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1. Brief Introduction to Metal Carbene
1.1 History

Chugaev’s Synthesis of Platinum(Il) Complex
Me—NC + KyPtCl, + Hy;N—NH,

@
Me, ] Me,
NH NH
Hr}|/<Pt,CNMe ©  HCl H|}1/<Pt/0|
N —_— > N
T NS “CNMe AN~ “ci
NH NH
Me Me

Tschugajeff, L.; Skanawy-Grigorjewa, M.; Posnjak, A. Z. Anorg. Allg. Chem. 1925, 148, 37.

Fischer's Synthesis of Metal Carbene Complex

PhLi W(CO)s + W(CO)s
W(CO)e | Me,NCI, H*
Et,O  Ph™ OLi  thenCH,N, Ph”™ "OMe

Fischer, E. O.; Maashol, A. Angew. Chem., Int. Ed. 1964, 3, 580.



1.2 Classification of Metal Carbenes
1). Fischer carbenes

- © ]
dxy% Px LM [M] M]
| R™OXR R/é\ XR' RASSR

d,2 C@Q -— @Q ! M: middle or late transition metals with low oxidation state

XR'": heteroatom substituents such as alkoxyl or amino groups
Metal Carbene (singlet) !

dw% g Pr M] P
: R)J\R’ R)@\R'

@ 3 M: early transition metals with high oxidation state
d* Cm %! R, R carbon substituents or H

Metal Carbene (triplet)

2). Schrock carbenes

3). N-Heterocyclic carbenes

4). Carbene radicals



1.3 Modern Organic Chemistry involving Metal Carbene

1. Cyclopropanation

2. X-H insertion
C(Si)-H insertion
X-H insertion (O, S, N...)

3. Coupling reaction
4. Ylide reaction
5. Other reactions

_ A 14
A H B~C---H - A"’c o
B=r—H + Rholy — — B=C—C.y + Rholy
o E 2-4 o .C--RhyL, /7 AH
H" 4 D E
E
N, y K
3 transit tal catalyst (ML, >
R1)H(OR2 . R\X_H ransition-metal catalyst (ML) R1/‘S(OR2
© (X=N,0,9) 4 0t o
\e‘i-‘.‘\je 1
0s°
ML, e

R B (Lewis base)

Fisher ty A—H (Brensted acid)

b) non-
enantioselective
H* transfer

O <— Lewis base
4

\O—H -~——— Bronsted acid

-«—— Steric hinderance



Oxidative addition
R-X Transmetalation

(X = halogen, boron, C-H Bond activation <L
silicon, tin, H, C, etc.) C-C Bond activation N2 NNHTs
. izati R1\/U\ o R1\)J\
Cyclization R2 R2
R or other carbene precursors

0 kmeh
R1\)J\ 2R = Aryl, Vinyl, Alkynyl, Benzyl, Alkyl, etc.
R

Migratory
i H ' S L R
R | LM Eimination nsorion RO ____ RMIR
R? @@ Transmetalation R?
R_M] &3 Reductive
RT_A R2 elimination

R Protonation / \ ’ 3
j R?-X' R R
Rk/k L or reduction .l - | 1\)4
R? = Substitution 2
@ @® or addition B
CuRp

Other cascade reactions



2. Metal-Catalyzed Enantioselctive Cross-Couplings through
Carbene Migratory Insertion

First catalytic cross-coupling reaction through carbene insertion

2.5 mol% Pda(dba)s* CHCI, \

X X + Eﬁ 15 mol% AsPh, _ R%/
R HSTMs 2.0 eq. iPryNE 3
. , Dii,{j,'l‘;’,‘;; " X =Br, R=4-CO,Me, 60%
L X = Cl, R = 4-NO,, 57%
slow addition ’ 2
________________ e X=CLR=3-0Me 5%
X H
H—Pd' Ar\/k
Ar\/\TMS —_— = TMS
_Pd
H
pq" Pd(0
Ar dX (©)
TMS Ar/\X
\ X Ar” > PdlX
Ar” TPd!l '
C o
™S
N, H)LTIVIS

Greenman, K. L.; Carter, D. S.; Van Vranken, D. L. Tetrahedron 2001, 57, 5219.



