= NN

Universitit [———F—1=
Konstanz

l

Directed C-H Activation of Alkanes

Work Group of Prof. Tanja Gaich
Konstantin Samarin
22.06.2016



60

50

40

30

20

10

Reviews about C-H activation

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016



Short historical perspective
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Shilov process:

CH,+ PtClg + H,O —3» MeOH + 2H@+ PtCl, + 4C|@

Proposed mechanism:

HCI + CH,OH “ppet Alexander E. Shilov
S
1
H,0
2" N ch, HCI
cu,,/,(it QOHZ
H,0 (l;) cl Cly,,  WOH;
| ‘Pt
3 H20/ \CH3
2
- 2-
Ptcl PtCl,

Shilov A.E., et al. Zhurnal Fizicheskoi Khimii 1972, 46, 1353;
Labinger J. A., Bercaw J. E. Nature 2002, 477, 507. 3
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1,3-Oxime directed

Cl
HO.
HOsy 1 DNapdc, HO‘N—Pld7/ Pyridine; "N OAc

I ﬂ» I 2 _ l
then Pb(OAc),, AcOH;
4 5 then NaBH, 6

Jack Baldwin

1,4-Carboxylic acid directed

o)
o
K,PtCl,, K,PtClg CO,H
COH — = 5 (\f do + (\/ + o)
(\/ or o0
1l 8 9

D,0, O,, 90 °C
H 7 10 traces
1

Ayusman Sen

Shaw B.L., et al. J. Chem. Soc., Chem. Commun. 1978, 1061;
Baldwin J.E., et al. Tetrahedron 1985, 47, 699;
Kao L.C. Sen A. J. Chem. Soc., Chem. Comm. 1991, 1242. 4



Modern Pd-catalyzed C-H Activation
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Modern Pd-catalyzed C-H Activation

Principal scheme:

DG DG DG
/ 10 mol% Pd(OAc), PC o 10 mol% Pd(OAc), o~
1.3 equiv. PIDA 0 OAc H 1.3 equiv. PIDA
—_— -
AcOH/Ac,0, 100 °C R R. R R4 AcOH, 100 °C
2 78 43 OH 14 0 15
Scope:
( )
~\ DG
( o-2¢ e o
0-DG o":’G 0—-DG 0-DG o~
m ® M\/OAC Ijg 4
OAc OAc
86% 16 68 17 44%, 79% brsm © 3 " /7~0 02 2
18 58% 83% N
00 EtO,C 9%
° _DG
IE DG ,DG o~ iPr
ES 110Ac + "MOAC coi | o o <
O~ o -~ 0
DG 75% 28 29 g% 30
19 62%, 2.1:1 78% 21 22 27 Ph
- o 21% 529% Ph  84% DG 35%
\ J/
6

Dong G, etal. J. Am. Chem. Soc. 2012, 134, 16991; Dong G., et al. J. Am. Chem. Soc. 2015, 737, 11586;
See also Dong G., et al. Nature Chemistry 2015, 7, 829; Gaunt M.J., et al. Nafure Chemistry 2015, 7, 1009.



Modern Pd-catalyzed C-H Activation
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p
R3 Rz R3 R2 R3 RZ
PI'I NcCl Qal NH 5 mol% Pd(OAc), N Aziridine ring opening - |)<NH
. >
scheme: O\H/‘TCHa PHI(OAG),, AC,0 o ’aR Nu-H o "/R Nu
Ry toluene, 70-80 °C o 1 o 1
31 9 32 33
\_
e ~
R;. R, R;. R, R;. R, R;. R, Rs Rz
N N |)<N R<NH % NH
Scope: R< %
o ", o P o 2 o 2 N o 2 Cl
7 “—OTIPS “—F R, @ IR
o <34 o 35 O 36 o 37 38
80% 73% 56% 73% 84%
_ y
s N
H 10 mol% Pd(OAC),, o
N~ CO/air (1 atm) N
. 10 mol% Cu(OAc),
Carbonylation - toluene, 120 °C, 24h -
Modification:
o ° 0 o
N N N
N o
Q/ (o) TsN
“ o 42 43 44
87% 84% 55% 62%
\ y
Gaunt M.J., et al. Nature 2014, 570, 129.

