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Early works on C-H amination
= Hofmann-Loffler-Freytag Reaction

Hofmann, 1885
1) H,SO,4, heat
'
N 2) basic work-up N
I
Br H

N-bromoconiine
Loffler and Freytag, 1909

1 5 heat or hv R A
R\|/\/\NaR or radical initiator base 1D R', R = alkyl, acyl, H
| — —» [ X7 Nig2 > RN X = Cl, Br, |
H X acidic medium ) R ' » B,
H R2
1 2
Radical mechanism
R1 R1 1,5-H
H* H= + X (5 abstraction / D)
1 —— Nlp2 ——» Hg+ » R17°
R *N ,N~R2
( |‘R2 H™
X H
] basic
+Xe R . work-up - 1D
H R2
2H"

Hofmann, A. W. Ber. 1883, 16, 558
Hofmann, A. W. Ber. 1885, 18, 5
Hofmann, A. W. Ber. 1885, 18, 109
Loffler, K., Freytag, C. Ber. 1909, 42, 3427



Early works on C-H amination

= Decomposition of azide in aromatic solvents

Curtius, 1930
0 105 - 120 °C 0 o
S—N3 > n_Ph + @—S—NH
I -S3 I 2
O @—H (neat) N O

Edmison, mechanistic studies, 1950s

Aromatic Rate factor non-competitive
substrates XK XyK  Xpm Xpp© yield
benzene  1.00 10 10 1.0 30.2% « Electron-rich arenes are not preferred
toluene 1.00 1.8 0.03 2.3 55.3% » Electron-rich sites are preferred
anisole 0.96 2.0 0.06 1.6 36.0%
phenol 0.80 1.2 0.05 2.3 N/A
i St i %
Cl o= S— cl o Gl o radical
0" n substitution
8.8 = |Gfo| =0 1o | =
o) -~ 7 0
L i L H i
low-selectivity high-selectivity

Curtius, T. J. Praket. Chem. 1930, 125, 303
Heacock, J. F., Edmison, M. T. J. Am. Chem. Soc. 1960, 82, 3460



Early works on C-H amination

= Application in synthesis using azide as amination reagent
Meyer, 1962

> 10 %

Edwards, 1962

H H H
N3O o-N Os N
t > * m
r..
Me OMe hv Me 4 OMe Me 4 OMe

H

5 6, 20 % 7,5%

Masamune, 1963

>~ -A5t0-10°C » HO,,
@) 3 @) H \J

8 9,5% Garryine

Apsimon, J.; Edwards, O. Can. J. Chem. 1962, 40, 896
Masamune, S. J. Am. Chem. Soc. 1964, 86, 290



Development of New Amination Reagent

= Search of alternative nitrene precursors

Breslow, 1968

o Cl c-hexane
reflux, 21 h
Dichloramine-T
Abramovitch and Yamamoto, 1967-68
PhSCH;
100 °C

0
PPhs

1]
—@—S—N=IPh
o 100 °C

N-Tosyliminophenyliodinane

benzene

>
100 °C

Breslow, R.; Sloan, M. Tetrahedron Lett. 1968, 51, 5349

<:>—NHTS + ZnCl,

5 %
Ph
Phl + “s=NTs
Me/
49 %
Phl + PhsP=NTs
69 %
Phl +  TsNH, +
31 %

Abramovitch, R.; Bailey, T.; Takaya, T.; Uma, V. J. Org. Chem 1974, 39, 340

Yamada, Y.; Yamamoto, T.; Okawa, M. Chem. Lett. 1975, 361

tar



Development of Transition-Metal Catalyzed C-H Amination

» Challenges facing the traditional amination
« Efficiency
« Site-selectivity

= Again, transition-metal opens up a new area
Groves, 1979

O+ O S Oy
DCM r.t.
iodosylbenzene 8 %

Breslow, 1982

Fe(TPP)CI
or Mn(TPP)CI
I=NTs NHTs
DCM/c-hexane
r.t.
10 3-7 % based on nitrene precursor

>100 % based on Mn(TPP)CI

* Low efficiency
« Important role of TM

Breslow, R.; Gellman, S. J. Chem. Soc., Chem. Commun. 1982, 1400

U= O
=Y

M'(TPP)CI
TPP = tetraphenylporphyrin



Development of Transition-Metal Catalyzed C-H Amination

= Breslow’s TM-catalyzed intramolecular amination

“The additional valence of nitrogen, relative to oxygen, permits variations in structure and
makes it particularly clear how intramolecular functionalization could be performed”

Q o)
0%\ Ph Oy —NH
'CH; —»MLn "'(CZ:I-|-|I3 +
CHs3 MeCN 3
i-Pr r.t. i-Pr i-Pr SO2NH;
11 12a 12b
Yield (%) . ) ] .
ML,, 12a 12b For TM-catalyzed C-H amination
Mn"(TPP)CI 16 45  Milestone |
" * Opens up several fields
Fe'(TPP)CI 77 1.4
[Fe'(cyclam)Cl,JCl 42 4.1 /Fe\‘ KR?‘ /M:‘ /R:‘
FeCl; 16 0.2 k./ k./ k./ \_/
Rh(OAc), 86 0.2 « For Rh-catalyzed C-H amination
--, in MeCN 1.4 0.3 _ _
-, in DCM 26 4.5 e Superior properties

. Most-studied and successful subfield later
cyclam = 1,4,8,11-tetraazacyclotetradecane

Breslow, R.; Gellman, S. J. Am. Chem. Soc. 1983, 105, 6729



Development of Rh-Catalyzed Aliphatic C-H Amination

= Maualler’s Rh-catalyzed intermolecular amination and mechanistic studies

H Rh,(OAC)4 (2 mol%) NHNs
Phi=NNs  + - _
R R DCM, r.t. R R Ns: 4-Nitrophenylsulfonyl
20 equiv.

