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Introduction

]
Catalytic Hydroamination of Unactivated Terminal Alkenes

A. Hydroamination of unactivated alkenes with large excess of alkene

NR4R, H
X + RRNH —» )\/H .\ )\/NR1R2
R R
1.5 to 60 equiv Ir Photocatalysis

B. Directed hydroamination of unactivated alkenes
NR+R; H

n

1 equiv Rh Pd

C. CuH-catalyzed formal hydroamination of unactivated alkenes

RTX + RyR;NOBz _ LCuH_

. NR/R
silane R 1732

1 equiv




Introduction

[
A. Hydroamination of unactivated alkenes with large excess of alkene

O 2% [Ir(coe),Cl], O
4% DTBM-Segphos
NHy, + 27 Hex i IS NH
140 °C, 24 h )\
- then 'PrOH, 120°C, 6h 15, Hex
20 equiv 91% yield

Hartwig, J. F. et al. J. Am. Chem. Soc. 2012, 134, 11960.
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Introduction

Proposed Catalytic Cycle

NHC(O)Ar

N + 2 NH,C(O)Ar Py,
* /Ir = L *

1 resting state

H

o]

Ir

| NHC
Cl
ﬂ NH,C(O)Ar

H

\\

CPII | NHC(O
Ir
NH>C( O)A%' | \

H
NHC(O)Ar P/,, N
- Ir
R |
Cl

+ P,lrH,Cl 4

“~NHC(0)Ar

H
Pl/, W
* ll A
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P/ | \NHC(O)AI'

possmle structure

ﬂ

NHC(O
C

Hartwig, J. F. et al. J. Am. Chem. Soc. 2012, 134, 11960.

7



Introduction

[
A. Hydroamination of unactivated alkenes with large excess of alkene

2.5% [Ir(cod)Cl], B N

5.2% (S)-DTBM-Segphos :
EtOAc (1.0 equiv)
» o+ P hex - ) s pu
N octane, 100 °C, 24 h N : G N
N :

Ir
oo | T
n H
Hex "Hex

4 equiv 77% yield, 63% ee resting state

Hartwig, J. F. et al. 3. Am. Chem. Soc. 2014, 136, 3200.
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Introduction

A. Hydroamination of unactivated alkenes with large excess of alkene

SiMe;
N 5 mol% Z | [0 O (/@\ )
| . C3H7\ [(R)—TMS-SYNPHOSIr(COD)]NTf2: Ve \N \H o b SiMo,
Z C3H 120 °C, 2-MeTHF 0 P Sittes
Me N~ NH, 37 : CoH, ( O (
C3H7/\/ © ) )
. o/ i o SiMe;
10 equiv 52% vyield, 97% ee (R)-TMS-SYNPHOS
Dissociates
readily \ r R' R
HR H Migratory hR R
\ L|r+ P//,,". |i‘\@ \ R g Plll,,,, Ilrt“\\“&_R in Sertion P/,,," |.Q_QH
| — AN —_— van) R O ) NH
P N-H OA P¥ | "NH NH, RNH PY | 'NH SRS
e T e T PN
e -deficient Ir e -deficient Ir igid iri
Weakens Extra N-coordination I I Il Rigid iridacyle
coordination facilitates N-H OA accelerates accelerates prevents
alkene insertion reductive elimination
X
C-HRE | _

~H elimination

Hartwig, J. F. et al. Nature 2020, 588, 254
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Introduction

A. Hydroamination of unactivated alkenes with Iarge excess of alkene

G N . Rq 2 mol% Ir Photocat. A § ~ IN,,,"J R i
AT 50 mol% TRIP thiol AT N Y
Ra toluene, rt, blue LEDS PN /E\"Pz?'
: Me

up to 98% yield Ir Photocat. A
[Ir(dF(Me)ppy),(dtbbpy)]PFg

5.0 equiv

hv < >

%) ArS-H

ArS \

proton electron ArS-H
transfer

transfer
°\H @

R
electron C-N bond
transfer formation £ R
ArS « < ® > H-atom < ® > ArS-H
transfer /N
W — TANRNE
R R

Knowles, R. R. et al. Science 2017, 355, 727.
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Introduction
]

