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Background

H Overview of ‘Metal Carbene’
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Background

m Brief introduction of ‘Metal-Carbene Radical’ Species
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Reduction of the neutral carbene complex with (11-C;H;)Fe(CO),Na in THF/HMPA at -78 °C.

P. J. Krusic et al. J. Am. Chem. Soc. 1976, 98, 2015-2018.
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Background

m Brief introduction of ‘Metal-Carbene Radical’ Species
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Background

m Brief introduction of ‘Metal-Carbene Radical’ Species
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Background

m Brief introduction of ‘Metal-Carbene Radical’ Species

(0]
/l . R'YJ\R" Co(TPP) R, A\Ph . R"OZCA\Ph
Ph N DCM, reflux R"O,C R R' R
2 -N
2 trans cis

62-99% yield
trans/cis: 70/30 - 85/15

S. Cenini et al. Eur. J. Inorg. Chem. 2003, 1452—-1460.

Ar

M = Co", Ar = Ph, R = COOEt
M =Rh", Ar = Mes, R = SiMe3;, COOEt

K. S. Chan et al. Organometallics 2007, 26, 679—-684.
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Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

B Asymmetric Cyclopropanation and Cyclopropenation

R =CN,
Cyanocobalamin
CNChbl;

R = CHa,
Methylcobalamin,
MeCbl;

R = 5'-deoxyadenosyl,

Coenzyme By,
AdoChbl;

R = HO-HCI,
Aquocobalamin,
Bi2a;

R =g,
Cob(Il)alamin,
Bior-

0
H H
Ph/& * OEt

Co(vitaminB12aZ R"0,C,, H, é Ph
TFE, 80 °C H ROZC
N, N
2 cis trans
entry substrate product yield (%)b cis:trans® ee(%)d
CO.Et
] ©/\ ©/<|\ ‘ 61:39  64(54)
N CO,Et
2 92 63:37  64(50°)
MeQO MeOQ
N CO,Et
3 /©/\ 86  64:36  64(54°)
COsEt
N CO,Et
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Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’
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Br Br Cs,CO;

R 1

CoCl,

2,6-lutidine

X. P. Zhang et al. J. Am. Chem. Soc. 2004, 126, 14718-14719.
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Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

M H
Me O HX O .
MEMNH No A H @/4‘0009 \<1 COOR
HH H Y
cis- 1R,2S
[S]-(+)-2a IR.RI- (.,.) b @/\\\ cat. 4 cis-(1S,2R) ( )
0 H
N,CHCOOR :
4 Hve H Hte 1 EDA:R=Et;
ra

[R]-(+)-2¢ [S]-(-)-2d +8DA: R = tBu. ns-(1R 2R) trans—(18,28)
entry R 1 2 3, yield (%)? 4, yield (%)? entry 4 diazo additv yield (%)?  transicis®  ee (%)°  config?
1 Ph 1a 2a Ja, 78 4a, 88 1 4a EDA 92 (—) 87:13 31 1R.2R
2 Ph 1a 2b 3b, 64 4b, 86 2 4b  EDA 77 (=) 66:34 35 15,28
3 Ph 1a 2c 3c. 75 4¢. 95 3 4¢c EDA 92 (—) 32:68 48 15.2R
4 Ph 1a 2d 3d, 71 4d, 95 4 4d EDA 95 (—) 32:68 51 1R,28
5 4-t-BuPh 1b 2a 3e. 86 de. 72 5 4a  EDA DMAP 91(—) 96:04 67 1R.2R
6 4-CFs;Ph 1c 2a 3f, 77 4f, 95 6 4c EDA DMAP 52 () 44:56 88 1R,2R
7 pentaFPh 1d 2a 3g, 46 4g. 86 7 4d EDA DMAP 57 (—) 42:38 89 1R.2R
8 4-acetylPh le 2a 3h, 66 4h, 83 8 41 EDA DMAP 86 (82) 97:03 78 1R.2R
9 2.4,6-triMePh 1f 2a 3i, 84 4i, 91 Lo 41  BDA DMAP 88(84) >99:0] 95 1R2R 1
10 2.6-diMeOPh 1g 2a 3j. 59 4j, 95 10 41 ~-BDA DMAP 84 (85) >99:01 98 1R,2R
L1 33 diMeOPh 1h 22 3l 88 4k 96 11 4m EDA DMAP 65 (59) 31:69 92 18,2R
12 3,5-di-#-BuPh 1i 2a 31, 85 41, 91 12 4m +BDA DMAP 78(75) 37:63 96 18,2R
T3 3.5-di--BuPh T1 2C 3m, /9 dm, 90 13 4n  EDA DMAP 68 (—) 30:70 94 1R,28
14 3,5-di-r-BuPh 1i 2d 3n, 72 4n, 92 147 4n ~-BDA  DMAP 76 (—) 38:62 95 1R,28
15 4-n-heptyl 1j 2a Jo, 74 40, 95 15 40 EDA DMAP 80 (—) 96:04 59 1R.2R
16 H 1k 2a 3p. 79 4p. 91 16 40 +~BDA DMAP 73(—-) 99:01 78 1R,2R

@ Reactions were carried out at room temperature in toluene for 20 h under N, with
1.0 equiv of styrene, 1.2 equiv of diazo reagent, and 1 mol% 4 in the presence of 0.5
equiv of additive. ¢ Carried out at -20 ° C for 8 h. f5 mol % 4 was used.

FR1E. B, K. 1T \ The Xiao Group




Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

m Asymmetric Cyclopropanation and Cyclopropenation
Providing a confined, protective, and chiral
nanospace around the active site !
Avoiding the side reactions!

Potential hydrogen-bond donors!
lower the activation barrier,

leading to faster reactions and higher selectivities!
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Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

m Asymmetric Cyclopropanation and Cyclopropenation
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X. P. Zhang et al. J. Am. Chem. Soc. 2004, 126, 14718-14719.
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Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’
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Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

B Asymmetric Cyclopropanation and Cyclopropenation

Co] t [Co]
H. _CO,R _L ,A BuO,C.__COMe &\COMe
ZOEWG il GWE CO,R A R+ hig T RYT NeoBu
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Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

N-H H-N N-H H-N
R* *R R* *R
Cobalt carbene radical Cobalt carbene radical

Potential Double H-bonding in ‘Cobalt carbene radical’ intermediate

The Xiao Group



Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

B Asymmetric intramolecular cyclization
NNHTPS

'Pr
@le [Co(PE)] (2 mol %) C[\/)t..w 0
N/““\.Rq N

Cs,CO5; MeOH; RT; 24 h § ,;[-55 Pr (TPS)
| \ :
1 CO,Me 2 CO;Me Pr
C-O OO Oy
\ \ \
CO,Me CO,Me X-ray CO,Me ©OMe
entry 1: 2¢ entry 2: 2d entry 3: 2e
92% vyield, 94% ee

98% vyield, 94% ee 98% vyield, 90% ee

o0 b G

\ \ \
CO;Me X-ray  CO,Me CO;Me
entry 4: 2f entry 5: 2g entry 6: 2h
96% yield, 94% ee

92% yield, 93% ee 85% yield, 96% ee

m..../— @....&ZMe ©jl\>....\<NEt2

@]
\ \ \
CO;Me COs;Me CO;Me MNew
entry 16°: 2r entry 17¢: 2s entry 18 2t [CD{PB}] {(X-ray)
65% vyield, 87% ee 49% vyield, 81% ee 92% yield, 68% ee

ARfE. E

X. P. Zhang et al. Chem. Sci. 2018, 9, 5082-5086.
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Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

B Asymmetric intramolecular cyclization

a) Effect of TEMPO on Benzylic C-H Reaction: Stereochemistry

[Co(P1)] ()-3¢ \/\
(4 mol %) _ 70% yield =N \
NIARTES TEMPO (2.5 equiv.) H H /N»\L
H Cs,CO;3; MeOH _ @fLOPh Xy
—E2eEa e | H
RT; 24 h : )
l;l/\F’h Soruy ﬁlxo/%j
1¢ COMe [Co(P6)] (-)-3¢ COMe e
2mol %)  90% yield
93% ee
CO;Me COZMe COzMe )"
N._Ph
< < H I
H H HH Ph
s H
[Co] 1c-A [Co] 1c B [Co] 1c-C

b) Effect of TEMPO on Allylic C-H Reaction:Olefin Isomerization

NNHTPS H=> )
- /N 7(
H [Co(P1)] (4 mol %); TEMPO (2.5 equiv.)
AN Cs,CO3; MeOH; 40 °C; 24 h AN }'N/j
N
) 72% yield N oIS
1u  Co,Me CO,Me 3u
COQMS COZMG COZMS
\\/u\ \/\ \/\/O\
H
[Co] 1u-A [Co] 1u-B [Col

c) Effect of TEMPO on Cyclopropylmethyl C-H Reaction: Ring Opening
NNHTPS HH ey g-Co(lll)-Aminoalkyl Radical

