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Abstract

The nitrogen atom is ubiquitous in bioactive molecules
and functional materials, and the development of new C-N
bond forming strategies is thus one of the long-standing
research subjects in the synthetic community. This account
describes the nitrogen-umpolung-enabled copper-catalyzed
highly chemo- and stereoselective amination protocols
developed by the author’s research group. Starting from the
C-H amination, electrophilic amination of stable organoboron
and organosilicon compounds, aminoboration/hydroamination
of alkenes, and their applications to the synthesis of
functionality-rich alkylamines are shown. The reaction design,
concept, and substrate scope are briefly summarized.
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1. Introduction

Nitrogen (N) is a main group 15 element that is
ubiquitously found in natural products, biologically active
compounds, and pharmaceutical agents.! Additionally, many
recently reported aromatic functional organic materials contain
N as the key element because of the effective n-n conjugation.?
Accordingly, the development of C—N bond forming reactions
that introduce N into organic skeletons has been one research
area of long-standing interest to the synthetic community.
The nitrogen is a relatively electronegative element; its
electronegativity on Pauling scale is 3.04. In addition, the
amino group (R,N), which is the most common N-containing
organic functional group, has one lone pair and thus generally
works as the nucleophile. Therefore, to form the targeted
C-N bond, synthetic chemists have developed the nucleophilic
amination strategy, that is, the reaction of carbon electrophiles
with nitrogen nucleophiles of the type (M) H-NR; (Scheme 1a).
The well-known examples of the nucleophilic amination
include the text-book SN2 reaction of alkyl halides with
amines® and Pd-catalyzed Buchwald-Hartwig amination of aryl
halides with amines.* On the other hand, umpolung (polarity
inversion), electrophilic amination using carbon nucleophiles
and nitrogen electrophiles of the type X-NR, (X = leaving
group, e.g., halides and OR”) can be a good alternative to the
nucleophilic amination (Scheme 1b).  The concept of
electrophilic amination has a long history, but its synthetic
application had been restricted probably due to the relatively
low stability of the electrophilic amination reagents, in
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particular, haloamines.” A breakthrough was reported by
Narasaka in 1997, where CuCN - 2LiCl catalyzed the
electrophilic amination of alkylmagnesium reagents with
sulfonyloximes (Scheme 2a).° Subsequent hydrolysis
afforded the corresponding primary alkylamines, some of
which are still relatively difficult to prepare by other means.
Seven years later, Johnson developed the copper-catalyzed
electrophilic ~amination of organozinc reagents with
O-benzoyl-N,N-dialkylhydroxylamines to furnish tertiary
amines (Scheme 2b).” Although these seminal works clearly
demonstrated the high potential of the electrophilic amination
strategy in the synthesis of N-containing molecules, viable
carbon nucleophiles were still limited to highly reactive
organometallic reagents such as RMgX and R,Zn; their low
functional group compatibility hampered wide applications in
organic synthesis.

a) nucleophilic amination of carbon electrophiles with nitrogen nucleophiles
[ ) (catalyst) QC N’".
—— @C-
é Yo

umpolung

@cxX*+ M H-N_

¢ »
v

b) electrophilic amination of carbon nucleophiles with nitrogen electrophiles
@  (catalyst) L X J
..»C—H(M) + X-N. —_— ...C—N’
¢ h ) é o
Scheme 1. C-N Bond formations: (a) nucleophilic amination
versus (b) electrophilic amination.
a) electrophilic amination of alkylmagnesium reagents (Narasaka)
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Scheme 2. Pioneering works on electrophilic amination
developed by (a) Narasaka and (b) Johnson.

In 2010, we reported the copper-catalyzed C—H amination
of 1,3-azoles with the electrophilic amination reagents,



chloroamines, at room temperature, in which the non-metalated
simple C-H bonds were directly converted to the
corresponding C-N bonds (Scheme 3).%2 To the best of our
knowledge, this was the first successful application of the
electrophilic amination strategy in direct (hetero)aromatic C—H
amination. Subsequently, the more stable
O-benzoyl-N,N-dialkylhydroxylamines were also found to
work well as the electrophilic amination sources and expand
the scope of aromatic C—H bonds.®® The active species is
proposed to be (hetero)aryl-Cu species, which is generated in
situ from the (hetero)aryl C—H bond and rapidly coupled with
the electrophilic amination reagents to deliver the C-H
aminated products.  Afterward, several research groups
developed the directing-group (DG)-assisted C—H amination of
various (hetero)aromatic C-H bonds with electrophilic
amination reagents of the type N—O and N—Cl in the presence
of Pd, Rh, Fe, Ru, and Ir catalysts (Scheme 4).° These
findings suggest that the electrophilic amination is a potentially
useful protocol to aminate less reactive substrates via
catalytically generated organometallic species. This account
summarizes our efforts for the development of
copper-catalyzed highly chemo- and stereoselective amination
reactions uniquely enabled by the umpolung, electrophilic
amination strategy.'’
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Scheme 3. Our early examples of C-H amination of
(hetero)arenes with electrophilic amination reagents.

