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Plan: Focus on the Transformation UPMC

1A BRI SORBONNE

o

omium | manganese iron cobalt nickel copper

24 25 26 27 28 29 31
Cr | Mn | Fe | Co | Ni | Cu | Z
9961 54.93805 55.845 58.9332 58.6934 63.546 65.¢
ybdenum | technetium | ruthenium rhodium palladium silver cadn
42 43 44 45 46 47 4
Vo | Tc | Ru | Rh | Pd | Ag | C
15.94 [98] 101.07 102.9055 106.42 107.8682 112.
1gsten rhenium osmium iridium platinum gold mert
74 75 76 77 78 79 8l
w Re Os Ir Pt Au H
83.84 186.207 190.23 192.217 195.078 196.96655 200
Jorgium bohrium hassium meitnerium | damstadtium | roentgenium | unun|
106 107 108 109 110 111 11
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The Holy Grail of Chemistry

1B BRI SORBONN

[ v S S

ACS Symposiun Series 885 dctivation and Functionalization of C-H Bonds, 2004, 1-43

Organometallic C-H Bond Activation:
An Introduction

Alan S. Goldman' and Karen I. Gul(lberg2

The carbon-hydrogen bond is the un-functional group. Its unique position in
organic chemistry is well illustrated by the standard representation of organic
molecules: the presence of C-H bonds is indicated simply by the absence of any
other bond. This “imvisibility” of C-H bonds reflects both their ubiquitous nature
and their lack of reactivity. With these characteristics in mind 1t 1s clear that if
the ability to selectively functionalize C-H bonds were well developed. it could
potentially constitute the most broadly applicable and powerful class of
transformations in organic synthesis. Realization of such potential could
revolutionize the synthesis of organic molecules ranging in complexity from
methanol to the most elaborate natural or unnatural products.
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Multi-step Syntheses and C-H Activation /Functionalization Ur|

“Liberating chemistry from the tyranny of functional groups’... Of course, reactive groups have to
be tolerated

i
b NHBoc
RHN /COQtBU
I D
N PhthN" Y% N
Ts

Pd(OACc), (20 mol%)
U AgOAc

celogentin C BuOH, 110°C, 85%
NHBoc
“'CO,Bu
Y
L N
g
N | N
i Ts

Feng, Y.; Chen, G. Angew. Chem., Int. Ed., 2010, 49, 958
Breslow, R.; Yang, J.; Yan, J. Tetrahedron 2002, 58, 653



Feedstock Use and C-H Activation /Functionalization UPMC

1B 81 SORBONNE

D e T e .
i Steam reforming * _ i
i . L CO + 3H, |AH°= +206kJmol! !
i fnges . L i

i 1
i o -
: 2H, + > CH3OH ! AHC = - 92 kd/mol :
i- syngas 50'100 bar L i i

... ... B B9B»B@B@@B@—_______________ _ " - O
a-olefins, ethanol, steam reforming * i
ethylene oxide, i

. i I
propylene oxide, L o | : | :
vinyl acetate...... | ‘ alkanes, diesel HHH i

BIX (benzene Aoluene, xylenes) b= b2 = = = o0 . 6 ol 2 G |
cumene, chlo-robenzene, | b i _ i

™ | nitrobenzene, cyclohexane, i Y Fischer-Tropsch :
terephthalic acid... § :

| i
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1

1

1

1

1

1

1

Biomass

Petroleum Natural gas

Earth crust

[ s S

Adapted from: Caballero, A.; Perez, P. ). Chem. Soc. Rev. 2013, 42, 8309



Plan: Historical Background UPMC

LA BRI S0RBUNNE

omium | manganese iron cobalt nickel copper zir
24 25 26 27 28 29 3
Cr Mn Fe Co Ni Cu Z
.9961 54.93805 55.845 58.9332 58.6934 63.546 65.4
/bdenum | technetium | ruthenium rhodium palladium silver cadm
42 43 44 45 46 47 4
Vo | Tc | Ru | Rh | Pd | Ag | C
15.94 [98] 101.07 102.9055 106.42 107.8682 112.
gsten rhenium osmium iridium platinum gold mers
74 75 76 77 78 79 8
w Re Os Ir Pt Au H
33.84 186.207 190.23 192.217 195.078 | 196.96655 2001
sorgium | bohrium | hassium | meitnerium | darmstadtium | roentgenium | ununl
106 107 108 109 110 111 11
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Hofmann-Léffler-Freytag (HLF) Reaction UPMC

IB BRI S0RBONNE

highly reactive intermediates...... and structural proximity

1. HySO4 / A
2. neutralization photochemical decomposition of
N N N-haloamines
Br
b d-coneceine
I\Ille
N.
Br 1.H,S0,/A (or hv)
- H 2. neutralization N

Hofmann, A. W. Ber. Dtsch. Chem. Ges. 1883, 16, 558; Hofmann, A. W. Ber. Dtsch. Chem. Ges. 1885, 18, 5.
Loffler, K.; Freytag, C. Ber. Dtsch. Chem. Ges. 1909, 42, 3427.

