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Abstract: Nitrogen (N) is ubiquitously found in bioactive molecules, pharmaceutical agents, and organic 
functional materials.  Accordingly, development of new C–N bond-forming catalysis has been one of the long-
standing research subjects in synthetic organic chemistry.  In this Perspective, recent advances in highly 
selective amination reactions with electrophilic amination reagents are described: by taking advantage of the 
concept of nitrogen umpolung, otherwise challenging aminofunctionalizations, such as hydroamination, 
aminoboration, and carboamination, of readily available feedstock-like alkenes and alkynes are possible, 
giving densely functionalized complex and often chiral alkylamines with high selectivity.  The scope, limitations, 
and reaction mechanism are briefly summarized. 

INTRODUCTION 

Nitrogen (N) is ubiquitously found in important organic molecules 
such as pharmaceutical agents1 and functional materials2 and thus, 
is an indispensable element to induce unique biological activity as 
well as physical/chemical properties.  Accordingly, to introduce the 
amino group (R2N) into organic skeletons, development of C–N 
bond forming reactions has been one of the long-standing research 
subjects in synthetic organic chemistry.  Among them, transition-
metal-catalyzed addition-type reactions of the R2N group across C–
C multiple bonds, such as the hydroamination,3 are particularly 
attractive, because relatively simple and abundant alkenes and 
alkynes can be readily converted to highly valuable N-containing 
molecules.  However, the catalytic hydroamination reaction is still 
restricted in scope and generality: the reaction is often kinetically 
difficult due to high activation barriers associated with combining 
two nucleophilic amine and alkene components as well as catalyst 
deactivation by overcoordination of the amine.  Moreover, the 
overall reaction is sometimes the uphill, thermodynamically 
unfavored process.4 

Meanwhile, an umpolung5 amination strategy with electrophilic 
amination reagents of type R2N–X (X = leaving group)6 has 
recently received significant attention.  The nitrogen has one lone 
pair and relatively high electronegativity (3.0; Pauling), and thus 
the parent amine (R2N–H) is inherently nucleophilic.  However, by 
introducing the suitable leaving group X on nitrogen, the innate 
polarity is inverted, and R2N–X can work as the nitrogen 
electrophile (Figure 1).  The concept of the umpolung amination 
can address the aforementioned problems in the conventional 

hydroamination with the parent R2N–H; combined with suitable 
external nucleophilic hydride sources, the three-component-
coupling-type net hydroamination of various alkenes and alkynes 
proceeds efficiently (Scheme 1a).  Moreover, rational design of 
catalysts and substrates successfully controls the regio- and 
stereoselectivity in the reaction.  In this Perspective, recent 
advances of the umpolung-enabled net hydroamination reactions 
are categorized according to transition metal catalysts employed, 
and their scope, limitations, and mechanism are briefly summarized.  
Additionally, we also describe related aminoboration (Scheme 1b) 
and carboamination (Scheme 1c) reactions with boron and carbon 
nucleophiles, respectively, to deliver structurally complex and 
densely functionalized alkylamines from readily available 
feedstock-like hydrocarbon starting materials.7  Notably, some 
reactions, particularly, fully intermolecular aminoborations of 
simple alkenes, are possible only by using the umpolung amination 
strategy.8  Here, N-centered aminyl and/or amidyl radical cascade 
reactions involving R2N–X homolysis or related SET process are 
not covered (Scheme 2a), and only the reactions directly involving 
electrophilic amination with R2N–X (Scheme 2b) are demonstrated. 

 
Figure 1. An umpolung (polarity inversion) concept of amines. 
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Scheme 1. Umpolung-Enabled Three-Component-Coupling-
Type Aminofunctionalizations of Alkenes and Alkynes 

 
 

Scheme 2. Scope of This Perspective 

 
 

HYDROAMINATION 

Copper Catalysts.  The umpolung-amination-enabled net 
hydroamination of alkenes with hydroxylamines and hydrosilanes 
was first reported, independently, by Hirano/Miura (Scheme 3)9 
and Buchwald (Scheme 4).10  Under conditions developed by 
Hirano and Miura, terminal and trans-b-substituted styrenes 1 were 
coupled with O-benzoyl-N,N-dialkylhydroxylamine 2 and 
polymethylhydrosiloxane (PMHS) in the presence of CuCl/(S,S)-
Me-DuPhos (L1) or (R,R)-Ph-BPE (L2) chiral catalyst and LiO-t-
Bu base to form the corresponding benzylic amines 3 
regioselectively and enantioselectively.  On the other hand, 
Buchwald demonstrated the broader substrate scope, including 
more challenging cis-b-substituted and b,b-disubstituted styrenes, 
by using Cu(OAc)2/(R)-DTBM-SEGPHOS (L3) catalyst and 
diethoxymethylsilane (DEMS) even under external base-free 
conditions. 