DG DG
. cat. Pd, Rh, Fe, Ru, Ir K J
C;H + X-N ® N
® Da o
via /
M

Scheme 4. Transition-metal-catalyzed directed C—H amination
of (hetero)arenes with electrophilic amination reagents.
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2. Electrophilic Amination of Organoboron, Organosilicon,
and Related Compounds

The organoboron and organosilicon compounds are
relatively stable and easy-to-handle but sufficiently reactive
under specific conditions. Accordingly, these organometallic
reagents show unique reactivity and selectivity, compared to
highly reactive organomagnesium and -zinc reagents, and are
thus indispensable in modern organic synthetic chemistry.'!
Although the Cu-mediated oxidative amination reaction of
arylborons and -silanes with simple NH amines, so-called
Chan-Lam coupling,'? is recognized as a powerful alternative
to the Pd-catalyzed Buchwald-Hartwig amination of aryl
halides in the synthesis of aniline derivatives, its narrow
substrate scope of alkylamines and low catalyst turnover of Cu
are often problematic (Scheme 5).

.@B s @ catou Q
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A limited examples with alkylamines
A low Cu catalyst turnover

Scheme 5. Cu-mediated Chan-Lam coupling reaction of
arylborons and -silanes with simple NH amines.

On the basis of our previous work on the C—H amination
of (hetero)arenes (Scheme 3), in 2012 we developed the
Cu-catalyzed electrophilic amination of arylboronates 1 with
O-benzoyl-N, N-dialkylhydroxylamines 2 (Scheme 6).!> The
Cu catalysis successfully prepared various tertiary
N,N-dialkylanilines 3, which is complementary to the classical
Chan-Lam  coupling. Additionally, electronically and
sterically diverse functional groups were well tolerated. The
most salient feature is high compatibility with aryl-Br and -I
moieties.
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Cu(OAc),*H,0 (10 mol%)
dppbz (10 mol%)
LiO-t-Bu, THF, rt
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4% 63% 69% 87%
Scheme 6. Cu-catalyzed electrophilic amination of
neopentylglycol-derived arylboronates 1 with

O-benzoyl-N, N-dialkylhydroxylamines 2.

The Cu-catalyzed electrophilic amination strategy could
be combined with the Ir-catalyzed C-H borylation with
Bopiny'* and thus provide rapid access to functionalized
anilines from simple arenes (Scheme 7).

GO Lo 2 )

(Baping) without purification
ci FaC, F:C  CO,Me
cat. Cu Bn Bn 8 2 Et
N N N
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Scheme 7. Direct synthesis of anilines from simple arenes by
sequential Ir-catalyzed C-H borylation and Cu-catalyzed
electrophilic amination.

The alkenylboronates could also be employed in the
Cu-catalyzed electrophilic amination.!”> ~ Combined with
Zr-catalyzed regioselective hydroboration with H-Bpin, the
formal anti-Markovnikov hydroamination of the terminal
arylalkyne made possible delivery of the corresponding
enamine in a sequential manner (Scheme 8).
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Scheme 8. Formal anti-Markovnikov hydroamination of
terminal arylalkyne via sequential Zr-catalyzed hydroboration
and Cu-catalyzed electrophilic amination.

Instead of the arylboronates, the arylsilanes 4 also
underwent the Cu-catalyzed electrophilic amination with 2 to
form the corresponding tertiary anilines 3 (Scheme 9).!¢ The
(2-hydroxymethyl)phenyl substituent in 4, which was originally
developed by Hiyama,'” was essential for the successful
conversion: Other common arylsilanes such as ArSi(OMe); did
not provide the targeted anilines at all.'®  Also in this case, the
tertiary N,N-dialkylanilines were accessible with high halogen
compatibility, which significantly expands the substrate scope
in the classical Chan-Lam coupling with the arylsilanes.!?
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Scheme 9. Cu-catalyzed electrophilic amination of arylsilanes
4 with O-benzoyl-N, N-dialkylhydroxylamines 2.

