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Amines in Biologically Active Molecules
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Strategies for Amine Synthesis

Nucleophilic substitution

o)
protected amine deprotection R—NH
R >x —» R >Nu — > R7ONHR  NuH= NH 8
, etc.
. N 0)
Reductive amination
R R
o) H\N,R -H,0 N~ +H, HN”
A r — L —= L
R R H R R R R

Transition metal-catalyzed allylic substitution
R [ML,] R HNR'R? R 1o2
;}4\/)( —_— NN —_— ,>//\/NR R

X = OH, OAc, OCOR etc. [|\,||_n](-B

Hydroamination: direct addition of amines to alkenes

? R1\ -’ R? R'
A . N .
+ .
R AN R1 ~ R2 R)<M R/\/ N ~ R2
. . ) e
readily av_allable d_lrc_ectly _ atom economic
olefin enantioinduction

1) Kan, T.; Fukuyama, T. Chem. Commun. 2004, 353.



The Challenge for Hydroamination

Electronic repulsion

I RE:)RZ
N

amine
(e” rich)

olefin
(e” rich)

—> AG* >>0
Dilemma in using high temparatures

AH ~ 0 kcal/mol

A
H (to overcome high AG?)
N —_—

RLN,R2
D —

~ 1:1 equilibrium R)\
-+
RSQ R®R2

(e” poor)

RQESE> i RQ:’RZ

for most hydroamination ...

Me

—>

electronic repulsion

RAR
> Y

R Me

product

cf. hydroboration

(e” poor)

Reverse reactivity

1) Brunet, J. J.; Neibecker, D.; Niedercorn, F. J. Mol. Catal. 1989, 49, 235.

Efficient catalyst



Late Transition Metal Catalysts

Calatyst deactibation

@ coordination R1I-{
H/'N\ ) + Pd > \'NG-- Pd
R1 R R2
amine catalyst calatyst deactibation

With Brensted acid cocatalyst

H H* RN
ars SR OF O Pd AN = )\
25-100 °C Ar

arylamine catalyst vinylarene

1) Kawatsura, M.; Hartwig, J. F. J. Am. Chem. Soc. 2000, 122, 9546.



Intermolecular, Markovnikov Hydroamination

/

teglle

0

—~N
HR{I \RZ

\

aliphatic amine

Pd(OCOCF3), (2 mol %)
DPPF (3 mol %)
TfOH (20 mol %)

ez
RN

-
toluene
100 °C, 7-12 h Ar” “Me
Pd(PPh;), (2 mol %) R
TFA (10 mol%) X \@
» X
toluene “
25°C, 24 h

Pd(OCOCF;), (5 mol %)
DPPF (10 mol %)
TfOH (20 mol %)

> NR'R?
1,4-dioxane
120°C,24 h Ar” “Me
PP,
I
DPPF = Fle
L —pph,

1) Kawatsura, M.; Hartwig, J. F. J. Am. Chem. Soc. 2000, 122, 9546.
2) Lober, O.; Kawatsura, M.; Hartwig, J. F. J. Am. Chem. Soc. 2001, 123, 4366.
3) Pawlas, J.; Nakao, Y.; Kawatsura, M.; Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 3669.



Mechanistic Study

P, H y
+ ( Pd — ++Me
Z P’ ‘OTf
OTf

P P' ‘P
< = (R)-tol-BINAP N~
P isolated 7°-benzyl complex

(one diastereomer)

NHR
©/ (R)  NHPh

o /k'Me
Ar

/ attack at C H

e ‘ ,+Me inversion

-------

OTf Pd .....-

external attack

P’ 'p NHR
et (S)
enantio- and distereimerically pure Ar
crystalline sample ~‘ /lQ'M
""""" P phHNT My
attack at Pd

retention
1) Nettekoven, U.; Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 1166.



Proposed Mechanism

P, ,OTf
(“rd
Me P OTf
AT
)\ Ar Wacker-type oxidation
Ar "N
H TFOH P H A
(rd
external, P\Pd P OTf
nucleophilic attack P/ active Pd-species
@
¥ P H -1 OTf
( Py~ ---NH2Ar (
© P’ \L
OTf
Me® O
P, 1 OTf
NH,Ar ( P'Pd<‘ Ar insertion of styrene

7°-benzyl complex

1) Nettekoven, U.; Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 1166.



Discovery of Anti-Markovnikov Hydroamination

Ru(cod)(2-methylallyl), (5 mol %)

H DPPPent (7 mol %)
N N TFOH (10 mol %) (\0
SReh - .
(@ dioxane ©/\/
96%

100 °C, 24 h
(1eq.) (4 eq.)

