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1. Anti-Markovnikov hydroamination of olefin
a. Alkali-metal-catalyzed/mediated (Li, Na)

B
@/\\\ E j nBuLi (20 mol%) X N\/
+
R/,/ h|'| THF, 24h, RT I
Bn

R/ Z
la-1 2 4a-1
Entry R Olefin/ Conv."! Product
amine [%] (Yield*“[%])
1 H 2:1 82 4a (80)
2 4-Cl 2:1 99 4b (60)
3 4-Me 2:1 99 4c (96)
- 4-OMe 2:1 100 4d (99)
5 4F 2:1 98 de (87)
6 3-Cl 2:1 94 41 (85)
7 3-Me 2:1 80 4g(47)
8 3-Br 2:1 90 4h (41)
9 3-CF, 2:1 78 4i (69)
10 2-Br 1:1 88 4j (59)
1 ) 2:1 9% 4k (94)
12 4-Ph 21 98 41 (98)

[a] Reaction conditions: 2 (2.2 mmol), olefin in THF (5 mL) in a pressure
tube. [b] Determined by GC with hexadecane as internal standard (based
on 2). [c] Yield of isolated product. [d] 2-Vinylnaphthalene was used.

Kumar, K.; Michalik, D.; Garcia Castro, I.; Tillack, A.; Zapf, A.; Arlt, M.; Heinrich, T.; Bottcher, H.;
Beller, M. Chemistry — A European Journal 2004, 10, 746.



1. Anti-Markovnikov hydroamination of olefin
a. Alkali-metal-catalyzed/mediated (Li, Na)

S LiNEt SN
HN o+ — -
— TMEDA K
Entry  Solvent (ml)  Cat. (mol%) Ligand Cat.:L ratio  Pressure  Temperature (°C)  Time (h) Conversion (%)  Yield (%) TON
(mol%) (bar)
Toluene 9 - 1:0 20 80 18 23 22 3

7 Toluene 5 10 1:2 20 80 18 100 96 19
11 Toluene 2.5 5 1:2 40 80 18 95 93 37
12 Toluene 2.5 5 1:2 40 r.t. 24 6 3
13 Toluene 2.5 5 1:2 40 40 12 10 8 3
14 Toluene 2.5 5 1:2 20 110 12 79 69 28

Reaction conditions: 0.029 mol diethylamine, 15 ml solvent, 0.5 ml n-octane as an internal GC standard.

Khedkar, V.; Tillack, A.; Benisch, C.; Melder, J.-P.; Beller, M. J. Mol. Catal. A: Chem. 2005, 241, 175.



1. Anti-Markovnikov hydroamination of olefin
a. Alkali-metal-catalyzed/mediated (Li, Na)

n-BulLi /\/Y N
W <+ - N +
N TMEDA Q
H
branchedamine linear amine

Table 3
Effect of solvent
Entry Solvent (ml) n-BuLi (mol%) TMEDA (mol%) Temperature (°C) Conversion (%) Yield (%)

Branched amine

Linear amine

Toluene
THF

Diethyl ether
MTBE
Toluene
Toluene
Toluene
Toluene

el R s R e S

20
20
20
20
20
20
20
20
20

120
120
80
80
80
80
120
130
160

Khedkar, V.; Tillack, A.; Benisch, C.; Melder, J.-P.; Beller, M. J. Mol. Catal. A: Chem. 2005, 241, 175.



1. Anti-Markovnikov hydroamination of olefin
a. Alkali-metal-catalyzed/mediated (Li, Na)

Table 73. Selected Examples for Alkali Metal-Catalyzed
Amination of Aliphatic Olefins

Reaction
Alkene Amine Product Catalyst Yield / % Ref.
conditions
NH NN 100°C
= Na, Py 80 4ss
41-55 bar
PhNH H NaNH 23 75 a6
—— 2 ‘_N
P~ * | 41-55bar
NH; 250 °C
>: NH, Na 32 46
800-950 bar
o OH \%\Q NaNH, 225C 9 46
NH; 250°C
NH; Na 17 %6
800-950 bar
Ai? NH N (NBt 150°C 18 a7
/ _/ 7 = | TMEDA

Mdller, T. E.; Hultzsch, K. C.; Yus, M.; Foubelo, F.; Tada, M. Chem. Rev. 2008, 108, 3795. P 3866



1. Anti-Markovnikov hydroamination of olefin (aromatic)
b. Transition-metal-catalyzed

[Rh{cod)z]BF 4/ 2 PPhs

| + HNRz »
e THF reflux
p NR; N NRz _N
| i | L
o S S
1a-8a 1b-8b
204
.e®
15 P ../.ﬂ_,ﬁ"fh_‘*
L .h.t A i /{_,-r' tas
=] & /
£ 104 L~
E
P
054 NH 2 pyridy-2-etheny)piperidine (2a)
*  N{Z2-pyidy-2-ethyljpiperidine (2b)
»  2-gthipyidine
D,D T T T L) T T T I H T T 1
0 5 10 15 20 25 30

time /h

Figure 1. Time/concentration diagram for the reaction of 2-vinylpy-
ridine and piperidine

Beller, M.; Trauthwein, H.; Eichberger, M.; Breindl, C.; Mdiller, T. E. Eur. J. Inorg. Chem. 1999, 1999, 1121.