The Cu-catalyzed electrophilic amination strategy is also
applied to C-N bond formation with sp*-hybridized
alkylboron!  and  alkylsilane  derivatives. The
gem-diborylalkane 5% was the promising sp’ carbon
nucleophile and selectively mono-aminated with the
hydroxylamine to form the biologically important
o-aminoboronic acid derivative 6*! after treatment with KHF»
(Scheme 10).22  The key to success is the use of
MesSi-modified dppbz-type ligand (TMS-dppbz), which
dramatically accelerated the reaction.

\(\(B”ep tBu ! MesSi SiMe,
L+ son 3 O

5 Bn | Me;Si P P SiMe,
Cu(OAC), (10 mol%) BFy; %! Siles
TMS-dppbz (10 mol%)

LiO-t-Bu, THF, rt
then KHF,

B '}ltt-Bu Me;Si SiMe;,
H TMS-dppbz
6 76%

Scheme 10. Cu-catalyzed electrophilic mono-amination of
gem-diborylalkane § with hydroxylamine.

The ketene silyl acetals 7 also worked well as the sp?
carbon nucleophiles in the Cu-catalyzed electrophilic amination
with 2 (Scheme 11).2 The optimal base was highly
dependent on the steric and electronic nature of 7, but the
corresponding o-amino acid derivatives 8 were obtained in
good yields.

OSiMe, ° Cu(OAc), (10 mol%) 0 .
. dpppen (10 mol%) N
+ BzO-N — -
RO™™S base, DMF, 1t RO ®
7 2 8
IT’:n
O Bn (6] N‘Bn
I
N. N
MeO BnEtOJ\/ =
NMe
90% (KOAG) 75% (NayCOgz)  89% (Na,COj)

75% (Na,COy)

Scheme 11. Cu-catalyzed electrophilic amination of ketene
silyl acetals 7 with hydroxylamines 2. The base employed is
indicated in parentheses.

In the aforementioned reactions, base-assisted
transmetalation between the Cu salt and organoboron or
-silicon compounds occurs to generate the organocopper
species, which is responsible for the C—N bond formation with
the hydroxylamines (Scheme 12a). Some control experiments
with stoichiometric amounts of the isolated ArCu complexes
can support the mechanistic hypothesis (Scheme 12b).8>16

3) sz0-n-®
Q CuX,base & Q@ o
.\-C—Bor Si — .-»C—Cu .-C*N'
‘ transmetalation ‘ C-N formation ‘ x
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F F | _ F F 61%
Bn
Me " johnPhos, BzO-N Me -
Me Cu - Bn Me N
1,4-dioxane, rt Bn
Me Me 82%

Scheme 12. (a) Proposed reaction mechanism and (b) control
experiments with isolated ArCu complexes.

To generate the active organocopper species in situ, we
also designed the annulative cupration of ortho-alkynylphenols
and -anilines (Scheme 13a)>*  Actually, treatment of
ortho-alkynylphenol 9 with hydroxylamine in the presence of a
Cu(OTf), catalyst and LiO-+-Bu base afforded the
3-aminobenzofuran 10 probably via the annulative
cupration—electrophilic amination cascade (Scheme 13b).2
Under similar conditions, 3-aminoindole 12 was obtained from
ortho-alkynylaniline 11 (Scheme 13c).2¢

Cu
| A\
Y
b) P Bu O
~ Cu(OTh, (10 moi%)
+ BzO-N ) ———————————————
LiO-t-Bu, NMP, rt
10 79%
Et cu( OTf)2 (10 mol%)
* BzO- N LO Bu, DMF,
NMsH 'y LiO-tBu, rt
12 69%



Scheme 13. (a) Reaction design of annulative cupration of
ortho-alkynylphenols and -anilines and synthesis of (b)
3-aminobenzofuran and (c¢) 3-aminoindole.

