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Does a late-stage activation of unactivated
C-H bond shorten a total synthesis ??

Conventional approach (with or without C-H Functionalization)

H OH
ol + PG (C-H) oxidation HO  on
+

non-productlve Q MeHN OH

redox; PGHN
C-C formation Target

Baran's 2-Phase Route (Nature 2009, 459, 824)

H H Cc-C late-stage
m formatlon H C-H oxidation HO OH
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H&{ Current Limited MeHN OH

Interest Carbon Options Target
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How to reduce redox steps ?

SM Baran, P. S. et al.
Angew. Chem. Int. Ed. 2009, 48, 2854.

Redox Steps =
{Difficult to scale up

Noxious byproducts

/ V\V . 4
s o .
Linear elevation of

/ non-redox
/" economic oxidation state is good.”

Oxidation state

Number of steps

How about starting from SM with higher oxidation state ?
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Total Synthesis of (-)-Anisatin

Synthetic challenges
8 contiguous stereogenic centers
«[ oxabicyclo [3,3,1] skelton
spiro B-lactone

anisatin
Total Synthesis

Yamada K
(J. Am. Chem. Soc. 1990, 112, 9001.)

Fukuyama T _ |
(Org. Lett. 2012, 14, 1632) SM with high [O]-state

SM with low [O]-state



Total Synthesis of (-)-Anisatin
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Me Me
%L COzMe NaH
+ —_— =
S —_—
[ ° © L :to

low heteroatom density

2
Me coMe,

[O]

o~ o remove o
oy \ (+Cy;x2) (-)-anisatin

Yamada, K. et al. JACS 1990, 112, 9001.



Total Synthesis of (-)-Anisatin

/\Br
o\ OR OH
AP O PhI(OAc),,
Bpin > \F
high hetero atom density O
: [O]
ozonolysis (EtO),POCH,CO,Et
Bu3;SnCHo,I /
\
= OTIPS —, ‘
[R] HO HO
[O] (-)-anisatin

Fukuyama, T. et al. OL 2012, 14, 1632



Total Synthesis of (-)-Tetrodotoxin

OH OH
070 070 QH
HO= "OH - "OH
g - 9 o
HEM N on HN— N ¢ on OH
v OH v OH 0~ |
+NH, +NH, AN OH

(=)-tetrodotoxin 4. 9-anhydro-TTX “tetrodamine"
Figure 1. (—)-TTX, the active poison of the Japanese fugu.

Total Synthesis

Kishi, Y
(J. Am. Chem. Soc. 1972, 94, 9219.)

SM with high [O]-state

SM with low [O]-state

(J. Am. Chem. Soc. 2003, 125, 11510)



Total Synthesis of (-)-Tetrodotoxin

R
[O] OJ /
ve1- MsCI N0 H

€2. Boiling Water 11

: = Mo N O]

O 13 N

0 [©] /(Ac'

low hetero atom density [O /

[R
4 a
O Ol-bH
OAc ¥~ “OH
OAc  —> (-)-TTX

H
p I-? (-)-TTX without
Ol\ﬁ)e guanidine, orthoester

J

Kishi, Y. et al. JACS 1972, 94, 9219
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Total Synthesis of (-)-Tetrodotoxin

03(
N2 H OoTBS 0)(0 [O]
_,OTBS Rh,(HNCOPh;),

OBnMezN (@) —> NZ\

] PivO ]
o high hetero atom density

O—P Rh(HNCOPh,), 0‘%
L o) o)

=5 ()-TTX

0% “OMe
(-)-TTX without
Du Bois. et al. JACS 2003, 125, 11510\ guanidine, orthoester)
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Total Synthesis of (-)-Ingenol

Total Synthesis

ingenol (1)

Kuwajima
(J. Am. Chem. Soc. 2003, 125, 1498-1500)

SM = low [O]-state

SM = high [O]-state

(J. Am. Chem. Soc. 2014, 136, 5799)
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Total Synthesis of (-)-Ingenol

