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Abbreviation

Ac acetyl

Ad adamantyl

acac acetylacetonate

‘Amyi 2-methylbutyl

aqg. aqueous solution

Ar aryl

Bn benzyl

Boc tert-butoxycarbonyl

"Bu butyl

‘Bu tert-butyl

CMD concerted metalation-deprotonatici
Cp* pentamethylcyclopentadienyi
DBU 1,8-diazabicyclo[5.4.0lundec-7-ene
DCE 1,2-dichloroethane

DG directing group

DMF N,N-dimethylformamide
DMSO dimethylsulfoxide

dppen cis-1,2-bis(diphenylphosphinoleiiryiciie
EDTA ethylenediamine tetraacetic acid
equiv. equivalent(s)

Et ethyl

FG functional group

H hour(s)

L ligand

Me methyl

Mes mesityl

min minute(s)

PG protecting group

Ph phenyl

Phth phthaloyl

Piv pivaloyl

PNs 4-nitrobenzenesulfonyl

'Pr 2-propyl



"Pr propyl

rt room temperature

TBDPS tert-butyldiphenylsilyl

Tf trifluoromethanesulfonyi
THF tetrahydrofuran

TMEDA tetramethylethylenediamine
TMP 2,2,6,6-tetramethylpiperidine
TMS trimethylsilyl

TON turnover number

Ts p-toluenesulfonyl
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Figure 1. Conventional functionalization of C-H bonds

Conventional coupling reaction

X FG

R X R\© R FG R\©
R H
\©/ Pd catalys:s \©/
= R R
\©\ waste \©\
FG

X =1, Br, OTf etc. i
-under hars_h_ reation conditions Stoichiometric amount of waste
-low selectivity

-narrow substrate scope
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DG DG

H C-H Functionalization EG
DG = directing group

Figure 2. C-H functionalization
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Scheme 1. Ruthenium-catalyzed C-H alkylation
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Murai, S. et al. Nature 1993, 369, 529.
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C-H #E G /RT V0 AREIZ L0 G SN/, J VARV R AL D RT DT BB A L
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Scheme 2. DG and transient mediator for meta-selective C-H functionalization

(a) meta-Directing Template

Pd(OPiv), (10 mol %) %0
L AgOPiv (3.0 equiv.) T= NG
1
CO,Et DCE, 90 °C . Bu

55% (m: others =93:7)
Yu, J.-Q. et al. Nature 2012, 486, 518.

Bu
Bu

(b) meta-Selectivity Enabled by Transient Mediator
(0]

NHCgF5 Pd(OAc), (10 mol %)

NHCGF5 Li d= oM
ol Ligand (20 mol %) ganc =
+ Mel Norbornene (1.5 equiv.) |
AgOAc (3 equw )

H N (0)
80%
l via
(6] O
’}‘CGFs '}lcer
Cl Pd Cl Pd

H

0 Me
Norbornene ’\\ NHCgF5 j\ Norbornene
Pd

Yu, J.-Q. et al. Nature 2015, 519, 334.



Scheme 3. Template-enabled remote C-H functionalization

Template (1.0 equiv.)
Pd(OAc), (10 mol %)
Ac-Gly-OH (20 mol %)
AgOAc (2.5 equiv.)
HFIP, 80 °C, air

via A

~
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o

|
N—Pd—N OY(jY
SIS g A
OMe Et @N—Pd—N

OMe

Et
)

Yu, J.-Q. et al. Nature 2017, 543, 538.
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Scheme 4. Meta-selective functionalization with other strategies

(a) meta-Selective Borylation Enabled by Hydrogen-Bond Interaction

P Ir(OM d)]2 (1.5 mol % P
[r(OMe)(cod)l, (1.5 mol %) .

NR Ligand (3.0 mol % NR:
o Bping sxwe(ne 25 °CO) ’
— _ 44% (m: others = 27:1)

(@]
NJJ\N/Cy

via

74 H\ /H
0
NN
[Ir] NR;
N

Kuninobu, Y.; Kanai, M. et al. Nat. Chem. 2015, 7, 712.

(b) meta-Selective Alkylation by Increasing Electron Density

= i [RuCly(p-cymene)], = |
SN (2.5 mol %) SN
Me Br MesCO,H (30 mol %)
+
K5,CO3, 1,4-dioxane
"Pr 100 °C, 20 h Me

63%
CO,Me = i "Pr  CO,Me

CO,Me

Ackermann, L. et al. J. Am. Chem. Soc. 2013, 135, 5877.

Scheme 5. Para-selective C-H alkylation

para-Selective Alkylation by Bulky Ni and Al Catalysts

i )
2 Ni(cod), (10 mol %) 0 67% (p:others = 92:8)
ECN ~ Ligand (30 mol %) ELN
t + t
2 7" "CiqHas MAD (40 mol %) 2
150 °C, 18 h CiiHs

Ar. Ar ArAr
[\ Bu Bu
N\”/N
Me Me Me O\AI,O Me
|
tgy Me tgy

Ar Ar Ar Ar  Ar = 3,5-xyl
Ligand MAD
Nakao, Y. et al. J. Am. Chem. Soc. 2016, 138, 14699.
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Scheme 6. Transient DG mediated C-H functionalization

Ketone Syntheis Arylation of Phenol
RhCI(PPhg); (5 mol %) OH RhCI(PPhg); (5 mol %)  OH
2-amino-3-picoline P'Pr,(OAr) (15 mol %) Ar
Q 9 Q N+ ArBr 2 . =
L+~ R (20 mol %) J~ | toluene, 150 °C,24h ||
R™ "H toluene, 150 °C,24h R R' R/ R/
via Me = via O—F{"Prz
- | N [Rh]-Ar
N~ °N
)I\ / S
R [Rh]-H
Bedford, R. B. et al.
Jun, C.-H. et al. J. Org. Chem. 1997, 62, 1200. Angew. Chem. Int. Ed. 2003, 42, 112.
a-Alkylation of Ketone
0 [Rh(coe),Cl], (2.5 mol %) [o)
. AR IMes (5 mol %), TsOH H,O (10 mol %) '
B R
toluene, 130 °C, 48 h
7
R | (25 mol %) R
N N
N"

via —

\

N

[Rh]-H
Dong, G. et al. Science 2014, 345, 68.
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Scheme 7. C-H Functionalization without Directing Group

Pd(TFA), (10 mol %) O

Cu(OAc), (3 equiv.)

Meo@ © 3-nitropyridine (10 mol%) MeO {
+
R‘ Cs(OPiv), (40 mol %) ‘ N 84%
C

~30 equiv. microwave, 140 °C, 5 h Ac

-solvent amount
Ar -limited scope
|

Pd X = RCO,
X O
‘H@ Ar = N-Ac indole

Fagnou, K. et al. Science 2007, 316, 1172.

(Plausible intermediate)

\E\/l[ Me X xR
A R N~ OH W

2.0 equiv. (30 mol %) Me
Me Pd(OAc), (10 mol %) /
+ or or a>20/1
Me AgOAc (3 equiv.) o b
1.0 equiv cO CHCl:: or HFIP Me OH
-0 equiv. 1 atm 100 °C, 24 h
Me
FsC  O----H, .
(Plausible intermediate) ¢ :@ -without solvent amount
74 N---Pd -broader scope

— / \
(0]

N
FoC” N CF

Yu, J.-Q. et al. Nature 2017, 551, 489.
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Scheme 8. C-H Functionalization and successive DG migration

(a) Phthalimide Migration

O O CO,Me
N [Cp"R(CH3CN)3](SbFs), (5 mol %) N WCO,Me
o’ 1-AdCO,Cs (1 equiv.) R+
o] MeOH, rt = NPhth
R D :
= + toluene, 60 °C Cpti= By By
CO,M
Meo,c” - C02Me
[Cp"Rh(CH3CN)3](SbFg),
Plausible Catalytic Cycle
Q  COMe 1-AdCO,Cs | ytic Cycle|
\\COZMe
Ph -
NPhth l \”/
1-AdCO,H
MeOH Rh(OZCAd)z
Ph._O-Rh 0 0O
| NUOMe Ph O-N
— 1-AdCO,H \( )
N R o
R Rh’ MeOH
( Cp'"Rh = Rh

Rh(l)\o Os_OMe Ph_o 0o
Ph o\N/IKj O \[R\:‘\IUOMe
LKR ~~__Ph >\/j\ P
2 Uh 5~ “OMe R R
s R Rovis, T. et al. Nature, 2015, 527, 86.
(b) Acetamide Migration

7
o NHAC Fate | (20 mol %) OH

NHAc
[Cp*Rh(CH3CN)3](SbFg), (5 mol %)
NaOAc, CHQC|2, rt
[CP"RN(CH3CN)3](SbF),
Na?AC Plausible Catalytic Cycle
O-Rh Rh(OAc), O-NAc
NAc — B Rh

% F C‘ Cp*Rh=Rh
4 ~ N

@ ~ Oﬁh _Q @Q
J 90

Gilorius, F. et al. J. Am. Chem. Soc. 2017, 139, 6506.
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MR Z L BT DT 2 FEEINL & 725 8T 2 /% /7 U T 2 REWV o kel £
EROTOD R T RIEICRIT B0, Ll CEEICEET 5 FEBEREZ MV AT
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) =y — VK LTIt 5 2 L Ta s b7 — MEEREZTER L. .C-HEAD T L F 2 ~D
MRS SEITT 5 Z L2 HELTVD B, b OWEIE, 1 EFBEINISHAET LT
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11



Scheme 9. First-row transition metal catalyzed C-H functionalizations

Manganese
—\ —\
Me—N N o _ [MnBr(CO)s] (5 mol %) Me NN osit,
ol HSES toluene, reflux
R oluene, reflu R
Kuninobu, Y.; Takai, K. et al. Angew. Chem. Int. Ed. 2007, 46, 6518.
Nickel

Ni(OTf), (10 mol %

)
0 PPh; (20 mol %) o]
Na,CO3 (2 equiv.)
N | + "BuBr ; N |
N s toluene, 140 °C N
H "Bu

Chatani, N. et al. J. Am. Chem. Soc. 2013, 135, 5308.

Iron Fe(acac); (5 mol %)
dppen (5 mol %)
o ZnCl,*TMEDA (1.2 equiv.)

0
'BuCH,MgBr (3.4 equiv.)
N . OPh 2 N
Hoo | AN THF, 70 °C Ho o\
NS N\
H
x

llies, L.; Nakamura, E. et al. J. Am. Chem. Soc. 2013, 135, 17755.

Cobalt
N CoBr; (10 mol %)
| R PMePh, or P(p-MeOCgHy,)3 (20 mol %) |
N MeMgCl or ‘BuCH,MgBr (100 mol %) N | R
wovo THF, 60-100°C R

R'

Yoshikai, N. et al. J. Am. Chem. Soc. 2010, 132, 12250.
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YW S [FRIC 5 LFER & B AL C C-H BRI b IS 2 HBL 75 Z 2 HIEE L,
WHE 21T > T B, Fox ITEER IRICHIZEM T TV 5 Cp*Rh" it & % C-H BHE
HAVESIZ 3 B L7=(Scheme 10.)%, il 2 13 2011 4E(C Bergman, Ellman 51289 2-7 ==L
B DDA MOBERAIZ A S ~ORINOEA Cp*Rh" iz L v et S o = & an
HESHTWD 7 FEORISHT LT e RL)YP, =/ v BIOzF—A (L), 1V
7 %— R (Bergman. Ellman)”® ZsREFH & L-Ba b7 5 2 LR EnENHE ST
W5, 72, Fagnou® HIZ WA NEA NVIEEREIEE 52 L TA L R—/L 0 2 (iL#ER 72
Ui, TAF o A~DIALRED C-H TV = AERIEDETT 5 Z & Z2HE LT\ 5,

Scheme 10. First-row transition metal catalyzed C-H functionalizations

Imine
\ [Cp*RhCL,], (10 mol %) | A
p* 212 (10 mol %
~N GP~y AgSbF (40 mol %) 2N, -FC
+
H lR CH,Cl,, 75 °C R
PG =Ts, pNs, Boc
Bergman, R. G.; Ellman, J. A. et al. J. Am. Chem. Soc. 2011, 133, 1248.
Aldehyde
A A
| N [Cp*"Rh(CH3CN)3](SbFg), | N
2 o) (56 mol %) “" OH
+ m .
H R CH,Cl,, 50-60 °C R

Li, C.-J. et al. Adv. Synth. Catal. 2011, 353, 1269.

[Cp*Rh(CH3CN)3](SbFe), |
o (5 mol %) R O

N
H R/\)LR, CH,Cl,, 40-50 °C : R

Li, C.-J. et al. Org. Biomol. Chem. 2011, 9, 716.

Isocyanate
(0] " O
)J\ o [Cp*Rh(CH3CN)3](SbFe), )]\
Me” NH ¢ (5 mol %) Me” “NH O
I
THF, rt _R3
R1J§/H N~R3 R1J§/U\N R
R? rz M
Bergman, R. G.; Ellman, J. A. et al. J. Am. Chem. Soc. 2011, 133, 11430.
Alkyne
A R [Cp*Rh(CH3CN)3](SbFg), A R
(5 mol %) \
Nl : N R
)\ PivOH (500 mol %) )\
g \Me; g iPrOAc, 90 °C 7 NMe

Schipper, J. D.; Fagnou, K. et al. J. Am. Chem. Soc. 2010, 132, 6910.

13



LI ko & 91z, Cp*Rh" filfitidsm f el & L CRIS TR, FEFICEMARRETH
D, TERART—NL~OIEHNPEE L&D KRS Z$ 2 TV 72(7,800,000 H/mol, 2017 4
12 H), Bx XNz 2% 1 5ESE R CE X #x 5 2 & 3l L7=(Figure 3.), =
U AFEMBRIZBNT 9 EIMLET H2EBSR IR THDH, £ TRIUL 9 KD 15
EBAETHVIKT A Mz s 230 (16,000 M/mol, 2017 4 12 H)& Vw5 = &
E LT, HEFEAICL Y, Cp*RA il L WU d EFIRRETH D LB X B D CprCo filhik
EROWESHAIC, 2-7 ==Y P OA v ML C-H FEGEIRII A 2 >, a,p-AEaFnH L
R LB ~D RTINS EITT 5 2 L S RWE &7 2, KESIE e 2w A &
AR D C-H B REZAV S % i i1l = /L Mz K 0 EB L 7= R OFITh 5, £ 7=,
AV =L THEY I UNEEERZEE LI2GAIT 2 MR A X U ~OFHINK
JSDEITT 5 2 EBRNESRTHWE Y, A > F—ANKREFA & RIST BT, KbE
BN R 3 MR W TRISBEITT 208, RRICBWTTREMIEIC LY 2 MR INAY 72 K
JEMNFEHL I TN D,

Hox O LIE MR OFgEEIC L v Cp*Co" il A AR EN TR Y * C(sp?)-H
WADOT VT B RAOMIMEIE 2, ~aF oAb 70 e ¥ o7 % 7=
3 7 ME 21T U & L THEA 2B RE LU I B S 41TV 5 (Scheme 11.),
B1IYVEBRSEMECTCHL OO, vy AL FERCAHEHEO C-H BREsbic AV S
NDHZEMNFRENT, £ TRIS, TOMEOKIEHEZERT D = L RS EEERFZEIC kD 5
NHEEREEENWZ D,

Rh Co
Atomic Number: 45 Atomic Number: 27
Electron Configuration: [Kr]4d®5s! Electron Configuration: [Ar]3d74s2
RhCl5: 7,800,000 JPY/mol CoCl,: 16,000 JPY/mol
from Aldrich (as of December, 2017) from Aldrich (as of December, 2017)
Me 2+ Me 2+
Me Me Me Me
Me R!h”'Me |:> Me C!o”'Me
AN AN
L/ ||_ L L/ ||_ L
Cp*Rh'"" catalysts Cp*Co'"' catalyst (1)
(d® complex) (d® complex)

Figure 3. Catalyst Design
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Scheme 11. Cp*Co"'-catalyzed C-H functionalizations

Addition of 2- hemugyrldlnes to imines and enones

| X
\ [Cp*Co'"(CgHg)I(PFs)5 (10 mol %)
DCE (2.0 M),100°C R
R 57-83% yield

o [Cp*Co"(CgHg)I(PFs), (5-10 mol %)
R1 R2 THF (2.0 M),100°C

R2
67-90% yield
Yoshino, T.; lkemoto, H.; Matsunaga, S.; Kanai, M. Angew. Chem. Int. Ed. 2013, 52, 2207.