3. Electrophilic Amination-Enabled Aminoboration of
Alkenes

Organoboron compounds are now indispensable synthetic
reagents in modern organic chemistry because of their high
utilities for carbon—carbon and carbon-heteroatom bond
forming reactions with high chemoselectivity —and
stereospecificity. Accordingly, the development of rapid and
selective preparative methods for densely functionalized and
stereodefined organoboron compounds is an important research
subject in synthetic community. Among  them,
transition-metal-catalyzed borylative difunctionalizations of
readily available and simple alkenes have received significant
attention owing to their high efficiency and versatility.
However, the simultaneous addition of amino group and boryl
group across the alkene m bond (aminoboration) remained
largely elusive'!® until our first successful report based on the
electrophilic amination strategy: Our scenario for the catalytic
aminoboration of alkenes is illustrated in Scheme 14. The
initial step is generation of the catalytically competent
L,CuO-#-Bu species A from the starting CuX salt, ligand L, and
MO-#-Bu. Subsequent c-bond metathesis with Bopin, (A to
B)? is followed by insertion of alkene into the Cu-B bond in B
to form the borylated alkylcopper intermediate C.2® The
targeted aminoboration product is produced by electrophilic
amination with O-benzoylhydroxylamine. The concurrently
formed L,CuOBz D finally undergoes salt metathesis with
MO-#-Bu (D to A) to complete the catalytic cycle. The
enantioselectivity can also be induced in the insertion step (B to
C) by the judicious choice of chiral ancillary ligand.

P

L,Cu— Bpin

pinB—Bpin
\/ u
L, MO tBu
CuX ———— L,,CuO-tBu
A Bpm
MOBz [ )
BzO-N_
L,CuOBz ‘
MO-t-Bu [ ) ’
.J\l\(.
Bpin
Scheme 14. Working scenario of  electrophilic

amination-enabled aminoboration of alkenes with Bypin, and
hydroxylamines.

The catalytic aminoboration of trans-fmethylstyrene
(trans-13) proceeded in the presence of a CuCl/dppbz catalyst
and LiO--Bu base to furnish 14 with high regio- and
diastereoselectivity (syn/anti >99:1; Scheme 15a, right).3® On
the other hand, the opposite anti-diastereomer was selectively
obtained from the reaction of cis-13 (Scheme 15a, left). Thus,
the aminoboration is stereospecific: The syn-addition of the
boron and amine functionalities in the overall transformation.
Given the syn-stereochemistry in the insertion step (B to C in
Scheme 14),%® the C-N bond formation process (C to
aminoboration product in Scheme 14) occurs with retention of
configuration.? Moreover, by using the chiral
(8,S)-Me-DuPhos  ligand, the regio-, diastereo-, and
enantioselective aminoboration of f#rans-13 was possible

(Scheme 15b).

a)

Bn Bn
BzO-N  Bpin BzO-N  B,pin
Bn\N,Bn - 2PNz pr"X B 2PIN2 Bn\Nan
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Ph dppbz (10 mol%) dppbz (10 mol%)  pp
I ~———————— o
Eni LiO-t-Bu LiO-t-Bu Bpin
Bpin THEt PR X~ THF P
14 52% 14 86%
syn/anti <1:99 trans-13 syn/anti >99:1
b)
“ Et
Ph™ " + Bypin, + BzO-N
trans-13 Et Et. NE Et

CuCl (10 mol%) : 3
(S,5-Me-DuPhos (10 mol%s) ~ Ph™ > !

LiO-t-Bu, THF, rt Bpin
83%

. (S,5)-Me-DuPhos
syn/anti>99:1, 92:8 er

Scheme 15. (a) Stereospecific aminoboration of trans- and
cis-f-methylstyrenes and (b) regio-, diastereo-, and
enantioselective aminoboration.

The Cu catalysis also accommodated the strained alkenes,
including the methylenecyclopropane 15 (Scheme 16a)’! and
bicyclic alkenes 17 (Scheme 16b).32 In the former case, the
borylmethyl-substituted cyclopropylamine 16 was obtained
with high regio- and diastereoselectivity. The post
functionalization of the boron moiety can provide access to the
biologically interesting functionalized cyclopropylamines.
The latter reaction could be conducted in an enantioselective
manner by using the (R R)-Ph-BPE ligand, giving the chiral
aminoboration products 18 with high enantiomeric ratios.

a)

Ph
Ph gy CuCl (10 mol%) Bpin
) PN dppbz (10 mol%) /
+ Bypin, + BzO-N _— “N-Bn
Bn LiO-t+-Bu !
15 1,4-dioxane, rt Bn
16 93%
trans/cis >20:1
Ph
- OH NHBoc V
“N-Bn ,Bn N-Bn
Bn B
b
) 7 |
Bn '
C;\& + Bppin, + BzO-N ' ph Ph
17 Bn L e~ P
z : P !
10 mol% CuCl /[, Bpin ! Ph
10 mol% (R,R)-Ph-BPE NBn, Ph
LiO-t-Bu : ' (RR)-Ph-BPE
1,4-dioxane or THF, rt 18 '
._Bpin Bpln .« Bpin
Nan NBn2 Nan
67%, 94:6 er 50%, 89:11 er 92%, 94:6 er

Scheme 16. (a) Regio- and diastereoselective aminoboration of
methylenecyclopropane and post functionalizations of the Bpin
moiety and (b) regio-, diastereo-, and enantioselective
aminoboration of bicyclic alkenes.