Oxidative addition
R-X Transmetalation
= R-[M]

(X = halogen, boron,  C-H Bond activation
silicon, tin, H, C, etc.) C-C Bond activation

N, NNHTS
R orr AL,

Cyclization
: or other carbene precursors
B e v
R1\/U\ R2R = Aryl, Vinyl, Alkynyl, Benzyl, Alkyl, etc.
Migratory
iy f-H Elimination insertion  R>M' R MI-R

R1\/\ R2 @ @ / Transmetalation RS R?

R_[M] @ Reductive
RY 3 s elimination
R3
R S-H elimination R3
R’ ‘ 2 3 |
\)\R, NNHTs R? = CH,R . ><R2
5 A cat. [Pd]
R R cat. Ligand Ar_ PdX

s ” R><R2

Base \
. . Ar
Benzyl palladium o 4 o0 'Y

intermediate with [H] R R2



2.1 Oxidative addition Prior to Carbene Migratory insertion

Guetal, 2016

R2 R2
R? R?
N Br O 10 mol% Pd(OAc), g1 |
R1+ N f RS P\"A‘Ar 20 mol% L1 NS )
Z R " 2.4 equiv LiOtBu B
= i o \Ar
NNHTs 1,4-dioxane, 50 °C RIL Ar
=
4 5 6
Ar Ar
o) o) 26 examples
>< \p_NG 40-99% yields
0 " _0O 85-97% ee
/N7 Ar=4-FCeH,
Ar Ar 11
(COCI),
P DDQ
‘Ph then L|AIH4 \ Ph P\ph
95% yield, 99% ee 99% ee 70% yleld, 97% ee

Feng, J.; Li, B.; He, Y.; Gu, Z. Angew. Chem., Int. Ed. 2016, 55, 2186.



(rz.

PdoL, 6
tBuOLl
NY
Ts

L,BrPd

Ph
N>

N, e
iPdto

Il

R‘Ph

Ph
B

migration/
insertion

B-hydride
ellmlnatlon

)
II
F\’“Ar
QL

(S)-6

1 \ .
m— 2 B_-hydrlQe
O elimination
I .

|?“Ar
(I ™

(R)-6

Feng, J.; Li, B.; He, Y.; Gu, Z. Angew. Chem., Int. Ed. 2016, 55, 2186.

Int1B
R-intermediate

S-intermediate

B-hydride

elimination
.

B-hydride

elimination
=

S)-6



2.2 C-H activation Prior to Carbene Migratory insertion

2.2.1 Fuctional C-H-Alkyn

a) Liu, Feng et al., 2015

N 15-90 mol% CuX R] H
2 5 mol% guanidine-HX
F€1/lkCO;zREJ' T DCM, 30 °C, 2.5 h REOC R?
7 8 e 9
R', R? = Alkyl, Aryl 29 examples
48-99% yields
64-94% ee
b) Wang et al., 2016
N 10-20 mol% Cu(MeCN),PF, -~ AT, H
/ﬂf 11-22 mol% BOX ligand 4 ,
[ - — =
Ar R _ 1 equiv. NEt3 R R
N DCM/CHCI5 (1:1) 12
10 11 t 1h 30 examples
R', R? = Alkyl, Aryl 43-96% yields
72-98% ee
c) Ley etal., 2017
MO 1t /BE 10 mol% Cul AL, A
2 - A~ “H 15mol% PyBIM ligand /:’:&
Flow 14 = H 16 NHR
+ 2 equiv. NEt3
1,4-dioxane 30 examples, 30-57% yields
J\NHZ - rt, 10-20 min 89-98% ee or de
Ar” H NHR DA ¥
13 15 : - \NHR

O
.CHPh
N 2

508
=N

H
Cy-NH Cy
X=Cl, Br
guanidine-HX,

®
x@

Bn Bn

OW)S’O
N N—/
Ar jﬂ\r
Ar = Ph, 2-naphthyl

BOX ligand,

Ar = p-SF5C5H4
PyBIM ligand,

a) Tang,Y.; Chen, Q.; Liu, X.; Wang, G.; Lin, L.; Feng, X. Angew. Chem., Int. Ed. 2015, 54, 9512.