)
'

Ru(cod)(2-methylallyl), = (cod)Ru\

-

PPh, PPh,
cod = DPPPent = w

1) Utsunomiya, M.; Hartwig, J. F. . Am. Chem. Soc. 2003, 126, 5608.



Mechanistic Study

DPPPent ©/§
) en
Y Ph X

Pl TfOH
(cod)Ru r Ph,P- 'R --pph OTf
\)\ THF, rt THF, 80 °C \4&) 2
Ru(cod)(2-methylallyl), isolated (7%-styrene)Ru complex

Stichometric reaction

o @N ~
nucleophilic attack

PhoP- <Ry - (j P> PhyP- Ry -
2 Ru RPh; OTf dioxane-NMP 2 Ru RPh; OTf
w 20 °C w
(20 eq.)
o
ligand exchange o
Ph2P--Ru--pph2 OTf P thP--Ru--PPh2 OTf

w dioxane-NMP w
100 °C

(40 eq.) s P NN

1) Takaya, J.; Hartwig, J. F. J. Am. Chem. Soc. 2005, 127, 5756.

$



Proposed Reaction Mechanism

o= Q9T

PhyP--Ry--pPh, OTf Ph;P--Ry--pPh, OTf

nucleophilic addition
H H

(n8-styrene)Ru complex
9

‘T S T Y

arene exchange

1) Takaya, J.; Hartwig, J. F. J. Am. Chem. Soc. 2005, 127, 5756.



Limitation: Narrow Substrate Scope

Powerful activation of activated olefin

OTf P N % ®R2

PhyP- 'Ru- -PPh, OTf
PP P (e” poor)
N4 H r|ch)

n°-arylethyl complex (7°-styrene)Ru complex

- Late transition matals for activation

Pd, Ni, Ir, Ru, Rh ... >  incompatibility

 Activated olefins
X —t N N Lb ——3  specific orefin
T
M

Zph P Me )\Me Ve~ me

less riactive

>

Dead end? |:> Some breakthroughs are needed.

1) Hannedouche, J.; Schulz, E. Chem. Eur. J. 2013, 19, 4972.



Initial Discovery of CuH-Catalyzed Hydroamination

(a) Miki, Y.; Hirano, K.; Sato, T.; Miura, M. Angew. Chem. Int. Ed. 2013, 52, 10830.

CuCl (10 mol %)
R!' _R?(S,S)-Me-Duphos (10 mol %)
\N/

A /\/R + | -
' OBz LiOt-Bu (4 eq.)
15 1 PMHS (3 eq.)
(1.5¢eq.) (1eq.) THF, rt, 24-48 h

hydroxylamine

R, _R?

- P P
Ar /\/ R

(S,S)-Me-Duphos

1z

*PMHS = Polymethylhydrosiloxane

(b) Zhu, S.; NiljianSkul, N.; Buchwald, S. L. J. Am. Chem. Soc. 2013, 135, 15746.

Cu(OAc), (2 mol %)
(R)-DTBM-SEGPHOS

R, _R? (2.2 mol %)
Ar/\/R + f]l y
OBz (EtO),MeSiH (2 eq.)
(1.5 eq.) (1 eq.) THF, 40 °C, 36 h

hydroxylamine

80
1 2 <
Ry-R o PAr,
A)\/R o O PAr2
’ 4
o)

Ar = 3,5-(t—Bu)2-4-OMe06H2
(R)-DTBM-SEGPHOS



Novel Mechanistic Approach to Hydroamination

Traditional Approach

R1‘N’R2 R! _R?
— T N
- R' H
d'! synthon

Novel Approach: CuH + electrophilic hydroxyamine

R1 . R2
R RL_F LCuH N
R/\r + 'il ----------- > )\/ R'
R" OBz R ”
Rll

a' synthon
hydroxylamine

1) Zhu, S.; NiljianSkul, N.; Buchwald, S. L. J. Am. Chem. Soc. 2013, 135, 15746.

activation
+
RSQ R®R2
(e” poor) (e rich)

FéESS) ' Rc:>R2

(e” rich) (e” poor)



Proposed Reaction Mechanism

(0]
Cu(OAc), (2 mol %) < O
(R)-DTBM-SEGPHOS . o 0
R _R? (2.2 mol %) Ry-R PAr2
Ar AR+ fil 0 PAr;
OBz (EtO),MeSiH (2 eq.) Ar)\/R < O
(1.5 eq) (1 eq) THF, 40 °C, 36 h o
Ar = 3,5-(t-Bu),-4-OMeC¢H,
(R)-DTBM-SEGPHOS
R;SiOBz =
LCuH R/ﬁ/
transmetaration R"
R;SiH insertion
CuL
o LCuOBz )\/R'
R _R R

R C
RII )\/ R1 R2
R’ ~a”
R N

amine Y
reductive - oxidative (I)Bz
elimination R" addition

1) Zhu, S.; NiljianSkul, N.; Buchwald, S. L. J. Am. Chem. Soc. 2013, 135, 15746.



