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1. Introduction



C-H activation

Very strong synthetic method

_—

*Short-step

* Atom economical

~——

But

= Difficult to proceed

_*Difficult to distinguish C-H bonds Chem. Rev., 2015, 115, 3468-3517

‘ Directing group is effective.



First synthetically useful C-H activation

0 Ri1
z
R, via: | \/0
NS Ry
R2 i H

(o) RuH,(CO)(PPhj3);
(cat)
Ri 2R, >
toluene
reflux
Ketone
O RuH,(CO)(PPh;);
0.02 eq
Z > Si(OE), -
toluene, reflux
0.2 h
Ketone (A) Olefin (B) A:B:cat Time (h) Yield (%) Product
o
o A~ SiMeg 1:5:0.06 4 100 % ﬁ:ﬁt\/sm%
= 1:6:0.02 2 100 % d‘:
o
©)‘\t5u 1:1:0.02 0.5 100 % @i‘;\
2 Si(0EY), SIOFY,
o (Et0);Si
@iﬁ 1:1:0.02 0.5 100 % /&5

o (Et0)3Si/(Eio‘;\
Si(OEt)s Si(OEt)s

75 % 8 %

Murai et. al. Nature 1993, 366, 529-531.



C-H activation —-mechanism

Oxidative addition

R1 R1 R1 R1
JLING 2N G NG W
y
4 N Rl{ Ru
K_Ru . \
G H
Olefin insertion Morokuma et. al. J. Am. Chem. Soc. 1998, 120, 12692-12693.
R4
0
RU
\
H

Reductive elimination

R4 R,
9 . (he . °
s Q
R, R,



C-H activation —Ex

C-H substrate olefin metal ligand
[ o
aldehyde
R y
0 R A R Ru
rg co
H (6
aromatic | Rh
ketone
ZSiR, PR,
R or Ir
R NHC
| (o) (\\\0 ~
R H | Z "CO,5R
ester
olefinic
X .R
™
imine




2. Metal-Organic Cooperative Catalysis (MOCC)



Outer directing group (1)

B-H o
R
I
R” H
a-H
0
Hj)k
R
R
aldehyde-H
(0]
RJ)L
H
R

R
[M] R
| \'0
R M

No chelation

Possible!

Possible?

Possible?

10



Outer directing group (2) 11

Outer DG

H H M |\|n Possible!
R - R - R

Ex. carboxylic acid-B-sp3;C @\
|
o
R Pd(OAc)2 / /
R OH / R N/
EDC DMAP / >
Pd—

H

/ o) Work-up is needed
Condensation is needed @::N-Br o o /
R \\S/ o

o) R N,’ HBr R
— / > R OH
N \
TSN
N ©

Sahoo et al. Org. Lett., 2014, 16, 5258-5261.




Concept of MOCC 12
‘ C-H activation using catalytic outer DG

o-H
Outer DG
X/\DG /\ /\
o) DG X DG X
" Cat. y M !
R = y o j)‘\R > R
R R R

Preparation is not needed.

Functionalization DG X — X G o
R* R
-M R
R
R

Work-up is not needed.



MOCC ex1

Aromatic C-H

ArBr
-H Br

PIPr2

DG is catalytic.

Work-up is not needed.

©i | PiPr,
O/

t-Bu

(0.15 eq)

R

Catalytic DG

RhCI(PPh;) (0.05 eq)
C52CO3 (17 eq)

OH

)

_Rh—PiPr,

toluene
reflux, 18 h

— G -

Ar

t-Bu
e

PIPr2

y

transestelification

/

.k

R =H, OMe, CHO Yield 79 ~96 %

13

Bedford et al. Angew. Chem. Int. Ed. 2003, 42, 112-114.



MOCC ex2 1

Aldehyde-y-sp3C-H t-Bu

)\ Catalytic DG
H,N~ ~CO,H (0.2 eq)

(o) Pd(OAc), (0.1 eq) (0]

F5C | R AgTFA (2 eq) FiC R
&l - L
H H,0 (3 eq) _

Me (3.0 eq) HFIP:AcOH(9:1) Me
100 °C, 24 h

(1 eq)

R = Me, F, Cl, Br, CO,Me Yield 62 ~ 80 % er - over 97:3

stereoselective.
DG is catalytic.