= Representative examples

H NHNs 14 15
Ph[l'ZR]NS a n=0 44% 9%
> . N—Ns b n=1 70% 4%
’ . c n=2 17% 24%
: d n=3 0% 54%
13 [Rh] 14 15 Ns
R - R 1
X PhI=NNs X N L . .
\I_II/\ > m + RLAK « Aziridination over insertion
16a R = CH=CH, 17a 0% 18a 40%
b R = Ph 3% 329
° ° NHNs
©/\NHNS ©/LNHNS ©>LNHNS O O
3% 50% 8% 13%

Mdiller, P.; Baud, C.; Jacquier, Y.; Moran, M.; Nageli, 1. J. Phy. Org. Chem. 1996, 9, 341
Nageli, I.; Baud, C. Bernardinelli, G.; Jacquier, Y.; Moran, M.; Muller, P. Helv. Chim. Acta. 1997, 80, 1087
Midiller, P.; Baud, C.; Naegeli, I. J. Phy. Org. Chem. 1998, 11, 597



Development of Rh-Catalyzed Aliphatic C-H Amination

’ @, / Q ‘
NHNs NH

= Representative examples

NHNs 8’
2
71% 5% 21%

= Mechanistic studies

« Pathway via aziridination NHNs

[Rh] rearrangement
_— N—Ns >
PhI=NNs

« Pathway via radical ene mechanism

initiator PhI=NNs
— = ——— -
biradical

stepwise

NHNs

The reaction with 19 ruled out the first two pathways

Nageli, I.; Baud, C. Bernardinelli, G.; Jacquier, Y.; Moran, M.; Muller, P. Helv. Chim. Acta. 1997, 80, 1087

OAc

¢

19

9



Development of Rh-Catalyzed Aliphatic C-H Amination

= Mechanistic studies
« Pathway via H subtraction and radical recombination

NHNs
. NHNs
. D
D NsNe D D D D
EEm— and —_— +
’ NHNSs not found

H NHNs * No ring-opening product found
PhI=NNs *

Ph
©:§ y
radical-clock ©:y H )>'-u<
20 21
Ph

Rhy(S -ptpa), (22a): 77%, 7%ee

Rha(R -bnp)y (22b): 71%, 33% ee ring-opening k 1x10° s° 2x107 s 2x10"0 &1
© « Direct insertion of metal-nitrene is

Ph._\N mostly likely

l W  No evidence for radical process

=9 (cannot be excluded neither)
Rl  Restriction on substrate scope and
selectivity
22a

Nageli, I.; Baud, C. Bernardinelli, G.; Jacquier, Y.; Moran, M.; Muller, P. Helv. Chim. Acta. 1997, 80, 1087



Development of Rh-Catalyzed Aliphatic C-H Amination

= Du Bois’ intramolecular C-H amination-Carbamate

H
H L
H,N N—° H
Y=0 _Rna(OAG); (5 mol%) Y
©:>—o PhI(OAC), (1.4 equiv.) © 7S,
MgO (2.3 equiv.) JRh—Rh
03 DCM, 40 °C, 12 h 24 86% 7
Rh,(OAc),

= Tuning of conditions increases the turnover of catalysts

« Higher temperature
* MgO to neutralize AcOH
« More robust catalyst Rh,(tpa),

= Mechanistic aspects

Rhy(tpa),

//( 5 [L_© « w/o catalyst, 23 doesn’t react with Phl(OAc),
o Y « Rhodium-mediated insertion
Me")\/ %0
Me Q
OxNH
83% 82% Y ° . condition OJ\NH
'
o
e <" Ph Me';
<:>,N\{/O HNJ(o MeO C?;e\ MeO,C  Ph
2
%0 Me\)\/ 250/25p
. Rhy(OAc), 2:1
o 2 4
77% 44%, with Rhy(tpa), Rha(tpa), 106

Espino, C.; Du Bois, J. Angew. Chem. Int. Ed. 2001, 40, 598



Development of Rhodium-Catalyzed C-H Amination

= Du Bois’ intramolecular C-H amination-Sulfamate

O, 0

N’ Rhy(OACc),4 (2 mol%)
HNT 0 PhI(OAC), (1.4 equiv.)
R R2 MgO (2.3 equiv.)

