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Summary of amines synthesis

Classical Sy2 reactions:

p -NH ) .
r-OH + NH; ——— -NH2 4+ H0 + Gabriele synthesis

R R + Delépine reaction
JHal &+ NH; —— 3 _.NH H + | + l{l@ o + Mitsunobu reaction
R R rNr R’N\R RN R
R Hal
Reductive routes:
. O .
CN  H,, Raney Ni NH; LiAIH R’ NO2 gnci NH,
)\ 2 y L )l\ ,R' 4 R/\Nz g
R R R N H
R R H
Q NaCNBH o 1N THOPH,. NH NH,
., ome i R7ONH; J | DO F0e: Ta y A
R H 4 C, 3 R R' 2) NaBH4 R RI
Hydroamination:
P 1)9-BBN NR', — . HAN-R 1) Ti cat N
R™™S 5yR,N-LG, Cu cat R R 2 2) NaCNBH;, ZnCl, R)\

Hydroaminomethylation (HAM):
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HAM methods

Tandem HAM via hydroformylation
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Tandem HAM via hydroformylation

metal cat.

O _ H2, CO

Tp . 0lg®

Kaiser et al., Angew. Chem. In. Ed., 2019, 58, 14639
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hydroformylation condensation

Kalck et al.,
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hydrogenation

Chem. Rev., 2018, 118, 3861



Catalytic cycle of hydroformylation step
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Kalck et al., Chem. Rev., 2018, 118, 3861

Catalytic cycle of hydragenation step
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General conditions: HAM reaction of terminal and internal alkenes
90 to 130 °C, 30 to 60 bar

CO/H, (1:1 to 1:5) O [RhH(CO),L] O P O [RhH(CO),L]
_— _—
30minto72h NN TNy i dg N NSNS te
H Ib=99:1, L1-L3 H |
Unmodified catalysts: Ligand-decorated catalyst
Rh,05
[Ru3(CO)ral i OO PPh O O
[Rh(acac)(CO),] OC""RIh—co 2 O O 5
[Rha(u-Cl)2(COD),] P™ | L= o p p
P PPh,
PPh, PPh, 0 0
[RhH(CO),L]
L1, 120° L2, 111° L3, 123° L4, 125°
yield (1) 6%, 1/b=99:1 yield (1) quant, 1/b=93:7 yield (1) 67%, I/b=73:27 yield (1) 56%, 1/b=73:27

%@p e @

L5, 131° L6, 113°
yield (1) 40%, I/b=51:49 yield (1) 43%, 1/b=45:55
L7, 106° L8, 114°
Raymond et al., Organometallics, 2003, 22 (25), 5358 yield (1) 15%, 1/b=20:80 yield (1) 67%, I/b=68:32 7



Metal-catalyzed HAM of alkenes

Recent catalytic systems:

3 group

4 group

5 group

[ “DIPP @ SC “DIPP D|pp' ¢ DIPP
/k\&\ < k\Si\ ( ﬁ

Ph, Si— \ Ph, Si—\ =Si Sic
N VAN TN
M=3Sc,Y Gao et al, Org. Chem. Front., 2018, 5, 59

g Q
Ph Ph
. SN >|\ )<
\ / 2
/Ti\ N’T"N
~ NN R

| I PN

Lehning et al, Chem. Eur. J., 2017, 23, 4197
Bielefeld et al, Angew. Chem. Int. Ed., 2017, 56, 15155

O~ SiPr,Me
t /
Bu—(_SM(NMe,), P 0 OO (NHMey),
N f: /Ta(NMez)gCI O\I\'/I/NMGZ
; 7 N 0~ | "NMe,
. — sedi™
M = Nb. Ta SiPr,Me
M=Ta, n=1
Lauzon et al, ACS Catal., 2017, 7, 5921 M=Nb,n=0

Chong et al, J. Am. Chem. Soc., 2014, 136, 10898
Reznichenko et al, J. Am. Chem. Soc., 2012, 134, 3300

NH

AN ,O metal cat. 3

O/\ + H H (early TM)
H

Overall:
+ 1°, 2°, 3° amines
+ activated and nonactivated akenes
+ moderate to good yields
- terminal alkenes
- double HAM
- mixture of linear and branched products
- moderate FG tolerance
- air sensitivity



