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D. Alkene Hydr with Ali Azides (This Work)
: (TMS);Si—H N
- — Alkyl R
Alkyl—N; + i R —>H4 \'r
H ’
readily accessible, ! H H
str ly diverse reagent

B Broad substrate scope

B Transition metal-free
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Table 1. Reaction Conditions Examination”

TN " Alkyl i H
Alkyl N7 Ny Y \,I‘. +H . TBPB (20 mol%)
N [sil- [si] Alkyl "+ “H o o (TMS);Si—H ;
3, 2.0 equiv.

BnO' N+ /\) ( —— BnO)S(N

Sil—H " Z CHaCN-TFA A

Isi] HsC CH, (4:1,0.2 M) 3 3

initiation (sil- ZH‘ \ (2.0 :quiv.) Iimitingzreagen( Ar, 40 °C .
AlkYI=N; N, + [si]* o M
o I/}Iq - entry deviation from the conditions shown above yield of 4 (%)
yl
radical chain 1 none 78
Allyl
o m 2 at room temperature 75
3 TsOH (4.0 equiv) instead of TFA 89
ISl A"‘YK*/\/ ; R 4 TsOH (2.0 equiv) instead of TFA 71
X H Wi S CH,SO;H (4.0 equiv) instead of TFA 61
Figure 2. Proposed reaction pathway. 6 using 1.0 equiv of 1 and 3 55
acid-promoted HAT 7 using 1.0 equiv of 1 and 3, TsOH (4.0 equiv) S4
homolysis
8 in the absence of acid 0
o H* o 2 (TMS)Si—H L
o J\O,OtBu —_— .. J\o OBy ——————> 2 (TMS);Sis “’H NMR yields with 1,3,5-trimethoxybenzene as an external
e standard.

6
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Alkyl— Ny

aliphatic azides

' TBPB u
i 1= H
PR it Alk |/N\/<R
! CH,CN, acid, Ar oA

unactivated alkenes ~
secondary amines

limiting reagent
Scope of alkenes
H .
H
N N
[ 2
)7 ./
HO,C HO'
H s 90%
H 6, 89% .711% 83% fol 5 mmol sacle
N (1.36g) H
[ 2
~ NH 1R H CHj
H
TSN ./ [
N [ 4
[ 4 "
12,R=H,76%
11,68% 13, R = CHy, 75% 14,77% 15,73% 16,87%

H
N
[ 2 CHj
CHj

from E-alkene
18, 54%

H
H C4H “b C3H.
e 3 . rIV
CH,
N H7 T CH,

from E-2-octene
19, 67% (a:b = 5:4)

22, 82% (dr> 20:1)

REAAFRE LRI R IEIZ RIS R

EEEATFENCRIEIZFE TR

(1441

and
H CHy
! 37,60%
p"‘\/\
TMSN,
hydroazidation hydroamination
ref. 7g this work % 38 66%
70% yield (dr >20:1)
H

Piperidine synthesis via [4+2] annulation

« _R EO,C_H Et0,C__H _Ph

COEt
[r Ph
—®—~
N
H

+H"

k=4

39 40, 70% (dr = 3:1)

H
H
<
'CO,CH;
Ph’

24,83% 7

41,38% (dr=3:2)

Scope of aliphatic azides

"
H
X
'CO,CH,
Ph’

23,84%
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(A) The involvement of silyl radical and NCR

o 0t
CHy ™ ‘ 1orK) H_ CHy
m )\n/osn UL R st);s\\)(n/
1 CHSCN- cFacu;Huﬂ Hac CHy E0,¢ CoEt
st 58, 65% H 1 0 60, 69% (ar = 81)
o o o |
. PO an HUFHS  xmos,(8s%ps Sh(aonpt
- 551
i o 57 (xoqu
s ° Gemiv) & & Ph’ o 0, 4 (trace)® + 58 (56%)**
1 2 . s
(B) Computational Studiies on Azide activation’*
A6 ) onosn
T Tonie sinaTs ws\ ~ e o 039
313K 2 [ /S'—m 5 . Yo 81 e Bl R
NZTEN R (0.19) 03 0.1 ©44) (013
SINT (448 y 010y SNz (4.0) siNg (87)

SiN3-TS
1,3-disubstituted triazenyl radical

81—

THS—Si~Tms
™

SiN3-pat

s,
\N:
sint

SiN2-pat
139
R
SiN2-TS Me0 > '
nd’ ony s
N 2=
RN, Sy
| J Jddition == radical adition +]
azido transfor | 4 | N, release
(favoreq) Spin population

I
(disfavored)
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(C) Hydrogen atom transfer
D (%) Entry Deviation from the standard conditions Yield® D (%)
8 TBPE (20 mol% DM
Ny Ph (20 mol%) d 1 With (TMS),Si-D 65% >95
BnO + /\/l — (TMSKLSiH _  Bno o 2 CD3CN-CF5CO,D (4:1) 72% <3
HsC CHy CHgCN-CF4CO,H (4:1) HiC CHy o 3 Entry 2 and 4-F-PhSH (10 mol%) 62% 48
1 2 Ar 12h 4 78% 4 Entry2and 2,4,6-TRIP-PhSH (10 mol%) 62% 31
"standard conditions" !
(D) Diastereoselectivity rationale
© ity (TMS);Si+

CHj TBPB (20 mol%)  ppg

. /\ (TMS),Si-H

PhO. (TMS);Si—H (2.0 equiv) H
1/ . Thiophenol (0 or 5 mol%) N, ArS—H ArSe " HiC H
N3 > N AT

CHCN-TFA (411, 0.2 M) Alk I/N"'
12h, Ar, 40°C 54 g St less bulky HAT donor Y
N, > low dr
Entry  Conditions Yield (%)? dr Alkyl ™,
1 Without thiephenol 88 (cis) + 3 (trans) > 20:1 bulky HAT donor " HaG H
(standard conditions) (78% isolated yield) high dr _N,,
2 With 4-F-PhSH (5 mol%) 58 (cis) + 27 (trans) ~2:1 Alkyl y
3 With 2,4,6-TRIP-PhSH (5 mol%) 67 (cis) + 18 (trans) ~4:1 (TMS),Si—H (TMS);Si-
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(b) meta-Selective C-H amination of anilines

The for el phili
a) The polarity mismatch b) The low reactivity
meta-selective . H
amlnahon R‘N’R H‘r{jﬁH
@ ; Py
& DA
oL w0,
25 [NHy
- & 8
N-l—:eL;rdri\:-aaII;\;Ii ;Tylllénes Valuable building block ortho- and para- Low reactivity
Y selectivity (10% yield after 2 weeks)
(c) A polarity i ion strategy for met: ! of anilines with ammoniumyl and pyridinium radicals
4
NH;
—— then ——
R. R’ TfOH RIR base workup R. R ] i bled polarity i
N (1.0 equiv) ‘N’T "~ N
) 0 N B High meta-selectivity with broad scope
X X
.—: R =H oralkyl ._: — .—: B Direct incorporation of an NH, group
F R'=H or alkyl Z Ny ) Z N " < of b
N Pl u of
then
N] = NHy, piperidi
reduction IN] = piperidine
Polarity il i L, lyti

CCS Chem. 2025, 7, 3606—3615. 10
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Table 1| Reaction Development

RL R @ or not

RLN, R RLN,R‘
. Acid (1.0 equiv or not) @\ [>/NH1
+ MsONH; OTf +
(1.05 equiv) HFIP (0.2 M) NH,
CHs CHs