26 DCM, 40 °C, 12 h

= Complementary to C-H amination of Carbamate

O\\S/P
N Q N
o) $=0
\ o)
o)
Me ~~ N
Boc
80%, with Rhy(OAc), 78%, with Rh,(OAc), 60%, with Rhy(OAc),
Oy o 6 O\\S//O
0" >NH Vg HN™ O
HN™ ™0 N
OTBS ~Me
Ph CO,Et

75%, with ha(OCt)4
exclusively syn

91%, with ha(oct)4
syn/anti 13:1

91%, with ha(oct)4
cis/trans 8:1

oct = octanoate

= Five vs six-membered ring

0, O
-S<

O“s” HN” "0

A NAC
R™ "0 "NH, Ph)\/kCO2Et

SN: 1.58 A 1.61A

SO: 1.58 A 1.60 A
ZN-S-0: 103° 104°

= Product as electrophile

CBz O\\S/’O CBz.
\N/ ~

R1J\)\R2

NH X

R1J\/LR2

X = OH, NR,, SR, N3

Espino, C.; When, P.; Chow, J.; Du Bois, J. J. Am. Chem. Soc. 2001, 123, 6935



Development of Rh-Catalyzed Aliphatic C-H Amination
= Mechanistic study leads to a novel catalyst

« Dinuclear Rh catalysts undergo structural changes in the reaction (ligand exchange)
 Carboxylate detachment leads to catalyst degradation

reaction with 60s - 13CH3COOH I\I\/}Iee
Rh2(02C13CH3) detected <0

Me 7 \th
Rhy(0,CCF3),s “Rh™"
/\/©\/\ 3 [Rhy(mbdp)(0,CCF3),] RO | )0 me
HO,C CO.H 105°C y

Taber complex

28
Me
Rh,(O,CCF
MemMe 2(02CCF3)4 o [Rhy(esp)a] Me
HO,C CO,H 105 °C
29 64% Rhy(esp),
= Enhanced performances
« Catalyst load
O ,0 O, .0 :
H N:\S/:O 0.15 mol% catalyst HN:S:O catalyst yield
2 - /}\) ha(OthBU)4 20%
Me Phl(0Ac), Me Rhylesp);  92%
Me MgO, DCM Me

Espino, C.; Fiori, K.; Kim, M.; Du Bois, J. J. Am. Chem. Soc. 2004, 126, 15378 .



Development of Rh-Catalyzed Aliphatic C-H Amination
= Enhanced performances
« Challenging substrate

QgP Ox i .
H N:S:O 1 mol% catalyst HN’S‘O catalyst yield
2 PhI(OAc) > )\) Rhy(0,CtBu)y  15%
v Rh,(es 90%
Me MgO, DCM Me 2(esp)2 A

 Intermolecular amination

Me Me.__NHSO3CH,CCls
2 mol% catalyst catalvst Jield
H N|Dshg)(()C'T—|C)éC| Rhy(O,CtBu)y,  30%
OMe ’ SRS OMe Rhy(esp), 71%
2 equiv.
NHSO3;CH,CCl;
0,
(Vi () s
C)2
Rh,(O,CtB 31%
H2NSOgCHch|3 Rhi((eszp)z U)4 840/:
2 equiv.

Ritter

Espino, C.; Fiori, K.; Kim, M.; Du Bois, J. J. Am. Chem. Soc. 2004, 126, 15378 y



Development of Rh-Catalyzed Aliphatic C-H Amination
= Du Bois’ intermolecular C-H amination-conditions

H
Oy S

R R2
1 equiv.

R+ S
A H,N" >0

1 equiv.

Rhy(esp)s (2 mol%)

Phl(OZCtBU)Z
benzene, r.t.

NHTces

IIR3
R! R2

« Amide nitrogen source: superior and mystic property of TcesNH,

O

%
\

Me NHR

’/
\

O\\

*
v
e
O

1'1. o p-Tol

“ccl,

72% o, ,0

 Benzene as solvent (reaction 2.5 times fasted than in DCM)
« Slow addition of oxidant, Phl(O,CtBu), > Phl(OAc),

= Representative examples

NHTces
NHCOCF;

65%

N7
O« 299
X370 %
47% NO,
O /
35%
20% ‘*-L “CF;4 °
NHTces NHTces
NC
Me
N O Me

|

Fiori, K.; Du Bois, J. J. Am. Chem. Soc. 2007, 129, 562

57%



Development of Rh-Catalyzed Aliphatic C-H Amination

More sterically accessible and/or more electron-rich

NHTces NHTces NHTces
51%
O‘ C1/C4 = 7:1 60% 53%
% diaminati cis/trans = 1:1 cis/trans = 1:6
MeO 15% diamination OSi'BuMe,
OSi'BuMe,

Comparatively poor performance at non-benzylic positions
Yields increased when more than 1 equiv. of substrates are used (parentheses)

=  Remove of Tces
NHTces

NHT ""NHTces
Ml\e/le CO,Ph ces 1. SO,Cl, O\\S//O

CllC” YOH ———— CI,c” 0" 15NH,

15
25 % (70 %) 38 % (95 %) 46% 2. °NH3 _
75%, 2 steps, multigram
Me Me NHTces 15
: = NHTces 15NH
A OA 2 OAc Zn(Cu); HCI 2
PN ph/k/ (Cu) -
99.9% ee 10% (27%) Ar” "CHj base work-up Ar” "CHj
. (0]
99.9% ee

Fiori, K.; Du Bois, J. J. Am. Chem. Soc. 2007, 129, 562



Mechanistic Study of Rh-Catalyzed Aliphatic C-H Amination

= |ntramolecular amination

* Reactivity trends
O 0

N\

H,N” O

R1

« 3°> ethereal~benzylic > 2° >> 1°
« Catalyst structure influences product selectivity