Corey, E. J.; Hertler, W. R. J. Am. Chem. Soc. 1958, 80, 2903.

Buchschacher, P.; Kalvoda, J.; Arigoni, D.; Jeger, O. J. Am. Chem. Soc. 1958, 80, 2905.

Corey, E. J.; Hertler, W. R. J. Am. Chem. Soc. 1959, 81, 5209.
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Pioneering Electrophilic C-H Metalations of Arenes UPMC

WA BRI SO0RBONNE

@‘H ., @\HQCI + ol

S
Volhard, J. Justus Liebigs Ann Chem . 1892, 267, 172. L
H Hg(OAc)

+ Hg(OAc), 4+ AcOH

Dimroth, O. Ber. Dtsch. Chem. Ges. 1898, 31, 2154; 1899, 32, 758; 1902, 35, 2032 and 2853.

AUC|2

- e, © + Hal

Kharasch M. S.: Isbell H. 5. | Am. Chem. Soc. 1931, 53, 3053,

Morris Kharasch

H K,PtCl, cat. OH Cl

vy + KoPtCls + Ho0 . & i iy + KoPtCly + HCI
H)\HH i 120 °C H)\HH H/kHH i

Goldshleger, N. F.; Eskova, V. V.; Shilov, A. E.; Shteinman, A. A. Russ. J. Phys. Chem. 1972, 46, 785.

Alexander Shilov
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Pioneering Nucleophilic Metalations of Arenes UPMmcC

Ia BRI S0RBUNNE

First C-H ortho-metalation @

H - "lll\
@[N//N\ i + CI\L __CpH . N//N\©

Kleiman, J. P.; Dubeck, M. J. Am. Chem. Soc. 1963, 85, 1544
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Green, M. L. H.; Knowles, P. J. J. Chem. Soc., Chem. Comm. 1970, 1677.
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Other Important Pioneering Steps Forward

Catalytic aromatic ortho C-H activation First catalytic C-H activation / functionalization

OH

6.5 bar (95 psi)

OH l
OH [Ru] cat, PhOK cat. :
H\©/H He @/\ E[Ru] . \
-+ » i b fry o
1 e
+ i o-p~ P(OPh);

13% 75%
Lewis, L. N.; Smith, J. F. J. Am. Chem. Soc. 1986, 108, 2728.

Borylation of Arenes
H

\Ir@B/O
. L% :
O/ _ 17mol% MesP e,
©/ i H_Bi L - - @ + H2
0 150°C, &d
solvent 1 equiv.
H-BPin

lverson, C. N.; Smith lll, M. R. J. Am. Chem. Soc. 1999, 121, 7696
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Plan: Overview of Mechanisms

UPMC

1R R S0RBUNNE
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Focus on the Transformation
Historical Background
Overview of Mechanisms

Selection of Specific Examples

omium | mang iron cobalt nickel copper zir
24 25 26 27 28 29 3
Cr Mn Fe Co Ni Cu Z
.9961 54.93805 55.845 58.9332 58.6934 63.546 65.4
/bdenum | technetium | ruthenium rhodium palladium silver cadm
42 43 44 45 46 47 4
Vo | Tc | Ru | Rh | Pd | Ag | C
15.94 [98] 101.07 102.9055 106.42 107.8682 112.
1gste rhenium smium iridium platinum gold mers
74 75 76 77 78 79 8
w Re Os Ir Pt Au H
33.84 186.207 190.23 192.217 195.078 | 196.96655 2001
sorgium | bohrium | hassium | meitnerium | dammstadtium | roentgenium | ununl
106 107 108 109 110 111 11
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Overview of Mechanisms UPMC

IR BRI S0RBUNNE

We can mechanistically classify the metal-catalyzed C-H activation / functionalization
processes into two main classes.

