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What is "C-C bond activation” ?

. C-H bond functionalization and C-H bond activation

C-H functionalization
C—H y CcC—X
X =NH,, OH, BR,, etc

C-H activation Subsequent steps
C—ML,

Existed C-H bond is cleaved and
form organometalic specie

- Definition of the word "C-C bond activation™

C,—ML, Further
C-C bond activation transformations
cC,—C, y or
CZ—MLn

Existed C-C bond is cleaved and form
organometalic specie for further transformations.



Why Oxidative Addition to C-C bond is difficult ?

1. Higher inertness of C-C bond (thermodynamic)

Oxidative addition

M
¢c—cC - —s c” ~c
Reductive elimination
C-C bond C-M bond
(ca. 90 kcal/mol/bond) (ca. 30 kcal/mol/bond)

strain energy

26.3 29.0 38.8
(kcal/mol) 1.3 74

2. Less favorable orbital overlap (kinetic)

AN /
_Se—XH /\c—c\
/ / \
,)/7 .’/7
f“‘ %
Small steric repulsion Steric repulsion
— more accessible — less accessible

1) Jun, C, H. Chem. Soc. Rev. 2004, 33, 610. 2) Halpern, J. Acc. Chem. Res. 1982, 15, 238.
3) Souillart, L. and Cramer, N. Chem. Rev. 2015, 115, 9410.
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2. Recent research about C-C bond activation via C-H
bond activation

- Studies by Marek group
- C-C bond activation of highly strained cyclopropanes



Marek’s Hypothesis about Regioselectivity

tertiary organometallic
species

Masarwa, A. and Marek, I. Chem. Eur. J. 2010, 16, 9712.

n+2 1
—
Q‘

tertiary organometallic

species
Mn+2 1 R3
/I
R Ry
A\
R1s 4 R2

primary organometallic
species

Regioselectivity is depend on
substituents on the double bond



Previous Studies about methylene cyclopropane

Carbometalation L, Selective R

Hydrometalation Ring-opening

—_— Ry, fITRs nM/ N Rs
RS Ri Rz H

primary organometallic specie

Marek
PhMe,SiH (1.5 eq.) "
Me. [Rh(PPh3);CI] (0.5 mol%) X _Ph
t toluene, 12 h, 80 °C Me Et
v)
90% homoallylsilane
EIZ=93:7

Selective ring opening is faster than reductive elimination.

-Problematic point

Ry., . : . .
A/\/ + Ring-opening would be impossible.
R

2

Simaan, S.; Goldberg, F. G.; Rosset, S.; Marek, I. Chem. Eur. J. 2010, 16, 774.



Masarwa, A.; Didier, D.; Zabrodski, T.; Schinkel, M.; Ackermann, L.; Marek, |. Nature 2014, 505, 199.

Working Hypothesis by Marek Group

1 Formation of 1
R, A‘)/\ < Metalacyclopriane R, MR
-3 3
Succession of
Allylic C-H activation
1
R1 " M
R, n

Selective cleavage of cyclopropane C-C bond
(Formation of primary organometallic specie)

! M

Ry, Electrophile
‘, %R3
/72 3

R2

Bismetalated species
(Allyl metal and Alkyl metal)



Studies by Marek Group

1. szer4H8, Et20 R3
) -78°CtoRT, 12 h (
o 1 3
Ry, é \“Hn\%\R 2. THF, 55 °C, 3h> E/z\A " _
R” 2 3YH 3 3. First electrophile (E,) 2 & 1
4. Second electrophile (E,) R1 Ry
then H;0* E/IZ>99:1
entry n R, R, E, E, result
1 1 Ph Pr Me,CO I, 77% (dr = 98:2)
2 2 Et Bu Me,CO H;0"  62% (dr = 98:2)
3 3 Et Bu EtCOEt H;0*  59% (dr = 98:2)
4 3 Me Bu Me,CO I 57% (dr = 95:5)
5 4 Et Bu Me,CO H,0* 50% (dr = 98:2)

Vasseur, A.; Perrin, L.; Eisenstein, O.; Marek, I. Chem. Sci. 2015, 6, 2770.

Vasseur, A. and Marek, I. Nat. Prot. 2017, 1, 74.