2 mol% catalyst

PhI(OAC),
MgO, DCM

0..,0

-
R1

0, 0O

N\

S

N/ \O
Y

) S
/l\)\/\ 2 1/\)\/,L 2
R R y R

Rh-mediated insertion

» Generally, aziridination over C-H insertion

» Kinetic analysis

Question to answer

Me
+é \\S//O
Ph” "N O

Ph
Observed

o. O
Phls 57
\\N - \O

Ph
31

0o, O
PhSMe N7
Phl(OAc),
CD,Cl, Ph/\)

30

Rh,(OAC), (2 mol%)

PhI(OAc),
DCM

Phis
no [Rh] \\N’S\O
PhI(OAc),
CD,Cl, Ph/\)
Not observed by NMR?
O, ,/O
HN” 0O

>95% conversion

Ph 31 is chemically competent

Fiori, K.; Espino, C.; Brodsky, B.; Du Bois, J. Tetrahedron. 2009, 65, 3042



Mechanistic Study of Rh-Catalyzed Aliphatic C-H Amination

= |ntramolecular amination

* Kinetic analysis Rate-determining step is before the C-H insertion
O\\ //O O\\ //O O\\ ’/O
HZN,S\O Me 2mol% ha(OAc) -S< 0> N = 120
Phi(OAC), )\/K)\ /\)\kMe Y =1
Me Me  MgO, DCM Me Me
o. .0 O, .0
0. .0 O. ,0 %/ N
e 7" 2 mol% Rhy(OAc), HN-Sv0 S
H,N""0 . HoN™ 0

> i 30/31 = 1:1
PhI(OAc /I\)\ =13
Me/'\)\Me ( )2 Me/k/kMe Me Me Me
30 31

MgO, DCM
Me Me Me g

e Initial order

0.14
0. 0 0,0
M 0.5 mol% catalyst N\ 7 ¢ :S:
0.12] @ 1.0 mol% P H2N’S‘o Rhy(0,C'Bu), HN”" S0
m 2.0 mol% /I\)\ PhI(OAc),
= 0.10| A 4.0 mol% m Me Me Me CD,Cl, Me Me Me
- * 5.0 mol% * .
* B .
5 008 . e L rate = k [substrate]'[oxidant]'[catalyst]°
N [
P [ |
g 006 | o, 0
s L 0. O Phis X7
© \\// Nh 7Y SN
5 004 " >S< Phl(OAc), [Rh]
8, U H,N™ O —_— " /l\)\M >
e e
/l\)\ Me
002 ‘ Me Me Me rds + fast
0.00 2 Ac(OH)
0 100 200 300 400 500

time (seconds)

Fiori, K.; Espino, C.; Brodsky, B.; Du Bois, J. Tetrahedron. 2009, 65, 3042



Mechanistic Study of Rh-Catalyzed Aliphatic C-H Amination

= |ntermolecular amination

0.0 O, .,0 O, .0

\\S// \\S// N\

H,N""YO  Me Rhy(esp), » HNO  Me 0"~ NH

AN PhI(OCtBU), AN A I<Me  32B/32T = 17
Ph Me CeHe Ph Me Ph Me
32B 32T
Me ?_22(;\3]&)2 Me NHTces NHTces
2

» * /\)VM 33B/33T = 7:1

Ph/\)\Me PhI(O,CtBu), Me)\/kPh Ph Me ©

CeHe 33B 33T

Different oxidizing species (mechanism) for inter- and intramolecular reaction?

Three Slides Omitted Here

NO, both are direct C-H insertion of Rh-nitrenes.

HH H = Active oxidant trapped by substrate vs decomposition
= 2H at benzylic position vs 1H at tertiary position
X yic vp

Question remained.

Fiori, K.; Du Bois, J. J. Am. Chem. Soc. 2007, 129, 562

19



Tces

Mechanistic Study of Rh-Catalyzed Aliphatic C-H Amination

NHTces

» |nsights from side-reaction
Rhy(esp),
CHs TcesNH,
Phl(O,CtBu),
CeHe
72% 10% 34, 15%

Problems with mass balance of TcesNH,
No such byproducts in intramolecular reaction

Proposed:
decomp. 0. .0
not reacted Ng” A~
: —_— AN ST .
metallo-nitrene ClzC” ~O” "NH — > - ClsC™ O |
Mechanistic clues: trichloroethoxy radical
o. O
N7 1 equiv. O\\S//O cHO
HoN™ 7O ethylbenzene HN”™~o" Ph )
Rh(esp)2 Ph” ~Me PH
36, 20%

»
A Phi(0,CtBU
Ph (C§H6 2 35, 20%
0, 0 T

unknown (\7)
‘ S o)
step HN (@) =
° E _» =

Fiori, K.; Du Bois, J. J. Am. Chem. Soc. 2007, 129, 562



Mechanistic Study of Rh-Catalyzed Aliphatic C-H Amination

= Rh(II)/Rh(I1l) mixture dimer
0.5 -

Me
TcesNH, A espC Me
0.4 - i esp),
PhI(O,C'Bu), Me o~ =0
o CH,CI - Me 7 —O\l I
e 03 e 0.5 equiv O\Rh”'/Th\
© - O
8 Rhs(esps O NgLgl Me
2 02 O0x O Me
20
E- o Me
0.1 Me
.. " Rh'/Rh"CI dimer 37
0 - e ; ' - - - confirmed by UV/Vis and HRMS
300 400 500 600 700 800 900 1000 1100 1200 1300

Wavelength (nm)

= 37 is stable at ambient temperature but inactive for C-H amination

=  Rh(I)/Rh(lll) as the active catalyst = Rh(I)/Rh(ll) as the active catalyst
« Explained why benzene is better * Which species reduce the
solvent than DCM (2.5 times OR Rh(I1)/Rh(11l) mixture dimer?
faster reaction) * Is Rh(I)/Rh(lll)’s stability related

to catayst TON?