Simple and abundant terminal alkenes 19 are also viable
substrates in the aminoboration Cu catalysis (Scheme 17a).33
Notably, a ligand-controlled regiodivergency was observed:
The CuCl(xantphos) complex guided the boron and amino
groups to the terminal and internal positions, respectively



(upper), whereas the internally borylated opposite regioisomers
were selectively obtained under IPrCuBr catalysis (bottom).
The regioselectivity switching was uniformly possible
regardless of the steric and electronic nature of the terminal
alkene as well as the hydroxylamine. However, there are
some drawbacks in the case of IPrCuBr catalysis: One is the
inevitable use of pinB-Bdan®* (dan = 1,8-diaminonaphthyl) for
acceptable conversion, so stable but difficult-to-transform Bdan
group is incorporated into the product, which requires
additional deprotection steps for further manipulations.
Another problem is the sluggish reactivity of more sterically
hindered 1,1-disubstituted alkenes. To overcome the above
issues, we designed a second generation catalyst system
composing a bulky and electron-rich DTBM-dppbz ligand
(Scheme 17b).3* Under modified conditions, Bapin, worked
well, and 1-octene was regioselectively converted to the
internally borylated aminoboration product with high
regioselectivity. ~ Additionally, the otherwise challenging
methylenecyclohexane also participated in the reaction, and the
corresponding [-aminoalcohol was isolated as the sole
regioisomer after oxidative workup with HoO, aq. Moreover,
asymmetric induction was also possible by using a
(R R)-PTBP-BDPP ligand containing bulky ter#-butyl groups at
the remote para position (Scheme 17¢):*® The regio- and
enantioselective aminoboration of vinylcyclohexane proceeded
to form the optically active 20 with high regio- and
enantioselectivity.

a) . ’
'—'N Bdan @
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* CuCl(xantphos) (5 mol%), Bopiny, NaO-t-Bu, THF, it

NBn, [ j

NBn,
N

Bpin : )
CGH13)\/ PlVO\M:;)VBP'n Ph\)\/Bpin

76%, 93:7 rr 67%, 96:4 It
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« IPrCuBr (10 mol%), pinB—Bdan, LiO-t-Bu, THF, rt
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CeHy3
79%, 4:96 rr 44%, 7:93 rr 43%, 1:99 rr
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NBn,
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Bopinz  DTBM-dppbz (10 mol%)
LiO-t-Bu, THF, rt

60%, 8:92 rr

OH
NBn,

54%,1:99 rr
(after oxidation)

NB
CuCl (10 mol%) Yon2
O/\ B,pin, (R,R)-PTBP-BDPP (10 mol%) Bpin
+
BzO-NBn, NaO-t-Bu, THF, rt 20
73%, 24:1 rr, 95:5 er

+
K BzO-NBn,

c)

OMe t-Bu t-Bu

MeO  t+Bu +Bu

DTBM-dppbz (R,R)-PTBP-BDPP
Scheme 17. Aminoboration of simple terminal alkenes. (a)
Ligand-controlled regiodivergent aminoboration, (b) modified
DTBM-dppbz catalysis, and (c) regio- and enantioselective

reaction.

4. Electrophilic Amination-Enabled Hydroamination of
Alkenes

The aforementioned success of the umpolung-enabled
aminoboration prompted us to design a CuH-catalyzed’’ net
hydroamination reaction of alkenes with a hydrosilane external
nucleophile instead of Bypin, (Scheme 18). Of course, the
direct hydroamination with the parent NH amines®® is a more
atom-economical process, but the reaction is often kinetically
difficult due to high activation barriers and catalyst deactivation
by overcoordination of the amine. Moreover, the overall
reaction is sometimes an uphill, thermodynamically unfavored
process.’® In sharp contrast, the umpolung-enabled net
hydroamination is generally exothermic, more
thermodynamically favored because cleavage process of the
energetically high N-O bond is involved in the catalytic cycle.
Additionally, the totally distinct reaction mechanism can
provide a chance for kinetically controlled, catalyst-induced

regio- and stereoselectivity (B’ to C’).
N

Si—H L,Cu— H{
\/ u

L, MO-tB
cux =MOTBY | cio-rBu
e
MOBz
BzO- N
L,CuOBz
MO-t-Bu . /.
H
Scheme 18.  Working scenario of  electrophilic

amination-enabled net hydroamination of alkenes with
hydrosilanes and hydroxylamines.