Proposed Mechanism by Marek Group

n=1
H \Y; Szv
1
! 4 6 CpoZrCyHg Z1 6 \)
Rqss : “‘\/ —_— R1"A““4 : EE— R1';A B
) Formation of R; Allylic C-H bond R2
metalacyclopropane activation 11
H
D Selective Zr'V zr' j
Zr ¢ ¢-C bond cleavage <l/ 4 |
Y/, 5 R1";£5“‘ - R1:. “\‘\/6
R1': > R
R2 3
¢ n
1 Me
_Zrlv E1 E 1 3\ 6
—_— —
Ry 4 “‘4\/ 5
R12/2 5 Allyl metal specie E3 4 Eq

is more reactive
(via 6 membered ring TS)

— See appendix

Masarwa, A.; Didier, D.; Zabrodski, T.; Schinkel, M.; Ackermann, L.; Marek, |. Nature 2014, 505, 199.



Contents

3. Main Paper
- Studies by Dong group
- C-C bond activation of less strained cyclopentanones



Previous Research of Jun’s Group (1)

~ | 1. [(CgH14)2RhC|]2 (3 m0|%)
S Cy3P (6 mol%) o
N N toluene, 150 °C, 6 h
+ N-C4Hg ’ ’ /\)l\
| \— ) - n-C,4Hg (CHg), NN
(CH,),, 2. H'/H,0 A
+
o
(1.0 eq.) (10.0 eq.) /\)j\/
B
entry n result
1 0 B: 9% A

C-C bond activation is dificult.

2 1 B: 5%
J
-

) . .
3 2 A+B: 76% What is the main factor ?
4 3 A+B: 89% |:> C-C bond activation is easy.
\_ 5 5 A+B: 83% Y

Jun, C. H.; Lee, H.; Lim, S. G. J. Am. Chem. Soc. 2001, 123, 751.



Previous Research of Jun's Group (2)

Incaseofn=1,2,,

\
}\l / Oxidative T / S-hydride }\l /
Lo 4 addition Cl liminati
RA N N elimination I
c1” N —= L—Rh" % —_— CI\Rhm N
too slow '\ ~<
(CHy), (CHa)n | H (CHy),
H
pyridine moiety is a directing group
— Regioselective oxidative addition to C-C bond is possible.
1. Oxidative addition to C-C bond would be difficult. < allcase (n=0,1, 2, 3, 5)

2. B-hydride elimination would be very slow.

|:> Main factor

— Overlap of C-Rh bond and C-H bond is insufficient

Jun, C. H.; Lee, H.; Lim, S. G. J. Am. Chem. Soc. 2001, 123, 751.



Working Hypothesis
-C-C bond activation of cyclopentanone-

- Dong's hypothesis
-—

7
0 N / |
Installation of D
Organic catalyst Oxidative additon N N
— \ I
Mn+2
Regioselectivity?
disfavored step
Ar group
at C3 position

C-C bond activation with tandem C-H bond activation

o
Reductive N \ ortho selective
elimination C-H metalation
- Mn+2 - >
Mn

bicyclic metallacycle

Xia, Y.; Lu, G.; Liu, P.; Dong, G. Nature 2016, 539, 546.



Discovery of Dong Group (1)

5 mol% [Rh(CzH4)2C|]2

Me

e ®

~

eMe

o 25 mol% 2-aminopyridine O IMes
1 10 mol% IMes 1 Me
2 10 mol% TsOH-H,O0 5
y +
50 mol% H,0 4 M
3 4 1, 4-dioxane 3
Ph 140 °C, 48 h 2 Me
o
66% >10 1 ratio
C,-C, bond cleavage C,-C5 bond cleavage
5 mol% [Rh(C2H4)2C|]2
o 100 mol% 2-amino-6-picoline 0
1 15 mol% IPr
2 20 mol% MeSO;H
4A MS
Ph 1,4-dioxane
Me * 150 °C, 48 h
46% (67% b.r.s.m.) Me 2
C4-C¢ bond cleavage C4-C, bond cleavage
IPr . not obtained
Pr 'Pr, —Regioselective C-C bond activation

Xia, Y.; Lu, G.; Liu, P.; Dong, G. Nature 2016, 539, 546.




Proposed Reaction Mechanism by Dong Group

w——

\ /

Installation of N

organic catalyst \Rhl u Oxidative additon
Cl —

/ Qb RegloseIeCthG

Rh' : IMes
/
/ \ \ - HCI
:\< _N\ |,_ \
L—Rh' ~ .' Rh'" D S
Reductlve Ortho selective
Protonation .
. elimination C-H metalation
; Hydrolysis
1. Oxidative addition to C-C bond vs C-H metalation 2. Regioselectivity of oxidative addition
3. Mechanism of C-H metalation step 4. Turnover-Limiting-Step

Xia, Y.; Lu, G.; Liu, P.; Dong, G. Nature 2016, 539, 546.