1. Anti-Markovnikov hydroamination of olefin
b. Transition-metal-catalyzed

Table 1. Rhodium-catalyzed reaction of 2-vinylpyridine and piperidinel?!

Entry Olefin/Amine  Catalyst (mol-%) Solvent, reaction time Amine product Enamine Ethylpyridine Amine
(%) (%) (%) product/Enamine
1 4:1 [Rh(cod),]BF4/2 PPh; (2.5) THE, reflux, 20 h 53 47 42 1.1
2 4:1 [Rh(cod),]BF4/2 PPh; (2.5) Toluene, reflux,20h 61 30 24 2.0
= 3 4:1 [Rh(cod),|BF4/2 PPh; (2. 5} DMAC, 140°C,20h 44 < (.1 21 -
- 4:1 [Rh(cod)g]BFﬂ PPh; (1.0) THE, reflux, 20 h 47 8 7 59
» 5 4:1 [Rh(cod),|BE, (2.5) THE, reflux, 20 h 97 2 2 48.5
6 2:1 [Rh(cod)z]BFdn"Z PPh, (2.5) THEF reflux, 20 h 16 82 46 0.2

[ The yield was determined by GC with hexadecane as internal standard and is referred to amine.

Beller, M.; Trauthwein, H.; Eichberger, M.; Breindl, C.; Miiller, T. E. Eur. J. Inorg. Chem. 1999, 1999, 1121. 9



1.) AgOSO.CF3 7N\, .

[(cod)RhCl] N » [(cod)Rh(N )2] CF3S03
2) |

= 12

L

No_=

+ ~F
(cod)R + (
I’I\\N/“"% 'i‘

|)|\f} H
‘ Two equiv
12

scheme 6. Reaction of [Rh(cod)(2-vinylpyridine),]CF;SO; (12
wvith morpholine

Beller, M.; Trauthwein, H.; Eichberger, M.; Breindl, C.; Mdller, T. E. Eur. J. Inorg. Chem. 1999, 1999, 1121. 10



1. Anti-Markovnikov hydroamination of olefin
b. Transition-metal-catalyzed

@/\ ﬁ 5% [Rh(COD){ DPEphus}]Bﬁ
DPEphos = @\ /@ ©/\/

PhoP PPh,

Table 1. Ligand Effects on the Reaction of Styrene with
Morpholine in the Presence of Catalysts Containing DPEphos and
Related Ligands?

PhpP PPhy  PhoP © PPhy  PhgP PPh,
Xantphos DBFphos BIFHEphos
entry ligand amine yield® (%) enamine yield® (%)
) | DPEphos (eq 1) 62 20
2 PPh; 17 78
3 DPPE¢ 0 1
4 DPPB4 0 0
3 DPPPent¢ 1 1
6 Xantphos (1) trace 9
7 DBFphos (2) 3 40
8 BIPHEphos (3) 0 0

Utsunomiya, M.; Kuwano, R.; Kawatsura, M.; Hartwig, J. F. J. Am. Chem. Soc. 2003, 125, 5608.
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Table 2. Anti-Markovnikov Hydroamination of Vinylarenes with
Secondary Amines?

5 mol%

A [Ah(cod)(DPEPhos)IBFy "\ NRR Amine : olefin = 1:4
HNRR' + H—:@/\ toluene, 70 °C RL z ) )
entry amine vinylarene lime (h) yield® (%) amine/enamine*
1 la 2a 48 71 75:25
2 la 2b 48 72 79:21
3 la 2c 48 71 85:15
- la 2d 48 70 78:22
5¢ la 2e 72 48 60:40
6/ 1a 2f 72 41 57:43
78 1b 2a 72 57 63:37
8 1b 2d 48 66 77:23 pN/COz‘Bu
Qs lc 2a 72 58 86:14 NJ
10 1d 2a 72 53 96:4 ©/\’
11&h le 2a 72 51 76:24
12 1f 2c 48 62/ 72:28
13 1g 2b 72 504 54:46
144 1g 2d 72 74 82:19
15° 1g 2g 48 794 90:10

SN : 7R R
HNRR' = HN X 1e: 2 5Me,-morpholine  vinylarene= R—
\— =

1a
ib
1c
1d

:X=0

. :GHQ

: X =N-Ph
fx:N'GDgrBu

19 : HNMe,

2a:R=H 2e :R=4-Cl
2b:R=4-Me 2f :R=3-CF,

2c :R=4-MeO 2g: 2-vinylpyridine
2d : R = 34-Me0

Substrates limitation: Primary aliphatic amine and aromatic amine did not react.