See also He C., Gaunt M.J. Angew.Chem. Int. Ed. 2015, 54, 15840. (the same methodologyyfor C-H arylation)




Modern Pd-catalyzed C-H Activation

-
. . O
Prlncugal 0 R 10mol % Pd(OAc), Rs .
. R 50 mol % glycine R, 2
scheme: ? Rs 4 /@ — \',“/\FO N
1.5 equiv. AgTFA Pd-0O
| R
R H 45 46 HFIP:ACOH (3:1)  |Ri™ "H L' !
1 equiv. 2 equiv. 110 C°, 36h 47 48
- ( \
Scope: 0 o) Q
NO, Me i I
65% 49 60% 50 539% 91
o) Io (I)
\
Ph ‘\\\J\ D\‘\ J\
q,,’/©\ ll//©\
CO,Me CO,Me CO,Me
55% 52 39%,20:1dr 53 52%, 20:1 dr 54
(o]
IJ\ o
\‘\\
O'/,/
55 CO,Me 57
CO,Me c0% 56 CO,Me
\ 49% mono
L 54%, 20:1 dr 12% di J

Yu J.-Q., et al. Science 2016, 357, 252.
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Modern Pd-catalyzed C-H Activation

Coupling with alkyl iodides
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- N\ (o H
MICA
5 mol% Pd(OAc), (o)
100-110 °C \
NH - NH o> H
_N )\/\ Alk-l, K,CO, _N )\/\
o H 20 mol% PivOH, #-Amyl-OH o Alk = o
58 59 62
EtO,C
NH NH
N
= OM | _N O)\/\I) MICA\N
60 58% 61 479% H
\ J L 87%

10 mol% Pd(OAc),,
AgOAc (2 equiv)

OMe
> MICA _
R-I, toluene, air H
80 °C, 24h fo)
63
EtO,C
" OBu
OMe MICS\N OMe
H
O 64 O 65

91%

OMe

Shabashov D., Daugulis O. J. Am. Chem. Soc. 2010, 732, 3965;

Liu C.-F., et al. Org. Lett. 2015, 77, 6094.
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Coupling with alkyl iodides

e N
Pd(OAc),, (15 mol %)
SN H Ag,CO; (1.1 equiv) NN R
N oTBDPs  (BnO)}P(O)OH (1.3 equiv) | N OTBDPS
e
R-l, BUOH, 50 °C, 12h
O , /BUOH, 50 °C, o
\ Y,
e N
90% 68 93% 69 70
82%
|
)\I HO/\/\I CI/\/\/\/
71 72 73
no reaction 51% 79%
s TIPS I
@A N \—)
| 76
78% 74 o 7 73%
L 31% y

Hoshiya H., et al. Org. Lett. 2016, 78, 48. 10



Ir-catalyzed C-H Activation
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Silicon-Directed Iridium C-H Activation

C-H activation at CHs:
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C-H activation at CH2:

-
OH H
gtz {r(codOMe] Et, 2) KHOOg, Hy0 1) [Ir], Et,SiH,, rt then
1) Et,SiH,, ~Si- r(co elo, ~Si 3, M202, H OH [Ir/Me4Phen,
517 R, [Ir(cod)OMe],, e H Meyphen,nbe, :))\) THF/MeOH, 50 °C o OH nbe, Tf—|F, 120 °C OH OH
(o] H THF, RT; Ry R H THF 100-120 °C R 3) Ac,0O R4 R, R R 2) TBHP, CsOH-*H,0, R R
79 2 90 TBAF, DMF, 80 °C 91
R, 78 80 81
_
Scope:
( )
s \
)\/\><t/\ ?bz OAc OH OH OH OH
N\/\)\/\
S OAc - OAc *
o 70%
60% 82 ° 83 92 46% 03 29%
OAc OAc
o OH OH OH OH
OAc OAc
< 85 Ph
Et,NOC 84 o 62%
529 76% 95 68%
94
OH OH OH OH O’>
> (o]
OAc OAc Ph
OH OAc Do) 64% 96 62% 97
o, ) \_
86 66% o 88 89 OAc 57% J
\_ J
Simmons E.M., Hartwig J.F. Nature 2012, 483, 70; 12

Hartwig J.F., etal. J. Am. Chem. Soc. 2014, 136, 6586.
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Borylation scheme:

R4 R4 SiE | Boron R, ]
f I\l!" t; [f] I\SIEt source I\SlHEtz
Ry H R; H

98 99

Ir\
H R BR
2 2 101

Scope:
(" ™
SiHEt
SiHEt, Complex Ir 2 mol% L
Et3SiBpin 1.3 equiv
» Bpin
isooctane, 80 °C
1on ( Complex Ir )
. R .
Bpin —SiHEt, Bpin 5 —SiHEt, Bpin —S|HEt < TlEta
NI ! /N”“"Ir“‘\H
105 106 =~ c
0 ~
80% o 49% 60% R
L R = mesityl )
Bpin <—SiHEt, Bpin ~—SiHEt,  Bpin ~s—SiHEt,
2 > 108 2 > 109
PivN
66% 45% 40%
\. J

Hartwig J.F., et al. J. Am. Chem. Soc. 2016, 738, 762. 13
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1 1 . ( )
Principal scheme: OO (51mo1 %
rCp*Cl,], (56 mol % MeO
MeOLy W AGNTS, (20 mol %) ®USN NHTs
N AgOAc (10 mol %) |
- -
TsN,, 1,2-DCE
Ri Ra 60 °C, 24h Ri Rz 4
\_ /
,
NHTs NHTs NHTs NHTS
Scope:
COzEt
115
87% 62% 61% 60%
MeO_ MeO MeO(
N NHTs SN NHTs oo
73% 116 57% M7 1% 118
\-OMe
NHTs MeO~ )\ 120
119 45% 2
70%, 03s from lanosterol
/
L TsHN )

Chang S., et al. J. Am. Chem. Soc. 2014, 136, 4141. 14



Cu-catalyzed C-H Activation
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o]
N 2) Cu(OTf),, DCM, 3h;

R :Z'ffuine’ p-TsOH, I N th:n bersoin, EtsN, 20h;

AN then O, atmosphere, 3d,
| then NHz(aq)
N/ 122 (40%)
121
NH,
Application in total synthesis of Cyclopamine: N
!
N

O OH

(o]
1) Dudley reagent, N
Mg, PhCFs, 85 °C /' 3)[Cu(MeCN),IPFs, 0’
_— »
@ 2) picolamine, p-TsOH, 0’ O,, NH4OH, HOAc
toluene (90%, o02s) (48%)
HO
125 BnO

124

BnO

4) Tf,0, Py
-~
(94%)
BnO
Cyclopamine
Schoénecker B., et al. Angew. Chem., Int. Ed. 2003, 42, 3240; 16

Giannis A., et al. Angew. Chem. Int. Ed. 2009, 48, 7911.
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Baran optimized protocol and proposed mechanism:

N OH N
1) Cu(MeCN)4PFg,
/ N/ \ acetone/MeOH, O,, / N/ \
— > H,, —

sodium ascorbate,
50 °C, 1.5h

. dehydro-ascorbate sodium ascrobate
0o T N Y

~. _“

135

Baran P.S., etal. J Am. Chem. Soc. 2015, 137, 13776. 17
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Application in total synthesis:

2) 4-methyl-picolamine,
1) Tf,0, collidine PTSA, toluene
_—

(35%)

3) [Cu(MeCN)4]PFg
sodium ascorbate
O,, acetone/MeOH

(40%)

5) Pd/C, H, ’ 4) NaBH,

- B S——

80% 75%

e R
HO

H tometogenin utendin pergularin

Baran P.S., etal. J Am. Chem. Soc. 2015, 137, 13776. 18



Remarkable Applications in Total Synthesis
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Total Synthesis of the Rhazinilam Urbversitat  CTECA T

Bre
3 10 TN D Reseeon
NI 1) DMF, 100 °C | | 2) Qﬁﬁg?feﬂux N 5) H, (1 atm.), Pd/C NHy = N
W W (88%, 03s) S
Me Me NO; Me Me Me  Nie

A Me
145 M
143 Br 146 6) 2-benzolypyridine, 147 ©
NG " PhMe, reflux (83%)

7) [PtMe(u-SMey)],
PhMe (88 %)

MeO,C Me | | N
- N
/) el coMe
8) TfOH, CH,Cl, -40°C; « Pt fO:
@P’t( y then TFE, 70°C, 720 pp” N7 —
N—Pt-Melje | N
- o X
| oTf
=
M
L _ 148 " Me
149