Fiori, K.; Du Bois, J. J. Am. Chem. Soc. 2007, 129, 562 -



Mechanistic Study of Rh-Catalyzed Aliphatic C-H Amination

= Understanding the differential performance of Rh,(esp),
« Kinetic stability of valence-mixture dimer of Rh,(esp), and Rh,(O,CnPr),

TcesNH,
Rh,(0O,CR), » [Rh,(O,CR),]* — catalyst degradation
Phl(O,C"Pr),
CgHsCl
0.8 0.8
g 06 t = initial o 06
€ 05 g 05
.g 0.4 8 04 t= initial
2 03 2 03 |
< 02 < 02 :
0.1 0.1 t=5 min
\_/\
. 0
450 550 650 750 850 950 1050 450 550 650 750 850 950 1050
Wavelength (nm) Wavelength (nm)

« Decomposition pathway

nPr
Rh,(esp), _ RCOOH no ligand OJ\O PhI(0,C1Bu),
——
Rh,(0,CnPr), exchange i/ 1/ >
/Rh_Rh — Ph -
| l nPr |-0,CtBu
Phi(O,CtB : 7
Rhjfesp), ----o 2-oZpm DOlGANG 079, I~
ge RA—RRB-0 u
7|1 7|

Zalatan, D.; Du Bois, J. J. Am. Chem. Soc. 2009, 131, 7558

tBu

?/' ?/
Rh—RA
71 7|

22



Mechanistic Study of Rh-Catalyzed Aliphatic C-H Amination

= Understanding the differential performance of Rh,(esp),

[Rhy(esp),]* —ouco

0]
tBu)LO .

Rhy(esp), COy, H*

N e

Tces
N

Me
34

«  Correlation between oxidation potential and stability of carbon-radical
* Reason why Phl(O,CtBu), is a better oxidant than Phl(OAc),

Rhy(esp), (1 mol%)
©/\CH3 >
TcesNH,
PhI(O,CR),

TcesNH, R'CO,H
Rhy(esp), ———— > [Rhy(esp),]* —— Rhy(esp),
PhI(0,C"Pr),
CeH:Cl
0.7 0.7

06| R’CO,H ='BuCO,H 061 R’CO,H = PhMe,CCO,H
8 05 g o5

c
-,E; 0.4 § 04
803 8 03
202 2 o2
0.1 0.1
0 0

450 550 650 750 850 950 1050 450 550 650 750 850 950 1050
Wavelength (nm) Wavelength (nm)

Zalatan, D.; Du Bois, J. J. Am. Chem. Soc. 2009, 131, 7558

CH3

NHTces R=Me 12%

"Pr 17%
'Bu 27%
CMe,Ph  62%

New oxidant Phi(O,CCMe,Ph),
The active catalyst is Rh,(esp),
Unclear aspects:

How does [Rh,(esp), |* form?
How does [Rh,(O,CR), J* and
Rh-nitrene decompose?

23



Application of Rh-Catalyzed Aliphatic C-H Amination

» Expanding substrate scope

= Exploring diastereoselectivity and enantioselectivity
» Uses of amination products

= Application in natural product synthesis

* ONPS) Q AR On OnP
H  NH, [O] >s< J\ HNZSSNR - HNZSNO
o > HN’u\o HN™ "0 RN/U\NR HN” ~NH i

Rh2(O;CR); \_J ) T \_J L LR

= Oxidative cyclization of urea and guanidine

O
HoN___O Rhy(esp), (1 mol%
2(esp)2 ( ) HN” SNTces
A~_NTces Phl(OAc),, MgO
R toluene, 40 °C ; TR )
R benzylic, tertiary: yield>50%
NTces secondary: yield~30%
HoN___NTces  Rh,(esp), (2 mol%
\f 2(esp)2 ( 0)> HNT SNH
~NH Phl(OAc),, MgO
R toluene, 40 °C R

Kim, M.; Mulcahy, J.; Espino, C.; Du Bois, J. Org. Lett. 2006, 8, 1073



Substrate-scope exloration of Rh-Catalyzed Aliphatic C-H Amination

Preparation of 1,2-diamines

O O O O + -
Nt N 0,CCF4
S Rh,(oct), (2 mol% -S< NH3
R1 (l) NH2 2( )4 ( 0) - HN (l) Zn(CU) . R"J\/NHMbS
, I NMbs PhI(OAC), MgO  Rik _NMbs  then HCI 2
R benzene, 40 °C R2 r.t

Preparation of 1,3-diamines

O\\ //O O\\ //o
H,N” " “NBoc  Rhy(esp), (1 mol%) HN'S\NBoc pyridine - NH, NHBoc
R R3 PhI(OAc);, MgO " =3 H,0, 80 °C R’ R3
2 iPrOAc, 40 °C R2
R R