H )L )]\ ICD) AcO Co(CO)
EtO-"~CClI; 0 .
Br\ Me OtBU E\ | ‘CO(C0)3
on \\» \» \» -
0,82" © high hetero atom density “OTBS

L

Me.,,

.\ OH:  Me;Al  HO., _
— P 4 r ol
5 ‘OTBS +C1/ﬁeo / 24 steps
o A foTips HO \-OH
[O] +C (-)-Ingenol
1

Kuwajima et al. JACS 2003, 125, 1498
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Total Synthesis of (-)-Ingenol

rearrangement
h
_ sy, Dl T el e
="9\e 0 Me
r - H

o O/ / "OTBS
o 0] [c{ e

low hetero atom density

oxidase phase
7 steps

(-)-Ingenol

Baran et al. JACS 2014, 136, 5799
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Summary
N.P. Chemist [Ol-state Total 1 ¢ ¢ 6 hotoro oxi  red +-PG
of SM  Steps |
Anisatin  Yamada  low 40 [ 5 5 15 3 11
(high[O]) Fykuyama high 40 | 5 6 8 7 10
TettrO_dO Kishi low 32 [ 1 9 8 3 12
(high [0]) DuBois  high 28 | 4 2 4 3 6
|ngeno| Baran low 14 [ 4 4 5 0 3
(low [O]) Kuwajima high 45 | 11 2 8 3 12

Efficiency of two phase like synthesis depends on [O]-state of N.P.
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Summary

molecular
Acomplexity
two phase like synthesis

ingenol

usual synthesis

» humber of steps

H H C-C late-stage

M formation H H C-H oxidation HO OH

W< H H many+/ -PG MeHN — ~OH
Carbon Target
scaffold

Methods for efficient C-hetero atom bond forming reaction are needed.




Contents

1) Aromatic C-H Arylation

0" O —

2) Aromatic C-H Alkenylation and Alkylation

H wR
@ * 2R — ©/\

3) C(sp3)-H Activation (C-C Bond Formation)

)v/H . )V/C

4) C(sp®)-H Activation (C-Hetero Bond Formation)

)V/H )v/x For further readings
é

(X= 0O, N)

C-H activation is mainly applied to

Angew. Chem. Int. Ed. 2012, 51, 8960
Chem. Soc. Rev., 2011, 40, 1976

C-C Bond or intramolecular C-hetero Bond formation.
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1) Aromatic C-H Arylation

N
C-H/C-l \H (
couplin NF32
pling = 1 .
@ NH H H
<
C-H/C-H I NH
couplin . N
ping f[QBr e
N 0\ L H X
HO HN H C-H/C-H Manyex;pllest_caln Icl)ﬁf;:und_. ectivit
. elatively high regioselectivity
Dragmadine D coupling . ~ can be obtained. )
Pd'(OAc), A=l o Ar=Ar L Pd’ Ar=x
reoxidation /' \\' activation ?/ A\R oxidative
HOAC addition
, o Ar—PdL, Ar—PdL,
Pd Ar F‘deAG ‘Ar' e
~S—~< c-H ‘7—{
, activation
Ar-H/Ar-H A—A"Ar=H Ar-X/Ar-H X—H Ar=H

C—H activation/

coupling reductive elimination coupling Angew. Chem. Int. Ed. 2009, 48, 5094



1) Aromatic C-H Arylation

Total Synthesis of Dragmadin D (Itami et. al. JACS. 2011. 133, 19660)

Important electronically most reactive
for regloselectlwty * Pd(OAG), TIPSO o
A92C03 .
BnO >
C-H/ C-X coupling N ‘N-“most
Ts’ Ts nucleophilic
most J:/N]
acidic 4 eq NH
CF;CO0),0