1. Insertion of a C-H bond into the ligand of a transition metal (TM) complex

X M=y outer sphere

2. Coordination of the C-H bond to a metal vacant site to create an organometallic
complex. The hydrocarbyl species stays in the inner-sphere during the C-H
cleavage event.

| 1%
C

7\

H“‘\[M]Xn inner sphere
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Inner Sphere: Nucleophilic vs Electrophilic Character

Reverse CT (Ect1)
M— CH

Forward CT (Ec12)
M= CH

Reverse CT (ECT1) Forward CT (ECTZ)
L Lo

UPMC

IB BRI S0RBUNNE

// \
\
=M,
n-back-bonding >> - c-donation >>
c-donation n-back-bonding
________________________________________________ : ...
1
Nucleophilic C-H activation 3 Electrophilic C-H activation
e
! i
1
,_ G*C—H i : P G*C'H
,' |
m \ /l : : /
do \/ oo /
\/ 1 1 !
! i - /
I ! 1 ]
- i i e
1 ] do
1 1\
drn ‘\‘ i i // \\
\ i : |; \\
\ 1 \
+ cC-H E i dr + cC-H
-
1 1
1 1
1 1
1 1
1 1
l 1
: i
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Oxidative Addition vs Sigma-bond Metathesis

7
C L
, o e OATS
(oo)n H one step [M] or [M]“““”: [M]n i .
M ey " N e c
z - M]----H
c-B MAG BI\/I L
o " OHM
S‘[‘e,o
S
n+2,o/'r
[|\/|]-0—0—H
Z H ||SI|| ||B|| ||C|| Z

c-Bond metathesis (0-BM )
Metal assisted o-bond metathesis (MAc-BM),
Oxidatively added transition state (OATS)

o0-Complex assisted metathesis (0-CAM),
Oxidative hydrogen migration (OHM)



The Isohypsic Electrophilic Mechanisms UPMC

WA BRI S0RBUNNE

External heterolytic cleavage L s
| i
| - |
i : X ;
o H/E B L i
N 1 1
e = Y [MX(y 2> G- MKt :
[MIX { P C ! ,
. \[M] H \[M] : c-donation >>
i . i n-back-bonding
1 1
Intramolecular concerted mechanisms (AMLA / CMD)
C '
H :’_C_::: - HX
il MXqqy —= | HO MK )
| AMLA (4) i ; l Al b
(IES) activation (AMLA)
/C Concerted metalation
H +[M]X /E B C i C—[MIX(n-1 deprotonation (CMD)
n H IMIX - Internal electrophilic
| (I (n-1) H--'-[M]X(n_1) - substitution (IES)
AMLA (6)/CMD l I - 0
R Lk _

(a) Fagnou, K. etal J. Am. Chem. Soc. 2008, 130, 10848; (b) J. Org. Chem. 2012, 77, 658; (c) Chem. Lett. 2010, 39, 1118.
(b) Davies, D. L.; Macgregor, S. et al. Dalton Trans. 2009, 5820.
(c) Oxgaard, J.; Goddard lll, W. A. Organometallics 2007, 26, 1565.
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Redox Concepts in C-H Cross Couplings UPMC

1A BRI 50RBUNNE

coupling type ' redox '~ reaction type, typical example
. | |
a) @'X i X@ o @@ . reductive | Ulmann type coupling
_MX 5 | | .
b) @M + x@ — @@ ; ' classical cross couplings
""""""""""""""" L aA
c) . e . eE® . Sonogashira, Mizoroki-Heck, Ohta
H, L | |
d) C-H + HHC —— C-C . oxidative ' cross dehydrogenative coupling (dual C-H)
""""""""""""""" e e e e e
e) CH + N-H ——> Nu=C ~ oxidative = C-H nucleofunctionalization
f) C=C-H + 2Nu-H ....Z.H.E,. Nu—C-C—Nu onidative E alkene 1,2-nucleofunctionalization
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Dehydrometalation / Hydrometalation UPMC

1A BRI 50RBONNE

Thorn, D. L. Hoffmann, R. J. Am. Chem. Soc. 1978, 100, 2079

Transition metal alkyl complexes bearing a B-H atom that can adopt syncoplanar position with
respect to the metal undergo easily B-hydride elimination (dehydrometalation).