A. Hydroamination of unactivated alkenes with large excess of alkene

Dioxane, Blue LEDS, rt., 48 h

2 mol% Ir Photocat. B
O/NHz /Q 30 mol% TRIP thiol N

o i
: 6 equiv 7% ylAeId _
---------------------------------------------- I N Ir Photocat. B
e NH; [Ir(dF(CF3)ppy)2(4,4'-d(CF3)-bpy)]PFe

Knowles, R. R. et al. J. Am. Chem. Soc. 2019, 141, 16590.
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Introduction

B. Direcred hydroamination of unactivated alkenes

Q o)
Q o H
)]\/\ (5 mol%) Pd(OAc),
H (1.0 equiv) PhCO,H | ”
(o]
N & MeCN, 120 °C _N ')
SM T™
1.5 equiv 89% yield
™ SM
[Pd']
H+
proto- substrate
depalladation coordination

O

N R

| N |
/N—Pd” /N—Pd”
Ninopalladaﬂon//

Engle, K. M. et al. J. Am. Chem. Soc. 2016, 138, 5805.
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Introduction

[
B. Directed hydroamination of unactivated alkenes

0 5 mol% [Rh(cod),]BF, H O
5 mol% Ligand H :
HJ + [ j o ~ v - Mes P(R)
PMB” N DME (0.25 M), 60°C, 16 h  PMB N/\ : 2
H 0

i PR
92% i Idk/ M ‘ -
. o yie :
1.2 equiv 93% ee

Hull, K. L. et al. J. Am. Chem. Soc. 2019, 141, 739.
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Introduction

C. CuH-catalyzed formal hydroamination of unactivated alkenes

o
2 mol% Cu(OAc), Me 5 < O
Me Bn. _Bn  2.2mol% (R)-DTBM-SEGPHOS 5 ° PAr,
\N/ > ; /\/NBn2 : o PAr,
| (2.0 equiv) (EtO),MeSiH Pr : < O
OBz THF (1.0 M), 40 °C, 36 h i 0
_ o o i Ar=35-Bu-4-MeO-CgH,
SM 1.2 equiv 90% yield, 83% ee ! (R)-DTBM-SEGPHOS
R;SiOB
3oIoBz L*CuH sV
R3SiH A
Me
CuOBz i CuL*
’Pr/\/ !
B
|\§/|e Bn\N/Bn
) : NBn
IPr/\/ 2 652

Buchwald, S. L. et al. 3. Am. Chem. Soc. 2014, 136, 15913.
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Introduction

C. CuH-catalyzed formal hydroamination of unactivated alkenes

2.0 equiv

/k/

N
*LCuO
n

o
(5.0 mol%) Cu(OAc), K¢ C
O (5.5 mol%) (S)-DTBM-SEGPHOS  Me(MeO),SiO 5 © PAr
Ph/\ + N > : o PAr,
Y (3.2 equiv) Me(MeO),SiH < O
: o)

%‘ L*CuH
|
Me

N7

THF, rt, 24 h :
Ph P i Ar=35Bu-4-MeO-CgH,
: { (S)-DTBM-SEGPHOS
94% vyield, 98% ee

Ph

Mbond cleavage [N]-OR

Buchwald, S. L. et al. 3. Am. Chem. Soc. 2018, 140, 15976.
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Introduction

[
Mechanism of Transition Metal Catalyzed Hydroamination

T EEEA KR LI,

> RERRAF A EAL RO EZE L, f@ AL P RAKS R F I,
> ey B ARG, AR LR IHE

A: B . NHR'
' NH,
NHR L M] H Ir(PR3),Cl R
J =
HsC
reductive oxidative
reductive + PR3 elimination addition
elimination
H H .
RsPy, | o NAR RaPu, | NHR
direct L= [LoM) || "'Ir\) /\r
protoation H NHR Ra? Cl
+H*
proton .
transfer nucleophilic olefin
to M attack _NH;, + PR, insertion
R p=
_ H
[LnM]—\_+ R3P// | / NHR'
NH,R R3P/ |
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Introduction

[
This work: Ru-catalyzed hydroamination of unactivated alkenes

removable

NH,
R+ _ .
HoNT R
Stoichiometric Ammonia Surrogate
r - Stoichiometric amount of alkene
Oxidative \_ ' Reduction Alkenes with no directing group
Amination | ) R of Imine Unusual mechanism
= W