Preparation/work-up is not needed. _ ,
Jin. Q. Yu et al. Science 2016, 351, 252-256.



MOCC -today’s topic

o-H (main topic)

Chelation-assited

=
0 Olefin < L R

H [M] | coupling N~ "N’
~ —> H —» M\I)\R MR_> (\HLR
Z R R R R R
| X
A _R ~
N~ N
H DG
(cat or easy to recycle)[™
aldehyde-H

R™ H

D DS, O
(o) Y N| N/ [M] I/ coupling N*

R /\R R)I\/\R R

Chelation-assited



MOCC aldehyde-H ex1

® &
Z RhCI(PPh;); NZ .PPh,

16

N N NI |
Ph)I\H - Ph RH=Cl
isolated (air-stable
phyp?” F ( )
N
| z RhCI(PPh3); (0.05 eq) k )o]\
)I\ o » Ph -
Ph H THF 160 °C 45 %
150 psi 6 h
Oxidative
addition
X Olefin N Reductive \
| . . | elimination |
Z insertion v/ Z
N TN NN
M_gh M_gh Rl
Ph ‘H Ph L Ph)\/
DG is not catalytic. Suggs et al. J. Am. Chem. Soc. 1979, 101, 489.

Imine formation is needed in advance.

Yield is bad.



MOCC aldehyde-H ex2 17

AN
CX o2e0 (] wsea
NH,

N NH, DG
7 RhCI(PPhs); (0.02 eq) 0
P 3)3 (V.
Ph)l\"' Calts > Ph)l\/\nC4H9
benzoic acid (0.06 eq)
Se
a toluene 130 °C, 1 h 98 %
R
o | Z
Py N~ NH,
Ph H ~ =
= = |
Ph. o | [Rh] S
NH; NN — N| N
A )I\ )_Rh
| Ph” “H Ph \
Z H
Ph.\ N~ NH,
N N
Ph H transimination

Stoichiometric amount of amine is needed.

Jun et al. Angew. Chem. Int. Ed. 2000, 39, 3070-3072.



MOCC aldehyde-H ex3 18

N NH, catalytic DG

(0 n o
A RhCI(PPh3); (0.05 eq)
)j\ \/H\COZMG - RWCOZMG

R H
benzoic acid (0.2 eq) n
2eq =0 92Y%
toluene 150 °C n= 0
1.5h n=1 59%

= | n=2 49%
N

| NN
via N
R)\Rh--o

(Home.

DG is catalytic.

Preparation/work-up is not needed.
Jun et al. Eur. J. Org. Chem. 2006, 2504-2507.



MOCC ketone a-H exl1

RhCI(PPh3); (0.1 eq)

I&

u N~ “NH, _

alumina
fE (10 eq)

1,4-dioxane
130 °C

AN
Q e ¢ Myuw _ Hol

=N AcOH
—_—
H,O
R
A

(0

OH

/

|

H

R = H, SiMes, tBu, Ph etc.

Substrate is limited.

Stoichiometric amount of amine is needed.

> “fyﬂﬁ B ry

yield 61 ~ 80 %

19

Dong et al. J. Am. Chem. Soc. 2012, 134, 13954-13957.



MOCC ketone a-H ex2(main topic) 20

[Rh(coe),Cl], (0.025 eq)
IMes (0.05 eq)

N
o | L) (0.25eq) 0
N N
H H
/ >
R 300 psi TSOH'HZO (0.1 eq) R
toluene, 130 °C, 48 h %6
~ (i}
Enamine .
formation l T Hydrolysis
— P— —— —
\ N N W Reduct \ <
N N eductive
) [Rh] N \ N \  Elimination N
H — N Rh\ — N\ _Rh ——>
Oxidative !—I _ 0Ie1:|_n [Rh]
addition '+ Insertion

Regioselective.
DG is catalytic.

Preparation/work-up is not needed. Dong et al. Science 2014, 68-72.