More practical methods to prepare 1,2 or 1,3-diamine derivatives
Mild conditions, good function-group tolerance

NTces O\‘S’/O O\\ ,/O
HN” “NTces HN~ “NH 1HN’ \(I) HN”  ~NBoc
RR?|\/NMbs R1J\/kR3

R R

Different difficulties in ring-opening

R2

Olson, D.; Du Boais, J. J. Am. Chem. Soc. 2008, 130, 11248
Kurokawa, T.; Kim, M.; Du Bois, J. Angew. Chem. Int. Ed.. 2009, 48, 2777



Stereoselectivity of Rh-Catalyzed Aliphatic C-H Amination

= Diastereoselective C-H amination

O, .0

N

HoNT ™

mQ

Rh,(oct), (2 mol%) H
2(0Ct)4 )

R R3 Phl(OAc),, MgO
/Y\ DCM, 40 °C

R2

» Representative examples

R'=M
0, 0 - e
HN/S\O R'=iPr
z 2 R'=Ph
R1/\/\R2
R'=Pnh
Oo. ,0

X ’/

R = CF3 anti/syn = 20:1

syn/anti
R2 = Me oy
R2=CO,Bn 8:1
R? = CO,Et 15:1
R2= § TMS  20:1
0.0

N

HN' ~0

antl/syn =10:1

R = OMe anti/syn = 20:1

When, P.; Lee, J.; Du Bois, J. Org. Lett. 2003, 5, 4823

Rhs(oct
. v o(oct)y
’/'ll \ //O
R 7~H 555 —>
R? =7 O
favored
Rhy(oct),
H--;N/
e \ //O
R 7~H 555 —>
2
R = (@)
disfavored

Stereochemical model



Stereoselectivity of Rh-Catalyzed Aliphatic C-H Amination

= Enantioselective C-H amination

hal—*4 (2 mol%)

» Representative examples

Me0,c—
0

OMe
87%, 99%ee

o\\s,,o
Me HN” O
TsN =
A Me

55%, 94%ee

Rh,L*,

N\

S

HN” O 39

ph/!\) 40

Phi=O
3A MS 41
42
i° 1S
PhthN N N
0«
=N o7 7N
Rh—RA Rh— Rh—RH
7| 7| 7| 71 7
39 40 41

EOX
11mV
120mV
242mV
330mV
742mV

0\ _
COZMe

O~—N

\/

Rh—Rh

42

= A special catalyst

HN"0 vs pp

o\\s,/o
PR |

0, O

HN” O
Ph X

Zalatan, D.; Du Bois, J. J. Am. Chem. Soc. 2008, 130, 9220

Z
P

Yield(%)

<5
22
<5
85
<10

O

N
S<

<G

A
o ,0

N7
/S\

Ph N @)
=

A

%ee

54

nd

92 Rh,(S-nap),
nd

48% vyield
12%ee for |
/A = 2:1

55% yield
84%ee for |
/A = >20:1



Uses of Rh-Catalyzed Aliphatic C-H Amination Products

= As iminium ion equivalents

O:\ ’:O Lewis O\\S//O O\\ ° NH,
HN™ O  Acid HN” SO HN’ ~0 Nuc
> 1l ’ Nuc' Nuc?
OR' R
R R

iminium ion
« Alkynylzinc reagent as nucleophile

0. .0 0. .0

S
N\ )

P
HN™ O HN'S\O

BF3Et20
o + nBu————2nCl -
THF, 40 °C

’ VY
Et)ro 92% 7" OH
Et nBu
» Allylsilane as nucleophile

Q. ,0 Q. ,0

N7 TMS g7
HoN"Y0 Rha(tpa)s Zd HN” 0

/\)\/\ > > /\/E\)\/\

MgO, DCM DCM
71%, two steps

Fleming, J.; Fiori, K.; Du Bois, J. J. Am. Chem. Soc. 2003, 125, 2028
Williams, K.; Fleming, J.; Du Bois, J. Angew. Chem. Int. Ed.. 2004, 43, 4349



Uses of Rh-Catalyzed Aliphatic C-H Amination Products

= As iminium ion equivalents
« Silyl enol ether as nucleophile

NP OSitBuMe,

o)
Rhy(OAC), e\
> >
MeO PhI(OAc); Sc(OTf)3
MgO, DCM

= As coupling partners

O. O o, .0

O, .0

N7

0 HN’S‘O

Me

80%, two steps

g 7 n
0" NH, 2 mol% O°7>NH  1.nPrl, K,COj3 Me HN”
Rh,(OAC), 2. MeMgBr
' '
PhI(OAc), 5 mol%
MgO, DCM Ni(dppp)Cl,
Rh-catalyzed Ni-catalyzed

C-H amination 75%

 No aryl C-H amination detected

Fiori, K.; Fleming, J.; Du Bois, J. Angew. Chem. Int. Ed. 2004, 43, 4349

Kim, M.; Mulcahy, J.; Espino, C.; Du Bois, J. Org. Lett. 2006, 8, 1073

cross-coupling

72%

Pr



Application in Natural Product Synthesis

» First example in natural product synthesis
» Stereoselective synthesis of Manzacidin A and C
= QOlefin hydrogenation gives both S.M.