Hartwig, J. F. et al. J. Am. Chem. Soc. 2021, 143, 359.
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Evaluation of the Conditions

| X
NG | t Ru-1 (5 mool%) _ NS
HN” N 1,2-DCB, 80 °C, 48 h \M)\
1 equiv 1a ° 2
entry 2 conditions yield (%) P

1 standard 67 Ru-1: Ru(PEt;);NTf,
2 Ru-2 as catalyst 43 Ru-2: Ru(P"Pr3)sNTf,
3 Ru-3 as catalyst 18 Ru-3: Ru(PMePh,);NTf,
4 Ru-4 as catalyst <1 Ru-4: Ru(PMe;);NTf,
5 Ru-5 as catalyst <1 Ru-5: Ru(Et,P(CH,),PEt,),NTf,
6 Ru-6 as catalyst <1 Ru-6: Ru(N(CH,PEL,);NTf,
7 Ru-7 as catalyst 62 RU-7: [RU,(PEL,)(OTf)](OTH
8 Ru-8 as catalyst <1 Ru-8: [Ru,(PEt,),CL,]Cl

a Standard condition: 1-dodecene (0.2 mmol), Ru-1
(0.01 mmoal), 1a (0.2 mmol), 1,2-DCB (50 pL), 80 °C,
48 h. b Determined by *H NMR spectroscopy of the
crude reaction mixture with 1,3,5-trimethoxybenzene

as the internal standard.
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Evaluation of the Conditions

| A
N Ru-1 (5 mol%
Y+ | P w1 omole) HN™ N
HON N 1,2-DCB, 80 °C, 48 h \M)\
2
1 equiv 1a ? 2a
entry 2 conditions yield (%) P
9 1,2-DCE as solvent <1 Ru-1: RU(PEt,),NTf
. 3/3 2
10 toluene as solvent 29 Ru-2: Ru(PPr.),NTf
& 373 2
11 PhCI as solvent 48
12 CH,CN as solvent <1 Ru-4: Ru(PMe.).NTf
13 THE as solvent 56 ' e
14 dioxane as solvent 61
15 Ru-1 (2 mol %) 45
Ru-7: [Ru,(PEt,):(OTf).](OT
e RuA o [Ru,(PEt;)(OTA;](OT

a Standard condition: 1-dodecene (0.2 mmol), Ru-1
(0.01 mmol), 1a (0.2 mmoaol), 1,2-DCB (50 uL), 80 °C,
48 h. b Determined by *H NMR spectroscopy of the
crude reaction mixture with 1,3,5-trimethoxybenzene
as the internal standard.




Scope of Alkenes and 2-Aminopyridines

I N
X Ru-1 (5 mol%) 5 : ‘g‘PV
A
R/\ + | P - - HNT N
H,NT N 1,2-DCB, 80 °C, 48 h )\ ---------------
R
1 equiv or as shown
P
oY oY HNT Y O an-Y F oY
~
\95)\ \Mg)\ O
2a, 62%, 93%° 3a, 63% 4a, 66% 5a, 52% 6a, 56%
Py Py )
O HN~ y HN HN/Py
)I\P))\ Ph>(\)\ Z /\/\)\
Et,N
2 9 oH X
7a, 66% 8a, 42% 1:1 dr® 9a, 61% 1.5:1 dr®¢ 10a, 57% 2.5:1 drb°¢ 11a, 67%

83% 1;1 dre/

~

P
o HN" Y (\N
o)l\&))\ AN A0 N\) 7
i N | > | Z |
HN” N HN” ©N ~ HN™ N
9 5 \H)\
9

12a, 34% 1:1 dr? 13a, 41%” 14a, 68% 15a, 47%P, 90%"® 16a, 63%"°
65% 1:1 dre”

7/

3solated yields. ® 100 °C. ¢ Ru-1 10 mol %. ¢ Ru-1 15 mol %. ¢ 2 equiv of alkene. F 72 h.
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Scope of Vinylarenes