The metal must have a vacant coordination site (empty orbital) that can interact with the H
atom of the alkyl ligand. So, a dehydrometalation step can be regarded as a special case of
inner-sphere intramolecular C-H activation.

d° metal complexes (i.e. Ag*, Hg ?*) lacking the possibility to participate in d-orbital bonding are
normally stable to B-hydride elimination:
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The Case of the PdX, Catalyzed allylation of a NuH UPMC

IR RIS0RBONNE

reductive elimination

_H2

e C-H + H-X ——= (C-X  C-H nucleofunctionalization

e e e s e e
| H[Pd]X :
1 1
{ [Pd]X | 1/\/ 0 |
i bl dehydropalladation decoordination i
1 1
: > HPdX
1 1
: nucleo- | NuH I
i palladation | - HX v J' HX i
I 1
1 1
1 il 1
| i (} + [PAO)] |
L coordination [Pd]X, i
: A -
i allylic H | _Hx :
| activation :
: NuH -
i - HX N i
i /T\ . {\/ Y :
1 5 i 1
i [Pd]x  NuH allylation with [Pd(0)] decoordination i
I i
1 1

Liron, F.; Oble, J.; Lorion, M. M.; Poli, G. Eur. J. Org. Chem. 2014, 5863 Microreview
Lorion, M. M.; Nahra, F; Ly, V.-L.; Mealli, C.; Messaoudi, A.; Liron, F. ; Oble, J.; Poli, G. Chem Today 2014, 32, 30
Lorion, M. M.; Oble, J.; Poli, G. Pure Appl. Chem. 2016, 88, 381.
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Plan: Selection of Specific Examples UPMC

IA BRI 50RBOUNNE

omium | manganese iron cobalt nickel copper zir

24 25 26 27 28 29 3
Cr Mn Fe Co Ni Cu Z
.9961 54.93805 55.845 58.9332 58.6934 63.546 65.4
/bdenum | technetium | ruthenium rhodium palladium silver cadm
42 43 44 45 46 47 4
Vo | Tc | Ru | Rh | Pd | Ag | C
15.94 [98] 101.07 102.9055 106.42 107.8682 112.
1gsten rhenium osmium iridium platinum gold mers
74 75 76 77 78 79 8
w Re Os Ir Pt Au H
33.84 186.207 190.23 192.217 195.078 196.96655 2000
sorgium | bohrium | hassium | meitnerium | darmstadtium | roentgenium | ununl
106 107 108 109 110 111 11
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. ’ F h ’

“ Overview of Mechanisms
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< Selection of Specific Examples
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Inner Sphere: C-H Functionalization (nucleophilic reactivity) UPMC

IR RISO0RBONNE

i 4 i
: R \ i
Cco DZC CD3 P >/_“\ / . /_‘\ i ;
; 18 VE Qe |
| i

hv flash, R[Kr] D3C CD;3 RHH/D
Kr (165 K -
16 VE Me3P >< Me3P DAC
@UEUL Lz 0. ch. 3 CD;
Rh_ 5
i
e3P
18 VE
< Low temperature IR flash kinetic spectroscopy (a) Janowicz, A. H.; Bergman, R. G. J. Am. Chem. Soc. 1982, 104, 352
% C-H selectivity: sp? > 1°sp® (Rh easier than Ir) (b) Hoyano, J. K.; Graham, W. A. G. J. Am. Chem. Soc. 1982, 104, 3723
% The hydrido(alkyl)metal complex is unproductive (c) Jones, W. D.; Feher, F. J. Organometallics 1983, 2, 562

X3

A

The oxidative addition is thermodynamically favored.
» Rh: thermodynamic control. Ir: kinetic control

DG
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Electrophilic Paths: The Pivotal Role of C-Pd-X UPMC

IB BRI S0RBONNE

Limniedenbiedeiedb e bbbl b b depbidenledbi bbb bbb b et bbbl b bttt bbb diedenbitbalbobie b ettt eniedenbitbalionbie b ettt eaiedenbibalion bbb denbitenlotba e enieden bbb bon i o 71
! 1
: - Pd(0) :
: oxidative additon c'—x T . . ;
1 2: 3
i . - e C/3 carbopalladation/ i
i PdX, I - Pd(0) / dehydropalladation i
. C
i transmetallaton  G1—Met M;( i
1 i
| Lohel cl—c? transmetallation i
: i I -Pd() :
1
i carbopalladaton  C'=C > c < i
1 (o] 1
i L I
i . e e . :
! -HX2 . i - Pd(0) C-H activation i
: C-H activation cl—y —— e :
i d vV i
; 1
1 LR
: PdX, 2 ... oxidative addition i
i IV -PdX [
i nucleopalladaton c'=c —-HX ! . > i
i o ? ;
1 CZ_H 1
i C'—Pd-X ¢ o C-H activation i
! . VI - PdX, :
] I
1
i vir| - reductive elimination I
i - PdX; or S\2 i
i :
| i ~ Nu—C=C' dehydropalladation i
: VIl |
I i
1
1 il i ik
i i .~ Nu—C-C'-Nu nucleofunctionalization i
i IX '
| S ]
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Oxidative Addition Triggered Arylations UPMC