CHj 60°C, 11 h, Ar
N-O]
IN-0) then base workup

1a-c (1.0 equiv) 2a-c 3a-c
Entry Substrate R R? Solvent Acid Yield/2 2/3
1 1a H H HFIP No 14% 21
2 1a H H HFIP HCI N.D. -
3 1a H H HFIP H>SO4 16% 21
4 1a H H HFIP TFA 30% 21
5 Ta H H HFIP MsOH 28% 21
6 Ta H H HFIP TfoNH 42% 41
7 1a H H HFIP TfOH 71% 6:1
8? 1a H H HFIP TfOH 72%, 65%" 6:1
9 1a H H CH3zNO> TfOH 10% 121
10 1a H H CHzOH TfOH N.D. —
n Ta H H CH3zCN TfOH N.D. -
12 Ta H H THF TfOH N.D. -
137 1b CHz H HFIP TfOH 67%, 70%" 81
14° 1c CHs CH3z HFIP TfOH 87%, 81%° >20:1

Note: Yields and selectivity were determined by 'H-NMR analysis with CH,Br, as internal standard.
2 With FeSO4*7H,0 (5 mol %) as catalyst, reaction time is 3 h.
|solated yield. 1 1
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(a) Comparison of aminium with other electron-withdrawing groups

i) Selectivity
) ty 84% 750, 87% 80%
R =
{10 6qui forfato) Gequw mma 1c) @\ ©/ § 50
]
MsONH; OTf z
€5 then base workup

1a-1g 2a—2g 3&39 0

R= NH; NH(CHs) N(CH3), NO; ~CN CO.,CH; CFs
Combined yield shown

ii) Reactivity

@ 1cvs1d 1cvste 1cvs 1t 1cvs1g

te+ TIOH (0.4 mmol) 2anas
—————  2an
T
taorteortrortg T KT
(0.4 mmol each) (0.4 mmol)

then base workup.

(b) ison between i lyzed and titani diated systems 190
62%° goyne  HiCay CHa

® N I I
17%°4
TIOH (1.0 equiv) %/\) @\ 5% < 5%
S - - N NH,
-
4

MsONH; OTf
2c

R\N’R
95%°¢
Ny HiCuy-CHa
Z
©\ N.D2N.DA ©\NH
HONH,*HCI CO,CHy
H;S0, or TFOH (10 equiv) 5 6

12

(10 mmol, 90% yield) <—|
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(c) Comparison between different NCRs

@ Suitable NCR
HZC\T,CH;s H3C\N,CH3 @ Not applicable
TfOH _+N Different
(1.0 equiv) TfO conditions | X TfO
—[N]
in-situ FN] & ot [ N\7 2BF,
protonation CH CH,
CHj (see Sl for details) 3 NsONHz
1c (1.0 equiv) . Selectfluor
Reactions with pyridinium radical: ﬂ ﬂ
_ HsC.  -CHs ﬁ
H3C\ ¢CH2 _ 1) C-H amination N

2) Reduction N

G
Ny cl
TIO™ TIO™ CoHs Ru(bpy)s(PFs), e - ® (V_
TfOF CH4CN, CFL 25 NHZCHg
NTX
O O

R (¢ / -
o T R S T
fr0m1c, R—F:H3 11, R=.CH3,57%E, sel. > 95% 9 10 16 17
from 10, R ='Pr 12, R = 'Pr, 62%2, sel. > 95%

13
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(a) para-Substituted aryl amines

CHy
Prs H.Co R R = C,Hs, 15, 85%, sel. > 95% O
NH kN/\CHg SYSNT = N s N )
R= BN\ OH
H @\ ©\ 16, 70%, sel. = 93%
2 NH
NH 2 NH,
CHy CH, : CH, R= 2O ON CHy CH e
3

17,65%, sel. > 95%
18,52%,sel. >95%  n=1,19, 67%, sel. > 95%

13, 62%, sel. = 86% 14, 68%, sel. > 95%
n =0, 20, 54%, sel. > 95%

i-substituted aryl amines

: (c) Ortho-and

(b) Unsubstituted aryl amines
o.

CH3 [ :
: HC. HaC.
HaCu, ,CH : SCs s
HyC NH N SN 3 NH NH
: fpr OCH;
NH, Z  NH, 7 NH, ; HN HN
34, 50%, sel. = 70% 35, 51%, sel. = 79% 36, 75%, sel ©37,61%, sel. = 86% 38, 65%, sel. > 95%

HyCu HyCx, .CH: HyCo
3’ NH 3! N 3 HN' HN/H '3 N/\
CO,CH; /©/CI o o
H,N * H,N H,N H,N

39, 51%, sel. = 75% 40, 61%, sel. = 73% 41, 61%, sel. = 92% 42, 45%, sel. > 95% 43, 55%, sel. = 85% 1 4
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nature > nature catalysis > articles > article

Article = Published: 01 April 2024
Site-selective arene C-H amination with iron-aminyl
radical

Chao-Rui Ma, Guan-Wang Huang, Hui Xu, Zhan-Lin Wang, Zheng-Hao Li, Jun Liu, Yin Yang, Gongyu Li,

Yanfeng Dang & & Fei Wang &
Nature Catalysis 7, 636-645 (2024) ‘ Cite this article

15
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@ The positional selectivity in HAS with free radical and metal-supported radical
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Free radical Metal-supported radical
4 ™ R
5 R
Governed by Dictated by
polar and steric effects functional group chelation

(Prior ar) (This work) Ontho-seleciive

Limited success in regiochermical control G-Hfunclonalzation
R ™ R

~1H] & - [H]

€ Ortho-selective arene C-H amination with iron-aminyl radical

5 Unified C-H amination of ly arenes
[Fel RH,  Iron-aminyl radical

[Fel NH,
_ .
Sutable inherent functonal groups

m Iron serves as an anchor between arene substrates and

o o o
aminyl radical b a I [

m Various inherent functional groups can act as directing N R N7 R R
ML v H 16
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The optimized reaction conditions and site selectivity comparison with existing method via ammoniumyl radical

“oTt
HsC
3 \/s\’o\ﬁH3 FeSO, (1 mol%),
7\ o
O O (1.5equiv) HFIP, 60 °C

[Fel NH,
+e
NH3 OH ‘Standard conditions'
74% yield, ortho/metalpara = 3:4:5% I = Fe(OAc), (10 mol%),
ﬁ Z 3 (meta) DCE (0.04 M), 30 °C, 11 h
OH
OH Iron-aminy| radical-enabled NH, FsC N-1 (1.5 equiv.)
©/\/ unique site selectivity
O +

@ NH, XN OH ~ Hq

% Vi I = 0 ~OoTf

1 AN 72% yield, ortho/(meta + para) > 20:1 A 2 (ortho) HoN 4 (para)
[Fel NH,

17



e mEa mENCRmFEESHA [T 2T

Precise SyrthesisLob of Terug Universty

LS IS S E R BTSRRI RS IR I C-HERML

b site selectivity comparison between ammoniumyl radical- and iron-supported NCR-mediated HAS for arene C-H amination

Electron-rich arene Electron-deficient arene Disubstituted arene Electron-neutral arene
OCH,3 O
N on N(CzH)
\"/ 3 NH, 2Hs)2
[e] o
5 1
10— 100 100 100
80 80 - 80 80 -
> 60| > 60 > 60 > 60l
= = = =
S 40| S a0 S sl S a0l
© © T ©
] %] »n ]
20 20 - 20 20 -
0 0 0 0
. +o . +o . +o s +o
[Fe] NH, NHj [Fe] NH, NH; [Fel NH, NH; [Fe] NH, NH3
Yield: 6, 97% 44%° 8, 91% 34%% 10, 82% 95%" 12, 82% 739%°

18
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@ EPR analysis of the reaction mixture with DMPO as spin trap € Control experiments
0~ o* i i
HC
N+ Standard conditions HsQ N Without chelating group
HyC NN HyC
- NH,
1(1.0 equiv.) 7R CHj
DMPO (2.0 equiv.) 13 HNTC P>

gvalue =2.0052

M*], mass: 129.1022 . X
! F]cund: 129.1023 17% combined yield

ortho/metalpara = 1:1:1 (r.r. = 1:2)
b The reaction of alkenes under standard conditions

CHa/ OH OCH,; instead of OH
é# =
K/i HoC N OCH;
i
e1a M z14 HaN= P

45% combined yield
‘ via [Fe] ’ ortho/metalpara = 26:1:5 (r.r. = 4:1)
,

Std. HoN OH Std.