[Co(P1)] (4 mol %) e
TEMPO (25equw) @M @O/ 7\ 5 %
CSQCO3 MeOH
N/w 40°C; 24 h oV Bos

v Boc 30% yield Boc 40% yleld
Elloc | ?oc Bloc ,Y)
N .Ju; N\/v' N\/\/\O/ 7<
H = H - H
H H H
©co VA (ca VB (g W€ X. P. Zhang et al. Chem. Sci. 2018, 9, 5082—-5086.
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Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

B Asymmetric intramolecular cyclization

NNHR
! 3a 3
©\)J\ H "One-Pot" - 5@\/}%..4:{2
i *\7- 6 A 1
ITI/\R2 [Co(Do-Por™)]; base =7 N\ 1
1 R1 2 R
\J ., base
2 = \2"‘ 3 _1 1
>—N_ " N—X Diazo

radical radical

substitution activation NzT
R MRC AR
: N, RZ ' "
: TE | I
: H : : H
H _H-atom abstraction i
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Ie—Co(III)-AminoaIkyIE . a-Co(lll)-Benzyl l

Radical ' | Radical '

___________________




Asymmetric Radical Coupling Mediated by

‘Metal-Carbene Radical’

B Asymmetric intramolecular cyclization

H
H H NNHTs H
N/\)J\H [Co(Por)] (3 mol %) . H\\‘ N
Boc Cs,CO5 (1.5 equiv.); dioxane © Boc

60°C; 24 h

H-N\=
\ ()" 0 \ N
hY H AY
[Co(P1)] N [coP2) 7= N\ [coP3) 7=
(P1 = 3,5-Di'Bu-lbuPhyrin) (P2 = 3,5-Di'Bu-ChenPhyrin) (P3 = 2,6-DiMeO-ChenPhyrin)
entry 1: 81% y entry 2: <56% ee, 89% y entry 3: 32% ee, 85% y
H H
(B NS
o—‘}(o> o] o)
N-H H-N

H H H
[Co(P4)] [Co(P5)] [Co(P6)]
(P4 = 3,5-Di'Bu-ZhuPhyrin) (P5 = 2,6-DiMeO-ZhuPhyrin) (P86 = 2,4,6-TriMe-ZhuPhyrin)
entry 4: 45% ee, 83% y entry 5: -51% ee, 90% y entry 6: 92% ee, 93% y

X. P. Zhang et al. J. Am. Chem. Soc. 2018, 140, 4792-4796.
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Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

B Asymmetric intramolecular cyclization

H H NNHTs [Co(P6)] (3 mol %)
X _ - - H ~ X:
R X 1 H 032003 goigqg:\;[)] dioxane R X NBoc, O, S, CH2
O D NBoc
@ Boc O Boc - Boc © @ @
2aa“ 2ab

93% y 92% oo 57%Y; 88% ce 56%y; 32% ee 54% vy, 85% ee 85%y; 91% ee T6%y; ee:nla 50% y; 67% ee

H P TN oyl @ mol %) H\’> HD\’>
o mol % D]
l‘;l'r\)l\H Cs,C04; dioxane _ Dy R
Boc 60°C; 24 h @ Boc * @ Boc
yield: 65%: ki/ko: 9.2/1 2a-H 2a.D
Me H NNHTs (c o
o(P1)] (3 mal %)
N/\)J\H Cs,CO3; dioxane PHQ . ME;J:—B
ém:: 60°C: 24 ] M?X-rﬁy-iim o HEmc
(R)-4a yield: 55%; ee: 81% (S)-5a (R)-5a
(> 99% ee) major minor | [Co(P6)]

X. P. Zhang et al. J. Am. Chem. Soc. 2018, 140, 4792-4796.
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Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

B Asymmetric intramolecular cyclization

HH O
N l [Co(Por)] H

’ Na Q 2a

1a

f
OEEazO
b

1
I V Me £
l : N B
| ) )
!
1
1
1
1
' {
) 96 ! ‘
100 m yield (%)° 94 ! @ g
86 5 .
90 cd 82 1
W de (%) 78 80 ' [Co(TPP)] [Co(P1)] [Co(P2)]
80 - ee (%)° 7 : (TPP = Tetraphenylporphyrin) (P1 = 3,5-Di'Bu-IbuPhyrin) (P2 = 3,5-DiBu-ChenPhyrin)
1
70 61 : .
60 54 50 52 : g""' ik ‘ E‘“ m‘ d - 1)
50 46 1 (R 2] A (H) (A) (R
40 ! . .
30 : i
1
! : la ol PR
10 - 0 1 A 12 2§ ) 2
1
o |
1
1
1

[Co(TPP)]  [Co(P1)] [Co(P2)] [Co(P3)] [Co(P4)] [Co(P5)] [Co(P3)] [Co(Pa)] [Co(P5)]
(P3 = 3,5-Di'Bu-Tao('Bu)Phyrin) (P4 = 3,5-DiBu-Hu(Cg)Phyrin) (P5 = 2,6-DiMeO-Hu(Cg)Phyrin)

aCarried out with 1a (0.10 mmol) using [Co(Por)] (2 mol %) in tert-butyl methyl ether (TBME) (0.5 mL) at 40 °C for 12 h. PIsolated yield. °Diastereomeric excess (de)
determined by *H NMR analysis of crude reaction mixture before purification. 4YIsomerized to trans-enriched products with 96% de after purification by silica gel column
chromatography for all catalytic reactions. ®Enantiomeric excess (ee) of trans-diastereomer determined by chiral HPLC after purification.

X. P. Zhang et al. J. Am. Chem. Soc. 2021, 143, 11670-11678.
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Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

B Asymmetric intramolecular cyclization

\ Q [Co(P5)]

1

0
HJ_QH + N
R

.2 Ar

8]
J |.H
@{_}_zaﬁ'
entry 1; 80% vield
98:2 dr (91:9)

96% ee

o]

scale

Me

H -
Q (-)-2h
F
entry 8: 81% yield

97:3 dr (86:14)
90% ee

o]
H O
e
ﬁ;/ (-)-20

1.0 mmol

O

th (-)-29

entry 7: 79% yield
99:1 dr (99:1)
90% ee

H H
(-)-2b Meoﬁ (-)-2e
MeO .
entry 5: 71% vield
98:2 dr (89:11)
B6% ee

entry 6: 86% vyield
98:2 dr (78:22)
96% ee

entry 4; 76% vyield
95:5 dr (83:17)
70% ee

entry 3: 77% vyield
98:2 dr (88:12)
93% ee

entry 2: 70% vyield
98:2 dr (87:13)
92% ee

0

Had Lo Hal | H Hal - Had | Had L
\.. DJ -\ s f \" I\‘ _.n.‘
EQ ()2 I Joa @gj{—ram @K’ ()2n
oc

entry 14: 71% vyield
96:4 dr (62:38)
B%0 g

entry 13: 70% yield
98:2 dr (97:3)
78% ee

entry 12: 76% vield
95:5 dr (87:13)
92% ee

entry 11: 62% yield
92:8 dr (92:8)
96% ee

entry 10: 76% yield
97:3 dr (90:10)
88% ee

o

1.0 mmol X-ray)
ST scale J
e 7
Cr2a® (-)-2r
entry 17: 93% yield

entry 9: 65% yield
96:4 dr (85:15)
90% ee

ﬁ;{—)-zp

entry 16: 75% yield entry 21: 66% vield

F
entry 20: 52% yield

CFy
entry 18: 90% yield entry 19: 93% yield

entry 15: 80% yield
72:28 dr (82:18) 98:2 dr (92:8) 99:1 dr (97:3) 97:3 dr (97:3) 98:2 dr (98:2) 98:2 dr (88:12) 99:1 dr (99:1)
73% ee 94% ee 95% ee 96% ee 95% ee 91% ee 15% ee
X. P. Zhang et al. J. Am. Chem. Soc. 2021, 143, 11670-11678.
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Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

R4
5
o H R3 RT B
H Br, g H . 5 5-exo-trig
2 O, M2 A H R \n/ R N “R)\(\O [Co(Por*)] o) cyclization
0”": cl o 07: \< ¥ 3-exo-trig
z : cyclization
OHO 2 H H >\-—Br 4
Mycorrhizin A * Aromaticane A Chinzallene H

