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1 Introduction

Fischer carbene Schrock carbene
electrophilic nucleophilic

Typical catalytic cycle for metal carbene transformations

R\n/R ML, Product

Electron-rich substrate

+
R R
o n
ML,

E. O. Fischer, Angew. Chem. 1974, 86, 651-682.
R. R. Schrock, Acc. Chem. Res. 1979, 12, 98-104.
M. P. Doyle, Chem. Rev. 1986, 86, 919-939.



1 Introduction

Homogeneous catalysis for transformation of metal carbene (Nozaki, 1966)

. 0 Ph Ph
. >
\© N, PhH, reflux, 3 h
cees 62% yield

Dimerization of carbeniod Y
A D S
N, M1

N Fischer carbene
electrophilic

Z
N
+
E

Alternative protocol (Doyle, 1981)

H COOEt Catalyst
O £ _aas (}cooa
N, Et,0, 25 °C

0.1 mol 1.0 eq. Challenge:
Catalyst Addition rate (mmol/h) Yield (%) 4 Complicated procedure
0.5 mol% Rhy(OAC): 10.5.0 80 € Only Electron-rich olefins
0.1 mol% Rhg(OAC)g 5.0,2.0 43
0.5 mol% CuCIP(O'Pr); 0.25 40

H. Nozaki, S. Moriuti, M. Yamabe, R. Noyori, Tetrahedron Lett. 1966, 59-63.
M. P. Doyle, D. van Leusen, W. H. Tamblyn, Synthesis 1981, 787-789.



1 Introduction

Enantioselective cyclopropanation of olefins with diazoacetates

R2
+

Nozaki, 1966

|
e

N—C/2

H

Nakamura, 1978

Challenge:

—R
Co \LN)‘!O/

H\H/COOR3 metal catalysts R2 H
N, R"+ *~COOR?
CN
I X
Bu N\CU/N Bu O%O
tn, N 1
Bu NI N\ BY I NIJ + CuOTf
Z .
Bu By
CN
Masamune, 1990 Evans, 1991
MeOOC“‘Q
N™ O COOMe
| o-|—<j/ Ph  Ph
7 1 _N

=N, N=
/CO\\
o) | o)

Katsuki, 1995

N
D-HCOOMe

Doyle, 1991

€ Lack of strategies with high yield, excellent diastereoselectivity and enantioselectivity

H. Nozaki, S. Moriuti, H. Takaya, R. Noyori, Tetrahedron Lett. 1966, 5239-5244.

A. Nakamura, A. Konishi, Y. Tatsuno, S. Otsuka, J. Am. Chem. Soc. 1978, 100, 3443-3449.

R. E. Lowenthal, A. Abiko, S. Masamune, Tetrahedron Lett. 1990, 31, 6005-6008.

M. P. Doyle, R. J. Pieters, J. Am. Chem. Soc. 1991, 113, 1424-1426.

D. A. Evans, K. A. Woerpel, M. M. Hinman, M. M. Faul, J. Am. Chem. Soc. 1991, 113, 726-728.

T. Fukuda, T. Katsuki, Synlett 1995, 825-826.



1 Introduction

Cobalt-catalyzed cyclopropanation

X H_COOEt  2mol% [M(TPP)] H H H~COOE!
« 0 - COOEt + )
N, toluene, 80 °C, 1 h

H COOEt Ph
1 2 3 4
1.2 eq.
Ph Ph
Entry [M(TPP)] 1:3:4 trans:cis of 3
Ph
1 Fe(TPP)CI 33:36:31 86:14 TPP = tetraphenylporphyrin
2 Ru(TPP)(CO) 48:18:34 95:05
3 Rh(TPP)I 28:52:20 64:36
4 Co(TPP) 02:97:01 70:30
Advantage:

v' A practical protocol performed in one-pot fashion with alkene as the limiting reagent.

L. Huang, Y. Chen, G.-Y. Gao, X. P. Zhang, J. Org. Chem. 2003, 68, 8179-8184.
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IR: [M] + N,CHCOOMe

X

o)
y%J y’N.s,',R- e,

1 2

Ph Ph N

=N, N= =N, N=
Co Co
IHSEAS Y D

3 L = N-methylimidazole 5 L = N-methylimidazole

4 =ClI 6L=Cl
Complex N,CHCOOMe (a) 1+a 2+a 3+a 4+a 5+a 6+a
Veeo (em™) 1699 1650 1651 1595 1600 1601 1617
k%
o
g
;‘g‘
B /ﬁNO/MB ﬁ i ﬁ E
2115 g H\ﬁ”: ~o™ 1600 | ”\(”‘of”ei
L o i Co ':
100 z00  Aew0 4800 A7ao . 1800 1500
Wavenumber —

Time-resolved IR-spectrum of the reaction of the cobalt(ll) 3 complex and methyl diazoacetate (after 2 min).