Addition of indoles to imines

SNGZ
; [Cp*Co"(CgHe)I(PFe), (0.5-5 mol %) A HN- 302
0,S. KOACc (1-10 mol %) /
NI DCE (2.0 M),100° N RS~
N k (2.0 M),100°C )\
) " )
62-93% yield
TON : up to 180
Yoshino, T.; lkemoto, H.; Matsunaga, S.; Kanai, M. Chem. Eur. J. 2013, 19, 9142.

Z
T

Other examples o) DG OH DG
RN ,J\/Br/l
RCHO Br/i—N | - . R - \I
1 1
bG 8 Cp*Co'"! catalysis
/J\/H + NC-N o} “po7calalysls  pe DG
\: Ph . 0COOMe ,/J\/CN W
R i i
. = Ns—PG DG R DG
e VoL /,J\/NHPG
Reviews on Cp*Co'" catalysis: : Y !

Yoshino, T.; Matsunaga, S. Adv. Synth. Catal. 2017, 359, 1245.
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W RFgEER 1% CprRh" filfe & Cp*Co filtht D SUSHED MBI L T b AFZEE 1T > T 5,

290 MIH LSIEBER TH LT r U0 DA THRF RN NI WV, Z D78 Cp*
Vv REDRES /NS 720 SHERERDRE S OCOBIRVEICHF G T2 L 275,
B 21T, FERTRICEI I NT-T 2 aF L A_ B BN TIL 2 D0 C-H A Bl A
BEEE L WA 2 O AR & 5 2 B RN H 5, T OHAIZEWT, CprCo il
ERWEEAE Cp* U Yy R EDNHRRIED DI, SERIIZT VTS C-H FEARIRT
CRSAHEST L. VO RIUE 2 23 (Scheme 12.)%%, — 5 ¢ Cp*Rh" filtii & W 7= 33413 &
L0 C-HEALUIMTE o720, BIRMEITIFEA LRI LR, Ba—/L0d C-H BhEH
LIZBNT S, SEIZ LY TV T D C-H EERIRIIC C-H 7 V7 = bR #7352
ERRWEENTEY . 2790 MUESSZARZERIZRT L LD SWaileEEZ A L Tnbh 2 &
PRENTNG 2,

Scheme 12. Difference of steric factor between Cp*Co'"'-catalysis and Cp*Rh'"'-catalysis

Reaioselectivity

0D Me Cp*Co(CO)l, (10 mol %) 1) Me

Ph
o < _Ohc AgSbF (20 mol %) o §
‘ N Il KOAG (20 mol %) N
* Z
H) H DCE, 120 °C, 24 h Ph
82%

17:1 site-selectivity

(H) Me H) Me
o OO0
+
11310116
Zph Zph
Cl

Sun, B.; Yoshino, T.; Kanai, M.; Matsunaga, S. Angew. Chem. Int. Ed. 2015, 54, 12968.

OEt OEt

Cp*Co cat. (5 mol %)
o Ph KOAc (5 mol %) o
PivOH (10 mol %)
L) | L e
N 1,4-dioxane, 80 °C, 20 h N
Me )\ Me
07 “NMe,

90%, >20:1 selectivity
Tanaka, R.; lkemoto, H.; Kanai, M.; Yoshino, T.; Matsunaga, S. Org. Lett. 2016, 18, 5732.

0”7 “NMe,

L NOFETERBN/NE N, a9 MEIa P AR TE Y N— R7eWE A A
T, ZOFH A= RRI L MRS VT R R D AR R TR 2 SRS R
ZENHEG HE STV % (Scheme 13.),

Glorius 13 &Y S/VIEZ LI &£ 35 2 & T, Cp*R" HC K 57 U LT b — L
Tod v K= DT %M & LT 5 (Scheme 13a), ABUETIZT VLT 02— 0
CEREAIRA LTI B-E R Y RBUEIEIT L/ — AR ST AT E RIC R
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+T5 2 L TERYMMNELTWD, —F5 T, Cp*Co" il & V= 5A1%. 7Y AT La—iL
RN L1 B-b R o BT % 2 & T7 U ukik % 5% % (Scheme 13b.)%, =
AUTZ L EHILBAN— RIEE ThH 5 70 OIZEEFE & OBFPED < - R Bk
BHRLE—FT, eV U AHLNEIY 7 b THDHT2DIT B-& R U RBLEEMES U217 &

EZHITWND,
Scheme 13. Different selectivity on B-elimination between Cp*Co'"'-catalysis and Cp*Rh'"'-catalysis

(a)Rh
[Cp*RhCl]; (2.5 mol %) A
AgSbFg (10 mol %)
Cu(OAc), (2.1 equiv.) N

. /\/OH
1,4-dioxane, 60 °C, 18 h 74

72%

8

Glorius, F. et al. Chem. Commun. 2013, 49, 6489.

(b) Co

A Cp*Co(CO)l, (10 mol %)
AgOTf (10 mol %)
N AgOAc (10 mol %)

)\N + /\/OH
7 DCE, 60 °C, 8 h

?

N

O

99%

Suzuki, Y.; Sun, B.; Sakata, K.; Yoshino, T.; Kanai, M.; Matsunaga, S.
Angew. Chem. Int. Ed. 2015, 54, 12968.

WM
N R [Cof

-~
N
€;> @
"Soft" "Hard"
B-hydride elimination B-hydroxy elimination

PED X HICKEL 3 HDOBUSICHENT CH BRI SURNITREL BT T &, hoiE®
RIEIZBEI LTI YU ZZ U ETHFEEICL D RESERLTWAHTZH, § 2, 3 OiE
(I CRFE 2475 = & & Ui, BATASM L3RRI vw"cwm”%ﬁ@%r iBLT
W4T\, B RS 2 BT BICE 5= 0T, WE L Y 3V Tl 5,
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1. Cp*Co'"" fil & B O R ta i D BRR

I—1.C-H 7 V7 =)k & BSOS

R, ARPE LRIV T, Cp*Co" ikt % 1 FI BB AR & L COREZIEMN LK
IS E BRI DICH T2 0 BREMEEICEH Lie, —M&IC, FROEBEBICBWNTE 1 5
EBRSROBEBTEMEN R L/NSREZEDLZENMONT NS, FEEIT, 9BRIZHB W TH
1 FEBERETHD a0 hOBXEMEEIL 1.88 THHOIIX LT, vY v AOERENE
13228 THDH, LTER->T, 2L MIr P AL VEKKICHBIETSH Y, Cp*Co™ il
DOaAsrL FHLNIR YT AR TEWITF A HEZBE L TWA Z ERTHRIND,
FEEKIZ 2-7 ==L Y DD C-HBERERLICB W TG RAR S BES TV a3 L
Yo 703 LOWEICHE SR TS B Z 3o 27 L 3 oo XS S # % 212 Natural
Population Analysis 1% FAVNT A # Z A 7 V21T 2 B oo Ah & 5t L Lb#k L 7= (Figure 4.),
FERL LT, u&Y A 7B 0TI 27 AFUL3+0.047, 727 MIFEES L TV RHE
2340.025 OFEMEZH L TWDDIRI L, a3 Z P A 7 )WZBWTIE a3 0 hHLL23+0.134,
a0 MIFER L TWADERHEN-0.009 DEMEZA L TNDLZ ERbhole, T7206H, [KHE
-V MERIRRFE R DU LAEAICHANTRELSHWBLTHBY . L EWRISHEE2 AT 5
REFENERT D Z EDRB I NIz, ZHTEICRREREEE OB LD EEXT
B .E LIEBSREOFEDEERT OERMDMOAEL 2o THNEHRIZEEZEZL TN D,

Z D3 N)r MR 7 SOSEE R T AUE. v OU ARSI SRR AT RE 72 SOG A3
1795 L HfrF s,

- ¢
N ‘%9 ﬁvl @
C O
RSN R /‘hh P s RN +0.047
Rhlll — P ‘v}‘
- @ ®° C: +0.025
Cl P e
« 9 ® e @ "
N: -0.358 @ ¢ ©
«
< (%
(8 - 4
- &
Cp* l D \’: v, € :
P /N = J— C|~*0{B\0 /.w .(\Lr:l:-o.aﬁ Co: +0.134
co' = @ o6
® (G e C: -0.009
Cl ® €
« @ . ®
C: -0.009 ® © ® L=
[ | T

Figure 4. Atomic charge estimated by natural population analysis (B3LYP/6-31LAN)

RKEMEDZELMID DL, LT XIS ZiRETT 5 Z & & Liz(Scheme 14.), 72
bbb, A2 F—=1D 2L C-H BRI, 7 AF OMAZRTERLIND T VT
=V AL NVREDOISEEFIAT S &V I ETH 5, Cp* R il 2 V2354, I sE
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ANKEBRRIEE T D L A 2 RV 28R C-H 7 Vo = ALD LT 5 Z & 23 Fagnou
SICE o THESNTWD B, ZORISTRET A =1n Py AFERPERE LTAERL,
BT e bARERD ZETT AT bR E B X D LB X HILTV D, FAIE, @%ﬂ“
il 2 N AUIE, 71 b AR TR < ST A VR HE A~ D4y F N SRAG AN S8 5
L. TIVDBBiBET 22 Cuud v Re B E MR T nne B 27z,

C-H FE AT . 7 /L3 L4 A 042 | 2385 |2 0 ) B~ D A T b AN HEA T4 72 481 | 38015 e 5
ENTW5, BIzIE, BIE - &SI L =7 Al (Scheme 15.)% AW =HA12, 1 I VB
MEIZ L DAL ML C-H fEERINE R L =0 AIE~ORLA IR KO L% DR
AL« AN DAL A~ O SRIZAH N BOS 23 B8R AN AT LB T 5 2 &L THRIY
PEOND Z Ea2WELTWD Y, =l - 18 2, Glorius®, Cheng®, Shi*! & & [RIEEIC
20 Al A 255512 (Scheme 16.), 77 /b 3 LB AR e RIS BL ) S~ DA INBOE A
EITTHZE2RELTHVDIN, WL RE N EWELA LA AR OWINAH M ZE
T%oko:nm¢%¢f%éTW&:wf&wﬁwkﬁﬁﬁﬁwtbﬁbék%x6ﬂ

o TDIW ., ARIFADFREF U2 BV SFE A VBRI A~ DN S BT, EEW%O)
X$¥$ﬂﬁ< 7Yy AR CIEFEBAFEE TH D 20 Ml 2 W55 I 0 5
BTE50TIE v EEE LT,

Scheme 14. Reaction Design

R1
N + N

NR, g2 R?
o Z R o}
N R’ pyrroloindolone
less electorophilic N\ R2
carbamoyl DG N AN
n
/&O\\‘CO intramolecular
nucleophilic attack
alkenyl-Cp*Co'" &
intermediate iminati f R.NH
highly nucleophilic elimination of =z
C-Co bond
R!
AN 2
N R
N protonation

# \Rh”l
R,N_ ©
less nucleophilic
C-Rh bond
R'  [Cp"Rh(CH3CN)3](SbFe); R!
N * || . N R2

PivOH (500 mol %) )\
NMez g2 iPrOAc, 90 °C NMe

Schipper, J. D.; Fagnou, K. et al. J. Am. Chem. Soc. 2010, 132, 6910.
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Scheme 15. Rhenium-catalyzed indene synthesis

L BU R HN-Bu via _N:tBu
| N | | [ReBr(CO)s(thf)], (3 mol %) R

toluene, reflux, 24 h
H R' R’

Kuninobu, Y.; Takai, K. et al. J. Am. Chem. Soc. 2005, 127, 13498.

Scheme 16. Cp*Rh"'-catalyzed C-H alkenylation/annulation sequences

Indenimine
N/Ph N—’Bu
| R A
H, | | [Cp*RhCly], (2 mol %) " R
H Cu(OAc),"H,0 (1 equiv.)
R' DMF, 80 °C R'
Satoh, T.; Miura, M. et al. Chem. Commun. 2009, 5141.
Fulvene
1
R’ R?  [Cp*RhClyl, (2.5 mol %) /
<l AgSbFg (10 mol %) " R2
H Cu(OAc), (2.1 equiv.)
R3 dioxane, 140 °C R3 via R
Glorius, F. et al. J. Am. Chem. Soc. 2011, 133, 2154. =0QorN
Indenol ‘\ [Rh]
1 —
R? [CP*RhCLy], (1 mol %) R oH
RT, I AgSbFg (5 mol %) " =2 R R
H Cu(OACc),H50 (2 equiv.)
R3 tAmyl-OH, 120 °C R3
Cheng, C.-H. et al. Angew. Chem. Int. Ed. 2011, 50, 4169.
Indenone

(0]
/[(Z R [Cp*Rh(CH;CN);](SbFe),
N (5 mol %)
k/O + | |
H Cu(OAc), (20 mol %)
R' decaline, 120 °C

without Cu(OAc), : trace
Shi, Z.-J. et al. Angew. Chem. Int. Ed. 2012, 51, 3948.