Usefulness of MOCC -vs. aldol-

A Enolate Alkylation
Me Me

0 il OLi 0 C Me Me |

Me”™ 'N° Me R ' "

) N ' '

AN b N T AR e e

kg s THF. —78 °C kg G 59 | H LiX|
desired product byproducts

B Stork Enamine Reaction

| ' H = L» \ | ,N‘H
ke 2 - Michael b - N I

R acceptors
desired product byproducts

C Simple Olefins as Alkylating Agents

D Cost of Alkylating Agents

H20=CH2 |CH2CH3 BFCH2CH3
estimated cost:  $1/kg (ICIS market price) /S  $280/kg (Aldrich) $55/kg (Aldrich)

$0.028/mol $43.7/mol $6.0/mol
molecular weight: 28 156 109




a-H MOCC -Ketone substrate 22

[Rh(coe),Cl], (0.025 eq)
o IMes (0.05 eq) O
DG (0.25 eq)
= >
R 300 psi TsOH*H,0 (0.1 eq) P
toluene, 130 °C, 48 h

R: ot HBC s .t f Ll:" - H oo
F i, e i N
G5 O 3 ey
H4C NG H3C o}

HsCO,C

O 3a, 82% 3b, 67% 3¢, 78% 3d, 71% 3e, 71% 3f, 74% 3g, 75% 3h, 60% ?"éi“z“
1.7:1 dr 1.6:1dr 1.8:1 dr 2.0:1dr 2.0:1dr 1.8:1dr 2.3:1dr 1.8:1dr =1 ar
b s 'V
. " L . T Hsc CH;
R HyCO,C _{m y C,O*\‘(D Hcrj«CHa HO— HO@ [‘D {H3C}2N© 5. 0
CO,CH, 3 H3C Hg.C CH,
3j, 87% 31"5,915:” 31, 88% 3m, 95% 3n, 65% 30, 52% 3p, 62% 3q, 62%
16:1 dr > el s 211 dr 1.6:1dr 2:1 dr 2:1 dr 1.3:1dr 1:1 dr
mmol scale
[Rh(coe),Cl], (0.005 mmol) .0 | Q | o
IMes (0.01 mmol) 5 é':'\cm 6{*(}% i)l\‘:"\CHa
DG (0.2 mmol) = ; Y : e .
(@) NH 3u v 3w
)I\ Z >|\)< 2 (0.1mmol) TON 110 TON 15! TON 16
. . i Dmrmi g e . 1 0 :
; ; 300 psi 2,4, 4-trimethylpentan-2-amine : o :
- /\)J\/\ CHs
1 mL TsOH<*H,0 (0.02 mmol) - - CH; ;

= 8.5~11 mmol neat, 130 °C, 48 h 3x e 3y
TON 20 TON 37!



a-H MOCC -Olefin 23

[Rh(coe),Cl], (0.025 eq)
o) IMes (0.05 eq) O
DG (0.25eq)

TsOH*H,0 (0.1 e
Pk 20 (0.1 eq) P

toluene, 130 °C, 48 h

[Rh(coe),Cl], (0.005 mmol)

IMes (0.01 mmol) AN Z N t-Bu Zn-Bu
DG (0.2 mmol)
o) TON 18 TON 28 TON 7
>|\)<“H2 (0.1mmol)
/\R 2,4, 4-trimethylpentan-2-amine
>
0.5 mL 0.5 mL TsOH+H,0 (0.02 mmol) = A siNe
=57 mmol (propene:1mL) H,0 (10 puL) 3

neat, 130 °C, 48 h TON 14.5 TON 22



a-H MOCC -Direction group

[Rh(coe),Cl], (0.025 eq)
) IMes (0.05 eq)

Ph
toluene, 130 °C, 48 h

DG (0.25eq)
= :
300 psi TsOH*H,0 (0.1 eq)

0 %

S N N
- N N
N H N H N H

Me

OMe N“NH

24



. 25
a-H MOCC -Ligand
Metal catalyst
0] Ligand (0]
DG (0.25eq)
= >
PH 300 psi TsOH+H,0 (0.1 eq) P
toluene, 130 °C, 48 h

[Rh(coe),Cl], (0.025 eq)
IMes (0.05 eq)

RhCI(PPh,) (0.05 eq)

coe Cl coe
82 % R rRhC
coe ~ci1” coe
/\
37 % coe =
N g N
IMes = D

1,3-dimesityl-1H-imidazol-3-ium-2-ide



a-H MOCC -Mechanistic insight

& ad
=N toluene =N’ PMe;

N ~
+ [Rh(ethylene),Cl], + PMe; ——mm> R\’h/

& T (w
1 : 0.5 : 2 1h 23P H
O O isolated

38 %

Oxidative addition occurs.