T. Ikeno, I. lwakura, T. Yamada, J. Am. Chem. Soc. 2002, 124, 15152-15153.



1 Introduction

Cobalt-carbene complex with single-bond character Proposed mechanism
B Q q X H< COOEt 2 mol% [Co(TPP)] H A
o 0 ) Z 'e) )J\ )J\ + \ﬂ/ - COOEt
I I
<,N N\> </I cl N \J HC” "OMe HC” "OMe N2 toluene, 80 °C, 1 h
,,CLI\ Nl,,,," z ““\\N /_:_\ /_:_\ 12e
I ﬁ% =N, 1 oN= =NGN=C O
MeO___C Me cl <\i SO i/> /C:O
\ﬂ/ \ﬂ/ O : 0 0z © )
NH3 cl H._COOR? R \H
1 3
7 8 9 10 N, R COOR
X
Bond Order Bond Distance (A) He:
Complex C OR3® R2
M-C c-0 M-C Cc-0 N, 1&
R

7 1.706 1.812 1.781 1.223

8 1.684 1.847 1.867 1.219 . §
[ Ty Ph
P9 0.868 1.391 1.886 1.231 |
| 10 0.793 1.415 1.913 1.230 !

]
:
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
)
>

Ph
(B3LYP/6-31G*)

O
H\j)\ \. J

H. H: ]
ﬁ OR —> (|3 OR ——> C|3 OR carbene radicals
Co Col Col
T. Ikeno, I. lwakura, T. Yamada, J. Am. Chem. Soc. 2002, 124, 15152-15153. 9

L. Huang, Y. Chen, G.-Y. Gao, X. P. Zhang, J. Org. Chem. 2003, 68, 8179-8184.
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Catalytic C-C Formation via Cobalt-

Carbene Radicals
——Addition to Unsaturated Bonds

[Co] / [Co] ; ®
\ miscellaneous !

transformation |

10



2.1.1 Cyclopropanation

Synthesis of catalysts

Br R Br

o)
&, W), -
—_—
Pd(OAc),

B
Br R r

R R
o< R o)
NH HN
Xg"tcpgos =<NH d HN>=
s-Vs o o

Enantioselective and diastereoselective cyclopropanation

©/\ . H\H/COO'BU 1 mol% [Co(Por)]
N2 0.5 eq. DMAP
12eq toluene, 25 °C

[Co(P1)]
config: 1R, 2R
84% yield
97:3 dr, 98% ee

Y. Chen, K. B. Fields, X. P. Zhang, J. Am.

R R
o= . o)
NH HN
o S 3 )
2,6-lutidine
NH n HN
o=(' >=o

He/\H
2 1°COO0Bu

selected examples

OMe

MeQ

MeO
[Co(P2)] [Co(P3)] [Co(P4)]
config: 1S, 2R config: 1R, 2S config: 1R, 2R
78% vyield 76% yield 73% yield

63:37 dr, 96% ee

Chem. Soc. 2004, 126, 14718-14719.

62:38 dr, 95% ee

99:1 dr, 78% ee

11



2.1.1 Cyclopropanation

Electron-deficient olefins

R? H. _COOR?
RV&§ L

1.2 eq.

1 mol% [Co(P1)] R2 \H

0.5 eq. DMAP
PhCI, 25 °C, 20 h

EtO \-A

}r COOBu
o)
92% yield

99:1dr, 91% ee

H,N wlk\
N
o)

81% yield
99:1 dr, 90% ee

COOEt

selected examples

Buo A
b\

o)

88% vyield
97:3 dr, 80% ee

MG\A
Me

jﬁ‘ COOBu
o)

84% yield
97:3 dr, 87% ee

COOBu

R COOR3

Me\[ﬁ\
MeO_ '

jr COOBu
o)
90% vyield

93:7 dr, 83% ee

Me\&

NCY COOEt

93% yield
69:31 dr, 81% ee

Y. Chen, J. V. Ruppel, X. P. Zhang, J. Am. Chem. Soc. 2007, 129, 12074-12075.

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

12



| 2.1.1 Cyclopropanation

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

R'. _R?
Hoffmann, 1981 pe NI,\AE‘N { -
SN NS
terminal carbene bridging carbene
de Bruin & Zhang, 2010
g-value
R T 2 EPR spectrum
without EDA [CO(P]_)]
m
= (S +
3 .
v 4.0 eq. EDA (ethyl diazoacetate)

1000 2000 3000 4000 5000
o B [Gauss]
g-value

dXx"/dB

2400 2800 3200 3600 4000
B [Gauss]
K. Tatsumi, R. Hoffmann, Inorg. Chem. 1981, 20, 3771-3784.