Utsunomiya, M.; Kuwano, R.; Kawatsura, M.; Hartwig, J. F. J. Am. Chem. Soc. 2003, 125, 5608.



Scheme 3

® H A
-R Pil' \ .f
-— FRn R ~—— i
| . .
! Y T
Rin— L /H Ar Ar R Ar R
reductive reductive elimination p-hydrogen

Fi elimination or efimination only
favored p-hydrogen elimination

Concentration of olefin affected the amine:enamine ratio very much.

Utsunomiya, M.; Kuwano, R.; Kawatsura, M.; Hartwig, J. F. J. Am. Chem. Soc. 2003, 125, 5608.
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1. Anti-Markovnikov hydroamination of olefin
b. Transition-metal-catalyzed

5% Ru(cod)(2-methylallyl)»
7% DPPPent o

= /\ 10% CF53S0O3H N\)
+HN O > (1)
"/ dioxane, 100 °C, 24 h

DPPPent = 1, 5-bis(diphenylphosphino)pentane 96% isolated yield

/\ NN
(COD)Ru Ph,oP PPh,
\)\ DPPPent

Utsunomiya, M.; Hartwig, J. F. J. Am. Chem. Soc. 2004, 126, 2702.
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Table 2. Ruthenium-Catalyzed Hydroamination of Vinylarenes
with Alkylamines?

Smol%: Rulcod)(2-methylallyl);

~ Xy 7mol% DPPPent / 10mol% CF3S04H o NRR'
HNRR' + R"~ - H“{:I/\,
F dioxane, 100 °C, 24 h 7

entry prﬂducl yield ? entry product yield °

Cxﬂw gode ©/\/vah 50%
0
O 91% 9 "“'9\@\/\/”\) 81%
©/\/ Me
64% 10 /©/\/“v) 72%
©/\, Me
@N

1

2

cozfau (\D

90% 11 a.f.gMeD\©/\’N\,) 91%

o
2o, 1249h FiC N e
@Vﬁ E U\Ir\
IO

@/\/C@ 65% 13" NvJ 51%
FiC

76de @/\zmﬂHam 63% 14 4% @/K/”V) 40%

@ Amine/vinylarene/Ruw/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. 4 80 °C. €48 h. 70.25 mL of dioxane. £ 110 °C. * DiPPF was used as
ligand. 1.5 mmol of vinylarene was used. /72 h.

Utsunomiya, M.; Hartwig, J. F. J. Am. Chem. Soc. 2004, 126, 2702.

15



Scheme 1

(32 eq.) @/\

styrene

(14eq.) THF 80°C Ph.,P" RU j@ 1a, 67%
A e orPrent [ 30 min % “oTi
/1| TfOH (2 equiv :
(COD)Ru
V| THRER\ (32eq) ,@/
cymene Me By \
THF, 80 °C F’wm\ © 2, 64%
30 min oOTf
Scheme 2
RSN /N catalyst NR
©/\ " HN\__JO dioxane (NR/\;nu;rphSI ino)
o= 1
1.5 M 0.78M 100°C ield@
cat. 15min  30min  1h 2h 5h

1a (5 mol%) 22% 40%  64% B80% 96%
2 (5 mol%) 10%  32% 56% 77% 94%
in situ® 9% 18%  40% 63%  87%
¢ Yield by GC. Ru(COD)(2-methylallyl), (5 mol %), DPPPent (7 mol
%), TfOH (10 mol %).

Scheme 3

H NR;

AH#=28+1 kJemol-’ |
[S]

AS *= =213%5 J/mol-K

Ru ® ot [ j Ru ®
Ph,p Y-
MPha dioxane-NMP wph?