N Ru-1 (10 mol%) I L £-Py
3 P
R+ | _ —— HNT N7 i
HNT N 1,2-DCB, 80 °C, 48 h )\ ---------------
R
1 equiv or as shown
18a, R; = H, 62%, 95%°
= 19a, R, = Me, 59%
~ 20a, R, = F, 57%" ~
HN™ N 21a, R, = OMe, 61% HN™ °N
22a, R, = CF3;, 60%"
23a, R, = Cl, 49%”
R; 24a, R, = Br, 46%" 25a, 40%”
Py P H
HN™ - Nw
g I)* L Fe
~o @
26a, 66% 27a, 65% 28a, 61%”
3solated yields. ? 100 °C. ¢ 2 equiv of alkene.
Removal of the Pyridyl Group from 2a
P NH
HN” y 1) PtO, (10 mol%), H, )\(:/ Boc,0 NHBoc
' —_—
)\("75/ 2) NaBH,4, THF 5 THF )\“”5/ 599%
2a 2b 2c
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Mechanistic Studies

Determination of the Catalyst Resting State

a.
a: *'P NMR spectrum of Ru-1 PEt _|
' N DeM P, | N
50.8 ppm Ru-1 + | EE—— O
» . T : Nig NH, r.t., 5 min NTf
b: “'P NMR spectrum of the catalytic hydroamination with Ru-1 NTf H2 2
1b 2
7 7.50.2 ppm ' (1 equiv) 29 (82%)
P e e R A R, MJ.,..--\I\-/.I\'»".J‘V“‘;.- T A T A — "-.v"“'«._.,‘_,..,J\-..v.'. P [ R
c: 3'P NMR spectrum of Ru-1 + 1-dodecene (20 equiv) b. ®
| i PEt; /=
50.8 ppm » K3POy (10 equlv)= EtsPu, | f\\NQj
N _ e
d: *'P NMR spectrum of Ru-1 + 1b (20 equiv) DCM.rt, 5h E,P” N C,:,)sz
N 50.2 ppm '
e N 30 (85%)

ot i i g b A

e: 2P NMR spectrum of complex 30
P P Figure 2. (a) Synthesis of complex 29. (b) Synthesis of complex 30.

(c) Solid-state structure of complex 29 with ellipsoids set at 30% and
selected hydrogen atoms and free triflimide anion omitted for clarity.
(d) Solid-state structure of complex 30 with ellipsoids set at 30% and
selected hydrogen atoms and free triflimide anion omitted for clarity.

'51.1 ppm

f: *'P NMR spectrum of the catalytic hydroamination with complex 30

oy

J/ 502 ppm
A A e e \r\..-.-h*«\-w"\"“*f T st il ot B e, W.'.L'm-«.«
g: ¥'P NMR spectrum of complex 30 + 1b (20 equiv)
/" \50.2 ppm N
— et | AN |
e it Mmoo egpmm et | 30 (5 mol%) _
T T T T T -1 T T T It —>
B %9 58 57 56 55 54 53 52 51 50 49 4B 47 46 45 44 43 42 41 40 B 3B \HQ/\+ S HN N
f1 {ppen) H2N N 1 ,2-DCB
80°C,48h g
Figure 1. (a) 3P NMR spectrum Ru-1. (b) 3P NMR spectrum of the catalytic 1 equiv 1b 17a
hydroamination of 1-dodecene with Ru-1 as the catalyst. (c) 3P NMR spectrum of 65% yield

the mixture of Ru-1 and 1-dodecene (20 equiv). (d) 3P NMR spectrum of the mixture
of Ru-1 and 1b (20 equiv). (e) 3P NMR spectrum of complex 30. (f) 3P NMR
spectrum of the catalytic hydroamination of 1-dodecene with complex 30 as the
catalyst. (g) 3P NMR spectrum of the mixture of complexes 30 and 1b (20 equiv). All
of the above spectra were acquired at 80 °C.
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Mechanistic Studies

Determination of the Catalyst Resting State

e oy,

et e AT sttt ot % 00 i P B e i

g0'c -. |

el i Wit gt ae Ny ] A e amproee e At
40 °C
P — - S - -
o S |
25°C AN .
e et R SRR ot et e e b b st s ppataret A ra
fi
I
.'I 1
& {
0°C

Fa o
. / / /
VR OTPIURY L S P \u-w.mw_».,,._.._,,...,,, e

L |

S

20°c N Mo
| | |I
30+ 31b J [ [

40°Cc oo SooT T J3Ma e fidta

37 58 55 54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 33 37 36 35 34 33 32 31 30 29 2@ 27 16 25 24 23
1 (ppm)