8 _ | (CFsCO) [ :LB

cat Pd(OAc); gno D BnO / I
AgOAC N Y/ (_m n N CF3802H alr

57% in 2 steps

Ts’ O Ts’
50% © S Friedel Crafts like

C-H/C-H coupling

reference for regioselectivity;
1)J. Am. Chem. Soc. 2006, 128, 11748 2)J. Am. Chem. Soc. 2008, 130, 9254 3)Chem. Lett. 2011, 40, 555
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1) Aromatic C-H Arylation

cf) Total Synthesis of Dragmadin D (Stoltz et. al. JACS. 2002, 124, 13179)

NH coupling C-M, X / total

| Itami| C-H activation 1/ 15 steps

S \ Br Stoltz| classical coupling 7/ 25 steps
o)

C-M/C-l
coupling
Dragmadine D

C-M/C-Br
coupling NH:
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2) Aromatic C-H
Alkenylation and Alkylation

Total Synthesis of (+)-Aspidospermidine (Bach et. al. JACS. 2012, 134, 14563)

Actrvatfon Hy drﬂf}f 51 N f'r WooR
N
IN

F’d"XL .
(+)-Asp|dosperm|d|ne N, ., Pd'BrL; Lb
Aminopalladation MNorbornens

of Norbaornene Expulsion

,ﬁ‘

alkylition of indole \
< 2 x}
N

¥

R

(= . !
- Pd 5 , Pd"XL, |
H H 5\*” Ers, 4 M
pyrrole, indole alkylation, alkenylation HCOs R /
ex) Rhazinicine (JACS. 2013, 135, 9318.) @—g\ , i
Ibogamine (JACS. 1978,100,3930.) Fal| Oudative N R
Okaramine (JACS. 2003, 125, 5628.) | ) ﬁ—/' E’/

INg R B INg



2) Aromatic C-H
Alkenylation and Alkylation

Total Synthesis of (+)-Aspidospermidine (Bach et. al. JACS. 2012, 134, 14563)

PdCl,(MeCN), jBr
Et no:(bgrcr;ene Et /\»
2C0;
Q_\B Br~"CO,Et - WCOZEt =
N 65 °C N
H H
1. NaBH, N
HO/\/NHZ e Et
- —_
2. DIBAL N
% H
H Et (x)-Aspidospermidine
N
S~
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3) C(sp?)-H Activation
(C-C Bond Formation)

~\

P
H Z
H > Y.
H X
~DG DG
. related example
L t-Bu group quarternary center) Angew. chem. Int. Ed.2014, 53, 3115
Me, Me Pd(OAC), (10 mol%)  M& o MeO,C
ME)QI L15 (20 mol%) Me -BuOK S{;ﬂe
e NPJF —
1a CONHAr: AgOAc (2 equiv) MeOH, rt Me
+ KHsPO, (2 equiv) o] CONHArE
CO(1atm) Butyl peroxide (2 equiv) 4a, 61% 5a, 91% hMe
hexanes, 150 °C, 20 h ‘Bu X
P
COEt MeO,C N o Me
PA(OAC)/IL15 LHMDS #//~CO,Et L15
1,_.1“\.., - MEDEC NAFF THE Me
Z COEL 0 CONHArg
Me
2h. BRY%: ba. 03%

Jin et. al. J. Am. Chem. Soc. 2014, 136, 5267
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3) C(sp?)-H Activation
(C-C Bond Formation)

Teleocidin B, core (Sames JACS. 2002, 124, 11856)

Me NaOAc ( )2
/\/© AcOH, 75% j@ Ag,0, DMF
MeO 86%

tBu group
OMe 1. Pd(OAc), OMe OMe

OMe

NaOAc
Me;SO;H OMe 2. CO, MeOH __/
el = .
N 3. Si0,, CHCI; NH
MeO (@)
quarternary 1 - 2
center

65% diastereomixture



3) C(sp?)-H Activation
(C-C Bond Formation)

Total synthesis of Molphine (Taber et. al. JACS. 2002, 124, 12416)

How to constract this
quarternary carbon center?