bridging carbene
| / ging

1~

EDA coordinated to cobalt

terminal carbene

o
~

metal-centered radical

iy

carbene radical
DFT optimized SOMO plots

W. I. Dzik, X. Xu, X. P. Zhang, J. N. H. Reek, B. de Bruin, J. Am. Chem. Soc. 2010, 132, 10891-10902.

13



2.1.1 Cyclopropanation

[Co(por)]
[Co(P1)]
. P1 = 3,5-Di'Bu-ChenPhyrin
DFT calculation 1,143, 1,136 S d
1895 y——N
1.882
A o S
H COOMe ~c4COO0Me
\c/ 1.907, 1.905 }
| CED e
AG® (298K) N
(keal mol™) I

AG® =+22.0

| I—

5 keal mol™

i e' )
=
N
::'—u]

/i H /COOMe
0. i \c 1.930
CooMe ~ AG°=+8.9 W 1.932
i Xl H COOMe °—
G° = +5.1 + — i\ e AG"=68
AGO=454 o+ e / ' 1. — @D
S — ,’f’r AGP = +7.2 n H I ﬁi? ; \
—_— [/ \ 832
e / LS
AR fa3s N I Il AGP=32 1}
| — | \
MeO A 1337 N= 5 i Ny it .
\C/\ § 1143, 1.142 ) i it c
N2 aAge=0 H\C:.ACOOMG l:\ (o] AG°=-6.1 n',' "'.
” N i \\ AG°=-76
(0] r _ I
2.338, 2.349 \ 1 | S
bteccccccccccaaaa - \
heccccccaccaaa
- AG® =-12.0
Black: EDA with Co'(por)

Blue: EDA with Co'(porAmide) involving hydrogen bonding
W. I. Dzik, X. Xu, X. P. Zhang, J. N. H. Reek, B. de Bruin, J. Am. Chem. Soc. 2010, 132, 10891-10902

14



2.1.1 Cyclopropanation

A simplified MO bonding model

R R2 R!. R2 | dy, Py
= T S B VO Ssl
I ! l WR!
Co Co : COQ<—® C“‘\‘\Rz
I e
Coll d7 Colll d6

Proposed mechanism

HaAH il
R COOR)/{ \K N,

15

W. I. Dzik, X. Xu, X. P. Zhang, J. N. H. Reek, B. de Bruin, J. Am. Chem. Soc. 2010, 132, 10891-10902.



2.1.1 Cyclopropanation

Experimental evidence for cobalt-carbene radicals

[Co(TPP)]
(1.0 eq)

PhCH;
+

—°>
Ph 80 °C

| 3h
COLEt

N, (4.0 eq)
ethyl styryldiazoacetate

[Co(TPP)]
(1.0 eq)

+
TEMPO
(10.0 eq)

+ —_—
80 °C

Ph

— == -
= NN," Col N—%
Coymm N‘— =

Ph & o-radical

Ph

H. Lu, W. I. Dzik, X. Xu, L. Wojtas, B. de Bruin, X. P. Zhang, Inorg. Chem. 2011, 50, 9896-9903.

7: 74% yield

16
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2.1.1 Cyclopropanation

Cavity-like ligand

H._ COOEt o
©/\ Y 1 mol% [Co(Por)] HOAH
Ny PhCI, 4A MS, COOEt

\

rt, 1 h
1.2 eq.
0 93% 96% 440 % 909
100 - 82% 90% 90% 84% 88% 90%
0
80 | 67% 73%
60 -
40 | 34%
0 4 g & il £ id
yueld ee yield ee de yield ee yield ee de
[CO(Pl)] [Co(P5)] [CO(PG)] [Co(P7)]
(0] O O, (0]
O0e~"0-4 o/\/_\/\o—f{
(R) (R)" (R R
S (R (R)i SR (R)i
o= o] o= o
T A HN T AT HN
HN
o zNH Al HN}=O o NH  p/f -
(R) RN (R) (RIK
(R) (R), ~(R) iﬁg>
O~ ~""0 /0. O
[Co(P1)] [Co(P5)] o] (] o MY o}
P1 = 3,5-Di’/Bu-ChenPhyrin P5 = 3,5-Di'Bu-QingPhyrin [Co(P6)] [Co(PT7)]
\ J N P6 = 3,5-Di'Bu-Hu(C,)Phyrin P7 = 3,5-Di'Bu-Hu(Cg)Phyrin
(Ar = 3,5-di-lbutylphenyl) (Ar = 3,5-di-'butylphenyl)

Y. Hu, K. Lang, J. Tao, M. K. Marshall, Q. Cheng, X. Cui, L. Wojtas, X. P. Zhang, Angew. Chem. Int. Ed. 2019, 58, 2670-2674.