Scheme 3. Umpolung-Enabled Regio- and Enantioselective 
Hydroamination of Styrenes by Hirano and Miura 

 
 

Scheme 4. Umpolung-Enabled Regio- and Enantioselective 
Hydroamination of Styrenes by Buchwald 

 

 
A generally proposed reaction mechanism is shown in Scheme 

5.  The starting catalytically active species is LnCu–H A,11 which 
is initially generated in situ from copper salt and hydrosilane 
(initiation step).  Subsequent insertion of 1 into the Cu–H bond of 
A12 is followed by the electrophilic amination of the resulting 
alkylcopper intermediate B with the hydroxylamine 2 to produce 
the observed hydroaminated product 3 and copper benzoate C.  
Final s-bond metathesis with the hydrosilane regenerates the 
starting copper hydride A to complete the catalytic cycle.  The 
regio- and enantioselectivity is determined in the insertion step (A 
to B), and the C–N bond forming process occurs with retention of 
configuration.13  The external base such as LiO-t-Bu is believed to 
accelerate the formation of the copper hydride species A (initiation 
step and/or C to A). 

Scheme 5. General Mechanism of Cu-Catalyzed Umpolung-
Enabled Hydroamination with Hydroxylamine and 
Hydrosilane 

 
 

The initially applicable hydroxylamines were limited to N,N-
dialkylamine derivatives, but appropriate modification of the 
leaving group successfully expanded their scope.  In particular, 
introduction of the para-diethylamino (Et2N) group into the 
benzoate leaving moiety dramatically improved the stability and 
reactivity to allow secondary amines (3e and 3f; Scheme 6a)14 and 
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tertiary arylamines (3g and 3h; Scheme 6b)15 to be constructed in 
the net hydroamination.  Without the modification, nonproductive 
rapid decomposition of the hydroxylamine derivative 2 with the 
copper hydride species mainly occurred. 

Scheme 6. Et2N-Modification of Leaving Group that Expands 
Scope of Amines 

 
 

In addition to relatively simple styrenes, cinnamyl alcohol/amine 
(3i)16 and its cyclic variants (3j and 3k)17,18 were also viable 
substrates (Figure 2, top).  Biologically important chiral a-aryl-N-
heterocycles could be readily constructed by the rational design of 
substrate (Figure 2, middle).19  The intramolecular hydroamination 
of N-arylalkenyl-substituted hydroxylamines proceeded to form the 
corresponding five-membered pyrrolidine (3l) and six-membered 
piperidine (3m) with high enantioselectivity.  This methodology 
was also amenable to preparation of medium to large sized ring 
systems (3n and 3o), which are difficult to synthesize by other 
means.  Moreover, copper/bisphosphine catalyst systems were 
effective for a variety of aliphatic alkenes (Figure 2, bottom), 
including monosubstituted terminal alkenes (3p),10 1,1-
disubstituted terminal alkenes (3q),20 1,2-disubstituted internal 
alkenes (3r and 3s),21 bicyclic alkenes (3t),22 
methylenecycloproanes (3u),23 and cyclobutenes (3v).24  
Particularly in the synthesis of 3r and 3s, the aforementioned 
leaving group modification with the para-Et2N group was 
indispensable to obtain the desired hydroaminated products, thus 
indicating that judicious choice of the leaving group can expand the 
scope of not only amines but also alkenes.  In the case of sterically 
less biased unsymmetrical internal alkenes, the regioselectivity was 
generally poor to moderate (e.g., 3s.)  However, several directing 
groups at the suitable position can increase the regioselectivity, as 
exemplified by allylic and homoallylic amines (3w and 3x) and 
homoallylic alcohol (3y).25,26  This strategy was also applicable to 
the intramolecular reaction, giving the chiral aziridine (3z).27  The 
origin of the directing group effect is considered to be an electronic 
(inductive) and/or a steric effect rather than coordination to the 
copper center.26 

 

 
Figure 2. Representative examples of alkylamines synthesized by 
umpolung-enabled Cu-catalyzed hydroamination of cinnamyl 
alcohol/amine derivatives (top), arylalkenyl-substituted 
hydroxylamines (middle), and aliphatic alkenes (bottom). 

The asymmetric copper catalysis also accommodates alkenes 
that are directly conjugated with carbonyl functions.  One 
significant example is the stereodivergent synthesis of 1,3-
aminoalcohol 5 with three successive stereocenters from a,b-
unsaturated ketone 4 via copper hydride-catalyzed enantioselective 
carbonyl 1,2-reduction/umpolung-enabled enantioselective 
hydroamination cascade (Scheme 7).28  With proper choice of an 
ancillary chiral ligand in each step, (E)-a-methylbenzalacetone 
(E)-4 was divergently transformed to four stereoisomers 
(2S,3S,4R)-, (2R,3R,4S)-, (2S,3R,4S)-, and (2R,3S,4R)-5.  From the 
geometrical isomer (Z)-4, four complementary stereoisomers 
(2S,3S,4S)-, (2R,3R,4R)-, (2S,3R,4R)-, and (2R,3S,4S)-5 were 
obtained.  Thus, all possible eight stereoisomers can be easily 
accessible with high stereoselectivity. 