L .-~ LR
mr-coordination . N
g ~ > et
[cat] = Au, Ag, Pd, Pt, Rh, Ir e,
RS

NH
metal cat. R T ! dual activation
O + NA‘ ( )’/\I oxidative addition "\ l
(Iate ™) > N—/[cat] . R" H
H [cat] = Rh, Ir / ' NN
2
Rl _R? R : .-N L
\N/ : . l
H R ! ' Jeat]
deprotonation \ ' te- \/
R S cal=zn Cu.Fo. 0
DG H DG catl = 4£n, Cu, re '
\ 10 mol% [Ir(COD),]OTf \ DG = wd R2 : [cat]
N +8eq /\R1 » N
degassed PhCI, 85 °C o ,
R Ar (1 atm), 6 h R Bernoud et al, Catal. Sci. Technol., 2015, 5, 2017
Olefins scope, R = H Amines scope
E Pyrrolidines /(j\/\j/ /(j\/\j/
A Co,Et A CN A ph NN N
: 1
68% <5% 42% 37% 62% ; DG
dizmono = 1.8:1 di:mono =1.2:1  di:mono = 0.19:1 di:mono =1.2:1 62% 76% 8_%.
/\/O OMe F dr. =1.2:1 d.r.=1:1
A /\/©/ /\/©/ : cbz
= /\/O : Boc—NH >N
= =z =z ' (0] Hor, Ph o
56% 52%* 62%* 59%* 96%* ' "''H
di:mono = 1.5:B1r 5 E l'\l I'\l N
/\/CN W\[I/ /\/SOZPh E DG DG D(_';
: 30% o o
=z o) /\/N : dr =131 42% 40%
62%* 40%* 73%* 55%* 70%* ;
' Piperidine and isoquinoline Proline and trans-hydroxyproline
: 9 HO,
*only dialkylated products (d.r. > 20:1) were obtained for these substrates ' Ph D‘«OE" f
' ON OFt OEt N ’}‘ o) Ph o~
L] I
: DG o) Nebe DG
; 48% 35%
[ 0, (0]
: 30% 35% d.r. = 6:1 d.r. = 3.3:1

Tran et al, Angew. Chem. Int. Ed., 2017, 56, 10530
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Olefins scope

SA®

Photocatalytic approach to HAM

/'\

R2 [Ir(lin)] 2

. [Ir(1n] / .
j\/\EWG
R R

N~ "R3 N” TR3

R2

PC (1 mol%)

NMP, 25°C, 18 h N
blue LED

"Pr. ‘Bu
CO,Et CO,Et CO,Et Z > Co,Et ZNco,Et
91% 91% 61% 89% 68%
OzEt 02Et O COZEt \)C\OzEt
OzEt EtO
CO,Et co Et Z CO,Et CO,Et
CO,Et
86% 83% 84% 52%
OzEt @\)\ozl\/le COMe CO,Et \)H\
Et0,C. Z
CO,Me CO,Et COEt 2 COEt
78% 36% 81% 9%

R3

a-aminoalkyl radical

MeO

R\/\EWG

Miyake et al, J. Am. Chem. Soc., 2012, 134, 3338

CO,Et

CO2Et RL A~ PC (1 mol%)

+ NTCR? i >
COZEt R2 NMP, 25 C, 18 h R\N R3

blue LED 2

CO,Et

Amines scope

A~ O, "0, O, Q.

O 0 0 O O

89% 89% 80% 91% 79%
tBu\ - Pra N ~ -
ipry N
\N/
@ @ @ '-
Pr
80% 90% 73% 94% 97%

mono:di = 3.6:1

oD
O
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Pros vs Cons of metal-catalyzed methods of HAM of alkenes

one-pot

atom economy

orthogonal/autotandem catalysis

high yields*

high chemo-, regio-, enantioselectivity*
good functional group tolerance*

*if catalyst is well-designed

®

moderate yields in general

catalyst design

catalyst-based substrate design

early TM incompatible with air conditions
limited olefins scope (nonactivated, terminal)
selectivity restrictions

double alkylation

metal or oxidant additives in principle

metal-free?
activated m-systems?
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Acid-mediated HAM with aminals