9
;Q,O
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EBRIZA > F— & TF U E W T Cp*Co"! A /E T IS TRISSE DT 24T - 7=
LA, EEIEH D T LETNLSAI, Fagnou SAAEHE LTW\% Cp*Rh" filifit & [EEED
C-H 7 =k 21 T BALRUS b #EIT9 % 2 & & R L 7= (Scheme 17.)%, 714 =
MAVBOSIZBE L TIZX 0.5 M, 80 ‘T TR, IAWEE — MM THEAT Lz, — 75, BLm
Fh 4N T F Y I IANNEANIKITER L, 01M, 130°CITTMELT-E Z A, BRILK
JEHEIT S5 2 & & B U 7o (OGRS OB PUEIC B LTI t4iR).,

Scheme 17. Cp*Co'"'-catalyzed C-H alkenylation and C-H alkenylation/Annulation sequence

[Cp*Co(CeHg)I(PFg)2 (5 mol %)

KOAc (10 mol %) \ R?
DCE (0.5 M), 80 °C, 20 h \
N R'
-NR, =—NMe, 4 O)\NMez

R? 21 examples
N—H |‘| 50 - 99%
N + —
(@]

NRy  gi [Cp*Co(CeHe)I(PFg)2 (5 mol %)
KOAc (20 mol %) A\ R?
2 3 DCE (0.1 M), 130 °C, 20 h N

1
N\ 5 g R

NR,=-N O
N/ 21 examples

58 - 89%

BALROSICE L TiX, m o0 A A2 W2 GS81d—0EIT L2 E 2/ LTk
0. 20 MR R 2SRRI L D REBIS NG TH D EB 2 T0D, Fx, Zh
B OSSO BUSHERE Z T L, =220 MR R SOGEZ S HIZIERT 5 2 L &2 HiE &
L7,

F7. C-H FEGUIWTEERIZ B U CHEAKBRHERR 21T > 7-(Scheme 18.), 2 HEDHE A ¥
= NMFIE T, PATFNANNRNEANIEEGT 54 0 R—L Eflx OffiiiEz2 Nz, L
7=, Cp*Co" i & WEle 1 U 7 L& N Z 12458018 2 fI B W TRIRIGIC RSB S h
7=DIxt L, Cp*Co fil it 2 B TRV =854, BEUVLA AfgE LT Sc(OTh); 2 V7285
HlZIE, A2 F—=® 3 LB TOREARBEABIR S iz, ZIudIASKE bRk
A2 R—=D 3 (LB WTHEFBRREZEBOEPET L, TORICEAY ) —MZLDHT
O R ALBEE 207 AN 3 ML THEIT LD EEZTWD, 231 Ml
CHEE T ) U A IAFT D GG O B BEK BB S AT RE R, 2 D ORI i[RI
TERLTWDZ L 2R L, RN U U LML WIGEITIEE L BUOSHHET Ly
FELEL-HLTWD, £/, DFTRIREICE - T, C-HEEB DU & RFE-a L MEGD
TERE 2200179 % CMD KRS (Figure 5.) B W Th 5 Z L R S TH Y | HAHE
RHEBROFER L —H LT D EF 2D,
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Scheme 18. H/D exchange experiment
[Cp*Co(CeHe)I(PFg)2

(5 mol%)
KOAG (10 mol %)
DCE
80°C,12h
%
N [Cp*Co(CeHe)I(PFs)2
(5 mol%)
2 )\NMe
o 2 DCE
80°C,12h
CD50D
(2 equiv.)
Sc(OTf)3 (5 mol %)

DCE
80°C, 12 h

J[Col.
Me,Ni O/
N7

Y/ H-

Concerted Metalation-Deprotonation
(CMD pathway)

Figure 5. Transition state of C-H bond activation

RIS, TNl = ALROSOBEREIZ B L TR~ S 720

H (no D)

S2hp (a)

N (41% D)
NMez

H/D (41% D)
N—HD (b)
(no D)

)‘NMez

H/D (60% D)
N—HiD (c)
(no D)

NMe
Io 2

2. HHN LD 2N EKRA SN

TeHEME 2 HE LIS EAT 7o, 2R L2 & 2ATRISZIF IS ED &

(2T C-H 7T =LK g b, 77y B C-HESG D 56% ERFE LS Tnb Z &
Dotz ZOMEMNS, C-HESYIK, TAX L AFADKRIZAEL DT L7y =/LajL b
I, C-H KA BRI RPN SN HFRRIZ L > TF e b ALEN TV D Z L AVRIE S
7= (Scheme 19.), FEAKFLFEN 56%IZ & EEHHB E L TL, KISEE L L’Cﬁﬁb\‘flﬂé
DCE DIz L 0 4 U 2B AL KB EICE EN DK EFEOR T 1 b o A

BT = ka0 MEO 7 a F U AEREIT L TWA DR EE 2 T b,

WA BALSG OBEAEIZ B U TR T 5 X<, C-H 7TV 7 = U K@) 2 Bl L= 6 D % |
Cp*Co" il ds L OERE 7 U 7 ATF(E T 130 AT CTHMEA L 7= & 2 A, F -7 < BHUIKIEAS
NI O T NV = AR EI S T2, ZORER I, 7= 1rau F@O)j’n [N
ACIEAFERISTH Y | BLEE~OFINEISIE 7 v h oAb Z Rl E#ENIC

TV 5 Z & D3RR 472 (Scheme 20.),

VIb 2 & 2 AUE S 2 i o 27 L % 7”4 (Scheme 21.),
RIS B UBRBBREEL . 7T — A AN o@au Ltﬁﬁ"iﬁﬁ‘i{% PEFR(), BT 2
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ORNL UANEMRE & 22 o727 v T — MEERPERT D, 4 F—AVER LDV ASEA
VBRI K0 =)L MRS 2 AZICFFE S 4L, CMD BEIC K 0 C-H #5 & OB s T L
WERR 2 it L2 o a s Z A 7 V()R ERRT D, 2 227 % U @)EMUL - fiAT D
ZETT T = asw MEINBART 5, 2 2 TRPUSHET HEERIZL Y e koAb
DT TIUL C-H 7T = HBIR@) R AR T D LB D, vy AMlEOSE & B
0. 2L Ml E OSSO S AU 2 e — T 5 2 & T, EREA~O
MBS BIRET D5 Z ENARETH YD . TR IV 2525, 22067 IUnlilEsT s 2
ETCERILIEG)E 525 B2 b5,

Scheme 19. Deuterium Labeling Experiment

N\ Me  [Cp*Co(CgHg)I(PFg)2 (5 mol %)
D KOAG (10 mol %)
N+

DCE (0.5 M), 80 °C, 2 h
NMe; pp, )\NMez
2-d 3a 17%, 4-d
(96% D; 1.5 equiv.) (56% D)

DOAc | I
or

HCI (from DCE) or H,O Ph

Me Me
%P“ %P“
N /

)\ D/H o
G NMe, Co'"0AC

Scheme 20. Irreversible protonation of Alkenyl-Co species

Me  [Cp*Co(CeHOI(PFo); (5 mol %)
> KOAc (10 or 20 mol %) M Me
N Ph N |
o DCE (0.5 M), 120 °C, 20 h Ph
0 5

Me2 N m Me2 N
[Co™](OACc)
irreversible protonation
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Scheme 21. Plausible catalytic cycle of C-H alkenylation and C-H alkenylation/Annulation sequence
2

Co'"(0Ac),
Annulation [ X @—H
L N
+ HNR, )Qo
R,N

(0AC) . —4
AcOH [Co ](OIC = [Co"] = Cp*Co?
\___Me (j?*”
KOAc ®
N | gt .[Co" (0Ac)
RoN [Cp*Co(CeHe)I(PFe) RN ©

o) [CO”I]

v
Protonation \
AcOH

A\
%Ph ®[CO"']
)to H [Co”'] ﬁ/ =0
N AcOH RN 0 ReN

S n
[ComKOAc) \if\

?I

22T, USRI OFRMEICE LTIk X5 (Scheme 22), 9. KISIEEN 43I mE
A1X05 M), FHEIERHBIRESND 2D, Ty =L a3 NEOFERIZ L 5~
2 R ALDBHEIT L C-H 7 = WK &38RI 5 2. %, RIS, USRI MRV E5413(0.1
M), 3 FINEOGMESET 2 7 DEAZESOM ISR ETTT 5, 22T, rY U Ll %
RAWIGEIE, KIRE T Th o TH —UIEME~OMIMBISIFETE T, SR E2H
T2 a9 Ml OGEDO R ZOMMBISHETT 2, WIS, ROSRED @A T,
Ty b E—MICHERTHDDICEBENCT I URBEET 2 52 onb, £72, Bl

RE& LCIEA o R=A DR EmW e, EERRINI AR A o R—/V O BN £ 3 H#IT L,
B ZEN 7 v v BIZHRAL L7212, FFOM » K=l v koAb &y RN
BOG AT 9 2 & TR PN ZERBGIRIC MR O BBILE L2 52 2R b E 2 b D,
WTNORBENERET D2 EIZRETH Y . BRITE T ORBEPETLTND b0 L8
ELTHEY, ERICBOTIIRILERERNICE LD, Bk LT 4FELv 74
S HNREA NVEREIE CTH ST, ZHUTT AT IT X ) HIVREA VIR TT
Y ORBBERRAEWNZ EREE D 1 D7 EEEL TN D,

T2 2T, b LAY F—= A ORBED A B U Tt LR M R AL AR TS 215 1k
SELHZERTENR, AR TR ICEmEEZHAAT S T haza /) I —
ZEDOLNLTET TR, MHBRRAITHEE T 5 2 LR 4 BT L 082 e
MTEDHEB R, o, RKISIZa )0 MMlER: R 72 BOSHE 2 FIH LTI TERILT
ELUETHY . ZOBLE S bR IS ZRET 52 L & LT,
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Scheme 22. Selectivity of reaction pathways
R1

@_S/ ) Low Conc. A\ R
N —R
N W 0.1M< N )
)%O/CO Intramolecular collo R
R2N nucleophilic attack NR;
H* High Conc. High Temp.
0.5M 130 °C
R1
N \ R2 N | PUN— \ P
)\ 2 N R?
NR, R H
o o R!
DG migration
Intermolecular Thermodynamic Kinetic product?
protonation product

28



I1—2. C-H 7 V4 = AR ) Btinfr SO

A BT VT XEIRGEOLEMIEEEIC A LN D ERE THY | ABRAIRRIEE L TR
SHBEMNBNDEZEFT 72 ENMBENTND Y, F- 4ABBT AL kL, AL
T4 rDOVE FuFx bl PRmRF AL . KBRS ¥ 72 EE2AT 20T 2 it 4 Wk
R EOSNAREIR L EEE G AREE 70 D, ZHHDOIMENG, 4 BT V7 o ORESEIT
S MBFZEREEANCE Z b TE Y . A OBk % 5] & {+1F T & 7= (Figure 6.)*,

Biologically active tetrasubstituted alkenes

o)
0 O g
| o
. »
O

S
1\
00
Tamoxifen Rofecoxib
(anticancer drug) (antiinflammatory)

Synthetic utilities of tetrasubstituted alkenes

Difunctionalization
Dihydroxylation, hydrogenation O O

epoxidation etc.

contiguous quaternary
stereocenters

Figure 6. Tetrasubstituted alkenes

4 BT VT A MR SRR T 5 HiEIERE < 2 BEICKIIESh S
(Scheme 23), 1 DHIZTAF L DHARAZ L — 3 U ERATHIFETHD ¥ 7%
NTKRE UEAATE T I CHBESREFEERM M L0 BIZ, Ht\NThH v 7 U I RKISEIT 9

Scheme 23. How to construct tetrasubstituted alkenes

Carbometalation and cross-couplings

cat.
R——R + R'-MX —> — —_—

X' =1, Br l
R: _ :R Ni, Pd R o R Drawbacks
R" X xwm-R2 R' R2? -Highly reactive reagents

-Narrow substrate scope

-Multistep synthesis
R" O R' OTf Ni, Pd R’ R*
base ’

RZ R® RZ R® XM-R2 R? R®
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2, —EI AR & U CEBE LRIy ) VRIS EIT) FiETH D, 2 OH
I/ 77— ERATIFIETHD, 7 PR AT VLD NREIRICE ) 77— h 2T
L, MU T7T—=RRETHRTDZET, <V y 7Y RO L B AT AT
HFETHL X, ZNOOHIEIT A BT V7 o B SLRERIICHESE T 5 ik e L TR
%ﬁﬁbﬂfv%ﬂ\%ﬁﬁé@ﬁ%%%wéﬁ\%@k@ﬂ%g—%ﬁmkﬁéﬁ\ﬁ
IV TR E ST 57 EL BB AR ME L 7 B R TCHEO R AR L TV,
LLEOBLED, fbEHE L THEBREEE CTH D70, EBISIEREORE 21T
> 7-(Table 1.), BLISDEHESAMEZ entry 1 IR LTV 5, 130 AR W TIEBRALIEA E
BPRMETHEON D, RUSHEEMIT TER L2 L 0, SREMET CIREERZRT 2 ol
i3 X OB M AR ) D BRALIR A~ OSSN EIT L TV D E B2 b b 70D, KGR
f”% 100 QL FEH7= & Z Aentry 2), THEED HEY &9 2 ERFEERAL AN 37%INHIC
Eirtto L L7, R E LTERIBIRIZAER L TR, 6 Jiﬁa“\imf”%ﬁ?ét‘
72 2 LT K0 EAFEASOMIBUS b IH &4 C-H Ty = /U UIR DAL S ERT 24
Rlloolz, SIOICINREE 90 CE TR T w7285 (entry 3), BRILAITE < ARktET,
Bol FEHsfr iR & C-H 7V = AR O B3 B S 23, BPPEITH R TE 2 b D Tidz
MoTo, WIZ, S THDLT NV r=ra v MEO T v N ALEBIE, CH 7 V=
AR AR 2 3 < S BRI T(0.05 M, 100 ‘Ol TS ZE1T - 7= (entry 4), =
DA, BRI AR Z PR ORPETH 2, C-H 77 =/ bR 10%I2E EED |
BRI S e o T, BOREDR EZ B L, KINREZ 110 QI L7z, 20

Table 1. Initial optimiazation of reaction conditions

C-H Alkenylation Annulation
@ (2 equiv.)
N [Cp*Co"(CeHe)I(PFo): 4>‘-NMez 5aa
2 )\N/\\O (5 mol %)
ao KOAc (10 mol %)
+ DG Migration
DCE (XM), T °C,20 h
Me—=—=—Ph HN/ON/ \o
3a — _/
Me Ph
6aa
R % yield?
entry XM T°C 4aa 5aa 6aa
1 0.1 M 130 °C 10% 82% 0%
2 01 M 100 °C 22% 23% 37%
3 0.1 M 90 °C 25% 0% 30%
4 0.05 M 100 °C 10% 0% 40%
5 0.05 M 110 °C 6% 3% 25%

aDetermined by "H NMR
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GE IO E LR o2 Z L ITMA, DTN O RAUEO AR R SN, K
JREE L IREEIZRET 2 2L EOBREEAT > THUEEITRIAD R0 o T,

WIZ, 7a b ARSI 2 B THREORF ©1T7 o 72(Table 2.), HEFEO/KHTOD pKa
3475 72D iﬂ/ TR UMIT A48T ThDH, O, T UEBA T EHNT
FOSEAT 2L, RIS END 7o 4 VI E MR T v = a0 NED
2R AEBEITLS6L D EIRE L, ERICT v A U@ N vA, et Ui
wvﬁb%ﬁwfﬁﬁ%ﬁokk’éwmm1a BFIIIED— TS, et
e R U 7 LADBEELMMITEITT 2 ODORE S USHEMET Lz, Zhid, FeEgIC
NTb#@&ﬂ%%g%a%#ﬁ%<@ott@OHﬁé@ﬂ%f%&<@ok@6kk
BEZTWD, FHICHRH SN AR ERIEL 7 e oAb ZMA 2 HH T —ARA R — X
2,6-di-tBu &V 2 N2 it & 1T o 7= (entries 3-7), H—ARF— rEHAWEHEFT T NI D
AL BV T LD AR — FOGEORUEDHET L, 72 LN T 7 = AR 234 < B
SNTHEMORZ G Z T2, OGS RESIRTT /R ERo7, VU PR
DA, MEEMZ WG E LI1ZE A LR U RIZZR DD, BOSEMET T 205 TH

277,

Table 2. Addition of stronger bases

C-H Alkenylation Annulation
Me
@ (2 equiv.)
N [Cp*Co"(CeHe)I(PFe)2 )\NMe2 5aa
)\N/\\ (5 mol %)
220" \_° ,yditives (X mol %)
. DG Migration
Mo —pn DCE (0.02501\::), 100 °C ) 0 N/_\O
3a — /
Me Ph
6aa
entry additives (X mol %) . %sﬁg'da 6aa
1 CH5CH,COONa (10) 7% 0%  16%
2 CH5CH,COOK (10) 0% 0% 0%
3 KOAc (10) + Na,CO3 (10) 0% 0% 25%
4 KOAC (10) + K,CO3 (10) 0% 0% 0%
5 KOACc (10) + Cs,CO3 (10) 0% 0% 5%
6 KOAc (10) + 2,6-tBugpyridine (20) 15% 0%  42%
7  KOAc (10) + 2,6-tBuypyridine (50)  10% 0% 21%

