Top 10 Challenges for Catalysis

O,
O o
current: ©—<

Hy + O, H,O,
O, @)
H,C=CH, /\

NH;

current: nitration and Fe reduction

NH

1. SO, SO, 6.
2. CH,4 CH3;OH
7.
3. NXOy - N2 + 02 8
4. alkane — > alkene 9.
H3C_CH3 H2C:CH2
current: cracking
HsC” “CHj Z > CHj
10.
SN eh

5. CH,OH H,C=CH,

H,O

R/\ R/\/OH



difficulty

4

Anti-MarkovnikovntermoleculatHydroaminatiorof Olefins
and Relative Mechanism Studies

< << <<<K<LKKL<

<<

Ammonia
Anti-Markovnikov
Hydroamination
Olefin

Not achieved

Anti-Markovnikov
Hydroamination
Olefin @romatic
Aliphatig

Hydroamination
Olefin

Reporter Fanyang Mo
Supervisor: Prof. DGuangbirDong

UTAuUSItn



Content

Reactions

1. Anti-Markovnikovhydroaminationof olefin
a. Alkaltmetal-catalyzed/mediated (Li, Na)

b. TransitionmetaltO!l (GF f €T SR O0wKZX wdzZ [/

c. Non-catalyzed

Mechanism and Insights

2. Migratory Insertion ofOlefinsinto Metal¢Nitrogen Bonds

3. Activation of NH bond



1. Anti-Markovnikovhydroaminationof olefin
a. Alkaimetalcatalyzed/mediatedLi, Na)

B
H (\N/ n
| A E j nBuLi (20 mol$) N N\/
+
P N THF, 24h, RT |
R 1 ANF
Il

R
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, ITillack, A.; Zapf, A.;Arlt, M.; Heinrich, T.;B6ttcher H.;
Beller, M. Chemistryi A European Journ&004 10, 746.



1. Anti-Markovnikovhydroaminationof olefin
a. Alkaimetalcatalyzed/mediatedLi, Na)

e
HN "
N

LiNEt SN

-
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: Chem2005 241, 175.



1. Anti-Markovnikovhydroaminationof olefin
a. Alkaimetalcatalyzed/mediatedLi, Na)

n-BulLi /\/\( 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

| — oo un

Khedkar V.; Tillack, A.; Benisch C.;: Melder, J-P.;Beller, M. J. Mol.Catal. A: Chem2005 241, 175.



1. Anti-Markovnikovhydroaminationof olefin
a. Alkaimetalcatalyzed/mediatedLi, Na)

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

Reaction
Alkene Amine Product Catalyst Yield / % Ref.
conditions
NH N7~ 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 e
800-950 bar
o OH \H;]\Q NaNH, 225C 9 46
NH; 250°C
NH; Na 17 %6
800-950 bar
Ai? NH N INEy 150°C 18 451
/ _/ 7 = | TMEDA

Muller, T. E.:Hultzsch K. C.:Yus, M.: Foubelg F.; Tada, MChem. Re\2008 108 3795 P 3866



1. Anti-Markovnikovhydroaminationof olefin (aromatic)
b. Transitioametal-catalyzed

[Rh{cod)z]BF 4/ 2 PPhs
1 | + HNR, >
e THF reflux
p NR; N NRz _N
| t | + |
T e S
1a-8a 1b-8b
2,01
.e®
" h f_.-ﬂ"”ﬂl & 4
115 - . LA L S ‘;F"-"_, -
'i' A - f,/ mpE R
.-‘ "’/{

/ NA{2-pyrichl-2-ethenyl)piperidine (2a)

*  N{Z2-pyidy-2-ethyljpiperidine (2b)
»  2-gthipyidine

o 5 10 15 2 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.; Miller, THzw. J. Inorg. Cheml1999 1999 1121



1. Anti-Markovnikovhydroaminationof olefin
b. Transitioametal-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]BFdn"E 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.; Muller, THtw. J. Inorg. Chem1999 1999 1121. 9



1.) AgOSO.CF3 7N\, .
[(cod)RhCl] N » [(cod)Rh(N )2] CF3S03
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scheme 6. Reaction of [Rh(cod)(2-vinylpyridine),]CF;SO; (12
wvith morpholine

Beller, M.; Trauthwein, H.; Eichberger, M.; Breindl, C.; Muller, THtw. J. Inorg. Cheml1999 1999 1121. 10



1. Anti-Markovnikovhydroaminationof olefin
b. Transitioametal-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.Kuwanq R.; KawatsuraM.; Hartwig, J. FJ. Am. Chem. So2003 125, 5608.
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Table 2. Anti-Markovnikov Hydroamination of Vinylarenes with
Secondary Amines?