1(1.0 i 1(1.0 iv.) " s
( [CIulv) Cars A ( fq”"” With greater distance

dN OH
HoN-
51% combined yield

15, 40%, dr. =311 15, 58%, d.r. =2:1 ortholmetalpara=12:1:1 (r.r. =6:1) 1 9
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d  Additive effects e F y results for ic arene C-H
OH
o Racemic reaction
i = 3 Fe(OAc), (10 mol%),
Standard conditions, OH .
OH additives NH, DCE (0.04 M), 30 °C, 11 h on
- >
N-1 (1.5 equiv.) O
©/\/ . NH; X OH NH,
Fe] N
" ‘ P [Fe] NH, 7. 55%
1 2 (ortho) LN 4(p O orthol(meta + para) =
100 -
2w Regioisomers on
8ol O Desymmetrization O
16 FeBr (5 mol%),
e ligand (10 mol%), 5 on
9 r DCE (0.1M),0°C, 11h O
o
2 N-2 (1.5 equiv.) NH,
> a0l R 17, 14% yield,
X i X 34%e.e.
| N Ligand N-2
20 L2, R=CHy N
L3,R=H ch
N HC P2 s
0 | | s NN 0, HyC. our
x= 10 20 10 30 50 o041 0.2 L1 L2 L3 L4 S R N N HyC NHy
- La g o ~ott
H0 (xequiv.) CH3OH (x equiv.) TBACI (x equiv.) Ligand (10 mol%) L*[Fe] NH,

20
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AGy
(keal mol™)

Fe(OAc),
+

N-1

4-CF3-Ph” “OH

Fe-aminyl radical
- CFs formation

on A
077 cR, [Fel NH,
fin,
Product
formation

G* = 10.2 keal mol™"

N-1 Radical
addition _
\
o, |” © AG" = 4.3 kcal ol 5% )
Hac/l// Sy . 5
o= ?~ 7;\1( y
CF, Int3 (-22.4) 202A

TS-0/(AAG* = 0 keal mol”™)

SEEAHIBENCRIEZEERW

EIEMEC-HiZE

Para-selective radical addition

TS-p (AAG? = 6.6 keal mol™)

Meta-selective radical addition

150 A

‘ ¥

<
L

TS-m (AAG* = 7.0 keal mol™") 2 1
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b c

1ts and late-stage C-H of complex arene substrates

o
Potential reactive sites N
69%
NH, O o NH, O o NH, O v, 31%
3
C &
46, 75%, >20:1 =N N 482, 74%, >2011 N
H 65%
35% N5
From -phenylalanine O 50, 83%, >20:1
51, 51%, 9:1 Ie)
HiCg? HN,
S HoN Cl
N 0”1l N
From olaparib o HeN o NH
CH,

47, 75%, >20:1

52, 29%, 13:1

3
From precursorto O
3 CHs i g ~ glibenciamide  p,cd
= NH, 0 fom sulngac 58, 55%, >20:1
i NHC4Hy % Pt N\S‘I/‘o 53, 32%, ortho/meta >20:1 ks
3 5=
)\m CHs HsC

oC NHz

From (S)-ibuprofen r
55, 49% (98% e.e.), >20:1

% CHo )\//tk 9 N\/ J
<:>_NH 56,68%,>20:1 | £ o N\ i
N NH, N — I N °©
[o} oaﬁ@_\_ HN Cl o NC 01
o NH o
From glibenclamide

i o
From milnacipran
59, 47%
811007, 220:1 © 58, 79% yield, r.r. > 20:1 Ha 4( OH
(4 mmol, 54%, 1.095 g) HyCO

(2.66 mmol, 81% yield, 0.8468 g) CHs 2 2
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A. Proposed catalytic cycle

+NH; DG
ot

The challenges:

M Directed radical addition, C-7 vs C-2

ot
O,
G TNHy G—OH
[Fe] NH, N vs N /r'mz
el iron-arminy! R b6 DG---[Fe]
radical formation ~ H;N—[Fe'] N—IFé]
“orr HN
m [ ] radical addition ( reaction), C-7 vs C-3/5
N
\
product substrate DG C-7vs C-5 C-TvsC-3 e-rich site
formation chelation e-rich site
[Fe]—NH, N\ N‘
DG DG
N N\ The solution:
H b radical ;
"ZN\[p’e”ﬂ addition 5 N Identifying a DG that could
_ ~ orientate the iron-aminyl radical to the C-7 position selectively
otf - coordinate with the iron catalyst effectively

B. Examination of different chelating groups.

resulting in

Fe(OAc), (10 mol%) mixture of regioisomers

__ DeE@2m 3006 10n A
1a,R=CH,
IN- 01 -1 (1.25 equiv.) N\ \ 1b,R=Bu
Bu _O* pe h:‘ R=Ph
\n/ N, A
-otf
o yield, . d R

~ deactivate C-5 and C-3 positions sufficiently

©j\> high yield and selectivity

N

\ CD
N

DG
1d, DG = SO,Ph be
(low conversion and 1f, DG = P(O)(Bu),
mixture of regioisomers) 19, DG = P(O)(Pr),
1e, DG = P(Bu), 28, 82% yield, >20:1 r.r.
(low conversion, < 10%) 20, 58% yield, >20°1 11

Angew. Chem. Int. Ed. 2024, 63, €202412103.
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Lt b X (LB C- IR IEN H  BE b R R

A Fe(OAc); (10 mol%) Figure 3. Reaction development. [a] Yields and selectivity were deter-
N DCE (0.2 M), 30°C, 10 h N\ mined by "H NMR analysis. [b] Isolated yield in a 0.4 mmol scale. [c]
Ve OT (125 eaue) W With [N-O}-2. [d] With [N-O}-3. [e] With [N-O}4. [f] With [N-OF-5. [g]
be With 1.1 equiv. of [N-OJ-1. [h] Isolated yield in a 0.2 mmol scale. [i] The
DG = P(0)('Bu); Bu. O *+ NH, : o : N
" \"/ NH; - reaction was run for 24 hours. r.r. (regioisomeric ratio) refers to the
o -orf ratio of the desired C-7 amination product and a sum of the detectable
0.2 mmol yield, rr.
regioisomers.
E Sol Fe load; c Yield of 2
ntry olvent & loading onversion ield of o ) o eor Fe(OAG), (10 mol%) 2
1 DCE 10 mol% 100% 82% >20:1 " R” NH, > +

HFIP (0.2 M)
PhF 10 mol% 100% 72% >20:1 (1.1 equiv.)