(20 equw) 20-50 °C .
knbs=4-1x.10-4 g1 (20 °C) 3a (NR, = morpholino)

OTf

Takaya, J.; Hartwig, J. F. J. Am. Chem. Soc. 2005, 127, 5756.
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Scheme 4

40 equiv styrene o
@
.Ru :
PhgP* 21 dioxane-NMP  Ph *PPh
wphg 100°C % 2 (\O

Kops=5.6x10°%s1 74
3a (NR, = morpholino) obs ‘:_ Ph/\\/N\)

Scheme 5

< o
Nucleophilic addition

-Ru
PhyP' 7t~
PPh, N PPh,
B e, AN D u{) % ot
1a ® (\O 3a (NR, = morphollne)
|T + styrene, - Ph/‘““-’N\) | I

arene exchange

Takaya, J.; Hartwig, J. F. J. Am. Chem. Soc. 2005, 127, 5756.
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1. Anti-Markovnikov hydroamination of olefin
b. Transition-metal-catalyzed

NR' desired
R” ~"""2 hydroamination
adduct
M) ?
PdCI;(PhCN), HNR'; (2) or
benzoquinone, H,0 ¢ sk
RTX: 2 R/Vo ------------ B R/\/OH hydration
s OH adduct
t-BuOH, 35 °C 5 )\ 7
R" R"
6 or
p undesired
NR2  reductive amination
)\ adduct
R" R" (via ketone
8 intermediate)

Fig. 2 Challenges of the formal anti-Markovnikov hydroamination
methodology.

Bronner, S. M.; Grubbs, R. H. Chem. Sci. 2014, 5, 101.

18



Table 1 Optimization of hydroamination methodology

i. PACIz(PRCMN)z (10 mol%:)
benzoquinone (1 equiv), H;O

t-BuOH, 35°C

JO A

1a [M], [H], 85 °C

One Pot Methodology

Ph o o

Ph

u——H—Ru

0(5: ico

~y P
IPh " Ph
\ Ph Ph -
R

0.:‘: E'CO

Shvo's Catalyst (9)

NMePh
-
ii. N-Me-anitine (23)
3a

iridicycle-OMe (10)

5

H,.--'ll'L-.Ci

OMe

Entry [M] Mol% [M] [H] Additives (step) Equiv. amine Equiv. H,O Yield®
1 9 10% Isopropyl alcohol CucCl, (if) 2.5 1 15%
2 9 10% 2,4-Dimethyl-3-pentanol Mol. sieves (i); CuCl (ii) 2.5 0 25%
3 10 10% 5:2 HCO,H/TEA — 2.5 1 63%
4 10 10% 5:2 HCO,H/TEA — 2.5 2 39%
3 10 1% 5:2 HCO,H/TEA — 2.5 1 65%
6 10 10% 5:2 HCO,H/TEA — 1.3 1 66%
7 10 1% 5:2 HCO,H/TEA — 1.3 1 59%

? Yield determined from analysis of the 'H NMR spectrum using 1,4-dioxane as an external standard.

Bronner, S. M.; Grubbs, R. H. Chem. Sci. 2014, 5, 101.

19



Table 2 Hydroamination of styrenes with N-methylaniline

i. PACI;(PhCN); (10 mol%)
benzoquinone (1 equiv), H;0 (1 equiv)

t-BuOH, 35 °C
Rf‘b\“‘ u - Hfhv NMePh
1 ii. N-Me-aniline {2a, 2.5 equiv), 70 (1 mol%) Za-k
5:2 formic acidTEA azeotrope, 85 °C
Entry Substrate Product Yield®

3a 61% (66%”)

=
3b 35%

Jo N
1a
1b
-
3 3c 55%°
t-Bu
1c
-
3d 62%
1d
m
8]
1e

e 65%

o

Substrate limitation: aromatic amines

Bronner, S. M.;: Grubbs, R. H.

Table 4 Hydroamination of aliphatic olefins with N-methylaniline

i. PdCIy(PhCN); (12 mol%)
CuCl,-2H,0 (12 mol%)
AgNO, (6 mol%)
R/\ t'BUOH, MeNOz, 02, rt

ii. N-Me aniline (2a, 2.5 equiv)

10 (10 mol%) 3k,p-u
5:2 formic acid/TEA azeotrope
argon, 85 °C
Entry Substrate Product Yield”
X
1 3k 64%
1k
ON NN
2 3p 65%
1
=
3 s 3q 40%
im
4 O\/\ 3r 56%
1n
(o]
5 MOOJLHS/\ 3s 60%
10
20

Chem. Sci. 2014, 5, 101.



1. Anti-Markovnikov hydroamination of olefin
b. Transition-metal-catalyzed

HI HE
\N-r
R’ RL,  .R? LCuH .
R" OBz -,
R
| R2 R |
& 0
R! \H “R
3R5 LCuH
! I
R4SiH
RZ
: CuL
1-N. OBz ,
R LCy R/'\/R
R/'\,/R' i 3
"' R.\,/
2
R\':l.R
OBz

2

Figure 1. Proposed catalytic cycle for CuH-catalyzed hydroamination
of alkenes.

Zhu, S.; Niljianskul, N.; Buchwald, S. L. J. Am. Chem. Soc. 2013, 135, 15746.



