C—H Functionalization in organic
synthesis
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* Enzymatic C—H functionalization
* Metalloporphyrin complex in C—H
e Oxidation and mechanistic study



Topics in this series of reviews

The papers | will focus on:

* alpha-C—H functionalization of ethers and
alcohols (page 1937-1949)

* Diastereocontrol in C-H of Methylene group
(page 2022-2038)



Classification

e sp2 C—H functionalization

* Activated sp3 C—H functionalization (allyl,
oenzyl, propargyl and carbonyl; alpha
neteroatomic Hydrogen)

e Deactivated sp3 C—H functionalization (beta
neteroatomic Hydrogen). Importantly but
rarely.




Alpha H Vs. Beta H

 The heteroatom can stabilized the positive
charge (radical) at alpha position.

* The inductive effect of oxygen destablized the
positive charge (radical) at beta position.

e Therefore to achieve the C-H activation at

beta position, the directing group is usually
required.



Alpha H Vs. Beta H

H <:: 72%

14



C—H activation reactions at methylene
groups
* |[nsertion of transition metal stabilized
carbenes and nitrenes into diastereotopic CH2
groups
* Transition metal catalysed diastereoselective
C—H activation reactions



Metal carbenoid insertions
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N, Yoo HA
)J\ R1><R2
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Scheme 1



Asymmetric synthetic method

* Davies and coworkers (page 1857-1869,
explain the stereochemistry)

CO;Me coMe | | D_(D_-Rh
\,  Rna(S-DOSP), o e _||?hI
2 o - |
hexane o SOAr 4

o ™ -s0°C, 72n
Ar = p-{Cq5H25)CgHy4

292 23 Rh(S-DOSP),
. : 98% vyield
Catalyst will be shown in 94% ee

the next slide



Rh2(DOSP)4 Catalyst
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R
@8 w07 | 79
N { \Rh/
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Rh,(S-DOSP), Dz'symmetric

“Typically catalyst loadings of 1 mol% are employed. A recent study has shown,
however, that the catalyst is efficient at loadings as low as 0.0001 mol%.”
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Reactions

* The first example of a diastereoselective
intramolecular carbene insertion into a

methylene group was observed as early as
1982 by Wenkert and co-workers.

o [Rh2(OAC)]
25 °C (DME)

N, © 9%




lron Carbenoid

O Fe(CO),Cp o)
H (CH3);0"BF 4 H
( SPh 0-25 °C (CHClp) |
= Ph (I1)
. 90-92% ! ~
- Ph .
H H

n=1-3 rac-38 rac-39



Metal nitrenoid insertions

O
R.
Phl O)I\N:[Rh]
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R“O”ﬂ“mzw—Ph RﬁyaRz
H (I}OER
2ACOH%PhI(OAG)2 y i ::N:[Rh]
R S

0
R“O’H“NHQ

Scheme 6
There is a question on next slide!



Reactions of Carbamates

H,N %O [Rho(OAC)4] 0
PhI(OACc),, MgO \}//
C><j, 40°C (CHyCly <—§‘O
CO,'B B -,
2 Bu 82% - O,'Bu
rac-46 rac-47

O [Rhy(OAC),]
H‘?N\( PhI(OAC),, MgO

-
N_ _O
O 40 °C (CH,Cl,) f

83%

cis . trans
rac-48 rac-49 89:11

Scheme 7
What is the purpose of the MgQO?



Solvent

* Changing the solvent to benzene and heated
up to 80 degree led to complete conversion.

Jis 9
[Rha(tpa)y] ’4

O NH2 phi0Ac), Mgo 0 W
MeO,, > 40 °C (CH,Cl,) MeO.,
. 64% ] .,

MeO” ~O~ - MeO™ O ™

rac-60 rac-61



Reactions of Sulfamate esters

Reactions of a,y-substituted sulfamate esters

0, 0 [Rha(0ct)] 0,0
RS Phi(OAGC),, MgO RS
Hi)\ 40 °C (CH,Cl,) AN 0
R“1 ¥ o R2 51-91% R1/\\//\\R2
rac-50 rac-51

Reactions of B,y-substituted sulfamate esters

Qs~ ,,:P [Rha(oct),] q\ ,P
H N"’S"‘ PhI(OAc),, MgO HN"'S““O
2 40 °C (CH,Cly) 5
rac-52 R? rac-53 R?

a rough reaction rate scale was drawn: 3° > cthereal ~ benzylic > 2° » 1°.