1B BRI S0RBONNE

@\ Br\©\ K,COs (2.5 equiv.) O
+ >
H M Me

o  PivOH (0.3 equiv.)
co-solvent DMEF, 120°C 82%

coupling type c, path (a + Il Electrophilic reactivity
aryl/aryl

... ... | e i
| ; | Ar—[Pd]-X :
: i Pd/C (10 mol%) Ph i : : | i
i Ts i :

E / \ OTs . Phl NaHCO3 i I\N(\ i i | i
1 /N o Me O/ : - r/ \\: :
| Me” 0 HMPT, 100 °C W i i |
1 1

: ! | AMLA/ i :
i Me i . CMD I i
: Pd(PPhs), (4 mol%) N ] :
: Ny AcOK, DMA, reflux - : O)\\O :
: N R . h N : : et
: L Cl e H Me ! i Ar-PdoH |
i s L A
i Pd(OAC), (3 mol%) i i ' i
i DavePhos (3 mol%) i : i
i b :
1 I i 1
i I i i
1 I H I
I I H 1
I I i 1
i I i i
i I i I
| o :

(a) Nakamura, N.; Tajima, Y.; Sakai, K. Heterocycles 1982, 17, 235
(b) Akita, Y. Ohta, A. Heterocycles 1982, 19, 329
(c) Fagnou, K. etal. .. Am. Chem. Soc. 2006, 128, 16496
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PdCI,(PPhs), cat
KOAc, H,0

-

N / COoEt +

NMP, 100°C  96%

H
electron rich, no primary KIE Pd(OAc), cat
P'Bus.HBF4

L

KoCO3 Tol, 110°C

- Me

electron poor, large primary KIE (4.7)







Fujiwara-Movritani reaction UPMC

WA BRI SORBONNE

aryl/vinyl, coupling type d, path (d + 1) Electrophilic reactivity
aryl/vinyl
Pd(OAC), (10 mol%) i
©/H+ /\O Cu(OAc), (10 mol%) . . i
05 (50 atm), AcOH, 80 °C, 8 h O i
20 ml 5 mmol 45% i

C-H activation >_<

1

1

1

1

1

1

1

1

1

i

------------------------- - AcOH I

PdOAG D Pd(0) HPdOAc ~—— :

1

HiH AL 1
at 1

_0 :

" O\Pld/\:// Me | _ acoH R ey ;
l"‘\\\ /O :

" a) coord. :

b) insertion i

L ] c) dehydropallad. i
AMLA (6)/CMD mechanism extrapolated from Sakaki computations i

1

1

1

1

Moritani, |.; Fujiwara, Y. Tetrahedron Lett. 1967, 8, 1119
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Oxidative Pd(Il)/Pd(IV) Sequences UeMmcC

1A BRI SO0RBONNE

coupling type e, path (d + V + V)

C-H nucleofunctionalizations

PN PdCl, (3.3 mol% o i i . |
N C| Al e i _N  Pd(©Ac); cat _N
NE el N : : Phi(OAC),
y Jioxane/Hy ol ! H Pd(OAc); cat OAc 1y H . o OAc
90°C . i ©/ oxidant . ©/ i ACOH, Ac,0,
i (K2S,08, or Na,Cr,07. i 100°C i

or Phl(OAc),

(a) Fahey, D.R.J. Organometal. Chem. 1971, 27, 283.