MTBE 10 mol% 84% 76% >20:1

2
3
4 DME 10 mol% 16% 7% 14:1 100
5 THF 10 mol% 12% 3% -
6 CHAOH 10 mol% 23% 5% - 8
7 HFIP 10 mol% 100% 83% (81%)°  >20:1
8° HFIP 10 mol% 47% 44% >20:1 &
o HFIP 10 mol% 87% 80% >20:1
10° HFIP 10 mol% 20% 80% >20:1
11’ HFIP 10 mol% 5% nd - -
129 HFIP 10 mol% 100% 92% (88%)"  >20:1
139 HFIP 1 mol% 100% 92% >20:1
149 HFIP 0.1 mol% 94% 83% >2011
1591 HFIP 0.01 mol% 55% 45% >20:1 o

Other
30°C,9h regioisomers

Selectivity/%

N

e HER - 9% né - RN Bu g CHCL 5 CLHCL 5 OO\ 5e WL o
aminating reagents: R% "NH \" \” \[T TT AN
oTf ) 0 ) )
R. H;CO.
N-0]-2, R = H. N-0]-5
oI, R = 0CH, g Yield:  92% 7% 46% 19% 51%
Oy, MNOI3R=H N
5

NH,
IN-OJ-4, R = CF: AN . ’ - o
o ot WO N 0’0 -OTf Figure 5. Control experiments with different aminating reagents. 24
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A. Substrate scope

3-Substituted Indoles:

N Fe(OAC), (10 mol%)
R HEIP of DCE (02 M) h
F N R N\
i IN-OI, 30°C, 101 23, R = CHj, 68%, > 201" »
DG = P(O)(Bu); Ny 24,R=CHyCN, 80%, > 20:1° Yo
N 25,R=COCH, 01%, 131 NH,
4:Substituted Indoles: 6-Substituted Indoles: NH, DG 26,R=CH,COCHy, 84%, >20:1° 27, 83%, > 20:1°
" . 83%,
& SR e 201 | R=Br7s% 201
4R =Br,67%,>20:1° » F, 75%, » 20:1° 5G,
A 5,R=Cl, 87%, > 20:1° R s CO,CHy, 77%, 9:1° et CHy
N 6,R=CO,CHy, 87%, > 20:1° NH, 20,R = CHy, 74%, > 20:15 '
\ Hs, 84%, > 20:1° >
NH, D6 N\ HH
2 CH, 70%, > 20:1° a
9,R=CN, 65%, 5:1° N D N\ 4 4
~
5:Substituted Indoles: o NW D NH, O
10,R =81, 76%, > 20:> 21,80%, 22010 22,64%,>20:1° 28,82%, 52010 29,89%, >20:1° 30,90%, > 201
| P (x-Ray)
R 1,R=F, 69%, >20:1°
N)  12,R=cl81% 52012 Other hetereocycles: CHy
N = 2018 N,
' 13,R=cH, 77%,> 201 NN S N N O
| R Pt e \ N ™
Z N 7N N N N
18, R =1,82%,> 2017 \ \ \ \ \
16,R =8nO, 65%, > 20:1° NH D6 N, D6 LU N, 06 NH, D6
31,04 32,04 33,20%, >20:1° 34,61%,>20:1° 35,62%, > 20:1°
B. Robustness screenc aditives:
Alkene-1, Alkene:2,R=Ph  Alkene3, R = OAc
Fe(Oc), (10 mol%) 2,82% 10 >201  2,80%c0>201  2,82%,rr > 201
@ OCE (02M),30°C N /@/\ (90%) (90%) ©8%)
N IN-O-1 (1.1 equiv), additive (1.0 equiv) N R Alkene-4, R = Br Alkene:5,R=CN  Alkene-6, R =NO,
be \n, DG 2,75% 162201 20,68%,c0>201 2, 72%,cr. > 201
" ©1%) (©5%) (75%)
" Without addiive . 1o
. yield, . i
02mmol RIS (recovery of additive)

HyCO

N Alkene.7 o., Alkene:s
o i 2201 PN BN 21,70% 11 » 201
(%) ° ©r%)

ERENMTFIENCREZF R
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B. Prior art on aromatic C-H NHR amination (R = alkyl)

C-H
NHR amination NHR

O T gy

i) C-H metalation (copper catalysis)

} °J©
N
Crv YD LY W
H H

specific directing group required

C. Iron-catalysed aromatic C-H NHCD; amination of arenes

0

= amide, carbamate, PlvO CD3
urea, sulfoxide
phosphine oxide

i) Arene oxidation to radical cation
(photoredox catalysis or via CT complex)

N
EDG- ———> EDG

e-rich arene substrates

iii) Electrophilic amination (NCRs or pr tal-nit
H
oN| \
y N X N=m
= (F R
+
[*N] = NH;R/-NHR M=Rh, Cu

not applicable to e-deficient arenes and/or poor regioselectivity

W Direct C-H NHCD; amination of arenes

as g groups
W Excellent ortho-selectivity

M Broad scope and mild conditions

Chem. Sci. 2025, 16, 19350—19356.

SEEAHIBENCRIEZEERW

26



e tEmmn mENCRuFEESHH (LI L1

Precise SyrthesisLob of Terug Universty

LS kiR IR IS B C-HERL A REN-CD, B

A. Proposed reaction pathway B. Iron-aminyl radical vs aminium radical cation

PivO—;’lecD:i “otf HOPiv i) Transforming iron-aminyl radical to aminium radical cation
S.C.
a —— 3a
Additive (2.0 equiv.)
ol iron-aminy! “otf R
[Fe'] radical formation [Fe"—HCD, Enty  Additive  Yield/3a® EPRIFEENCRES
iron-aminyl radical 1 - 94%
3a 2 TfOH nd.
il 3 MsOH nd.
product 4 TFA 50%
formation
substrate
Fe' chelation
ot “oTf +H [Fe" “OTf
- [EellH Fe'']—NHCD, e
MeHN._O [Fe" [Fe’] 3 NH,CD;
NHCD,
nH oTf L " P . N
MeHN O... ii) Directly forming aminium radical cation
2" Fe') .
radical o-complex iron-aminyl NHCD; Ar*SO3;NH,CD; OTf
radical addition . 1a e — 3a
e
\/ via NH,CD, nd.

27
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R, -R Q
Y 3a,R=H,R = Me, 85% <> I

: go 3b,R=R'=H, 70% NAR R= X OMe 2 @ "‘uj\ost :z&‘*:—&fﬁng&
, R=Me, R’ Me, 62% o ol N
NHCDs ;: R= M:, R'=Sh,e736°/f NHCD, ' ZISEEH;IE/{J%Q EEHQ

3e, 68% 3f, 75% 3g, 68% 3h, 95% {i

Z I NRR Z | NRR AcOH, RT _/ | o
- — @—» - _—
g o Fe = o X N\

sc. NHCD3

o, ;
R=0Me, R = Me, 77%
R=Me, R =H R=H,R=H R=Me, R =H R=Me R=H R=Me, R =H
51% 19%
o cl
I oo :
PinB ) AS%N\ Br aw.,N\
B CD3 CD; CD; Me CD,
i 9
32,65% Sam, = Bu, 840 3ac, 77% 3ad, 70% 3ae, 77%
3ab, R'= Pr, 70%
A. Scale-up experiments
NO.
G o 2 o
M
S N,OMe e
oF Fe Me H
Z NHCD; NHCD; Me NHCD,
K2 ot
5 mmol PIVO”" “CDy 3c, 57% (0.56 g) 3i, 70% (1.06 g) 3k, 85% (0.7 g)

28



TSN TN CT TSI < i 471 N C R AR 1B A

SRR IR I SR LTS BB

MCatalysis

pubs.acs.org/acscatalysis Research Article

Iron-Catalyzed Ligand-Enabled Modular Aminative
Difunctionalization of Alkenes

Hao-Xiang Sun,H Guorong Li,H Zhan-Lin Wang,H Shi-Xiong Tang, Zheliang Yuan,* Qijan Peng,*
and Fei Wang™

Cite This: ACS Catal. 2025, 15, 17844-17855 I:I Read Online
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B. Aminative difunctionalization of alkenes to approach primary alkylamines.

Two-step approaches:
i H
N

[Nul—H

NH-aziridination/ring-opening

One-step approach:

Ph Ph

N- K
X" x

radical amination/hydrolysis

C. This work: Iron-catalyzed modular aminative difunctionalization of alkenes.

~

Fel [Nu]

— NH,
PivO—NH, OTf
[Nu]—H (< 3.0 equiv.)
W Broad scope of nucleophiles
M One-step and simple operation

W Avoiding the use of nucleophile in large excess

Selected nucleophiles:

GH3 OH

i

Limited scope and poor
Nul 5> reactivity with neutral
and weak nucleophiles

XTIy

via aminyl/amminium radical

NH O\\/P
S\
., Ph’ NHCH;
‘CH3

alcohol

pyrazole sulfonamide

Ph—OH
phenol

PhCONH,
benzamide

30
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A. The reaction optimizations.