1. Anti-Markovnikov hydroamination of olefin
b. Transition-metal-catalyzed

Table 2. Scope of Different Styrene Derivatives”

2 mol% Cu(OAc),

NN R BN -Bn 22 mol% (R)-DTBM-SEGPHOS
R H + } : o
S 0Bz 2.0 equiv. DEMS
THF (0.5 M), 40 °C, 36 h
1 2a
(1.2 equiv)

M Substrate Scope: Styrenes

Bn\N.Bn Bn,N,Bn Bn\N,Bn
©/LMe /O/LMe ©\)\Me
r cl 3
3a 3b 3c®

91% yield, 96% ee  86% yield, 97% ee  86% yield, 92% ee

anN,Bn anN.Bn Bn\N.Bn
sodi oo ooy
Me MeO
3e 3f 3g
80% yield, 91% ee  89% vyield, >99% ee 86% yield, 95% ee

Zhu, S.; Niljianskul, N.; Buchwald, S. L. J. Am. Chem. Soc. 2013, 135, 15746.

Bn,N,Bn
«  DEMS: di-EtMeSiH
R 3
i .
Bn Bn
\N— D
G
Me 0 PAr,
aC 0 PAr;
» e
0

88% vyield, 95% ee
Ar =FPh
(R)-SEGPHOS (L4)

Ar = 3,5-+-Bu-4-MeOCgH,
(R)-DTBM-SEGPHOS (L5)

22



1. Anti-Markovnikov hydroamination of olefin
b. Transition-metal-catalyzed

Table 4. Hydroamination of Terminal Aliphatic Alkenes®”

2 mol% Cu(OAc), R Bn
R Bn.-BN 2.2 mol% (+)-DTBM-SEGPHOS N
Al |/J\ + ' > Alkyl *Bn
y OBz 2.0 equiv. DEMS
THF (0.5 M), 40 °C, 36 h
. o (0.5 M), 40 °C, 36 5
(1.2 equiv)
IBrl IB.n IBn
B N
©/\/\JN‘Bn Megs~MN-8n ™95 ™~""Bn
5a 5b 5¢
89% yield 94% yield 90% vield
Bn
B
Bn l:dn 0 |B" O ILI
N7 Bn JLQ,NE N i Bn
] N 5 B“ -
Ts Me” “N
5d 5e 5t
95% yield 88% yield 92% vyield
I|3n
N. Me Bn Me Bn
W/\Q{\/ Bn | |
N
q Bn)\, = B0 AN
59 5ht 5ib
90% yield 89% yield 87% yield

“Isolated yields (average of two runs). 2 (1 mmol), O-benzoyl-N,N-
dibenzylhydroxylamine (1.2 mmol), Cu(OAc), (2 mol%),
(+)-DTBM-SEGPHOS (2.2 mol%), DEMS (2 mmol), THF (0.5
M), 40 °C, up to 36 h. °THF (1 M).

Zhu, S.; Niljianskul, N.; Buchwald, S. L. J. Am. Chem. Soc. 2013, 135, 15746.

23



1. Anti-Markovnikov hydroamination of olefin
c. Non-catalyzed

Question 1:
CpoZrHCI,
THF, 25 °C;

MeNHOSOH,
50 °C, 0.5 h

92%

b) Amination of D-mannose substrate

BnO OBn BnO OBn NHMe
BnO—|-£0 || Cp2ZHCl,  gro—| LO
Bn THF, 25°C; _Bn
MeNHOSO,H,
© 50 °C, 0.5 h O
66%
2a 2b

Strom, A. E.; Hartwig, J. F. J. Org. Chem. 2013, 78, 8909.
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Mechanism and Insights

2. Migratory Insertion of Olefins into Metal-Nitrogen Bonds

3. Activation of N-H bond



2. Migratory Insertion of Olefins into Metal-Nitrogen Bonds
a. Pd-N bond

5 mol% [(CH3CN),PdCl,] H
5 mol% CuCl,
b + TsNH, +1/20;, - H * 1O

DME, 60 °C, 48 h

N
H

(Pl 's
\ {Pd] /‘

- ) _
Afp v LT :
! NHTs TsNH [Pd]

Scheme 18. Proposed reaction mechanism of the palladium-catalyzed
oxidative amination of norbornene. DME = dimethoxyethane, Ts =
4-toluenesulfonyl.

|
i,‘ithLn \j""-[F“d]* -0
- -NHTs - /

_-N"'"S‘:-'-""D

Hax I
4 5 Ar

Brice, J. L.; Harang, J. E.; Timokhin, V. I.; Anastasi, N. R.; Stahl, S. S. J. Am. Chem. Soc. 2005, 127, 2868.
26