Why C-C bond activation is favored ? (1) -My Opinion-
\protonation (too fast)

— — —
N/ Q N /
,N C H metalation N
C|\Rhl / CI\R'hul / T’ RhI
H T4 b
— /@ —_—
\N / C-H metalation N /
\ »
H Rh'\l_ R

\

>7

"LL
\
Cl

-2
2
=

-

Ph

protonatlon (too fast)

Protonation would be favored.



Why C-C bond activation is favored ? (2) -My Opinion-

-—
o/ Ph  pBhydride
N N - elimination
Rh| l Rhl H @ icccaaa--. S
/ \ release the ring strain
N L
\_//
too slow
— Ph
N / H B hydride
N T NN elimination
= Rh' % e -. >
II H/ \N release the ring strain
Rhi— I / =
Ph S/,

Overlap between C-Rh bond and C-H bond would be insuficient.

— B hydride elimination would be slower than protonation.

Jun, C. H.; Lee, H.; Lim, S. G. J. Am. Chem. Soc. 2001, 123, 751.



Mechanistic Study (1) -Deuterium Labeling-

A. Deuterium labeling experiment

o 5 mol% [Rh(C2H4)2CI]2
25 mol% 2-aminopyridine
10 mol% IMes D
10 mol% TsOH-H,0

>
50 mol% H,0 D
1, 4-dioxane
140 °C,48 h

62% (NMR yield)

Do.4310.01

Deuterium loss at C5, Cg, methyl position

B. Recovery experiment
5 mol% [Rh(C,H,4),Cl],
25 mol% 2-aminopyridine
o 10 mol% IMes
10 mol% TsOH-H,0
y

50 mol% H,O0

C.D 1, 4-dioxane
65 140 °C, 16 h CeD4.76H0.24

(0

60% recovered

Moderate deuterium loss at Ph group

Xia, Y.; Lu, G.; Liu, P.; Dong, G. Nature 2016, 539, 546.



Proposed Mechanism for Deuterium Loss

C-D metalation Reductive
-DCI elimination
C-H metalation would be reversible step.

L—Rh'"!

O
G)

Deuterium loss at C5 position D Deuterium loss
at starting material

Xia, Y.; Lu, G.; Liu, P.; Dong, G. Nature 2016, 539, 546.



Proposed Mechanism of C-H Metalation

Dogg O
D
From deuterium loss
D at methyl position,,,
Do.75
Do.43+0.01
——
N (o)
1, 4-Rh migration 7 L }I /
(o bond metathesis) Iih'"
—_—
—_—
el

L : IMes

o bond metathesis ?
—_—
L : IMes
- HCI

1) Xia, Y.; Lu, G.; Liu, P.; Dong, G. Nature 2016, 539, 546.
2) Deyonker, N. J.; Foley, N. A.; Cundari, T. R.; Gunnoe, T. B.; Petersen, J. L. Organometallics 2007, 26, 6604.



Mechanism of C-H Metalation Step (1)

- Oxidative addition

Oxidative
addition .’
>

via 3 membered ring
In Dong's system, Rh(lll)->Rh(V) would

- Internal electrophilic substitution

X = heteroatom (lonepair)

TS

be disfavored.

1. Lonepair of heteroatom participates C-H metalation step.

2. Electron density of metal would be a key factor.

1) Periana, R. A. etal J. Am. Chem. Soc. 2005, 127, 14172.
2) Goddard, W. A. et al Organometallics 2007, 26, 1565.

- Mn+2

/

~- O~

- HX

via 4 membered ring TS



Mechanism of C-H Metalation Step (2)

- o-bond metathesis

- 1+
[M™] [M7]----R
! : [M"] Ar
: . : >
Ar H Ar """ |:| R—H
via 4 membered ring TS R = alkyl, allyl etc
- Concerted metallation-deprotonation (Proposed by Fagnou)

Me
Me | A \./

N<p d" 6- memberd ring N\ /OAC

pd' carboxylate, carbonate ligand
| R ;
Z -AcOH

In Dong's system, ligand exchange would be necessary.

— from Cl to OTs (disfavored)

Lapointe, D. and Fagnou, D. Chem. Lett. 2010, 39, 1118.



C-H Metalation Step -My Opinion-
— -

Internal Electrophilic

/
i it
Rh ~c] Substitution
H

lone pair of CI
participates the reaction

X 4- bered ring TS .
i Ligand exchange membered ring .’
: L: IMes o
- HCI .’
Y - 1 X
L /[ - H,0
N- \} /
/ ~N Internal Electrophilic
Rh'L__ Substitution
OH . _.._. >
H
lone pair of O atom
participates the reaction

4-membered ring TS

1) Periana, R. A. et al J. Am. Chem. Soc. 2005, 127, 14172.
2) Goddard, W. A. et al Organometallics 2007, 26, 1565.