Actually, the regio- and enantioselective net
hydroamination of styrenes with PMHS and hydroxylamines 2
was possible by wusing a CuCl/(S,S)-MeDuPhos or
(R R)-Ph-BPE catalyst to deliver the chiral benzylic amines
with good to high enantiomeric ratios (Scheme 19).#° Notable
is the successful use of the -substituted styrenes, which are
still challenging substrates in the conventional hydroamination
with the parent NH amines.

Me ®
AN 4 fSIi—O% + BzO-N: e
HOT 2 @ N

PMHS CuClI/L* (10 mol%) -
LiO-#Bu, THF, rt b

= (S,5)-Me-DuPhos or (R,R)-Ph-BPE

U E] E]
C“mmm

76%, 93:7 er
96%, 96:4 er 44%, 97:3 er 66%, 93:7 er

Scheme 19. Umpolung-enabled regio-and enantioselective net
hydroamination of styrenes with PMHS and hydroxylamines.

Similar to the aminoboration reaction mentioned above,
the hydroamination was also applicable to the strained alkenes.
In the case of the methylenecyclopropanes, the
substituent-dependent divergent reaction pathways were
observed: The mono-substituted substrate underwent the



ring-opening  hydroamination  probably via -carbon
elimination of a cyclopropylmethylcopper intermediate while
the ring-remaining hydroaminated product was exclusively
formed from the 2,3-disubstituted methylenecyclopropane
(Scheme 20a).*! Heterobicyclic alkenes are also promising
substrates under the enantioselective hydroamination Cu
catalysis with (R R)-Ph-BPE to afford the corresponding
enantioenriched alkylamines with high enantioselectivity
(Scheme 20b).#?
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Ph PMHS, BzO- N o [ ]

iﬁ -
Cu(OAc), (10 mol%)

CF3-dppbz (10 mol% 9% ¢ TF,C CFy
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C>: 2 H N—!  CF CFs

68%, 61:39 dr !
b)

z

;
A

PMHS  CuCl (10 mol%) z
(R,R)-Ph-BPE (10 mol%) . é@ ®
- DA N
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szon.® pr R )

2

o Boc
« H ,
N BnO
N B0 -

81%, 99:1 er (DME) 61%, 96:4 er (CPME)
95%, 96:4 er (CPME)

Scheme 20. Hydroamination of (a) methylenecyclopropanes
and (b) bicyclic alkenes.

Contemporaneously, the Buchwald research group also
reported the same enantioselective net hydroamination
reaction.*’  Notably, the catalyst system composing the
DTBM-SEGPHOS ligand accommodated a broader range of
alkenes, involving unactivated internal alkenes (Scheme 21).

(MeO),MeSi—H 3 0
e Y (0] . <O O
EtZNO—{ } PAr,
O-NBn, ' <o O PAr,
o)

5 mol% Cu(OAc), NBn,
5 mol% (R)-DTBM-SEGPHOS

Ar = 3,5-(+Bu),-4-MeOCgH,
(R)-DTBM-SEGPHOS

76%, 99:1 er:

THF, 45 °C

Scheme 21. Enantioselective hydroarmnation of unactivated
internal alkenes under Cu/DTBM-SEGPHOS catalysis reported
by Buchwald.

5. Application to Activated Alkenes

The umpolung-enabled hydroamination and
aminoboration of functional-group-conjugated activated
alkenes can provide rapid access to the functionality-rich
alkylamines, which are important building blocks in the
synthesis and design of natural products and pharmaceutical
agents.

We reported the Cu/Xyl-BINAP-catalyzed regio- and
enantioselective hydroamination of o,B-unsaturated esters to
form the corresponding a-amino acid derivatives (Scheme
22a).%  The polarity inversion concept of the amine is key to
success for the challenging o-amination selectivity.
Otherwise, the inherent polarity of the o,B-unsaturated
carbonyl and amine usually leads to the -amination selectivity.
The point chirality at the 3-position was successfully controlled
by the chiral copper catalyst but not at the a-position, thus
giving poor diastereoselectivity. This problem was addressed
by the double asymmetric induction strategy using the chiral

copper catalyst and (-)-8-Ph-menthol chiral auxiliary (Scheme

22b). Subsequent removal of the auxiliary and protecting

group exchange on nitrogen afforded the optically active

unnatural -methylphenylalanine in a stereochemically pure
Me O

form.
ArMOMe * » o OO PAr,

‘ PAr,
Cu(OAC),H,0 (10 mol%) Me O OO

a)