Formation of iminium salts - cleavage of aminals with mineral acid: Concerted mechanism - ene reaction:
SNy HA ~  ~H- P NP ® R&E& R : H
N™ N SLLAES NN O — o . © ~No s A hydrolysis
| | | @) A H A HZA R + H — Hj(ll\ll — m Y e RN
hloh Zo> desired product
Unconcerted mechanism - Nu addition:
1,5-H
@ ® ’ hydrolysis | |
R + \H/ RN o RSN * RN
I
undesired products
Aryl olefins ¢
N, 7
Sy Ny~ H3PO4, AcOH N e - N
/\/\ /\/\
A ']‘ ']' 75- 115 °C Ar ’]‘ A N I
@
MeO
70%, 2:98 68%, 10:90 70%, 80:20 5%, 14:86 72%, 79:21
Nonconjugated olefins PN N CsH- ~X CsHiq ~X
H,SO,4, AcOH 38%, 93:7 21%, 94:6 36%, 94:4:2 15%, 95:5
R + \TAT/ 135 ;oo gc Tto17h RSN+ RSN L R~y & % & &
) H I I C9H19\/\ C11H23\/\ IBUA Cy\/\
36%, 88:5:7 37%, 91:9 70%, 14:74:12 4%, 84:4:12

T. Cohen, A. Onopchenko, J. Org. Chem., 1983, 48 (24), 4531
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HAM of activated substrates with N,O-acetals

Formation of iminium salts - cleavage of N,O-acetals with Lewis acids: R3S|\/\ §IG\LI) O d)
Ph  Ph i —
or + —_— Sg2 product
AN~  SnCl <) S © © or
Ph”™ "NT TOT =Nl o I\ ) SbClg Or SnCls

Ph) TMSCI H SnCls O=0 O\iH
AN
0O

1 2
R1 R2 R R R1 R2
@) , _~SMe; _DCM l\NJ\H 1,2-SiMe Es))
N 45 min C Ng©)
| © ®
SnC|5 ': SiMe3
Me3Si
1 2 - B-silyl effect
- poor chemosectivity
1,5-H - poor regioselectivity
- only activated alkenes
R" RZ ©
R'" R? ©
. SnCl
R R2 Yield, % 3:4 kﬁ)/} SnCls kﬁ) 5
H H 85 100:0 . Q<
Ph H 98  100:0 (d.r. 55:45) SiMe;
Me Me 96 92:8
-(CH2)2- 92 88:12 4 3

Rehn et al, Synthesis, 2003, 12, 1790



N
R2 ” Sb

Me Me

o)

(ksnvle3

Ph
91%, Z:E=70:30

Me Me

ko

%\sn\/le3

SiMe3

83%, Z:E=70:30

Ofial et al, Angew. Chem. Int. Ed., 1997, 36, 143

DCM, r.t.
e ——

Clg

iPr  Pr

3

%\sn\ne?,

Ph
81%, Z:E=95:5

Pr Pr

N\

%\SiMe3

SiMe3
78%, Z:E=92:8

Me Me

Ko

’S

Ph
81%, Z:E=75:25

Me Me
o
N
~Z "H

SiMes
86%, Z:E=63:37

R} RS R3
e J
N hydrolysis HN

—_—
%\RZ %\RZ
R R’
E
Me Me Me Me

o)

%\SiMe3

Me
71%, Z:E=70:30

68%, Z:E=68:32

o)

%\sn\/le3

Bu
90%, Z:E=80:20

Me Me

o)

= SiMe3
=

87%, Z:E=76:24
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Acid-mediated HAM

[ Q ] [ ] Nu
Q & N _N N
Ho Ne, —————> r — ® — > \O or \O
The concept TN S H P > HZ H
] ] ] ] Prof. Nuno Maulide
' I "' University of Vienna
iminium nucleophilic 1,5-hydride hvdrolvsi nucleophilic
generation addition transfer ydrolysis addition
H OH
ROR*  Hep 06 M) N Pe
/\ 1 N - > 2
7 Ritdeq || © 0175, 16h R H FsC” CFy
1 dark , HFIP
then NaOH 1M R’
First steps oo
H H H
R /\)\/\ unsuccessful substrates:
Ph)\/\N \’H‘)\/\N/ Ph N~ internal alkenes, alkynes
H 6 H H
R = Me, X =13m, quant.* X=13q, 75% X=13l,79%

R =Bn, X =CI 3q, 66%

*Yield determined by *H NMR analysis using an internal standard
Kaiser et al., Angew. Chem. In. Ed., 2019, 58, 14639
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Aminals scope