b) Chu, W.-D.; Zhang, L.; Zhang, Z.; Zhou, Q.; Mo, F.; Zhang, Y.; Wang, J. J. Am. Chem. Soc. 2016, 138, 14558.
c) Poh, ). S.; Makai, S.; von Keutz, T.; Tran, D. N.; Battilocchio, C.; Pasau, P.; Ley, S. V. Angew. Chem., Int. Ed. 2017, 56, 1864.




a) Liu, Feng et al., 2015 ([ e )

\ 15-90 mol% CuX R} H N-CHPh2
2 5 mol% guanidine-HX /:':< N M
R1J'k + —_____R3 > R202C R3 ® S

CO,R? DCM, 30 °C, 2.5 h =N X
’ 8 9 Cy-NH Cy
R' R3 = Alkyl, Aryl 29 examples
48-99% yields X=Cl, Br

64-94% ee |  guanidine-HX,

- _ A R2 R1
RI— R /“ ==
8 cu! R30,C Cu'L*
u
T | R;: :<R1
NZ * I| % d
iy R27T Cul R30,C * H
R? , COzR’ COR® |\ g 2 4
_ . L*.
\ﬁ“-.. — e C
+Single Isomer >TR1 --
+High yield and e.r. R30,C
+Broad substrate scope L* = Guanidine*

a) Tang,Y.; Chen, Q,; Liu, X.; Wang, G.; Lin, L.; Feng, X. Angew. Chem., Int. Ed. 2015, 54, 9512.
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RI-—— R’ /‘“ >::<
8 cu R30,C CulL* \

— | | R?

R30,C
R?lj\cozlfe3 CO,R® || !

7 L N B R2 L*’IC
+Single Isomer e =——R'"--~
+High yield and e.r. R%°0,C
+Broad substrate scope L* = Guanidine*

coE “ CO,Et
2t X, , 0. _Ph Cul o)
DG S N I
- 7a 8a (+)-9a
Conditions: %/ conditions
a) L1 (20 mol%) b) L1-HCI (20 mol%) > CH,Cl», 30°C, 4 h

c) L1+HBr (5 mol%) / CuBr (50 mol%), (1 equiv)
d) L1+HBr (5 mol%) / CuBr (50 mol%), (1 equiv) 99% recovery
e) L1+HBr (15 mol%) / CuBr (150 mol%), (3 equiv) <1%

a) Tang,Y.; Chen, Q. Liu, X.; Wang, G.; Lin, L.; Feng, X. Angew. Chem., Int. Ed. 2015, 54, 9512.

L* .
N> rR2T-CulL* >:*:<

13



b) Wang et al., 2016
Bn Bn
10-20 mol% Cu(MeCN),PFg -~ AT, H o\[)%,o
N ' %
o 11-22 mol% BOX ligand | /== T
A R! + =R? - =, __R! R2 N N—
g . 1 equiv. NEt; 12 3
DCMICHCl; (1:1) Ar Ar
10 1 it 1h 30 examples _
R! R2 = Alkyl, Aryl | 43-96% yields Ar = Ph, 2-naphthyl
' yl, Ary :
72-98% ee BOX Ilgand,

N
N % :
e, S\,

l major l minor
g Q
—s H
:<Ph ==
@ Me Ph
(R) (S)

b) Chu, W.-D.; Zhang, L.; Zhang, Z.; Zhou, Q.; Mo, F.; Zhang, Y.; Wang, J. J. Am. Chem. Soc. 2016, 138, 14558.



c) Ley et al., 2017

N>
Mn02, rt
Ar)k
Flow 14
+
NNH, -
Ar H
13

10 mol% Cul Ar’%_ H
o .
H _15mol% PyBIMligand . NHR

2 equiv. NEt; 16

1,4-dioxane 30 examples, 30-57% yields

rt, 10-20 min 89-98% ee or de
NHR VAT i
15 E ey i

Ar‘ | X {\r
N = N H
N
I \ il
N N\? J
tBu Bu H i

Ar = p-SF5C6H4
PyBIM ligand

Allene
/ pathway

c) Poh, J. S.; Makai, S.; von Keutz, T.; Tran, D. N.; Battilocchio, C.; Pasau, P.; Ley, S. V.
Angew. Chem., Int. Ed. 2017, 56, 1864.