(EtO)sSi—H + BzO- N
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- - Ar = 3,5-Me,CgH.
[3 4-d t 2LeM3
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M
H Me e} H ?e o}
! OMe w OMe
MeN NBn, o) N

55%, syn/anti = 36:64, 94:6 er
Me O | N

OMe Cl Va

NBn,
67%, syn/anti = 49:51, 96:4 er

from Desloratadine
54%, syn/anti = 35:65, 96:4 er

(Et0),Si-H, Bz2O-NBn,

Me O Cu(OAG),*Ho0 (10 mol%) d
Ph)\)\o« (S)-Xyl-BINAP (10 mol%) M
CsOPiv, 1,4-dioxane, rt Nan
Ph 65%, 91:9:<1:<1 dr
H O
1) LiAlH, Me G
2) Pd(OH),/C, H, Ph>\)]\0H + HO'
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45% (4 steps)
syn/anti = <1:99, >99:1 er
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3)
4) TEMPO, Phi(OAG), I

81% recovery
Scheme 22. Synthesis of a-amino acids by umpolung-enabled

regio- and stereoselective hydroamination of o,fB-unsaturated
esters.

The related enantioselective aminoboration of the
o,B-unsaturated esters was also possible affording the
corresponding B-boryl-a-amino acid 21 (Scheme 23a).%
Notably, in this case, the diastereoselectivity as well as the
enantioselectivity was satisfactory high (syn/anti = 5:95). The
stereochemically pure B-boryl-a-amino acid 21 obtained by
single recrystallization was a useful platform for a variety of
B-functionalized o-amino acids via post modifications of the
Bpin moiety. We have also developed the aminosilylation
reaction with pinB—SiMe,Ph as the silyl nucleophile to furnish
the corresponding P-silyl-o-amino acid 22 (Scheme 23b).4¢
The introduction of the silyl substituent at the B-position is
known to increase the lipophilicity and metabolic stability of
the parent o-amino acid, and the B-silyl-o-amino acids like 22
are thus promising candidates in the peptidomimetic strategy.*’

The P analogue of ester, that is the o,B-unsaturated
phosphonate, is also amenable to the enantioselective net
hydroamination to deliver the corresponding enantioenriched
o-aminophosphonate 23 albeit with poor diastereoselectivity
(Scheme 24).4
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Scheme 23. Regio- and stereoselective (a) aminoboration and
(b) silylamination of a,3-unsaturated esters.
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Scheme 24, Enantioselective
o,B-unsaturated phosphonate.

hydroamination of

The use of directly heteroatom-substituted alkenes,
including boryl-, silyl-, and phosphinylalkenes, can provide a
stereoselective avenue to the corresponding heteroatom mimics
of a-amino acid. Chiral a-aminoboronic acid, which is the
pharmacophore in proteasome inhibitors,”! can be readily
constructed by Cu/DTBM-SEGPHOS-catalyzed regio- and
enantioselective net hydroamination of the boryl-substituted
alkenes (Scheme 252).# The boron-masking group Bdan*
indispensable for the successful conversion and product
isolation. ~ The related aminoboration was followed by
oxidation with NaBO;*H,O to produce the
B-hydroxy-a-aminoboronic acid (Scheme 25b).*° Buchwald
developed the asymmetric hydroamination of the silylalkene to
form the enantioenriched a-aminosilane of important structural
motif in angiotensin-converting enzyme (ACE) and serine
protease neutrophil elastase (HNE) inhibitors (Scheme
25¢).132 We also succeeded in the aminoboration of the same
silyl-substituted alkene (Scheme 25d).*  The follow-up
treatment with H,O, afforded the Si mimic of the naturally
occurring serine with high enantioselectivity. The
enantioselective net hydroamination of the alkenylphosphine
borane delivered the chiral a.-aminophosphine of potent interest
as the supporting ligand under transition metal catalysis
(Scheme 25¢).%