Intermolecular nitrene

o)
[Mn(TFPP)CI]
" PhI=NTs
“ 25 °C (CH,Cly)
4T%
AcO AcO

101

(16)
Ar

F F
Ar =
Ar Ar F F

Ar



Intermolecular nitrene

Tces=1,1,1-trichloroethoxysulfamate

bis[rhodium(a, oo’ .o’ - tetramethyl-1,3-benzenedipropionic acid)]

Me COSH NHTces
i R
i [Rha(esp),] X
Phi(OAC), P
R TcesNH, MeO
[ [ /(\j/)\‘/ 25 oC (CGHB) F'aC-'1 03
- VS,
Me” T0oH Moo N~ EIHTces
~ R
rac-107 ,@f \I/
MeQ”~
rac-109
Substrate R rac-108/rac-109 Yield (%)
rac-107a COOMe 82 : 18 31
rac-107h PO(OE1), >095:5 65
rac-107c¢ SO-,Ph >095:5 56
rac-107d NO2 91:9 63
rac-107e CN 80 : 20 86
rac-1071 OAc 86 : 14 40




Directed metal C-H insertions

PhI(OAc),
OAc

O
/l

'}‘ oA

OMe
Scheme 18



Sp3-CH2-activation

e Sanford
R

N [Pd(OAC),] RN OAc

H PhI(OAC), H
80 °C (ACOH/Ac,0 1:1)

: 81% (111a) : (19)
H 41% (111b) H

rac-110a R = OMe rac-111a R = OMe

rac-110b R=0H rac-111b R = OAc



Sp3-CH2-activation

Mn(OAc), 1s responsible for the reaction rate acceleration. It 1s
oxidised 1n the reaction mixture to Mn3;O(OAc); which 1s
* Co ey Lewis-acidic and presumably lowers the barrier for C—H inser-
tion by enhancing the electrophilicity of the palladium species.

[Pd(OAC).]
O O Oxone O O
2
N H NHR2 Mn(QAC), N
| N— Ac,0 | N
Z \‘( 80 °C (CHaNO,) =~
1 1 E :
112 © R 51-63% 113 O R' H
|
\ s R'=Me, 51%, d.r.=83:17
| X R'=Et, 56%. dr.=8911
R2= 1= o = .
Py R'=Ph, 63%, d.r.=100:0

potassium peroxymonosulfate, KHSOs5



* Yu

Sp3-CH 2-activation

‘Bu
Me
Me Pd(OAc),
/;\ 24.°C (CH,Cly)
Me Oxa - A
Me 60% \~ O,F’ &7 (22
116

‘Bu i O. o
N Me Mo-" . N— Me
)|\ — Oxa H
%0 17 Bu

[Pd(OAC),]

N\ PhI(OAC),, I,

. N a3 1~\‘A4 N
[ e e
O 65% O

118 119




Sp3-CH2-activation

* Murai




Sp3-CH2-activation

Murai

[Ru3(CO)42]
CH»=CH,
140 °C "F’[‘OH)

75%

io
o e
<3

O. B,o '‘BUCOMe

150 °C neat
i; 70%

rac-124

/fl/

rac-125 d.r. = 80:20



Summary

* Directing group

R. ‘Bu

N |
H R e Nl N
T iy
solb e
; N =
H

Sanford Corey Yu Murai



alpha-C—H functionalization of
ethers and alcohols

Radical-mediated C-H functionalization
Metal mediated carbenoid insertion
cross-dehydrogenative coupling (CDC)
Intramolecular annulation

Transfer hydrogenative coupling (THC)
Transition metal-catalyzed coupling



Radical-mediated addition and
elimination

R—C=C—S0,CF; (1)

@) H R=alkyloraryl @] CiC“”R
g AIBN or hv Q/
59-92 %
2
- HCF, l +CF3 “so, " SOCFs \l
D c
SO,CF
9] 0 ] 2 3
_J 1 o
- \C'
/
A 5 R