= H
COMe Methyl Quadrangularates D

a-Co(lll)-
Alkyl
Radicals

v
v
\
Q&

o
: ):0
)//\\o 0

(o}
Hypercohin K Phellilin C Euphorianin

o
e-Co(lll)- 5-exo-trig

e B
y-Co(lll)-
; ; Alkyl cyclization Vinyl
Selected examples of natural products and bioactive Radicals @éﬁb D i LI @;&’J‘Eﬁ
1 [}

compounds containing cyclopropane-fused tetrahydrofurans

X. P. Zhang et al. 3. Am. Chem. Soc. 2021, 143, 11130-11140.
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Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

100 4

[Co(P1)] Mo
(P1 = Tetraphenyliporphyrin) [Co(P2)] Me [Co(P3)]
(P2 = 3,5-Di'Bu-IbuPhyrin) (P3 = 3,5-DiBu-ChenPhyrin)

Me Me

20 A

0 - ‘ » . > M s . M 3 . M y
[CoP1)]  [CoP2)]  [Co(P3)]  [Co(P4)]  [Co(P5)]  [Co(P6)] Me” Mo copay Mo M Mo oopsy o Mo T M o pey M

B vield (%) |7 (B):(2) B ee (%) (P4 = 2,6-DiMeO-ChenPhyrin)  (P5 = 3,5-DiPh-ChenPhyrin)  (P6 = 3,5-DiMes-ChenPhyrin)

X. P. Zhang et al. 3. Am. Chem. Soc. 2021, 143, 11130-11140.
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catalysis catalysis

Organo Metal

Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

MeO
H Q H
i RN e Ay
-y 0 <. 0
(X-ray)
_CN MeQ CN

BuO,C (3D

entry 2: 61% yield
98:2 (E):(2); 1% ee

BuO,C (+)3a%

entry 1: 86% yield
98:2 (E):(2); 91% ee

enlry 7: 76% yield
97:3 (E):(2); 99:1 dr; 90% ee

k! BUOLC (#)-319¢

entry 12: 71% yield
98:2 (E):(£); 9911 dr; 92% ee

BuO,C (+)-3

antry 11: 79% yield
98:2 (E):(2); 99:1 dr; B9% ee

—CN

BUO,C (+)-3r%®
entry 18: 55% yield
97:3 (E):Z); 99:1 dr; 78% ee

BUOLC (+)-3q%°
entry 17: 62% yield
95:5 (E):(2); 99:1 dr; 83% ee

entry 3: 91% yield
97:3 (E):(2); 92% ee

entry 4: 69% vyield
99:1 (E):(&); 92% ee

CN
BUO,C [+)-3hBdf

entry 8: B0% yield
97:3 (E):(2); 99:1 dr; 92% ee

DA,

(+)-3m

antry 13: B6% yiald
98:2 (E):(Z); 99:1 dr; 84% ee

BuO,C (+)-3n%°

entry 14: 68% yield
97:3 (E):(2); 99:1 dr; 91%: ee

BuD,C

AN ey
o] e}
o v
—CN CN
BuD,C (+)-3s BUOLC (314

entry 20: 37% yield

entry 19: 20% yield
93:7 (E)(2); 99:1 dr; 70% ee

955 (E):(2); 42% ee

MeO CN

BuUO,C (+)-3e%°

entry 5: 84% yield
97:3 (E):(4); 99:1 dr; 92% ee

BuOC (4)-81%

entry &: 83% yield
97:3 (E):(£); 99:1 dr; 95% ee

QA

-GN
BuOLC (+)-31%¢

entry 9: 80% yield
98:2 (E):(£); 99:1 dr; 94% ee

ME\Q H
\
o w

CN
BuO,C (+)-30%

entry 15: 48% yield
96:4 (E):(2); 99:1 dr; B0% ee

BuO,C (+)-3u®
entry 21: 43% yield
95:5 (E):(2); 99:1 dr; 10% ee

N, "
F

BUOLC (+)-3)**

entry 10: 50% yield
95:5 (E):(Z); 99:1 dr; 90% ee

" H
&,
el
H A%
-CN

Buo,C (+)-3p%

antry 16: 31% yield
94:6 (E):(2); 99:1 dr; 79% ee

CMN
BUO,C (+)-3ve

entry 22: 37% yield
95:5 (E):(2): 99:1 dr; 74% ee




Organo Metal

catalysis catalysis

Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

B Asymmetric intramolecular cyclization

A. Generation and Detection of a-Co(lll)-Alkyl Radical Intermediate by EPR and HRMS __

B. Probing of e-Co(lll)-Alkyl Radical Intermediate by Reactions of (E)- and (2)-1,6-Enynes
H H

OBu
H
o
° NC.__ CO,Bu [Co(P2)] (5 mol %)
Cal © i i + 0
[COT Clicorpay N H CH3CN; 40 °C; 16 h
2 _ 44% yield
1a (2w = >20:1 (B):(2
OBu exo-3s only
gl | [T REEIERReTNNENEE g e
OO
[Col %hcarez)] NC\H/COZBU [Co(P2)] (5 mol %)
+
-------------------------------------------------------------------------------------- “ N H O CH4CN;40°C; 16h
vy HRMS ’ H el
>20:1 H
------------ o ‘ 1a (Z)-2W// 62:38 endofgl;(ez))(o.:;s BuQ,C endo-3w 'BuO,C exo-3w
m/z = 1374.6850 (exp) H
2 @ miz= 13‘74.6888‘ (sim) [Co(P2)] H [Co(P2)] ?:‘9_’{'5{'_"_7'9 _c_y_c!i_zg{igz{r [Co(P2)
3 2 metalloradical N radical p-scission
X 5 activation J
° Su N, | r k
P —O-I[;“-“:z’-'- B 0 NC CO,B
' g=200554 ! . 2Bu
(A(co) = 694 MHz! Jical H soxo m_;BuOgC
) radica -€X0- r
0 [Co] addition [Co] cyclization [Co] rotation [Co]
3150 3200 3250 3300 3350 3400 3450 3500 3550 1374 1375 1376 77 1378 1319 1380 —_— St At VR ==
B [Gauss] miz licop2)  (2)-2w licorP2)(2-2w WicopP2)(2-2w Micop2)y(g)-2w

X. P. Zhang et al. 3. Am. Chem. Soc. 2021, 143, 11130-11140.
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Asymmetric Radical Coupling Mediated by
‘Metal-Carbene Radical’

B Asymmetric intramolecular cyclization

D. DFT Study on Catalytic Pathway and Energetics for Cascade Cyclization by [Co(P#6)]

Q“

\ 3a (-76.8 kcal/mol)

AGH=13.9
E kecal/mol

H IL.\\ Eﬁ\ *gﬂ:\

[Co(PG
A (0.0 kcalﬁ'mol)

Nl
Al

|, TS3:-6.0

~, u( D r"
@uog%oﬂfr H Cyclo;ropene |
a" \

\ keal/mol

\H

X. P. Zhang

NC

O TS2:-1.9

CO,Bu

AGF=234
keal/mol

Nz}

Nz
1a

NC

. COgrBU

[Co(P6)]
B (-17.5 kcal/mol)

kcal/mol

oy )
barrierless G Q
NC., NG, | 2a
BuD,C=x TS3:—-18.4 Bu0,C AGH=15.6
keal/mol H kecal/mol
< Fealimol
[Co(P6)] AGto1s [Co(P6) TS3
D (—48.3 kcal/mol) el C(-199 kcalfmol)

etal. J. Am. Chem. Soc. 2021, 143, 11130-11140.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric Olefin Aziridination
R R’ ' .N/R"

s R__R
\"/R' \”/ R' "
<R 1 T 3 N R"N3 < i r s
R— N/COI:N 7 R<—2 R R — R— N/COI:N 2—R
< N /N = -N -N ~ N /N —
2 2
R’ R

'Metal-Carbene Radical’ 'Metal-Nitrene Radical’

Yield” Fe¢

0,
[Co(PE)] (10 mol%) N—Tces Entry Olefin Aziridine Temp/'C (%) (%) [2)

Pd(OAc), (5 mol%
+ NaSOsCH,CCh :AI\/:;(PhCI -
= NTces
TcesN, ’ I ©/\ ©/£ 0 91 94 ()