[Rh(coe),Cl], (0.005 eq) (53 % D)

IMes (0.01 eq) / \
AN
O (p (0.15 eq) O
N N
H
y

D D D D
D D = D%
Me 300 psi TsOH*H,0 (0.02 eq) R H/D
toluene, 130 °C, 48 h T
75 %
(82 % D)

Olefin insertion occurs as expected.

26



a-H MOCC -Mechanism 27

o Enamine Ff} \ N/
' N [Rh] N

formation °N

\
é - > — R ———
Oxidative }-I Olefin
PH . al Olefi

. addition < insertion
Ph
@ Reductive & O
Ny Elimination Hydroly3|s
xRN >

How does reaction proceeds?

‘ Wang et al. J. Am. Chem. Soc. 2015, 137, 6279-6291.

Reaction mechanism was investigated by DFT computations.



a-H MOCC —Mechanism : SM of catalytic cycle

2 IMes

I\
N“ "N

[Rh(coe),Cl]], ——3= [Rh(coe)(IMes)Cl], —H>

-2 coe

MesN , NMes

z
.

MesN , NMes

coe— Rh Cl
NH

Rh Cl

coe

MesN_ _ [\FlMes

//_

H
N

Rh—ClI

N

7

NS

MesN , NMes

<‘/ “N- Rh cl

more stable

28



a-H MOCC —Mechanism : oxidative addition 29

MesN ,NMes
T ~Cl Oxidative Ph
/ | addition
_>

N,l
I

(0]
‘ - \
MesNﬁérJ_lMes

//—Rh —c1 Ph"”

H | enamine

N /N formation

A 3 9
MesN ,[\FlMes MesN\¢§Mes

—_— ‘Rh

N %

',”/ CI N\Q
unstable ’ Ph "'Ph

trans-
effect

Oxidative
addition (/N T /R M
_—/ R %» N




a-H MOCC —Mechanism : oxidative addition : trans-effect *°

trans-effect : Stability of metal-ligand bond is influenced by
its trans-ligand

P )|(1
L
“«
w strong influence
Oxidative addition —
MesN_,NMes Longer (=unstable) shorter (=stable)
‘ - \
MesNVE_lMes
c-donation l
\
/ N=———Rh=——"CI
— A
. N :
n-back donation :

",'I” N
; “Ph unstable



a-H MOCC —Mechanism : insertion of olefin

MesN NMes
Rh—
MesN ,thes /
N—.N
H _ Q Olefin g
Ph= Rh—CIl Coordination

—\

/
I \H % MesN__NMes
N N

’d

I cl,
\ Qfﬁ H

N
I

lisomerization

M N_NM
/:\ /:\ . es \7+ es
MesN__NMes — MesN___ NMes _ Olefin =
_ + _ 7+ insertion ~_N., /CI
5 N"' /CI 3 IN':: /CI N H Rh
N H "Rh Olefin N H “"Rh Q
= \H Coordination \H
O Ph

Ph Ph —

31



a-H MOCC —Mechanism : reductive elimination

MesN\¢r\_{Mes
~
s N, | O
N H 'Rh\
E‘K cl
isomerization
Ph
MesN\¢thes
= 1
N Nll," /CI
T
Ph
- - - _
isomerization MesN__ NMes

Ph

QT

-+

|\_

/

N

NS

— >

] MesN ,NMes
Reductive
elimination =
—> \ Nln R
'.‘\
unstable Ph
trans-effect
Reductive MesN ,[\FlMes
elimination T Cl
Rh—C| —— > Ph o
_‘R|h
N
’|
N

7\

a

32

‘_‘
MesN\¢[|\_lMes

—Rh—Cl

Ph

l - \
MesN

NMes

7+
«Cl




a-H MOCC —Mechanism : total steps 33

o MesN__ NMes [\

—\ + MesN__ NMes MesN__ NMes
MesN__NMes H cl + +
+ ‘ Phl = Oxidative H Q isomerization = 0 cl
W / NS 1
//—Rh—CI Ph ~Rh addition oh—Cl e
I > H —_— / N —_— N _H_ ~
Ho N - 7 | | H H
N~ NN
-H,0 “ N
| 2 | N 7

cis to IMes

[—\ /—\ MesN__ NMes
MesN__ NMes olefin MesN_ Mes i L T +
E— + Q

= insertion = }
- Cg)\l A —’p‘l P e 7 Rh—Cl
s AS -
Ph — Ph N
trans to IMes

"\ Z
=z
MesN ,r;_lMes =\ —
H = MesN__NMes \U
Reductive FNa Rh"“\CI \ Y+ N~ N
N Rh

elimination -~ N //— —Cl
N
(d R

cis to IMes



34

a-H MOCC —Mechanism : energy profiles (1)