@Determined by 'H NMR

BRI K D FEEEE OFREE D P RE R 2 BFMEHER O ) U AEIZE L CTHREt 217 o
tﬂmm®o4VF~WK%LTﬁ§EEM U ABLUUST NY Zda AFL, 8T
I— K, NT AN EZEEFBRI) U L0 TNEHNEIGE S ROSIT—UETE T, R
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DHNENL STz, ZHUT T v B4 g ad W25 L RRISSRRE O 7212 C-H G
DU BT LR Do 7o o2 e BEZ TV D, FRRDRISSEMEL | SIREEN /NS W EE
AONDZER— VKL TChHEINLTcE 2 A, REBMBENTI— NZEHFRI ) VLD

LA IO THEIT L7 b O OFIRMEITIE D o 72, T ORS, BEER VN7 —3 — RZR
BEOLGENZT VT =R D RN A ELTWD Z ENLBEENREWIEET V=L
AV MEDO T B B AEPET LTV D EEZTVND,

Table 3. Benzoate derivatives

C-H A/keny/ation Annulation
@ (2 equiv.)
N [Cp*Co"(CeHe)I(PFe)2 )\NMe2 5aa
R )\N/\\O (5 mol %)
ao additives (10 mol %) o
DG Migration
DCE (0.05 M), 100 °C
Me————Ph 20 h / Q N/ \O
3a — _/
Me Ph
6aa
. % yield?
entry additives (pKa) 4aa Saa 6aa
1 4-CF3-CgHsCOOK (3.66) 0% 0% 0%
2 4-1-CgH5COOK (4.02) 0% 0% 0%
3 PhCOOK (4.19) 0% 0% 0%
4 4-MeO-CgH5sCOOK (4.46) 0% 0% 0%
aDetermined by "H NMR
| A (2 equiv.)
N)\ ~ [Cp*Co""(CeHe)I(PFe)2 DG Migration
N (5 mol %) = o
O /N
S % additives (10 mol %) ~ HN { N O
+ — _/
DCE (0.1 M), 130 °C
3a
. % yield?
entry additives (pKa) alkenylation DG migration
1 4-CF3-CgHsCOOK (3.66) 0% 0%
2 4-1-C4H5COOK (4.02) 33% 15%
3 PhCOOK (4.19) 29% 29%
4 4-MeO-CgHsCOOK (4.46) 0% 0%

aDetermined by 'H NMR

LLED X 51C, BUSSRACHIMCEE L TRET 21T > 1223, o e ROstE & @R PE 215
52 LiFTE eh ol BLREESOIMBOS ORI TRIRESRE A LETH Y | BRI
~OFM e IH T 5O ICIIMERERERILEERD, ZALDOREMET T
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[Cp*Co" (CHe)](PFe)2 il L+ 43 22 BUEMEZ A L TR B, ILRN EH- LAaneEx -, %
ZTCa L Mo G Kb T5 2 & T, FaRRICEEES TS L EROBELE
L7,

ZHETHWTE 72[Cp*Co™ (CeHe)] (PFe)2 LIRS TIEVY % Z & T, 3 R T &
LCasb NI BN T DR B2 a0 NHLH LT 20BN H -T2, A
AT L= RIZB W T, 7 L— VBN B P RICERBEI N E X 5 2 &2
ST L [Cp*Co™ (CeHe)](PFe), MU F5U N T & R B o MEIREET 2 BT 1 7B E)
PN X —EBAN Co" SERITZ AL LTV D HTREMED N B 5, Co" SEARIZ BT L CII ARG MEAS 200 &
Ez o, FOSHEZIKTESETWAENL EEZOND, £12. [Cp*Co" (CeHe)l(PFs) il
DA RN BEEEMEIIIR < | SElCaR R 7 Al TS OFR I & & o TR U D JRIA
L& %z 57~ (Scheme 24.),

Scheme 24. Low reactivity of [Cp*Co""(CsHg)](SbFs), complex

Me Me
Me\g Me Me Q Me
A
Me” | “Me (PFg), ———— > Me | 'Me
coll 6)2 Co'
, Charge Transfer

low solubility Inactive species

in organic solvent

Charge transfer in metal-arene comple: Kochi, J. K. et al. Coord. Chem. Rev. 2000, 831.
T 2Tl OUEE U T RREATRIZEIT T2 2 e TEL T =M L
PEIRIZIER L72(Scheme 25.), 7% b=t U KT Y 9 — R VR = VEERIZR L, 7
F=hFUd RRZERSEL 2L THEMRETH D 52, ZOFETIIRA R D 2 —
AT GT DA TERTRECTH D720, EBRIZAK LIRFT 21T -7,

Scheme 25. Preparation of [Cp*Co""(CHCN) 5](PFe), complex

Me M Me M
Me\QMe e@, e
Me” | "Me AgPFg Me” | “Me -higher solubility
Col! S —— _Co" (PFe); -lable CH4CN ligand
17| "co CHiCN 7L

I 75% L L = CH;CN
[Cp*Co(CH3CN)3](PFe)2

White, C. et al. J. Chem. Soc., Dalton Trans. 1979, 1524.

EPTHTLH—T =AW T ETT 572 (Table 4) & = 5. [Cp*Co™(CsHe)](PFe): =
KB NFEAETRTOLAIZBWTEFENEAT 2 Z L 2 ISED [ B3 A B
oo ZORMMTENFH I AA QT FERXR— eI H—A A L LTHET HERICHK
BORIGHEZ L L, 69%ILRIC T B % 5 2 7= (entries 2-6), = & 725 SO [ % H
L. Cp U RICBHL T 2ITolc, AFAEEZ LOWHLIET NI AF LY/
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RUB V=V ECNE Y A FELESAIE. Uy NIk 2B FHIER 5 T42<
BRI = L MO ZEER KR E < Biebh D729 :ﬁﬁﬁﬂk%<ﬁ?bk@mym
ZITAFNEEZ 1 SELLARL LY 7 uanF Y VBEET LA 0T =D Y o K
Cp™EBBNLT & LIz & 25, RUSHEDIKTF & BIRIED B 7 b7 (entry 8), ZHU
EHIEN 1 O L7z 2 & THBEO ZEM MK T LSO BT Lz 5 212, SARREE )
DI o e T2 DRI IE D ERT LK RO T AT =rasr L NEO 7 e AR EZI
AT T D7D T N =R DLRN EFH LB X TS, tBukN 2 >EH L= Cp Y
T RECPN)IE., v P 7 A AW B A IEE WS EZ R T 2 E N —E DO RISIZEB N T
HESHTWAA Y, 200 MW 2B Cp U A FERISHBA L 0 T LT
BT ONRBEEED R A K E <2, ST EEIT Lo~ 7= (entry9), Cp U H iz Xk
5 EOSHED ) I3 TE 20 S L, 230 Ml 1b-SbFg & W CHREERUG S O R
MEIToT2E A, 5mol WOREEE D U w7 L& FAWTZBIC iR B O KSTER L OSRIRYEIC TH
AL D Z &2 i LT,

Table 4. Optimization of Cp*Co"" acetonitrile catalysts

C-H Alkenylation Annulation

A (2 equiv.)
©\/I\> )\NMe2 Baa

)\N/\\O Cp*Co'"' cat. (5 mol %)
a0\ KOAc (10 mol %)

DG Migration
DCE (0.05 M), 100 °C
Me———~FPh 20 h / Q N/ \O
3a — _/
Me Ph
6aa
0, H a
QMe entry Cp*Co cat. 4aa A;;gzld 6aa
M
Co (PFs)2 1 1a 10% 0%  40%
@ 1a 2 1b-PFg 6% 5%  50%
(Cp*Co(CeHe)[(PFe)s 3 1b-BF, 6% 4%  50%
4 1b-B(CgFs), 0% 0%  32%
Me 5 1b-OTf 3% 3% 53%
Me Me 6 1b-SbFg 5% 7% 69%
Me” T Me 7 1c 0% 8% 0%
L/QO\ X2 8 1d 2%  14%  15%
[t e, 9 1e 0% 0% 0%
b
[Cp*Co(CHZCN)31X, 10 1b-SbFg 6% 5% 80%
aDetermined by "H NMR 25 mol % of KOAc was used.
Me
MeQ,Me C@ ’Bu\©)Bu
Me” |  Me | “Me | "
_Coll  (SbFe), _Co" " (SbFe), _Col' (SbFe),
S S P Ll L g L I:_ L 1e

L
[CPM4Co(CHCN)3](SbFe),  [Cp™Co(CH3CN)sI(SbFg),  [Cp"Co(CH3CN);I(SbFe),
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T, TR MU ABEOBRIZOVWTRIET R, a2 v hr— LEREITo 2
(Table 5.), 7 L — 85K %2 FWZERIZ, 15mol %D 7 b=k UL ZEHMLT-5E. BOatt
ITewEINRhoTz(entry 2), ZOFREIV TE F= N UADENL T E LTS NDK
ISR EZZEL L TOWAE DT TR Enbns, £/, 78 = VU LEHEEZ HW
72BRIZ, 5mol %D X B AN A THSETEL LR o 7z (entry 4), T ORER I D~
BB & LT MO LEEEZ R T EE TV A DI TH RN Enbno
oo LEDORER I D, 72 b=V AEEKRERWDS Z & T, T L— V8RN BU N
BRBET 2 BRI RTE A L 2 TR A I L 72 2 E AR BUGTEIC RE S FEHE L TVWDH D
THEHRWNEZEZTND,

Table 5. Effect of acetonitrile complex

@ 2.0 equiv. Cp*Co cat. (5 mol %)
N KOAc (10 mol %) o

2 )\N/\\o additive (X mol %) HN—Y NR,
o, DCE (0.05 M), 100 °C, 20 h =
Me—=——Ph Me  Ph
3 6aa
Entry Cp*Co Cat. additive 4aa 5aa 6aa
1 [Cp*Co(CgHg)I(PFg)2 hone 10% 0%  40%
2 [Cp*Co(CgHe)l(PFs),  CHsCN (15mol %)  13% 0%  34%
3 [Cp*Co(CH3CN)3](PFg)2 none 6% 5%  50%
4 [Cp*Co(CHsCN)sJ(PFs), benzene (5 mol %)  10% 5%  68%

RS EZ R L0 T, WICHEE —BRMEEZHRE Lz, ET7 0% B L TRET 21T
S7=(Table 6.), 1-7 ==L 7 ' D7 = =)Lk FICEFIEESCE R LA ERL L T
THEZR < BRI % 5% 7= (entries 1-5), K5I K2 AT 255132 OFEDRIZL D T
Vi = as)L MEIZET D IRFE-3 590 MEG ORI DMET LTzl DinT v = kiR
ZAERLTLE DD, 0.03BMICTRIGZAT ) BENDH-Te, TTFAIED LS aham
WT U — VAR E S L OV CH BAFRINERIZ T B % 5 % 7= (entries 6, 7), 1-7 = =/L-1-
TFoRNL-T == I-_XUF 0TS E bR < BOSITET U, TEREI LR RIUE
T AEBT NV AR Liz(entries 8, 9), U7 U — /T F & WA S G TE
T3 2755, 100 AR W TFB 2R ZERBLEEZ 5ATLE S 72D, 0 ATEE LT
LA, EAHERE, EFRIIENVTANERL TV LEELRWIERTHNYZ 52 -
(entries 10-13), AK¥lZ T U VI TRE SN KL Z G LTV TH, Rk E2HER Y Z L7
< BIHFRNEKRCTHMZ B 2 7= (entry 14), T4 7 =V A F T 5T AF &2 AV HE b ek
IPNIARBRPPECRNTHEAT L, AV R— e TF AT 2 b ot ZODEBHEFEREAT
LA BT VI F i OILER THESE T & f-(entry 15), TMS-7 ==L 7 & F L v & -
BUMER 4 BTNV a2 G20, KMMeEMED v 7 ) T ROSSRIFCA S LTS
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DICIRBHAZEATE D LEZ BN D(entry 16), VT LT T L% Z W EIE T V47
=na L MO T a R AEBHEIT LT LE D 2D, BT —UIEIH S 72 - 7= (entry
17), PTNAXNATAX L OEET, ERTHT V=L a v MNEOEEENETE 57
DIZE M ZES~OMIMKIEE D 78 M ALREHESEITLTLE S Z ENFRRZEE 2T
Do KT N & WA A < RUGS T TR FRI N RN S 7= D Fx T - 7= (entry
18),

Table 6. Substrate scope of alkynes

[:::[j§> [Cp*Co'"(CH5CN);3](SbFe),

/\\ (5 mol %)
224N ¢ KOAc (5 mol %) W, Q N/_\O
(2.0 equiv) DCE (0.05 M) — /
+ 100 °C, 20 h
RI-=—R? R R
- 6
3
Entry R’ R? 3 6 % Yield
1 Me Ph 3a 6aa 74
2 Me 4-Me-CgHy 3b 6ab 55
3 Me 4-Cl-CgH,4 3c 6ac 77
4 Me 4-Br-CgH,Me 3d 6ad 58
5 Me 4-CO,Et-CgH,4 3e 6ae 74
6 Me 2-naphthyl 3f 6af 71
7 Me 6-MeO-naphth-2-yl 39 6ag 69
8 Et Ph 3h 6ah 76
9 Pr Ph 3i 6ai 69
10° Ph Ph 3 6aj 87
11° 4-Me-CgH, 4-Me-CgH, 3k 6ak 85
120 4-Br-CgH, 4-Br-CgH, 3l 6al 71
130 4-TMS-CgH,4 4-TMS-CgH,4 3m 6am 99
14 TBDPSO(CH,); Ph 3n 6an 76
15 Bu 2-thienyl 30 6ao 70
16 TMS Ph 3p 6ap 54
17 Pr Pr 3q 6aq 0
18 H Ph 3r 6ar 0

@Reaction was run at 0.033 M. PReaction was run at 90 °C.