Ph
o Fe(OAc); (10 mol%) /\J
_ Ligand (13 mol)
AT+
Ar=4-8u-Ph  HO [N 0] (1.5 equiv.)

)\/NH, -
DCE (0.1M),rt. 10 h C§:OH Hob
1 2,15 equiv.

Ligand

B. Comparison between Fe(OAc),/L4, FePc and Fe(acac), for aminative difunctionalization of alkene.

Fe catalyst (5 mol%)
DCE (0.4 M), rt. 10h Nue M FePc M Fe(acac). W Fe(OAc),/L4
ANt N ———————— N )\/NHz 80 ‘
—H (1.5 equiv. r
Ar= 4-4Bu-Ph MifG—Hi (1.5 euiv) 64% 5 64%
60 56% °
1 1.5 equiv. 3/5/719°
g
3
340 o
Nuc—H = f=d
/:hj oH T 20
|
HO' © phe N <1%} <1% <1% <1% <1% <A%<t
0 pky kil = Lpll,
2 4 6 8 with 2 with 47

with 67 with 8
Figure 2. Reaction development and comparison with the existing catalysts for amino-functionalization of alkenes.

- izati s. *Yields were determined using
'H NMR analysis. "10 mol % ligand was used. 0.4 M, 5 mol % Fe(OAc),, and 6.5 mol % ligand. 3.0 equiv of the nucleophile.
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B. Alkene scope with 2.
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Fo(OAc); (5 moi%), L4 (6.5 mol%) Neg! - ~ ~ ~
DCE (0.4 M), rt. 10h 2 ~ on ©/\ N °v©/\
+ Nuc—H o @ &
By [N-0I(15 equiv) [ x e
, [r— 30,74% 31,60% 32,51%
26,X = OCHg, 67% .
phenols sulfonamides 27, X=F, 71%°
~ o
28, X = C1,65%° = ~
OH OH i i v FHCO
Tol g e, Tol N, X e 20, X=OCHF, 70%  H,CO g o
b i X CH HiG™ N ocH, ocH,
&% &%
3G FaCO’ 35.64% 36,60% 37.69%
55, 67%° 56, 53%° 7,59%° 57, 46% 58, 50%7
O ~ [ A = CHg.
amides o HyCo” N NocH, S ©A
Rz + R . s
o = SLR=PH R 39, 70% 40,55% a1,61% a2,52%
; N{ )N /]\/N 64,R = Ph, R = H, R?= CHj, 50% C. Direct access to 6-arylmorpholin-3-one.
AN )\/NN, 64, R =Ph, R" = CHy, R?= CHy, 61%
9.R = CF3, 64% 65, R =2-furanyl, R' = R2= H, 70% ©  Methenamine
59, R = Br, 60% 1,49% 62 63 Ar=4-4Bu-CgH, 66, R = 2thiophenyl, R' = R?= H, 60% B s Nty 1BuoK
60, R=CO,CH;, 63% (N:N?=1: 8-

from complex alkenes instead of 1

R=Ph,R'=R?=H

o 4

*@ ~ o8
S’N\/\ ref. 52

)
< o
£ "°\)Lucx»<s

a7

oA
) o °

amino-
etherification

ey intermediate to many
bioactive molecules.

then base workup

38, 60%°

©/\/\
1,2 addition

43,65%, > 20:1 cr.

o

3

z

49, 42%

50, X =F, 56%

52, X =Br, 50%
53, X = Bu, 74%

32
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A. Reactions with (2)- and (€)-d-1.

[o}
X
i) HO.
tBu

(2)0-1 a7

D
(ii) HO.
o el
tBu

(Eyd1 a7

B. Radical clock experiment.

Ph
o ' /\J
Ph HO

78 2

fEERE N

standard conditions

Fe; [N-O]

then base workup

standard conditions
———

then base workup

standard conditions
Fe; [N-O]

———

o/\(o

NH

D
tBu’

d-53, 70%, dr = 1:1.04

tBu’
d-53, 71%?, dr = 1:1.06

Ph
)
Ph-
N—ph
HN

79, 62%

0oL+ _tBu
N

|
Fh)\H

PBN
(1.3 equiv.)

FBENCREIFISRAE Szt 71
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Fe(OAc); (5 mol%), L4 (6.5 mol%)
DCE (0.4 M), rt.

\n/u\,’,H: otr

G (0.3 mmol)

Bu

C. The proposed reaction pathway.

Nuc

Ar

Nuc—H

NH,

+
PivO—NH; OTf

[Fe"]

product
formation

iron-aminy!
formation

[Fey
A NH2

HOPiv

"ot
[Fe"]—NH,

radical
addition

33
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BRI

poor selectivity

4 radical addition ting opening
- - - .
T2 R R
insufficient stereochemical limited knowledge about
control in radical addition ring opening of cyclopropyl radical
c
Bu O *
FeCl, \n/ “NH;
o oTf
[Fe] NH,
=
NZ
[Fe]—NH;
- >
stereoselective outward disrotatory
radical addition fing-opening

B stereoselective radical addition
with iron-aminyl radical

B outward disrotatory
ring-opening of cyclopropyl radical

B Stereoselective synthesis
of tetra- and tri-substituted alkenyl nitriles

AG*
A RecF (kcal/mol)
. H =CFy
o AGH: K _\_ 20
_ Y. N R=H —
15
G, G z
y. € . R=CH;—"
> 10
ngu”t 2 R — R=N; —
G =CO,CoHs s
"Bu R=NH—
0
Fig. 2| DFT for ring-opening of propyl radicals. The

results clearly display that amino substituent could drastically reduce the kinetic
barrier for ring-opening.

Nat. Commun. 2025, 16, 3168. 34
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Bu O+ OTf

“NHy

0 N-0]

[Fe']
Fe-aminyl radical
formation
ting-opening
and oxidation
[Fe] NH,

stereoselective
radical addition

fEERE N

PivOH

substrate
chelation

—[re"
WNH,

FeClz (10 mol%)
PhF (0.1 M), 30 °C

FBENCREIFISRAE Szt 71

Eid#%aE B RESHRIHERATIR R RZ{fiE
ZREERRS.

EtO l N(Me),
Bu \n/o\:m
s =z "Bu
ol 5 ot N7
IN-0], 2.0 equiv., 4,47%
[N-0], 2.5 equiv., 4, 58%
N -
-
-
.
3 4 5 6
Time/h

SEEAHIBENCRIEZEERW

IS BN AL

o o P
S LTS Nl
i "By "Bu
N
3 o
Pvo* &
FeCl
—
. HOTS
FeCl,/[N-0] %
—
96%
o o
@ €07 N, Hore
N(Me), P + NHoOT
2[ND] o 2 PivOH
f oo
[Fe] NH; Fig. 3A o o °
o
o) mo)
£ | NMe), ————> £ N(Me),
~PivOH ~HOTY, -NH,OTF |
ot fi e
+NH, N
PivO”
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0 o FeCl; (10 mol%) (o] o
PhF (0.1 M), 30 °C
EtO’ N(Me), EtO | N(Me),
"By [N-O] (2.0 equiv.) _ -
additive (1.0 equiv.) NZ u

yield/%

- p 2 3 4 5 6 7a 82 gab  qqabc
additive no Na,COy l K,CO4 | | | | |
Li,CO, l CHg
tBu (0]
\n/ “NHBoc Ha(;/\N’BOC )\ ~Boc
N H,e” N
5 H
7