Ji—A = PMe
AGgy MesN___NMes CNQ ‘ 3
H o,
(kcal/mol) . C|\]R: i Rh\—CI
() ) | >~ N
MesN _. NMes MesN. _ NMes NZ 7 PMes
— W/zzz 3 e i N f iy 53.3 _
: o Yy [rm— T X-ray structure in
N~—Rh N~—Rh e
8 I==ci \ ~=C| // MesN ., NMes ref. 13 (RhH-exp)
i ” & T
Ph N .\\\

N --‘H N _ :
v [\ Rn\'
[ P MesN_._._NMes —
g H : 6 | H [\
Rh....val =~
§ , % N WCl
H =y

TS4 1
— 31.9 31.8
MesN__ NMes Path A2 N l —
— H =4
Ph \K,,,CI / 5.
MesN_.__NMes 4 RH e
9
2 I3
\,'L N 224
coe—R|h—C| ! TS1 MesN_.__NMes 8
21.0  path A1 4
i / A BN
| — =\ —NLRA—H 5 10
MesN_._. NMes /=\ MesN - NMes N H /'=\ 13.6
” MesN_.__NMes H i MesN_._._NMes =
Ph R H \( - i Rhﬂ\ Ph . cl MesN___NMes
| " R | N—gi Y
7 N, N T~y o
( H N i | N ' N el
coe 1B \esN__ _NMes f ) Vi N_ H | ~~H
[\ = | / Ph N H
NMes 7z N
b U:)
N
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a-H MOCC —Mechanism : energy profiles (2)

5Gsul MesM_._. NMes

(kcal/mol) ~\ '| i 211 A
MesN_.__._NMes F Nh'?{“""CI
= N H S
— - e
S— Nl‘""ﬁh-Cl \

/ ! MesM, .. NMes M. H
MesN_.__. NMes \I/ EF I\
Cl Ph
N T@CI p“‘ﬂﬁ:& ~, T
H-—~..Rh U N, H Y Ph MesN_._. NMes TS8
N ' " : 337
. : TS7 = 228 A .
{ TH

Ph
N_H
i TS6 13 =
TS5 28.2 28.3
26.2 12 TS9 \
— 30.2 \
9 238 (A \
22 4 MesM, . NMes — N
m N \K‘,‘\CI MesM. .. .NMes N
e, MesN__ NMes N i LU e \‘\. 18
MesM, ._. NMes = N-ERR N\
¢l [ MNTHN \ 13.0
N"“‘Rh‘& N i
MN— N H
NH """H Ph =

Ph MesN. .. NMes
H \E 04 A |
it Gl 7 \
] \ —_
MesN x.z NMes
%N_Rh_c.

I v
3‘

Reductive elimination is most difficult step.



a-H MOCC -reactivity

Why this DG is good?

Why 5-membered ring
is good substrate?

36

Why RhCI(PPhs); is not

good?/

[Rh(coe),Cl], (0.025 eq)

\ IMes (0.05 eq)

Why regioselective?

AN
| (0.25 eq) o
N N

” o
TsOH<*H,0 (0.1 eq)

toluene, 130 °C, 48 h

Why overalkylation
doesn't occur?



a-H MOCC —reactivity : regioselectivity

Regioselective!

Ph"
—\ oG —\
MesN__ NMes MesNQ NMes
Eall CH
R0 oC1 B Cl.., *
4”‘-Rh“ \ 7~ ) o~
/ I C NT N D
- H -
N ’N| >< b ><
N Ph\‘ |



a-H MOCC —reactivity : regioselectivity

AGey
(kcal/mol)

T-azaindoline
(L)

Path C

_ IMes
avoids

Et

Mesh_ .. NMes

1456

MesN .. NMes
H Ph |
il

o0

20
157

MesN. .. MMes

?—I-

?__.