By N’Ar =~ N'Ar
=5 Sy =N I
LN—Cu—N—? HAAF
H-$4 Ar 'Bu T
It
|
H* R
By

minimised

steric clash K

15



c) Ley etal.,, 2017

N
Mot 2 tomol%cul A A pr
& ArAH 15 mol% PyBIM ligand_ < NHR N NZ NN
Flow 14 - > I \J
N 2 equiv. NEt, 16 _ N N—/
1,4-dioxane 30 examples, 30-57% yields B4 ;'tBu
N =— n102mn  8998%eeorde Ar = p-SF5CoHs
Ar H NHR E Ar o : PyBIM ligand
13 15 5 — \ :
! 17 NHR
- AgPFs (10 mol%) B
S NHTs - X ol
cl CH,Cl, RT, 16 h
16a 18 : 99%
(97% ee) (95% ee)

c) Poh, J. S.; Makai, S.; von Keutz, T.; Tran, D. N.; Battilocchio, C.; Pasau, P.; Ley, S. V. Angew. Chem., Int. Ed. 2017, 56, 1864.
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2.2.2 C-H activation with directing group

N>

R1JJ\
R-Rh ————

1 R2

Transmetalation
C-C Bond Cleavage
C-H Bond Cleavage

R-M
R-C

R
or

R.
R2 RU}E) .

R
R1

R‘l

R

>

Protonation

h

R2

Electrophiles .

p-H Elimination

Cyclization

R
2N

R2

or

R
R’LrR?

R_E

R1

>

RZ

17



2.2.2.1 C-H activation with cyclization

Rovis et al., 2013; Xia et al., 2015 (DFT calculations)

9 1 mol% [Cp*RhCl,] P
_ N 0 2l2
N N’OP'V . ﬂ\z 20 mol% CsOAc | RilL = NH
RT . H R "EWG MeCN, 23 °C 7
H 2 20 R2 EWG
19 R< = Aryl, Benzyl 21
l EWG = COyR, CF3 32 examples, 20-99% yields
O o)
OPlv i
R1_| A hl ;OPiV_-. R‘Ifl h N_ng(ilf\)l
Rh(III __A__RH(V) L Co*
oo
RZEWG " RZEWG R2 EWG

a) Hyster, T. K.; Ruhl, K. E.; Rovis, T. J. Am. Chem. Soc. 2013, 135,5364.
b) Zhou, T.; Guo, W.,; Xia, Y. Chem.- Eur. J. 2015, 21, 9209.

18



a) Cramer et al., 2014 0

O N, 5 mol% Chiral Rh(l) N
) R — NH
i N H,OF’lv REMYORS 5 mol% (BzO), _ L
|

., OR®
MeCN, 23°C, 16 h r2 T
o)

20 21
R® = CH(iPr), 19 examples, 52-94% vyields

up to 96.5:3.5 er

AN
c1,R=OTIPS R AN 2 R=0Me
c2, R =0Me | \

b) Song et al., 2017

R1I= 2.5 mol% Chiral Rh(lll) OVOR3
R N, 20 mol% AgSbFg R N aR?
\ /) OR3 1 equiv. CsOAc X \

R R acetone ] = N\H/NH
OA\NHOPiv 200 -30 °C-rt. 530
22 R3 = CH(iPr),, tBu, iPr 25 examples, 65-98% yields
up to 98:2 er

a) VYe, B.; Cramer, N. Angew. Chem., Int. Ed. 2014, 53, 7896.
b) Chen, X,; Yang, S.; Li, H.; Wang, B.; Song, G. ACS Catal. 2017, 7, 2392.