Scheme 7. Stereodivergent Synthesis of 1,3-Aminoalcohols 
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In the net hydroamination of a,b-unsaturated ester 6a, condition-
dependent regiodivergency was observed: the 
Cu(OAc)2•H2O/DTBM-dppbz (L4) catalyst system delivered the 
corresponding a-amino acid a-7a exclusively,29 whereas the 
regioisomeric b-amino acid b-7a was selectively formed in the 
presence of Cu(OAc)2/(S,S)-Ph-BPE (ent-L3; Scheme 8a).30  In the 
latter case, the point chirality at the b-position was well controlled.  
Unfortunately, in the former case attempts of asymmetric induction 
at the a-position remained unsuccessful.  However, with the (R)-
Xyl-BINAP chiral ligand (L5), the b,b-disubstituted substrate 6b 
was converted to the optically active a-7b with high 
enantioselectivity but with moderate diastereoselectivity, thus 
indicating that effective asymmetric induction occurs at the b-
position in the olefin insertion step but the formed copper enolate 
undergoes the electrophilic amination at the a position with poor 
diastereocontrol (Scheme 8b). 

Scheme 8. Regiodivergent and Enantioselective 
Hydroamination of a,b-Unsaturated Esters 

 
Scheme 9. Hydroamination of Heteroatom-Substituted Alkenes 

 

 
Heteroatom-substituted alkenes are valuable platforms for 

preparation of functionality-rich chiral amines.  The enamine 
substrate 8 underwent the copper-catalyzed regio- and 
enantioselective hydroamination to produce the chiral 1,2-diamine 
9 with a high enantiomeric ratio (Scheme 9a).31  In the reaction of 
vinylsilane (10) and vinylborane (12), the corresponding a-
aminosilane (11)32 and a-aminoborane (13)33 were obtained, 
respectively, which are Si- and B-mimics of the a-amino acid and 
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known to be pharmacophores in bioactive molecules such as the 
proteasome inhibitor and serine protease human neutrophil elastase 
(HNE) inhibitor34 (dan = 1,8-diaminonaphthyl; Scheme 9b).  
Recently, these important compounds were more readily accessible 
from the simple terminal alkynes 14 and 16 by the hydrosilylation 
(hydroboration)/hydroamination sequence using a single copper 
catalyst component (15 and 17; Scheme 9c).35,36  Additionally, 
Ph2P(BH3)-37 and CF3-substituted alkenes38 are also viable 
substrates.  Representative product structures are shown in Figure 
3 (18a, b, and 19). 

 

 
Figure 3. Representative examples of enantioselective 
hydroamination of Ph2P(BH3)- and CF3-substituted alkenes. 

As mentioned above, the most frequently employed electrophilic 
amination reagent in the copper-catalyzed net hydroamination is O-
acylated hydroxylamine, but some N-O containing heterocycles 
can work as nitrogen electrophiles.  Particularly notable is 
benzo[d]isoxazole (20), which is an equivalent of H2N+: after 
hydrolysis workup, the optically active primary amines (21 and 22) 
were obtained with high enantioselectivity (Scheme 10a).39,40  Its 
constitutional isomer, anthranil (23), was also used, giving the 
corresponding secondary arylamine (24; Scheme 10b).41  
Additionally, otherwise difficult hydroamidation was possible by 
using 1,4,2-dioxazol-5-one (25; Scheme 10c),42 which was 
originally developed for catalytic aromatic C–H amidation 
reactions.43 

Scheme 10. Hydroamination with N-O Heterocycles as 
Electrophilic Amination Reagents 

 

 
Since seminal work by Hirano/Miura and Buchwald in 2013, the 

copper-catalyzed enantioselective net hydroamination of alkenes 
has greatly and rapidly progressed.  However, there are still some 

challenges to be solved; for example, (1) improvement in 
regioselectivity in the case of sterically and electronically less 
biased internal alkenes and (2) expansion of the scope of 
electrophilic amination reagents.  In particular, the direct use of the 
electrophilic primary amino source, that is, H2N–X, is strongly 
awaited, because the resulting chiral primary amines are most 
frequently occurring alkylamines in bioactive molecules and 
pharmaceuticals. 

Iron Catalysts.  The Fe(II)/bis(imino)pyridine ligand (L6) also 
catalyzed the net hydroamination of styrene with O-benzoyl-N,N-
dialkylhydroxylamine (Scheme 11).44  A proposed reaction 
mechanism is similar to that catalyzed by the copper (Scheme 5): 
(1) insertion of styrene into the Fe–H bond of the initially formed 
iron hydride D, (2) electrophilic amination of the benzyliron 
intermediate E, and (3) conversion from the concurrently formed 
iron benzoate F back to the starting D via transmetalation with the 
cyclopentylmagnesium reagent (F to G) and b-hydride elimination 
(G to D).  Thus, the cyclopentylmagnesium reagent works as the 
external hydride source instead of the hydrosilane in the 
aforementioned Cu-based hydroamination system. 