40 °C

5 /©/\\~. O/ﬁNTces 0 29 90 )
Me Me
. = NTces
3/ ©/\ Q/A RT 85 82 (—)
Me Me

6 /©/\ I©/£NTces 0 93 9] (—)
¢ cl (R)*

[Co(P6)] (2,6-DiMeO-ZhuPhyrin)




Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric Olefin Aziridination

©/\ AN catalyst _ “ N "
N .
™3 4AMS, RT solvent 48h | '

1a 2 3
Entry Catalyst  Ar Solvent  Yield [%]®  ee [%]*
1 [Co(P1)]  o-FC.H, (2a) PhH 501 —47
2t [Co(TPP)] o-FC¢H, (2a) PhH trace -

3 [Co(P1)]  2,4,6-F,CH, (2b) PhH 95 —66
4l [Co(P2)]  2,4,6-FsC¢H, (2b)  PhH 95 73

5 [Co(P3)]  2,4,6-F;CH, (2b) PhH 94 90

6 [Co(P3)]  2,4,6-F;C¢H, (2b)  PhCl 80 91

7 [Co(P3)]  2,4,6-F;,C{H, (2b) PhF 94 92

8 [Co(P3)]  2,4,6-F;C¢H, (2b)  hexane 72 90

9 - 2,4,6-F;CH, (2b)  PhH NR -

[a] Carried out with olefin (1 equiv, 0.2 m), azide (1.2 equiv), and [Co(D,-
Por®)] (1 mol %). [b] Yields of isolated products. [c] Determined by HPLC
on a chiral stationary phase. [d] 2 mol % catalyst loading. [e] Yield
determined by ""F NMR spectroscopy. Product mixture contained 2a
(10%), azofluorobenzene (15%), fluoroaniline (10%), and unknown

components (15 %). Entry in bold marks optimized reaction conditions.

Ph 2-Naph 2-Naph
Mg Phe « H Neph Ph iy
: :%_’ (W] w e
P fe) =0

N-H

LR

H < = H H H"- . H
Ph Ph Naph-2 H MNaph-2
[Co(P1)] [Co(P2)) [Co(P3)]

X. P. Zhang et al. Angew. Chem. Int. Ed. 2013, 52, 5309-5313.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric Olefin Aziridination

(s O

+ \) 3
Fie /

1a 2

[Co(P3)], (1 mol %)

PhF, 4 AM.S., RT, 48 h

sl

I\ N -

entry 1: 3aa;
52% yield, 75 % ee

F
e N F
J .
F

entry 4: 3ae;
95% yield, 89% ee

F
Z FT Br
F

entry 7: 3 ah;
95 % yield, 80 % ee

F
o
0,
F
entry 2: 3ac;
64 % vyield, 80% ee

F
|
~F F
F

entry 5: 3 af;
99% yield, 92% ee

F
j(AN F
|
7 F:¢:CF
F
entry : 3 ai;
99% yield, 68 % ee

. F
o0
i
entry 3:19 3ad;
80% yield, 96% ee

F
s N \F
|/ FlzN
F

entry 6: 3ag;
96 % yield, 90 % ee

N F
oo
F
entry 9: 3 aj;
no reaction

entry 1: 3ab;
99% yield, 94 % ee

F
"0
|
FOF
CHj

entry 4: 3cb;
99% yield, 92 % ee

F
"
F F
entry 7: 3eb;
85 % yield, 92 % ee

F
/@§N|\F
FaC F7 °F
F

entry 10: 3 gf;
91% yield, 85% ee

F

/@SA}\N F

F F F
F

entry 13:1 3if;
90% yield, 91 % ee

F
o
F F
F
entry 2: 3af;
99% yield, 92% ee

CH,

entry 5: 3cf;
95 % yield, 94% ee

F
Cfﬁ“ﬁ
|
e0” ™ F F

entry 8: 3 fb;
99% yield, 87 % ee

F
o
MeO,C” ™~  F F

entry 11: 3 hb;
80% yield, 92% ee

F
jsghe!
Br™ ™~ F F

entry 14:1 3jb;
81% yield, 92% ee

i/, —

51T

entry 3: 3bf;
99 % yield, 96 % ee
CHs F

S

entry 6: 3df;
99 % yield, 87 % ee

F
o'
FsC F F

entry 9: 3gb;
77 % yield, 92% ee

F
o
F~ F F
entry 12: 3 ib;
93 % yield, 95% ee

F
sghs}
F F
B
entry 15: 3 kb;
82 % yield, 93% ee

X. P. Zhang et al. Angew. Chem. Int. Ed. 2013, 52, 5309-5313.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric C—H Functionalization (Co, Ru, Fe)

O O O O
R, 8. R, S,
- - '--N ~ -~ ~
N" LR [Co(Por*)] N-NH + N, T
I\)< I\/kIR1
R **H
______ e P e
2R Vg 9 2 O\V/?N
~ -~ ~ ~ -~ 3
TNH H H
k/L\R1 I\)<
" 1
[Co(Por™)] R
Enantioselective radical radical N T
. . . i 2
C-N Bond substitution activation
Formation?

R2

. MRC v ]
H \_O
/.fH\ s2° 1 f\-ﬁé’

-Co(lly-| 'R""H-N" ~O O a-Co(lll)-

R HN
Alkyl ol P < NI TR—%> | Aminyl
Radicals i@ A-atom S—NZ""N—<|Radicals
|

Yy I ~—abstraction

X. P. Zhang et al. Angew. Chem. Int. Ed. 2018, 57, 16837-16841.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric C—H Functionalization (Co, Ru, Fe)

o O

Y/ Y

Bn\N’S;'NI?i' [Co(Dy-Por*)] (2 mol %) BN~~~y

L T L e
Ph 4 R MS, MTBE

1a rt, 48 h 29 H

Mé Me Me™ me
[Co(P1)]: 93% yield; -40% ee [Co(P2)]: 21% yield; -31% ee [Co(P3)]: 90% yield; 50% ee [Co(P4)]: 93% yield; 90% ee
(P1 = 3.5-Di'Bu-ChenPhvrin) (P2 = 2. 6-DiMeO-ChenPhvrin) (P3 = 3,5-Di'Bu-QingPhyrin) (P4 = 2,6-DiMeO-QingPhyrin)

X. P. Zhang et al. Angew. Chem. Int. Ed. 2018, 57, 16837-16841.
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‘Metal-Nitrene Radical’

Asymmetric Radical Coupling Mediated by

m Asymmetric C—H Functionalization (Co Ru Fe)

o O
\\ o

entry 1:
93% vield; 90% ee

\\ U

-\ f -\

O

entry 4: (-)-
93% vield; 84% ee

P Br

Bn‘N’S“NH
Br
S

H
entry 7: (+)-2g
72% yield; 94% ee

C)\\ /O \\ /,.r
2R, _S<p R, .S
N7 3 [Co(P4)] (2 mol %) N7 TNH
H H . N T
1 IR
R1
1 2 M
A/ \\ it
VY I’O JPr\NCE\giNH Bn\@ - q
1 Me
Lo TG Yo M
H e \
entry 2: (-)-2b entry 3: (-)-2¢ entry 13:¢ (+)-2m entry 14: ‘"-( )-2n
92% vyield; 92% ee 89% yield; 93% ee 93% vyield; 88% ee 91% yield; 89% ee
O\\ /P O\ F
Bn. e 0 0
K/T:< } b B\ S BN o
i Cl . O'Bu
H L\f’k\H\ NBoc LA L\//L\\
: . HO
entry 5: (-)-2e entry 6: (-)-2f Ry
91% yield: 92% ee 94% vield: 96% ee 9232?;&(9%508% gsﬁ/gtgfef;;(;g;tee
MeQO
on. . oo oo o )
N OMe N/ __
K/k = CgHy3 K/L\ =——TBS B S NI BN Sy Nf
entry 8: (- )2h entry 9: ( )-2i K/L\}% ";4\<O
88% vyield; 89% ee 88% vyield; 93% ee entry 7: (-)-2v entry 8: (-)-2w

93% yield; 90% ee

93% yield; 92% ee

K/l\>_ »\o

entry 15 € (-)-20
93% yield; 86% ee

Q\ L2 Me

"N~ NH N—OMe

K/k\

entry 6: ( )
92% vyield; 91% ee

Bn. ,\\ //\
N NH
LB on
(X-ray)c 1
entry 9: (+)-2x
88% yield; 83% ee

0. 0 [Co(P1)] 0, ,0
Me. N” S Ny {4 mol %] . Me. 5 yleld 475
PhCFs, 4 AMS k/J_Ph (85% ee)
(5)-2p Me 40°C.20h - Me
(99% ee) (R-3p