PEt, /=
N EtsPu, | N
| D 3 Rlu N/
N~ "NH, Et3P/ AN
H
1b 30
®

N proposed

7 ‘ \ structure of
S~ N"’H 31a

H;

PEty; /= —|®

EtsPa, | N§

PEt; /= —|
Et3Pl/,,,"'. | ““\\\N>\,__-/>7
Ru
Et,P7L ,\ll >

Ru
Et3p/ \N possible
\ structure of
H 31b

\N"
\_/~NH,

Figure 3. 31P NMR spectra of the mixture of complexes 30 and 1b (20 equiv) at different temperatures and possible structures for complexes 31a and 31b.

S)
NTf,
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Mechanistic Studies

Kinetic Studies on Catalytic Hydroamination

a. initial rate vs. [1b] c. initial rate vs. [Ru-1]
0.12 0.12 ..
04 01 -
gooa L g 008 P
%oos ¥ = 4.3x104x-8.3x107 Zoos oY= 140109 7 4x 104
I R?=054 T oo - R?=0.99
% 0.04 ® -
0.02 002
0 0
0 100 200 300 400 500 0 20 40 60 80
[1b] (mM) [Ru-1] (mM)
b. initial rate vs. [vinylcyclohexane] d. 1/initial rate vs. [PEt;]
14
012 . D ®
04 _ E e PR
g i g0 .- i
£ 008 E g y=2.0x10"x-5.3
= ° o R?=0.99
E 0.06 LTy = 1.4x109-8.9x104 T 6
2= £
2 004 R?=0.99 54
- =
002 * = 2
0 0
0 200 400 800 800 0 10 20 30 40
[PEL;] (mi)

[vinylcyclohexane] (mM)

Figure 4. (a) Initial rates of product formation as a function of [1b]. (b) Initial rates of product formation as a function of [vinyl-cyclohexane]. (c) Initial rates of

product formation as a function of [Ru-1]. (d) 1/initial rates of product formation as a function of [PEt;].

Possible Pathways for the Formation of the C-N Bond

Explain the Rate Inhibition by Additional PEt;

PEt3 —_— @
@
Nu attack EtsPu,, ““N;>7 PEt; /~ PEL PEt; /=
NH2 Py / Et3Po,,,,,“R| \N)\/:/>7 — s EtgPy, | ‘\\\N\ / —» product
® u . s
PEty /= Ee” | N = P/ \
EtsPa,, | Ny @ PEt3
"RU. — Nep 34 30
Et,p” | SN ®
H PEt3 —
== y EtsPu, | Ny
32 r.nlgrat‘ory /Ru
insertion  EtzP NH b
TLS
R 33

24



Mechanistic Studies

Hydroamination of Vinylcyclohexane with 1b-d,

H
P4
1,2-DCB, 80 °C ’T‘ N
He
1b-d, (80% D 16a-d),
reaction time (h) %D at the H, position 2 %D at the H,, position 2

24 29% 29%

36 31% 32%

48 29% 28%

a %D incorporation = moles of D atoms/moles of product.

Proposed Pathway for the Formation of Hydroamination Product from 33

_|® _|@
S R/\ N ﬁ»hydnde elim

O REN A
Z insertion N/ [Ru H]

DN ON DN
N\_/ |
RO 30-d . Ru 33-d 1b-d, j 36-d

rapid H-D exchange isomerization

1b-d,
D N ~ 1b-cp+[Ru-D] D N
D D reduction |
= N >z
R N N R N N
37-d

D
16a-d,,

1:1 D in the H, and Hy, positions
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Mechanistic Studies

Hydroamination of 1-Dodecene in the Presence of Acetone

Ru-1 (5 mol%)
acetone (1 equiv)‘

()

S

N NH
1b

\JK

1,2-DCB
80°C, 48 h
13a
_|® ®
| X m | Bhydride elim \MJ\ _Py
N N/ insertion HN '}‘/ [Ru-H] 9 H
N/ 40
Ru \(\,))\/Ru
9
P
1b . condensatlon reduction HN/ y
~—— —_—
)J\ Sy Y [RuH +1b )\
41 39 (50%)
P
HNT
reduction
Rorl =15 ey 13200%)

isomerization
N/Py X Py ]
9 N 9 N

40 42

O

hydrolysis
e
5 38 (53%)