Mechanistic Study (2) -DFT Calculation-

L —
N-‘ Y/ L: IMes (o)
_N
Rh'_
|—> e = TS5 >
31.6 kcal/mol Me
0] Major
3.0 kcal/mol AAC_:‘:I: (TS4-TS3) 21.3 kcal/mol
5.9 kcal/mol
Ph —
N L\ / o
) N
L: IMes / , /
— TS4 — Rh'! ::
37.5 kcal/mol Me
Minor
0.7 kcal/mol 21.5 kcal/mol

TS4 >> TS3 — C-H metalation step plays a significant role ?

Method: M06/SDD-6-311+G(d,p)/SMD

1) Xia, Y.; Lu, G.; Liu, P.; Dong, G. Nature 2016, 539, 546. 2) Bosnich, B. Acc. Chem. Res. 1998, 31, 667.



Regioselectivity of C-C bond activation

-Author’s Proposal-
— — ¥

Steric repulsion between and methyl proton of IMes ligand.

Xia, Y.; Lu, G.; Liu, P.; Dong, G. Nature 2016, 539, 546. 26



Mechanistic Study (3) -KIE-

5 mol% [Rh(C2H4)2C|]2
25 mol% 2-aminopyridine
10 mol% IMes
10 mol% TsOH-H,O

50 mol% H,O0

Hs Sy (0.1 mmol) 1, ‘EI-:(i)O:(Cane

HD O

(0

2 h, Py/Pp = 1.50 (<10% yield)
4 h, Py/Pp = 1.44 (<10% yield)

= 0 H
Ds Sp (0.1mmol) 12 h, Py/Pp = 1.17 (28% yield)

1. Smaller than typical primary KIE

— C-H metalation step cannot be the Turnover-Limiting Step ?

2. Product ratio (Py/Pp) decreased as the reaction proceeds.

— Consistent with reversible C-H metalation step

Xia, Y.; Lu, G.; Liu, P.; Dong, G. Nature 2016, 539, 546.



Mechanistic Study (4) -KIE-

"Reductive elimination step"” would be the TLS in this catalytic reaction.

L o L: IMes /@
- \ \
;“ N / HCl L N /
Reductive elimination

Il?h"' —

Internal Electrophilic
Substitution

Low concentration

Reversibility of C-H metallation step lowers the concentration of bycyclic intermediate.

1) Xia, Y.; Lu, G.; Liu, P.; Dong, G. Nature 2016, 539, 546.
2) Cheng, C. and Hartwig, J. F. J. Am. Chem. Soc. 2014, 136. 12064.



Summary

Marek
R1 "'
R X Complex architecture
2 n
1. Succession of allylic C-H activation
2. Introduction of R4, R, group.
- Dong
o
r Not only cleaving C-C bond and swapping
Ar
Installation of Ar group
at C3 position

1. Temporary directing group

2. C-C activation and tandem sp? C-H activation



Appendix



Mechanistic Categories of C-C bond activation

- Oxidative addition

[M"]
Oxidative addition ” Further reactions
C1-§— 2 y C,—[M""“]—C, y
- B-Carbon elimination
X e 4. .
-Carbon elimination X Further reactions
Mr:% \_,.(};J\ p > g + Cp,—[M"]
1
C,
- Retro-Allylation
.%x\ X
n (o4 Retro-Allylation C Further reactions
S — N >
. _C 6 membered ring 1
X2 TS

Souillart, L. and Cramer, N. Chem. Rev. 2015, 115, 9410.



Regioselectivity of C-C bond activation
1 2 M 3
V4
proximal C2-C3 bond
cleavage

3 3
;2 R-ML, 1 2
M =

—_— 4
4

L.M
distal C3-C4 bond
cleavage

1 _24 3
4
Carbometalation
R-ML,
3
2
1
4
ML,
Carbometalation

Methylenecyclopropanes have multiform reactivities.
However, the control is inherent to the structure of substrate.

Masarwa, A. and Marek, I. Chem. Eur. J. 2010, 16, 9712.