AIBN ,)(
= N
2,2'-azo bisisobutyronitrile N~ N B(”f/



Metal mediated carbenoid insertion

e Stereoselective method

qul
R1,O\I<R2 M—C\RE (M: metal) R"'D R2
HS - IR‘J
H

R* RS

R'-R3 = alkyl, aryl



Brook rearrangement

Q © 8 CEIN

9L Li :0:7 O—SiMes [1,2] Me3Si~
. _— —_— —_——
R gﬁﬂ% R/|\Sil\fle3 X
iy
L'_

R R

pentacoordinate
silicon intermediate

3 OSiMe;,
0
‘\ > SiMe, MW, 250 °C PN
K/\ o-dichlorobenzene R | Ar
“SAr 10 min 5
29

1 ,E-Bmk OSiMe, /;-H bond
insertion




Oxidative CDC reaction of ether with
carbonyl compounds

0 H
R1
Cl CN RZJ\O’ /—\f"_'“"
»
+

Cl CN
o) R2 Lm 4
A 0\
DDQ l ( /Inf'Cu—Ln
T NC CN 0
RS
HO o F
1
0 R YR y L oo o
R3 Ca'.;' R4 - D H
4 =
1
R o 0 DDQ
L © i O
—— E

Scheme 16 Single-clectron transfer mechanism for oxidative CDC reaction of ether with ketone.




Intramolecular annulation of ether via
1,5-hydride migration

R3
|
H Lems acid
/L 1,5- shn‘t
R ~071 R?

A C

Scheme 18 Intramolecular annulation process of ether with C—C
moiety via 1.5-H migration.



Transfer hydrogenative coupling (THC)
of alcohols with alkene and alkyne

OH  MLn O
BN
RT7 ™ + |\R2 R1/\)\R2
Base, MLHX Y LnM, Base
- Base-H LnM _ Base-H

0 0O
| —_— /\)\
R1/\.\/MLn L , R R2
B

R
A

Scheme 25 General process of THC reactions of alcohol with
unsaturated species.

Feel familiar?



Transition metal-catalyzed coupling of
alcohols with alkenes via C—H insertion

H  OH RIS
J\)\ = BE
R R RhCI(PPha)s(cat))

39 BF,-OFt,, n-BuBr
up to 78 % yield

eq. 1

Pd(OTFA).(cat.)/PPh;
eq.2

R’ "
91 R2 o
80

up to 70 % yield

OH

A
RT 22 H  OH
92
RuClg(PPhg}a(ca;_} R’ R2 R
BF ,-OEt,, DCE 93
eq. 3 up to 98 % yield

syn.anti =99:1

w (cat)
eg.4 DCE H OH

RZ
14\)\
R1/§ or 92 R R? R
85

up to 93 % yield

R=alkyl; R', R? = aryl, alkyl



Mechanism

T
LA, _H O _R
PhsP PPh =\ ° LA T
oFr,  PPhs R P Hy | wPPhs
/Rh\ 88 H R (III)Rh\
PhsP Cl b - PPh, Ph3F"/ Cl
=
+PPh3 -F'Ph3 A
PPh; “
PhsP—RK H,, o oPPhs
Cl . Rh _ .
+ A S ([ H, s PPhs )
PhaP” 5 ClI
OH Rh Aot
< + / \ o
/\)\ -— N b« < | PP | Yo | L ¢
P /H = = .
R’ R 0 R R
89 . /.\/k < o - J
R’ R dinated radical pair B
X C coordinated radica pair

Scheme 30 Mechanism of RhCIl(PPhs);/BF3-OEt;-copromoted coupling of alcohol with alkene.



Summary for the second half

Type Radical Carbene CDC THC T. S. Metal
coupling

Good at  Sub-furan 29 3°ether Conbonyl Pyran like 1,3 diol 2° alcohol

making Beta-H 2° alcohol

Catalyst Rh (Davies) DDQ, In, BF3, Ru, Ir Rh, Ru, Pd,
Cu, Fe Sc(oTf)3, LA Fe

Differen  Radical diazo Dehydrog Migration Hydrogenat Radical

ce enative ive

(oxidation) (reduction)