CuH-Catalyzed Hydroamination (1)

Cu(OAc), (2 mol %)
(R)-DTBM-SEGPHOS

O

1 2 R1 R2
Ru-R (2.2 mol %) “N” PAr,
/\/R + N L
Ar ' : 0 PAr,
OBz (EtO),MeSiH (2 eq.) A R
THF, 40 °C, 36 h r (
(1eq.) (1.2 eq.) .
Ar = 3,5-(t-Bu),-4-OMeC¢H,
(R)-DTBM-SEGPHOS
n-Bu n-Bu
NBn, NBn, N7 CulL
Me Me
Cl
Markovnikov
oS s e ot more stable
NBn, NBn,
Me
OMe
oTBS

83%, >99% ee
(single diastereomer)

86%, 92% ee
(10 mmol scale)

1) Zhu, S.; NiljianSkul, N.; Buchwald, S. L. J. Am. Chem. Soc. 2013, 135, 15746.

©jCUL

anti-Markovnikov
less stable



CuH-Catalyzed Hydroamination (2)

Cu(OAc), (2 mol %) 7
R’ R? (¥)-DTBM-SEGPHOS R
AN+ ~n” (2.2 mol %) I
R™ X ril - R/\/CUL — R/\/N\RZ
OBz (Et0),MeSiH (2 eq.)
(1 eq.) (1.2 eq.) THF, 40 °C, 36 h linear amine

anti-Markovnikov

Me
X O\H,Nan Me
| N/ 4 Bn _~_N

e
Me Me

J A _NBn, I>/H\/N8n2
=] o 6
M

90% 90% 92% 80%

1) Zhu, S.; NiljianSkul, N.; Buchwald, S. L. J. Am. Chem. Soc. 2013, 135, 15746.



CuH-Catalyzed Hydroamination (3)

o
Cu(OAc), (2 mol %) < O
, (R)-DTBM-SEGPHOS R o
L R, R (2.2 mol %) r R PAr,
+ > ~ N PA
| ~ rop
R OBz (EtO),MeSiH (2 eq.) RN TR? <° O
THF, 40 ° h -chiral amine
(1 eq.) (1.2 eq.) ;40 °C, 36 B o
Ar = 3,5'(t'BU)2'4'OMGC6H2
(R)-DTBM-SEGPHOS
Me Me Me NCT N
~__NBn ~_NBn ~__NBn :
Bn/\/ 2 i-Pr/\/ 2 t-Bu/\/ 2

NBn
Me,Phsi” N~ 2
88%, 60% ee

90%, 83% ee 86%, 92% ee

58%, 92% ee

NBn2
'H
D Me <
MeO\ : I
Ph N\B
Tro_~_-NBn; \l/\/ n estrone
OTBS derivative
MeO
91%, 80% ee 86%, 12:1 d.r.

87%, >50:1 d.r.
1) Zhu, S.; Buchwald, S. L. J. Am. Chem. Soc. 2014, 136, 15913.



Synthesis of Chiral Secondary Amines

Cu(OAc), (2 mol %)
PPh; (4.4 mol %)

1
1 (R)-DTBM-SEGPHOS R NH
H\N/R (2.2 mol %)
. R * I ’ )\/R
AT OR (EtO),MeSiH (2 eq.) R
(1 eq.) (1.2 eq.) THF, 40 °C, 16 h chiral secondary amine
Bn Bn Bn
H 2 HN” Me HN” HN”
N
70N Me
Bn 2 Me Me
R
R=H 60%, 96% ee 25% <10%
R = NMe, 93%, 97% ee 84%, 94% ee 89%, 96% ee

1) Niu, D.; Buchwald, S. L. . Am. Chem. Soc. 2015, 137, 9716.



Unproductive Reduction of N-O Bond

H\N—O reduction H\ LCu—O
LCuH + / —_— N—H + >—Ar
R }—Ar R/ 3
o)
reagent
NMR competition experiment
. 0 = 2 Cu(OAc), (5 mol %), PPh; (11 mol %)
N N (R)-DTBM-SEGPHOS (5.5 mol %)
70N Z 0N
Bn o + Bn o >
(EtO),MeSiH (5 eq.)
dg-THF, 40 °C,1 h
(1eq.) (1eq.)
>80% redused <5% redused
H o0 H o0 Cu(OAc); (5 mol %), PPhs (11 mol %)
N N (R)-DTBM-SEGPHOS (5.5 mol %)
Z0NN NS
Bn (0) + Bn (0) o
(EtO),MeSiH (5 eq.)
H NMe, dg-THF, 40 °C,1 h
(1eq.) (1eq.)
~80% redused ~20% redused

1) Niu, D.; Buchwald, S. L. J. Am. Chem. Soc. 2015, 137, 9716.