Mechanistic Studies

Proposed catalytic cycle :

z
HN \Nl
z z
S ’& 36 H,N © <
HNT N R HoN 7 I NN
R 1% Et3P//,I”'. | “\\\\N\ R)\ 37 = I
Ru. o
\( ® Et,P” 46\PEt3 N
AN~ | ligand
H
Et.P U exchange
3 /,,,,,...Rl SR hydrogenation
u
Et3P/ \PEt3
4
®
z Ru- eup 1N
F-hydride - | (Ru(PEt3)sNTf,) 3 'R|u\ N/
elimination H,N” N > " P/ \N
3
1b
30 M
N
R ) ®
— | PEt; /= | l
EtsF"m,,,..R RN migratory EtsPu, | NQ' R
u insertion Ru
Et,P” 3 3\PEt3 D — J/ | AN
R PEts 32
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Summary

removable

R + :
HaN"
Stoichiometric Ammonia Surrogate
Oxidative | \—R‘ Reduction
Amination _ . N/ of Imine

¢ Ruthenium-catalyzed intermolecular hydroaminations of a variety of unactivated

terminal alkenes;
€ Without the need for an excess of alkene, and broad substrate scope;

¢ A new mechanism of hydroamination.

Hartwig, J. F. et al. J. Am. Chem. Soc. 2021, 143, 359.
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The First Paragraph
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The First Paragraph

Amines and their derivatives are important as both
pharmaceuticals and agrochemicals. Traditional methods to
synthesize amines include nucleophilic substitution of organic
halides, reductive amination of carbonyl compounds, and reduction
of amides, nitriles, and azides. The hydroamination of alkenes
catalyzed by transition-metal complexes is an attractive alternative
to these methods because it occurs directly with alkenes and could
be applied to the functionalization of both simple alkenes and

complex molecules containing alkene units.
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The First Paragraph

Despite the potential utility of hydroamination, examples of
iIntermolecular hydroaminations are often limited to conjugated and
strained alkenes, such as dienes, vinylarenes, norbornenes, and
cyclopropenes. Hydroaminations of unactivated alkenes are rare

and generally require a large excess of alkene.
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The Last Paragraph
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The Last Paragraph

Ruthenium-catalyzed Markovnikov hydroamination of both
unactivated and activated terminal alkenes occurs with 2-
aminopyridine as a surrogate for ammonia with a stoichiometric
amount of alkene by an unusual pathway for hydroamination. This
process constitutes a rare example of hydroamination of alkenes
with ruthenium, and it is enabled by a combination of a cationic
metal center and a carefully designed aminopyridine as an

ammonia surrogate.
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The Last Paragraph

This combination facilitates the deprotonation of the aminopyridine
coordinated to an electron-deficient ruthenium center, the migratory
Insertion of the alkene into the strained fourmember ruthenacycle,
and the cooperative reduction of the imine intermediate generated
from B-hydrogen elimination to lead to an overall redox-neutral
addition process. This reaction proceeds with a variety of terminal
alkenes to afford the amine products under conditions with the

alkene in stoichiometric quantities.
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The Last Paragraph

A combination of experimental and computational mechanistic
studies reveals that this hydroamination reaction occurs by
turnover-limiting migratory insertion of the alkene into the Ru-N
bond, followed by B-hydride elimination to generate an enamine,
tautomerization of the enamine to an imine, and reduction of the
imine by the hydridoruthenium aminopyridine complex to generate
the amine product. This pathway implies that an enantioselective
process could be developed if the step involving reduction of the
Imine intermediate can be rendered enantioselective. Studies to

achieve such a process by this mechanism are ongoing.
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Representative Examples
.

» The product from the hydroamination reaction was converted to

a primary amine by a two-step sequence. (% ¥ k)
EW 2 Y SR Wl 2 R R 2 PR (2D

» The results of our mechanistic investigation are summarized in
Figure 7.(v. ¥4, #4&; BEAL (summarizedyid = X At K418 8 X))
FEAVGME T LLERELZEERTF
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