—I/.'—-

Mashl ses MMes

PathA 1, 1 \]/,m LY &"cﬂtrfc

™
MesN,._. NMes

CL:T
i

19
237

MEBN \_4- NMes

dff'w

Ph

23
231

38

_'n
alefin MesN. .. NMes
insertion H \r el
—=_ Phad ..-'E'-lﬁ'ﬂ i
Q
TS10 TsOH Ji
i i &
P
l'_'.
olefin | MesN___NMes 1d
insertion | ¢, \]/ Ph (only)
o, [ aH
=]
N.F_.-
U
T511
31.5
1
olafin MesM, NMes
insertion H Ph\ll
d Cl
IRRIIRNY é.---'ﬁhw
1l <
TS12
418 TsOH
PH
Il 1d°
glefin MesN. .. _NMes
insertion Y H (none)
Cla,



a-H MOCC —reactivity : structure of DG

i Y
|/;:|j\> Mesh,, . MMes
I N H |

g

™=\
Miash_.__HNhles
- TsOH ] 1 g TsiOH H |
| ::l’\/ + ia ~ S Fi " r v:]\/ + 1a N H P
N i <j/ b “NTNHg I /L%,;H o
2 J L H20 1N~u.]
Ph w | pﬁ' H ! v,
L1 1b TS10-L1 L& &b TS10-L6
[4G" = 7.3 kealimel] AG* = 30.6 kealimal (457 = 8.2 kealimal] AGT = 32.3 kealimol
, - % O t
|F::|\ M&arivhh'lm [ e 1l } HE:N
r , TeOH N N or i E%-D} TolH NN Ph
B + a - (=1 i + 1a — - 1
-ff. I f iy H Ho l;l'lfjl’lr"" ol | N H H;j {_-‘]/
Difficulty o A ) » J
P
enamine formation i
L2 2b TS10-L2 L7 b TS10-LT
a n d [5G = 15.5 kealimel] AGH = 32,7 kealimol [AG" = 6.9 keal/mol] 4G* = 30.8 kealmol
. I. . . -\’_ =\ TF - ! i
reductive elimination (oo it e (TNl il Do
TsOH H e TsOH H
changes due to (Jpoon +n -5~ willl lin= 0 i O
1 1 i
the structure of DG o wo ) " O
L3 3b TS10-L3 L8 b i TS10-L8
[AG" = 8.2 kealimal] AG* = 34.0 kealfmol [AG* = &1 keal'mal] vG' = 31.9 kealmol
. = 1 =
X o s | 1 el s |
ﬁ\}/ L " Phal o Jj? TEDﬁH' Tl ¢ Phas T L
AL+ AT \ Rh g ! + fa o R
Y ot <Li]/ ‘Q H H < o 1|
G g M, o0 ] M
P _w Ph :';;[" Y
[ - e
L4 db TS10-L4 Lg b TS10-L9
[AGE® = 12.4 kealmal] AGH = 32 6 kealimol [45% = 3.3 kealimal] AGH = 412 keal'mol
H —
! - [
O Mu:ijNMus t (‘/‘1""} Mesh._ NMes | +
TeOH NN H aH TsOH Ll R | oGl

th:z:jﬁhﬁ
(7

TS10-L5
AGH= 328 Kealimal

—‘_'.(L»

LS Sh
[A57 = 12.2 kealimeol]

L0

- =

= H
Y {'j“
Hs0 s
Fh

10b

[~G = 0.8 keakimol]

TS10-L10
4G = 40.2 kealimol




a-H MOCC —reactivity : structure of DG

1) Difficulty of condensation is imprtant

@ /\
SNTNT
1

ﬁs

The angle of these bonds defines
stabilization by

n(Py)-p(N)-nt(C=C) conjugation

40

— — /
Ph Y/ N/ - |
NT™N NTN N“ N7
— f
5 5 H
Ph Ph Ph
2C8-N-c'-.c® 170.5° 160.5° 152.2°
planarity High - » Low
AGP®° 7.3 kcal/mol 12.4 kcal/mol 15.5 kcal/mol

2) Difficulty of reductive elimination
depends on the structure of DG



a-H MOCC —reactivity : structure of DG 40.5

= al:
| MesN _.NMes
| ~ TsOH N© N y T
1a Ph
N" N * | F"‘|
H H0 \
Ph
L1 1b TS10-L1
[AG® = 7.3 kcal/mol] AG* = 30.6 kcal/mol
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a-H MOCC —-reactivity : metal ligand

[Rh(coe),Cl],
+ VS. RhCI(PPhj3),
IMes

1) Reductive elimination is late-determining step.