Scheme 11. Fe-Catalyzed Hydroamination with 
Hydroxylamines and Alkyl Grignard Reagents 

 

 
Baran reported a totally mechanistically distinct iron hydride-

catalyzed net hydroamination of alkenes with nitroarenes 27 and 
hydrosilanes as the electrophilic amino sources and nucleophilic 
hydrides, respectively (Scheme 12).45  The electronically and 
sterically diverse aliphatic alkenes reacted under mild conditions to 
form the sterically congested Markovnikov hydroaminated 
products 28 in good yields.  The initially formed compounds are 
ArRN-OR and ArRN-OH.The former is reduced with Zn and HCl 
aq upon workup to finally deliver the corresponding secondary 
arylamines 28.  The latter is directly reduced with the in situ 
generated iron hydride species to form 28 with concomitant 
turnover of the Fe catalyst.  The iron catalysis involves the 
Fe(III)H-mediated metal hydride H atom transfer (MHAT) process 
of alkenes to generate the alkyl radical intermediate, which then 
undergoes addition reaction across the nitrosoarene derived from 
the nitroarene, the prototype of which was originally reported by 
Mukaiyama.46 

The iron-based catalyst system is particularly effective for the 
synthesis of sterically hindered a-branched aniline derivatives, 
which are generally difficult to prepare by other means.  However, 
asymmetric catalysis still remains to be developed. 
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Scheme 12. Fe-Catalyzed Hydroamination with Nitroarenes 
and Hydrosilanes via MHAT 

 

 
Cobalt Catalysts.  Cobalt complexes are also known to promote 

MHAT-type hydrofunctionalizations of alkenes, but in some cases 
formed alkyl radicals are rapidly recombined with Co species to 
form alkylcobalt intermediates, thus enabling asymmetric 
induction by using suitable chiral ligands.  Actually, Lu reported 
the Co(II)/IPAQ (L7)-catalyzed asymmetric net hydroamination of 
aliphatic alkenes with the diazo compound 29 as the electrophilic 
amination reagent (Scheme 13).47  Afterreductive workup and 
benzoylation with BzCl of the initially observed hydrazine 30, the 
corresponding chiral amide 31 was isolated in a good overall yield 
with acceptable enantioselectivity.  The key to success is the use of 
redox-active, noninnocent N,N,N-tridentate chiral ligand L7, which 
facilitates the radical rebound to the Co center (from I and J to K).  
Subsequent insertion of the N≡N bond of 29 into the C–Co bond 
of the alkylcobalt (K to L) is followed by s-bond metathesis with 
the hydrosilane to form the starting cobalt hydride H and 
intermediate M, en route to 30. 

One disadvantage of the Co-based catalyst system is the narrow 
scope of the electrophilic amination reagent; now only the diazo 
compounds of type 29 are suitable.  Additional expansion of amine 
coupling partners is strongly desired. 

Scheme 13. Co-Catalyzed Enantioselective Hydroamination 
with Diazo Compounds via MHAT and Radical Rebound 

 

 
Nickel Catalysts.  The enantioselective net hydroamination of 

styrene with electrophilic amination reagent and hydrosilane 
efficiently occurred also in the presence of nickel catalysts ligated 
with the chiral bisoxazoline L8 (Scheme 14).48  One advantage of 
the nickel-based catalyst system is the broader scope of the 
electrophilic amination reagent: hydroxylamine, 1,4,2-dioxazol-5-
one, and nitroarene all were successfully coupled with styrenes 
under almost the same conditions to afford the corresponding 
benzylic amines 32–34 with high enantiomeric ratios.  A proposed 
reaction mechanism is similar to that shown in Scheme 5, in which 
a nickel hydride is the active species and enantioselectivity is 
determined in a styrene insertion step. 

Scheme 14. Ni-Catalyzed Enantioselective Hydroamination 
and -amidation of Styrenes with Various Electrophilic 
Amination Reagents 

 

 
 

The significant feature of nickel-catalyzed net hydroamination is 
the chain-walking event, which is observed in the reaction of 
aliphatic alkenes (Scheme 15).49  Even from a complicated regio- 
and stereomixture of alkenes, the single benzylic amine 35 was 
convergently obtained via iterative insertion/b-hydride elimination 
with the nickel hydride (O to P to Q).  The benzylnickel Q 

H

O2N Ar

R2
+

cat. Fe(acac)3

EtOH, 60 ˚C

Zn, HCl aq
60 ˚C

NH

Cl

28b, 41%

Fe(acac)3

Fe(III) H
MHAT
– Fe(II)

