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C-H activation : Definition and History
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C-H functionalization

C-H activation functionalization
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Pioneering studies on stoichiometric C-H activation:
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J. Chatt, J. M. Davidson J. Am. Chem. Soc. 1965, 843-855.



C-H activation: History

First catalytic C-H activation:

PtCl,2- (12mol%)
H-CH, + H,O (CI") P> CH30H (CH;Cl) + PtCl, 2" + 2HCI
H,O0
120 °C

N. F. Gol'dshleger, V. V. Es’kova, A. E. Shilov, A. A. Shteinman Zh. Fiz. Khim. 1972, 46, 1353.

\ \H H hv \ \H
IO > Ir +  H,
/

A. H. Janowicz, R. G. Bergman J. Am. Chem. Soc. 1982, 104, 352.

D. Taylor, R. Jordan J. Am. Chem. Soc. 1989, 111, 778-779.



C-H activation mechanism

Five distinct mechanism for C-H activation:

Oxidative addition

Sigma-Bond metathesis

Electrophilic activation

Metalloradical activation

1,2-addition

J. A. Labinger, J. E. Bercaw Nature, 2002, 417, 507-514.



C-H activation mechanism

1. Oxidative addition: Typical reactions for electron-rich, low-
valent complexes of the late transition metals (Re, Fe, Ru,
Os, Rh, Ir, Pt, Pd).
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M. A. Bennet, D. L. Miller J. Chem. Soc. Chem. Commun. 1967, 581-582.



C-H activation mechanism

2. Sigma-bond methatesis: Transition metal complexes with d°
configuration (ex: Cp,ZrRCI, WMeg) undergo a concerted
process as oxidative addition is forbidden.
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M. E. Thompson, S. M. Baxter, A. R. Bulls, B. J. Burger, J. E. Bercaw J. Am. Chem. Soc. 1987, 109, 203-206.



C-H activation mechanism

3. Electrophilic activation:

RH R H*
ML, ——— L,M —>» L ,M—R
H
Example:
MeO P'Bu . MeO P'Bu
[Rh(C,H,4)(CO)(solv),]*OTF
MeO H P MeO Rh-CO
THF
MeO P'Bu r.t. MeO P'Bu

A. Vigolok, O. Uzan, L. J. W. Shimon, Y. Ben-David, J. M. L. Martin, D. Milstein J. Am. Chem. Soc. 1998, 120, 12539-12544.



C-H activation mechanism

4. Metalloradical activation: Complexes existing in monomer-dimer equilibrium can
reversibly break alkane C-H bonds.

RH
L.M—ML —_— L.M—R + L,M——H
n n n n

Example: H—CH,

(por)Rh"-Rh(por) =<~—— 2(por)Rh! <—— (por)Rh'-CH; + (por)Rh"-H

por = Porphyrin

B. B. Wayland, S. Ba, A. E. Sherry J. Am. Chem. Soc. 1991, 113, 5305-5311.



C-H activation mechanism

5. 1,2-Addition: Addition of an alkane to a metal-non metal double bond.
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RTHN, A RTHN, H—CH, RTHN
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H. M. Hoyt, F. E. Michael, R. G. Bergman J. Am. Chem. Soc. 2004, 126, 1017-1019.



Proposed mechanism Pd(Il)/Pd(IV) pathway

R-H
R-R’ Pd'lL,
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activation
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kLo
oxidative .
addition R'-X

O. Daugulis, H. Q. Do, D. Shabashov Acc. Chem. Res. 2009, 42, 1074.

S-Y. Zhang, Q. Li, G. He, W. A. Nack, G. Chem J. Am. Chem. Soc. 2013, 135, 12135-12141.
M. Anand, R. B. Sunoj, H. F. Schaefer J. Am. Chem. Soc. 2014, 136, 5535-5538.

G. He, G. Chen Angew. Chem. 2011, 50, 5192-5196.

J. He, S. Li, Y. Deng, H. Fu, B. N. Laforteza, J. E. Spangler, A. Homs, J-Q. Yu Science 2014, 343, 1216-1220.



Directing groups for activation C(sp?)-H
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Role of directing groups:

» Direct the transition metal close to the C-H bond to activate
* Increased reactivity because of metal coordination ?

» Efficient control over the reactivity/selectivity

Limitations:
« Additional synthetic steps: install the DG and remove it




Adamantane based bioactive compounds

Cointaining aromatic ring in the structure:

Aminoadamantanes with Trypanocidal activity (African sleeping sickness).