DFT Calculation for the Hydrocupration of Olefins

I "N 1
H---Cu-P -
" 2 . .u H Cu—-P P\ _
3'ﬁ'—“ . T RIv _+ R [--% R ' 'R2 P
R R R3)—\ R4 R3 R4
Me
Me. 2~
Zph ZMe )\Me N2 Me
Kyel 6.6 x 10° 1.2x102 1.1 x102
(calcd.)

1) Yang, Y.; Shi, S.; Niu, D.; Liu, P.; Buchwald, S. L. Science 2015, 349, 62.

.0
O PPh,
<o PPh,
0 g

SEGPHOS

more challenging
hydrocupration



Proposed Catalytic Cycle

unproductive LCu—QO
reduction Ar

very very slow ?

o
R R
N—H A N—0
; . _---. RZ? NMe
R2 P ~a 2
R;Si—O DREE o'é C
Ar
d LCuH e X -Me
transmetaration hydrocupration
R,;SiH very slow
LCu—O CuL
> Ar Me\)\
o Me
R2
Rl _R? I
N .N.L _OR
\)\ R1 \CJ R\1
Me —
product reductive oxidative R €2
elimination addition 0)

1) Yang, Y.; Shi, S.; Niu, D.; Liu, P.; Buchwald, S. L. Science 2015, 349, 62.



Hydrocupration of Unactivated Internal Olefons

RE O

I Cu(OAc), (5 mol %) R3 Ré
N (S)-DTBM-SEGPHOS (5.5 mol %) N7
RN + R* 7O - E
R (MeO),MeSiH (3 eq.) R1/\R2
NEt, THF, 45 °C, 36 h
(3 eq.) (1eq.)
OMe
Me\
N
A MeO._ _OMe
Bn\N,Bn Bn\N _Bn i \E
: : -bn Bn _Bn
Et Pr HO = : :

83%, 98% ee 61%, 97% ee

derivatization of
Cinacalect
(calcimimetic)

Me Et
with (R)-DTBM-SEGPHOS

“ 80%, >95:5 d.r.

1) Yang, Y.; Shi, S.; Niu, D.; Liu, P.; Buchwald, S. L. Science 2015, 349, 62.

76%, 97% ee

Me\/

ZIII

e yase

70%, 97% ee

85%, 98% ee

Et

CF;

with (S)-DTBM-SEGPHOS
81%, >95:5 d.r.



Outlook

Tri- and tertasubstituted alkenes

o A A

kiek 6.6x10° 1.2x10% 1.1 x 102 1 >1 >>1

more challenging
P hydrocupration

Aminating agents to transfer aromatic amines or ammonia

? H
\
----------- /N—OR or IN—OR
R H
aromatic amine ammonia

1) Pirnot, M. T.; Wang, Y.; Buchwald, S. L. Angew. Chem. Int. Ed. 2016, 55, 48.



Summary

Hydroamination: direct addition of amines to alkenes

N B

readily available
(e” rich) (e” rich)

electronic repulsion

directly

RLN,R2 R

)\ > /\/f!l
Np2
R” “Me R R

atom economic

l reverse reactivity l

RSQ ' R®R2

(e” poor)
“\I‘\Me @A
PhoP- -Ru- - OTf
OTf P 2 Ru PPh,
4 N
P P
\—/ H

Narrow substrate scope
(dead end?)

RSQ ' R®R2

(e” poor)
R Z RE O
\/\R ,!l
P\ " * RY O
/
NEt,
copper hydride electrophilic amine

atom economy
carboamination etc.

More complex amines )5
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Classification of Hydroamination: Regiochemical outcome

Markovnikov R R2
selectivity N7
> PR
/ R Me
/\ H
R \ + R1 . \Rz
lefi . anti-Markovnikov
olenn amine selectivity ||?1
-
R/\/ N ~ R2

1) Yang, Y.; Shi, S.; Niu, D.; Liu, P.; Buchwald, S. L. Science 2015, 349, 62.

