~2 mol%) H

NH, . N. R

@/ . R oH KOtBu (1.1~2.2 equiv.) N 23
X diglyme, 70 °C, 24~48 h | _X
X = C,N; R= Ar, alkyl R = 44~97% yields
] ]
N N Ligand
Pi-Pr,

& @L |
"”\{ l\{l// N—Ir—Cl
_Ir
/P\ 3 )\©\
OMe
12 14

Scheme 22 Iridium complex 12 and 14 and 4'4-sulfonyldianiline 13
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heterocyclization of aminoalcohols could also be achieved to afford indole or
1,2,3,4-tetrahydroquinoline products.

cat. (0.5~1 mol%)
KO{Bu (50 mol%)

diglyme or neat, rt~50 °C, 24~48 h
R = Ar, heteroAr, alkyl. ® O ~97%, vi
y Ph rﬁ —[ BAr 44~97% vyields
\ ,l/\
Pl

N
cat. [) Ir\'

- Ar
R/\N’
H

Ar-NH, + R” OH

(24)

Some water-soluble and water-tolerant iridium catalysts have also been
developed in recent years. In 2010, Williams and co-workers found [Cp*Irl;] is a
water-tolerant catalyst for N-alkylation of primary and secondary amines and
sulfonamides in aqueous media [115]. In the same year, Fujita, Yamaguchi and co-
workers also reported a water-soluble and air-stable [Cp*Ir(NHj3)3][1],-catalyzed
multi-alkylation of aqueous ammonia with alcohols (Eq. 25) [116]. The catalyst
could be recycled by an easy procedure that still maintains high activity. Moreover,
quinolizidines could also be achieved from the reaction of aqueous ammonia and a
water soluble triol employing the same method.

4 P arico, womare . % § a
a mol/o
+ NH3 3 + 1 1
R R? 140 °C, 24 h RUTNTIR? & RANOR
R2 =H 65~95% yields
R' = Ar, alkyl; R? = H, alky R2 =alkyl 63~89% yields
[Cp*Ir(NH3)3][l], recoverable:1st, 100%; 2nd. 98%; 3rd, 95%
o8
quinolizidine
(25)

In 2012, Madsen and co-workers reported a [Cp*IrCl,],-catalyzed method for the
synthesis of piperazines from amines and 1,2-diols in toluene or water [117]. In
2013, Trudell and co-workers realized a microwave-assisted [Cp*IrCl,],-catalyzed
synthesis of nicotine and anabasine derivatives in water media (Eq. 26) [118]. In
2014, Li and co-workers reported an iridium complex 15-catalyzed N-alkylation of
sulfonamides with alcohols in aqueous media (Eq. 27) [119].
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OH R2-NH, (5
X - OH [Cp*IrCl,], (5 mol%) - N N
; | _ Na,CO; (1.1 equiv.) ; | _ R?
R N H,O, MW, 2 h R N
n=1,2. R"=H, MeO. R? = Me, Bn, 4-MeOCgzH, 50-78% yields
(26)
') cat 15 (1 mol%) 0
1_a_ Cs,CO03 (0.1-0.2 equiv. RLY
R § NH, + 20 2C0;3 ( _ quiv.) 3 “NTOR2
0 H>0, 120 °C, 15 h O H

R = aryl, alkyl i _I lOTfI 78-94% vyields .
R? = aryl, heteroAr, alkyl (27)
HZO

HO /\ OH

N—
/ 15
_\ \ /

In 2011, Ramén and co-workers reported a Pd(OAc),-catalyzed N-alkylation of
poor nucleophilic heterocyclic amines, carboxamides, and N-(triphenylphospho-
ranylidene)aniline with alcohols with catalyst loading as low as 0.5 mol%
(Eq. 28) [120]. In 2013, Seayad and co-workers reported a powerful PdCl,/dppe-
catalyzed N-alkylation of various primary and cyclic secondary amines with
primary alcohols at 90-130 °C under neat conditions [121]. Besides, a 10 mmol
scale reaction of aniline and benzyl alcohol was performed using 0.1 mol% of the
catalyst at 100 °C, with up to 90 % yield of the product and a turnover number
(TON) of 900 obtained.

Pd(OAc), (0.05~1 mol%)

K,CO5 or CsOH (1 equiv. 2
R1/\OH + R2_NH2 2 3 ( q =) R1/\N/R

toluene, 150 °C, 8~48 h H
R' = Ar, alkyl; R? = RSO,, RCO, A, alkyl etc. 5~99% vyields

(28)

Some N-alkylation reactions catalyzed by other noble metal catalysts have also
been reported. In 2011, Gusev and co-workers reported an Osmium complex-
catalyzed N-alkylation of amines at 200 °C with a low catalyst loading (0.1 mol%)
[122]. In 2014, Zhu and co-workers disclosed a [ReH,(PCys),]-catalyzed amination
of alcohols with anilines under CO atmosphere (Eq. 29) [123]. The authors
proposed that coordination of CO with Re might lead to decomposition of
ReH7(PCys), to a rhenium carbonyl complex, which was believed to be the active
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catalyst. In 2014, Cheng reported a [Ph;PAuCl]/AgOTf-catalyzed N-alkylation of
primary amines with alcohols under a moderate temperature of 100 °C [124].

OH  [ReH7(PCys),] (10 mol%) NHAr
ArNHy  + A o 1J\ 2
R1"OR2 €O, 150°C, 24 h R"" R
R'] = Ar aIkyI R2 =H. Me 67~97% yle'dS

(29)

Several non-noble metal-catalyzed N-alkylation reactions have also been
reported in recent years. In 2010, Ramoén, Yus and co-workers reported
Cu(OAc),-catalyzed N-alkylation of poor nucleophilic amine derivatives and
alcohols (Eq. 30) [125]. Control experiments indicated that a base was indispens-
able in the reaction to force the alcohol dehydrogenation step, which was later
confirmed by DFT calculations reported by Liu, Huang and co-workers [63]. In
2011, Ramén and co-workers reported the results of their own mechanistic studies
and proposed two possible catalytic cycles [126]. The main aldehyde-free cycle,
depicted with plain arrows, requires the presence of a base. The minor cycle,
depicted in dashed arrows, may proceed when an aldehyde exists in the reaction
media (Scheme 23). In the same year, Li and co-workers also disclosed a CuCl-
catalyzed N-alkylation of heteroarylamines [127].

Cu(OACc)s (1 mol%)
base (100 mol%)

RI"OSOH +  Ro-NH, r1I7SN-R2
Ar, 130~150°C, 2~10 d H (30)
base = t-BuOK, K,CO3 0~99% yields

R' = Ar, heteroAr, alkyl; R? = RSO,, RCO, Ar, heteroAr, alkyl

In 2010, Shi, Deng and co-workers reported the first FeCl,/K,CO3-catalyzed N-
alkylation of sulfonamides with alcohols through the borrowing hydrogen method
(Scheme 24) [128]. Tentative mechanism studies were performed to show that the
alcohol dehydrogenation step was the rate-determining step.

In 2013, Singh and co-workers also reported an iron(II) phthalocyanine (FePc)-
catalyzed N-alkylation of heterocyclic amines (Eq. 31) [129]. In most cases, the
reactions of benzyl alcohols could give moderate to excellent yields, but aliphatic
alcohols gave only poor yields of the products.
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FePc (1 mol%)

NaOtBu (200 mol%) ~. R2

R'SOH + R2NH, ~ RIVSN
toulene, 100~120°C, 12~36 h H
R' = Ar, heteroAr, alkyl; R? = Ar, heteraryl 20~99% vyields

(31)

In 2014, Feringa, Barta and co-workers reported an N-alkylation reaction of
amines with aliphatic alcohols catalyzed by an iron cyclopentadienone complex 16
[130]. A catalytic cycle was proposed based on in situ NMR studies (Scheme 25).
Complex 16 was first transformed to the active complex 17 by addition of oxidant
Me;NO. Complex 17 was then reduced to 18 by the alcohol. 16 and 18 acted as the
catalysts to dehydrogenate the alcohol and hydrogenate the imine intermediates. In
2015, Zhao and co-workers realized an AgF-assisted amination of secondary
alcohols using complex 16 as the catalyst [131]. In the same year, Wills and co-
workers demonstrated a similar iron complex for N-alkylation of amines with
alcohols [132].

In 2015, Kempe and co-workers reported the first cobalt-catalyzed N-alkylation
of (hetero)arylamines with alcohols under mild conditions (80 °C) with a relatively
low catalyst loading (2 mol%) (Eq. 32) [133]. In 2016, Zhang and co-workers
developed another pincer cobalt complex 19, which is an active catalyst for both
imination and N-alkylation reactions of aromatic and aliphatic amines with alcohols
under base-free conditions [134]. By using complex 19, monoalkylated amine
products rather than the imines can be selectively achieved by simply adding 4 A
molecular sieves to the reaction mixture (Eq. 33).

cat. (2.0 mol%) H

N N2 KOtBu (1.2 equiv.) N R
| R'" + R?OH | g
A toluene, 80 °C, 24 h J

X

X
X=C,N ANH 51~96% yields
R'= F, Cl, Br, I, OMe etc. Py
RZ= Ar, alkyl NN
P
HIN- N NH
P—Co—FR
/Kcr Cl )\
cat.
(32)
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R' OH
{BUOK
{tBuOH
2
1N R
R'" 0K R™ N 0
[CuX] ¢
.Q i [CuY] R
[CuH,]
RN -7 > oy R? OH

(@)
o
]
A,
/
zZ
’i\/\

Scheme 23 Tentative catalytic cycles for Cu-catalyzed N-alkylation reactions

~ cat. 19 (2.0 mol%) ] cat. 19 (2.0 mol%) -
2"\ R1 ~
R® °NR toluene, reflux R'INHz *+ R2™>oH toluene, reflux R?” "NHR'
® o 4 AMS
_l BAIF up to 99% selectivity
4
Csz—Clio—PHCyz
CstiMes
19

(33)

2.3 Recent Advances in Heterogeneous TM-Catalyzed N-Alkylation
Reactions

Homogeneous TM catalysts, especially those of noble metals are usually expensive
and toxic, and have problems of low availability, low stability, metal residue
contaminant in the products, non-recoverability, and, therefore, low potential in
large scale and industrial synthesis. In addition, the capricious ligands used are, in

| 1

2
[Fe(I)] R“-SO,NH; [Fe(0)]
R'OH g~ RO RISNSOR? “[psg) ~ R NHSOR?