OH
Sigma receptors (opioid receptors). :
. COOH
Ligands for estrogen receptors !g OO

(o)
Adamantane-substituted retinoids !e O eﬁ’

NH,

-
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L. Wanka, K. Igbal, P. R. Schreiner Chem. Rev. 2013, 133, 3516-3604.



Introduction of phenyl ring

Br Ph Ph
InClj, 1.Br,, 80°C 6 h
—_— y
benzene 2.H,NCHO 75°C 4 h NH,
8°C15h 50%
70%

P. Mosset, R. Grée Synlett 2013, 29, 1142-1146.
M. R. Gold, H. Koller, M. Pyerin PTC 2010015415.

o 1.NH; Ph
g — g © — g
3.CrO; 93%
HOSA: hydroxylamine-O-sulfonic acid

G. Wagner, W. Knoll, N. M. Bobek, L. Brecker, H. W. G. van Herwijnen, U. H. Brinker Org. Lett. 2010, 12, 332-335.
S.D. Isaev, G. G. Zhalnina, S. I. Lastovenko, A. G. Yurchenko Zh. Org. Khi. 1988, 24, 142-148.



Introduction of phenyl ring

N|C|2 Ph

g ©/S"C|3 ‘BuOK

'‘BuOH
60°C3h
74%

D. A. Powel, T. Maki, G. C. Fu J. Am. Chem. Soc. 2005, 127, 510-511.

' Pd(OAc),
Mg, ZnCl,, LiCl SPhos
Br > ZnCl * > Ph
THF THF
0°C25°C2h CO,Et 50 °C 2 h
85% 87%

C. Samann, V. Dhayalan, P. R. Schreiner, P. Knochel Org. Lett. 2014, 16, 2418-2421.



Introduction of phenyl ring

OH  1.Pb(OAc)y, I, 0 HO Ph Ph H Ph
b . (0] OH
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2. KOH, MeOH THF ref. 30 min. EtOH

ref. -78 °C ref.1h
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(2 steps)

Z. Majerski, Z. Hamersak Organic Synthesis 1979, 59, 147-151.
G. Zoidis, N. Kdocouris, J. M. Kelly, S. R. Prathalingam, L. Naesens, E. De Clercq Eur. J. Med. Chem. 2010, 45, 5022-5030.
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A. N. Abdel-Sayed, L. Bauer Tetrahedron 1988, 44, 1873-1882.



Results

Derivatives from adamantanemethylamine:
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Results
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Derivatives from 2-adamantanemethylamine:
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Results

Derivatives from 1-adamantanecarboxylic acid:
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Co,H EDCI, HOBt °NNpa
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CH,CI,
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Results
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Results

OMe
DG ' Pd(OAc), (10 mol%) DG
AgOAc (1.3 equiv.)
+
toluene
OMe 110 °C 18h
A B c
(4.0 equiv.)

N N o) N X
N N
1 2

(30%) (41%)



Results

<
H 7 | air \N
O N A | Pd(OAc), OxNH OMe
N base
-
+
toluene
110 °C 18h
OMe

A (2 eq) B (1eq) C

Base screening:

BASE (2 eq) | YIELD?
AgOAc 11%
AgOAc 9%P°
NaOAc -
KOAc -
Cs2C0s3 10%
K2COs3 14%

= NMR yield

b Pd(OAc)2 5%



Results

Z air
oo N Pd(OAc), o
N AgOAc
+ '
solvent
110 °C 18h
OMe
A (2 eq) B (1eq)
Solvent screening:
SOLVENT YIELD?
‘BuOH 20%
AmOH 11%
PrOH traces of C
chlorobenzene 9%

TFE 66%
HFIP 90%"
DMA No reaction
DCE traces of C

dioxane No reaction

CH3CN No reaction

a NMR vyield

b |solated yield

OMe

Hexafluoroisopropanol
(HFIP):
OH

A

F;C~ "CF;3



Results

Optimized conditions:

air
Pd(OAc), (5%mol) (o) NH
AgOAc (1.3 eq)

+
HFIP
OMe 110 °C 18h
B C
(1.5 eq) (87%)

OMe

MeO



Results

Screening of iodides:

\/@
0 N N
N

air
R-1 (1.5 eq)

Pd(OAc), (5%mol)
AgOAc (1.3 eq)

N
(0] NH
- | Ar + Ar
B

N
N
(0] NH
: | Ar

K@

HFIP
110 °C 18h
A C
R-l I I I I I N
~N
l =
F Br NH2
Yield | 62% (B) | 48% (B) | 62% (B) | SM SM | SM
10% (C) 5% (C)




Results

Use of a longer chain:

air
OMe
H Pd(OAc), (10%mol) (o) NH

0N |
\/@ AgOAc (1.3 eq)
N~ s+ >

toluene
OMe 110 °C 18h
50%
A B C
(4.0 eq)

The reaction with HFIP as a solvent only afforded traces of C.