2.1.1 Cyclopropanation

Donor-substituted diazo reagents
NR?R3 NNHTris 2 mol% [Co(P9)]  H,, NRZR3
+ e ; 7, 1
R'00C Ar” H 2.0 eq. Cs,CO; AT COOR
PhCL. 4°C. 12 h up to 99% yield
1.2 eq. ' ' up to 90:10 dr
up to 99% ee
Trapping of carbene radical o)
P9 = 3,5-Di'Bu-Xu(2'-Naph)Phyrin
NNHTris N\O
10 mol% [Co(TPP)] ( ) T
H + N > NC
) Cs,COg, toluene, rt, 24 h O-N
NC -0
3.0eq. 82% yield

[Co(TPP)]
radical
substitution TEMPO

1c
[Co(TPP)] NG
N2

Radical clock

NNHTris bo H,,‘ NHAc
Co d
H o+ _(Co®IL AVARE: NHAG
NHAc  base
OMe H2N OMe H,oN OMe
1b 2 55% yield 0% yield
73:27 dr
radical radical
[Co(TPP)] substitution substitution

N>

licoPoyytb lico(payybi2 Vlicopayibiz 18

W.-C. C. Lee, D.-S. Wang, C. Zhang, J. Xie, B. Li, X. P. Zhang, Chem 2021, 7, 1588-1601.
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~ 2.1.1 Cyclopropanation

P

DFT-Optimized models

DFT-Optimized Structure Models of Catalyst, Intermediates and Transition States of [Co(P9)] Catalyzed Cyclopropanation.

o % | Q |
He 440A il A 479A iy H
i steA i H\ H / \
H : ! 254A:0 \“ 252A\/< / OZSSA/\O o] iy

, 2aaA H ,Qf \ :
NstsA zezAH N-H’ 2-8“HA & N-H"2.42 A 1.84AH 2
@— Q% @ ©1~m-=r©s
[Co(P9)] TSLicopeyn licoPoyib | TS2copoyyabiza licopoyaniza
Proposed mechanism
N,
©5‘\H rate-determining step
OMe
A 1b'

barrierless 0.0 TS1: +11.7 barrier: +11.7

MeOOC?_ NHAG i OMe

barrier: +9.4

19
W.-C. C. Lee, D.-S. Wang, C. Zhang, J. Xie, B. Li, X. P. Zhang, Chem 2021, 7, 1588-1601.



2.1.1 Cyclopropanation

( Ph 7\
R? R®
MeOOC.-_COOMe [Co(TPP)]
R1J\ + . > R2 COOMe Ph Ph
3 IPh CgDg, rt, 5 min
R R'" COOMe
1.0 eq. DMMelY up to 96% yield I
[Co(TPP)]

UV/Vis spectra: [Co(TPP)] + x eq. DMM:1Y

_ —— [Co(TPP)] + 0 equiv. DMMeIY - - . .
1.6 {'410 ngTF‘P; :O.Tg;I:quiv.DMM'IY CSI-HR-MS: [CO(TPP)] +2.4 €q. DMM-1Y
1.4 - i Co(TPP)] + 0.25 equiv. DMMIY
: I Co(TPP)] + 0.50 equiv. DMMslY 1.25 [CoTPPI M)" =
Co(TPP)] + 0.75 equiv. DMMsIY |
= 124 Co(TPP)] + 1.00 equiv. DMMsIY _1.00 4 * Measured spectra o
2 Co(TPP)] + 1.25 equiv. DMMsIY EN 932.2258 o
8 1.0 —— [Co(TPP)] + 1.50 equiv. DMMeIY = 075 .
© —— [Co(TPP)] + 1.75 equiv. DMMslY NN Biscarbenoid species + H (M)'* @
S 08 —— [Co(TPP)] + 2.00 equiv. DMMelY P
5 Co(TPP)] + 2.50 equiv. DMMelY @ 0.50 - 1t
5 067 2 801.1942
2 04 = 0.25 - 1+
< 671.1674 l
0.2 - 0 = '
== | 1+
0 < 2 671.1640
—0.2 1 | 1 1 X 44
300 400 500 600 700 800 Z 6 1+
Wavelength (nm) i 932.2251
C
—_ 8 -
Crystal structure @ & 0 ' ‘ ‘
® 9 o5 600 800 1,000 miz
oo & Bl
H e
MeOOC. - ,COOMe c20 =
. c1
‘y Ne &4 “;‘d
Aoy “&’_cz > . >d
— c19 o1 .
= WL e« N-enolate-carbene radicals
c21 9o @ °
> S, c22
@ W
c2s TPP phenyl groups, solvent
-, - molecules, disordered O,—CH,4
A positions and all protons except

H24 omitted for clarity.
R. F. J. Epping, M. M. Hoeksma, E. O. Bobylev, S. Mathew, B. de Bruin, Nat. Chem. 2022, 14, 550-557.

20



2.1.1 Cyclopropanation

Overview of catalytic intermediates

(1 equiv.)