AV R—=/ZB L T RE P OMFT 21T - 7-(Table 7.), B HLGEEAEHR L 7oA o K
— N ERWIEGAIEE WV CTHI E 5. 27, —F T, BIREIEDER LA R—
NOEIE, 80 C 12 hiIZTRILEAT 9 Z & TERALIKA~O YA 2 I3 2 MER & > 7273
WIS FRRENS RGBRICEICTHMME 52 Tc, ARISITELT 3D 07 X RUSAD
Bl 2okt L CHESFRETH D . FUGTEIFBELAIFEIC Ko TRES BT H0, A F L
TIR, VEFATIR, vZ7uaxXUF AT IR, Yr7anFiuy I RPN L2 AERK
WEkhzlz, BT+ VT I KBRS XWKEEEZ LOTEIR & L TIRO L H 1552
LTWb, EAT7+ Y VOBRBIRFIXT V= Lar )L NEIZEWTa 0 S HULICEL
LG DAL IZHFAE LTV D (Figure 7.), T OBRNLIZ L W HREME DA > F—I/LH 3 BERNL T
ELTT A= arsn MEEZELL TOWAIEREZOND, £/-. OB, Elhkk
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7 X ROEFROIFLAE S E WA R = VRFIFIE TE ROV LERBRIZZR>TEY 7
I ROREFEPHR L TWDAREELREIND, EDHIZ, TAT=Lra,YL NED
B ARV TIEFERES 20 M — R L, £ 0% 7 v b ARDETTT DR
N ERERICE D ZYTE L RENTWD, DD, T 74D 0T 3 ROBEFRF O/
PO X HEBE OB N T SN TV D AR LB 2 bd, LnLARRb Y7 a~dijb
7 X ROGE S ERISEEZ R T O THRICZEHER OL TRE SN TN DAL H 5 &
BZohD, £, RROSIE R —/WZTHEIGT 52 & b HRETH D FREDIGETIEH D
MW ABEBMT Vb2, @, Ea—o C-H BRE(kIcBW T, €F FIgEmES
WA LHEIE 2 20 CH AT W THERALSHEITT 5 2 L 3R L 2 58 9, AR
JEIZIRWTIE, 1 H O C-H BRERALR IR A C B M AN T 5720, 1O C-HE
REIAL DB BHEITT D, FERIC, ANy —L BU R 7=/ — izt L THARSEM
NG L7223, C-H & 234 < Gl © & 97 Bl ) SR (R 181 C & 720> - 72 (Scheme 26.),

Table 7. Substrate scope of indoles and pyrrole

Sy [CP*Co"(CHsCN)aI(SBFelp 1\
5 mol %) AN
2 T\ ( =
o)\ N o KOAc (5 mol %) N, Q N/_\o
(2.0 equiv) 1,2-dichloroethane (0.05 M) — /
+ 90°C, 20 h ] )
R'——R? 3 R'g R
X 0
X X = 4-Me, 6bm 96%
| 5-Me, 6cm 96%
& % o, 5MeO.dm  86%
HN N O 5-BnO, 6em 82%
= " 50l 6fm 89%°
Ar Ar 5-Br, 6gm 65%7
Ar = 4-TMS-CgH,- 5-CO,Me, 6hm  60%?
o
o) HN { N o]
HN—Y x X =NMej, 6im 31%P —( \_/
— NEtz, 61m 47% Ar Ar
Ar Ar N(CHp), 6km  17%P Ar = 4-TMS-CgH,-
Ar = 4-TMS-CgHy- N(CH,)s, 6lm 76%

6mm 55%°

aReaction was run at 80 °C for 12 h. ®Reaction was run at 100 °C.
°Reaction was run with KOAc (10 mol %) at 0.1 M.

Me
DA Ph
N -Alkenyl-Co species is stabilized by oxygen coordination.

o /&O\\\-:COHI -Twisted amide might have higher electrophilicity.
N $

OH -Oxygen coodination prevents acetate approach.
7 0

)\Me
Figure 7. How morpholinocarbamoyl DG shows better reactivity
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Scheme 26. Failed substrates

) [Cp*Co(CH3CN)3](SbFe)2
(2 equiv.) )\N/\\O (5 mol % /—\
(v KOAc (10 mol %)
+
— o DCE (0.1 M), 100-130 °C

Me———P 20 h
3a no TM

J J
0 N/\ 0 N/\ [Cp*Co(CH3CN)3](SbF)o

N™S Oor K/O (5 mol %) / o
| KOAC (5 mol %)
+ 0 HO AN
DCE (0.05-0.5 M), 100 °C

Me—=——Ph 20 h

3a no rxn no rxn

BOSHEREZRA L CE HITHEMA G5~ <. B L 72 Bl i JERAL R 4 O Tt L 72 (Table
8)%m&mmﬁL%ﬁf%élwcxrcwmm%ﬁkioﬂ%w)WA%M@%%&%
(6aa)izxf LIMZMEA L= & = A IFIFEEMICERILIA(daa) % 52 5 2 & 03y - 1= (entry 1),

ZHUTRTE TR L 5 Eﬁ%%ﬂ%ﬁ EM%A®$%&E$@E?51&%%LT
W5, BERE T Y 7 DO RN A TNMEN L 7235613 130 CT S 2 B RIITBR(LET L2 -
72 &R0, ZOYMEISIZ b MR N LI L D 2 & 75>mﬂ§éh%>(entry 2), 100 CGzk
W TIEBALIR A~ A SOGITHEST L\ & AR L, Wifii 20 2 TRt 217 - 7= (entry 3),
L2 LR HARSIFIZIH N T 130 CoSGE L G L2 R TIE R o>7b 0D, TS
70%L I CERAL S AT LT, FEERO RS FIZBWTIEA > R—/v(2a) % 2 &N
ZTEY, BNz v MRS T D0 A Z T A 7V ERT H 2 &Ik - TRk
FOGZEIHI L TS afRetE 2 BB L, 158D A R—L &Mz THatZ21T - 72 (entry 4),
FERELT, 4V F=NE2MA L TICBW T, BIEEA~O S EOSTR & < Jiil &
NWHRERE o7, LEDOFER LY | £ b2 bELAFEIRM GG T Th 5 100 ATi0 T
LI AR A R 2R B R RN SOSDSAR TH D Z STz, =790 Mo« o F—)u
WZEoTHife s Tns Z & i@$@&ﬁ#%ﬁéﬂfn67 BMED R ST,

F 2B A FSRAT SR IS B W TR, EFRT AR A2 AWEEAICL . TRTOEAICE
WAL E BMEEDBI STy, ZoBHI| %LfiuT®i9 IZELZLTWD,

EJr AN 7»#V®ﬁﬂ&ﬁ CBLT, TV VR ER L CWO DA a0 M il
DTV —VIDEWR LT RBICHEST D2 PHARTH % (Figure 8.), FHEMERELTHED
%@io#l@Wwﬂﬁﬂf%é ERboTND ¥, ZoBE L LTI, HADBERT
TV—=NEOrETLar VO d FUEPHAERL TV Z R ERZZIHLND, KRIC
TN OFAT AN L > CTQHEHEOT V=L a0 MEA BLUB B8RS 2 rlaENE
WEZLNDN, TAr=La L MEBICBWTIZA DBEE LR 7o b AL 3N

38



7o OB OA IS ETE T T NV = kiR a2 52 2728 B HR OB A BE A 41
ARCL 2720, BLED XD ITHABME . 6 K OMH AR O RUSHED B IZ I T E B
{2130)3?/552 IARFN T % 7D EBE IR INE TROSITEIT L. & 6124 > F—/b LBk

IV RBIRNZT L F AR L TEAIND T2, FEEEIRNRZERIEIZ T 4

%i—?sz\é LEZLND,

Table 8. Annulation starting from DG migration

[Cp*Co"'(CH3CN)3](SbFe),

(X mol %) A Me
(0]
/\ KOAc (Y mol ¢
HN y/ N 5 OAc (Y mol %) N
— __/ DCE (0.05 M) Ph
ME Ph T°C, 20h o)
6aa 4aa
Entry X mol % Y mol % T°C 6aa 4aa
1 5mol % 20 mol % 130 °C 0% 98%
2 Omol % 20 mol % 130 °C 14% 84%
3 5mol % 20 mol % 100 °C 28% 70%
4 5mol% 10 mol % 100 °C 69% 21%

4Reaction was run with 1 equiv. of indole 2.

N N [CO”'] N I[COI”]

2 \/QO ):OI or )QO'
(N (N (N
o/ b b
Insertion of alkvyne
MezN ¥ M82N ¥

o} (0]
\7§ \ - \7§ \ ni
©/\N)(,—[Co”'] < @EN)('_[COIH]
/ \\\,,/—“ 1 kcal/mol % \\\,/—"
]/\Ph //\ Me
Me Ph
AG39K using M06-level DFT calculations

Sakata, K.; Yoshino, T.; Matsunaga, S. et al. J. Org. Chem. 2017, 82, 7379.

Reactivity of alkenyl-Co species

Me
A\ L Ph A\ Me
k COIII N |
A RN o co'o NR2 Ph
2 2

Figure 8. Selectivity of alkyne insertion and reactivity of alkeny-Co species
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BB, Z OBCAFEERNAL UGS 1 ¥ 0 Al IS T L2\ 2 & &Rl L 7= (Table 9.),
[Cp*Rh"(CHACN) 5](SbFe), & FHV>, #iFl L L CHER A U v A, BEiRE 2w A, E LR
U LEINZTH(entries 2-4), F o 7= < SOSHEIT L2, C-H 7 /v = AL D B )3 AT
THRERERoT, ZOMELY, BLRFEEAEOSITE L TH 231 MMdIERE LAY 72 5k EZ
HZE VD TERSNERIETH D Z L 2R LE >,

Table 9. DG migration with Cp*Rh"" catalyst

C-H Alkenylation Annulation
Me
g S e
@ (2 equiv.) N Ph N |
N Cp*Co" or Cp*Rh""' cat.  4aa )\NMez 5aa 4 Ph
, N/\\O (5 mol %) o
ao additives (5 mol %) o
+ DG Migration
o DCE (0.05 M), 100 °C o)
Me—=——Ph 20 h HN / N/ \O
3a — __/
Me Ph
6aa
Entry Catalyst additive 4aa 5aa 6aa
1 [Cp*Co(CH;CN)3](SbFg), KOAc 6% 5% 80%
2 [Cp*Rh(CH3CN)3](SbFg), KOAc 0% 0% 0%
3 [Cp*Rh(CH3CN)3](SbFg), CsOAc 3% 0% 0%
4 [Cp*Rh(CH3CN);](SbFg), CsOPiv 8% 0% 0%
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1. #8345

FLIEA AL ZORBIZEIB T C-H BREFEEIS N & HIZKE 2 &E % RT-F 7201
R REFEIH L CT T r—F 952 & & LFEREZBMA LT,

ETH 1 IERSEMENC KD C-H BREMSUSZ R L, A= 2 b O T OfFRE
ERTZENTE T,

BT, Ofs IR WER e B AR O RIS K D 5 DT Tl < H1YIE
B B AN ETERC A T 2 BB EE LT ICE o7, 290 Ml a W5 412,
7y LML RO C-H 7V = MEBEITT 2 OB/ 63, BLAUS b H#EITT 5 2 &
H A LT,

Z DAL MR A SOGMEY C-H BEERLM B2 5 1 9 1 DOKREZRFRETH S
DO VLEMEIZS LT L ODOMIR AR T H 2 EIZb OB o7, T72bb, RO
FE 2 D5 B MBS S 2 ETESE D Z L b AETH o T,

IO DRIEDRFEIL, A% D C-H BEREEACEUS DI RRIZ I THEIE IG5 2 i+
% E - BBIEETR L, AERFECR AT N O R RICEB L 9 2R TH D &
EZTW5,

) Ikemoto, H.; Yoshino, T.; Sakata. K.;Matsunaga, S.; Kanai, M.
mH R J. Am. Chem. Soc. 2014, 136, 5424.
. -

N o+

Y=o | \. R' 58-89% yield
R,N R2 ————— N ] 21 examples
l rz2 Rh Co
o]

1 1

R
D 2
N \—R N N\ R 21 examples

)Q co'l \R Rh Co
~ 0 H

RN~ © RN

High Nucleophilicity

Unique to Cp*Co! Catalyst Vy

Ikemoto, H.; Tanaka, R.; Sakata, K.; Kanai, M.; Yoshino, T.; Matsunaga, S.
Angew. Chem. Int. Ed. 2017, 56, 7156.

NR,.47-99% yield
25 examples

R2 (Rh Co
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IV. Experimental Section

Experimental Section

General: Infrared (IR) spectra were recorded on JASCO FT/IR 410 spectrophotometer
and JASCO FT/IR 5300 spectrophotometer. NMR spectra were recorded on JEOL
JNM-ECS400 spectrometer, JNM-ECX500 spectrometer, and JNM-ECA500
spectrometer. Chemical shifts in CDCls were reported in the scale relative to TMS (0.00
ppm for 'H NMR) and CDCls (77.0 ppm for 3C NMR) as an internal reference,
respectively. ESI mass spectra were measured on JEOL JMS-T100LC AccuTOF
spectrometer. Column chromatography was performed with Kanto Silica gel 60 N
(40-50 mesh) or silica gel Merck 60 (230-400 mesh ASTM). Commercially available
anhydrous acetonitrile (Wako Ltd., anhydrous grade) stored over activated molecular
sieves 4A under argon atmosphere was used for the synthesis of cobalt complexes.
1,2-Dichloroethane (DCE) (Aldrich, anhydrous grade) was used after degassed.

Other solvents were purchased from Wako or Kanto, and preserved under argon
atmosphere. They were used without any manipulation. Tetrahydrofuran (THF) was
purified by Glass Contour solvent purification system before use. All other commercially
available reagents were used as received, except that commercially available alkynes
were purified through distillation. Carbamoyl-protected indoles 2 were prepared by
following the same procedure as described in the literature.!'! Commercially unavailable
alkynes were prepared by following the same procedure as described in the
literature.23] Cobalt catalysts 1al4l and 1bl® were synthesized according to the

literatures.

1] 1113, V. O. Synthesis 1979, 387.

2] Okuno, Y; Yamashita, M.; Nozaki, K. Eur. J. Org. Chem. 2011, 3951.

3] Takimoto, M; Usami, S.; Hou, Z. J. Am. Chem. Soc. 2009, 131, 18226.

4] Yoshino,T.; Ikemoto, H; Matsunaga, S.; Kanai, M. Angew. Chem., Int. Ed. 2013, 52,
2207.

[5] Yu, D.-G.; Gensch, T.; de Azambuja, F.; Vasquez-Céspedes, S.; Glorius, F. J. Am.
Chem. Soc. 2014, 136, 17722.
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General Procedure of Cobalt™-catalyzed C-H alkenylation/DG migration sequence
To a dried screw-capped vial were added indole 2 (0.40 mmol), alkyne 3 (0.20 mmol),
KOAc (1.0 mg, 0.01 mmol), cobalt catalyst 1b-SbFe (7.9 mg, 0.01 mmol), and

1,2-dichloroethane (4.0 mL) under Ar atmosphere. The vial was capped and the mixture
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was heated at 100 °C for 20 h with stirring. After the mixture was cooled to room
temperature and diluted with CH2Cls, sat. EDTA 2Na aq. was added. The organic
layer was separated, and the aqueous layer was extracted with CH:Clz (x 2). The
combined organic layers were dried over Na2SOa4. After filtration and evaporation, the
obtained crude mixture was purified by silica gel column chromatography to give a
corresponding product 6. The geometry of 6ad was confirmed by a difference NOE

experiment with irradiation at Me signal.

(2-3-(1 H-indol-2-yl)-1-morpholino-2-phenylbut-2-en-1-one
(6aa): a colorless solid; IR (KBr) v 3290, 2964, 2929, 2852, 1616,
1459, 1112, 698 cm; 'H NMR (CDCls, 500 MHz, VT =
55 °C) §2.21 (s, 3H), 2.80-3.85 (brm, 8H), 6.64 (s, 1H),
7.05-7.12 (m, 1H), 7.14-7.20 (m, 1H), 7.33 (brd, 2H, J= 8.0 Hz), Me
7.38-7.42 (m, 4H), 7.58 (brd, 1H, J= 8.0 Hz), 9.07 (brs, 1H); 13C
NMR (CDCls, 100 MHz) & 19.0, 42.1, 47.2, 66.3, 66.4, 99.9, 103.5, 111.2, 120.2, 120.6,
123.0, 127.7, 127.9, 128.6, 128.9, 132.2, 136.3, 136.4, 137.4, 171.1; HRMS (ESI): m/z
calculated for C22H22N2NaOsg*+ [M+Na+]: 369.1573, found: 369.1562.