R1

HPhSiH2

N

H
R1

R2
R3

O Ar

R1
R3

R2

R3

HN

H
Ph Me

NH

CO2Et

28a, 53%

O

H
MeMe

Me

28c, 70%

NMe

HN

Cbz

CN
NH

OH

HPhSiH2

R2

R1

R3

R3

H
R1

R2

• ON Ar

N

H
R1

R2
R3

O Ar

R1
R3

R2

27 N

H
R1

R2
R3

HO Ar
and

N

H
R1

R2
R3

•O Ar

N

H
R1

R2
R3

HO Ar Fe(II)

Fe(III)

28

Zn, HCl aq
(workup)

28

Ph +
Ph

H

HN
N

CO2Et

N2 29

HPhSiH2

cat. Co(OAc)2/L7
EtOCH2CH2OH

EtOAc, –10 ˚C

1) Zn, AcOH
2) BzCl, Et3N

Ph
H

HN
Bz

30

31, 74%, 93:7 er

N
HN

Me
N NPh

tBu
IPAQ (L7)

LnCo–H
H

R

R
H

•

LnCo
I

J R
H

LnCo

K

R
H

N
N

L
HPhSiH2

H2O

M

Ph
O

OEt

LnCo

Ph

CO2Et

N2 29

Ph
R

H

N
N

Ph
OSi

OEt

30

CO2EtPh

Ph CO2Me +
H(MeO)3Si

Bn2N OBz cat. NiCl2•6H2O/L8
NaI, THF, 25 ˚C Ph CO2Me

Bn2N

H
32, 70%, 95:5 er

Me +

H(MeO)3Si

cat. NiCl2•6H2O/L8
NaI, t-BuOH

1,4-dioxane/DMA, 25 ˚C
Me

NH

H

33, 79%, 96:4 er

O
N

OO

Ph
MeO

MeO

MeO

MeO– CO2

O

Ph

Me
+

H(MeO)3Si

cat. Ni(BF4)2•6H2O/L8
NaI, Zn, AlF3

toluene, 0 ˚C

Me
HN

H

34, 76%, 97:3 er
MeO MeO

O2N

Me
Me

N

OO

N

bisoxazoline (L8)



 

irreversibly reacts with the in situ generated nitrosoarene to form 
the benzylic C–N bond regioconvergently (Q to R).  The final 
product is produced by additional reductive cleavage of N–O of R 
with the nickel hydride. 

Scheme 15. Ni-Catalyzed Regioconvergent Hydroamination 
with Nitroarenes via Chain-Walking 

 
The regioselective hydroamination of internal alkenes without the 
chain-walking is also possible by using suitable directing groups 
(Scheme 16).50  The 8-aminoquinoline and picolinamide were 
promising auxiliaries51 to furnish the corresponding hydroaminated 
products 36 and 37 with controllable regioselectivity.  The N,N-
bidentate coordination in the nickelacycles S and T is considered 
to be a key to control the regioselectivity in a step of the alkene 
insertion into a nickel hydride. 

Scheme 16. Ni-Catalyzed Directed Regioselective 
Hydroamination of Internal Aliphatic Alkenes 

 

 
 

The NiH-based catalyst system also showed high performance 
in the hydroamidation of alkynes with 1,4,2-dioxazol-5-one, where 
the regioselectivity could be controlled by judicious choice of 
supporting bipyridine-type ligands (Scheme 17a).52  While 6,6’-
(sec-Bu)2bpy (L10) afforded the anti-Markovnikov hydroamidated 
product 38 exclusively, the opposite Markovnikov-type 
regioisomer 38’ was mainly formed with 2-Mebpy ligand (L11).  
With anthranil 23 instead of 1,4,2-dioxazol-5-one, the initially 
formed Markovnikov hydroaminated product spontaneously 
underwent the intramolecular dehydrative cyclization to furnish the 
corresponding 2-phenylquinoline (39) in one synthetic operation 
(Scheme 17b).53 

Scheme 17. Ni-Catalyzed Hydroamidation and 
Hydroamination of Alkynes 

 
 

The NiH catalysis accommodated both alkenes and alkynes as 
unsaturated starting substrates with high regio- and stereocontrols, 
which is a significant advantage compared to the aforementioned 
CuH, FeH, and CoH catalysis.  However, in the reaction of the 
unactivated internal alkenes, the specially designed bidentate 
auxiliaries are still inevitable (Scheme 16).  Their attachment and 
detachment require additional synthetic steps, which is somewhat 
tedious and decreases overall synthetic efficiency.  Application of 
ubiquitous functional groups such as carboxylic acid and amine is 
more attractive. 
 