2. Migratory Insertion of Olefins into Metal-Nitrogen Bonds
a. Pd-N bond

13C: Ca: 34.7 ppm

Chb: 61.9 ppm
Cc: 29.9 ppm
Joop: 8 Hz (cis)
91 Hz (trans)
31p:
16.6 (dd, J= 23, 92 Hz)
(Intermediate A) 21.3 (dd, J=8, 23 Hz)
Question 3: _pP
phCI—Hdt'i;E, dppf _ N=-CgHy-p-Cl
N THF, 24 °C, 75 min
(dppf)Pd, 77% NMR yield D 4c
3c CgHa-pF (85% conversion)  P-F-CgHa

Neukom, J. D.; Perch, N. S.; Wolfe, J. P. J. Am. Chem. Soc. 2010, 132, 6276.



2. Migratory Insertion of Olefins into Metal-Nitrogen Bonds

a. Pd-N bond
t-Bu t-Bu
\
pg % KNPh,
CeHg
RT,4h
THF -KClI
KNAr, |RT,2h
-KCI
t-Bu t-Bu
e
\ O
Pd\
NAr2

2a, Ar=Ph, 78%
2b, Ar=p-C¢H,OMe, 85%
2c, Ar=p-CgH Me, 63%

2d, Ar=p-CgH,F, 76%
2e, AI’=(3,5'CF3)206H3 -

Hanley, P. S.; Markovi¢, D.; Hartwig, J. F. J. Am. Chem. Soc. 2010, 132, 6302.

t-Bu t+Bu -Bu t-Bu t-Bu t-Bu
b \/ NPh \/
Pd\ - Pd\ . Pd
NPh, 5\1
3a Ph 3b

HN(3,5-CF3;CgH3),
THF, rt
65%

28



2. Migratory Insertion of Olefins into Metal-Nitrogen Bonds

a. Pd-N bond

Table 1. Reactions of Ethylene and 1-Octene with Amides 2a—2e”

forR=H:
!-E-u\ }-Bu Q NAT,
Nog®™ _ 2R R+ PA(P(BuBNL (7
A n P(t-Bu),Bn  for R = n-hexyl:
NA  n=0-1.5 eEquiu NAr; X MNAr;
2ae }\/CEHH + /l%,.,-GEHn E+Z2
ent complex ForA=H forR=H For R = CiHy;
v P (vield) ks > 10° (s™") (Yield)?
1 2a 89% 0.91 (neat) 74%
2 2a — — (25 equiv) 69%
3 2a — — (10 equiv) 48%
4 2b 94% 9.6 97%
5 2¢ 63% 4.3 64%
6 2d 60% 0.79 52%
7€ 2e 98% 0.053 ND“

“ Conditions for reactions with l-octene: benzene, 80 °C for 30 min.
Conditions for reactions with ethylene: toluene, —10 °C for 2 h, 20 equiv of
ethylene. ” Combined vyield for all enamine isomers.  Reaction at 85 °C.
4 This reaction did not form detectable amounts of the enamine product.

Hanley, P. S.; Markovi¢, D.; Hartwig, J. F. J. Am. Chem. Soc. 2010, 132, 6302.
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2. Migratory Insertion of Olefins into Metal-Nitrogen Bonds
a. Pd-N bond

Scheme 1

r-E!u\ ;—Bu (\‘> f-E.'.u\ Jfr-Bu H
H
P O N RN {P-C}FdﬁH

NPh, k.1 NPh, Ph,N
2a “THF 4 5

Pd(0) + Pd[(Bn)(+-Bu)glp, 7 <—— (P-C)Pd—H + PhoN"~%

k., = kk,[ethylene][2a] / k_,[THF] °
Question 2:
tg, ,BU O
O ?
Pd\ + D, L b - > two enamine products
NPh,

Hanley, P. S.; Markovi¢, D.; Hartwig, J. F. J. Am. Chem. Soc. 2010, 132, 6302.



2. Migratory Insertion of Olefins into Metal-Nitrogen Bonds

b. Pt-N bond

CN
H Fl?tEtsJHPh — H EEIS o NP

Bt o MRt EtsP-Pt

PEt, CeDs 20°C hey oN H CN
CN
_’/,"
70°C
EtP. NHPh

EtsP” F’t_”\CN '
NG

Scheme 21. Proposed reaction mechanism of platinum amides with
acrylonitrile.

Cowan, R. L.; Trogler, W. C. Organometallics 1987, 6, 2451.
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2. Migratory Insertion of Olefins into Metal-Nitrogen Bonds
c. Ir-N bond

PhHN

[Ir(PEt5),Cl] NHzPh
ZnCl, \\

[Ir(PEt3)(NHPhC7H10)(H)CI] [Ir(PEt3)2(NHPh)(H)CI]
Et;P

Etp”@;/%és

Cl HPh

Scheme 22. Proposed reaction mechanism of iridium-catalyzed addi-
tion of aniline to norbornene.