Results

Using as directing group 2-(pyridine-2-yl)isopropyl (PIP):

Z air
I Pd(OAc),

S (0] NH OMe
N AgOAc O
-
+
HFIP !g
110°C 18h

20%




Results

Hﬂ
(0] N S X (0] NH
N AgOAc OMe
+ 7+ >
‘BuOH
OMe 110°C 18h

A

Changing the halide substrate:

air N
Pd(OAc),

X =ClI, Br B



Proposed mechanism

AgOAc

l Ag* salt formation
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Proposed mechanism

Transition state of C-H activation step:
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R. Giri, Y. Lan, P. Liu, K. N. Houk, J-Q. Yu J. Am. Chem. Soc. 2012, 134, 14118-14126.



Attempt to for palladacycle

z

NS
I \ N~

H
o) N S
N Pd(OAc), /Pd\
v N
N N
—_
(o)

A

CONDITIONS

Pd(OAc)2 (1 eq), CH3CN 60 °C 3h

Pd(OAc)2 (1 eq), CH2Cl2 r.t. 2d

Pd(OAc)2 (1 eq), BUOH r.t. 2d

e | | [P

Pd(OAc)2, AgOAc (1.5 eq), toluene 60 °C 18h




Palladacycle synthesis

(o)
' N | N
| N
Pd

A B

CONDITIONS YIELD

CD3CO2D (1 eq), Pd(OAc)2 (0.1 eq), AgOAc (1.5 eq), toluene 110 °C 18 h

CD3CO:2D (1 eq), Pd(OAc)z (1.0 eq), AgOAcC (1.5 eq), toluene 110 °C 18 h | 14%

SOXHLET: Pd(OAc)2 (1.0 eq), chlorobenzene ref. 16 h

SOXHLET: Pd(OAc)z2 (1.0 eq), benzonitrile, toluene ref. 16 h 8%




Palladacycle NMR spectra

£ qtoo g F
o _1.09_]: =
N 108
R SRS | ?

I\
N

0
N
P ld
y

o)

| |
/S\ /S\

J
T

T T T T
7.0 6.5 6.0

& 10.99 -1 F

s -

T T T
5.5 5.0

T T T T
4.5 4.0 3.5
f1 (ppm)

1.5

1.0



DESI spectra

Relative Abundance
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DESI spectra

Relative Abundance
o
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H-NT N
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375.06814 ’;‘
_ 377.06871 Pd
Experiment 374 06974
375.068 u
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| 376.08672 | 7807209 380.07361554 57306
| { |
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DESI future work

(o) (o) (o)
N A slow N A fast N B
| ] —— | — |
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The OA step is usually found to have the overall highest energy transition state.

D. Lapointe, K. Fagnou Chem. Lett. 2010, 39, 1118-1126.
D. Balcells, E. Clot, O. Eisenstein Chem. Rev. 2010, 110, 749-823.
T. M. Figg, M. Wasa, J-Q. Yu, D. G. Musaev J. Am. Chem. Soc. 2013, 135, 14206-142014.



Results

Intramolecular C-H activation:

CO,H

z z
Et;N SN SN Et;N
EDCI, HOBt TFA EDCI, HOBt
—_— B _—
NHBoc cH,CI, NHBoc CH,CI, NH, CH,CI,
rt.,20h ref., 3h rt.2d
89% 47% 95%
z z
(o) N Q Q N (o)
N Pd(OAc), N
o ' AgOAc
N
H conditions N~ O
CONDITIONS RESULTS

HFIP (0.03 M) 110 °C 18 h

Reaction completed, dirty reaction

HFIP (0.03 M) 60 °C 18 h

Only starting material

HFIP (0.03 M) 80 °C 3 h

Reaction completed, one major spot by TLC
analysis

toluene (0.03 M) 110°C 18 h

Only starting material




Outlook

« Screening of adamantane derivatives:

CO,H CO,H

« Screening of substrates: aryl, vinyl and alkyl iodides

2R



Outlook

Activation of B-position asisted with acetoxy group

CO,H CO,H
X
—>
—_—l
OH —_— OH

IR experiments
Continue with DESI experiments

Removal of directing group
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Electrophilic mechanism Zr




Shilov chemistry

Cla, WWOH
T + CHy
H,07 el >
2 - Hcl H0
CH3;0H + HCI
HQO\
CH»
C|f.-,(| Q‘OHQ Pt”Cl pu
4

zo(l\

Stoichiometric
loading of PtV
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TosMIc mechanism:
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