AMINOBORATION 

In the proposed catalytic cycle of the copper-catalyzed 
umpolung-enabled hydroamination (Scheme 5), if the hydrosilane 
is replaced with other external nucleophiles, aminative 
difunctionalizations of styrene are possible.  
Bis(pinacolato)diboron (pinB–Bpin) seems to be a good candidate 
(Scheme 18); syn-addition of in situ generated borylcopper species 
A’ across styrene generates the borylated alkylcopper intermediate 
B’.54,55  By proper choice of supporting ligands, the 
enantioselectivity is determined in this step.  Subsequent 
stereoretentive electrophilic amination with 2 delivers the 
corresponding chiral aminoborated product 40 with generation of 
the copper benzoate C.  The catalytic cycle is closed by LiO-t-Bu-
assisted s-bond metathesis with pinB–Bpin (C to A’).  Actually, in 
2013, Hirano and Miura reported the catalytic and regio-
/enantioselective intermolecular aminoboration of styrene with 
hydroxylamine and pinB–Bpin in the presence of CuCl/(S,S)-Me-
DuPhos (L1) catalyst and LiO-t-Bu base to deliver b-
aminoalkylborane 40a of potentially biological importance.56,57  
This is the first example of simultaneous addition of amino group 
and boryl group to alkene p bonds in a fully intermolecular manner.  
Subsequently, the broader substrate scope and better 
enantioselectivity were achieved by using the PivZPhos ligand 
(L12).58  The oxidation with NaBO3 following the aminoboration 
can provide efficient access to the enantioenriched 1,2-
aminoalcohol (40b).  
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The umpolung-enabled aminoboration catalysis was applicable to 
a wide range of alkenes (Figure 4).  Strained alkenes such as 
methylenecyclopropane (41),59 benzylidenecyclopropane (42),60 
and cyclopropene (43)61 were highly reactive templates, giving the 
corresponding stereodefined cyclopropane-containing alkylamines 
frequently occurring in pharmaceutical agents.  Bicyclic alkenes 
were also viable substrates (44).62  Similar to the net 
hydroamination (Scheme 9b), the vinylsilane and vinylborane were 
transformed to the b-borylated a-aminosilane (45)63 and -borane 
(46)64 with good to high stereochemical control. 

 

Scheme 18. Copper-Catalyzed Umpolung-Enabled 
Aminoboration of Styrenes 

 
 

 
Figure 4. Representative examples of umpolung-enabled copper-
catalyzed aminoboration of strained alkenes, vinylsilane, and 
vinylborane. 

In the reaction of simple terminal alkenes, the ligand-controlled 
rediodivergent aminoboration was possible (Scheme 19a).65  The 
Xantphos•CuCl complex guided the amino group and boryl group 
at the internal position and terminal position (47), respectively, 
while the opposite internally borylated aminoboration product 47’ 
was selectively formed under IPrCuBr catalysis.  It should be noted 
that suitable choice of the alkoxide base and boron source was 
necessary to maximize the regioselectivity and yield.  The 

regioselectivity is determined in the alkene insertion step (from A’ 
and 1 to B’ in Scheme 18), where steric factors play pivotal roles.  
Moreover, the regioselective and enantioselective aminoboration 
was also feasible by using the chiral (R,R)-PTBP-BDPP ligand 
(L13; Scheme 19b).66 

In almost all reported copper-catalyzed umpolung-enabled 
aminoboration reactions, O-acylated hydroxylamines of the type 2 
were employed as the electrophilic amination reagents.  Only one 
exception was shown in Scheme 20: the diazo ester 29 was 
successfully combined with pinB–Bpin, although alkene substrates 
were limited to electronically activated and sterically accessible 
terminal styrenes.67 

 

Scheme 19. Regio- and Enantioselective Aminoboration of 
Simple Aliphatic Terminal Alkenes 

 
 

Scheme 20. Copper-Catalyzed Aminoboration with Diazo 
Ester as Electrophilic Amination Reagent 

 
As mentioned in this section, the fully intermolecular 

aminoboration of simple alkenes is now possible only by copper 
catalysts.  Development of mechanistically distinct aminoboration 
catalysis with other transition metals might be necessary to expand 
the scope and overcome unsolved challenges, e.g., an internally 
borylated enantioselective aminoboration of terminal alkenes (vs 
Scheme 19b). 
 
CARBOAMINATION 

Copper Catalysts.  Compared to the above copper-catalyzed 
hydroamination and aminoboration, a three-component-coupling-
type carboamination is relatively difficult (Scheme 21), because the 
organocopper species A” generated from the carbon nucleophile 50 
is prone to react directly with the electrophilic amination reagent 
(from A” and 2 to 51’) over the desired alkene or alkyne C–C 
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multiple bond of 1 (from A” and 1 to B”).6b,68  Thus, the suitable 
choice of alkene/alkyne substrate is critical for success. 