A

A

MeO,C CO.Me

+ Ylide

HR-MS, EPR

N

Relatively
slow

\,

—Phl

Relatively
fast

1 equiv. styrene

Relatively
fast

o2
MeOQC
|E

OMe

HR-MS, EPR

Y CgDg, room temperature
+ | * 0-5 min
“Ph
— Phl
(2 equiv.)
Relatively
fast
P
\
HAT

Diamagnetic NMR, FTIR

Relatively slow

e

Cyclopropane

HR-MS, EPR
UVNVis, FTIR

UV/Vis, HR-MS, X-ray diffraction

5 equiv. styrene

R. F. J. Epping, M. M. Hoeksma, E. O. Bobyleyv, S.

-

2 equiv. cyclopropane

Mathew, B. de Bruin, Nat. Chem. 2022, 14, 550-557.

21



2.1.1 Cyclopropanation

Proposed mechanism

CO,Me

_ [ Rearrangement J
/\ PhIC(CO,Me) N_ ,-N
CO,Me 202 27 NG - Ph
Ph Loo TS10 CO,Me
CO,Me SN K +12.7 0 -50.1 ’
-50.1 '
00 Me0,C”~ “CO,Me PhIC(COzMe); Meozck( Ts8
TS3 OMe -
IhoA B 35.1
102 + COyMe -10.4
Phli
. COzMe M902C
Phl 002
Monocarbene B/socarbene
cycle TS11 CyC/e
+0.7
MeOZC MeOQC
OMe
-3.0 |EY
TS2 51 o TS9 TS7
9.7 +0.9 210.2 M902C . Cone -15.1
Meochcone PhI ' — '
N
~Colll "~ >
z Co'”N Ph
Ph/\ —N IN-
i MeOZC
-20.5 ISTMe
PhIC(CO,Me), 334
[ Enolate formation J TS6
T -11.0
+ CO,Me
MeO,C CO M
Phi CO,Me Ts4 MeO,C.. CO,Me TS5 el 2vle
9.3 1.4 N
PhI A
Meozc/.kcone MeO,C~ ~CO,Me MeO,C COzMe
|7 1B-T
™Y -20.0 -29.4

22

R. F. J. Epping, M. M. Hoeksma, E. O. Bobylev, S. Mathew, B. de Bruin, Nat. Chem. 2022, 14, 550-557.



2.1.1 Cyclopropanation

Acceptor-substituted diazo reagents

I Mes H N

i H._ _Ts 1 mol% [Co(P11)] H, H

S s e %
i N> DCM, rt, 24 h H

: up to 99% yield O(s>. d -b =0
: 1.2 eq. up to 99:1 dr n ¥
E up to 99% ee P12=2,4,[(6:-?I'(:IJIQ]ZhuPhyrin

S. Zhu, J. V. Ruppel, H. Lu, L. Wojtas, X. P. Zhang, J. Am. Chem. Soc. 2008, 130, 5242-5243.

| R ’BuOOC\n/CHO 5 mol% [Co(P1)] CHO

! + «A’ .

] R’ N, toluene, rt, 36 h COOBu

] up to 94% vyield

E 1.2 eq. up to 99:1 dr

E up to 95% ee (Co(P1)]

i P1 = 3,5-Di'Bu-ChenPhyrin

X. Xu, Y. Wang, X. Cui, L. Wojtash, X. P. Zhang, Chem. Sci. 2017, 8, 4347-4351.

0 0, P5 R2 O
o R2 2 mol% [Co(P5)] S
R0 > L
DCM, rt, 24 h R 0]
2

up to 99:1 dr
up to 98% ee

[Co(PS5)]
P5 = 3,5-Di'Bu-QingPhyrin

X. Xu, H. Lu, J. V. Ruppel, X. Cui, S. L. de Mesa, L. Wojtas, X. P. Zhang, J. Am. Chem. Soc.

More examples: 1 2011, 133, 15292-15205.

J. V. Ruppel, T. J. Gauthier, N. L. Snyder, J. A. Perman, X. P. Zhang, Org. Lett. 2009, 11, 2273-2276.
S. Zhu, X. Xu, J. A. Perman, X. P. Zhang, J. Am. Chem. Soc. 2010, 132, 12796-12799.
X. Xu, S. Zhu, X. Cui, L. Wojtas, X. P. Zhang, Angew. Chem. Int. Ed. 2013, 52, 11857-11861.

up to 99% yield

23



| 2.1.1 Cyclopropanation

Donor-substituted diazo reagents

1.5 eq.

2 mol% [Co(P9)]

.
> R? O
2.0 eq. Cs,CO4 ¢

R H

MeOH, 40 °C, 24 h

Y. Wang, X. Wen, X. Cui, L. Wojtas, X. P. Zhang, J. Am.

up to 95% yield
up to 95:5dr
up to 99% ee

[Co(P9)]
P9 = 3,5-Di'Bu-Xu(2"-Naph)Phyrin

Chem. Soc. 2017, 139, 1049-1052.