HN

(2-3-(1 H-indol-2-yD)-1-morpholino-2-(p-tolyl)but-2-en-1-one
(6ab): a colorless solid; IR (KBr) v 3288, 2976, 2921, 2852, 1615,
1459, 1112, 800, 754 cm’; 'H NMR (CDCls, 500 MHz, VT =
55 °C) §2.21 (s, 3H), 2.38 (s, 3H), 2.80-3.83 (brm, 8H), 6.62 (s,
1H), 7.05-7.10 (m, 1H), 7.15-7.22 (m, 3H), 7.26-7.30 (m, 2H),
7.831-7.35 (m, 1H), 7.57 (brd, 1H, J= 7.5 Hz), 9.07 (brs, 1H); 13C
NMR (CDCls, 100 MHz) §19.0, 21.2, 42.1, 47.2, 66.3, 66.4,
103.4, 111.1, 120.1, 120.6, 122.9, 127.3, 128.0, 128.7, 129.3,
132.2, 133.4, 136.3, 137.6, 137.8, 171.2; HRMS (ESI): m/z calculated for C2sH24N2NaOgo*
[M+Na+]: 383.1730, found: 383.1735.

(2-2-(4-chlorophenyl)-3-(1 H-indol-2-yl)-1-morpholinobut-2-en-
1-one (Bac): a pale yellow solid; IR (KBr) v 3308, 2961, 2913,
1617, 1435, 1109, 813, 743 cm'l; 'H NMR (CDCls, 500 MHz, VT
= 55 °C) §2.20 (s, 3H), 2.70-3.90 (brm, 8H), 6.65 (s, 1H),
7.07-7.13 (m, 1H), 7.17-7.22 (m, 1H), 7.30-7.38 (m, 3H), 7.39
(dd, 2H, J= 8.6 Hz, 1.9 Hz), 7.58 (brd, 1H, J= 8.0 Hz), 9.01 (brs,
1H); 13C NMR (CDCls, 100 MHz) § 19.0, 42.1, 47.2, 66.3, 66.4,
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103.8, 111.2, 120.3, 120.7, 123.2, 127.9, 128.3, 128.8, 130.2, 130.9, 133.9, 134.8, 136.4,
137.1, 170.7; HRMS (ESD: m/z calculated for Cs2H21CIN2NaOs+ [M+Na+]: 403.1184,
found: 403.1174.

(2-2-(4-bromophenyl)-3-(1 H-indol-2-y])-1-morpholinobut-2-en-
1-one (6ad): a colorless solid; IR (KBr) v 3290, 2979, 2913, 2861,
1616, 1457, 1113, 799, 751 cm'’; 1H NMR (CDCls, 500 MHz, VT
= 55 °C) §2.20 (s, 3H), 2.80-3.90 (brm, 8H), 6.64 (s, 1H),
7.07-7.12 (m, 1H), 7.17-7.21 (m, 1H), 7.28 (dd, 2H, J= 6.9 Hz,
2.3 Hz), 7.32 (brd, 1H, J= 8.6 Hz), 7.54 (dd, 2H, J= 6.9 Hz, 2.3
Hz), 7.57 (brd, 1H, J= 8.0 Hz), 9.00 (brs, 1H); 13C NMR (CDCls, Br

100 MHz) 5 19.0, 42.1, 47.2, 66.3, 66.4, 103.9, 111.2, 120.3, 120.8, 122.2, 123.7, 128.3,
130.5, 131.0, 131.8, 135.3, 136.4, 137.1, 140.8, 170.6; HRMS (ESI): m/z calculated for
C22H21BrN2NaOz* [M+Na+]: 447.0679, found: 447.0678.

HN

Ethyl

(2-4-(3-(1 H-indol-2-yD)-1-morpholino-1-oxobut-2-en-2-yl)benzo
ate (6ae): a yellow solid; IR (KBr) v 3290, 2977, 2856, 1716,
1616, 1463, 1281, 1112, 743 cm'l; 'H NMR (CDCls, 500 MHz,
VT =55 °C) §1.41 (t, 3H, J= 7.1 Hz), 2.22 (s, 3H), 2.80-3.90
(brm, 8H), 4.40 (g, 2H, J= 7.1 Hz), 6.67 (s, 1H), 7.05-7.13 (m,
1H), 7.16-7.22 (m, 1H), 7.34 (brd, 1H, J= 8.6 Hz), 7.47 (d, 2H, J
= 8.0 Hz), 7.58 (brd, 1H, J= 7.5 Hz), 8.08 (d, 2H, J = 8.0 Hz),
9.04 (brs, 1H); 13C NMR (CDCls, 100 MHz) § 14.3, 19.1, 42.2, 47.2, 61.1, 66.3, 66.3, 104.1,
111.2, 120.3, 120.8, 123.3, 127.9, 128.8, 128.9, 129.8, 129.9, 131.3, 136.5, 137.0, 141.0,
166.1, 170.5; HRMS (ESI): n/zcalculated for C2sH26N2NaO4+ [M+Na+]: 441.1785, found:
441.1796.

CO,Et

(2-3-(1 H-indol-2-yD)-1-morpholino-2-(naphthalen-2-y)but-2-en
-1-one (6af): a colorless solid; IR (KBr) v 3308, 2974, 2909, 2861,
1617, 1109, 800, 743, 665 cm1; tH NMR (CDCls, 500 MHz, VT =
55 °C) & 2.28 (s, 3H), 2.80-3.80 (brm, 8H), 6.68 (s, 1H),
7.08-7.12 (m, 1H), 7.18-7.22 (m, 1H), 7.36 (brd, 1H, J= 8.0 Hz), Me
7.48-7.54 (m, 3H), 7.60 (brd, 1H, J= 7.5 Hz), 7.82-7.90 (m, 4H),
9.13 (brs, 1H); 13C NMR (CDCls, 100 MHz) & 19.1, 42.2, 47.3,
66.3, 66.4, 103.7, 111.2, 120.2, 120.7, 123.1, 126.5, 126.5, 126.6, 127.7, 128.0, 128.1,

HN N o)
_/
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128.1, 128.2, 128.2, 132.2, 132.7, 133.1, 133.8, 136.4, 137.5, 171.1; HRMS (ESD): ni/z
calculated for C26H24N2NaOg+ [M+Na+]: 419.1730, found: 419.1734.

(2-3-(1 H-indol-2-yl)-2-(6-methoxynaphthalen-2-yl)-1-morph
olinobut-2-en-1-one (6ag): a colorless solid; IR (KBr) v 3303,
3052, 2965, 2900, 2855, 1616, 1458, 1230, 1112, 797 cm'}; 'H
NMR (CDCls, 500 MHz, VT = 55 °C) § 2.27 (s, 3H),
2.80-3.90 (brm, 8H), 3.93 (s, 3H), 6.67 (s, 1H), 7.09 (dd, 1H,
J="17.4 Hz, 7.4 Hz), 7.14-7.22 (m, 3H), 7.35 (d, 1H, J = 8.0
Hz), 7.45-7.51 (m, 1H), 7.59 (d, 1H, /= 8.0 Hz), 7.72-7.82 (m,
3H), 9.13 (brs, 1H); 13C NMR (CDCIs, 100 MHz) § 19.1, 42.1,
47.3, 55.4, 66.3, 66.4, 103.5, 105.6, 111.2, 119.4, 120.2, 120.6, 123.0, 127.0, 127.1, 127.6,
127.9, 128.0, 128.6, 129.6, 131.5, 132.3, 133.9, 136.4, 137.6, 158.2, 171.2; HRMS (ESD):
m/zcalculated for C27H26N2NaOs+ [M+Na+]: 449.1836, found: 449.1828.

(2-3-(1 H-indol-2-yl)-1-morpholino-2-phenylpent-2-en-1-one
(6ah): a colorless solid; IR (KBr) v 3244, 2966, 2853, 1602, 1433,
1227, 1111, 805, 697 cm'’; 'TH NMR (CDCls, 500 MHz, VT =
55 °C) §1.04 (t, 3H, J= 7.5 Hz), 2.57 (brm, 2H), 2.80-3.75 (brm,
8H), 6.61 (s, 1H), 7.06-7.11 (m, 1H), 7.15-7.20 (m, 1H),
7.30-7.36 (m, 2H), 7.36-7.42 (m, 4H), 7.58 (brd, 1H, J= 8.1 Hz),
8.93 (brs, 1H); 13C NMR (CDCls, 100 MHz) & 14.0, 25.3, 41.9, 47.2, 66.3, 66.5, 102.7, 111.1,
120.2, 120.6, 122.8, 128.0, 128.1, 128.5, 128.7, 132.3, 134.2, 135.9, 136.5, 171.1, One of
the aromatic peaks was overlapped.; HRMS (ESI): m/z calculated for C2sH24N2NaO2*
[M+Na+]: 383.1730, found: 383.1727.

HN

(2-3-(1 H-indol-2-yl)-1-morpholino-2-phenylhex-2-en-1-one

(6a1): a colorless solid; IR (KBr) v 3245, 2961, 2926, 2851, 1601,
1432, 1227, 1112, 697 cm'l; 'H NMR (CDCls, 500 MHz, VT =
55 °C) §0.78 (t, 3H, J= 7.3 Hz), 1.39-1.50 (m, 2H), 2.51 (brm,
2H), 2.80-3.80 (brm, 8H), 6.59 (s, 1H), 7.09 (dd, 1H, J= 7.5 Hz,
7.5 Hz), 7.18 (dd, 1H, J= 7.5 Hz, 7.5 Hz), 7.34 (d, 2H, J= 7.5
Hz), 7.35-7.43 (m, 4H), 7.58 (d, 1H, J = 7.5 Hz), 8.95 (brs, 1H); 13C NMR (CDClIs, 100
MHz) §13.9,22.4,33.9, 41.9, 47.2, 66.3, 66.5, 102.6, 111.1, 120.2, 120.6, 122.8, 127.9,
128.0, 128.6, 128.6, 132.8, 133.0, 136.1, 136.5, 170.9, One of the aromatic peaks was
overlapped.; HRMS (ESI): m/z calculated for C24H26N2NaOz*+ [M+Na+]: 397.1886, found:
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397.1872.

(2-3-(1 H-indol-2-yl)-1-morpholino-2,3-diphenylprop-2-en-1-one

(6a)): a colorless solid; IR (KBr) v 3287, 3057, 2856, 1618, 1434, O

1112, 744, 696 cm™; 'H NMR (CDCls, 500 MHz, VT = 55 °C) & W, Q VAR
2.90-3.80 (brm, 8H), 6.38 (s, 1H), 7.04-7.10 (m, 3H), 7.10-7.16 — _/
(m, 2H), 7.16-7.32 (m, 8H), 7.51 (d, 1H, J= 7.5 Hz), 8.72 (brs,

1H); 13C NMR (CDCIs, 100 MHz) § 42.1, 47.2, 66.4 (2C), 106.7, O O
111.0, 120.3, 121.0, 123.4, 127.6, 128.0, 128.1, 128.2, 128.3, 129.1, 130.9, 132.7, 132.9,
136.3, 136.5, 137.1, 138.7, 170.8; HRMS (ESD: m/z calculated for C27H24N2NaOg*

[M+Na+]: 431.1730, found: 431.1743.

(2-3-(1 H-indol-2-yl)-1-morpholino-2,3-di-p-tolylprop-2-en-1-on

e (6ak): a brown solid; IR (KBr) v 3398, 2970, 2918, 2855, 1620, O

1433, 1302, 1112, 751 cm'}; tH NMR (CDCls, 500 MHz, VT = /A
55°C) §2.25 (s, 3H), 2.33 (s, 3H), 3.00—-3.80 (brm, 8H), 6.37 (s, AN _ N\_/O
1H), 6.92-6.97 (m, 4H), 7.02-7.10 (m, 5H), 7.13-7.20 (m, 1H),

7.28 (brd, 1H, J= 8.2 Hz), 8.67 (brs, 1H); 13C NMR (CDCls, 100 O O
MHz) §21.2, 21.2, 42.0, 47.1, 66.4, 106.2, 111.0, 120.2, 120.8, Me Me
123.1, 128.0, 128.9, 128.9, 129.1, 130.7, 132.1, 132.3, 133.5, 135.8, 136.4, 137.4, 137.4,
137.8, 171.0; HRMS (ESI): m/z calculated for C29H2sN2NaOg*+ [M+Na+]: 459.2043, found:
459.2024.

2-en-1-one (6al): a yellow solid; IR (KBr) v 3386, 2922, 2852,

1622, 1483, 1112, 1010, 793, 739 cm; 'H NMR (CDCls, 500 N Q N/—\O
MHz, VT = 55 °C) & 3.00-3.80 (brm, S8H), 6.34 (s, 1H), — _/
6.89-6.94 (m, 2H), 7.02-7.10 (m, 3H), 7.19-7.24 (m, 1H),

7.28-7.33 (m, 3H), 7.37-7.42 (m, 2H), 7.51 (d, 1H, J = 6.4 Hz), O O

8.71 (brs, 1H); 13C NMR (CDCls, 100 MHz) § 42.1, 47.2, 66.3, Br Br
66.4, 107.2, 111.1, 120.6, 121.1, 122.1, 122.7, 123.8, 127.8, 130.6, 131.7, 131.8, 132.4,
132.4, 135.0, 136.3, 136.7, 137.3, 170.0. One of the aromatic peaks was overlapped.;
HRMS (ESI): m/zcalculated for C27H22BraN2NaOqz* [M+Na+]: 586.9920, found: 586.9924.

(2-2,3-bis(4-bromophenyl)-3-(1 H-indol-2-yl)-1-morpholinoprop- I

(2-3-(1 H-indol-2-yl)-1-morpholino-2,3-bis(4-(trimethylsilyl) phenyl)prop-2-en-1-one
(6am): a yellow solid; IR (KBr) v 3291, 2965, 2928, 2856, 1608, 1408, 1111, 742, 701 cm'};
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1H NMR (CDCls, 500 MHz, VT = 55 °C) §0.19 (s, 9H), 0.25 (s,
9H), 3.00-3.80 (brm, 8H), 6.38 (s, 1H), 7.00-7.08 (m, 3H), O
7.14-7.19 (m, 3H), 7.26-7.32 (m, 3H), 7.38 (d, 2H, J= 8.0 Hz),

7.50 (d, 1H, J= 7.4 Hz), 8.71 (brs, 1H); 13C NMR (CDCls, 100 =
MHz) §-1.3,-1.2,42.0, 47.2, 66.4 (2C), 106.7, 111.0, 120.3, O O
120.9, 123.3, 128.0, 128.2, 130.1, 132.7, 132.7, 133.1, 133.3,

136.5, 137.2, 139.0, 140.1, 140.6, 170.9, One of the aromatic TMS ™S

peaks was overlapped.; HRMS (ESI): m/z calculated for CssHioN2NaO2Sizt [M+Na+]:
575.2521, found: 575.2507.

o) ~\
HN/ N 0]

(2)-6-((tert-butyldiphenylsilyDoxy)-3-(1 Hindol-2-yl)-1
-morpholino-2-phenylhex-2-en-1-one (6an): a yellow
solid; IR (KBr) v 3397, 3065, 2861, 1623, 1432, 1248,
1112, 841, 752 cm'’; 'H NMR (CDCls, 500 MHz, VT =
55 °C) & 0.99 (s, 9H), 1.59-1.71 (m, 2H), 2.50-3.80
(brm, 12H), 6.61 (s, 1H), 7.08-7.12 (m, 1H), 7.15-7.20
(m, 1H), 7.26-7.32 (m, 6H), 7.32—7.40 (m, 6H), 7.50-7.60 (m, 5H), 8.92 (brs, 1H); 13C
NMR (CDCls, 100 MHz) § 19.1, 26.8, 28.5, 32.2, 41.9, 47.2, 63.4, 66.3, 66.4, 103.0, 111.1,
120.1, 120.6, 122.8, 127.6, 127.9, 128.0, 128.4, 128.7, 129.5, 132.4, 132.9, 133.7, 135.4,
136.0, 136.2, 136.4, 170.8; HRMS (ESI): m/z calculated for C40H4N2NaOsSit [M+Na+]:
651.3013, found: 651.3035.