Fig. 4 | Examination of acid scavengers. The additive effect on the reaction. “The additive was added into the reaction mixture after 0.5 h. 2.5 equiv. of [N-0] was used.
<0.5 equiv. of additive was used. Al yields were determined by 'H-NMR analysis with CH,Br as internal standard

36
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-
— o
[} o o o @9 o o
CHy
Eto ] N(Me), EtO° ] D EtO’ ] N EtO N
|
H
A P Pa _t
NZ o NZ NZ Nz
4 . L 14
storscisomer
Ceresteomer stersoisomer
p stereoisome s
FeCly (10 mol%) carbamate o o B - " P 16 - o)
PhF (0.1M),30°C, xh (0:25-1.0 oquiv) R s
£t N
33 a 3%
'B“YO\:‘" & *
s A
- Z
o] g ot N
(2.5 equiv.) [Fel NH, Ny [Fel NH, Ny [Fel NH, Ny [Fel NH; Ny
vield:  4,75% 3% 16, 48% 18% 17,62% 31% 12,68%  36%
o o 9 o o o o o
o o o o
CuCl (5 mol%) R e B0 ), Et0 N(CHy)z Eto Eto N(CHy),
PIDA (1.8 equiv.), TMSN; (1.8 equiv) Eto h + EO b = o5 PV o
. ) u " o
o R . \\R NZ NZ Nl ‘COOE Al
N N 27 13 19 12
ERCIGWE stersoisomer
stereolsomer p7 p
& . 5 o ¥ n . o i
s
2 o 27 £
[Fel NH, Ny [Fel NH, Ny [Fel NH, Ny [Fel NH, Ny
19,71% 27% 12,65% 0%

vield:  29,67% 24% 13,70% 18%
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O_+_Bu

N o .
|N FeCl, (7 mol%) O\N’rB By o+
PhF (0.15 M), 30 °C \n/ “NH,
—_— -OTf
o
IN-0], 0.15 mmol ©/kNH2 N-0]
PBN
(4.0 equiv.)

3460 3480 3500 3520 3540
Field(Gauss) 38
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Gy (keallmol)
SMD(PhF)-MOG-L(D3)/def2-TZVPP//
IEFPCM(PHF)-MO6-L (D3)/def2-SVP

iron-aminyl radical

metal-to-ligand formation  _ 1uCco,H

Triplet electron transfer i ol
Septet s AL
- 26 =55 “N
Bu_ O+ i AG*=48 o S
N lu 2
FeCly 2 e,
[oj— e 4 B¢ oV
0] Fol. o A K > =
s NS
] d [
1902 26
o omt w82 ¥ substrate
i - 2 chelation
| electron transfer/
B product rolease i
+NH, OTf oL
% >Fem °
e |
o N %
134
H /l-.‘ 4 0h 87
}h!L JP%TB A Ts3 2
7N AG* =79
26"=88 /' radical
~ addition
Ky : A
: ~
' -0 t
d chelation Ts4
? s N0 aGt=78
7~ A A a6t =9.1
/ X —
N \ P outward disrotatory
Ting-openin
5 ¥ & % eropenn
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b.

AGg, (kealimol) NH. KDG *
SMD(PhF)-wB97X-D/def2-TZVPP//
SMD(PhF)-wB97X-D/def2-SVP R
DG = CON(CHj), !
8.3
HN,

"Bu
R = CO,C,Hs g DG HzN\%QDG
"Bu K R
85 R
"Bu HN & (DG !
14 R
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E=8o

IS BN AL

.-
FeCl, (10 mol%) o
PhF (0.1M), 30°C o™
IN-0] (2.5 equiv.) el 4,R"=R? = CHy, 75% (> 20:1) 12,R = CHg, 65% (> 20:1)
9(0.25-1.0 equiv.) 10,R1=R2=H, 15% 13, R =C,Hy, 70% (> 20:1

vield (Z/E) 1R = H, R2 2, 51% (- 201) Mo, 70% (201) aminative base-promoted
3 3 Hg, 1% (> 20: o o fing-opening isomerization o 9
Et0 (A O ELO°

Q

16.n=1,48% (> 20:1)
17.0=2,62% (> 20:1)
18,0=3,37% (> 201)

Oy

21,75% (> 20:1)

0, 71% (> 20:1)

22,64% (> 20:1)

23, 57% (> 20:1)

N, 64% (> 20:1)

CCDC 2392830

h

b
. o
o o FeCl (10 mol%) - Hf\M’O
axoyn'“‘ LS i momean SO imer
\ dn
&y 01 @25 aauiv) P o
902510 equiv) L A 22, 56% (2011
yield (ZE) 31.60% (> 20:1) . 56% (> 20:1)
30,69% (> 20:)
5 "
B [ z =
N
o o Jog® ) S
A0 o d o N AN o
T o, Ao o
] o
39,41% (-20:) 34,43% (- 201) 35,54% (-201) 36,64% (- 201) a7, 50% (- 201)
c
o o o
Moo Mo
o I o o o . o
N ve e e
& ) o e e H NN
Ve ] i o Z
e P P { LERNGN
= 4-CFyCably 2 2 Pl i
Ar=4CRyCel N N NZ 42,42% (> 201)
29,47% (-201) 0,67 (-20) .46 201) ccoc 2383083

38,34% (> 20:1)

® =N(CHy),
R= B~ CH:
43,60% (19:1)

T
AN S e
o

46,40% (15:1)

3
2O ON S
o
44, 42% (20:1)

N r‘rN/\ NH(C;Hs)s (5.0 equiv.) =
£ o N
|\/N"Is R DCM, 30°C R
3

yield from cyclopropene (ZJE)

200
o

45,48% (20:1)

o o OMe
0
OPh o N OMe
Ny}
}{\pg ‘ﬁ—cph
) Z
CH,

47,49% (18:1)

48,40% (14:1)
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deprotection

_

valuable unprotected
chiral amines

f

mainly with engineered hemoproteins as catalyst,

while using small-molecule iron catalyst remains elusive

a.
R
H N R—NH H
A .)\ asymmetric ./<l .)\
nitrene transfer
_ > -
/N —R
s L*M=NR K
N LA
R =EWG or Ar
readily accessible well-developed
starting materials
[
asymmetric NH transfer
L*M=NH,
without protecting group manipulation far less explored
b. c.
Engineered hemoproteins

ERFECAM
TREBABT
=150

potent catalyst for NH transfer
to alkene and C-H bond, but not to sulfur

Can we develop a small-
molecule iron catalyst for
stereoselective NH transfer?

Nat. Commun. 2025, 16, 1471.

dynamic kinetic resolution
via photoredox and iron catalysis relay

O NH
L'Fef —> A

o o
PivO—NH OTf
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a. Optimi; itions for kinetic r a
(I:I) FeCl, (5 mol%)/L1 (10 mol%) HN\V/O
s 3 (2.5 equiv.), DCM, 0°C, 3 h z
Ph”" “CHgy Ph”" “CHj |
= X, 0,
rac-1 PivO—NH; OTf (3) 2 N 1
25%, 62% ee N
71% of 1 recovered, 22% ee L1 :Bn
b. Initial trials for dynamic kinetic resolution?
Ph
o FeCl, (5 mol%)/L1 (10 mol%)
g 3 (3.5 equiv.), 4 (15 mol%) HN, 9 | S ~
ZUN UN + 2
Ph™ CH, 445-455 nm (27.5 W), DCM, 0°C FrT O BUEROS
rac-1 2 PC (4)
Recovered 1 NH-sulfoximine 2
Entry Conditions

yield/% eel% yield/% eel%
1 as above 42% 2% 49% 70%
2 with NagPO, (1.0 equiv.) 20% 0% 61% 60%
3 with NagPO, (1.0 equiv.), -10 °C 36% 0% 54% 68%
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C. Ligand assessment for iron-catalyzed dynamic kinetic resolution®