2.0 eq.

Z

NNHTris

3

2 mol% [Co(PT)]

L
-

2.0 eq. Cs,CO;4
toluene, 80 °C, 16 h

2 mol% [Co(P5)]

4.0 eq. KH
ethyl acetate, 22 °C, 24 h

R3 R4
R%A,HetAr
R "H
up to 99% yield
up to 99:1 dr
up to 99% ee

R3
R%M
R H
up to 99% yield
up to 96:4 dr
up to 99% ee

[Co(P7)]
P7 = 3,5-Di'Bu-Hu(Cg)Phyrin
(Ar = 3,5-di-'butylphenyl)

X.Wang, J. Ke, Y. Zhu, A. Deb, Y. Xu, X. P. Zhang, J. Am. Chem. Soc. 2021, 143, 11121-11129.

[Co(P5)]
P5 = 3,5-Di'Bu-QingPhyrin

24



2.1.2 Cyclopropenation

\

= o
Z 1 mol% [Co(P10)]
o ol .
S PhCFg, rt, 12 h
N2

1.5eq.

selected examples

/NCN K CNH
J R N
(0]
95% vyield 77% yield 52% vyield 42% vyield 95% yield
82% ee 93% ee 88% ee 84% ee 89% ee

Transformations

10 mol% DBU
+ RSH >

toluene, -30 °C to rt
overnight

98% ee 1.5€q.

[Co(P10)]
P10 = 3,5-DiMes-ChenPhyrin

selected examples

CN A A
. O'Bu “\CNOfBu ‘\\CNO‘Bu
o o) o)
98% yield 88% vyield 54% yield
98% ee 98% ee 98% ee

(1.0 eq DBU, 48 h)

X. Cui, X. Xu, H. Lu, S. Zhu, L. Wojtas, X. P. Zhang, J. Am. Chem. Soc. 2011, 133, 3304-3307.

25




2.1.3 Miscellaneous Transformation

R3
R2 R2 |\\\\
NC.__COOB 0 v o)
R1 \ O + \n/ u 5 mOI/O [CO(P10)] - R1 "l,/
R3 N, MeCN, 40 °C, 16 h H
4 CN
BuoOC
1.2 eq. up to 91% yield
up to 99:1 (E):(2) (Co(P10)]
up to 99:1 dr P10 = 3,5-DiMes-ChenPhyrin

up to 95% ee

Proposed mechanism

NC.__COOBu
barrier: +23.4 N, N
N2 TS 1 vo
+23.4 :
NC.. COOBu
!
B lll__
175 SN
Cyclopropene

Ph
Ph)\/\o .
TS 2 1S3

/ 1.9 . -6.0

barrier: +15.6 barrierless

-19.9 -48.3

C. Zhang, D.-S. Wang, W.-C. C. Lee, A. M. McKillop, X. P. Zhang, J. Am. Chem. Soc. 2021, 143, 11130-11140.



2.1.3 Miscellaneous Transformation

5 mol% Catalyst
“NNHTs 1.2 eq. LIOBu /
P > COOMe =N_ N=
COOMe Solvent :<< b
Bu N

60 °C, overnight o o Bu
optimization Bu B
Entry Catalyst Solvent Yield (%) L [Cofsalen)] )
1 [Co(TPP)] PhCI 51 ( ) Ph
Me Me
X
2 [Co(salen)] toluene 0 4
AN Ph Ph
N N
3 [Rh,(OAC),] toluene 0 NN
e Me
[Co(MeTAA)] Ph
4 [Co(MeTAA)] benzene 86 ~ > [Co(TPP)]

selected examples

M
€0 COOMe
CONMe, CN Ph COOMe
MeO Me

98% yield 52% yield 85% yield 70% yield 95% yield

B. G. Das, A. Chirila, M. Tromp, J. N. H. Reek, B. de Bruin, J. Am. Chem. Soc. 2016, 138, 8968-8975.



2.1.3 Miscellaneous Transformation

Proposed mechanism

B. G. Das, A. Chirila, M. Tromp, J. N. H. Reek, B. de Bruin, J. Am. Chem. Soc. 2016, 138, 8968-8975.
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2.2 1,n-Hydrogen Atom Transfer

1,5-HAT
H H NNHTs 3 mol% [Co(P11)] (

X /\)J\ oD = Ry, H -
R™ X H 3.0 eq. Cs,CO, X SNg A

. 0 O=i ‘\‘ //

dioxane, 60 °C, 24 h N—H Mes _n
selected examples Q w
N-H H—N

/ M \
© \ L © © (S {3/\[“\(3)
Boc O,N H H

. . [Co(P11)]
93% yield 81% vyield 60% yield 54% yield 85% yield 76% yield P11 = 2,4,6-TriMe-ZhuPhyrin
92% ee 92% ee 59% ee 85% ee 91% ee A
Proposed mechanism
" R X H
H
radical radical N>
substitution activation
RYX P11 RX)I:
. CoP1) - -
H H H
1,5-HAT