- branched amine
- oppotunity for

stereoinduction

- linear amine
- common structure



Pd-Catalized Markovnikov Hydroamination

Table 1. Effect of Catalyst Components and Acid on the Table 2. Palladium-Catalyzed Hydroamination of Styrene”
Hydroamination of Styrene with Aniline? Amine Olefin Cond. time Yield®
~ /b
entry catalyst yield, % @_NH? ©/\ .
1 2% [Pd(PPh;)4] 0 2 B T7h >99%
2 2% Pd(OC(O)CF;)»/8% PPhs 28 N
3 2% [Pd(PPhy),]/20% TFA 67 3 Moo -@-«m C(\ A 12n oo
4 2% [Pd(PPh3)4]/20% TfOH 83 "
5 2% Pd(OC(O)CF3)2/8% PPh3/20% TFA 68 £.C _@_,,,H X .
6 2% [Pd(OC(O)CF3)]/3% DPPF 78 3 - & 1h o
7 2% [Pd(OC(O)CF5),]/3% DPPF/20% TfOH >99
8 2% [(DPPF)Pd(OT),] 96 6 ©/\ B 7h 88%
@ Reactions were run for 6 h in toluene solvent at 100 °C. Reactions e N
with lower yields did not show complete conversion. ? Yields are for 7 Hz ©/\ B 7h 68%
isolated material and are an average of two runs.
8 @—NHQ m B 7h 99%
F3C
9 @—NHz \(I\ B 7h 85%
Tol 10 b N B 7h  98%
e P O 0
HN 10% [PA(PPha)aY 11 C 72h 98%
@)\ . Ho + HzN-—< > Me
100 °C 12h
13 @.NH OO N A 12h 65%
Me
14 MoO-@—NH ©/\ B° 12h 54%
Me

? Reaction conditions: A, 2% Pd(PPh;)4/20 triflic acid, 100 °C; B,
2% PA(TFA)/3% DPPF, 20% TfOH, 100 °C; C, 5% (DPPF)Pd(OTI),,
generated from (DPPF)Pd(OTT), and AgOTf, 25 °C. * Yields are for
pure, isolated material and are an average of two runs. 5 mol %

1) Kawatsura, M.; Hartwig, J. F. J. Am. Chem. Soc. 2000, 122, 9546, "3t used:



Pd-Catalized Markovnikov Hydroamination

Table 1. Pd-Catalyzed Addition of Arylamines to Cyclohexadiene®

Entry Amine Yield®(%) Entry Amine Yield® (%)

OMe

NH; 80

9
.
2

5° F30—©—M"e 9 13 @NH? 79
=N

7 MeOO—NHz 78 15 @—NHMe o7
8 GNHZ 95 16 M&@Nnm 68

@ Reaction conditions: 0.5 mmol amine, 2 mmol cyclohexadiene, 2
mol % Pd(PPh;)s, 10 mol % TFA, toluene, 25 °C, 24 h. "Yields are for
pure, isolated compounds and are an average of two runs. ‘Reaction
time: 48 h. “Reaction conditions: 2.5 mol % [Pd(zr-ally)Cl]z, 10 mol
% PPh;, toluene, 100 °C, 24 h.

1) Lober, O.; Kawatsura, M.; Hartwig, J. F. . Am. Chem. Soc. 2001, 123, 4366.

Table 2. Reactions of Arylamines with Various Dienes

Entry Diene  Amine Yield®(%) Entry Diene Amine Yield® (%)

1% O PhNHg 71 4° > \\ PhNHg 73
2° H PhNH, 897 5 }—\\ PhNHMe 84

3° H PhNHMe 84

“Yields are for pure, isolated compounds and are an average of two
runs. "Reaction conditions: 0.5 mmol amine, 2 mmol diene, 1 mol %
Pd(PPh;)s, 50 mol % acetic acid. “Same reaction conditions except 2
mol % Pd(PPhs),, 10 mol % TFA. “6% of diallylamine obtained for
this reaction with excess diene. “Four-fold excess of aniline used.

29



Pd-Catalized Markovnikov Hydroamination

Table 1. Effects of Catalyst, Acid, and Solvent on the Hydro-
amination of Styrene with Morpholine at 120 °C?

entry catalyst solvent yield®
1 5% Pd(02CF3)2/10% DPPF/20% TfOH dioxane 79
2 5% Pd(0,CF3)2/10% DPPF/20% TfOH toluene 25
3 5% Pd(0,CF3)2/5% DPPF/20% TfOH dioxane 2
4 5% Pd(DPPF)(OTf), dioxane 1
5 5% Pd(DPPF)(OTf)»/5% DPPF/10% TfOH dioxane 74
6 5% Pd(PPh3)4/20% TfOH dioxane 6
7 20% TfOH dioxane 1
8 5% Pd(0,CF3)2/20% TfOH dioxane 1
9 5% Pd(O,CF3)2/10% DPPF dioxane 2
10 5% Pd(0,CF3)2/10% DPPF/20% TFA dioxane 19
11 5% Pd(0>CF3)»/10% DPPF/20% NFA¢ toluene 72
12 5% Pd(O,CF3)2/10% DPPF/20% NFA< dioxane 67