(IZI) FeCl; (5 mol%)/L (10 mol%) HN\/O Nidsuloximine 2
PN 3 (3.5 equiv.), 4 (15 mol%) (\s{,’ Entry Ligand
Ph” " CHs - Ph” “CHg yield/% eel%
NazPO, (1.0 equiv.)
rac-1 -2
445-455 nm (27.5 W), DCM, -10 °C & 1 L1 54% 68%
L2 76% 64%
Z Ligand L3 1% 64%
- L4 67% 66%
N L1,R=H L5, R = 4-tBu-CgH,

Ls 69% 64%
L2,R=Ph L6, R = 3,5-di-tBu-CgHy L6 7% 4%

o)
\J
N .
i L3,R=CF,4 L7, R = Si(iPr); L7 70% 78%
L4, R=1Bu L8, R = Si(Ph), L8 829% 80%
9 L8 85% 82%
R

aThe reactions were performed in 0.05 mmol scale and 10 mM in dichloromethane (DCM) for 3h. All yields were determined by
"H NMR analysis with CH,Br, as internal standard;ees were measured by HPLC on a chiral phase.’5 mM. 44
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S.,
/(j o
HyCOC

3
43% yield, 86% ee
(10% ee)®

" 1,
AT N 07 NeH,
Ar = 4-CHy-CgHy
16

84% yield, 81% ee

OCH
. 26°
59% yield, 90% ee

HoC

45% yield, 79% ee

- The Yang Research Group 2 AN C RRIF SR B 5 izt 71
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“CH,
NC.

107
72% yield, 85% ee

HN
R S./,
“CHy
cl

62% yield, 85% ee

77% yield, 73% ee
HN,

S.

85% yield, 87% ee
ci
HN O /\) P
» Ar's"' A NCN

HN O
Ar = 4-CHy-CgHy

o LY,
L
S AN Ar AT
o
Ar = 4-CHy-CgHy Ar = 4-CHg-CgHsy Ar = 4-CHyCHy
17 18 19 207
3% yield, 86% ee 53% yield, 82% ee 53% yield, 82% ee 60% yield, 84% oo
(0% ee)?
HN_ O o b. G=
hd SCF.
% 3
NS HN ‘S//o e
S o
7 aram 28,36 PHTCHy 31, 69%, 82% ce
42% yield, 89% ee  31% yield, 91% ee 2,82% ee e
2% ee)® 10% ee)”
(@ o) ( ) a~ N‘it' 34,95%, 82% ee
functionalization
32, 92%, 82% ee
H;
HN \sllo 150,
“oHs Os ‘O,P gPh °
G—N O P
0N N i e
S
PhY CH,
33,99%, 82% ee 35,93%, 82% ee
~—— (CCDC 2353870)

27% yield, 0% ee
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Photoredox catalytic racemisation

hvbﬁ\
o PC*

‘g 1 o

Ph” NCHy —e ™ +d

il
Ph CHg

(R)-1

pcred

PivO—H

[L*Fe'']—NH,

stereoselective

NH transfer [L*Fe']

W //O

s,
Ph” " “CH,
(5)-2

. -
PivO—NH; OTf

3

46



7@ EEEA | WANCRAEOFES LA SREATAENCREZE LR

PR REL ST E N H S TR RS E 5

o o] FeCl, (5 mol%)/rac-L8 (10 mol%) HN_ O HN O
g g 3 (0.5 equiv.), NagPO, (1.0 equiv.) \\S// \\S/’
“CH, . RI\ CH, =2 QU BRsT a0 oquns SCH, + R_'\ “CH,
L 2 DCM (0.05 M), -10 °C L~
0.2 mmol 0.2 mmol
06
OCH,
04 | ®
. y = -0.9844x + 0.0909
F02 7} R? =0.9502
< CH,
&3]
o 0
o
i L CO,CH,
"
04 . . L ;
-0.4 -0.2 0 0.2 04 06
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standard conditions
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NV

S.,
Ph” " “CHg

Fig. 2b, entry 9

standard conditions
but without PC and light

(S)-2
85% yield, 82% ee

N O
N\
Ph” ™ "CHg

> 50% (S)-isomer is formed

(
64% yield, 66% ee

o
<
Tol”+ CHj

(S)-S7,>98% ee

o
<
Tol”* “CHg

(S)-S7,>98% ee

standard conditions
without PC and light

HN
\\//O

with matched ligand (L8)

standard conditions
without PC and light

S,
Tol” " “CHs

(8-
>95% yield, >98% ee

HN\\ //O

with mismatched ligand (-)-L8

S.,,
Tol” ™ “CHg

(8)-7, 56% yield, 30% ee

S$7 44% remained, 88% ee (S)

LN b k(L SZ IR N HEE 1S oI I I RO DS EN h 2R S

ERENMTFIENCREZF R

d.
o FeClj (5 mol%)/(-)-L8 (10 mol%)
’ N HN O
S 3 (3.5 equiv.) V72
Tol”+ “CH, S
<) Tol “CHg
NagPO4 (1.0 equiv.)
(9-87 DCM, -10 °C (87
>98% ee
Deviation . .

Entry from the above conditions yield/S7 (ee/%) yield/7 (ee/%, RIS)
1 None 44% (88% ee) 56% (30% ee, S)
2 wio (-)-L8 >99% (>98% ee) 0% (-)

3 w/o FeCly >99% (>98% ee) 0% (-)
4 w/o 3 >99% (>98% ee) 0% (-)
5 w/o NagPO, 63% (97% ee) 37% (83% ee, S)
6 w/o (-)-L8 and NagPOy4 >99% (>98% ee) 0% (-)
7 w/o FeCl, and NagPOy4 >99% (>98% ee) 0% (-)
8 w/o 3 and NagPO4 >99% (>98% ee) 0% ()
9 wi/o FeCly, (-)-L8 and NagPO,; >99% (>98% ee) 0% (-)
10 w/o 3, (-)-L.8 and NagPO4 >99% (>98% ee) 0% ()
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JAC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Aza Analogs of Arene Oxygenase Metabolization via Iron Catalysis
Si-Ming ]ia,# Chao-Rui Ma,” Shu-Ya Xin, Jin-Kai Cheng, Meng-Meng Ren, and Fei Wang™

Cite This: https://doi.org/10.1021/jacs.5c19427 I:I Read Online
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A. Arene metabolism with oxygenase: dearomatization and NIH shift reactions

R oxygenaée
A SV Ty G
L — € ...
é&( o hydroxy NIH shift
R =H, alkyl, COH ... %"‘3 1,2-qlhydroxylarl?n functionalization ‘ hydroxylation .
( ( Y ( $ 7 )

possible key intermediates
o Q- o} (monooxygenase)

i’ s o

NH - e ers A
2 OH OH_ -+
OH F
phenylalanine gliotoxin arene oxide
(o] (o]
phenylalanine HaC 2 R
OH hydroxylase 3 OH _@o _@O
B
o NH; 0. HO NH,
3

radical o-complex cationic o-complex

4-methylphenylalanine
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B. Radical-mediated dearomatization/migratory functionalization reactions and potential pitfalls.

radical-polar migration

R radical addition [N] crossover [N] and rearomatization IN]
o o |— & - X
=[N] R

() +
3 more R

Q regioselectivity regioisomers nucleophilic attack
[N]
G chemoselectivity R—6

_ \_L, R_:Ej/m] &[Nl ‘L‘ ™

HAS reaction G overreaction

[N]
G
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C. Previous work: iron-catalyzed directed radical addition for arene C-H amination.

iron catalysis r 7
DG . [Fe] . DG
o iron-aminyl radical pe NH, arene C-H amination
Z . 7 ahid
IS [Fe] NH,——> Z J— - 7
X S X
S
D. This work: dearomative amination and NIH shift-type amination of arenes facili by i inyl radical.
RN Lo} + - r | "N Lo}
. 2
PivO—NH; OTf _— [Fe] intramolecular NH
- 2
R . 2 NH, cyclization .
= [Fe] NH,——> i
A S Z N0
<
X H
Lo}
NIH shift-type intermolecular NH,
o~ NH2 amination dearomatization R
T~ — - o (cis-selective)
R alkyl migration with HOR" 'oR"