(b) Eberson, L.J. etal. Liebigs Ann. Chem. 1977, 233; Stock, L. M. et al. J. Org. Chem. 1981, 46, 1759. Crabtree R. H. et al. J. Mol. Catal.
A: Chem. 1996, 108, 35

bl sanlond WIS gl F oA Gheh 800 2000 18 800

: -
1 i
PdX,Ln, QX : L
¢ 2 2 e T PdL
| | O2C(p-NO,CeHs)
AMLA/ A i O2C(p-NO2CeHa)
CMD i L el
- PdX,Ln = ; | | / e
: \,\‘"'\' \ _{ et
Y X . . : Lo ey )
QX -Q vy C reductive elimination i Gt
C—PdXx > L—Pd—X i /4}\ .
. - . 3 . =
oxidative addition L X i f;j? ot 11__ i
| T

11t INTERNATIONAL SCHOOL OF ORGANOMETALLIC CHEMISTRY Sanford, M. et al. J. Am. Chem. Soc. 2005,
San Benedetto del Tronto, 2-6 September 2017 127 12790
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Nucleophilic Directed C-H Activation: The Murai Reaction|]~(11C

WA BRI S0RBOUNNE

Aromatic ortho C-H activation, the Murai-Chatani- Nucleophilic reactivity
Kakiuchi reaction
"""""""""""""""""""""""""""" T T
PhsP_ | _PPhs i
Rull) .
OC/ | \PPh3 2 mol% o i
o H . H |
| Tol reflux (99%) Si(OEt)5 i
1

I

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

i | o
: [[2 starthere 4

: RuHo(PPh3)sCO . H
- reaction inhibited by CO (EtO)3Si
: (EtO)Si o i H
1 i o
1

; _PPh, @ ’ @ i
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

Ru Ru
- Bl U e o e
14 VE PPhs reductive 3 . 3
elimination PPh; migratory PPh;

insertion .
r \ PPh, /unproductlve

. o
s O, v e
addition - PPhs ©j |50 Si(0EY;
. - PPh Ru
PP "/ TPPRs 1 coery e
PPh;

Murai, S.; Kakiuchi, F.; Sekine, S.; Tanaka, Y.; Kamatani, A.; Sonoda, M.; Chatani, N. Nature 1993, 366, 529.
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Different directed Pd-catalyzed ortho functionalization

UPMC

1B BRI S0RBUNNE

Pd(11)/Pd(1V)
C—H PdXsLn, C'X W
I i /I\Le AMLA/ |
HN Pd(OAC)2 (25 mol%) HN 0

AgOAc, CF;CO5H
100 °C

-

CMD

@3

@Me - P
- - HX
50% path IV o
CX lov.C
C—PdX = L
oxidative addition e >|< reductive elimination

Daugulis, O. et al. Angew. Chem., Int. Ed. 2005, 44, 4046.

. e

Pd(11)/Pd(0)
PdXsLn cat, C'Met
PhBF3K = L
CO,H BQ (0.5 equiv.) CO.H CMD Ox
H KHoPOy4 (1.5 equiv.) Ph ~ PdX,Ln .
@ - HX
NC path Il
NC 92 (20 atm) 68% C'Met - MetX (|: reductive elimination
BuOH, 100 °C L -
transmetalation |'_ BQ or CO to favor RE

Yu. et al. J. Am. Chem. Soc. 2008, 130, 17676
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C-H Borylation UPMcC
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1

1

1

1

1

1

i

0.5 mol% (') !

1

H . 6 Cp*Rh(n*-C¢Meg) B~o ]

©/ e it @ |

. 150°C ]

e 82% !

start here ! ‘ | A i
Uy i
- (Bpin), oxid. add. * :
Cp Rh()(ﬂ 'CGMGG) 'T]4'C Me Bpm Cp* Cp :
18 VE i L . . - .
Bpin Rh., | /Rh :

Bpin' H Bpin H i

18 VE 16 VE t

. . . .. . _ ... L

(f'f...) L e Cp* Cp* Cp* Cotl e
. - HBpin : L B Ly L rotation L any |y i

Bpin™ 4 il - - . _ = ()Bin—> e e R
et R e B B Bom mpm R BRI T B e

18 VE borylation : Ph_H Ph H Ph Bpln Ph : :

. e 18 VE 18 VE 18 VE e

E - o-CAM =

1

1

Iverson, C. N.; Smith Ill, M. R. J. Am. Chem. Soc. 1999, 121, 7696.
Chen, H.; Hartwig, J. F. Angew. Chem. Int. Ed. 1999, 38, 3391.
Mkhalid, I. A. |.; Barnard, J. H.; Marder, T. B.; Murphy, J. M.; Hartwig, J. F. Chem. Rev. 2010, 110, 890.
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To Read More On This Topic... UPMC
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Metal-catalyzed C—H activation/functionalization: The fundamentals @Cmmm