@ Reaction conditions: 0.4 mmol morpholine, 0.8 mmol styrene, 0.2 mL
dioxane, 24 h. » GC yields, in percent. ¢ NFA = nonafluorobutane sulfonic
acid.

p-tol N +(DPPF),Pd

gp PE /K/ o
ioxane %
(DPPF)Pd ) dioxan
5 min.
2 equiv. \ p-tol +0

4%

)

NH-HOTf + (DPPF),Pd

Table 2. Pd-Catalyzed Hydroamination of Alkylamines with
Vinylarenes
5mol% Pd(O,CCF ), NRR'

N 10mol% DPPF
HNRR' + n-©/\ 20mot% CF;SOH o
dioxane, 120°C, 24 h

yield ®  entry product ield ©

1 N 75% 89 ©)\ 63%
@:\\/0 UL "CO,'Bu

2° NTY s1%  9° ©/L
WQ/L @

44 'O 79% 119 N 52%

F4C
N
50/ @J\Q 51% 12" P,*A 63%
Me
N ~
6 f l\,/\cl) 48% 13819 N Ph 439‘,'0-"
FaC Me

entry product

¢ Amine/vinylarene/Pd(TFA),/DPPF/TfOH = 1:2:0.05:0.10:0.20 (1 mmol

of amine) in 0.50 mL of dioxane. * Isolated yield. < 48 h. ¢ 100 °C. © 4.0

mmol of vinylarene was used. / 0.20 mL of dioxane. # 110 °C. " 80 °C.f
10% of dibenzylmethylamine was obtained as side product./ 18 h,

30

1) Pawlas, J.; Nakao, Y.; Kawatsura, M.; Hartwig, J. F. . Am. Chem. Soc. 2002, 124, 3669.



Competition Experiment

i CL,
+ < Pd —_— N «Me
= P’ ‘OTf ' H
Pd

4 N

P P P
( = (R)-tol-BINAP N~
P isolated 7°-arylethyl complex
The two olefins have comparable reactivity. (one diastereomer)
H MeO HN’Ph HN’Ph
OO 4 Ar Me Ar' Me
1:1 mixture ~1:1 mixture
Competition experiment
MeO
.+Me 2 mol % Pd(OCOCF;), _Ph
T 3 mol % DPPF HN

(1eq.) o H NHR 20 mol% TfOH
toluene
y N~ 100 °C MeO
(100 eq.) generated prior
y at the early stage
2 o0) of the reaction
eq

1) Nettekoven, U, Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 1166.



Rhodium-Catalyzed Anti-Markovnikov Hydroamination

o
N
H 5 mol% ©/\/
N X [Rh(cod)(DPEphos)]BF, 539,
E j + >
(o) toluene (1 M) (0)
70 °C, 48 h

(1eq.) (4 eq.) ©/\/N\)

18%

cod = O DPEphos = @\OQ

PPh, PPh,




Ru-Catalized Anti-Markovnikov Hydroamination

Table 1. Effects of Catalyst Components on the Hydroamination
of Styrene and Morpholine in Dioxane at 100 °C?

Table 2. Ruthenium-Catalyzed Hydroamination of Vinylarenes
with Alkylamines?

Ru(cod)(methylallyl), 5mol®% Ru(cod)(2-methylallyl)
A+ HN’_\O Ligand / Acid o + phJ\ NN AN 7Mo% DP(PPe)rft / 10m£%¥:|§3303|-| N NRR'
o \_/" dioxane, 100 °C, 24 h Ph/\’ N , Lo M R"_'O/\ g R"{jm
' Z dioxane, 100 °C, 24 h Z
entry  Ru (%) ligand acid yields: 12 (%)  2° (%) entry product yield ® entry product yield ?
1 5 7% DPPPent 10% TfOH 96 <] l/\o
2 5 - 10% TOH 0 <1 N da Ph
3 5 7% DPPPent  — 0 0 1 %% 8 50%
4 5 7% DPPPent 10% TFA 8 0
5 2 3% DPPPent 5% TfOH 90 <1 |/\0
6 5 14% PPh; 10% TfOH 36 9 5 N 1% B o
7 5 14% PEtPh; 10% TfOH 61 3 ©/\, \©\/\,
8 5 7% DPPB¢ 10% TfOH 54 12 .Ph Me
9 5 7% DPPHex? 10% TfOH 33 2 (\ N 0
10 5 7% DPPF¢ 10% TfOH 55 44 3¢ N \/l 64% 10 72%
11 5 7% DPEphos/ 10% TfOH 19 2 ©/\/

@ Reaction conditions: morpholine 0.4 mmol, styrene 0.8 mmol, dioxane
0.2 mL, 100 °C, 24 h. » GC yields. ¢ 1,4-Bis(diphenylphosphino)butane.
41,6-Bis(diphenylphosphino)hexane. ¢ 1,1”-Bis(diphenylphosphino)fer-
rocene. / Bis(2-diphenylphosphinophenyl)ether.