5 mol% NRR'
XX [Rh(cod)(DPEphos)]|BF4 % Amine : olefin = 1:4
HNRR' + H—:@/\ toluene, 70 °C RL z ) ’
entry amine vinylarene lime (h) yield® (%) amine/enamine*
1 1a 2a 48 71 75:25
2 la 2b 48 72 79:21
3 1a 2c 48 71 85:15
4 la 2d 48 70 78:22
5¢ la 2e 72 48 60:40
65 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
14% 1g 2d 72 74 82:19
15¢ 1g 2g 48 794 90:10
N\ R
HNRR' = HN X 1e: 2 5Me,-morpholine  vinylarene= R—
S

1a:X=0 11‘:th~]\/:© 2a:R=H 2e¢ :R=4-Cl

ib : X =CH. 2b :R=4-Me 2f :R=3-CF,4

1c : X = N-Ph 2c :R=4-MeO 2g: 2-vinylpyridine

1d : X =N-CO,Bu 19+ FNMe; 2d : R = 3,4-MeO ’ w

Substrates limitationPrimary aliphatic amine and aromatic amine did not react.

Utsunomiya, M.Kuwanqg R.; KawatsuraM.; Hartwig, J. FJ. Am. Chem. So2003 125, 5608.



Scheme 3

ErJH
Rh” Ar

NH\.FJ \X*J@&\ @)‘ME

R Hh\) b Hh R =— Rh \]/\N
Hh—L /n Ar m R
reductive reductive elimination ,ﬁ hydmgen

Fi elimination or efimination only
favored p-hydrogen elimination

Concentration of olefin affected th@mine:enamineaatio very much.

Utsunomiya, M.Kuwanq R.; KawatsuraM.; Hartwig, J. FJ. Am. Chem. So2003 125, 5608.
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1. Anti-Markovnikovhydroaminationof olefin
b. Transitioametal-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. B. Am. Chem. So2004 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 b entry product yield °

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

1

2

cozfau (\D

90% 11 a.f.gMeD\©/\’N\,) 91%

o
oo 1phah FaC NS 71e
@/\,l/\j 8 \©/\/(\
o

@/\/CED 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. B. Am. Chem. So2004 126, 2702.
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Scheme 1

(32 eq.) @/\

(14eq) styrene A T
4 eq. THF, 8000 Ph-P" u ® 1a 67%
A e orPrent [ 30 min % “oTi
/1| TfOH (2 equiv :
(COD)Ru
\ THF, t (32 eq.) /@’
cymene Me By \
THF, 80 °C F’wm\ © 2, 64%
30 min oOTf
Scheme 2
RSN /N catalyst NR
©/\ " HN\ .«'O dioxane (NF.;/\J |-,2| )
o= ml:lrp Qling
1.5 M 078 M 100°C yield@
cat. 15min 30min  1h 2h 5h

1a (5 mol%)  22% 40%  64% B80% 96%
2 (5 mol%) 10% 32%  56% T77% 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 AHF=28+1 kJsmol"'

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)

=

| NR,
oTf

Takaya, J.; Hartwig, J. B. Am. Chem. So2005 127, 5756.

16



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. B. Am. Chem. So2005 127, 5756.
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1. Anti-Markovnikovhydroaminationof olefin

b. Transitioametal-catalyzed

PdCI,(PhCN),

benzoquinone, H,0
R/\ q 2 ’

t-BuOH, 35 °C

desired

R/\/NR 2 hydroamination
adduct
(M) 3
. r
HNR'; (2) © undesired
"""""" - R/\/OH hydration
OH adduct
L 7
R" R"
6 or
; undesired
NR', reductive amination
)\ adduct
R" R" (via ketone
8 intermediate)

Fig. 2 Challenges of the formal anti-Markovnikov hydroamination

methodology.

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