Uty NPG
.
x”% H 15 MeO
B ﬁ, I 1314 3:} OMe OMe
|

= C-H insertion of alkylidene carbene

~N

r

Preparation of alkylidene carbene

H :
'S @
R —» R ;
no metal

Isonitrin B (JACS. 1998, 120, 13285)
 veens many examples

X__H (ﬁ Sn
| 2
examples RIR' o GI\SiR 7
Agelastatin A (JOC. 2002, 67, 7096) + base JL 3 R
Fumagillin (JACS. 1999, 121, 5589) : | x= hajogen R™ R EQ'S(EN)OTf

Angew. Chem. Int. Ed. 2012, 51, 8960 )
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3) C(sp?)-H Activation
(C-C Bond Formation)
Total synthesis of Molphine (Taber et. al. JACS. 2002, 124, 12416)
Br i
); reduction;
Ph introduction of N pp
B (@)
Br\ : }Ph KHMDS
HO OO MeO MeO
Br OMeH )\/Br OMe ‘/=<

alkylidene carbene
C-H insertion ozonolysis

2 03,

NSOZPh TBAB aIdoI NSO,Ph
_’ — =
MeO _\l
o

MeO OMe
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4) C(sp?)-H Activation

(C-Hetero Bond Formation)
Total Synthesis of Paeoniflorin (Hatakeyama et. al. JACS. 1994, 116, 4081)

How to constract this 4-membered ring?

(C-Hetero Bond Formation

1. C-H amination of Nitrene or Nitrenoid

2. HLF and Suarez type reaction

3. metal catalyzed C-H amination, oxidation

4. C-H oxidation on a carbon atom bearing
a nitrogen atom

\. J

) Oxidative state must be elavated. — Suarez reaction
/ _EWG
7T

(0

(0)
MeO,C j Me%% _ }@Cone
\HY 5

EDG
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4) C(sp?)-H Activation
(C-Hetero Bond Formation)

Total Synthesis of Paeoniflorin (Hatakeyama et. al. JACS. 1994, 116, 4081)

TBSO— LiTMS
TBSO
MeO C MeO C
—\ \_ \ 2 2 _»BzO 00
o_0 — —
KCHO
NC

Phl(OAc),

I,, hv  [BzO 7( Bz 30 BzO B20 o
— —> — oL >
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4) C(sp?)-H Activation
(C-Hetero Bond Formation)

cf) Total Synthesis of Paeoniflorin (Corey et. al. JACS. 1993, 115, 8871)

Me H O Me H. OHMe 1. PCC
= — TMSOTf — 2. Sml,
OTIPS
NC 0 Method for 4-membered ring
HO\OL ——, Reaction non productive/ total
Hatakeyama| [2+ 2] 17/ 24 steps
TIPSO Corey Pinacol 9/ 15 steps

Forming carbon scafold with less steps of functionalization is most important.
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4) C(sp?)-H Activation

(C-Hetero Bond Formation)
Total Synthesis of 6-deoxyerythronolide (White et. al. Nat. Chem. 2009, 1, 157)

Reaction Mechanism

{zypu OAc), 2 _ F':;I{'DA{:};

Fd”{au}

Me: Pd[mc}
Me e,
N ? 'y
75 M F\ /l
/ QAc
Allylic (BQ) F'd{GAc]l
- i i 1] ll
C-H Oxidation @ Me oS
w aldol or alkylation of enolate 2

JACS. 2005, 127, 6970
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4) C(sp?)-H Activation

(C-Hetero Bond Formation)
Total Synthesis of 6-deoxyerythronolide (White et. al. Nat. Chem. 2009, 1, 157)

O, /—\.0
Ph-S S=Ph

.« Pd(OAc); (0.3 eq)
BQ (2 eq)

y

| — more stable 56%
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4) C(sp?)-H Activation
(C-Hetero Bond Formation)
Total Synthesis of 6-deoxyerythronolide (White et. al. Nat. Chem. 2009, 1, 157)

electronphile required steps advantages

less -[O] group
= J|less side reaction

13 : iy
| reduction of &2~ 2 steps (high yield in total)
(atom economical)