1) Utsunomiya, M.; Hartwig, J. F. . Am. Chem. Soc.
2003, 126, 5608.

91%

ON
N 82% 129" F3c\©/\/ \) 71%
e
O

51%

Me
7640 ©/\’N”Hexyl 63% 14 %4/ ©)\, I oam

2 Amine/vinylarene/Ru/DPPPent/TfOH = 1:2:0.05:0.07:0.10 (1 mmol of
amine) in 0.50 mL of dioxane. * Isolated yield. < 4 mmol of vinylarene was
used. Y80 °C. 48 h. /0.25 mL of dioxane. £ 110 °C. " DiPPF was used as
ligand. 1.5 mmol of vinylarene was used./ 72 h.



Ru-Catalized Anti-Markovnikov Hydroamination

Scheme 1 Scheme 4
o =
gfr:r?é) ©/\/ 40 equiv styrene
(14€q) Ao gooC PhpRY Phy® 13 57 % Ph,P RU‘PPh dioxane-NMP_ Ph P
DPPPent 30 min % % 2 100°C W o
(CODIFu { 3a (NR, = morpholino) kope=B.6x10%" " 1a /\/N\)
\ THF, rt ?2 eq.) Me/@/ 2 + Ph
ymene
THF, 80 °C P%pm 0 2.64%  Scheme 5
30 min

Scheme 2 | Nucleophilic addition

-Ru >
PhoP /™5 /~\ Ph P‘
A PPh PPh,
/\_ catalyst 2 | © HN O (A)

.y 0\ — /M c#nggage (NFl2 d;norpholnno) 1a (\ O 3a(NR;= morphollne)
cat. t5min  gomin _1h '2h  sh |T + styrene, - ph N T

1a (5 mol%) 22% 40% 64% 80%  96%

2 (5 mol%) 10%  32%  56% 77% 94% arene exchange

in sit 9%  18% 40% 63% 87%

2Yield by GC. "Ru(COD)(2-methylallyl), (5 mol %), DPPPent (7 mol
%), TfOH (10 mol %).

sch 3 Scheme 6
cheme
A HN/ \_1aor1b (5 mol%) l/\o
@/\ AH?=2841 kJomol” o R P + AN P T TRF 0 A~ N
x AS $= _ . | e M Ph
Ry © OTf [ j AS ¥= —21315 J/molK oo ot 15 0.78 M -
: ph.pt Ru, ime to
</»<) dioxane-NMP M ¥y @/\ catalyst 50% yield
@ equuv) 20507¢ 3a (NR, = morpholino) Ar P“F‘Iu ° ot 1a Ar=Ph 350 min
kyps=4.1x10% s (20 °C) 2= “PAr; ~-35- i
% 2 b 1b Ar= 3,5-(MeO),C¢Hz 103 min
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1) Utsunomiya, M.; Hartwig, J. F. J. Am. Chem. Soc. 2003, 126, 5608.



Synthesis of Amine Transfer Reagents

Me,N
o) N"con N Q(o \ R
* B H

HO. .R CH,Cl5, 0 °C toRT 0O
E 16

(1.2-1.3 equiv)

35
1) Niu, D.; Buchwald, S. L. J. Am. Chem. Soc. 2015, 137, 9716.



CuH-Catalyzed Hydroamination by Miura et al.

PAr
CuCl (10 mol %) . ) 2
R'. _R? CF;-dppbz (10 mol %) R\N,R
0 = PAr
Ar L. LiOt-Bu (4 eq.) )\/R 2
\5 1 PMHS (3 eq.) Ar Ar = 3,5-(CF3),CgH3
(1.5 eq.) (1eq.) DCE, rt, 4 h CF;-dppbz
o) o)
S ( j ( j

N N

Cl
OAc
72% 87% 57%

1) Miki, Y.; Hirano, K.; Sato, T.; Miura, M. Angew. Chem. Int. Ed. 2013, 52, 10830.