T |

Scheme 24 Proposed mechanism for iron-catalyzed alkylation of sulfonamide with alcohol
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T™S
_R?
JOH HN @:o
TMS 1 |
R R oc-Fe. T™S
o) od €O
/ 16
oc-Fe T™S oo
oc O °s
17 step 3 TMS
o)
C@OH o TMS
/ oc-Fe
T™S !
oc:"feH o¢ D
ocC 17
18 R2
(J) step 2 ﬂN l ™S
R R OH
R2-NH, H,0
|
oc-Fe, ™S
oc H
18

Scheme 25 Proposed mechanism for iron cyclopentadienone complexes-catalyzed N-alkylation
reactions

many cases, less available and more expensive than the TM pre-catalysts. To solve
the problems and reduce the cost, recoverable and reusable heterogeneous catalysts
are considered to be promising substitutes for the corresponding homogeneous
catalysts. Consequently, various kinds of heterogeneous TM catalysts have also
been developed and are used in N-alkylation reactions [10-12]. Most of the early
heterogeneous methods require harsh conditions and suffer from problems of
limited substrate scope, low selectivity, or the need for H, [10, 11]. In recent years,
more and more active heterogeneous catalysts that can be used under milder or
additive-free conditions, with higher catalytic performance and recoverability, have
been developed. These include various types of supported Ru, Ir, Pt, Pd, Ag, Cu, and
Ni catalysts.

Owing to the high activities of the homogeneous Ru and Ir catalysts in N-
alkylation reactions, many heterogeneous Ru and Ir catalysts have been developed.
In 2009, Mizuno and co-workers reported an effective N-alkylation of (hetero)ary-
lamines with benzylic and aliphatic alcohols catalyzed by Ru(OH),/Al,03 complex
without any co-catalysts or additives (Eq. 34) [135]. The catalyst is recoverable and
reusable without obvious loss of activity (1st, 89 %; 2nd, 87 %). Later in the same
year, the authors reported another additive-free method for synthesis of secondary
and tertiary amines from alcohols and urea catalyzed by Ru(OH),/TiO, (Eq. 35)
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[136]. The catalyst could be reused at least twice while still maintaining high
activity (1st, 92 %; 2nd, 90 %). In 2010, the Mizuno group further extended the
method to N-alkylation of other nitrogen sources such as ammonium salt, ammonia,
primary amines and secondary amines [137].

Ru(OH),/Al,05 (5 mol%)

K,COj3 (10~40 mol%) R?2

R""SOH + R?-NH, 1NN
mesitylene, Ar, 132 °C H (34)
60~99% vyields
R' = Ar, heteroAr, alkyl; R?= heteroAr, Ar
Ru(OH),/Al,O3 recoverable: 1st, 89%; 2nd, 87%
OH JOL RU(OH),/TiO, (1.5~2 mol%) R? R RY
R1J\R2 H,N” “NH, mesitylene, Ar, 141 °C, 12 h R’ H Rz RI_NGR

R = Ar, alkyl; R? = H, alkyl R2 =H 76~97% yields
Ru(OH),/TiO, recoverable: 1st, 92%; 2nd, 90% R? =alkyl 80~98% yields —

(35)

Continuing their work on the previously reported magnetite-catalyzed N-
alkylation of aryl amines [138], in 2011 Ramén and co-workers reported
Ru(OH);/Fe304-catalyzed N-alkylation reactions of poor nucleophilic amines/
amides, such as aromatic and heteroaromatic amines, sulfonamides, sulfinamides,
and nitroarenes (Scheme 26) [139]. The catalyst could be easily removed from the
reaction mixture by magnet and reused up to ten times, showing the high activity of
the catalyst (1st, 99 %; 10th, 93 %).

In 2014, Ramalingam and co-workers reported an additive-free reaction of
primary and secondary amines with alcohols catalyzed by a supported ruthenium
complex 20, which was prepared from polystyrene-supported phosphine ligand and
Ru(p-cymene),Cl,], (Egs. 36,37) [140]. The authors found the ratio of the

Ar-NH» R/\N,Ar
P H
Ar-NO, R OH R/\N/SOZAF
ArSO,NH, Ru(OH)s/Fe304 (1.3 mol%) H
KOH or NaOH (130 mol%) RAN’SOt'Bu
t-BuSONH, toluene, 85~130 °C, 24~72 h H
0~99% yields

R = Ar, heteroAr, arkyl
Ru(OH)3/Fe304 recoverable: 1st, 99%; 10th, 93%

Scheme 26 Ru(OH);/Fe;04-catalyzed N-alkylation reactions of poor nucleophilic amines/amides
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phosphine ligand and Ru to be crucial to the high activity of the catalyst and low
ruthenium leaching. Piribedil (1) could also be obtained in high yield by this method
(1st, 98 %; 3rd, 97 %). The catalyst was also found effective for N-alkylation of
piperidine under flow conditions.

Fh °
OOP\ + [Ru(p-cymene),Clyl, toluene, 110 °C, 3 h -
Ph

0.29 mmol Ru/g
PS = polystyrene Ru/Ligand = 1/6

(36)

H

<ﬁ [j cat. 20 (5.0 mol % Ru) NJ/\@>

N
L toluene, 140°C, 48 h Y
NTSN

| Piribedil (1)
v Run 1 2 3
yield% 98% 96% 97%

(37)

In 2013, Gao, Hou, and co-workers reported a mesoporous silica (SBA-15)
supported iridium complex-catalyzed N-alkylation of primary amines with
benzyl alcohols (Eq. 38) [141]. The catalyst could be recovered easily and
reused at least 12 times without notable decrease in catalytic efficiency (1st,
93 %; 12th, 83 %).

cat. (1.5 mol%)
NaHCO3 or KOH (50~100 mol%) RI7S R?

R“>OH +  R2NH, N
toluene, 110 °C, 24~48 h H
R' = Ar, alkyl; R? = Ar, heteroAr, alkyl 0~99% vyields

cat. recoverable: 1st, 93%; 12th, 83%

(38)

In 2011, Yu and co-workers reported additive-free N-alkylation and N,N'-
dialkylation reactions of amines and alcohols catalyzed by Pt-Sn/y-Al,O; with
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catalyst loading as low as 0.25 mol% (Eq. 39) [142]. Later in the same year, the Yu
group extended the method to the direct synthesis of diamines by N,N'-dialkylation
of amines with diols [143]. The recovered catalyst could be reused three times with
the same activity. The same method can also be applied to amine-based N-alkylation
reactions (vide infra).

RINH, + R2“OH Pt-Sn/Al,05 (0.25~0.5 mol% Pt) RZ/‘N'R1 o ( @N_R1
o-xylene, 145~175 °C, 24~36 h H
18~99% yields
R' = Ar, heteroAr, alkyl; R? = Ar, heteroAr, alkyl, (CH,),,OH; n=1, 2, 3, 4
Pt-Sn/Al,O5 recoverable: 1st, 95%; 3nd, 95%

(39)

In the same year, Shi and co-workers reported the N-alkylation of anilines,
aliphatic amines and indoles with alcohols catalyzed by Pd/Fe,O5; under base- and
ligand-free conditions with a low catalyst loading (0.43 mol%) (Eq. 40) [144]. In
2013, Pera-Titus and co-workers reported the N-alkylation of anilines catalyzed by
another heterogeneous Pd catalyst Pd/K-OMS-2 (Pd-substituted octahedral molec-
ular sieve) [145].

Pd/Fe,03 ((0.43 mol % Pd 2
R"SoH + RAGR 29 ( “PD_ R SR
N N,, 140~170 °C, 2~28 h R3
72~99% yields

R" = Ar, heteroAr, alkyl; R? = Ar, heteroAr, alkyl; R® = Ar, alkyl

(40)

In 2015, Seayad and co-workers reported a silica supported palladium complex-
catalyzed solvent-free N-alkylation of amines with catalyst loading as low as
0.00196 mol% and TON as high as 469390 (Eq. 41) [146]. The catalyst could be
recycled at least four times without obvious loss of activity.

cat. (0.00196~0.21 mol% Pd) R3. R*
jD\H . R RS LIOH (20 mol%) _ JN\
R' "R2 H Ar, 120~140 °C, 24~48 h R'” "R?
R' = Ar, alkyl; R? = H, alkyl 53~99% vyields
3_ . R4 =
-I?ONAr, allilfls,glzg H, alkyl Ph,P N/\/\Si;\oo (5\‘
up to 0 o—|o
AcO-F/’d\
AcO \P
Ph, cat
(41)
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In 2010, Cao and co-workers reported the ligand- and base-free N-alkylation of
anilines, aliphatic primary amines and pyrrolidine with alcohols catalyzed by very
small (VS) Au nano particles: Au/TiO,-VS [147]. The authors reported that
0.0083 mol% of the catalyst is efficient enough to catalyze a 100 mmol reaction of
aniline and benzyl alcohol under solvent-free conditions, giving 96 % yield of the
product. In 2011, the same group extended the method to reductive N-alkylation of
nitrobenzenes with excess alcohols (8.0 equiv.) without external reducing reagents
(Eq. 42) [148]. In 2012, the Cao group further extended their method to the
synthesis of tertiary and secondary amines from alcohols and urea (Eq. 43) [149]. A
60 mmol scale solvent-free amination reaction of benzyl alcohol and urea gave the
product in 92 % yield.

o NO2 Au/TiO4-VS (0.5 mol% Au) Z 2 Rt
| SR' + R?”OH 120 © 1 NG ~~
_ 0°C, Ar, 14~48 h N R2

excess

H
R' = MeO, F, Cl, Br etc.; R? = Ar, alkyl 66~99% yields
(42)
oH Q AU/TIO»-VS (1.5 mol% A R R R
R1J\R2 + JJ\ u/TiO,-VS (1.5 mol% Au) R1/kN)\R2 or \I
HoN™ "NH, 140 °C, Ny, 6~22 h N RINCR
R' = Ar, alkyl; R? = H, alkyl
R? =H 80~95% yields
RZ =alkyl 80~87% yields
(43)

In 2009, Shimizu and co-workers found that Ag/Al,03-FeCl; is highly active for
the N-alkylation of anilines with benzylic alcohols [150]. The reactions using
recovered catalyst led to only a slight decrease in product yields (1st, 94 %; 2nd,
85 %; 3rd, 86 %). In 2012, Jaenicke and co-workers also described the N-alkylation
of aniline with linear aliphatic alcohols catalyzed by Ag/Al,03-Cs,CO5 [151]. The
recovered catalyst still exhibited high catalytic activity (1st, 99 %; 3rd, 97 %). In
2011, Shi and co-workers reported an AgeMo,¢Os3-catalyzed N-alkylation of
amines, carboxamides, sulfonamides, and aromatic ketones with alcohols (Eq. 44)
[152]. No deactivation occurred when the catalyst was recovered and reused twice
(1st, 93 %; 2nd, 95 %).
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AggM04¢033 (40 mg/2 mmol)
KOtBu or K,CO3 (20 mol%)

Ar, 160 °C, 12 h

R2

R""SOH + R%NH, = RI"SN
70~99% vyield

R" = Ar, heteroAtr, alkyl; R? = RSO,, RCO, Ar, heteroAr

AgegMo4¢O33 recoverable: 1st, 93%; 2nd, 95%

(44)

In addition to above noble metal catalysts, many N-alkylation reactions catalyzed
by heterogeneous non-noble metal catalysts have also been reported. In 2012, Li and
co-workers reported a Ni-Cu/y-Al,O3-catalyzed N-alkylation of amines with
alcohols (Eq. 45) [153]. The reactions using recovered catalyst led to slight
decrease in product yields (1st, 90 %; 2nd, 84 %).