— To accelerate reductive elimination,
reducing electron density of metal is effective.

—weaker electron-donating ligand is effective.

2) PPh; is weaker electron-donating ligand than IMes.

———> RhCI(PPh;); is more effetive?

—> No.Why?

H
Phe

H
Phas

41

l_\
MesN__ NMes

] e
.--Rh’
7 |
N /NI
I

PPh,
| WOl
.--Rh’
724 |
N—N
Y

more favorable?



a-H MOCC -reactivity : metal ligand

,....M.IC|

C-H oxidative
addition
AGgy
(kecal/mol)
L = IMes TS2P
L = PPhy
Frs2
215

1 RhCI{PPhs)a

™

Rh(ll1)
isomerization

ethylene
insertion

energy profiles 42

L H
— _;s‘:’Cl Ph
N-—f:"Rh
g{: N
Ph
Rh(lN reductive
isomerization elimination
TSBP TS1DP

351 35.7

| A7
| -1.0



a-H MOCC -reactivity : metal ligand 43

1) Reactivity of catalyst 2)
' Intermediate
MesN___NMes  reactivity : = PPh;
A of SM Ph, ; <M. | ¢
—Rh—Cl : H _Rh
//H | > PhyP—Rh—Cl 5 ng | u
NN PPh, i PPh;
| : Ph
\ :

PPh; constructs stable intermediate
after oxidative addition
= ethylene insertion is difficult.

RhCI(PPh3); is stable. = Not effective.

3) Electron donating

L
PhH’" Q ‘ Electron-deficient ligand destabilizes
) R|h\—C| the structures in high oxidation state.
34 NN H = PPhj; is inferior to IMes.
Rh 7 |
16e” X

—> electron-rich ligand is preferable.



a-H MOCC summary

Oxidative addition

Reductive elimination
Enamine-formation /

Reductive elimination

[Rh(coe),Cl], (0.025 eq)
\ IMes (0.05 eq)

N
o) | (0.25 eq) 0

7~
N
N"H
/\R o
TsOH*H,0 (0.1 eq)

toluene, 130 °C, 48 h

Regioselectivity

Enamine-formation

Each reactant influences several reaction steps.

44



Summary

*DG is useful to achieve
regioselective, high-yield C-H activation.

Quter DG enables chelation-assisted C-H activation
to substrate that doesn’t contain DG.

*Concept of MOCC is helpful
for greener, shorter-step C-H activation.

*But, to achieve MOCC, one have to take account of
the combination of substrate and DG,
in addition to reactant, metal, and ligand.
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Appendix -Outer DG Mechanism

Scheme 4. Proposed Catalytic Cycle
O O\\ /Me

Me S
Me)f‘\ N |
N

X O, Me
( 5| N~¢© N oSy (5N O
Npg Me (N N | e
L/ll_ Me k. SO NF' |7 Me
lPaV] 7 Pd']

\_(

X =Bror Cl Br-2/Cl-2



Appendix-MOCC ex1 Mechanism

H1 H1
base
HG@HE HCI@*FIE
Ar

esterification

R
Qm o
L,Rh —— hth X /

oxidative
addition w Pix

orthometalation

ﬁ e J@
reductive
L,,,Hh Ar 2 L,,F{h 2

elimination

Scheme 2. Plausible reaction mechanism.