CuH-Catalyzed Hydroamination

Table 1. Reaction Optimization

Cu(OAc), Bn~N,Bn

N Bn.N.Bn Ligand (Cu:L = 1:1.1)
+ 6Bz b Me

2.0 equiv. 'Hydride Reagent'

THF (0.5 M), rt, 36 h
1a 2a ( )

(1.0 equiv) (1.2 equiv)

3a

entry Cu(OAc), (mol%) hydride reagent L  yield 4a“ (%) ee (%)

1 10 HBpin L1 2 nd”
2 10 PMHS L1 40 ~74
3 10 DEMS L1 64 -73
4 10 DEMS L2 83 —65
5 10 DEMS L3 99 —95
6 10 DEMS L4 99 79
7 10 DEMS LS 99 97
8¢ 2 DEMS LS 97 97

CO ® I
PAr, MeO PAr, o PAr,
PAf2 MeO PArz (@) PAra
99 ¢ 1

Ar =Ph Ar = Ph
(S)-BINAP (L1) Ar = 3,5-+-Bu-CgHs (R)-SEGPHOS (L4)
(5)-3,5-t-Bu-MeO-BIPHEP (L3)
Ar = p-Tol Ar = 3,5-1-Bu-4-MeOCgH,
(S)-p-Tol-BINAP (L2) (R)-DTBM-SEGPHOS (L5)

“GC yields with dodecane as the internal standard. "Not determined.
“Reaction was carried out at 40 °C.

1) Zhu, S.; NiljianSkul, N.; Buchwald, S. L. J. Am. Chem. Soc. 2013, 135, 15746.
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Hydroamination Using Modified Amine Transfer Reagents

c)H

90% [

60%

30% +

R

1) Niu, D.; Buchwald, S.

ydroamination® of 9b and 9c using modified amine transfer reagents 10a—e
A .
B yield of 11b
B vyield of 11¢c
H O
N
Bn™ O =
=
l i 10a-e
r V
= H 4-CF; 2-MeO 4-MeO 4-NMe,

(10a) (10b) (10c) (10d)  (10e)

Me HN~

©* @

1c
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L. J. Am. Chem. Soc. 2015, 137, 9716.



Unproductive Reduction of N-O Bond

a) N(H)Bn NBn, N(H)Bn N(H)Bn
0..0 Q..0 :
Conditions A Conditions A
+ —i
dgTHF, 40 °C dg‘THF 40°C
H
10a 36 ; 10a
(0.2 mmol) (0.2 mmol) : (0.2 mmol) (0. 2 mmol)
100% . ]
= S0ttt a0ten, | o 100% ®aa
2 ' o *e® .0, -
(7] L] ] L ]
1375%- ® -+ 36 :'275% ., 000.. -+ 10e
= ® . * 10a '8 >, -+ 10a
B o | . - : &
- 50% . ° 13 50% 1 *, .
[ L e [] ®
< . . ' 8 ¢ .
8 25% | £ 3" P @ 25% | o
@ 1
time (h) : time (h
ox | | L (h)

Figure 4. Relative rates of the reactions between LCuH and different amine transfer agents. Si* = Si(OEt),Me. Conditions A: a 0.6 mL of a stock
solution made from Cu(OAc), (3.6 mg), (R)-DTBM-SEGPHOS (26 mg), PPh, (11.6 mg), HSi(OEt),Me (0.32 mL, 2.0 mmol), and THF-d; (1.0 mL)
is used. The progress of these experiments was monitored by 'H NMR.

39
1) Niu, D.; Buchwald, S. L. . Am. Chem. Soc. 2015, 137, 9716.



Transition-State Structures of the Hydrocupration

.

e /,_( axial
equatorial ’4 |

" \§? L |/ N\

( ) J
‘ - & " ’ g tr
, i A\ .‘, .
4 !
- V., equatorial
\ o A N
axial /*

"

4

TS2a-favored
(Re)-face attack
AG* = 23.3 kcal/mol
AH* = 8.6 kcal/mol

po % "(, axial

equatorial {
. , / ~

A0 1y X
{ | N -. b
\ e

4 res
equatorial

D &

TS2b-disfavored
(Si)-face attack
AG* = 26.6 kcal/mol
AHY = 10.9 kcal/mol

Fig. 4. Transition-state structures of the enantioselectivity-determining hydrocupration step
with (R)-DTBM-SEGPHOS. Energies are computed at the MO6/SDD-6-311+G(d,p)/SMD(THF) level,
with geometries optimized at the B3LYP/SDD-6-31G(d) level.
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1) Yang, Y.; Shi, S.; Niu, D.; Liu, P.; Buchwald, S. L. Science 2015, 349, 62.