A. Proposed reaction pathway for dearomative amination of arenes

_-[Fe™
DG directed DG | oxidative DG
N, O NH, DH,
R radical addition 2 functionalization
Z Z AR
Y _ > _C/ R [ — U or o
X HN—[Fel'] OTf C[Fely S T X NN
1 + [Fe“] ) radical o-complex intramolecular with external
Ok % _GOH cyclization nucleophile
G NH. oTf

+s) 52



TSN TN CT TSI < i 471 N C R AR 1B A

AR MA RS

B. b of ification of 1a
- EEE AvilioE
(HsCIN__O Fe(OAc), (10 mol%) (HiC)N._O (HiC)N._O H-OG (i LM 64T
j&/\ HFIP, 30 °C ]E "l”1> . 1) B EpKafl il fe s F)T8k-
_O* OTf OH — - S v
Ph OH G”NH, Phi 1e ML S E BRI, s
1a 3 (1.5 equiv.) 4 F 5 . .
JRAE & SEBLIE R B 3 n
i) Effects of aminating reagents® ii) The solvent effect (with 3a)® .
80 80 EE o
m4 m4

5

SR PR T T RETE

s 5. R e A, ELA
b - o = TP S5 C-HEE t T AR 55 3L

i e Toeno B H RIS, SRR TR,
s 3a 3b 3c =

0
3d

Ot ¢
G \NH:E)Tf 60

HFIP MeOH THF Dioxane Et;,O DCM MeNO,
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og 0 X,
v H
5J
oL
X

b NG,
N,
Hie 5% =
HyC—N_ o
1 4,R = CHy, 60% 3 N 12, 50%

Ny 0

NH, 7,R=nPr, 50% L

> 8,R= (CH,),CH(Ph),, 45%

"'0 9, R = (CH,),CN, 52% HyC.

10, R =Ph, 40% HiC_Ne
11, R = OCH,, 49%
(6.4 mmol, 0.94 g) 16,50%
(HsC)N_O (HsC)N_O
NH, NM2
H o" H
25,48%
= o
19, R = OCH, 76% e
20, R =TMS, 66%
NH,

21, H, 41%
22,R=Cl,57%

23, R = NOy, 39%, 56%°
24, R = OCF3, 56%

FBENCREIFISRAE Szt 71
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Fe(OAc),, 3a

Che

13,63%

o

17,48%

(HiC1N_O

¢

26, 62%

(H3C)oN
NHZ
'”o

29, 56%

[Fe] NH,——

H;CO

SEEAHIBENCRIEZEERW

N O
NH,
Z >
R
NG

F
:
a,

14, 48% 15,47%

?

HaCO ay
18,43%

(HiC)N_O
NH;

>

HyCO. 6

5
e,

H3CO'
27,62%
5C)N. O
NH,

>

g

8;;
O

30, 56%
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H H
N__o Fe(OAc); (10 mol%) N 0

H
- R™ N0
BT R'OH, HFIP, 0 °C NH, I
o Az cH, fCHy  + HN CHs
3a (2.5 equiv.) .
= R

cis-selectivity

Ar.

NS
H
R éHNHz 3 (::HNH;
Home Home ®
44, 41% 47,36%
(44:48 = 1.6:1) (4747 = 1.1:1)

Home

49

48, 42% 49, 40% (CCDC 2429946) 50, 38%

(48:48' = 1.3:1) (49:49' = 1.3:1) (50:50" = 1:1)
Other nucleophiles

" Nuc=N;  51,38%

H e(OAC), (10 mol% H H 51:44' = 1.3:1

nprNagZ© TMSN; (3.0 equiv.) or N nprNNgZ® L 2
- . -
1,2,3-triazole (1.5 equiv.) NH - NH; N
CH 2 CH; Nuc=
: CH3. —_— & \_)Br
3a (2.0 equiv.) 2

Ar HFIP (0.1 M), 0°C, 9h Ar Nuc Ar Nuc

(sz:ﬁ 37:/.03:1)Er 5 5
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A. Proposed reaction pathway for NIH shift-type amination of arenes

DG
-R* dNH;
x R

{0
DG pelFe’l DG

o $ DG
A [Fe] NH, NH, - [Fel] NH, ﬁH2
Z JR—— _6 iR _— "R — 7
R
N R R D DG
R _R* NH;
radical o-complex cationic o-complex ; _/ |
S

~
B. oObservations of the NIH shift-type amination reactions

i. Alkyl shift

o
Fe(OAc); (10 mol%) s, M 0
i o NH 1
3a (1.5 equiv.), HFIP, 0°C ; 2 NH,
NH, + ZC "
. 2Fs
[Fe] NH, CaHs
53, 43% (1T = 1.1:1) 54,40%
(NIH shift-type amination) (direct C-H amination)
The reaction scope o. NHR' o. NH,
55, R = Ph, 54% (7 = 1.5:1) NH, NH,
O NH2 56, R = CHj, 59% (rr = 2:1)
NH, 5T R=Pr51% (=161 R CyHs HaC
58, R = "Cathyr, 56% (r = 21) 61, R = H, R' = CHa, 46% (r = 1.1:1
= Ch. 59 R='Bu,48% (r=3.4:1) -R=H, R =Cts, 46% (rr=1.1:1) HsC” CHs
2Hs 62, R = CHg, R' = "C4Hg, 45% (T = 1.9:1)

60, R =Br, 45% (T = 1.7:1)

63, R = CHj, R' = CqHyy, 49% (i = 1.6:1) 64,43% (i =1.9:1) 56
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ii. Aminative dealkylation lii. Deuterium shift (DMPO) 1E N A HER $EAHEA4T B TR ISR (EPR) i /047,
s O . Fe(OAG); (10 mol%) D o UESZ T eNH, H e 2 5
Ph NCHa 3a (1.5 equiv.), HFIP, 30 °C @\/U\'O e ——
i leN d . Radical clock experiment
2 o ] O [Fe] NH, Q)

HID ~ 509,

3 °
67,>98% D 68, 60% yield o,
e "
Fe(OAc), (10 mol%) [Fe] NH, iv. Hydride shift-dealkylation e iy
3a (1.5 equiv.), HFIP, 30 °C
H 16180, (1 atm)
o Fe(OAc); (10 mol%) -
u
o tBu N 3a (1.5 equiv.), HFIP, 30 °C with '602 [M‘Na] - 335.1366
Ph sl
N(CHs), O NHZ A s
ﬁ H B. Observation of sp3 C-H functionalization® win o, [M'Na] 20451
tBu

NH, [Fel NH, R Found: 339.1457
70, 56% yield
66, 37% + 47% (lactone) ) (R=H,26%; R = Bu, 30%) 5
single election 4T oo, Tol
ptor I
oxidant HgoOPV HOS
2 Toi—sH
[Fe") NH,—— N | ——— NH
EtN (35 equiv.)
L] 120°C,8h
7 74 (unstable) Tol = 4-CHiCeHs 75.42%
detected by crude 'H-NMR +14% NIH shift-type amination

TR R S T REZE T “ AR TR~ LTS B,
ffﬁﬁ%ﬁﬁéﬁﬁgﬂa%mﬁh
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Proposal
H o]
H +
R Q2 [Fe] (10 mol%), L (12 mol%) |° : U,
)—( + NaBr . R R™ 07
R Solvent, 0-30 °C, 10 h HN S : oTf
[NH,] (2 equiv) r [NHg]
[NH,] RCOOH

>—4 “otf

[LFe"Br,] [BrFe""LI—NH,
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