Scheme 21. Plausible Mechanism of Copper-Catalyzed 
Umpolung-Enabled Carboamination of Alkenes or Alkynes 

 
While somewhat specific, one solution is the use of highly 

strained thus reactive p-components.  Indeed, in-situ generated 
arynes from the o-silylaryl triflates underwent the catalytic 
carboamination with the hydroxylamine and terminal alkyne 50a 
(Scheme 22a).69  Under modified conditions, 1,3-azole 50b could 
also be used as the carbon nucleophile.  In these cases, external 
base-assisted C–H abstraction of 50a and 50b occurred to form the 
corresponding organocopper species corresponding to the 
intermediate A” in Scheme 21.  Similarly, cyclopropenes showed 
promise in the chemoselective coupling of the hydroxylamine and 
arylboronate 50c with high diastereo- and enantioselectivity 
(Scheme 22b).70 

 

Scheme 22. Copper-Catalyzed Umpolung-Enabled 
Carboamination of Arynes and Cyclopropenes 

 

 
 

Apparently, the copper-based carboamination reaction suffers 
from the limited scope of alkene and alkyne substrates; only highly 
reactive strained alkenes and benzynes are amenable.  To address 
the chemoselectivity problem discussed in Scheme 21 (A” to B” vs 
A” to 51’), it is necessary to design supporting ligands and/or 
electrophilic amination reagents to induce a strong affinity of 
organocopper A” for the alkene/alkyne 1. 

Nickel Catalysts.  Another approach to the chemoselective 
three-component-coupling-type carboamination of alkenes is a 
directing group-assisted strategy.  Engle reported the 8-
aminquinoline-directed nickel-catalyzed regio- and 
diastereoselective carboamination of aliphatic internal alkenes with 
hydroxylamines and organozinc reagents (Scheme 23a).71  More 
recently, much simpler unsaturated free alcohols were also adopted 
in this type of transformation, where o,o’-(MeO)2 modification of 
the leaving group in the hydroxylamine was essential for obtaining 
satisfactory chemoselectivity (Scheme 23b).72  In both cases, 
formation of chelated five-membered nickelacycles U and V is 
proposed to be the key to success. 

As seen in the nickel-catalyzed hydroamination section, the use 
of the 8-aminoquinoline auxiliary is generally essential for 
obtaining the promising regioselectivity, but now the free alcohol 
can serve as a good directing group for several alkene substrates.  
Successful use of more ubiquitous and productive functional 
groups as directing groups can further increase the synthetic utility 
of this process.  Additionally, development of asymmetric catalysis 
is strongly appealing. 

Scheme 23. Nickel-Catalyzed Directed Carboamination of 
Alkenes 
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CpM-Type (M = Rh, Co) Catalysts.  The chemoselective fully 
intermolecular carboamination of electronically activated acrylate 
esters was achieved by the [Cp*RhCl2]2 catalyst (Scheme 24).73  
With arylboronic acid and 1,4,2-dioxazol-5-one as the carbon 
nucleophile and nitrogen electrophile, respectively, the targeted 
phenylglycine derivative 54 was obtained in a synthetically useful 
yield.  A similarly highly reactive strained alkene such as bicyclic 
alkene was also amenable to the reaction (55).  A generally 
proposed reaction mechanism with the acrylate involves (1) 
formation of Ar-Rh(III) via transmetalation with the arylboronic 
acid (W to X), (2) alkene insertion into the Ar–Rh bond (X to Y), 
(3) Rh-nitrene generation with removal of CO2 (Y to Z), and (4) 
productive reductive elimination/protodemetalation (Z to W). 

Scheme 24. Cp*Rh-Catalyzed Carboamination of Acrylate and 
Strained Alkene 

 

 
 

Several Cp*Rh-type complexes are well-known to promote 
directed C–H activation of aromatic compounds.74  Thus, rational 
design of substrates enables the carboamination reaction directly 
with simple aromatic C–H as the carbon nucleophile.  Ellman 
reported the reaction with 1,4,2-dioxazol-5-one and benzamide 
(Scheme 25); the alkene substrate was limited to the strained 
bicyclic alkene, but suitable Cramer-type chiral cyclopentadienyl 
Rh catalysts75 also induced good enantioselectivity.76,77 

Scheme 25. Enantioselective Carboamination of Bicyclic 
Alkene with Simple Aromatic C–H Nucleophile Catalyzed by 
Chiral CpRh-Type Complex 

 
The well-designed enoxyphthalimide (57) contains both the 
nucleophilic carbon part and electrophilic nitrogen part in one 
molecule and thus works as a carboamination reagent for fumarate 
under Cp*tBuRh(III) catalysis, which was originally developed by 
Rovis (Scheme 26).78  The phthalimide moiety of 57 initially 
undergoes partial alcoholysis with solvent MeOH to form the 
transient AA.  Directed C–H activation with Cp*tBuRh(III) (AA to 
AB) is followed by insertion of dimethyl fumarate to afford the 
seven-membered rhodacycle AC.  Subsequent reductive 
elimination, N–O bond cleavage by the in situ generated 
Cp*tBuRh(I) species, and protodemetalation initially deliver the 
open-form carboaminated product (AC to AD to AE to 58’).  
Additional heating in toluene (60 ˚C) finally furnishes 58.  Overall, 
the N–O bond of 57 was cleaved, and both fragments were added 
across the alkene moiety as the C-enolate carbon nucleophile and 
phthalimide nitrogen electrophile. 