Ni-Cu/Al,O5 (0.1 g/ 2 mmol) R3.
j’\H . RONH, NaOH (40 mol%), CaCl, (25 mol%) JN\H
R OR2 o-xylene, Ar, 160 °C, 12 h R "R?

68-99% yield
R'=aryl, alkyl; R? = H, Me, Et; R® = aryl, heteraryl, alkyl % yields

(45)

In 2013, Shimizu and co-workers first reported an additive-free Ni/Al,Os-
catalyzed synthesis of primary amines from alcohols and ammonia (Scheme 27)
[154]. The recovered catalyst could be reused at least twice without losing catalytic
activity (Ist, 88 %, 3rd, 89 %). Later in 2013, the authors extended the method to
amination of alcohols with anilines and aliphatic amines (Scheme 27) [155]. In
2014, the Shimizu group also described a Ni/CaSiO3-catalyzed amination reaction
of alcohols with ammonia, anilines and aliphatic amines [156].

In 2013, Shi and co-workers reported a base- and ligand-free N-alkylation of
ammonia, primary amines and secondary amines with alcohols catalyzed by an air-
and moisture-stable NiCuFeO, catalyst (Scheme 28) [157]. The catalyst can be
recovered easily and reused at least 5 times (1st, 94 %; Sth, 82 %). A 10 mmol scale

NH3 R3-NH,
R'-NH, . Ni/Al,O3 (1~2 mol%) R1-NH-R3
+ RS-OH R’
H Ar, 140~160 °C R
R1—N\R2 R2 'R3

~0QQ0, i
R' = Ar, heteroAr, alkyl; R?= alkyl; R®= Ar, alkyl 00~ 99% ields

Ni/Al,Ox recoverable: 1st, 88%; 3nd, 89%

Scheme 27 Ni/Al,O3-catalyzed amination of alcohols with ammonia, anilines, and aliphatic amines
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H
RH/NYW
OH R? R
R/\Rz NHs  NicuFeO, (50-80 mg/mmol) RS RA
+ \N/
3 4
HO-R5-OH R \N'R xylene, reflux, Ar, 24 h R1)\R2
H
R!= Ar, heteroAr, alkyl; R2 = H, alkyl; R3-N 7N 5
R3 = Ar, heteroAr, alkyl; R* = H, alkyl; R® = alkyl AN
NiCuFeO, recoverable: 1st, 94%; 5th, 82% 55~98% yields

Scheme 28 NiCuFeO, complex-catalyzed N-alkylation of ammonia and primary and secondary amines
with alcohols

solvent-free reaction of aniline and benzyl alcohol afforded the product in 85 % GC
yield. In addition, the same method could also be applied to self-N-alkylation of
primary amines (vide infra). In 2014, Nandan and coworkers reported a Raney
nickel-catalyzed N-alkylation of anilines, primary aliphatic amines, cyclic sec-
ondary amines and azole with alcohols [158]. The recovered catalyst showed a very
good activity comparable to the fresh catalyst (Ist, 91 %; 3rd, 88 %).

In 2009, Mizuno and co-workers reported a base- and ligand-free Cu(OH),/
Al,O3-catalyzed N-alkylation of N-nucleophiles including urea, ammonia, anilines
and alkylamines [159]. In 2011, Shimizu and co-workers reported an additive-free
Cug.95Ag0.05/Al,05-catalyzed N-alkylation of anilines and aliphatic amines with
benzylic and aliphatic alcohols with a low catalyst loading (1 mol%) (Eq. 46) [160].
The recovered catalyst could be reused without losing catalytic activity (1st, 85 %;
2nd, 87 %).

3
OH Cug.95Ag0.05/AlI03 (1 mol%) HN”

A .+ R:NH, - A

R? mesitylene, N,, 155 °C, 0.5~28 h R?
R" = Ar, alkyl; R? = H, alkyl; R® = Ar, alkyl

Cug g5Agg.05/AlO5 recoverable: 1st, 85%; 2nd, 87%

R2
8~92% yields

R1

(46)

In 2012, Ravasio and co-workers also reported an additive-free N-alkylation of
amines with benzyl and aliphatic alcohols catalyzed by Cu/Al,O5 [161]. In 2014,
the authors extended the method to the N-alkylation of anilines with a wide range of
alcohols (Eq. 47) [162]. In 2013, Mishra and co-workers reported an additive-free
N-alkylation of primary amines with primary and secondary alcohols catalyzed by
copper—aluminium hydrotalcite (CuAl-HT) [163].
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OH Ry R
+ SN” >
R "R? H xylene, Ny, 130 °C, 1~24 h R1”OR2
R = Ar, alkyl; R? = H, alkyl; R® = Ar, alkyl; R* = H, alkyl ~ 32.8~99.6% yields

(47)

2.4 Miscellaneous Catalytic N-Alkylation Reactions

In addition to the homogeneous and heterogeneous TM catalysts discussed above,
other catalysts/methods such as nano catalysts, carbon materials, enzymes, chiral
catalysts and continuous flow techniques have also been developed successfully and
applied in N-alkylation reactions of amines/amides with alcohols.

In 2009, Beller and co-workers reported the N-alkylation of sulfonamides with
benzylic alcohols catalyzed by nano-Ru/Fe;O, with catalyst loading as low as
0.4 mol% (Eq. 48) [164]. A high 96 % yield of product could still be obtained even
when the catalyst was reused 5 times and with TON up to 1100.

N O Ru/Fe30, (0.4 mol% Ru) QO R
R OH + R%-S-NH, R2-S—-NH
I toluene, Ar, 150°C, 12 h ('5

49~98% yields
R = Ar, heteroAr R2 = Ar, heteroAr, alkyl oY

Ru/Fe304 recoverable: 1st, 97%; 5th, 96%. TON up to 1100
(48)
In 2010, Shimizu and co-workers reported a nano-Ag/Al,O3-catalyzed one-step
synthesis of N-substituted anilines from nitroarenes and stoichiometric benzyl

alcohols under H, atmosphere (Eq. 49) [165], in which H, was employed to reduce
the nitroarenes to anilines.

Ag/Al,O3 (9 mol%)

N 1\1102 N KF (20 mol%), H, (0.2 MPa) 2R
| R R® OH mesitylene, 155 °C, 24 h XONTR2
H
R' = MeO, F, ClI, Br etc.; R2 = Ar, 80~94% yields
(49)

In 2012, Shi and co-workers reported another reductive N-alkylation of
nitrobenzenes with stoichiometric alcohols (1.0 equiv.) catalyzed by nano-Au/
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Ag—Mo nano-rods (Eq. 50) [166]. Unlike Shimizu’s work using as H, [165], in
Shi’s work excess glycerol was employed as the reductant.

Au/Ag-Mo-NR (40 mg/1 mmol)

| X '\1102 + RZOH K>CO3 (10 mol%), glycerol (excess) = i_R1

(;_/R xylene, Ar, 150 °C, 24 h X H’\RZ

R' = Me, MeO, Cl etc.; R? = Ar, alkyl 72-91% vyields
(50)

Later in 2012, Corma, Sabater and co-workers reported a nano-Au/CeO,-
catalyzed N-alkylation of amines with alcohols [167]. In 2014, De Vos and co-
workers reported a nano-Ag/Al,O3/Ga,03-catalyzed amination of alcohols with a
variety of aliphatic and aryl amines under mild conditions [168]. The catalyst
remained active for at least three runs (1st, TOF = 1.01/h; 3rd, 1.02/h).

In 2015, Kobayashi and co-workers reported a PI/CB-Au/Pd (PI/CB, polymer-
incarcerated metal nanoparticle catalyst with carbon black as a secondary supporter)
complex-catalyzed N-alkylation of amides with alcohols (Eq. 51) [169]. The
catalyst could be reused 11 times without appreciable loss of catalytic activity (1st,
99 %; 11th, 95 %).

P1/CB-Au/Pd (1 mol% Au)
Joj\ ~ Ba(OTf), (5 mol%) JOL
R “NH, + R27OOH toluene, Ar, reflux, 18 h R H/\RZ

44~99% yields
R = Ar, heteroAr, alkyl; R2 = Ar
PI/CB-Au/Pd recoverable: 1st, 99%; 11th, 95%
(51)
In 2010, Luque and co-workers were the first to report a microwave-assisted N-
alkylation of amines with benzylic alcohols catalyzed by nano-Fe-HMS (HMS,

hexagonal mesoporous silica) (Eq. 52) [170]. The authors found that base may be
crucial in deprotonation/dehydrogenation of the alcohols.

Fe-HMS (0.04g/mmol)

DABCO (2.0 iv. 2
R"SOH + R2-NH, @0equv) _ pr~yR (52)
MW, 150~170 °C, 1~2 h H
R' = Ar; R? = Ar, heteroAr, alkyl 70~99% yields

In 2010, Kolaczkowski and co-workers described a continuous flow N-
benzylation of morpholine with benzyl alcohol catalyzed by a heterogeneous
ruthenium complex with a product yield of 98 %, providing an efficient route for
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Oxidation Amination
ADH w-TA, PLP
R RS0 ~ R™NH,
R= Nawl NADH L-Ala 2~99% yields
+H* > (
AlaDH
NAD* * Pyruvate
NH3 H20
connector

Scheme 29 Proposed mechanism for the artificial multi-enzyme-catalyzed bioamination of primary
alcohols

synthesis of N-benzyl morpholine [171]. In 2013, Kocsisin and co-workers also
reported a Raney nickel-catalyzed N-alkylation of amines and pyrrole with alcohols
in a continuous flow process [172]. In most cases the effective residence time was
less than 1 min.