H
N<qe
2 4 4 H
/‘"R + 4eq Ry SR TFA (3.6 M ﬁiRz
R? RE R 0to75°C, 15h R
1 2 then NaOH 1M 3
NN NN NN Ph Ph N Z
NN, S N™ N AN ) P
Y H/ S IH ﬁ
2a 2b 2c 2d 2e 2f
NHMe NH"Bu NH"Pr NHBu NHBn NHR?2
J J J oS J S
R'l R'I R1 R1 R1 R1
3a, 84% 3b, 85% 3c, 92% 3d, 84% 3e, 73% R? = allyl 3f, 86% Pd/C, EtOH

RZ = H 4f, 85% 75°C, 24 h



Olefins scope

5 H
i 4 4 R4/N
ZTR® 4+ 15t045eq N R TFA0OM) R" 3 :
o)
R RE A 0to 75°C, 15 h R %
then NaOH 1M
1 2 3
Ph )Ph
N l N I 7 N/\N
Ph) Ph
2a 2e
Ab N
AV VA >rg ( j Ph AN
6
H
H H
\,H\)\/\ § NMeBoc MNWRZ /\)\/\
NHMe NHBn | Ph NHMe
6 H
3g,61% 3h, 52% 31, 78%* R' = Me, R? = Boc 3j, 79%" 31,91%

R'=Bn, RZ = H 3k, 36%

*Yield after acylative protection with Boc,0 to facilitate isolation



Yr

7~
R4
4 4
Z R? 4+ 15t045eq > NR TFA(Q6M) RJ\(H
R! ! ! 0to 75°C,15h R?

then NaOH 1M

Sh
H H
©)\/\NHR /@)\/\NHMe /@)\/\NHMe O NHMe NHR
Cl

R = Me 3m, 82% 3n, 85% 30, 86% 3p, 55% R = Bu 3t,
(86% on 50 mmol) 61% from cis- and 60% from trans-
R = Me 3u,
R =Bn 3q, 42% 39% from cis-

R = "Bu 3r, 86%
R = allyl 3s, 69%



Functional group tolerance

N
4 4 TR
/ v 15todeq Ry SnR TFA(06M) _ H
R’ R4 R 0t075°C, 15 h R
2 then NaOH 1M 3
Ph Ph
Ny AN S N/\N)
| | Ph) l\Ph
2a 2e
H H (0] H 0 H H
I|3I Py-4 NC
ACO\,W MeOzc\/\)\/\ EtO” I~ M/k/\
tO™ 1 NHMe NHMe
e NHMe NHMe OEt 4 H 6 NHMe 7
3v, 93% 3w, 64% 3x, 80% 3y, 72% 3z, 84%
H H H H
HOW "8 HNW
Br\’k\)\)\/\NHBn NHMe ! NHMe EtZN\’H\)\/\NHMe
4 7 7 7
3aa, 40% 3ab, 82%, 3ac, 60% 3ad, 75%

(71% on 20 mmol)
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Alkynes scope

H :
- H
R 4 4eq RL -~ __.R* TFA (0.6 M) J§(\ R ; — RY ~_ _R* TFA (0.6 M)
q s < > 1 e ' + 1.5€eq ~ -
R1/ 24 24 0t0 75°C, 15 h R R? N ; R1// 24 24 0t0 75°C, 15 h R1J\/\N/B”
then NaOH 1M ' then NaOH 1M H

1 2 3 5 1 2 3

H H H H H NHMe

7\ NHBn W\NHMe @NNHBn VA/\NHBn -

6a, 53%* 6b, 65% 6c, 68%* 6d, 85%* 6e, 41%
H H H H H

WNHMe /@)V\NHMG /OA/\NHMe \/@)V\NHMG ©)\(\NHMG
NC
F
6f, 57% 69, 51% 6h, 31% 6i, 37%* 6j, 48%
(35%* on 20 mmol)
H H H H
MeO,C NC HO TIPS
? WNHBn WNHMe WNHMe ~ANA e
6k, 41% 61, 97% 6m, 59%** 6N, 34%***

*DCE used as co-solvent
**Reaction was run for5 h
***Reaction was run at room temperature



Domino functionalization

method A
®
\N/e
Il
s HFIP, 75°C, 16 h
R
\N/\N/

I |
TFA, 75°C, 15 h
method B

following method B, in TFA

BUNN N SHN S ShN

7a, 71% 7b, 55%

H 0]
Ph)\/\fil/\)J\Ar

Ar = Ph 7d, 71%
4-MeO-C6H4 7e, 70%
4-Me-C6H4 7f, 58%
4-F-C6H4 79, 61 %

7c, 52%

H OMe
MeO OMe

7h, 54%

@4 Nu

23-50°C, 8 h

NaBH(OAc);