HH L.\\ Eﬁ\ Xg,;\

0, 0 ([Co(P1)] 0, 0 yield: 93%
Bn. .S. (2mol%) Bn,_.S: (90% ee)
N"""Ng —_—— NH
e 4%?:163 e
(R)-29 Me Me -3 Me Me
(99% ee) 10°C, 20 h (S q

1T \ The Xiao Group



Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric C-H Functionalization (Co, Ru, Fe)

A AT F *
/ML“! / \qL H
GIRLLYN =S Q@) RS R
*
R OIVIL* H
NTERCONVERSION
Mode A Enantio- ' Enantio- Mode B

This Work | | determining \IfSIow’ }IfFastl determining| | Prior Work

0\9 [COIII]
Ar=7? ~8- NH
n =?
) RN ) (R)2

pro-@ HAA (Re)-ll \ IiS

Enantiodifferentiative Stereoretentive
Abstraction? Substitution?
‘ 1
Tunable v 0\9 [Co™]
e 2 Ar=7? ~S—NH N
Cavities - n=2 ; RS

X. P. Zhang et al. J. Am. Chem. Soc. 2019, 141, 12388-12396.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

0,0 Q0 Q.0
Ph o~ 8oy 1GOOI By Sy -Sy-Bn
% L -N; (xray)e \_x) ¥ \ (xray)e
Bn
1a (Ry2aH Ph PH H (S)2a
100 4 . ) . » L T
. ® -3,5-Di'Bu-HuPhyrin Series ,[Co(PS)] "~ -
—® -2,6-DiMeO-HuPhyrin Series 1R):(S) = 97:3 ColP7
8 7 ' 2 (R)'[(S(;(- 13
s 70 / (R)'[(CS(;(: ?5)2]'38
S . (8) = 62:
o 60 ‘(R)[ffg‘}"’”} 45 / P A
= 5 : : ~
g 5 "": """""""""""""" I‘ """'.'/' """"""""" .“ """"
. [CoP3)] .
3 40 S (R):(S)€30:70- ~.
Com oo ~. s/ [Co(P8)]
[Co(P1)] (P1: 3,5-Di'Bu-Hu(C4)Phyrin) (R):(Q) = 32:68 i L (R):(S) = 36:64
[Co(P3)] (P3: 3,5-Di'Bu-Hu(C)Phyrin) | [Co(P4)] (P4: 2,6-DiMeO-Hu(Cg)Phyrin) | 20 N R[ngphé]u
~ . =b:
[Co(P5)] (P5: 3,5-Di‘Bu-Hu(Cs)Phyrin)| [Co(P6)] (P6: 2,6-DiMeO-Hu(Cg)Phyrin) 10 - "~ _l‘( )
[Co(P7)] (P7: 3,5-DifBu-Hu(C4g)Phyrin) [Co(P8)] (P8: 2,6-DiMeO-Hu(C+q)Phyrin) 0 - ‘ : =
(o) Ce Bri Cs Cio
ridge Length
% 0,0 P
1 - P S 2 P _ 1
TN2 £ R N NH [Co(P5)] “R s N,S\N3 [Co(P4)] _ HN N R + N, T
\_/,, MTBE e MTBE *SV/
(RF2H R? \ 2R H (S)-2

X. P. Zhang et al. J. Am. Chem. Soc. 2019, 141, 12388-12396.
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‘Metal-Nitrene Radical’

Asymmetric Radical Coupling Mediated by

m Asymmetric C—H Functionalization (Co, Ru, Fe)

Q0
=5

BHHN NH 2 mmol
\_f* scale

H
1)(4‘;5'}"@

entry 1:%9 (R)-2a (+)
88% yield; 97:3 er

entry 9: (R)-2e’ (+)
87 % yield: 99:1 er

_>

entry 17: (R)-2if (+)
83% yield; 4.6 er

Q.0
8.

2 mmuol HN N-E"
scale *\_/

H
oy

entry 2:%9 (5)-2a ()
T5% yield: 6:94 er

entry 10:59(5)-2e’ =)
53% yield: 694 er

Wiy

HN N’E’”

(

entry 18:5¢ (5)-2if (-)
S7% yield, 16:52 er

Che
entry 3: (R}-2b (+)
974 yield, D82 er

W

=N
BN N

entry 11: (R)-2f (+)
98% yield: 87.3 er

BnHN

gl

e

entry 19: (R)-2j' (+)
98% yield; 83:7 er

e Y T L L L L L

W Ay

HN TN~ BN
S
P H
:I-ruﬂb

MeO
entry 4:° (5)-2b (-)
88% vyield: 4:96 er

WA

E'\l.
HN - B0

entry 12:%% (5)-21' (-)
92% vield: 8:92 er
00

B Ay

"S"N.‘En

entry 20:5¢ (5)-2j (-)
58% yield; 20:80 er

X. P. Zhang et al. J. Am. Chem. Soc.

EH IL.\\ Eﬁ\ *gﬂz\

00

Bl

5.
B p

)

)

Cl
entry &: (R)}-2¢ (+)
98% yield: 98:2 er

entry 13: (R)-2g" (+)
96% yield: 97,3 er

'\."g"-
BN~N N

g

(%-ray)® H @

entry 21: (R)-2k (+)
97% yield; 98:2 er

i/, —

51T

oo

-u"S".:
HN Ty -Bn
R
w H

{X-ray)®

l

eniry 6:* (§)-2¢ (-)
55% yield: 8:92 er

W

5
HN.-' xN_'_Bn

w7
oY

entry 14:° (5129’ (-)
T1% yield: 595 er

entry 22:59 (8)-2kf ()
68% yield; 15:85 er

2019, 141, 12388-12396.
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- Asymmetric Radical Coupling Mediated by
N7 ‘Metal-Nitrene Radical’

oy [CO(ﬁor)] 0.2 [CoM o O [coM 0.0 Re:Si of
“SN “S-NH “S-ND TR entry azide catalyst KIE" IIa“ ee % e 0P
11 O Ro) o vs. ) e e 1 (S)-1a, [Co(P9)]  23.0 964 92 (R) 4 (R)
-1a Re)-lla N-lla D/H - , .
Sy | |"AE ° H Ph s | (Rr2aup 2 (8)1la,  [Co(P4)] 20 67:33 34 (R) —4 (S)
5 oo 00 co o oM | | 9@ 3 (8)1a, [Co(PS)] 960  99:1 98 (R) 94 (R)
1l ~ . A . - -
Osgn, * S§-ND Os5-NH By Sp| 4 (Rlap  [Co(P)] 230 496 —92(s)  —4(5)
BnN\@ _HAA_1Bn—-N _ Ph VS.BWN ) -y s (R)la, [Co(P4)] 610 2:98 =96 (S)  —94 (S)
(Ry-1ap pp (Re)-n;:\® (Silap ppy (S)Dég Ph 6 (R)-1ap,  [Co(P5)] 0.8 5743 14 (R) 32 (R)

“&dH/D

[Co(P4)] (P4: 2,6-DiMeO-Hu(Cg)Phyrin) [Co(P5)] (P5: 3,5-Di'Bu-Hu(Cg)Phyrin) [Co(P9)] (P9: 3,5-Di'Bu-lbuPhyrin)

X. P. Zhang et al. J. Am. Chem. Soc. 2019, 141, 12388-12396.
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catalysis

Organo Metal
. catalys

Asymmetric Radical Coupling Mediated by

‘Metal-Nitrene Radical’

(2

m Asymmetric C—H Functionalization (Co, Ru, Fe)

NH

N1
LY @
o F ]

2\

2

P

H
r{l e
..s- —=S.* s...
i w7 By
Co Co Co
“nearby-the-bridge” “nearby-the-bridge” “underneath-the-bridge” “underneath-the-bridge” el
HAA TS TS(Iye Intermediate reer Intermediate punder HAA TS Ts)neEr
DFT-Optimized HAA TS Structures p?‘éﬁ%ﬁ;ﬁ?“ p?é((ﬁlﬁﬂ'q DFT-Optimized HAA TS Structures
(P TS ]
[Co(P4)] Major X o [Co(P4)] Minor
TS(Iny=r H
% _(mL TS(I)under 1 o
_ 1.'. ° 212 188 -184 ; o pre o
o J -18. : %d’
’ . —— \under :
.-\ LB — H .‘_,
) o‘/% ° I B, wbh ) rati B"‘I;J’><H ; i .\I,&_.
/ T e NN wPh somerization o=4. ; ; 2
'ﬂ’\._ X o-,:?\ 06? - H Stow with [Co(P4)] ™"y AT . ' ”“q.\_
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[Co(Ps)] Mmor X-Ray Structures of Bridged D;-Symmetric Chiral Amidoporphyrin HuPhyrin
H y 2 cz
1 "'(:2\ &
= ] b L=
o el ;24;& B {,-v \Sk <
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric C—H Functionalization (Co, Ru, Fe)
R B R b