TBDPSO

(B)-3-(1 H-indol-2-yD-1-morpholino-2-(thiophen-2-yhept-2-en-1-one (6a0): a pale
yellow solid; IR (KBr) v 3270, 2952, 2922, 2852, 1604, 1458,
1235, 1111, 800 cm; 1H NMR (CDCls, 500 MHz, VT = 55 °C) §
0.87 (t, 3H, J= 7.4 Hz), 1.30-1.42 (m, 2H), 1.50-1.60 (m, 2H),
2.40-3.85 (brm, 10H), 6.33 (s, 1H), 7.02-7.12 (m, 3H), 7.18 (dd,
1H, J=17.5 Hz, 7.5 Hz), 7.33 (d, 1H, J= 8.0 Hz), 7.36 (d, 1H, J=
4.6 Hz), 7.58 (d, 1H, J = 7.5 Hz), 9.00 (brs, 1H); 13C NMR
(CDCls, 100 MHz) & 13.8,22.8, 31.4,32.7, 42.0, 47.3, 66.3, 66.5, 103.2, 111.1, 120.2, 120.6,
123.0, 125.9, 126.4, 127.2, 127.5, 127.9, 133.2, 136.4, 136.4, 137.5, 170.5; HRMS (ESD):
m/z calculated for C2sH26N2NaO2S+ [M+Na+*]: 417.1607, found: 417.1628.

(B)-3-(1 H-indol-2-yl)-1-morpholino-2-phenyl-3-(trimethylsilyl)prop-2-en-1-one (6ap): a
colorless solid; IR (KBr) v 3406, 2962, 2898, 1594, 1465, 1435, 1252, 1108, 840, 700 cm'1;
IH NMR (CDCls, 500 MHz) §-0.08 (s, 9H), 2.49-2.64 (brm, 1H), 2.77-2.91 (brm, 1H),
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3.00-3.12 (brm, 1H), 3.14-3.23 (brm, 1H), 3.23-3.33 (brm, 1H),
3.34-3.48 (brm, 2H), 3.67-3.80 (brm, 1H), 6.34 (s, 1H), 7.06-7.11
(m, 1H), 7.12-7.18 (m, 1H), 7.34 (brd, 1H, J = 7.9 H2),
7.37-7.42 (m, 3H), 7.45-7.50 (m, 2H), 7.57 (brd, 1H, J= 8.0 Hz),
8.65 (brs, 1H); 13C NMR (CDCls, 100 MH2) § 0.5, 41.4, 46.7,  'MS
66.2, 66.5, 101.5, 110.8, 119.8, 120.1, 121.9, 128.3, 128.4, 128.6,
128.7, 135.0, 135.4, 137.2, 137.8, 149.8, 170.3; HRMS (ESI): m/z calculated for
C24H2sN2NaO2Si+ [M+Nat]: 427.1812, found: 427.1809. The regioselectivity of alkyne

HN

insertion was confirmed by a difference NOE experiment with irradiation at the TMS

signal.

(2-3-(4-methyl-1 H-indol-2-y1)-1-morpholino-2,3-bis(4-(trimet Me
hylsilyDphenyl)prop-2-en-1-one (6bm): a yellow solid; IR O

(KBr) v 3396, 2955, 2856, 1619, 1436, 1249, 1112, 839, 756 N Q N/—\o
cm'; 'TH NMR (CDCls, 500 MHz, VT = 55 °C) § 0.20 (s, 9H), — _/
0.26 (s, 9H), 2.46 (s, 3H), 3.00-3.80 (brm, 8H), 6.41 (s, 1H),

6.87(d, 1H, J=6.9 Hz), 7.01 (d, 1H, J= 7.8 Hz), 7.06-7.11 (m, O O

1H), 7.14 (d, 1H, J=8.0 Hz), 7.18 (d, 2H, J= 7.4 Hz), 7.27 (d, TMS TMS
2H, J= 7.8 Hz), 7.38 (d, 2H, J = 7.4 Hz), 8.68 (brs, 1H); 13C NMR (CDCls, 100 MHz)
§-1.3,-1.2,18.8,42.0, 47.1, 66.4, 66.4, 105.1, 108.6, 120.3, 123.4, 128.0, 128.2, 130.1,
130.5, 132.5, 132.9, 133.1, 133.2, 136.2, 136.5, 136.6, 139.0, 140.0, 140.6, 170.9; HRMS
(ESI): m/zcalculated for C3aH42N2NaO2Sis+ [M+Nat]: 589.2677, found: 589.2695.

(2-3-(5-methyl-1 H-indol-2-y1)-1-morpholino-2,3-bis(4-(trime Me
thylsilyl)phenyl)prop-2-en-1-one (6cm): a brown solid; IR

(KBr) v 3400, 2955, 2852, 1618, 1433, 1248, 1114, 837, 756 O

em’ 1 TH NMR (CDCls, 500 MHz, VT =55°C) 50.19 6, 9H),  y\_d N\ o
0.26 (s, 9H), 2.40 (s, 3H), 3.00-3.83 (brm, 8H), 6.29 (s, 1H), — N
6.99-7.04 (m, 3H), 7.16 (d, 2H, J= 8.0 Hz), 7.20 (d, 1H, J= O Q

8.6 Hz), 7.24-7.30 (m, 3H), 7.37 (d, 2H, J= 8.0 Hz), 8.61 (brs,

1H); 13C NMR (CDCls, 100 MHz) & -1.3, -1.2, 21.4, 42.0, 47.1, TMS T™S
66.4 (20), 106.2, 110.7, 120.4, 125.0, 128.1, 128.2, 129.5, 130.1, 132.3, 132.9, 133.1, 133.2,
134.9, 136.6, 137.2, 139.1, 140.0, 140.5, 170.9; HRMS (ESD: m/z calculated for
C34H42N2NaO2Sig* [M+Na+*]: 589.2677, found: 589.2677.

(2)-3-(5-methoxy-1H-indol-2-y1)-1-morpholino-2,3-bis(4-(trimethylsilyl)phenyl) prop-2-e

50



n-1-one (6dm): a yellow solid; IR (KBr) v 3400, 2954, 2861, OMe
1618, 1436, 1248, 1113, 839, 752 cm™ 1; 1H NMR (CDCls, 500

MHz, VT =55 °C) & 0.19 (s, 9H), 0.26 (s, 9H), 3.00-3.83 (brm, O
8H), 3.81 (s, 3H), 6.30 (s, 1H), 6.84-6.88 (m, 1H), 6.95 (brs,
1H), 7.00-7.04 (m, 2H), 7.14—7.20 (m, 3H), 7.24-7.30 (m, 2H), — /
7.35-7.40 (m, 2H), 8.60 (brs, 1H); 13C NMR (CDCls, 100 MHz) O O
5-1.3,-1.2,42.0, 47.1, 55.6, 66.4 (2C), 101.9, 106.4, 111.8,

114.0, 128.1, 128.3, 130.1, 131.7, 132.3, 132.8, 133.1, 133.2, TMS T™S
136.5, 137.8, 139.0, 140.0, 140.5, 154.4, 170.9; HRMS (ESD): m/z calculated for
C34H42N2NaOsSio* [M+Na+]: 605.2626, found: 605.2650.

O —\
HN/ N o)

(2-3-(5-(benzyloxy)-1 H-indol-2-y1)-1-morpholino-2,3-bis(4-(tr OBn
imethylsilyl)phenyl)prop-2-en-1-one (6em): a brown solid; IR

(KBr) v 3398, 3060, 2954, 2900, 2861, 1618, 1457, 1248, 1212, O

1112, 840, 753 cm 1 'H NMR (CDCls, 500 MHz VT = mvd SN o
55 °C) § 0.19 (s, 9H), 0.26 (s, 9H), 3.00-3.85 (brm, 8H), 5.07 — —
(s, 2H), 6.29 (s, 1H), 6.91-6.95 (m, 1H), 6.99-7.04 (m, 3H), O O
7.16 (d, 2H, J=17.5 Hz), 7.20 (d, 1H, J/= 8.6 Hz), 7.25-7.31 (m,

3H), 7.33-7.39 (m, 4H), 7.44 (4, 2H, J = 7.5 Hz), 8.61 (brs, 'M° ™S
1H); 13C NMR (CDCls, 100 MHz) & -1.3, -1.2, 42.0, 47.1, 66.4 (2C), 70.6, 103.5, 106.4,
111.8, 114.6, 127.5, 127.7, 128.1, 128.3, 128.5, 130.0, 131.9, 132.4, 132.8, 133.1, 133.2,
136.5, 137.5, 137.8, 139.0, 140.0, 140.5, 153.6, 170.9; HRMS (ESI): m/z calculated for
C10H46N2NaOsSizt [M+Na+]: 681.2939, found: 681.2971.

(2-3-(5-chloro-1 H-indol-2-y1)-1-morpholino-2,3-bis(4-(trimet cl
hylsilyDphenyl)prop-2-en-1-one (6fm): a pale yellow solid; IR

(KBr) v 3400, 3200, 3062, 2955, 2855, 1606, 1436, 1249, 1114, O
841 cm  1; 'TH NMR (CDCls, 500 MHz, VT = 55 °C) & 0.20 (s,

9H), 0.26 (s, 9H), 3.05-3.83 (brm, 8H), 6.32 (s, 1H), 7.02 (d, — _/
2H, J= 8.0 Hz), 7.11-7.17 (m, 3H), 7.22 (d, 1H, J = 8.6 Hz),

7.28 (d, 2H, J= 8.0 Hz), 7.39 (d, 2H, J= 8.1 Hz), 7.47 (s, 1H), O Q

8.80 (brs, 1H); 13C NMR (CDCls, 100 MHz) §-1.3,-1.2, 42.1, TMS T™MS
47.2, 66.4 (20C), 105.9, 112.1, 120.1, 123.6, 125.9, 128.1, 128.9, 130.0, 132.4, 133.2, 133.3,

133.6, 134.8, 136.3, 138.7, 138.8, 140.4, 140.9, 170.7; HRMS (ESI): m/z calculated for
CssHs9CIN2NaO2Sizt [M+Na+]: 609.2131, found: 609.2124.

O S\
HN/ N o)
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(2-8-(5-bromo-1H-indol-2-y1)-1-morpholino-2,3-bis(4-(trimet Br
hylsilyl)phenyl)prop-2-en-1-one (6gm): a pale yellow solid; IR

(KBr) v 3231, 3062, 2955, 2897, 2855, 1605, 1436, 1248, 1113, O
840, 754 cm™ 1; TH NMR (CDCls, 500 MHz, VT = 55 °C) § 0.20
(s, 9H), 0.26 (s, 9H), 3.14-3.80 (brm, 8H), 6.31 (s, 1H), 7.02 (d, — f—
2H, J=8.0 Hz), 7.15 (d, 2H, J= 8.0 Hz), 7.18 (d, 1H, J= 8.6 O Q

Hz), 7.24-7.30 (m, 3H), 7.39 (d, 2H, J= 8.0 Hz), 7.63 (d, 1H, J

= 1.5 Hz), 881 (brs, 1H); 13C NMR (CDCl;, 100 MHz) TMS T™S
§-1.3,-1.2,42.1, 47.2, 66.5 (20), 105.8, 112.5, 113.4, 123.3, 126.1, 128.1, 129.6, 130.0,
132.3, 133.2, 133.3, 133.6, 135.0, 136.3, 138.5, 138.8, 140.4, 140.9, 170.7; HRMS (ESI):
mlz calculated for CssHzoBrN2NaOzSiz+ [M+Na*]: 653.1626, found: 653.1640.

(0] —\
HN/ N 0O

Methyl
(2-2-(3-morpholino-3-oxo-1,2-bis(4-(trimethylsilyl)phenyl)pr
op-1-en-1-yl)-1 H-indole-5-carboxylate (6hm): a pale yellow
solid; IR (KBr) v 3291, 2953, 2900, 2852, 1716, 1611, 1436, O

1249, 1113, 842, 754 cm” 1; 1H NMR (CDCls, 500 MHz, VT = ) O
55 °C) 5 0.19 (s, 9H), 0.26 (5, 9H), 3.00-3.88 (brm, 8H), 3.90 " \__ )N O
(s, 3H), 6.48 (s, 1H), 7.03 (d, 2H, J=8.0 Hz), 7.17 (d, 2H, J=

8.0 Hz), 7.27-7.33 (m, 3H), 7.40 (d, 2H, J= 8.0 Hz), 7.89 (dd, O Q

1H, J = 8.6 Hz, 1.7 Hz), 8.28 (brs, 1H), 8.96 (brs, 1H); 13C g ™S
NMR (CDCls, 100 MHz) § -1.3, -1.2, 42.1, 47.2, 51.9, 66.4 (20),

107.5, 110.7, 122.5, 123.9, 124.5, 127.5, 128.2, 130.0, 132.2, 133.3, 133.3, 133.8, 136.2,
138.7, 138.7, 138.8, 140.5, 140.9, 167.9, 170.6; HRMS (ESI): m/z calculated for
CssH42N2NaO4Sist [M+Nat]: 633.2575, found: 633.2580.

COzMe

(2-3-(1 Hindol-2-y1)- N, N-dimethyl-2,3-bis(4-(trimethylsilyl) ph
enyl)acrylamide (6im): a yellow solid; IR (KBr) v 3249, 2952, O
1624, 1392, 1254, 839 cm'; 'H NMR (CDCls, 400 MHz) § 0.20 HN—
(s, 9H), 0.27 (s, 9H), 3.05 (s, 6H), 6.37 (dd, J = 2.3, 0.9 Hz, 1H), — Me
7.03 (d, J = 8.2 Hz, 2H), 7.04-7.10 (m, 1H), 7.15-7.22 (m, 3H), O Q
7.23-7.29 (m, 2H), 7.33 (brd, J= 8.2 Hz, 1H), 7.40 (d, J= 8.2 Hz,

2H), 7.52 (brd, J= 7.7 Hz, 1H), 8.77 (brs, 1H); 13C NMR (CDCl;, ™S ™S
100 MHz) § -1.3, -1.1, 34.9, 38.0, 106.3, 111.1, 120.0, 120.8, 122.9, 128.1, 128.2, 130.0,
132.1, 133.11, 133.13, 133.5, 136.5, 136.6, 137.6, 139.4, 139.8, 140.3, 172.4; HRMS (ESI):
m/z calculated for C31H3ssON2NaSiz2 [M+Na+*]: 533.2415, found: 533.2421.

(0] ,Me
N

\
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(2- N, N-diethyl-3-(1 H-indol-2-y1)-2,3-bis(4-(trimethylsilyl)phe O
nyl)acrylamide (6jm): a colorless solid; IR (KBr) v 3349, 2954, o

2892, 1609, 1248, 1109, 850, 752 cm'l; 'H NMR (CDCls, 500 HN / N/_
MHz, VT = 55 °C) 8 0.19 (s, 9H), 0.26 (s, 9H), 0.79 (t, 3H, J= = =

7.2 Hz), 1.17 (t, 3H, J = 7.2 Hz), 3.50 (brq, 4H, J = 7.2 Hz), O O
6.30 (s, 1H), 7.00-7.06 (m, 3H), 7.12-7.17 (m, 1H), 7.20-7.26
MS ™S

(m, 4H), 7.28 (brd, 1H, J= 8.1 Hz), 7.40 (d, 2H, J = 8.0 Hz), T

7.47 (brd, 1H, J= 8.0 Hz), 9.05 (brs, 1H); 13C NMR (CDCls, 100 MHz) §-1.2, -1.1, 12.4,
13.4, 39.2, 43.5, 106.8, 111.1, 119.9, 120.7, 122.9, 128.0, 128.3, 130.1, 131.9, 133.0, 133.1,
133.7, 136.7, 136.7, 137.9, 139.7, 139.8, 140.2, 171.8; HRMS (ESI): m/z calculated for

C33H42N2NaOSiz+ [M+Nat]: 561.2728, found: 561.2730.