Fares Roudesly, Julie Oble *, Giovanni Poli*

Sorbonne Universites, UPMC Univ Paris 06. Institut Parisien de Chimie Moleculaire, UMR CNRS 8232, Case 229. 4 Place [ussieu. 75252 Paris Cedex 05, France
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Artic Iff‘ history: An isolated C—H bond in a molecule has a very low reactivity owing to the large kinetic barrier associated
Received 27 May 2016 to the C—H bond cleavage and the apolar nature of this bond. For this reason, the selective reactivity
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: of such a non-functional group is under active study since several decades and is still regarded as the
. Holy Grail in chemistry. Metal-catalyzed C—H activation/functionalization chemistry allows the step-
- economical and original construction of C—C as well as (0 and C—N bonds starting from hydrocarbons
. Dedicated to Professor Georgiy B. Shul'pin (or hydrocarbon fragments) without the need of prior non catalytic oxidation steps. Furthermore, it can
H on the occasion of his 70th birthday. be of utmost importance in the domain of multistep syntheses, and also in transformations of societal
. significance such as the conversion of methane into methanol. This tutorial review addresses to students
1

1

1

1

1

1

1

1

1

1

1
[
P

[

Keywords: and researchers who would like to become acquainted with this fascinating topic. After a brief historical
€ H activation introduction, the main mechanistic fundaments of metal-catalyzed C—H activation are exposed. Then, a
C—H functionalization selection of seminal advances and conceptual breakthroughs are presented.

C—C bond formation © 2016 Elsevier B.V. All rights reserved.
C-heteroatom bond formation

MES Ml stie Sty Roudesly, F; Oble, J; Poli, G. J. Mol. Cat. A. Chem. 2017, 426, 275
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Homeopathic amounts of catalyst UPMC
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i i 100
i Pd(OAc), NaOAc i gg 1 m
I Blde i nae G 1 |
: - B ! R 70
E Ph—Br + X COy .. i £ 601 H1h
- - ... . - ; 3 2] 02 h 40 min
> 301 @5 h 30 min
Effect of palladium/substrate ratio on the yield of the Mizoroki- ?g ]
Heck reaction between PhBr and n-butyl acrylate at 135 °C 0 - : —1 |
0.00125 0.02 0.08 128
mol% Pd(OAc),
Reducing .
agent Hal—Ph \/CO2BU
Pd(OAc), > Pd? —=— PhPdblal el L L e GOOR

catalytic cycle
k2/ 0.01 - 0.1 mol %

k, > k, at very low (homeopathic)
concentration of catalyst (~40
ppm Pd)

Pd° Pd°
Pd’ Pd°
Pd° i

Pdo Pd°
Pd® Pd°

soluble Pd cluster

de Vries, A. H. M.; Mulders, J. M. C. A.; Mommers, J. H. M. ; Henderickx, H. J. W. ; de Vries, J. G. Org. Lett., 2003, 5, 3285.
Fairlamb, I. J. S.; Kapdi, A. R.; Lee, A. F.; Sanchez, G.; Lépez, G.; Serrano, J. L.; Garcia L.; Pérez, E. Dalton Trans., 2004, 3970.
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Functionalised wu'crogels to stabilise metal colloids UPMmcC
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1. radical polym.
2. precipitation in Et,O
0 3. Pd(OAc), (0.25 mol%) MeCN
o 4. EtOH reflux 24h
o 5. precipitation in Et;O
\/\SO3H =+ OMe + g -
O @ O
,\{:O
SEMA MMA EDMA
20% w/ 0 : .
- 60% wiw Sy Clear colloidal suspension
10-20 nm particle size
microgel cat
AcONa (1.0 equiv) B

#CcoBu  + Ph—I

Y

. o B
DMF 120°C, 24h

A. Biffis, J. Mol. Catal. A : Chem. 2001, 165, 303-307
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Smart well-defined catalytic nanoreactors UPMC
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______________________

5 : Conventional Radical Crosslinking
i - I i .