In 2012, Kroutil and co-workers reported the first amination reaction of primary
alcohols with ammonium chloride by an artificial multi-enzyme-catalyzed cascade
method (Scheme 29) [173]. The authors assumed that the reaction might proceed by
two steps. Initially, the alcohol was oxidized by an alcohol dehydrogenase (ADH),
consuming NAD™ and leading to the formation of the aldehyde and NADH. Then,
the aldehyde intermediate was aminated with an amine donor L-alanine by a w-
transaminase (w-TA). Finally, by combining ADH-hT (ADH from Bacillus
stearothermophilus) with CV-w-TA (w-TA from Chromobacterium violaceum),
the amination of various primary alcohols successfully afforded the corresponding
primary amines in 2-99 % yields.

cat. 21 (100 wt%) 2
/\OH + R2-NH2 KOH (0.5 equiv) R1/\N~R

Ar, toluene, 130 °C, 24 h

73-99% yields
R' = Ar, heteroAr; R2 = Ar, heteroAr, alkyl

o *@gﬁt ~<ﬁ ~o

\RZ -NH,

2
1~y R . _R?

R™ N RN

Scheme 30 Tentative mechanism for amination of alcohols catalyzed by carbon material 21
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In 2015, Shi and co-workers reported a carbon material (21)-catalyzed amination
of (hetero)benzylic alcohols with (hetero)aryl amines and aliphatic amines
(Scheme 30) [174]. A tentative mechanism was proposed. First, hydrogen was
transferred from the alcohol to the carbon catalyst 21 to give aldehyde intermediate
and reduced catalyst 22. Then, condensation of aldehyde and amine to imine and
subsequent reduction by 22 led to the desired N-alkyl amine products and
regeneration of carbon catalyst 22.

The more challenging asymmetric N-alkylation reactions of amines with alcohols
was also developed in recent years. In 2009, by employing an Ir-catalyzed N-
heterocyclization reaction as the key step, Trudell and co-workers first achieved the
enantioselective total synthesis of both enantiomers of noranabasamine with >30 %
overall yields and >80 % ee (Eq. 53) [175].

Ph y
X OH ~OH N N
| P [Cp*IrCl,], (1.5 mol%) | _

MeO” N KOAc (6.0 mol%) MeO” N )\Ph
toluene, 110 °C, 17 h

noranabasamine
> 30% overall yield, > 80% ee

(53)

In 2014, Guan and co-workers reported the direct synthesis of o-chiral ferz-
butanesulfinylamines from the reaction of racemic alcohols and Ellman’s
sulfinamide catalyzed by ruthenium (II) pincer catalyst 23 (Eq. 54) [176], providing
an effective method for the synthesis of chiral amine derivatives.

o]
cat. 23 (1 mol%) s,
OH N KOH (15 mol%) HN™™tBu
J\ + S. Py
R'"SR2 But” "NH, toluene, 120°C,6~12h R!” ~R2
R' = Ar, heteroAtr, alkyl; R? = alkyl PPhy 0~89% yields
H up to 97.5/2.5 dr
H-N-Ru-cO 23
| i
PPh,

(54)

In 2013, Oe and co-workers achieved the first enantioselective synthesis of [3-
amino alcohols from the reaction of 1,2-diols and secondary amines catalyzed by
[Ru(p-cymene)Cl,],/(S,R)-JOSIPHOS with moderate enantioselectivity (Eq. 55)
[177].
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Ph R= 2, 4, 6- /Pr3C6H2 R = 2, 4, 6-PryCqH,
25 26 27

Scheme 31 Iridium complex 22 and chiral phosphoric acids 23 and 25

R2
OH R2 [Ru(p-cymene)Cl,], (2.5 mol %) N
£ ¢ HN (S,R)-JOSIPHOS (6 mol %) /E RS
\ P X
OH R3 toluene, 100 °C, 24 h OH

PCYZ

R
R"= Ar, alkyl; RZ = alkyl; R® = alkyl [ 0~99% vyields, 0~77% ee

F& PP
o
(S,R)-JOSIPHOS
(55)

In 2014, by employing the hydrogen autotransfer method, Zhao and co-workers
reported the first enantioselective amination of alcohols to chiral secondary
arylamines in high yields and high ee up to 97 % (Eq. 56, Scheme 31) [178].
Intramolecular amination could also be achieved to give quinoline 24 with 68 % ee.
The authors proposed that the high enantioselectivity might be attributed to the
cooperation of the iridium complex 25 and the chiral phosphoric acid 26.
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cat. 25 (5 mol%)

rR2 OH AN cat. 27 (10 mol%) R?  NHAr
+ 2 s
rT Me 4AMS, 110 °C,60~96h o g
16~81% yields
mixture of dr up to 98/2, er up to 99/1
four isomer o
®
[ir] Rz NHAr X [IrHy] [l R2  NHAr
— N S
1 Me k 1 Me
[IrHy] R 217 st RT3y
HX
R2 o ArNH2 RZ_ NHAr
R Me ‘D’c R! g Me
? |
® 2
ol I oo
| r NHATX T R NHAr
R1\\ Me Kslow R1\ Me
30 31

Scheme 32 Proposed mechanism for the dynamic kinetic asymmetric amination of alcohols

cat. 25 (5 mol%)

OH s cat. 26 (5 mol%) NHR®
A .t RNH,
R OR2 t-amyl alcohol, reflux R OR2
4AMS, 24 h
R'=Ar, alkyl; R2= Me, Et 64~98% yields
69~97% ee
(56)
(j\/l\lj ‘Me
H
24

73% yield, 68% ee

In 2015, Zhao and co-workers described the first dynamic kinetic asymmetric
amination of alcohols via borrowing hydrogen methodology under the cooperative
catalysis of iridium complex 25 and chiral phosphoric acid 27 (Schemes 31, 32)
[179]. The authors proposed that, initially, the two stereocenters in the alcohols
were both racemized to ketone by the first oxidation, followed by tautomerization of
the iminium intermediates 28 and 30 through enamine intermediate 29. Then, the
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R2SO,NH,
R OH Cat. Cu(OAc), RIT

NHSO,R?

2 K,CO5 (10MOI%) .90 i
4 . 22Y3 0-99% vyields
eV i 150 °C, 12 h °Y

S., = .S
1N N n
o o\©\
[Cu-H] /©/
+ R?SO,NH,
1%0

- H,O
Alcohols: benzylic, heterobenzylic, cyclooctanol, Ph,CHOH, PhCH(OH)CHg
R2 = Ar, HeteroAr, Me, cyclopropyl, TMSCH,CH,-

/§

R R NSO,R2

Scheme 33 Proposed mechanism for Cu-catalyzed N-alkylation of sulfonamides with alcohols under air

100 100
—a&— conversion of PMBA
—e—yield of PAA
- 80 1 —a— yield of Prd T8
S
c 60+ + 60 2
Ke] <
” b
[ 2
2 40 + + 40 <
)
(&)
20 + + 20
0 e # t t t t } t 0

0 1 2 3 4 5 6 7 8 9
Time (h)

Fig. 1 PAA and N-alkylated product over time in the CuAl-HT,/K,COs-catalyzed amination of PMBA
with benzylamine (BA) (160 °C, 9 h). PAA p-anisaldehyde, PMBA p-methoxybenzyl alcohol, Prd
product

different reaction rates of the two stereoisomers towards hydrogenation by [IrH;]
led to the major product 31.

2.5 TM-Catalyzed Aerobic N-Alkylation Reactions (Reactions Under Air)

In addition to the above N-alkylation reactions carried out under inert conditions via
anaerobic dehydrogenative activation of alcohols, some TM-catalyzed aerobic N-
alkylation reactions carried out under air have also been reported in recent years. As
they require no inert atmosphere protection, and use air-stable TM catalysts under
aerobic conditions, these reactions may be operationally simpler and more practical.
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R! ,R3 , 2+ 21
»—OH + H-N \
R2 R*  cat. 33 (1~3 mol%)

H,O, reflux, under air
HO” >R B RN ]
RNH, + H3N \ NH3
2 HO\/(J \/U NH3

)n

~ 0, i
RY, R2= alkylaryl, H; R?, R* = alkylaryl, H 74~94% yields 33

Scheme 34 Cp*Iridium complex (33)-catalyzed N-alkylation of amines with alcohols under air

In 2009, Shi, Beller and co-workers reported the first homogeneous Cu(OAc),-
catalyzed aerobic N-alkylation of sulfonamides with alcohols (Scheme 33) [180,
181]. In condition screening, the authors found the reaction under air was
comparatively more efficient (93 % conversion) than those under argon (48 %) or
CO, (51 %). This method is thus a good alternative for N-alkylation of
sulfonamides for using the cheaper Cu catalyst under aerobic conditions. The
substrates seemed to be limited to sulfonamides only. In the cases of secondary
alcohols, no base was required and the more Lewis acidic Cu(OTf), was found to be
a much better catalyst than Cu(OAc),. According to the mechanistic study, since
bissulfonylated amidine 32 could only be generated in situ in reactions performed
under air, the authors concluded that 32 should act as the stabilizing ligand to
activate the Cu catalyst for dehydrogenation/hydrogenation processes, and,
subsequently, the reaction proceeded through the hydrogen autotransfer/borrowing
hydrogen mechanism involving [CuH] species (Scheme 33).

In the same year, Likhar and co-workers also reported a heterogeneous copper—
aluminium hydrotalcite (CuAl-HT)-catalyzed amination of alcohols under air
(Eq. 57) [182]. Benzylic, aliphatic, and secondary alcohols, benzylamines,
secondary amines, and anilines could be tolerated in this method. Notably, the
CuAl-HT catalyst can be recovered for reuse by simple filtration for at least five
cycles without obvious loss of activity (5th cycle, 97 %). In mechanistic studies,
the authors observed an initiation period in which the aldehyde intermediate was
first generated in considerable amounts (before 2 h) prior to the formation of
product, which remained in consideraable amounts until completion of the
reaction (Fig. 1). The aldehyde could also be obtained in 98 % yield in a control
reaction with the alcohol alone. Since no alkylated amine product was observed in
the reaction of aldehyde and amine with CuAl-HT2, the authors concluded that,
by an oxidation/imination/reduction sequence, an in situ generated momo(hy-
drido)copper species generated by a hydrogen transfer process from alcohols to
Cu should be responsible for the second hydrogen transfer to imine intermediates
to give the products.
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aq NH3 NR;3

1 R'NHR (R'NR
R 'NH; PB-Cp*Ir(IPr) (1 mol% Ir) (R'NRo)
R'RZNH + HO-R R'R2NR

H>0O, under air _
R = benzyl, alkyl 61~95% yields

R', R? = aryl, H; alkyl, H; alkyl, alkyl

O O
/L@ B @/\MT&]\ ' 2
/ +
© o0 2n IPr/Ir n
34

Scheme 35 Boron-iridium heterobimetallic complex (32)-catalyzed N-alkylation reaction of ammonia
and primary, secondary, and cyclic amines with alcohols under air

CUAI-HT (4 mol% Cu)

. /\
R""OSOH + R2NH, K2COj3 (1.26 equiv.) R’ NH.R2
32-98% yields

(1_5 equiv.) air, 160 OC, 9h (57)

Alcohols: benzylic, aliphatic, secondary
Amines: benzylamines, secondary amines, anilines
CuAIl-HT recoverable: 1st cycle, 98%; 5th cycle, 97%

In 2011, Fujita, Yamaguchi and co-workers reported a water-soluble Cp*Iridium
complex (33)-catalyzed base-free N-alkylation of amines with alcohols in water
(Scheme 34) [183]. Since the catalyst is air-stable, the reactions could be readily
carried out under air. Primary and secondary benzylamines, aliphatic amines, cyclic
amines, anilines, as well as benzylic, aliphatic, secondary alcohols can be used to
synthesize secondary and tertiary amines. Cyclic amines could also be achieved by
N-alkylation of amines with diols. The authors also proposed a mechanism with
hydrogen transfers from alcohols to form [Ir-H] complexes and finally to the
product amines.