................................

following method A, in HFIP

Me,Zn

Nm e e e mmm . —-—-—————

................................
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Pharmaceutical products synthe5|s

This work: o~ H “
= N N .
| I . NHMe
TFA, 75°C, 15 h K,CO3 (1.2 eq)
6 h

5¢ 6f 579% DMF, 0°Ctor.t., 1
, ()

E-Naftifine, 70%
Kaiser et al., Angew. Chem. In. Ed., 2019, 58, 14639 (brand name Exoderil)

Previ ks: 0 HN ‘ ©)J\/\
revious WOrKks.: H. H HCI/H,O/EtOH
+ \[O]/ + O reflux, mol. S|eves

Stiutz et al., J. Med. Chem, 1986, 29, 112

OH

35% overall | HCI 5M

100% E-
1,4-dioxane i
7 a4 ’ 1
"l ‘ (CH20), "o ‘ @\/\ 90 °C, 10 min ; @N\
—_— —_— 1
1,4-dioxane + A~g-OH 82% ;
90 °C, 10 min OH 100% E- ;
' E-Naftifine

...............................

Petasis et al., Tetrahedron Lett., 1993, 34, 583

LiAlH,, THF 68% overall
-78t0 60 °C, 2.5 h| 100% E-

o ‘ X NNH o o~ CO,Me PhN;"BF COzMe
K,CO NaOH(ac), Et,0 Pd,(dba)s
ANF 2-3 o ‘ , El —>
O + HoN rt, 24 h O * CI)LOMe 0°C,30min AcONa, PhCN
O 80°C,1h

/
“
o

Prediger et al., J. Org. Chem., 2011, 76, 7737



Conclusion

Photoredox HAM

Q. O

N

* |ots of limited TM-catalyzed HAM methods O - HAdN)D ot QK

Tandem HAM via hydroformylation
TM-catalyzed HAM

metal cat. metal cat. NH

Qg 222~ qio %O ~O e
X + H N
o> N

H

* number of limited metal-free HAM procedures

HAM with iminium salts

HAM with aminals .
() R;3Si
O N ’

O qi BN IL
SNSNS HeSO4/HZPO d)
A N~ N H2504/H3P04 O or + —_—
T O\ii O\i ) °
D) H
" O

* one general acid-mediated HAM method T radmedaied N
H
Q S99 | g{“}o
\/ acid
N J
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Thank you for your kind attention!
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Question + Exercise

* Do you have any ideas regarding the choice of TFA in the work of Prof.
Maulide group?

“...we suspect the solvating properties of TFA, as well as the low nucleophilicity and low
basicity of the corresponding conjugate base play important roles in dictating the reaction
outcome by facilitating the hydride transfer event.”

* Choose the product of HAM

OH 4 OH I
N AN

I CFs [ H
N = N~ N~ N

OH H CF

z N CF, OMe OMe 3
| Py 1) TFA, -10 °C A \_ B W,

N = = *t \N N/ —>
| 2) hydrolysis

OH OH
OMe | A N H | A N
N = N\ N = N/
H
OMe OMe
C D
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Exercise

Quinine
Natural product
QH i OH ] i OH
B N CF3 NN N ~ AN
+ I
N A Z SNTONT Nz Chs| Tar |NA
| | @3 ’
OMe Ho-N<
TFA L OMe . . OMe
-10°C
CFs CFs l hydrolysis
@k o - I\\ - nic
N Y
| | 200100 OH
B "
N =
OMe
B
EurJOC Virtual Symposium, 26th February 2020, Talk of Prof. Nuno Maulide

32% (brsm 76%)

ZT



Additional slide — mechanistic studies of acid-
mediated hydroaminomethylation

DsC  CDs ~>95% D
N__N.
¥ v s v 0 7 D

AN 23-d12
- NHCD,
TFA, 75 °C, 15 h
[

1m 9a, 72%
B)

Ss H/D
©/\ _ NHC,4Dg/Hg

DyC; CeHg
1m N_ _N. 9b, Ky/Kp = 1.76
Mg ™ TC.Da o
2b-dqg

)OLM/\ TFA, 75°C, 15 h O HD

1a 9¢, Ku/Kp = 1.56
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