; 0
N H-Atom @ N 5 N Radical (ON]
. Séo Abstraction | C=RL 52° Facile s//o PN L

. Substitution /
R SR HN SO=— R WN Yo [ R- N\_)\
Ri)™ | | |
[Co(Por*)] | [Co(Por*)] [Co(Por*)] |
o.l p (O]
\,S_NH RL IS_NH Rs
R—N\_)\ R-N\_)\RL
(R)-2 Co(Por* radical (S)-2
substitution Ito(Pal’)] substitution
\\ /, metalloradical
A/i activation
:I:) -1 N4 MRC
R
;s N\ o o:
SRy« S
(Sf) -1l H-at R W N 0 _gtom (Re)-ll

o, ~ H )
Z-Co(lll)- bstrac, tjz CI N bstract'on ¢-Co(llN)-
Alkyl Radicals _N/ °' Alkyl Radicals
I: a-Co(lll)-Aminyl W

X. P. Zhang et al. J. Am. Chem. Soc. 2020, 142, 20902—-20911.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

H H \5
\ =\
B <= [Co(P1)]
P1 = 3,5-Di/Bu-ChenPhyrin
9 Benzene 0 oid
N/\\/\ A/SF@ [CoDzPor)  O5- NHA-OBt \,S‘NHyQt " [Co(P2)] =
T N\_)\® W OAe © (P2 = 2,6-DiMeO-ChenPhyrin) *~ \&. Oy
o : H H H
(t) 1a (R)-2a (S)-2a H
80
60
&= [Co(P3)]

“ (P3 = 3,5-DiBu-QingPhyrin)

20

0 Vield (%) er yield (%) er yield (%) er yield (%) er
[Co(P1)] [Co(P2)] [Co(P3)] [Co(P4)]

X. P. Zhang et al. J. Am. Chem. Soc. 2020, 142, 20902—-20911.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric C—H Functionalization (Co, Ru, Fe)

00 H (0] 0
Y/ Ol
" S5—NH \—OEt
Ny~ S\N/\/S\@ [ColFell Bn—N'S NH)“\<°‘ 3 Ny
+
Bln o) OEL Benzene ?
(£)-1a 2a
A. Change in Amount and Enantiopurity of Reactant and Product at Different Time
- - o -
75 - ™ i e
3] / B - === yield of 2a (%)
-
50 - :g P e == == ce of 2a (%)
p N ¥ «= == remainder of 1a (%)
25 1 ” N\
#/B By - == == ee of 12 (%)
-
O
0 ‘ T - — @
0 5 10 15 20

Reaction Time (h)
B. Dependence of Product’s Enantiomeric Excess on Reaction Temperature

a0
86% ee
2a 84% ee
85 82% ee
80% ee
N
75 L=

25 40 45 50 55 70

Reaction Temperature (°C)
X. P. Zhang et al. J. Am. Chem. Soc. 2020, 142, 20902—-20911.
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‘Metal-Nitrene Radical’

Asymmetric Radical Coupling Mediated by

m Asymmetric C—H Functionalization (Co, Ru, Fe)

92% yield; 89:11 er

95% yield; 92:8 er

93% vield; 74:26 er

H (0]
] _ O
S\ AR [ColPA)] SN pe ’r
N ’i" Ri En—N\_/)u;_ - + Nz
Bn (t}1 2
o ! o
(] ! O
Dﬁg_NH}LDE[ (X-ray) entry 1: (+)-2a i Gﬁg—NH :::.‘L—FGE[ entry 5: (+)-2e D‘:JIS H"n."';_ Ma
Bi—N (A ==n" ATF | BN—N == L Bn—N S entry 13: (+)-2m
\_)-{} 93% }’l[‘.‘ld; O3-7 er i \_/)“{ -Ma 95% }"IElﬂ, 92:8 er \_m_} 54% Flﬂldu 8317 er
Q l o)
0] 1
O8N\ OMe entry2: (+}2b | OBy LnE: entry 6: (+)-2f N SH entry 14: (+)-2n
Bri—M prap— 919 vield; 91:9 er | Bn— N jo Q29 vield; 92:8 er Bn—H . == B9% vield; 8812 or
! f@ v i A MGMH g \_m g
Q i 0 0
D —NH ‘-L—r::P'F'r entry 3: (+)-2c 1 D —NH ‘-LLJDFt entry 7: (+}-2g D“‘E —NH *;-u_H entry 15: (+)-20
Ay . . . ! M o
Br—h r/i.__C_ 0% yield; 20:10 er EH—N 93% vield;, 9010 er gp— N BB yvield; 86:74 ar
- | I~ _:> m
1 Br
ol i o 0 G
= S—NH "-}_..__[J-‘Bu entry 4: (+)-2d i = S—NH ‘-L OFt entry 8: (=)-2h D::g_m | entry 16: (=)-2p

B"_Nﬁ >

Bn— N\_/--{_

i i —
Bn—N\_}O

X. P. Zhang et al. J. Am. Chem. Soc. 2020, 142, 20902—-20911.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric C—H Functionalization (Co, Ru, Fe)

A. Intramolecular Radical C-H Amination B. Intermolecular Radical C-H Amination
(Prior Work) (This Work)
or Rz Rz Rz

1

R1 " n!Rz 1R __: 3 " R ._: 3
N3 NH

2 3 L R’ 2 3
SN d =NTEONTS RN
[Co(Por*)] ’ [Co(Por*)]
metalloradical metalloradical
activation substitution activation N, T
MRC : MRC
IH“R
1 " R
I:I | l.'!“, Por*
| llg Co(Por*) Pllg Bia(Por)

cl
Il Co(Por* 1 i 2
A Co(Por*) H-atom A Co(Por*) H-atom 4 R
W abstractio R3

H
X. P. Zhang et al. J. Am. Chem. Soc. 2020, 142, 20828-20836.
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Organo Metal

catalysis catalysis

Asymmetric Radical Coupling Mediated by

‘Metal-Nitrene Radical’

m Asymmetric C—H Functionalization (Co, Ru, Fe)

1a

FsC
F

MeO

A. Ligand Effect on Co(ll)-Based Intermolecular C~H Amination of Aryacetate with Organic Azide

CF3
H
i OEt F £
[Co(Por*)]
+ —_—
(0] F F
MeO
N3
2a

¢Hogt *+ Nt

[Co(P1)]
(P1 = 3,5-Di'Bu-ChenPhyrin)

[Co(P3)]
(P3 = 3,5-Di'Bu-QingPhyrin)

[Co(PS)]
(P5 = 2,6-DiPhO-QingPhyrin)

100 95 21

85 85 86
X 81

70 62

40
32
20
12
[Co(P1)] [Co(P2)]  [Co(P3)] [Co(P4)]  [Co(P5)] [Co(P6)]
M yield (%) M ee (%)

B. DFT-G

[Co(P2)]
(P2 = 2,6-DiMeO-ChenPhyrin)

[Co(P4)]
(P4 = 2,6-DiMeO-QingPhyrin)

[Co(P8)]
(P6 = 2,6-DiPhS-QingPhyrin)®

ated Stereochemical Models of [Co(P6)]-Catalyzed C-H Amination

H_308A
OEt &
Me
H

o0 R/ omef,/
uI‘H\\ . CF, r:,@ |/ Me
_ l3asA H o

R ! ,2.92

J H-N

Favored TS for Formation of (R)-3aa
Substituents at Bottom Side Omitted for Clarity

Unfavored TS for Formation of (S)-3aa

X. P. Zhang et al. J. Am. Chem. Soc. 2020, 142, 20828-20836.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

CF, FC. T
H H F
2 3 F@l
i = [Co(P6))] = F O NH + N, 1
F F  47% yield; 17% ee o H
Ny Me
1A 2a 3Aa
CF, FiC. ©
H H F
SEt . [CoPe) FNH o N21
(o) F F 91% Y|e|d, 97% ee wNiitt
N, o
1B 2a 3Ba

X. P. Zhang et al. J. Am. Chem. Soc. 2020, 142, 20828-20836.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric C—H Functionalization (Co, Ru, Fe)