H (0] -
I +/ - PG _ (more promising)
macrolactonizaton 3 steps

| oxidative macrolactonizaton

Only a limited advantages
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4) C(sp?)-H Activation
(C-Hetero Bond Formation)

Total Synthesis of (+) - 11,11'-Dideoxyverticillin A
(Movassaghi et. al. Science 2009, 324, 238)

4 N
Proposed Reaction Mechanism for

C-H Oxidaton by Permangante

[R]-dimerization

y H.D—Mnﬂj'_i
P o, — "¢ -
Fh - Ph |
BDE value is important
H,Cs ~ rebound OH
lgh + HOMnO, 5 (I:HéoMln—OH

Ph O ?

oxidation| /—=3» PhCH,0OH  mayer et. al. Science 1995, 269,
S Houk et. al. JACS. 2000, 122, 7821)




4) C(sp?)-H Activation
(C-Hetero Bond Formation)

Total Synthesis of (+) - 11,11'-Dideoxyverticillin A
(Movassaghi et. al. Science 2009, 324, 238)

Me (0]
>—< H
N—-NSO,Ph

C02Me
\ NHBoc PhSO,N" %o
50,Ph Me ~N  NMe

amide H H
formation (0] Me
PyzAgMn04QW TBSCI % KeCSs
>
63% PhSOZN NMe 55%  PhSO,N ) Me TFA
0 Me o MOTBS
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5) Summary

( )

C-H Activaton applied to Total Synthesis

1. Low [O]-state
2. C(sp?) rich
3. C-C Bond or Intramolecular C-X

. J
1"
HN=2
@ NH
I NH
N\ 0
Br
H (0)
Dragmadine D (+)-Epoxydictymene (-)-TTX without

guanidine, orthoester
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5) Summary

Ideal
but...

H Several No Report

Examples OH OH
OPG opg Radical OPG
> N\¢ N ceeeeeeeee- >
GPN GPN GPN
H H | OH

Current

Limitation C-H Oxidaton
OPG PG

L OPG
GPN

H

+PG

Protecting free C-H oxidation is required.




5) Summary

1. CuBr, (25 mol%)
H Zn(OTf), (50 mol%) OH

¢~ Me Selectfluor, CH;CN NHAc
Me nH > Me «né-Me
Me

2. NaOH (1 eq)

CH5;CN/H,0 /7
< < ------<@

F Cu(IH)
cl ® C-H activation in the presence of free -OH.
“~N_/N-F CuB
@ \—/ @ upbrs
BF, BF,

Baran et. al. JACS. 2012, 134, 2547
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» two-phase-like-synthesisi3 H 2k Z Bl L 7z & 7223,
)\Fﬁ'ﬂ&i%h%iﬁz Bh% EBELIOPL?FEDREDITIZ
E TR B A B D
Q%ﬁ@4yfv/®;9ﬁarnﬁ%#&m%@
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BOMDBMNIETEFRET SLEPH) T

P
f%%like@ﬂ/\%@ﬁﬁi?ﬁmﬂ)seed& 73:5
HeRDBAREIZEWE WS 3L (J. Nat. Prod.

2012, 75, 311 -335) BHH>T. ZNTHNEL

large—scale‘f/\b*jf X 57:7{%5%75)7 LT
506, WEFEHEMOBIHBEHEL <R>oTWND
LX< WVHNTNET,
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Baran0)1ngen010)/\)ﬂZTtotal step 232D
L TV S RDOZERZIATH 2

Tﬁ'ﬂﬁﬂf E72 0 F Ko THYIRMIEITIERE
»75:3‘#’)7‘7 T AV FeDIF T, BEL 7%
h‘hk}:b\h‘iﬁb\j 57 7 W )i © L 7=two-phase-
like-synthesisiZZ2 > TW5H, Wood(J. Am.
Chem. Soc. 2004, 126, 16300-16301) DS
3} two-phase-like-synthesis &\ 2. 5 & 1318 9 25,
HE N ITHBALEDIKNSMZ i > TNWBHD T,
KT BB D3step LD 2\,
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