Diastereo Selectivity

Zimmermann-Traxler transition state

1. Cp,ZrC4Hg, Et,0 Pr
Me. “ -78 °Cto RT, 12 h 4 OH
! o /\. H\/\/ > I/\(\ \
u 2. acetone & S
3L, Me Bu Me Me
+
then H;0 E/Z>99:1,dr=3:1
—2Zr'V
Me.,, “‘\\M ; Me:,, _k\wpr
Bu H Bu/ H

mixture of E and Z isomer

TS from E isomer TS from Z isomer

H
:OQ \%“
K =~ Pr
'IV/ /

Vasseur, A.; Perrin, L.; Eisenstein, O.; Marek, I. Chem. Sci. 2015, 6, 2770.
Harada, S.; Kiyono, H.; Nishio, R.; Taguchi, T.; Hanazawa, Y. J. Org. Chem. 1997, 62, 3994.



Chemistry about Allylic C-H bond Activation

- Olefin isomerization

Hz\z I rotation
HozV Er via n' complex
H1>:\—__/\ e /{_//\ o am— D Ve
2 | 7
(E) zr H, ~H,
M\
H1 H2
4—’ 2
ZrIV
(2)
1 1 \Y
1 , 5 1 zr\V 5 Zr
Rqss SN Ry AN e N
R, 7V R zrlVv R, R
A B C D
antiperiplanar antiperiplanar synperiplanar synperiplanar

Vasseur, A.; Perrin, L.; Eisenstein, O.; Marek, I. Chem. Sci. 2015, 6, 2770.



Proposed Mechanism by Marek Group (2)

Negishi reagent

Ryss A — zirconacyclopropane intermediate
R, H (4 type)
1 1 zpV —2zr'Vv

' \“\
BN e Nrfon —= s
2

A C (E)
antiperiplanar synperiplanar
THF, 55°C, 3 h
1 5 1 , 7plV 7V
R1,' R1,' ’ R1')_I\\\\\
R, 7V R, R,
B D (2)
antiperiplanar synperiplanar
C,-C, bond cleavage is impossible. C,-C, bond cleavage is possible.

Vasseur, A.; Perrin, L.; Eisenstein, O.; Marek, I. Chem. Sci. 2015, 6, 2770.



Proposed Mechanism for Deuterium Loss (2)

5 mol% [Rh(C,H,),Cl],
2-amino-6-methylpyridine
(50 mol%) 0 Me
0] 10 mol% IMes
10 mol% TsOH-H,0

1, 4-dioxane
140 °C, 48 h

Ph

Me
Me
25% 1% 59, Me

1 O
| Cl
C-D - DCI

! X + HCI '

metallation p—Rh"—N N H—Rh''—N N

&

EE— —>
e S B E—
Me Me
o)
1
2 Deuterium loss at C8 position
f 3 Off the catalytic cycle
Me

Xia, Y.; Lu, G.; Liu, P.; Dong, G. Nature 2016, 539, 546.



Regioselectivity of C-C bond activation
-Another Interpretation-

o) o
(@)
AN | N
>
I P P
Ph
Me Me
) A"G | 0.0 6.1 4.7
(kcal/mol) (major) (minor)
(o)
0 @)
-
Ph
Me
Me Me Me
AG
(kcal/mol) 0.0 3.2 -5.8

(not obtained)

Both reactions afford the thermodynamically more stable product.

— Thermodynamic control reaction ?

Xia, Y.; Lu, G.; Liu, P.; Dong, G. Nature 2016, 539, 546.

Me



DFT Calculation

Me _ Me
AR,
_ M. _M
TtaH,,a L - ,@ ~
e
Me Me
IMas.
S h."
cl
1 L
F'I‘-u/;\'\r_'_:FIL
2 ! 44b
‘|3' L 51
. A __
o LN} 11.2 l Y, 1a+CA-HD
IN &.0) ! \
& T8 42a -
t1a & - cf
4da "-\
FAN
c1
0 ] o) Y 48
% (0.8} 55 | ' 41b + 1c
<] e
P : ol %\ph
! P he Me &b + 1b
Cl  4ib TS2 ah Gl 1a ib ic iy
7.0
| C—C activation C—H metallation | C-C raductive elimination | Protonation |
- > | = > | = -

oL
> | =
|

161—(}2 cleavege (black ling); C1-C5 deavage (grey ling)

Xia, Y.; Lu, G.; Liu, P.; Dong, G. Nature 2016, 539, 546. 38



Application of Dong's Research

- Derivatization of complex targets

HO

oestrone

(Prevent from oxidative stress)
Dong's Procedure

(47%)

Late stage derivatization

oestrone derivative

Xia, Y.; Lu, G.; Liu, P.; Dong, G. Nature 2016, 539, 546.