Later in the same year, Uozumi, Yamada, and co-workers also reported an in-
water dehydrative N-alkylation reaction under air using a heterogeneous boron-
iridium heterobimetallic Polymeric Catalyst 34 (Scheme 35) [184]. This method is
suitable for the reactions of benzylic and aliphatic alcohols with ammonia, and
primary, secondary, and cyclic amines. Different to usual hydrogen autotransfer
reactions, which require basic conditions, the reactions of benzylic, aliphatic, and
secondary amines and ammonia require a pH 4 aqueous buffer solution under
microwave conditions. The catalyst can be recovered and reused at least twice
without loss of activity.

In the Pd(OAc),-catalyzed N-alkylation reactions reported in 2011 [120], Ramén
and co-workers found the reactions of sulfonamides and alcohols under air were
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more efficient than those under argon, and Pd(OAc), could be used at a very low-
loading of 0.05 mol% (Eq. 58).

0 Pd(OAc), (0.05 mol%) (I)I
K,CO3 (100 19
R'-S—NH, + R OH 2C03 (100mol%) = ge-S (g2
1 solvent, 150 °C, air, 8 h OH

(0]
R', R?= alkyl, aryl
17 examples, 7~99% yields

(58)

Also in 2011, Xu and co-workers reported a comparatively general TM-catalyzed
aerobic N-alkylation reaction of sulfonamides, anilines, heteroarylamines, and carbox-
amines with benzylic, heterobenzylic, alkyl and allylic alcohols under air (Eq. 59) [185,
186]. Both ligated and ligand-free TM catalysts such as Rh(PPh3)Cl, Ru, Ir, and Rh
halides, and even the noble metal oxides, could be used as catalysts under air. In contrast
to previous aerobic N-alkylation reactions that had not investigated air’s influence on the
reactions [120, 180-184], the authors were the first to observe air’s promoting effect on
the reaction. Thus, no reaction was observed, or only trace to low yields of the products,
could be detected in parallel anaerobic reactions, while under air the same reactions
could afford much higher yields of the products. As the authors found out, this is due to
TM catalyst deactivation/poisoning by substrate amines/amides, making the alcohol
activation process the rate-limiting step of the whole reaction. Air then participated in
the reaction as a new way to oxidize the alcohols to the more active aldehydes. Similarly,

Hydrogen Borrowing Hydrogen Returning
Path 1 [M] [MH] or [MHy] -==-===========mssmmmnmmmnne = [MH] or [MHy] [M]
R'CH,0H RICHO — W2 _ iy R RITONR
2 Gat. MO\ - H0 cat. M H
Path 2 air (Og) H,0 Condensation R'CH,0OH R'CHO
Aerobic Alcohol Oxidation
Transfer Hydrogenation
Scheme 36 Possible tandem processes for one-pot/multi-step N-alkylation reactions
air, 1/2 O,
oxidants, [O] iv
H-acceptors, -[H TN
N OH p -[H] R /§
M] i (M7 R2
(rate-llmltmg) RN
H
2
RNH; basef ...
] iii (fast)
[M]: precatalyst i (fast)
[MY: catalyst PN
M = Rh, Ru, Ir, Pd HO R SNR?

Scheme 37 Proposed mechanism for air-promoted metal-catalyzed aerobic N-alkylation reactions
(aerobic relay race mechanism)
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if TM oxides, usually used as oxidants in conventional oxidation reactions, including
oxidation of alcohols [37—42], were used as catalysts under anaerobic conditions, better
results, up to moderate yields of the products, than with other catalysts could be obtained,
most likely due to alcohol oxidation by metal oxides. The authors also found that, under
the anaerobic conditions typical of the borrowing hydrogen and hydrogen autotransfer
reactions, the same TM catalysts could also catalyze N-alkylation reactions, but required
much higher temperatures; otherwise, addition of ligands is necessary to promote the
originally ineffective reactions to occur to yield the desired products. Obviously these
aerobic N-alkylation reactions proceeded via an alternative mechanism other than the
typical borrowing hydrogen and hydrogen autotransfer mechanism (Scheme 3).

M (0.5~1 mol%)

base (10~100 mol%) _ R1/\N,R2
air, 120~150 °C, 4~48 h H

58~99% yields (59)
M = Rh(PPhs);Cl, RhCl3-3H,0, Rh,03, Rhy(OAC),,

RuCI3'nH20, RUOz, IrC|3, |r02, MnOZ, etc.
R' = aryl, heteroaryl, alkyl, allyl; R?= RSO,, RCO, heteroaryl, aryl

R'"SOH + R*NH,

After a detailed and careful study of the individual reactions and the reaction
mechanism, Xu and co-workers proposed that, in addition to the known anaerobic
dehydrogenation method (Scheme 36, path 1), TM-catalyzed aerobic oxidation of
alcohols to aldehydes [36—41] (path 2) should be a good alternative for alcohol
activation. Consequently, a new mechanism different from the usual hydrogen
autotransfer process was proposed for the air-promoted TM-catalyzed aerobic N-
alkylation reactions (Scheme 37). Thus, alcohols were first oxidized by air under TM
catalysis to give aldehydes, which then condense with amines/amides to give imine
intermediates. Imines were finally reduced by alcohols to product amines via a transfer
hydrogenation process [46—51], generating meanwhile, as the authors proved, 1 equiv.
of aldehydes as the byproduct. Since the byproduct aldehyde can be recovered to
participate in next mechanism cycle, a small amount of air (ca. 10-20 mol% O,) was
adequate to generate the catalytic amount of aldehdye and initiate the whole reaction,
resolving the rate-limiting issue in the alcohol activation step. In addition, the latter
alcohol (in green), after transferring its hydrogen atoms to the preceding alcohol (in red,
in its imine form via aldehyde intermediate), will (also in its imine form via aldehyde
intermediate) receive new hydrogen atoms from an even later alcohol in next
mechanism cycle, which is analogous to the relay race game with “handing off” of
hydrogen atoms. Hence, the authors termed it the “relay race” mechanism.

In fact, the significant role of air in aerobic alkylation reactions had already been
observed by the groups of Uozumi [187, 188] and Crabtree [189]. In 2006, Uozumi
and co-workers noted that other mechanisms might participate in their aerobic
C-alkylation reaction of ketones and alcohols because one reviewer pointed out that
metal hydride intermediates are prone to react with molecular oxygen. In 2010,
Crabtree and co-workers hypothesized that their C-alkylation reaction of secondary
and primary alcohols under air most possibly underwent a procedure involving
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participation of air in the reaction, especially the oxidation of primary and
secondary alcohols to aldehydes and ketones for next aldol condensation step.

Xu’s air-promoted protocol could even be extended to non-noble metal oxides
such as MnQO, [190] and Pd catalysts [191]. In the latter work, the authors also
observed the clear coordination between [Pd] and amines, leading to deactivation of
the catalyst (Eq. 60) [191]. Therefore, aerobic reactions catalyzed by Pd were also
found to be much more efficient and afforded higher yields of the products than the
corresponding anaerobic reactions.

Pd(OAc), Pd(OA_c)(PyNH) + Pd(Py_NH)2 + Pd(OAc)(I?yNH)(PyNHz)
MeOH, air, rt minor major major
+ . .

PyNH, LC-MSanalysis by b NHL(PYNH,) +  PA(OAC)PYNH)(PYNH),

(4 equiv) minor minor

(60)

In 2012, Xu and co-workers continued to report a Cu-catalyzed aerobic N-
alkylation reaction of sulfonamides, anilines and heteroarylamines with alcohols
under air (Eq. 61) [192]. The authors evaluated the effects of the additives on the
reaction. They not only observed the promoting effect of air, but also found that
aldehyde contamination in substrate alcohols could also lead to more efficient
reactions either under either air or under nitrogen. Besides, they observed the
successful oxidation of alcohol by Cu(Il) under anaerobic conditions (Eq. 62).

Cu(OAc)yH,0 (1 mol%)

RI7SOH + RE-NH, base (10~20 mol%) _ R1/\N’R2
air, 135 °C, 24~36 h H (61)
1_
R" = Aryl, heteroaryl 19~95% yields
R2 = RSO,, Aryl, heteroaryl
PhCH,OH + Cu(ll) — PhCHO + Cu(l) (62)
fast under air )
air (1/2 O,) c H>O o
1~ N[Cul~ T VNN
R OH m R (@] R O )
2Cu(ll) — 2Cu(l) 1~ -R
slow under nitrogen ( R H
(rate-limiting) \\[CSU]
RANH, base( jjj (fast)
ii (fast
sy ™ ez R OH
R NR
H,O

Scheme 38 Proposed mechanism for air-promoted Cu-catalyzed aerobic N-alkylation reactions
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Fast under air

Air(1/2 0y) H,0 Step-d
ep-
=Ci
5 Non r\
Step-1
Cu(Il) Cu(l) R, /\1\
Slow under nitrogen Step-2 Step-
R,NH, Base
()Il
H,0

=Cu = Cu-AcTp@ASMPs

Fig. 2 Proposed mechanism for air-promoted Cu-AcTp@Am-Si-Fe;0,-catalyzed aerobic N-alkylation
reactions

PhCH,OH + cu(l) %> PhCHO + Cu(0) (63)

Since no alcohol oxidation was detected with Cu(l) salts under anaerobic
conditions (Eq. 63), the authors proposed that the observed catalytic effect of Cu
catalyst in anaerobic N-alkylation reactions might be attributed to the oxidation of
alcohols by Cu(Il) to give aldehydes and Cu(l) salts (Egs. 62, 63), as Cu(Il) has also
been frequently used as an oxidant in organic reactions. As with the formation of
[CuH] species, these authors pointed out that literature reports had indicated that
generation of [CuH] species usually requires harsh conditions, such as using strong
coordinating phosphine ligands and strong hydride-donating silanes under inert
conditions, and that they are prone to be destroyed by molecular oxygen [193—-195].
Therefore, the authors proposed a new mechanism for the Cu-catalyzed aerobic N-
alkylation reactions under air (Scheme 38), in which the alcohol oxidation step is a
slow step under inert conditions but a fast process under air. A similar Cu-catalyzed
aerobic alkylation method can be extended to C-alkylation reactions of secondary
alcohols and methyl ketones with primary alcohols [196].