OH Me OH Me OH Rh(cod),OTf/(R)PhanePhos
Ha : 43a/43b = 75:25
OSitBuPh; OSitBuPh, OSitBuPh, Rh[((S,S)-Et-DuPhos)(cod)]OTf
433 43b 44a/44b >5:95
Oy
N BocHN N
Me OR Rh,(OAc), RN™ O NaN; OR' =
> OR'\/*\/'\ —our > CO,Et
COzEt  PhI(OACc),, MgO CO,Et DMF Me 2
OSitBuPh, DCM Me .
g 92% 47a
43a, R=H 85% 45a, R=H two steps
44a, R = SO,NH, 46a, R = Boc Br S
BocHN  NHCHO BocN"N ™\ o
1) Pd/C > OR z 1) POCl5 HO . “CO,H
2) acylation Me COEt 2) deprotection Me ‘COgEt H O il
48a 73% 492 Manzacidin A
three steps
NaH, DMF L -
»  Manzacidin A 43b ——p= Manzacidin C

4-bromotrichloro-

o, -
acetylpyrrole 28% overall yield

When, P.; Du Bois, J. J. Am. Chem. Soc. 2002, 124, 12950

32% overall yield

Br.
O = ,,
\):\) ICOZ”
H O ©

Manzacidin C



Application in Natural Product Synthesis

= Stereoselective synthesis of (-)-Tetrodotoxin

Rhy(HNCOCPh3), OH
(1.5 mol%)
O O
ccl, HO -OH
o] HO I OH
HN NH
O stereospecific 7 OH
50 Rh-carbene C-H insertion 51 © HoN

(-)-Tetrodotoxin

Rh,(HNCOCPh;),
(10 mol%)

PhI(OAc),, MgO
CgHeg, 65°C

77%

stereospecific
52 Rh-nitrene C-H insertion 53

Hinman, A.; Du Bois, J. J. Am. Chem. Soc. 2003, 125, 11510



Summary of Rh-Catalyzed Aliphatic C-H Amination

= Development of a decade

 From an idea to in situ generate the iminoiodinane
« To aplatform of C-H amination

» Mechanistic studies contribute significantly to the development

« Better catalyst and better oxidant lead to higher efficiency and broader scope
« Clarify the nature of catalysis

= |ntramolecular C-H amination

« 39> ethereal~benzylic > 2° >> 1°
 No aryl C-H activation
« Aziridination over C-H amination

» |ntermolecular C-H amination
* Only the efficiency of benzylic C-H activation is moderate

Too many Whys and Hows.

32



Novel Reactions with Classical Amination Reagent
= The revival of azide for the sp? C-H amination

* Previously used as aryl C-H activation by decomposition
« Harsh condition and low selectivity

= Driver’s Rh(ll)-catalyzed C-H amination

metal salt (mol%) temp.(°C) yield(%)

CO,M
AN 2vie metal salt - \ CO-Me none 145 89
N PhMe, 16 h N 2 Rhy(OAc), (10) 30 9
MeO MeO H Rh,(O,CCFa), (5) 40 >95

* Representative examples

N__coMe R
R=0OMe 98%
mCOzMe R=CF, 88% (Ig\/\l( <\IN\>‘COzMe
R & R=Cl  85% o H
R = Piv 88%
e R = Boc 94%

1

R R'=Cl R?=H 97% regioselectivity 87:13
mCOzMe R'=CI R2=0OMe  92% regioselectivity 79:21
R? N R'=0OMe R2=0OMe 88% regioselectivity >95:5

H

Stokes, B.; Dong, H.; Leslie, B.; Pumphrey, A.; Driver, T. G. J. Am. Chem. Soc. 2007, 129, 7500



Novel Reactions with Classical Amination Reagent

= Driver’s Rh(ll)-catalyzed decomposition of azidoacrylates

* First example of Rh-catalyzed sp? C-H amination
» Novel reactivity might be related to electron-deficient Rh complex

» Proposed mechanism

R
Rh,(O,CCF3) R
X 2(02CCF3)4 CO,Me
; s
R\ COZMe CO-Me
I N OR @ A\ CO,Me \\ N 2
N\ N l
s6 H [Rhl H “Rhl 57 N~ [Rh)
concerted insertion electrophilic substitution
\ COzMe /
I
= Kinetic isotope effect 55 1N

D

H(D)
Rhy(O,CCF3)4
X CO,Me 5 mol% \ KIE=1.0
- CO,Me  100% conversion
N, PhMe, 60 °C N
H(D)

58

Stokes, B.; Dong, H.; Leslie, B.; Pumphrey, A.; Driver, T. G. J. Am. Chem. Soc. 2007, 129, 7500



Novel Reactions with Classical Amination Reagent
= Zinc can do the job too.