Appendix -MOCC ex2 Mechanism

10 mol% Pd{OAC):
40% amino acid

g 5 &3
1.5 equiv. 4"ﬂdﬂan'5ﬁ£ + Ar = 4-MeOCgH,
H 1.5 eqguiv. AgTFA Ar A
51

90°%C, 36 h
1a 2a
|O entry sohvent aming acid conversion (%) 2a (%) 51 (%)
| N R 1 DCE glycine - <2 <2
= H I 2 tolueng glycine - =2 =2
3 dioxane glycine - <7 <3
(1'2 eq) (1 eq) 4 MeCh glycine - =2 =2
? ] HFIP glycine B0 18 11
Pd(OAc); (0.1 eq) 6 AcOH glycine a0 52 10
H,N /\COZH (0.4 eq) 7 ACOH:HFIP (9:1) glycine 94 59 B
B AcOH:H20 (9:1) glycineg 93 71 11
AgTFA (1.5 eq) g AcOH:H,0 (4:1) glycine 84 63 11
AcOH:HZO (9:1)> 10+ AcOH:H;0 (9:1) glycine 95 81 (72)% =3
90 OC, 36 - 48 h It 11% AcOH:Hz0 (9:1) L-alanine - 76 <3
12+ AcOH:HLO (2:1) L-valine - 78 <3
R = H, Me, OMe, OH, CHO, COzH, COzMe 13t AcOH:HLO (9:1) L-norvaline - 76 =3
14+ AcOH:HLO (9:1) Ac-Gly-0H - =2 =2

Yield 70 ~ 82 %

"Conditions: 0.1 mmeol of 1a, 1.5 equiv of 4-iodoaniscle, 10 mol% of Pd{Qic)s, 40 mol% of amino
acid, 1.5 equiv of AgTFA, 1.0 mL of solvent, 80 °C, 36 h, TThe yield was determined by '"H NMR
analysis of the crude product using CH.Bro as the intemal standard. +0.12 mmol of 1a and 0.1
mmol of 4-iodeanisole were used. Sisolated vield.



C-H activation —deuterium labeling experiment

H:40 %
OMe H 0.02 eq OMe H/D
%\Si(OEtk > 7 \Si(OEt),
D D H toluene D H/D H/D
5 135 °C i
24 h
1eq 1eq H:60 %

No coupling product

*H/D scrambling occurred among two ortho and three olefinic position.
‘ Oxidative addition and Olefin insertion occurs.

*Not among meta and para position.

|

Directing is necessary for C-H bond cleavage.
*Product wasn’t gained.

‘ Reductive elimination doesn’t occur.



C-H activation —detailed mechanism (2)

O/Ko - @

Oxidative

R4
@0
y

R

Rate-Determining R
Step

addition
Olefin
insertion
R4
R4
o)
RU 0
Y {

Fast equilibrium

>
-[Ru]

Reductive
elimination

(0



C-H activation -13C kinetic effect(1)

0 Ru(H)2(CO)(PPhs) 9
OMe N N SiMes (3) 2-4 mol% . OMe
SiMes

2 equiv toluene, 1D;2D cm®
reflux (135 ~C, bath temp.)

Table 1. Experimental 13¢ Kinetic isotope effect

1 O
{3 OMe

(assumed) 1.000 4%y .~ 1.033 (average)

Run Conversion KiEs
C1 c2 C3+C4 C5 C6 KIE = k4,C/kq3C
1 64% 0.996(1) 1.001(3) 1.003(1) 1.000 1.034(1)

2 69%  0.999(2) 0.996(3) 1.000(1) 1.000 1.032(1)
3 79%  0.997(1) 0.996(1) 1.004(1) 1.000 1.034(1)

SM contains '3C at C6 reacts slower than that of 2C

:> rate-determing step incrudes C-X bond cleavage

:> Oxidative addition or reductive elimination
is rate-determing step.

Murai et. al. Chem. Lett. 1996, 109-110



C-H activation -calculation

9 0 .
RuH,(CO)(PHs)s Reductive elimination is difficult.
- H
C,H,
21 TS12
1 = Ru(CO)(PH;),
e Ru B3LYP/I

. + CoHy ", ,' B3LYP/I
0.0 MP2/1
0.0 -
CeH4(C,H5)CHO

-36.7

346 -354
516 -52.0
-47.8
-PH,4 -58.9
I 1 I+C2H¢I | I CChond formation | |
+CHsCHO  CH bond cleavage C,Hy insertion +PH, ~CgH4(C,H3)CHO
: into RuH bond

Figure 10. Entire potential energy surface (in kcal/mol) of the catalytic ortho-CH bond addition of benzaldehyde to ethylene
by Ru(CO)(PH3); along the most favorable reaction path. The values in plain, bold, and italic are calculated at the B3LYP/
I, BSLYP/II, and MP2/T level, respectively.

Matsubara et al. Organomatallics 2000, 19, 2318-2329