In 2013, Sharma and co-workers reported another aerobic N-alkylation of
anilines with benzylic, allylic, and primary and secondary aliphatic alcohols using a
magnetite (Fe30,4) silica-based organic-inorganichybrid copper(Il) nanocatalyst
(Cu-AcTp@Am-Si-Fe;04) (Eq. 64) [197]. Since Am-Si-Fe;O4 was used as the
support for the active Cu catalysts, the Cu-AcTp@Am-Si-Fe;0, catalyst can be
readily recovered using a magnet for separation and reused at least ten times without
obvious loss of catalytic activity. The authors also observed the promoting effect of
air on the alkylation reaction. Thus, only trace product was observed under
anaerobic conditions but a high yield of product could be obtained in reactions
under air. Along with other findings, the authors proposed a mechanism following a
preceding mechanism proposed for the air-promoted TM-catalyzed aerobic N-
alkylation reactions (Fig. 2).
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cat. Cu-AcTp@Am-Si-Fe30,
R"SOH + R%NH, (recoverable and reusable) RIS _R?

N
aerobic conditions H
Alcohol: benzylic alcohols, allyl alcohols, 82~98% yields

primary and secondary aliphatic alcohols
(64)

In 2012, Hellgardt, Hii, and coworkers achieved a base-free N-alkylation method
for anilines, aliphatic and secondary amines and benzylic, aliphatic and secondary
alcohols by using a heterogeneous Au/TiO, catalyst in a continuous flow reactor
(Eq. 65) [198]. By employing the flow chemistry protocol, this provided not only a
potentially greater reaction space, but also showed that higher reactivity and
selectivity of the reactions can be achieved than using the batch reactors. In
addition, the substrates in the reservoir can be stored readily under ambient
conditions without the need for specialized inert atmosphere protection, making the
method much simpler and more practical.

Ma (main group metals): Na, Mg, Al, K, Cs, etc.

Scheme 39 Possible reaction mechanism for MPV-O N-alkylation reactions
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Rz\ Prae MA \O
_H-~-- R2 via JN\)KQ\ 2 ~100%
j)\ ~*N| R P R3 R\JN\,H .
R3 D*-----" > 1 + R \O
H R R1 D*
~100%
Scheme 40 Deuterium labeling of MPV-O reactions
2
i 1% Au/TiO, (0.9~1.8 mol%) R2
~ oCc 1~ 3
RSOH + RONH, 180~200 °C, 11 7h . 1J\N’R
1 equiv. 50 bar, 1.5 mL min™" (jO =27 s) H
Reservoir : ambient  59~99% GC conversion
93~100% NMR ratio

(65)

2.6 TM-Free N-Alkylation Reactions

TM-free N-alkylation reactions were first reported more than 100 years ago [4].
More reports with other methods appeared later [5-9], but these methods require
rather harsh reaction conditions. Hence TM-catalyzed methods attracted much more
attention and developed rapidly thereafter. It had previously been generally held that
TM catalysts and dehydrogenative alcohol activation via formation of [MH]/[MH,]
species was indispensible in alcohol-based dehydrative alkylation reactions. The
fact that TM-free catalysts can also be used in the same transformations seems to
have been overlooked in recent decades.

2.6.1 Mechanistic Aspects of TM-Free N-Alkylation Reactions

In TM-free N-alkylation reactions through hydrogen autotransfer processes, the key
step of the reaction mechanism is the transfer hydrogenation of the imine
intermediates by alcohols. The Meerwein-Pondorf-Verley reduction of carbonyl
compounds by alcohols such as isopropanol, and the Oppenauer oxidation of
alcohols by carbonyl compounds such as acetone, namely MPV-O redox reactions,
are well known and are widely used for the preparation of given alcohols or
carbonyl compounds. It is commonly accepted that MPV-O reactions proceed by
hydrogen transfer from the alcohol to the carbonyl moiety via the key six-membered
cyclic transition states [52, 53]. It was proposed that, analogous to these MPV-O
reactions, transfer hydrogenation of imine intermediates by alcohols most likely
proceed via similar MPV-O type six-membered cyclic transition states (Scheme 39,
the lower MPV-O Process) [54], in which a key main group metal cation
coordinates the imine and alchol moeties in close proximity, to accomplish a
concerted hydrogen transfer from the alcohol to the imine C=N bond, affording the
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alkylated amine product and the carbonyl byproduct. As shown in Scheme 39 (the
upper Reaction Cycle), if byproduct R*CHO can be recovered to condense with
substrate amines as the alkyl source (R'=R?) to afford new imines, then a TM-free
catalytic N-alkylation cycle via a hydrogen autotransfer process can be achieved.
Consequently, it can be inferred that, if a deuterium-labeled alcohol is used as the
hydrogen source (Scheme 40), both the p—~C-D* and O-H of the alcohol can be
transferred selectively to become B-C-D* and N-H in the product amine. This is
also the same as with the direct hydrogen transfer (Scheme 6) and monohydride
(Scheme 8) routes in TM-catalyzed reactions, so that it is difficult to distinguish
between them using deuterium labeling methods.

As in the alcohol activation step, like the TM-catalyzed direct hydrogen transfer
route (Schemes 5, 14), the MPV-O process cannot provide carbonyl compounds
directly according to the reaction mechanism (Scheme 39). This may make the
alcohol activation reaction the rate-limiting step of the whole process. Most
probably for this reason, the early TM-free N-alkylation reactions [4-9] were
performed under harsh conditions to facilitate the initial formation of aldehydes by
high temperature dehydrogenation of the alcohols. Otherwise, alternative ways for
alcohol activation should be adopted (vide infra).

2.6.2 Recent Advances in TM-Free N-Alkylation Reactions

In 2013, based on their previous air-promoted TM-catalyzed aerobic N-alkylation
reactions and the finding of aldehyde contaminant-accelerated reactions, Xu and co-
workers further discovered that addition of external aldehydes can be a new way for
alcohol activation. Thus, an efficient TM-free aldehyde-catalyzed N-alkylation
reaction of sulfonamides, sulfinamides, anilines, heteroarylamines with benzylic and
heterobenzylic alcohols was developed (Eq. 66) [54]. Since air does not affect the
reactions, they could be performed readily in either air or inert atmosphere. The
reactions are so efficient that they can be scaled up to at least 50 mmol scale.

( Aldehyde recycling}

(Alcohol oxidation ) ’/fm

. [O] RI=R®
R "OH-------- - R g R3 S0
iv)
17N 2
( TRANSITION m \ R'"“NHR
METAL-FREE
RONH, =\ (i J—
(i) Transition metal-free
transfer hydrogenation
H,0 R'SNR2 © R3™MoH

Scheme 41 Proposed mechanism for TM-free aldehyde-catalyzed N-alkylation reactions (TM-free relay
race mechanism)
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O OH
N o N
0,
OH =+ R3_ _R4 M R3— —R4 + R1/§O
. AN toluene X)
1.5 equiv. o
50 mg 150 °C, 4-24 h R2-NH
(16~42 mol%) 2

2 K ~ R2
R1/\H,R R»]/\N,

R1, R2= Ar, heteroAr

R

0~98% yields

Scheme 42 Proposed mechanism for TM-free conjugated ketones-catalyzed N-alkylation reactions

(sl O
NH, ) NTTR

NaOH (20~120 mol%

2/\
» (N\>—NH T R OH toluene, under air I/N
T 2 120~130°C, 15~28 h R >—NH
|\s “\S>_ \_Rz
78~96% vyields

Scheme 43 NaOH-catalyzed N-alkylation reaction of heteroaryl amines with alcohols under air

1~ R'CHO (10~20 mol%) 1/\N,RZ

base (10~40 mol%), air or N H
100~150 °C, 6~24 h

R" = Ar, heteroAr; R? = RSO,, t-BuSO, Ar, heteroAr

OH + R2-NH,

(66)
37~97% vyields

Since no reaction occurred at all in the absence of either the aldehyde catalyst or
the base or both of them, as well as other proofs such as control reactions using high
purity bases (>99.99 % purity), the authors concluded that the reaction is a true TM-
free transformation. In addition to the aldehydes’ catalytic effect, the authors proved
that imine intermediates and other TM-free oxidants could also be employed to
initiate the reaction, which is consistent with, and further supports, the TM-free N-
alkylation mechanism (Scheme 39). Along with other results of mechanistic studies,
the authors proposed a mechanism for the aldehyde-catalyzed N-alkylation reaction
(Scheme 41). Firstly, the external aldehydes condense with amines/amides to give
imine intermediates, which were then reduced by alcohols via a TM-free MPV-O
transfer hydrogenation process to give product amines and regenerate byproduct
aldehydes as the new alkyl source in next reaction cycle. In the key TM-free transfer
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R2 X NaOH
O

\_RZ \—R2

Scheme 44 Proposed mechanism for TM-free NaOH-catalyzed N-alkylation reactions

120
NOH —£22

base
o Ph" SN % Ph” “NHPh
J _base . ppnp,
Ph" S0

PhHN"  "NH,

Scheme 45 Possible mechanism for base-mediated synthesis of amines from N-arylureas and alcohols
under air

hydrogenation step, the existence of imine intermediates and generation of 1 equiv.
of aldehyde to the product amine were clearly observed in 'H NMR study of the
reaction mixture, showing that aldehyde catalyst can be regenerated quantitatively
in the process.