COoM
Ph/W 2M€  7nl, (5 mol%)> Q—COzMe Rh,(O,CCF3) (5 mol%)

Ns DCM, 25 °C pn” N 40% yield
3h 53%

* Representative examples

O/O\COZMG MGOMCOZMG /@/O\COZMG

>95% >95% >95%
Znl, 83% Znl, 38%
Rh,(O,CCFa), >95% Rh,(O,CCFa); >95%

» Lewis-acid-catalyzed mechanism

MeO MeO
D — = /<=><H
IZn’ | Ph | - Zn’ . Ph —Zn|2
-1 N L H
60 61 62

Dong, H.; Shen, M.; Redford, J.; Stokes, B.; Pumphrey, A.; Driver, T. G. Org. Lett. 2007, 9, 5191



Novel Reactions with Classical Amination Reagent
= Complimentary indole synthesis from aryl azide

Ph
H PhMe, 60°C N
Na 16 h H
R= C3F7 or C7H15 >95%

= Two supportive reactions for electrophilic substitution

Ph
AN ha(OzCR)4 (5 mol%) \ Ph [RhQ(OQCC3F7)4] 64%
NsH 4A MS > N [Rhy(02CC7F15)al  93%

H
(2) toluene, 55 °C

« C-N bond formation is before C-H bond cleavage

Rhy(O,CR), [ o] Ph
X Ph (5 mol%) + Ph 1,2-phenyl shift N
Ph = = N Ph > Ph
N 4A M3 N
° toluene, 55 °C \ - H
! ! Rhl | [Rh,(0,CCaF)]  69%

63 [Rho(O2CCo7F15)4]  74%

* Not conclusive, but proved such electrophilic substitution is feasible

Shen, M.; Leslie, B.; Driver, T. G. Angew. Chem. Int. Ed. 2008, 47, 5056



Novel Reactions with Classical Amination Reagent
» Chang’s Rh(lll)-catalyzed C-H amination

[RhCp*Cl,], (4 mol%)
AgSbFg (16 mol%)

TSN3
, DCE, 80 °C, 12h
1.1 equiv
[RhCp*Cl5]5 (2.5 mol%) DG
AgSDbFg (110 mol%) N
ArN; »> R
DCE, 85 °C, 24h 7 N’Ar
H
65 electron-deficient DG = amide, ketoxime

Mec Jaeyune Ryu, Kwangmin Shin, Sae Hume Park, Ji Young Kim, and Sukbok Chang*

A
‘ 1. AgSbFg (1 equw) ‘
O N/ 2. TsN3 (1.1 equiv.) O

| . -
th-Cp DCE Rh(III)Cp
& 25°C, 3h TS SbFe:
66 67, 70%
= =
| 66 (4 mol%) |
Y AgSbFg (4 mol%) SN
+ TSN3
. DCE, 80 °C, 12h
H 1.1 equiv NHTs
71%

Kim, J.Y.; Park, S. H.; Ryu, J.; Cho, S. H.; Kim, S. H. Chang, S. J. Am. Chem. Soc. 2012, 134, 9110
Ryu, J.; Shin, K.; Park, S. H.; Kim, J.Y.; Chang, S. Angew. Chem. Int. Ed. 2012, 51, 9904



Novel Reactions with Classical Amination Reagent
= Proposed mechanism

[Cp*RhC|2]2
2AgSbFg
(2-Py) (2-Py)
NHTs
[Rh(I1NCp*](SbF),
68
H* H

C-H activation

_ SbFg | h
. N
N RMHD Cp* RhV*-N UE 2N
Rh(Ill)—Cp*
SbFg

SbFg

migration 69
E ; TSN3

Rh(lll)—

SbFg S

Kim, J. Y,; Park, S. H.; Ryu, J.; Cho, S. H.; Kim, S. H. Chang, S. J. Am. Chem. Soc. 2012, 134, 9110



Miscellaneous

= N-Tosyloxycarbamate as metal nitrene source

o)
R1
H .
RZJ\/O Noor K2COs Bequiv) HNJ(O 60~90 % yield
hig S Rhy(tpa), (6 mol%) R stereospecific
O DCM, 25 °C R2
73 R = ethereal, benzylic,
= N-Chloroamine as metal nitrene source tertiary,secondary
0 0
. 5 mol% [RhCp*Cl,], OPi
2 JOPlv
. 0 Y o R 2 equiv. CsOAC XY N
Glorius: R'—r H + CI—N » R'=t H
= H ‘R3 0.5 equiv. PivOH = N’R
MeOH '
16h, r.t. R

2.5 mol% [RhCp*Cls],

X, ,-OM 2 _
N N © R 0.3 equiv. CsOAc X \N'OMe
Yu: R + CI—N > i
2 4 R3 1.5 equiv. AgSbFg U

2

THF N’R
2h, 40 °C R3
chloro- .
amine A~ thCICp (OCOR),
Glorius: ,DG _— DC35
gh (OCOR) N-R
p* '
4 " R* 75

electrophilic substitution

Grohmann, C.; Wang, H.; Glorius, F. Org. Lett. 2012, 14, 656
Ng, K-H.; Zhou, Z.; Yu, W-Y. Org. Lett. 2012, 14, 272



Summary

= Diversity of catalysts and nitrogen sources

* RN(Il) with iminoiodinane: alipatic amination
* RN(Il) with azide: intramolecular aryl amination
* Rh(l) with azide and chloroamine: directed aryl amination

= This is only Rhodium!

ML Yield (%)

n 12a 12b
Mn'(TPP)CI 16 4.5
Fe''(TPP)CI 77 1.4
[Fe'(cyclam)Cl,JCl 42 4.1
FeCl, 16 0.2
Rh,(OAc), 86 0.2
--, in MeCN 1.4 0.3
--, in DCM 26 4.5

cyclam = 1,4,8,11-tetraazacyclotetradecane

(2n
"/

(oY
h_/

o]0,
O)0,
9]0,

= Diverse mechanism
= Diverse selectivity
= Diverse scope

Welcome to transition-metal-catalyzed amination!
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