9) KCN, CH,CI, H,0,
then NH,OH, MeOH

(60%, o4s)

steps

151

Rhazinilam

Johnson J.A., Sames D. J. Am. Chem. Soc. 2000, 722, 6321. 20



Synthesis of teleodicin B-4 core

Universitat
Konstanz

OMe OMe
OMe om OMe
_ 1) PdCl,, NaOAc, € 2 Ag O, DMF _
0,
N/D ACOH (75%) 415 %) N
MeO Po'\o )Y”B(OH)Z z MeO
152 154
153 ) MsOH, | ;g0
DCM l(s‘?'/")
OMe OMe
OMe
-/ 4) PdCl,, NaOAc \/
5) CO (40 atm), MeOH = N/
NH -
6) SiO,, CHCl3
B (o) (65%, 03s) MeO
o157 156 155
7) tBUOK, THF (71%)
8) BBr3, DCM (96%)
OH
9) Pd(OAc),, P(Bu);, —_/
CSch& DMA -
(57%)

Sames D., etal. J. Am. Chem. Soc. 2002, 724, 11856.

Teleodicin B-4 core

159

21
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CO-H CO,tBu CO,tBu
BocHN— BocHN— BocHN— o
1) tBuBr, TEBAC, o)
DMA, 55 °C (89%) 3) Hy, Pd/C (78%) N
\ ' o \ —_— \ + /, N
2) HNO3, HOAc, DCM; 4) NOBF,, KI, I, o H
N NaH, TsCI, DMF O,N N MeCN, -40 °C N N
(24%, 02s) Ts (62%) Ts 163
160 161 162

5) Pd(OAc),, AgOAC,

HZNYNH S5 {BUOH, 110 °C (85%)
(o) o
n N NH _
NH .\\\l\\ NH
o
steps

o
o (o}
. 07 °NH R — N Sy |
o
H HN . |
o= _N [\ v ""CO,H P.?/N\
we
m IS Ts  \=y _ i OAc il
Celogentin 165
165 164

Feng Y., Chen G. Angew. Chem., Int. Ed. 2010, 49, 958. 29
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(o] (o] o]
(0] H, 2-aminothio- o
o 1) hv PUC HO anisole, H
-
= SMe
ome | EDC (61%)
OMe - OMe
0% Nome i o i ] o i Y/
166 166 167 2) 170, Pd(OAc),, Ag,Ch,
PivOH, HFIP, 90 °C
MeO (52%)
OMe MeO
o) 4) 172, Pd(OAC),, OMe OMe
NJI’ one e 3)LioB 7
i IBuOH 75 °C i u OMe
SMe H OMe - H
S OMe (46% (79%) SMe
o OMe OMe
MeO 173 | 5 Boc,0, DMAP, MeCN (90%) o 171 169 O
OMe 6) LiOH, H,0,, THF/H,0 50 °C (83%)
7) (COCl),, DMF, THF, Q, PhMe, 80 °C (77%)
s N
o OMe ' (1 ([ o )
(o) OMe
</ ?N_{/ NH
i MeO OMe OMe

OMe
oW OMe OMe 174
N p \ 170 J 172 ) J
eO (o)
OMe (o) 175

piperarborenine B

Gutekunst W.R., Baran P.S. J. Am. Chem. Soc. 2011, 133, 19076. 23
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Li A., et al. Nature communications 2015, 6, 6096. Sharpe R.J., Johnson J.S. J. Am. Chem. Soc. 2015, 137, 4968.
Trotta A.H. Org. Lett. 2015, 77, 3358. Sharpe R.J., Johnson J.S. J. Org. Chem. 2015, 80, 9470.

(J
Pe \

I CO,H

-

Oridamycin B 176 178

Paspaline

Sorenson E.J., et al. Angew. Chem., Int. Ed. 2014, 53, 5332.

Sun H.-D., et al. Org. Lett. 2015, 17, 6062.

Baran P.S. et al. Angew. Chem. 2014, 126, 12287

v/

Z
i
"

--u@—OMe Jiadifenolide

HO s 181
180 \
OH C23-hydroxybetulinic acid

Scopariusicide A

24
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