After discovering the catalytic activity of aldehydes, Xu and co-workers later
extended the method to TM-free aldehyde-catalyzed C-alkylation of secondary
alcohols with primary alcohols [199] and catalyst-free C-alkylation reactions of
methyl ketones with alcohols [200]. In 2013, Wu and co-workers also reported a
closely related TM-free ketone-initiated C-alkylation of indole and pyrrole with
secondary alcohols [201]. Similarly, Shi and co-workers employed conjugated
ketones to catalyze the TM-free N-alkylation reaction of amines with alcohols in
2015 (Scheme 42) [202], which is mainly suitable for benzylic and heterobenzylic
alcohols, and anilines and heteroarylamines. Different ketones showed variant
activities in the reaction (the catalysts were added in the same amount of 50 mg
regardless of their molecular weights). In mechanistic studies such as the control
reactions of the ketone catalyst and the substrate alcohol, up to 92 % ratio of the
corresponding alcohol derived from reduction of the ketone catalyst can be
detected in addition to formation of aldehdye intermediates derived from substrate
alcohol.

In 2013, Adimurthy and co-workers reported a TM-free NaOH-catalyzed N-
alkylation reaction of 2-aminothiazoles, 2-aminobenzothiazoles, aminopyrimidines,
and aminopyridines with benzylic and heterobenzylic alcohols under air
(Scheme 43) [203]. In condition optimization, the authors found the model reaction
of 2-aminobenzothiazole and 4-chlorobenzylalcohol under air afforded a higher
yield of the product (93 %) than the one under nitrogen (90 %). Therefore, along
with other results of mechanistic studies and the authors’ own previous work on
based-catalyzed imine synthesis from alcohols and amines [204], they proposed that
alcohol oxidation to aldehyde by air in the presence of bases is the initiation step of
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N OH
R_; D \>_NH2 R1/\OH or J\ R2
1 2
Z s R N RN )R!
base (20~80 mol%) '} 7R

S—NH »—NH
(%N | N\ neat or solvent, air or N, -E—X '§-X
RT [ j\ 100~150 °C, 6~24 h
’ X=8,N,CH
KN/)\NHz N/ NHZ S, , C
50~95% vyields

Scheme 46 Autocatalyzed N-alkylation of heteroaryl amines with primary and secondary alcohols

(i) ®base R o H \>_N//\ R

4N (ii)
: >—NH
X R'"OH (iif)

5N
imino form é_x\>_NH2 H20

Scheme 47 Proposed mechanism for TM-free substrate heteroarylamine-autocatalyzed N-alkylation
reactions

the N-alkylation reaction, followed by the condensation with amines and reduction
of imine intermediate by the alcohol to give the final amine product (Scheme 44).

In 2014, Xia and co-workers also reported a base-catalyzed solvent-free N-
alkylation of amines with alcohols under air (Eq. 67) [205]. Both aromatic and
aliphatic amines and alcohols are suitable substrates. In this method, alcohols are
used in large excess amounts (10 equiv.) as both the reactant and solvent, and some
reactions have to be heated at high temperatures up to 220 °C. The authors also
observed the significant accelerating effects of both aldehyde and imine on the
reaction, concluding that they are actual intermediates of the reaction.

i 2
RIOH + RNH, NaOH (1 momol), air R1/\N/R
120~220 °C, 6 h H
40 mmol 4 mmol
20~100% GC conversions
R', R? = aryl, heteroaryl, alkyl, cyclohexyl 7.3-100% selectivities

(67)
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In the same year, Bhanage and co-workers reported a base-mediated synthesis of
amines and imines from N-arylureas and benzylic alcohols or heteroaryl methanols
under air (Eq. 68) [206]. The authors proposed base-mediated N-arylurea decom-
position and aerobic alcohol oxidation processes for generation of the starting
anilines and aldehydes, followed by condensation to imines and transfer
hydrogenation by the alcohols to give the final amines (Scheme 45).

0]

Ar'HN J\ NH, + (Hetero)Ar

A~ t-BuOK (3.5 equiv.) o~
OH 1
air, 135 °C, 24 h (Hetero)Ar NHAr

5 equiv.
(68)

In 2015, Xu and co-workers reported a catalyst-free autocatalyzed N-alkylation of
certain heteroaryl amines with primary and secondary alcohols (Scheme 46) [207].
Like methyl ketones in catalyst-free C-alkylation reactions [200], the authors
hypothesized that certain amines with the typical RC(=X)NH, structural unit (X=0 or
N, etc.) may also undergo TM-free MPV-O reactions with alcohols to give the
initiating aldehydes in the absence of external catalysts, which may further catalyze
the target N-alkylation reaction. Indeed, 2-aminobenzothiazoles, 2-aminopyrimidines,
and 2-aminopyrazine are active amines under critical catalyst-free conditions (pure
aldehyde-free alcohol, strict degassing, and N, atmosphere protection). The model
reaction of 2-aminobenzothiazole and benzyl alcohol gave a high 90 % yield of the
product under the critical conditions; whereas the reaction under air slightly improved
the product yield to 93 %, revealing that the autocatalyzed N-alkylation process

H,0 R?NH,
CsOH Oz R2NH,
R'7OH — 0 7>ocs - cwon R o R!""SNHR? RS0
-H0 CsOH
Initiation ste
P R OH R'"NHR2
Catalytic cycle

Scheme 48 Proposed mechanism for TM-free O,-induced base-catalyzed N-alkylation reactions

/\ N [O] (alr) 0
RR NH2 Rs*\/ NHz R1"SOH or )O\H >>>>> R0 or I .
R R2 Inmatlon R!” O R? /R }R1
R—N or
RE. N 0 base (10~100 mol%) H R- NH
P N air, 100~150 °C, 24~28 h
I PN g NH, 26~96% yields

R TS R', R2 = Ar, heteroAr

Scheme 49 TM-fee aerobic N-alkylation of anilines, certain heteroarylamines, and sulfinamides with
alcohols under air
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R "R?  or:R2 2 H, base, air

RNH; “\(ii)

H,0

Scheme 50 Proposed mechanism for catalyst-free-like air-initiated N-alkylation reactions

contributed to most of the product yield. Since base-mediated aerobic alcohol
oxidation by air is not possible under the critical catalyst-free conditions, they
concluded that tautomerization of the heteroarylamines and MPV-O reaction of the
in situ formed imino tautomer with the alcohols led to the formation of the initiating
aldehydes, which then resulted in efficient N-alkylation reactions (Scheme 47).

In 2015, Yao, Zhao, and co-workers reported a base-catalyzed N-alkylation of
anilines and heteroarylamines with benzylic, heterobenzylic, aliphatic alcohols
using catalytic amounts of O, as the initiator (Eq. 69) [208]. They found air or O,
play important roles in the reactions because the reactions under O, or in open air
led to formation of imines in high ratios. The authors further optimized the reaction
conditions and found that adding 2—-5 mol% O, to the reaction vessel was the best,
giving high yields and selectivies of the product amines. Therefore, they proposed a
mechanism for the N-alkylation reaction that was initiated by base-catalyzed
aerobic alcohol oxidation by O, to the aldehydes (Scheme 48).

f CsOH (20 mol%) R2
~ 0 3
RIVSOH + RONH, 0, _(2 5mol%) » ’kN'R
mesitylene, Ar H (69)

140~180 °C, 24 h
R', R3 = Ar, heteroAr, R; R2=H, Ar, R

0~97% yields

In 2016, Xu and coworker reported another TM-fee aerobic N-alkylation method
for anilines, some heteroarylamines, and sulfinamides with alcohols (Scheme 49)
[209]. As described in their work, these amines are not effective substrates under
anaerobic catalyst-free autocatalyzed conditions, so an oxidant has to be employed
to initiate the reaction. Differing from Yao and Zhao’s protocol by adding O, to an
argon atmosphere [208], they found that a catalytic amount of air is active enough to
initiate the reaction. In addition to primary alcohols, secondary alcohols can also be
used as the alkyl source. In mechanistic studies, the authors observed that primary
and secondary alcohols underwent different initiation processes, i.e., primary
alcohols require the presence of the amine to facilitate the aerobic oxidation to
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R2NHK P KOH 1~
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Scheme 51 Proposed mechanism for TM-free base-mediated N-alkylation reactions

aldehydes, while secondary alcohols can be transformed directly to ketones by air in
the presence of a base (Scheme 50).

In 2015, Kang and coworkers reported another TM-free base-mediated N-
alkylation reaction of sulfonamides and alcohols under argon (Eqs. 70, 71, 72)
[210]. The authors found that the stronger base KOH is a better base for the reaction,
and large excess alcohol was used as both reactant and solvent (Eq. 70); whereas, if
corresponding basic salt potassium sulfonamides were employed instead, KOH can
be used in catalytic amounts (Eq. 71). The reactions of anilines, heteroarylamines,
and heterobenzylic and aliphatic alcohols also yielded corresponding alkylated
amines efficiently in the presence of excess alcohols and 3 equiv. of base (Eq. 72).
Since potassium sulfonamides were used as the reactant, and the reaction conditions
are rather different (much stronger basicity) to previous aldehyde-catalyzed
methods using only catalytic amounts of weak base K,COj [54], and no imine
intermediates were detected in the present reactions, the authors excluded the
possibility of an aldehyde-catalyzed mechanism and the MPV-O transfer hydro-
genation process [52-54], and proposed a new mechanism (Scheme 51) involving
the addition of potassium alcoholate to the imine intermediates to give hemiaminal
intermediates. As to the initial aldehyde formation step, the authors proposed that
oxidation of the alcohols by trace O, in the reaction systems might be a possible
means of aldehyde generation [although alcohols with aldehyde contaminants
(<0.1 %) were used, and trace amounts of H, were detected by GC in control
reactions under the argon atmosphere as described in the work].

Scheme 52 General 1 /\ 1~ 2
mechanism for amine-based R R NHR

hydrogen autotransfer reactions < >
[MH,]

1/\
R1 \NH R

R2NH2 NH;
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Scheme 53 General reaction routes for cross-dehydrogenative-coupling (CDC) reactions

0,
Ph" SNOH + p-ToISO,NH, base (130 mol%) Ph/\N/Sozp-TOI
. Ar,130°C, 10 h H
10 equiv. _
0-95% yields
(70)
KOH (5~50 mol%) 2
R'7OH + R2SO,NHK RIN-SOR
. Ar, 130 °C N 1)
10 equiv. o
R' = Ar, HeteroAr; R? = Ar, HeteroAr, Me 81~99%yields
i 2
RT"SOH + RZNH, KOH or NaH (3 equiv.) R1/\N’R
10 equiv_ Ar, 130~160 °C H (72)
R' = Ar, HeteroAr, R; R? = Ar, HeteroAr 41~99%yields

3 Hydrogen Autotransfer N-Alkylation Reactions Using Amines
as the Alkylating Reagents

Like alcohols, amines could also be used as alkylating reagents to react with another
amine to give N-alkylated amine products [10, 26], librating NH;3 as the byproduct
instead of H,O as in the case of alcohols. It is also held that amine activation
proceeds via a hydrogen autotransfer process similar to that of alcohol activation.
As shown in Scheme 52, the primary amine is first dehydrogenated, and then
condenses with another amine to give different imine intermediates sequentially,
which are reduced to give product amines. In addition to primary amines, secondary
and tertiary amines could also be used as alkylating reagents.