30

Y. Wang, X. Wen, X. Cui, X. P. Zhang, J. Am. Chem. Soc. 2018, 140, 4792-4796.



2.2 1,n-Hydrogen Atom Transfer

More examples:

1,5-HAT
Formation of sulfolanes

R s~ ~COOMe - '

b ., 72 h R =
0, enzene Z00Me

up to 98% yield
up to 97:3 dr
up to 94% ee

X. Cui, X. Xu, L.-M. Jin, L. Wojtas, X. Pe. Zhang, Chem. Sci. 2015, 6, 1219-1224.

1,6-HAT
Formation of piperidines

! H H
! 5 mol% [Co(TPP H@
i RXN/WO + p-TsNHNH, o [Cof ! >

|
Boc 2.0 eq. Cs,CO;4 I

1.2 eq. benzene, 60 °C, 24 h
up to 96% yield

M. Lankelma, A. M. Olivares, B. de Bruin, Chem. Eur. J. 2019, 25, 5658-5663.

1,4-HAT & A f
Formation of cyclobutanones % g—i
o= N )

\

N2 ’ ’ z(RJ [GN
“(R) (R
;fo o¥>
up to 93% yield Ml

[Co(PT)]
up to 99:1 dr P7 = 3,5-Di'Bu-Hu(Cg)Phyrin
(Ar = 3,5-di-butylphenyl)

up to 96% ee
J. Xie, P. Xu, Y. Zhu, J. Wang, W.-C. C. Lee, X. P. Zhang, J. Am. Chem. Soc. 2021, 143, 11670 11678.

i HH O NH HN i
| 2mol% [CoP7)]  Hal L Q&40
! R > R . ol w_ !
; TBME, 40 °C, 12 h ;

A. S. Karns, M. Goswami, B. de Bruin, Chem. Eur. J. 2018, 24, 5253-5258.
X. Wen, Y. Wang, X. P. Zhang, Chem. Sci. 2018, 9, 5082-5086.
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2.2 1,n-Hydrogen Atom Transfer

NNHTs ,

I 5 mol% [Co(TPP)] N Ph
. X Me » Ry _
A, 1.2 eq. LIO'Bu R2
R 60 °C, overnight
Ph Ph
selected examples
O‘ OEt /.\O‘ _OEt “O‘ ) Ph
Co(TPP
o o 8 Ph [Co(TPP)]
89% yield 76% yield 35% yield 50% yield 17% yield
NNHTs
| 5 mol% [Co(TPP)] X A R3
M X R3 » R'T
RT L 1.2 eq. LiO'Bu Z N CoOoEt
COOEt 60 °C, overnight
selected examples
F ¥z
COOEt = COOEt COOEt
85% yield 95% yield 89% vyield
Anticipated pathway
R2
radical
HAT substitution

C. te Grotenhuis, B. G. Das, P. F. Kuijpers, W. Hageman, M. Trouwborst, B. de Bruin, Chem. Sci. 2017, 8, 8221-8230.
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2.2 1,n-Hydrogen Atom Transfer

Proposed mechanism

l l .COOMe

X -60.3

COOMe
COOMe m
barrier: +14.9
}_/ -7.2

TS3
oo COOMe
barrier: +15.2

-11.1

C. te Grotenhuis, B. G. Das, P. F. Kuijpers, W. Hageman, M. Trouwborst, B. de Bruin, Chem. Sci. 2017, 8, 8221-8230.
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2.2 1,n-Hydrogen Atom Transfer

Proposed mechanism

. COOMe
o
% —~
FF -36.2 x (" )
thermodynamically favored |

COOMe
% o |
A
~

n = COOMe % COOMe G -14.3 ¢
@\E(z) 5y w\‘/:/ | | Kinetically controlled product |

Y +9.6 E" TS6 T
= COOMe =4 = \
\® g G 2.E
‘H\/CH2
TS7
TS8
g 7.0 +19.4 *
| +9.0

34
C. te Grotenhuis, B. G. Das, P. F. Kuijpers, W. Hageman, M. Trouwborst, B. de Bruin, Chem. Sci. 2017, 8, 8221-8230.



2.2 1,n-Hydrogen Atom Transfer ,

Ph
R3
|O R 5 mol% [Co(TPP)] 2
3 mol% [Co R Ph
O R+ peTeNHNH, - g
R'T P 1.2 eq. LIO'Bu =
COOEt benzene, 60 °C, overnight Ph
1.0 eq. COOEt
[Co(TPP)]

up to 87% vyield a

Proposed mechanism

IS 2
COOMe COOMe
| | COOMe
1) p-TsNHNH;
—_—
2) base
| 5a
5 O -55.5
COOMe
/ilit
Q_[/
TS3 -16.8

barrier: +14.3

. COOMe
731 1
E -23.0

barrier: +8.1

T2

M. Zhou, M. Lankelma, J. I. van der Vlugt, B. de Bruin, Angew. Chem. Int. Ed. 2020, 59, 11073-11079.
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2.3 Radical-Radical Coupling