Boryl- and silylalkenes are generally prepared by
hydroboration and hydrosilylation, respectively, of the
corresponding alkynes. If the
hydroboration/hydrosilylation-hydroamination ~ cascade  is
catalyzed by a single Cu component, the simple terminal
alkynes can be directly converted into the o-aminoboronic
acids/a-aminosilanes in one synthetic operation. Actually,
Engle and coworkers reported sequential
hydroboration-hydroamination of a terminal alkyne under
Cu/DTBM-SEGPHOS  catalysis (Scheme 26a).% The
combined use of PMHS and danB-H was key to success, and
the targeted oi-aminoboronic acid derivative was obtained with
a high enantiomeric ratio. Around the same time, our group
also developed an enantioselective
hydrosilylation-hydroamination cascade with Ph,SiH, as both
the hydride and silyl sources to form an optically active
a-aminosilane (Scheme 26b).%¢
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Scheme 25. Regio- and stereoselective hydroamination and/or

aminoboration of (a,b) borylalkenes, (c,d) silylalkenes, and (e)

phosphinylalkenes.
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Scheme 26. Cu-catalyzed sequential (a)
hydroboration-hydroamination and (b)
hydrosilylation-hydroamination of terminal alkynes.

Organofluorine compounds have now received significant
attention in the design of new drug candidates and
agrochemicals because, associated with the unique steric and
electronic nature of fluorine atom, the introduction of fluorine
into the parent organic molecules can increase lipophilicity and
metabolic stability to increase the biological activity.”’
Among them, a-trifluoromethylamines are amide isosteres and
frequently observed in biologically active compounds.® Thus,
their preparation, particularly the catalytic asymmetric
synthesis, is in high demand. The umpolung-enabled regio-
and enantioselective hydroamination of
1-trifluoromethylalkene is a promising path to enantioenriched
a-trifluoromethylamine (Scheme 27).% The CsOAc additive
is crucial; when using Li- and Na-based basic additives instead,
the predominant [-F elimination from an alkylcopper
intermediate occurs to afford the gem-difluoroalkene as the
major product.®

) /N
Ph/\/\/CFg + (EtO),MeSi—H + BzO-N O

__/
e O
)Ph/\)\/CF3§ PAr,

SiNee i
0 i

74%, 99:1 er iAr = 3,5-(+-Bu),-4-MeOCgH,

Cu(OAc),*H,0 (10 mol%
(R)-DTBM-BINAP (10 mol%)
CsOAc, 1,4-dioxane, rt

(R)-DTBM-BINAP
M % H lf E
Ho(E | — Ph/\)\;/c‘F ——B20-N 0
(03¢ Cu ~/
Ph 5 F
CG alkylcopper intermediate l
when M = Li, Na H
' CF
| Ph/\/l\_/ 3
F N
ph/\/\%c\,: [ j
(0]

p-F elimination electrophilic amination

Scheme 27. Regio- and enantioselective hydroamination of
1-trifluoromethylalkenes.

4. Conclusion

By taking advantage of the concept of nitrogen umpolung,
we have developed the electrophilic amination-based,
copper-catalyzed highly chemo- and stereoselective C—N bond
forming reactions. One feature of the chemoselectivity is the
halogen compatibility, which is complementary to the
precedented nucleophilic amination reaction. Moreover, some
transformations are impossible under the conventional
amination conditions using the nucleophilic parent amines.
The electrophilic amination-promoted catalytic aminoboration
is such a case, and there is no other general protocol that
enables the simultaneous addition of amino and boryl groups
across the simple alkene in a fully intermolecular manner, to
the best of our knowledge. The umpolung-based strategy also
allows a wider range of alkenes to be adopted in the
stereoselective hydroamination reaction, thus giving the
densely functionalized, enantioenriched alkylamines of great
importance in the synthesis of natural products and biologically
active compounds. We believe that the electrophilic
amination reactions described here can streamline the synthesis

of complex N-containing molecules and find wide applications
in the synthesis and discovery of drug candidates.

Now, our group focuses on the conceptual extension of
the nitrogen umpolung to other heteroatom species. One of
ongoing research projects is the phosphorus umpolung:
Generation and use of highly electrophilic phosphenium cations
arising from phosphine oxides or phosphinic acids by the action
of THO.®'  Further development of the “heteroatom umpolung”
is believed to revolve the synthetic technologies in organic
chemistry.
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<Summary>

Nitrogen-umpolung-enabled, copper-catalyzed highly chemo- and stereoselective C—N bond forming reactions have been developed.
By taking advantage of electrophilic amines, otherwise challenging halogen-compatible amination of organoboron, organosilicon,
and related compounds is achieved. Moreover, the catalytic regio- and enantioselective aminoboration/hydroamination of various
alkenes are also realized.
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