19



2.2.2.2 C-H activation without cyclization

3 mol% Ir1 Ar ﬁ

0 o .
B . 12 mol% AgSbFg ~Ph
Ph/téu Ph |/ P 15 mol% (S}-A1 oY
R

dioxane, 15 °C, 18 h

- L,
OH OH oH

a¥av¥a ¥

(96 %, 98:2 er) (97% 97.5:2.5 er) [31(41% 98:2 er)

(85% 98:2 er) 79%, 98.5:1.5 er) (96% 98:2 er)
Ir1 (R=OMe) R+ ~CO5H R”'IECOZH
Ir2 (R=0iPr) \,Ephth Phth

Ir3 (R=OTIPS) (S)-A1 (R=tBu) (R)-A1 (R=tBu)
Ir4 (R=Ph) (S)}-A2 (R=iPr) (R)-A2 (R=iPr)

0 N, 3 mol% Ir1
MeO I:l) 0 12 mol% AgSbFg >
AP + 15 mol% (S)-A1
’\RZ DCE, 15 °C, 18 h
... OMe 24b 27 e OMe 20
OO ‘ O COMe g,
OHo OHO
MeO 5@“"& .0 B OMe
O i O @ MeO
om € OMe
OMe e OMe
Me OMe Me
93 %, 95:5 er
. 0, .
1.4 g-scale: 94 %, 96:4 er 53 %, 94.5:5.5 er 95 %, 94.5:5.5 er
E E B
MeO MeO MeO
0 O PN
Me OMe
|
84 %, 955 er 73 %, 96:4 er 62 %, 96:4 er

Jang, Y.-S.; Wozniak, t.; Pedroni, J.; Cramer, N. Angew. Chem. Inter. Ed. 2018, 57, 12901.
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"Hon,
T Ph
Vi O R

point to
axial chirality

Jang, Y.-S.; Wozniak, t.; Pedroni, J.; Cramer, N. Angew. Chem. Inter. Ed. 2018, 57, 12901.
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@)

1 N2 A

P 0 3 mol% Ir1 R’{
| 12 mol% AgSbFg

- +
X 15 mol% (S)-A1
2 dioxane, 15°C, 18 h

2
24 27
‘O (R=tBu): 85 %, >20:1dr, 99:1 er
OH (R=Ad): 70 %, >20:1dr, 99:1 er
o) (R=Cy): 59 %, 1.1:1dr, 93.5:6.5 er (68:32 er)
is,,,Ph (R=iPr): 67 %, 1.2:1dr, 90.5:9.5 er (97:3 er)
O }q (R=NiPr;): 85 %, 1.1:1dr, 97.5:25 er (77:23 er)

COZMe Br
L °
O OH
P' 'Ph P" ‘Ph ’Ar1 O Bu
tBu
tBu
M O Me

61 %, >20:1 dr 79 %, >20:1 dr 65 %, 20:1 dr 96 %, 2.8:1dr

99.5:.05er 99.5:0.5er 99.5:0.5er 90.595er
(80.5: 19.5 er)

Jang, Y.-S.; Wozniak, t.; Pedroni, J.; Cramer, N. Angew. Chem. Inter. Ed. 2018, 57, 12901.

Ir1
Ir2
Ir3

ol Ird4

—~ e~~~

R=0OMe)
R=0iPr)
R=0OTIPS) (S)-A
R=Ph) (S)-A

COzH

(R=tBu)
(R iPr)

CO,H

R.,
l&hth

(R)-A1 (R=tBu)
(R)-A2 (R=iPr)

22



2.2.3 C-C Bond Cleavage

OH O o
& w1
- * Ph

heat OH 29a Me
. hv HO R 34a
proximal base -
fon [ — LU
N OH entry conditions
R
| — 30 31 1 toluene, 100 °C
= ‘_‘ Rh() Rh o = 2 NaOH agq, dioxane, rt
distal ——— » @)\ e O‘ OH 3 hv, benzene, rt
29 R R 4 5 mol % of Rh(acac)(CH,CH,),

32 33 10 mol % of P(t-Bu)s, toluene, 100 °C
2.5 mol % of [Rh(OH)(cod)],, toluene, 100 °C
2.5 mol % of [Rh(OH)(cod)],, dioxane, 100 °C
7 2.5 mol % of [Rh(OH)(cod)],,

12 mol % of IPr, toluene, 100 °C

o N

Ishida, N.; Sawano, S.; Masuda, Y.; Murakami, M. J. Am. Chem. Soc. 2012, 134, 17502.