It should be pointed out that this type of amine activation by anaerobic
dehydrogenation resembles the cross-dehydrogenative-coupling (CDC) reactions
[42, 43], in which the amine substrates, usually the secondary and tertiary amines,
were also dehydrogenated/oxidized to give imines or iminium intermediates under
oxidative conditions as the substrate activation protocol (Scheme 53). The
difference is, in CDC reactions, no condensation/deamination reactions occur, and
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the reaction proceeds via addition of nucleophiles, usually not an N-nucleophile, to
give addition products.

Since the first homogeneous catalytic self-N-alkylation of amines reported by the
groups of Laine and Concilio independently in the beginning of 1980s [211-213],
more TM catalysts such as [Ru], [Ir], [Os], [Rh] and [Pt] have also been developed
in the past two decades [10, 26]. More recently, effective cross-N-alkylation of two
different amines, with low catalyst loadings, or those at lower temperatures were
also reported.

In 2007, Beller and co-workers described the first additive-free homogeneous N-
alkylation of (hetero)aryl amines with aliphatic amines catalyzed by the Shvo
complex with a low catalyst loading (1 mol%) (Eq. 73) [214]. The reactions of
some challenging substrates, such as cyclic secondary amines, furan-, thiophene-,
and indole-substituted amines, could also afford the corresponding products with
good yields by this method.

.R3
NH; Shov catalyst (1 mol%) HN

+ RS-NH
J\RZ 2 2-methylbutan-2-ol, 150 °C, 24 h R1J\R2

1 2 3 34-99% yields
R' = Ar, alkyl; R“ = H, alkyl; R® = aryl, heteroAr

R1

(73)

In 2008, the Beller group extended the method to the N-alkylation of aryl amines
with secondary amines and tertiary amines (Eq. 74) [215]. In the same year, they
further applied the method to the N-alkylation of ferr-alkylamines with aliphatic
amines [216]. In 2011, the Beller group also reported the synthesis of primary
amines by the reaction of secondary and tertiary amines with ammonia catalyzed by
Shov catalyst (Eq. 75) [217].

RoNH Nz R nH
Shov catalyst (1 mol%)

or + (74)
RsN t-amyl alcohol, 150 °C, 24 h

R= alkyl 74-99% yields
RoNH Shov catalyst (1 mol%)

or +

NHy t-amyl alcohol/MBTE RNH; (75)

RsN 150~170 °C, 16 h 50-84% yields
R = alkyl

In 2008, Peris and coworkers developed an iridium complex (35)-catalyzed N-
alkylation of anilines with alkyl amines (Eq. 76) [218]. The authors have previously
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found that iridium complex 35 has similar activity with Shvo complex in the same
year [219].

cat. 35 (5 mol%)
AgOTf (15 mol%)

Ar-NHy + R-NH; R-NH-Ar
toluene, 150 °C, 24 h

R = alkyl 50~95% vyields
nBu ; /\ (76)
o
\

nBu

In 2009, Williams and co-workers described the [Cp*Irl,],-catalyzed N-
alkylation of anilines, benzylic and aliphatic primary amines with diisopropylamine
(Eq. 77) [220]. Although both substrate amines could be oxidized to give different
imines and possibly different product amines, excellent selectivity could still be
obtained. For example, the reaction of diisopropylamine and benzylamine gave
exclusively N-isopropyl-N-benzylamine without any tertiary amine and dibenzy-
lamine byproducts.

[Cp*Irl,], (1 Mol%)

RNH, + i-ProNH xylene, 155 °C, 10 h RNHi-Pr (77)

R = Ar, arkyl 26~99% yields

The aforementioned cyclometallated iridium complex 14 developed by Xiao and
co-workers was also effective for N-alkylation of anilines and even benzohydrazide
with diisopropylamine under mild conditions (Eq. 78) [113].

cat. 14 (1 mol%)
K5>CO3 (5 mol%)

TFE, 100 °C, 24 h

48~99% yields
MeO @
T, "

Nl—lr—CI

RNHy + i-ProNH
R = Ar, PhCONH

RNH-Pr

14
OMe

In addition to homogeneous TM catalysts, some heterogeneous TM catalysts,
nano catalysts and even biomimetic and electrolytic catalysts have also been applied
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successfully in the N-alkylation of amines using amines as the alkylating reagents.
In 2011, Shimizu and co-workers reported a nano-Pd1/Al,03-1.8-catalyzed cross-
coupling of amines (Eq. 79) [221]. The recovered catalyst showed a very close
catalytic activity with the fresh one (Ist, 86 %, 2nd, 85 %). In the same year,
Porcheddu and co-workers reported a microwave-assisted Pd/C-catalyzed N-
alkylation of anilines with tertiary amines [222].

R2
- o ’
oy ¢ R R Pd1/Al,03-1.8 (1 mol%) —N
H o-xylene, reflux, 1~20 h R' RS
R' = Ar, heteroAr, alkyl; R? = alkyl; R3 = alkyl 44~85% yields
Pd1/Al,O3 recoverable: 1st, 86%; 2nd, 85%
(79)

The aforementioned Pt—Sn/y-Al,O; catalyst developed by Yu and co-workers in
2011 was also effective for self-coupling of aliphatic primary amines with catalyst
loading as low as 0.25 mol% (Eq. 80) [142]. In 2012, Shimizu and co-workers
found nano-NaPt/SiO, and nano-SPt/SiO, are both effective catalysts for the N-
alkylation of anilines, secondary and branched primary amines [223, 224]. In 2013,
Shi and co-workers accidentally found that NiCuFeOy complex could catalyze the
self-N-alkylation of primary amines [157].

N Pt-Sn/Al,05 (0.25~0.5 mol%) R NTNR
2 o-=xylene, 145 °C, 24~36 h H (80)
R = Ar, alkyl 87~95% yields

In 2009, Largeron and co-workers reported a biomimetic electrolytic synthesis of
secondary benzylic amines at room temperature (Scheme 54) [224]. An initial

OH O
HN

O 2
36 \ R

NH3
OH O R
H2N R"  cathode PPN 2
~ — R* N R
HO R™ N7 R2 MeOH, rt H
37 51~80% yields

R! = alkyl; RZ = H, alkyl; R =Ar, heteroAr

Scheme 54 Proposed mechanism for biomimetic electrolytic synthesis of secondary amines
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electrochemical oxidation of the benzylic amines by o-iminoquinone 36 and a
subsequent condensation gave imine intermediates, which were then reduced to give
the desired secondary amines along with the reoxidation of 37 to 36.

4 Conclusion and Outlook

In summary, owing to their green and environmentally benign features, alcohols
have been used widely as the alkylating reagents in the synthesis of amine and
amide derivatives through dehydrogenative/oxidative activation to the more active
carbonyl compounds and transfer of hydrogens to the products. Like alcohols,
amines can also be used in a similar way as the alkylating reagents. This field
developed rapidly in the past decades, being one of the hottest topics in the fields of
organometallic catalysis, green chemistry, and even the pharmaceutical and
industrial chemistry. More recently, in addition to TM-catalyzed anaerobic
dehydrogenation methods, air-participated TM-catalyzed aerobic oxidative reac-
tions using air-stable catalysts, nano and carbon materials, and biocatalysts have
also been found to be new ways for alcohol activation and new catalysts. Some
catalysts are so efficient that either bio-derived alcohols can be used as the
alkylating reagents or the reactions can be performed under rather mild conditions at
relatively lower temperatures (below 100 °C) or in an aqueous media. Meanwhile,
new TM-free organocatalytic methods, including the use of aldehydes, substrate or
external ketones, substrate amines, and the combination of air and base have also
been developed as simple but efficient, economical and practical methods for N-
alkylation of amines and amides with alcohols, and also represent meaningful
advances to the early TM-free N-alkylation methods performed under harsh
conditions [5-9]. Moreover, the recent development of asymmetric N-alkylation
reactions for the successful synthesis of chiral amines and direct application of the
N-alkylation method in pharmaceutical synthesis have also revealed the great
potential of N-alkylation reactions. With the development of the new catalysts, new
methods, and new protocols for alcohol activation, new concepts such as substrate-
participated autocatalysis have also appeared in the field.

However, problems and bottlenecks still remain. Unlike the alcohols, new
methods for using amines as alkylating reagents are still rare. This may be due to
limited methods for amine activation. Like the newly developed aerobic oxidative
activation of alcohols, advances in amines’ cross-dehydrogenative coupling (CDC)
reactions [42, 43] and amine oxidation reactions [226-229] may provide new
possibilities for amine-based alkylation reactions. Besides, present mild and
asymmetric reactions are still catalyzed by homogeneous metal complexes, so that
developing efficient and recoverable heterogeneous methods would thus be another
meaningful advance in the field. Moreover, most of the TM-free methods seemed to
have limited scope for substrates, otherwise harsh conditions have to be applied.
Therefore, developing new TM-free methods with relatively broad substrate scope
and/or under mild reaction conditions remains a meaningful research topic in this
field. Computational mechanistic studies of these TM-free reactions in order to
acquire deeper insight and theoretical understanding of the reaction mechanism may
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also help to develop new TM-free methods avoiding the use of expensive
homogeneous catalysts and tedious preparation of heterogenous catalysts. In
addition, mechanism elucidation in N-alkylation reactions by the hydrogen
autotransfer processes remains a challenge, since: (1) there are mainly two
mechanistic types in the reactions of amines/amides with alcohols (i.e., the direct
nucleophilic substitution reactions and the hydrogen autotransfer processes), (2)
there are at least four possible routes for hydrogen transfer from alcohols to products
(direct hydrogen transfer, monohydride route, dihydride route, and MPV-O
process), (3) similarities exist among the four routes of the hydrogen autotransfer
reactions so that it is difficult to distinguish them as well as the reaction mechanism,
and (4) mechanisms of specific reactions may vary depending on the substrates,
catalysts, reaction conditions, even the settled conditions for mechanistic studies
(e.g., in the sect. 2.1.3, the DFT studies of Ir-catalyzed N-alkylation reactions by
different groups showed slightly different results). Mechanistic studies of the N-
alkylation reaction are significant to this research also because they may afford new/
deeper insights into the nature of the reactions, and provide new research
opportunities and even conceptual and technical advances in the field. In a word,
although there have been many meaningful advances in the field in recent decades,
there still remains much room for improvement and extension of research. N-
alkylation reactions by hydrogen autotransfer processes may have entered a new
stage of development deserving of more attention and effort.
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