10 mol% [Co(acac),] COOEt

AN H.__COOEt 4
R X . \n/ . R2/\N,R 3.7eq. TBHP NROR4
Z N, R3 60 °C, 8 h

up to 68% yleld

\

Mechanistic investigations

10 mol% [Co(acac),] O COOEt CZDS

X H COOEt CoDs<, .CyD5 3.7 eq. TBHP
JORETS chalRh ¥
- N, C,Ds 60 °C, 8h - CD3

[D14]-1 a, 60% yleld

10 mol% [Co(acac),]

H._-COOEt Pr< /Pr 3.7
N .7eq. TBHP EtOOC ]
T ¥ i > ~"NiPr,
N> Me 60°C,8h
detected by GC
4
BuO
. . 10 mol% [Co(acac E
X H COOEt IPF\ ,’PI’ 3.7 gq[ TéHP )2] GOOEL
+ \n/ + N . . - NEt,
|
Bu N, Me rt, 8 h
18% yield
tBuO
COOEt ipr. Py . COOEt
NEt, + SN _60°C.3h NEt,
Me
62% yield

J. Zhang, J. Jiang, D. Xu, Q. Luo, H. Wang, J. Chen, H. Li, Y. Wang, X. Wan, Angew. Chem. Int. Ed. 2015, 54, 1231-1235.

(a)

(b)

(c)

(d)
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2.3 Radical-Radical Coupling

Proposed mechanism

COOEt
4 1BuOO D o cooet N2
RN /e g R Y
R3 or 'BuO’ |'q3 [Co]

‘BuOO +H,0 BuOOH +OH

R2

EtOOCW/kNR3R4 [CO“]

[Co' R2 W
EtOOC
NR3R* ) _
Y 'BUOOH  'BuO +OH
[\

[COIII]

M
[Co™] \~/ 0 COOEt o
‘BuOO’ NR3R4 >
Ar ) Kornblum-DelaMare "'
K R Rearrangement
base

J. Zhang, J. Jiang, D. Xu, Q. Luo, H. Wang, J. Chen, H. Li, Y. Wang, X. Wan, Angew. Chem. Int. Ed. 2015, 54, 1231-1235.
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3 Summary and Outlook

» Carbene-type: more nucleophilic than Fischer carbene

dy; Py
v excellent chemoselectivity | 0 """"" @ 1
v' simplified procedure COQ‘—QC"'\"\;
v' broad substrate scopes | b s 0

« Radical-type: excellent regio- and stereoselectivity bonding model

oh, o

[C|O] o Z "

1,n-HAT T R—H /cyc/opropanat/on o

e o . g .

¢ el N Ny en -
[C” : - I - I X

o Co Co

‘ e oropenas

cyclopropenation
Co'l o Co'll, d° addition to [CO(TP;P)]
unsaturated bond

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

radical coupling l R- miscellaneous

transformation

*?R
[Co] typical catalysts

reaction pathways
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3 Summary and Outlook

LN o0 o ol s
e S [ —_— I . 1
[Co] [Co] _— [Co]
72
CO”, d7 CO“I, d6 ./
|
«g,R
[Co]

o

o\g/\_/o X o

[C|O]

o

[C|0]

Radical cascade

R o? .
HAT ¢
[Co] .

Polymerization

XX

[CIO]/T\/.

Wl
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3 Summary and Outlook

» Why cobalt?

b 4 somo S — .
d,2

by Role of ligands?

1 C 1 / C
dy, dy, 4 .

COIII

> Other Metals: ~

7
z
lz
(9]
o}
z
-
74
z
z
z
\
2/
o
<
[0

' o I ,
Et Y N OBt i Pr,p—Pd'—PPr,

! ) - !

; N—Fe'—N : ! :

E Ph/!\Ph : E O O
: Et Et |

[PC’(sp?)P]PdI

Dzik, X. Xu, X. P. Zhang, J. N. H. Reek, B. de Bruin, J. Am. Chem. Soc. 2010, 132, 10891-10902.

ik, J. N. H. Reek, B. de Bruin, Chem. Eur. J. 2008, 14, 7594-75909.
Russell, J. M. Hoyt, S. C. Bart, C. Milsmann, S. C. E. Stieber, S. P. Semproni, P. J. Chirik, Chem. Sci. 2014, 5, 1168-1174.
C

W.
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S.
C. omanescu, M. Wushkova and V. M. lluc, Chem. Sci. 2015, 6, 4570-4579.
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