35a

yields/%"
34a 35a
86 0
87 0
30° 0
14 74

0 89
20 74
80 0
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Murakami et al., 2014

Ph. OH
NNHTs

+
HJ\p-tol

Et Et
36a 37a

72% yield
trans:cis = 83:17

11 mol% (R)-SEGPHOS

5 mol% [Rh(cod)OH],
2.5 equiv. NaOtBu
toluene, 50 °C, 24-48 h

11 mol% (R, S)-PPF-PtBu,

86% yield
trans:cis = 17:83

0
g
O PPh,
0 PPh,
g
@

(R)-SEGPHOS

(R,S)-PPF-PtBu,

Murakami, M.; Ishida, N. J. Am. Chem. Soc. 2016, 138, 13759.

HO H
Ph" "'p-tol
Additional
Et” Et 9 examples
38a, trans, 96% ee
HO H
ph/ \p-tol
Additional
Et Et 9 examples
39a, cis, 99% ee
— Ph —_
@)
RD p-tol




R! OH

-H,0
36 + Rh—OH
R2 R3 [
36 38 +39

g PRn ,LL, R! ORh
.
R2 Ar <} ﬂiﬂ
A3 R2 'R3
A R1

0O R?
Step 3 — R3
p R2 O R']M
Rh
R3 40

k/Rh L % °
H
O
“—‘—‘_'—‘—-——.
R? Ar R2 Hhﬁ’) Ar
T

R3 Step 2 N N
2 - + 37
HJ\A

D R?
C H r NaOiBu

Murakami, M.; Ishida, N. J. Am. Chem. Soc. 2016, 138, 13759.



3. Outlook

1. Combination of the classic cross-coupling and a carbene process.

a) A variety of cascade processes
b) Multicomponent reactions

2. Development of novel asymmetric cross coupling reactions.
3. Direct experimental evidence for mechanism

4. Safe and easily available carbene precursors



Thank you for your attention.
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O

Stoichiometric
experiment:

] LR QO pooac
C
R‘IJJ\’.//Pd(OAC)Z_., R‘IJYdel/ . R1WR3

10 mol% Pd(OAc),

O R?
3
RA—K?Nz +R\[¢\/B(OH)2 20 mol% Cul __ R1WR3
R2

DCM, rt
16 examples, 43-71% yields
only E when R® = Ph, R* = H
E/Z =0.9:1to 9.1:1 when R3 = Alkyl, R* = Alkyl or H

PdOAc/

N 2 with or without Cul
Ph)kf ? Ph/\\l-f X > PhWPh

H

CD,Cl,, rt \

29



NNHTs 5 mol% Pd(PPhs); Ar
1 2.5 equiv. KzCO3 R\%\ _.OMe
I

RZ O 1,4-dioxane, 90 °C

12 examples, 50-89% yields

c) Wang et al., 2015
N2 R2 5 mol% sz(dba)3 Rz 0

_.OMe 20 mol% P(2-furyl)s I
Al ﬁ“ /I\\/\X W R~OMe

OMe+ R . > R
o 2 equiv. iPrNH OMe
X =Br,Cl  toluene, 80°C Ar
6 examples, 48-67% yields
E/Z > 20:1

30



Gong et al., 2014

N
R1J\c02R2 Y RN

Rl _CO,R? |
PdOAC

15 mol% 205a

2
20 mol% (R,R)-(salen)CrClI R/\/\/COzR
50 mol% HOAc 204

2 equiv. BQ 20 examples, 23-83% yields
14-dioxane, 60 °C E/Z=81to> 151

N2 PdOAc/ 1 equiv.
/u\ * P W ? (R,R)-(Salen)CrCI . Ph AN AN COgMe
Ph COQME h 1 ,4-dioxane, 60 °C 204a Ph

93% yield, E/Z = 1.3:1
Without (R,R)-(salen)CrCl, 9% vyield
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Si. Si

reductive
elimination

migratory
insertion

M]

oxidative
addition

Si-Si
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O

H
W“)‘\OEt

Ny

Arl
Pd(PPhs)4 (10 mol%)

DBU, Bu,NBr
CHCN, 45 °C
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