Scheme 26. Carboamination of Fumarate with 
Enoxyphthalimide Catalyzed by CpRh-Type Complex 

 

 
Related carboamination reactions of acrylate79 and propiolate80 

with phenoxyamide (59) were possible by using Cp*Co(III)81 
catalyst (60 and 61; Scheme 27).  Notably, under Cp*Rh(III) 
catalysis, the N–O moiety in 59 just worked as a traceless internal 
oxidant, giving a simply oxidative alkenylated product over the 
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carboamination product.  These results clearly demonstrate the 
unique and distinct catalytic activity of Co-based catalyst systems.  
Very recently, Cramer succeeded in asymmetric induction in the 
carboamination of acrylate and bicyclic alkene (60 and 62) with 
originally developed chiral cyclopentadienyl cobalt catalysts.82 

Scheme 27. Carboamination of Alkenes and Alkynes with 
Phenoxyamide Catalyzed by CpCo-Type Complexes 

 

 
The feature of CpM-type catalysts is the successful combination 

of C–H activation and electrophlic amination process, which 
enables the direct use of relatively simple aromatic and vinylic C–
Hs as the carbon nucleophiles.  However, C–C unsaturated 
components are still limited to relatively activated carbonyl-
conjugated substrates or strained bicyclic alkenes.  Applications of 
more general alkene/alkyne substrates are strongly awaited. 

Palladium Catalysts.  A totally distinct approach to the alkene 
carboamination is mediated by the palladium-catalyzed aza-Heck-
type reaction (Scheme 28).83  Bower developed the semi-
intermolecular carboamination of O-pentafluorobenzoyl (BzF) 
oxime ester 63 with a pendant olefinic moiety.  In conjunction with 
external carbon nucleophiles such as arylboronate, vinylboronate, 
and alkynyl stannane, the corresponding carboaminated products, 
3,4-dihydro-2H-pyrrole derivatives 64, were obtained in good 
yields.84  The reaction is proposed to be initiated by oxidative 
addition of the N–O bond in 63 to the palladium(0) AF.  
Intramolecular alkene insertion into the Pd–N bond generates the 
alkylpalladium intermediate AH, which is then intercepted with the 
external carbon nucleophile (AH to AI).  Productive reductive 
elimination furnishes 64 with regeneration of the starting AF to 
complete the catalytic cycle. 

Scheme 28. Palladium-Catalyzed aza-Heck Reaction-Enabled 
Carboamination 

 

Additionally, in the case with 4-pentenylamine derivative 65, the 
intramolecular aromatic C–H serves as the internal carbon 
nucleophile to afford the complex N-heterocycle 66 under similar 
conditions (Scheme 29).85  Following N–O oxidative addition and 
alkene insertion, the formed alkylpalladium is trapped with the 
intramolecular aromatic C–H to finally deliver the tricyclic system 
66. 

Scheme 29. Synthesis of Complex N-Heterocycle by aza-Heck-
Triggered Palladium-Catalyzed Intramolecular 
Carboamination 

 
The palladium-catalyzed aza-Heck reaction-enabled 

carboamination can provide a powerful tool for rapid assembly of 
multiply substituted, complex N-heterocycles.  On the other hand, 
a fully intermolecular three-component-coupling process is still 
challenging. 

CONCLUSION 

In this Perspective, we have briefly summarized recent advances 
in the catalytic aminative functionalization of alkenes and alkynes 
with electrophilic amination reagents.  By taking advantage of the 
concept of nitrogen umpolung, the inherently nucleophilic amino 
group can work as the nitrogen electrophile to realize otherwise 
challenging aminofunctionalizations such as hydroamination, 
aminoboration, and carboamination, in conjunction with the 
hydride, boryl, and carbon external nucleophiles, respectively.  
Moreover, suitable design of catalysts and supporting ligands 
successfully induces the enantioselectivity, thus, from readily 
available hydrocarbon materials, giving optically active complex 
alkylamines of high value in medicinal and pharmaceutical 
chemistry.  In principle, all other nucleophilic components can be 
employed as external nucleophiles.  For example, the successful 
use of an oxygen nucleophile enables an oxyamination reaction.  
Actually, the rhodium-catalyzed fully intermolecular three-
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component-coupling-type oxyamination of 1,3-dienes with 
alcohols and 1,4,2-dioxazol-5-ones was recently reported.86  
Expansion of the scope to relatively simple alkenes as well as 
development of asymmetric catalysis can provide a complementary 
method to the classical Os-based oxyamination process.87  With 
suitable Si and F external nucleophiles, otherwise difficult 
enantioselective silylamination and fluoroamination of alkenes are 
expected.  They are still unmet challenges but believed to be 
achieved by additional rational design of catalysts, electrophilic 
amination reagents, and external nucleophiles.  We postulate that 
further development of umpolung-enabled aminative 
difunctionalization reactions can open the door to the discovery of 
new N-containing drug molecules and functional organic materials. 
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