¥ F”Ar
H P “NH
)4 + FnAI‘-N3 [CO( 6)] - WH + N2 T

2 1 2
1R 2 R3R

Organo Metal

A. Enantioselective C—H Amination of Arylacetate Ester 1a with Various Fluoroaryl Azides
F F

F.e. NC O,N PhO,S MeO,C
F @ZF Q{ F F
F F F F F
< 'H OEt ‘H OEt H OEt H OEt
O (-)-3aa O (-)-3ab (@] (-)-3ac O (-)-3ad (-)-3ae
MeO MeO

entry 1: 95% vyield; 97% ee entry 2: 53% vyield; 90% ee entry 3: 60% yield; 96% ee entry 4: 60% vield; 87% ee entry 5: 87% yield; 96% ee
F F
FiC F.C
F3C F 3C F3C F F 3 E
F I>;F F F F
F F F NH FNH
F NHH F NHH wH (Xeray) wH
oH_ L OFEt (R X_ _OMe . X__OMe
_)-3qa O (-)-3ra 5 )3 Meo I (+)3va Me I (+)y3wa

MeO
entry 26: 64% yield: 94% ee entry 27: 53% yield; 97% ee entry 28: 70% yield; 95% ee entry 31: 83% yield; 93% ee entry 32: 89% yield; 90% ee

X. P. Zhang et al. J. Am. Chem. Soc. 2020, 142, 20828-20836.
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Asymmetric Radical Coupling Mediated by

Organo Metal

& ‘Metal-Nitrene Radical’

m Asymmetric C—H Functionalization (Co, Ru, Fe)

A. Detection of a-Co(lll)-Aminyl Radical Intermediates by EPR

Me e

Me me Me Me

CF;
F
F
N; 2a

Me"Me [Co(P1)]

g-value
2.270 2.126 2.270 2126 2.000 1.886 1.785
VT Thrws - cF CFy
1

[captyyznl” :
'Observed Mass: 1503.6881 |
lCl\cuIat-d Mass: 1503. 6879‘

iy

| |
[Col (Col (Cal
Melicopeiza “icope)yza Aicopsyza !

dX"/dB
dX"/dB

! Cilicorpey “licopey |
1g=201362 g=2.02094 g=207664 !
1AGy= 167 MHz Aco=0MHZ  Acy=0 MHz

A= 1249MHz A= 1103MHz Ay =0 MHz |
| A= 0 MHz Ap=810MHz  Ag=0MHz !

T Ney T i gy =" 1
[Co(P1)] [Co(P1)] [Co(P1)] 1

19 = 2,04524 g=2.01921 g=208007 !
1Aco)= 1179 MHz Acey=0MHZ Ay =0MHz |
A= 1395 MHz A =692 MHz  Ag = 95.8 MHz,
AR=OMHz  Ap=1300MHz Ag)=0MHz |
2950 3150 3350 3550 3750

B [Gauss]

——— OBSERVED
= === SIMULATED

= OBSERVED
= === SIMULATED

2950 3150 3350 3550 3750
B [Gauss]

X. P. Zhang et al. J. Am. Chem. Soc. 2020, 142, 20828-20836.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric C—H Functionalization (Co, Ru, Fe)

B. Measurement of Kinetic Isotope Effect

H H
OMe ~ -
B © [Co(P7)] (4 mol %)
) 2a (1.0 equiv)
1i (5.0 equiv) Benzene; 40 °C; 24 h
75% yield; ky/kp = 8.1
Bu

. [Co(PT)] ;
i (P7 = 3,5-Di'Bu-lbuPhyrin)

C. Electronic Effect of C—H Substrates
H H

OEt ~
o]

1c (20.0 equiv) [Co(PT7)] (4 mol %)

2a (1.0 equiv)

D. Trapping of Alkyl Radical Intermediate by TEMPO

[Co(P8)] (4 mal %)

H H & 2a (1.5 equiv) i
Me  TEMPO (2.0 equiv
( qurv) > M oMe *
fo) Trifluorotoluene; 40 °C; 48 h
o]
1b (-)-3ba

34% yield; 95% ee

%‘:0
O/QI?OMS
(o]

4b

F
Benzene; 40 °C; 24 h < F3C
H H E
OEt R = MeO: Br: NO, g
F NH
wH
R o _/ o /@)\FOEt
1 (20.0 equiv) R o 3

0.4

MeO . ,

0.2 |y =-0.7749x + 0.0316:

| 2. i

H L. R?=00009 _ |
0
E 0.2

g
0.4
NO,
-0.6
-0.8
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1

40% vyield; 0% ee

AR {=

X. P. Zhang et al. J. Am. Chem. Soc. 2020, 142, 20828-20836.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

d’ metal




Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’




Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric C—H Functionalization (Co, Ru, Fe)

[TIVJ] [I\I:‘l] [h;‘l] bond [h;ﬂ]
HAT | rotation . .
H N._-0 H,I::I (0] H'NYO O\FN H
RO A0 A0 | RO
vy | ©-N bond *H20 | ¢-0 bond
formation -NH5, -[M]  formation
O 0
H“‘NJLO oJJ\o
R R
established pathway proposed pathway

E. Meggers et al. Angew. Chem. Int. Ed. 2018, 59, 21706-21710.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

Entry Catalyst Substrate Conditions® Conv. [%]  Yield [%]

ot e

é\N IN’ " 2a 3a
.c'Me  Ruckg -

MES'N'J\ | N7 :“?MS ] RuCF. laa standard 100 30 0
Mes"N-( F]u\Ns_. R:TES ‘R= 2 RuCF, Tab standard 100 &7 4
K\»N Na C:Me RuTPS : 3 RuH 1ab standard 100 68 18
Ay Aoray Scturs of RUTES RuTMS 1ah standard 100 17 79
o I? RuTES 1ab standard 100 11 85
h)\’o 1 meacomnn M 1 6  RuTPS 1ab standard 88 12 73
P LS o e } P 3_}) 7 RuTES 1lac standard 100 10 76
1aa. 1ad CHCl,, r't, 16 h 28 8 RuTES 1lad standard 84 14 35
standard conditions 9 RuTES 1lab 1.0 mol % cat. 79 12 62
o0 EEETTTTLTTTEN . g a 10 RuTES 1ab 1% H,0 added 100 12 81

A\ H H o
o= At i ;\inhi £, &, 11 RuTES 1ab 4 A MS added 100 14 76
; : 12 RUTES 1ab under air 58 10 47
1aa Met b 1ac OMe 4 CFs 13 RuTES 1ab no base 12 5 2

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

E. Meggers et al. Angew. Chem. Int. Ed. 2018, 59, 21706-21710.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

0 NH
J'LO +H,0, H* OJL R/\/O‘n’ *OBz + Base
e Erer ') ]
(3_’ -NH, >_I [Ru] Base-H" PhCOQ.
: R +H20 R v E
: (H*-cat) H [Ru]
] NH N=[Ru] :
1 HQ 04 o«
N e
E R R&O )\IO

m / | (triplet state)

E. Meggers et al. Angew. Chem. Int. Ed. 2018, 59, 21706-21710.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric C—H Functionalization (Co, Ru, Fe)
a) Nitrene trapping with PPh,

H -
1.) Ru cat/ K,CO . . OGNy
P~y N oBz 2 PO Neppn, via: [P SRy
0 2.) PPhs (2 equiv) 0 O
1ab 4, 88% yield
b) Olefin isomerization i (Ru] 5
ph M
Ph H 0 A0
Ru cat / K;COs M o
Z%f\,O\H,N.OBZ—)_ Ph S Oko via: 1L [Ru]
O O‘: N.
(2-1b (E)-3b, 33% yield!?! . Y H
ZIE > 201 E/Z > 201 Ph’Wo
c) Radical trapping with TEMPO OMe TEMPO-
J
e H
Ru cat / K;CO3 . 1
Ph’V\’O‘n‘N’OBz—,l—- O.N via: | pp Ry OYPJ*[Ru]
5 5 5
(E)-1b N SR ONH'NHZ
. 0
(Sequiv) 5, 11% yield HO
OMe +
NH
d) Acyclic carbamate formation via: |MeO L E);Of 2]
H  Rucat/ OH i