(2)-3-(1 H-indol-2-y1)-1-(pyrrolidin-1-y1)-2,3-bis(4-(trimethylsily
DphenyDprop-2-en-1-one (6km): a yellow solid; IR (KBr) v 3238, O

2953, 1613, 1438, 1249, 839, 736; 'H NMR (CDCls, 400 MHz) & N Q N(j
0.19 (s, 9H), 0.27 (s, 9H), 1.71-1.84 (m, 4H), 3.44 (t, J= 6.3 Hz, —

2H), 3.59 (t, J= 6.8 Hz, 2H), 6.35 (d, /= 1.4 Hz, 1H), 7.02 (d, J

= 8.2 Hz, 2H), 7.03-7.08 (m, 1H), 7.15-7.23 (m, 3H), 7.24-7.28 O Q
(m, 2H), 7.31-7.35 (m, 1H), 7.41 (d, J = 8.2 Hz, 2H), 7.49-7.52 TMS T™MS
(m, 1H), 8.94 (brs, 1H); 13C NMR (CDCls, 100 MHz) & -1.3, -1.1, 24.3, 25.8, 45.6, 47.4,
106.48, 106.50, 111.1, 119.9, 120.8, 122.9, 128.0, 128.2, 130.1, 132.0, 133.1, 134.5, 136.2,
136.7, 137.6, 139.5, 139.7, 140.2, 170.8; HRMS (ESD: m/z calculated for
Cs3H400N2zNaSiz [M+Nat]: 559.2571, found: 559.2578.

(2-3-(1 H-indol-2-y1)-1-(piperidin-1-y1)-2,3-bis(4-(trimethylsily
Dphenylprop-2-en-1-one (61m): a yellow solid; IR (KBr) v 3234,

2953, 1614, 1445, 1251, 1111, 840 cm'’; *H NMR (CDCls, 400 RS

MHz) & 0.19 (s, 9H), 0.27 (s, 9H), 1.20-1.60 (brm, 6H), AN — N/\:>
3.40-4.00 (brm, 4H), 6.32 (d, J= 1.4 Hz, 1H), 7.00-7.09 (m, 3H),

7.15-7.22 (m, 3H), 7.24-7.29 (m, 2H), 7.34 (brd, J= 8.2 Hz, 1H), O O

7.39 (d, J= 7.7 Hz, 2H), 7.50 (brd, /= 8.2 Hz, 1H), 8.95 (brs, TMS T™MS
1H); 13C NMR (CDCls, 100 MHz) & -1.3, -1.2, 24.2, 25.3, 25.8, 42.5, 47.9, 106.6, 111.0,

119.9, 120.7, 122.9, 127.9, 128.2, 130.1, 131.7, 133.0, 133.1, 133.4, 136.5, 136.7, 137.6,
139.5, 139.6, 140.1, 170.5; HRMS (ESI): m/z calculated for C3sH42ON2NaSis [M+Nat]:
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573.2728, found: 573.2736.

(Z)-1-morpholino-2-(naphthalen-2-yl)-3-(1H-pyrrol-2-y)but-2-en-1-one (6mf): a purple
solid; IR (KBr) v 3297, 3057, 2922, 1613, 1462, 1111, 742 cm'; 1H
NMR (CDCls, 500 MHz, VT =55 °C) & 2.17 (s, 3H), 2.95-3.80
(brm, 8H), 6.22-6.26 (m, 1H), 6.35-6.39 (m, 1H), 6.78-6.81 (m,
1H), 7.44-7.50 (m, 3H), 7.79-7.85 (m, 4H), 9.26 (brs, 1H); 13C
NMR (CDCls, 100 MHz) §19.0, 42.2, 47.4, 66.6, 66.6, 109.3,
109.7, 119.1, 126.3, 126.4, 126.9, 127.6, 128.0, 128.1, 128.3,
128.6, 131.7, 132.5, 133.2, 134.3, 171.6, One of the aromatic peaks was overlapped.;
HRMS (ESD): mi/zcalculated for C2eH22N2NaOz+ [M+Na+]: 369.1573, found: 369.1565.

(2-1-morpholino-3-(1 H-pyrrol-2-y1)-2,3-bis(4-(trimethylsilyl
)phenyl)prop-2-en-1-one (6mm): a pale yellow solid; IR
(KBr) v 3380, 2954, 1604, 1434, 1248, 1108, 838, 754 cm'};
1H NMR (CDCls, 500 MHz, VT = 55 °C) § 0.18 (s, 9H), 0.24
(s, 9H), 3.10-3.80 (brm, 8H), 6.04-6.09 (m, 1H), 6.16-6.20
(m, 1H), 6.76-6.80 (m, 1H), 6.96 (d, 2H, J= 8.0 Hz), 7.14 (d,
2H, J = 8.0 Hz), 7.21-7.24 (m, 2H), 7.35 (d, 2H, J = 8.0 Hz), 8.86 (brs, 1H); 13C NMR
(CDCls, 100 MHz) &-1.3,-1.2,42.1, 47.2, 66.5, 66.7, 109.7, 112.8, 119.5, 128.1, 129.0,
130.1, 131.6, 133.0, 133.0, 133.2, 136.9, 139.4, 139.4, 140.3, 171.5; HRMS (ESI): m/z
calculated for C29H3sN2NaQO2Siot [M+Nat]: 525.2364, found: 525.2382.

Transformation of 6aj:

o_N NaH, Mel o N
T
\_ Ph THF, rt, 3 h N7 Ph
89% N
H  Ph Me Ph
6aj 7

To a suspension of NaH (34.8 mg, 0.87 mmol) in THF (1.7 mL) was added 6aj (235.6 mg,
0.58 mmol) at 0 °C, and the mixture was stirred for 30 min. To the mixture was added
Mel (72 pL, 1.2 mmol) and allowed to warm to room temperature. After 3 h, the mixture
was quenched by sat. NH4Cl aq., and extracted with AcOEt (x 3). The combined organic
layers were dried over Na2SQy, filtered, and evaporated under reduced pressure. The

crude mixture was purified by silica gel column chromatography (hexane/acetone = 5/1)
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to give 7 (219.2 mg, 0.52 mmol, 89%) as a yellow solid. IR (KBr) v 3430, 2918, 2853, 1625,
1434, 1273, 1237, 1115, 774, 750, 734, 702; 'H NMR (CDCls, 400 MHz) & 3.10-3.70 (m, 11
H), 6.70 (s, 1H), 7.02-7.07 (m, 2H), 7.09-7.25 (m, 11H), 7.63 (d, /= 8.0 Hz, 1H); 13C NMR
(CDCls, 100 MHz) & 30.7, 41.7, 46.9, 66.1, 66.4, 103.8, 109.4, 119.5, 120.7, 122.1, 127.5,
127.9, 127.9, 128.2, 128.5, 129.3, 130.3, 133.1, 136.1, 137.9, 138.1, 138.2, 139.0, 169.0;
HRMS (ESD): m/z calculated for C2sH26N2NaQs*[M+Nat]:445.1886, found: 445.1867.

Synthesis of Cyclometalated Complex S1

X
X AN |
| 1)Buli(1.05eq) || | N
= —78 °C, THF z [Cp*CoCly], (0.55 eq) CoCl(Cp*)
> ZnCl ;
2) ZnCl, (1.1 eq) n THF, 20 °C to rt $1

—78°Ctort
33%

To a flame-dried test tube was added 2-(2-bromophenyl)pyridine (224 mg, 0.96 mmol)
and THF (3.0 mL). The solution was cooled to —78 °C and BulLi (2.65 M in hexane, 0.38
mL, 1.0 mmol) was added dropwise. The mixture was stirred for 30 min at —78 °C, and
then ZnClz (144 mg, 1.06 mmol) in THF (1.2 mL) was slowly added. After stirred at the
same temperature for 10 min, the mixture was warmed to room temperature to afford a
solution of the arylzinc reagent.

To another flame-dried 30 mL-flask was added [Cp*CoClzl2 (281 mg, 0.53 mmol) and
THF (7.0 mL). The suspension was cooled with ice/salt bath and the above prepared
arylzinc reagent solution was added dropwise. After the mixture was stirred for 30 min
at the same temperature and for 1 h at room temperature, the solvent was removed by
evaporation. The residue was dissolved in CH2Clz and loaded onto a silica gel column
cooled with dry ice. A deep purple band was quickly eluted with CH2Cl2/AcOEt = 1/1 and
the solvent was evaporated. After recrystallization from CHzCle/hexane, cyclometalated
complex S1 was obtained as a deep purple crystal (120 mg, 33%). A single crystal
suitable for X-ray analysis was obtained by slow vapor diffusion of hexane to a solution
of 81 in toluene/CH:2Clz. IR (KBr) v 3034, 2979, 2908, 2205, 1600, 1574, 1477, 1414,
1014, 921, 759, 734 cm'; 1H NMR (CDCls, 500 MHz) § 1.28 (s, 15H), 7.06-7.15 (m, 2H),
7.32 (ddd, J= 7.5 Hz, 7.5 Hz, 1.5 Hz, 1H), 7.53 (dd, J/= 7.5 Hz, 1.2 Hz, 1H), 7.61-7.67 (m,
2H), 8.25-8.30 (m, 1H), 9.20-9.25 (m, 1H); 13C NMR (CDCls, 125 MHz) § 9.4, 93.4, 118.1,
121.4, 122.9, 123.0, 129.4, 136.8, 140.1, 146.4, 153.7, 167.3, 181.2; HRMS (ESI): m/z
calculated for C21H2sNCo* [M-Cl*]: 348.1157, found: 348.1145.
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H/D-Exchange Experiments

To a dried screw-capped vial were added indole 2a (56.5 mg, 0.30 mmol), appropriate
catalysts (0.015 mmol), 1,2-dichloroethane (0.60 mL), and CDsOD (24 uL, 0.60 mmol)
under Ar atmosphere. The vial was capped, and the mixture was heated at 80 °C for 20
h with stirring. After dilution with CH2Cls, saturated EDTA -2Na agq. (for Co catalyst) or
saturated NaHCOs3 aq. (for Sc(OTf)s) was added. The organic layer was separated, and
the aqueous layer was extracted with CHzClz (x 2). The combined organic layers were
dried over Na2SOs. After filtration and evaporation, deuterium incorporation was

evaluated by H NMR analysis of the crude mixture.

Preparation of 2-d
TMPMgCI-LiCl

TMPMgCI-LiCI (2.0 equiv.)
A\ (1.1 equiv.) N p -78°C,0.5h N_p
N -78°C, 2 h; rt ;0°C,15h

N N
)Qo ; D20,0°C )QO ;D20,0°C )Qo

Me,N Me;,N MesoN
2 66% (76% D) 86% (96% D)
2-d

To an Ar-filled dried flask was added TMPMgCl + LiCl solution in THF (4.3 ml, ca. 0.46
M, 2.0 mmol) which was prepared by following the procedure reported by Knochel.!6! To
the flask was added indole 2 (339 mg, 1.8 mmol) in THF (1.8 ml) at -78 °C. The mixture
was stirred for 2 h at —78 °C, then at room temperature for 2 h. Then, to the mixture
was added D20 at 0 °C and the mixture was extracted with AcOEt (x 3). The combined
organic layers were dried over Na2SQy, filtered, and evaporated under reduced pressure.
The crude mixture was purified by silica gel column chromatography (hexane/acetone =
2/1) to give 2 (225 mg, 1.19 mmol, 66%, 76% deuterium incorporation on C-2 position) as
a colorless solid. The same procedure was repeated again, though the amount of base
and conditions were changed as shown above, which gave 2-d (182 mg, 0.96 mmol, 86%,

96 % deuterium incorporation on C-2 position.

[6] Krasovskiy, A.; Krasovskaya, V.; Knochel, P. Angew. Chem., Int. Ed. 2006, 18, 2958.
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Cyclization of 6aa to 5aa

[Cp*Co"(CH3CN);]1(SbFe),
(X' mol %) N

7 A /T KOAG (Y mol %) Me
c (Y mo
HN N O > N
— _/ DCE (0.05 M) Ph
M - T°C, 20 h o
6aa 4aa
Entry X mol % Y mol % T°C 6aa 4aa
1 5mol % 20 mol % 130 °C 0% 98%
2 0 mol % 20 mol % 130 °C 14% 84%
3 5mol % 20 mol % 100 °C 28% 70%
4 5mol% 10 mol % 100 °C 69% 21%

4Reaction was run with 1 equiv. of indole 2.

To a dried screw-capped vial were added 6aa (17 mg, 0.050 mmol), KOAc (1.0 mg, 0.010
mmol, Y = 20 or 0.5 mg, 0.0050 mmol, X = 10), 1a (1.4 mg, 0.0025 mmol, X = 5), and
1,2-dichloroethane (1.0 mL) under Ar atmosphere. 1 equiv. of 2a (11.5 mg, 0.050 mmol)
was added in entry 4. The vial was capped and the mixture was heated at 130 °C or
100 °C for 20 h with stirring. After the mixture was cooled to room temperature and
diluted with CH2Clz, sat. EDTA 2Na aq. was added. The organic layer was separated,
and the aqueous layer was extracted with CH2Clz (x 2). The combined organic layers
were dried over Na2SQOa. After filtration and evaporation, the crude mixture was
analyzed by 1H NMR with dibenzylether as an internal standard. The tH NMR
spectrum of 5 was reported in our previous report,[7 and the yield of 5 was calculated to

be as shown above.

[7] Tkemoto, H.; Yoshino, T.; Sakata, K.; Matsunaga, S; Kanai, M. J. Am. Chem. Soc.
2014, 136, 5424.
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V. B

AWFZEDBATICER L, R EEMEEZ 50 £ Lo, RO RZPEREGE S RITFER @k
BRI Z VLA L B £,

ARWFFE 2 EHAERE N2 & | BHEUAAOE THHICARR 2 E 2 WS £ L,
ABHEE R R G AATTE R FATK MBI 02 B RGHH L BT £,

FLDSIFFEHL D MALED T EH L0 BUE £ T, AR EZRFHSBAICH T 588, #
FOMASRELL O LA MBIR T S o ZHE Th ) ELFFFEE TH H 5 AMHE RKFK
FHeFE T B EZEIT L DI L BT E T

v'r— O C-HERMMUMUS, Bl iSO OB MEEHRET 2 Y L T S o7t
MR R R el M e BN LESS

AWFFEDBATIZET= 0 . A=V MR KOFH R U0 LEEKICIS T 5 B,
BOSHREE D2 POV T DFT HEZ W TEHI L T< 728 0 £ Lz, BERRFHEFH
SRR IR L B £,

WHFEZAT D2 H T VHBIE 2 W22 721 TR SHIEUSMI O W T bk 4 270 % 5 2
TLEED £ LTe, FORRFRFABEEASRTER AR E s BhRkin, ALl RE R E
WFFERE TEKIE-RATIZ 0 BB L £,

WHIEAETRICB W TH 2~ BIGEEIZ Y & Lo, HAURZEEFLRIITERA S AL EE D
EARICTR S BGHE L 47,

BRI, FAOHFTORFANRE, KRFEFEICI T DHFEAEE 2 K& ITHE D R A ZRE0 D X
ATLKEEVIEE LT EE T/ #iF, MR EIFSBFITLBIEREE L £4,
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