Casalnuovo, A. L.; Calabrese, J. C.; Milstein, D. J. Am. Chem. Soc. 1988, 110, 6738. 32



2. Migratory Insertion of Olefins into Metal-Nitrogen Bonds

d. Rh-N bond

/\©
PEt; _p-tol

85-105 °C N

Et.P— Rh NH |+ [(PEt3)4RhH]
T CeDe F'h/l\wle
PEt, 2h
Ph ‘2|='Et3
PEt &
: EtsP. NH(p-tol
EtsP - Rh NH Rh f (p-tol)

: i Etapf Ph :‘H

Zhao, P.; Krug, C.; Hartwig, J. F. J. Am. Chem. Soc. 2005, 127, 12066.

33



3. Activation of N-H bond

NH4
Ir(PEt3)2(C2oHg)2Cl > [Ir(PEt3)a(1-NH2)(NH3)I,Cly — -
THF, 25°C insoluble solids pyridine, 110 °C
S 90% analyzed by solid-NMR 50% (quant. conv.)
7 \l/ ’ and elemental analysis
\ \PEt3
Cl H2 H
Et3P\ | \|| __PEty
_lr r<_
Et,P~ | NT | PE
H H2 ¢
X-ray

Casalnuovo, A. L.; Calabrese, J. C.; Milstein, D. Inorg. Chem. 1987, 26, 971.
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3. Activation of N-H bond

:Bu
_F tE“ RNH, —F'-‘E'-u P—"Bu
-:cnnrdlnatncm actwatmn
N-—Ru— N—RU—CD N-—Ru co
Byt FI‘ o HgN P HN
u
1EU ':Bu
1 6 R=H 2 R = p-NOz-CgHy
3 R = p-NOyz-0-Cl-CgHj
4 R=0-Br-CgHy
5 R=m-Cl-p CI-CEHQ

P P
/ / RNH,
N-Rh—L' ——— N-Rh—NHR
L L

5 P=P'Buy; L=NEty; L'=N, P=P'Buz L=NEt;:  P=L=PPr,

6 P=P'Buy; L=NEty; L'=C,H, 10 R=CeHs 14 R=CeHs

7 L=P=P'Pry; L'= C,H,4 11 R=0-Br-CgH,4 15 R=p-NO,-CgH,
9 L=P=P'Pr,; L'= COE 12 R=m-Cl-p-CI-CgHy

13 R=p-NO,-CgH,4

Feller, M.; Diskin-Posner, Y.; Shimon, L. J. W.; Ben-Avri, E.; Milstein, D. Organometallics 2012, 31, 4083.



3. Activation of N-H bond

PR, PR, PR,
| «H .78 °C | WNH, o |
C]*llr NH3 7T> |Ir,‘H >-10°C |[r~NH3
PR B B'HCI PR . N-H ) PR
2 2 glimination 2

Kanzelberger, M.; Zhang, X.; Emge, T. J.; Goldman, A. S.; Zhao, J.; Incarvito, C.; Hartwig, J. F.
J. Am. Chem. Soc. 2003, 125, 13644.



3. Activation of N-H bond

PrBUE PrBUE
| H 1.NHy 25°C | H
IS . > Iry
[ Cl 2. KN[SI(CH3}3]2 | NHE
PBu, -78°C—=25°C PBu,
6 5
P'B
PrBUQ R NH, |d|‘:|2 A
=/ = s
| . / RT. 1 NH, 7R
PBu; <5 min P'Bu,
9 R 4a, R=CHj 5 90% from 4a
4b, R=CsHs; 68% from 3 via 4b

Crigl

f—'c"i
i

@;ﬁﬁ——'ﬁm“ ) oitsh

cirn

[k e

ORTEP diagram of 5

Zhao, J.; Goldman, A. S.; Hartwig, J. F. Science 2005, 307, 1080. 37



3. Activation of N-H bond

TBUQ PIBUE
H NH; H
Irs - Irs Path A
| ko | "NH;
P P!BUE
Bu/ g 5
PPBUE
| NH;
Ir—H - 5 Path B
| Ko
PrBUE
9
PBu,
|| oL * 5 Path C
[ -
|~ NH, ko
PrBUE
PrBUE
| NH;
Ir - 5 Path D
| Ko
p!BUE

Zhao, J.; Goldman, A. S.; Hartwig, J. F. Science 2005, 307, 1080.
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3. Activation of N-H bond

PtBu,
H 5 mol% 1 D ~H
/\/g " M H I~
CHE NHE: CEDE BDE | NHZ
PtBu,
1
PtBu, PiBu,
H |I C D | ._\D
r +C;D; ==H I
| CqDs N PtBu, PBu,
PtBu, PtBu, D| | D
\H Ir—C.D; or y—Ir—C,D,
P(Bu, P{Bu, |=|: 5 H I
I | “'CEuDS /_-"" '-'2 f L‘IZ
Dj—Ir +CigDH == D Ir\'; ~ 8 9
| H
PtBu, PtBu,

Scheme 1. Proposed pathways for the iridium-catalyzed H/D exchange
in CgDg.