O N. O~ NH
Tr OBz KQCOS 20|
M Q/\, O E N
eQ MeQ 02
1¢ 6¢c, 53% yield U

E. Meggers et al. Angew. Chem. Int. Ed. 2018, 59, 21706-21710.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric C—H Functionalization (Co, Ru, Fe)

a) Singlet versus triplet ruthenium nitrenoid intermediate

1+

Y OCOPh
( ) ty,, ““\\ O
Ru S JL

o "
SN

\\-“< '), | JOCOPR
3 ey,

Rl;:? ,;!'!:
Crise
=

TS-CHA 1TS-CHA 3TS-CHA
AGF=147 AGHF=127

E. Meggers et al. Angew. Chem. Int. Ed. 2018, 59, 21706-21710.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

|2+ 2PFg 2+
® » 2 PFg

N™ N N° N
{,::J&# | ‘N%C‘ME {-’:ﬁ* | ‘M.::.{}*ME
Mes” " u Mes” "o u
Mes.,, '1 \N'-‘"C Mes., l \h@c
NNy, CMe ON Ny Cwe
I 5 I g
X
A-RuCF, H A-HuTES
HN
L P ™~Nr 0Bz >
P 88%, 89:11 er 0 84%, 90:10 er p
(S)-2a 1ab (R)-3a
O O 0
OJ( OJ< 0O OJ<
3
F
(R)-3f (R)-3g (R)-3h (R)-3t
85% vyield, 88.5:11.5 er 70% vyield, 65:35 er 61% yield, 87:13 er 67% yield, 71.5:28.5 er

E. Meggers et al. Angew. Chem. Int. Ed. 2018, 59, 21706-21710.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric C—H Functionalization (Co, Ru, Fe)

» 2 siops JOL » E;cht ((13 r:;am Jci r,,j,R ~1(PFg)2
SONH e TIINSENY S » H-\y"n-Me I - _—
Ve e H CH,Cly, r.t., 16 h \J N N~ _Me Rul:R=H
starting material 1aa-ad standard conditions Ph 2a sN .,‘ N" Ru2: R = 4-CF4Ph
Mg RiZ Ru3: R = 3,5-tBu,Ph

em{
Ru4: R =CF
ZSR

Entry Catalysts X Conditions™" Yield (%) ee (%)°
1 A-Rul 1aa Standard 100 86
2 A-Ru2 1aa Standard 100 94
3 A-Ru3 1aa Standard 100 95
4 A-Rud 1aa Standard 100 94
5 A-Ru5 1aa Standard 100 (99)° 95
6 A-Ru5 1ab Standard 100 94
7 A-Ru5 1ac Standard 100 94
8 A-RuS 1ad Standard 27 21
9 A-Ru5 1aa 0.5 mol % catalyst) 100 94
10 A-Ru5 1aa 0.1 mol % catalyst 100 94
11 A-Ru5 1aa 0.05 mol % catalys‘t; 66 93
12 A-Ru5 1aa no base® 100 94

E. Meggers et al. Chem 2020, 6, 2024—-2034.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric C—H Functionalization (Co, Ru, Fe)

o) 0
A-Ru5 (1 mol%) JU Q . Q
R\/\NJ-LN,OBZ - Hey” S N-Me Ph\/\NJLN,OBz A-Ru5 (1 mol /n)h H"NJLN"R
Ve H K,COj5 (3 equiv) R X H K,COj (3 equiv)
CH,Cl,, r.t.,, 16 h R CH,Cl,, r.t. 16 or 40 h PH
1d-o 2d-o 1p-u 2p-u
o) 0 0 Q 0 o o 0
Ho Aoy -Me He Ao - Me Hep A -Me H"NJLN‘ME" TN He H~ TN
N N N N N N
u .\_! Me \_f ‘u N&_)'N N N /\,f\ N N ’7/ NuN /\,- Ph
s § § : ¢ B
PH P’ PH’ PH
o S o SR v S o Sy T T
99% vield, 93% ee  82% vield, 93% ee 68% yield, 95% ee 90% yield, 92% ee
Me F
2d 2e 2f 2g e e eeemeemeeennns
92% yield, 95% ee  99% yield, 96% ee 96% yield, 97% ee  90% yield, 93% ee JOL j:])\ : Ph‘:
Q q 0 0 HNTINN, H‘NUN‘H = :
H-NJLN-ME H"-NJLN-'ME H-NJILN-ME H-NJLN-ME FH'}_I Ph«‘: PthJL OBZ @ FO :
M~ M~ — —/ 2t 2uP 5 Ph :
Q Q 37% yield, 93% ee  91% yield, 91% ee | 1v 2v, 79% ;
cl MeO ) O
2h 2i 2j 2k
93% vield, 90% ee 99% vield, 92% ee 99% yield, 99% ee  97% yield, 90% ee
(0] 0 0
0
H--NJLN-—MB H’N—-4 H"'NJLN’Me H--NJLN—ME
S -*"u “._‘I\I/N'-Me S e}_!
H n o
& O @ 4
N
Ph/
21 2m? 2n 207
99% yield, 88% ee  29% yield, 89% ee  93% yield, 94% ee  89% yield, 87% ee E. Meggers et al. Chem 2020, 6, 2024—2034.
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Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

m Asymmetric C—H Functionalization (Co, Ru, Fe)

A Kinetic isotope experiment Mechanism

Q standard i j’Ph Ph 1 JOL
PthJLN OBz c:ond|t|ons D“N NI o R\/\N H,OBZ

52
Ph% R
"D F’H PH D H"NJLN‘R2

' ' " / + -
1aa 2" o _,q5 22 Ri; [Ru] H™, PhCO,
KIE (C-H insertion) = 1.5
C Stereochemistry o 0O R?

[

@) 0O »\ *RZ y—N
Y —

Ph I\IJJLN'OBZ A-or A-Ru5 (1 mOI’/‘i) H“NJLN‘MG [RU]EN\’T [RU]—NH_Z
Me Me H K,CO3 (3 equiv) y S

CH,Clp, r.t, 16h  Ph Me R A
(S)-1c (R)-2¢ m ) putatuye tnp_let
89% ee A-Ru5: 89% vield, 85% ee O R Ru-nitrenoid

A-Ru5: 65% yield, 40% ee YN
[Rul=N -
H

— e



Asymmetric Radical Coupling Mediated by
‘Metal-Nitrene Radical’

H oM 1 RN

H
R)\"D\n" N""Cl Bz YE =

H
OH
O R/J\\/D

acyclic carbamate

H‘\.
) ) H N—PG
R $ A
H H e M] DH~H R COsH
G !

H N LT R. _CO.H

M 2

O M~ “pa 3
- _ - H N=—PG
Cyclic TS o

E. Meggers et al. Nat. Chem. 2022, 14, 566-573.
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Asymmetric Radical Coupling Mediated by

Organo Metal

& ‘Metal-Nitrene Radical’

m Asymmetric C—H Functionalization (Co, Ru, Fe)
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Entry Catalyst Protecting group (PG) Conditions? Conversion (%)° Yield of 2 (%)? Yield of PAA (%) e.e. of 2 (%)°
1 A-RuDMP COCF; (a) Standard 0 - - -
2 A-RuDMP Ts (b) Standard a7 <5 23 n.d.
3 A-RuDMP Ms (c) Standard 50 <5 25 n.d.
4 A-RuDMP COzMe (d) Standard 100 86 12 89
5 A-RuDMP Troc (e) Standard 100 93 (914 4 g5
6 A-RUTMS Troc (e) Standard 98 80 9 g2
7 A-RuCF, Troc (e) Standard 19 6 5 a0
8 A-RuH Troc (e) Standard 100 85 9 g2
9 A-RuDMP Troc (e) EtzN as base 100 25 73 g5
10 A-RuDMP Troc (e) NazCOz as base 99 87 5 95
11 A-RuDMP Troc (e) THF as solvent 94 15 75 82
12 A-RuDMP Troc (e) MeOH as solvent 96 0 64 —

*Shown are the deviations from the standard reaction conditions. Standard conditions: substrate 1(0.1 mmol), ruthenium catalyst (1mol%) and the indicated base (3 equiv.) in the indicated selvent (2 ml,
0.05 M) were stirred at room temperature (25 °C) for 16 h. ®Conversion and yield were determined by 'H NMR analysis using hexamethylbenzene as an internal standard. “Enantiomeric excess (e.e.) values
were determined by HPLC on chiral stationary phases. *Yield of the isolated a-amino acid. n.d., not determined; Troc, CO;CH,CCls.
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My Comments

d’ metal triplet state 'metal nitrene’
» Development and application of ‘metal carbene radical’.
» Highly selective cyclopropanation, cyclopropenation and aziridination.

» It plays an important role in the field of direct asymmetric C-H
functionalization.

» More generation methods and reactivity of ‘metal carbene radical’ still
need to be explored.
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