Zhou, J.; Hartwig, J. F. Angew. Chem. Int. Ed. 2008, 47, 5783.
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3. Activation of N-H bond

+  H:NPh - + HPh

(tBu),P—Ir—P(1Bu), (Bu),P—IrlpBu),
H Ph H “NHPh

Qnly Ir{llil) Adduct Observed

,@ . K =188 ,@ . _K=o1 /@\ .
Q 0 H,NPh 0 I_? CeHs Q IJJ_? CsHs

tBu) P —Ir—FP(tBu tBu),P—Ir—P{tBu (1Bu) P —Ir,—P(tBu);
(tBu)z - (tBu); (tBu); rleHzph{ Iz W NHPR
10 13¢ 14c

Ir(l) o - Adduct Favored

Sykes, A. C.; White, P.; Brookhart, M. Organometallics 2006, 25, 1664. 40



3. Activation of N-H bond

oY oY o I
{EBU]QP_JT_FUBU}Q + NHEAr —_— {TBU}QP_|IT_PI[EEUJQ + © - {EEU]QP_I.llr_F‘{TEU}g+ ©
H K NH2 Ky NH
Ar Ar
12 13 14
Ks
HZN@x X = OMe (11a), Me (11b), H (11¢), CI (11d), CF; (11e)
CFs
HN—G N2 HzN Table 1. Equilibrium Constants” for 12 + NH)Ar = 13 +
YSE. Benzene == 14 + Benzene at 25 °C
1 11g ¢ aniline (11) K K K; (=K.\K2)
a 1130 b b
b 456 0.04 15
¢ 188 0.1 19
d 55 1 55
e c C 260
f c i 2190
o c € 2770

@ Equilibrium values are based on an average of two to three runs.
b Concentration of 14a too low to detect. ¢ Concentrations of 13e-g too low
to detect.

Sykes, A. C.; White, P.; Brookhart, M. Organometallics 2006, 25, 1664. 41



3. Activation of N-H bond

R@/PPT‘z @/P Pl"z Pr‘zpﬂ
N-Rd—Et — N~Pd—-Pd-N
Q\Jpaz Q\llPr' Pr,P ’Q
R ®enppaE . (X PNPPd-Pd(PNPY) o
R'=F, 17, R' = Me, 1M¢ R'=F, 2%, R' = Me, 2%

Fafard, C. M.; Adhikari, D.; Foxman, B. M.; Mindiola, D. J.; Ozerov, O. V. J. Am. Chem. Soc. 2007, 129, 10318.
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3. Activation of N-H bond

R’ R'

@_—Ppﬁz Pr‘zp\g

N-Pd—-Pd-N

Q\ Pr, Pr‘zP’Q

("' pNPPd-Pd(PNPY)
R'=F, 2F: R' = Me, 2™

‘ ' H-H . .
(RPNP)Pd-Pd(PNPF) » (RPNP)PdH + (RPNP)PdH
CgDeg, 85°C 5F or 5Me 5F or sMe

. . -0
(RPNP)Pd-Pd(PNPR) ————

= (RPNP)PdH + (RPNP)PdOH
CeDs, 85 °C 5F or 5Me 6" or gMe

. H-NH
(RPNP)Pd-Pd(PNPR) = (RPNP)PdH + (RPNP)PANH,
CeDs, 85 °C 5F or 5Me 7F or T™Me

Fafard, C. M.; Adhikari, D.; Foxman, B. M.; Mindiola, D. J.; Ozerov, O. V. J. Am. Chem. Soc. 2007, 129, 10318.
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Conclusion

NH; + Olefin

Catalytic utilization of ammonia in olefin hydroamination and in
coupling with arenes were listed among the top ten challenges for
catalysis over a decade ago, and these remain unsolved today.

NHRR’ + Olefin

Markovnikov + aromatic olefin
Markovnikov + aliphatic olefin
Anit-Markovnikov + aromatic olefin
Anit-Markovnikov + aliphatic olefin

Any chance?

Activation of olefin Activation of amine
@ | /R /R -
M| NHRR' H-M-N_ M-N_ Markovnikov
~_ R’ R’

oxidative addition deprotonation
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