Polymerization LTI
_____________________ 1 ff:itl - IJ___ N
i ; o YEH
1 Dr. Rieger tj@:_ A
| (IPCM@UPMC) T
funtional reactive F - T

monomer monome ;« T 11

| =I= . Controlled Radical Crosslinking
: i . Polymerization

1
i
1
L multilayer
. ¢ ® § % ?’ microgels
i = L |= AR
i / g \<\. 2 / g \\‘nX) b&‘l{ T\’J\ i 3 I= B f-:"lyl H}\
O SldmmPc o owEy Y j ananaiii]
iy ‘£/~. ®f \5/\8) i iormmett |%|
! QS S
1
1 i : :
I Functionalized microgels A hairy microgels microgels core-shell !
i crosslinked glrg:\s/gnker it
1 : ge
i T microgels
nitiator initiator
i functional ok S
: initiator
: hollow
: . microgels
i
1
1
1
]

Sanson, N. ; Rieger, J. Polym. Chem., 2010, 1, 965-977
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Reversible addition-fragmentation chain-transfer polym U~ [11C
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. e deadpolymers... .
- = T R S Init~.. .S & i Init< - Init
M +Init + R Y — \M;S\f > =u \f L ER\M;R > R\Mn/lnlt = L
z . ... . . ... ... J
R initiated Init initiated
S {— reactive C=S
. R\S)K

Z-group influences the rate of radical
addition and fragmentation

i

» Mechanism superimposed on a conventional free radical polymerization

» Predictable size and narrow M, distribution (chain length and molar mass distribution depend
directly on the monomer/control agent ratio).

» Large range of monomers: (meth)acrylates, (meth)acrylamides, vinyl, ...

» Fast initiation, absence of termination...

» Polymer architecture (alternate or gradient copolymers; one or more blocks; ...)

Rizzardo, E. Thang, S. H. Macromolecules, 1998, 31, 5559.
Matyjaszewski K. et al. Materialstoday 2005, 8, 26; Prog. Polym. Sci. 2007, 32, 93.
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Nanogel synthesis UPMC
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Core monomer Pd coordination

LCST~30-40° C g-J Cross-l i nker
macroRAFT

HN
NS - .
.
PDMAAmM DEAAm DMAEA MBA
85% 10% 5%
==~ shell -----|----------m-—- COrE -~~~ --ooooooo | vBA) NG

HO,C

NG 7T o4kT)

direction of polymerization
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Nanogel characterization

SEC

NG MacroRAFT
M, =13.4 x 102 kg/mol M,tS = 14.2 kg/mol
M,/M PMMA =1 8 M /Me =4 3

N..-210

e NGy
------ linear
asvessveny macmRAFT

Refractive Index Response

Intensity

15 20 25 30 35

Retention Volume ——»
/mL

1

fi 1

100

Solvent D,(nm)

—H,0 67

---DMAc 82

1
LI o 1n g ) L L

10000

D,/nm —

UPMC

WA BRI SORBONNE
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Characterization of PANP@NG UPMcC
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B -6+ 060m TEM
~868 Pd atoms /NP

DLS- 20%-¢- (0 0

NG

D, =104 nm

LN 7 % :"\‘

3 ¥ S

S ‘2 P Pd content (wt%) E

g L o e g

& : i ICP-MS  XPS TGA
E i--l--ﬂf-ﬂnf-f-’-ll'l'ﬂ'lﬂ_; -\-‘Iﬂ-ﬂ-'l-lf:.-ﬂﬂ E E :
. 10+ - 100- - 1000~ -10000- % - - 0.95 1.3 .
D, /nm

e a1/ BE o

Oxidation state (%)

Pd! Pd?

345 3&0 335 350 24 76
+«— Binding Energy | eV
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tenfold scale up
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Hybrid Nanogel Recycling

UPMC
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80,00

60,00

40,00

20,00

O~__OBu
Br
O~__OBu
—————————
. NaOAc, DMAc
120 °C, 2h
o)
o)
LR R R D R R R R R R T
- 5000
- 4000
- 3000
- 2000
- 1000
0

0,00

1st 2nd 3rd 4th

Accumulated TON
(mol accumulated
product / mol Pd)

mm Spectoscopic
yield

EdIsolated yield

=-Acc. TON
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After 4 cycles of catalysis UPMC
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XPS

Intensity

ey 0
*+— Binding energy | eV

NN NN N NN NN NN EE N NS NN NENEEEEEEEEEEEEEEEEEEEE

Ostwald ripening

ICP-MS XPS Pd leaching out of the NG
PANP@NG Pd cont (wt%) %Pd(ll) %Pd(0) Pd content
t, 0.95 24 76 Phase ppm % total Pd
After 4 cycles 0.22 93 7 Organic 76.6 19
Aqueous 0.04 2
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(0.1 wt% Pd)

NaOAc, DMAc
120 °C, 2h

®\Without4-PVP

+With 4-PVP
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time /min
Spectroscopic yield




R e
cHCHOMe &

.
s

Chic
i

[
iy
2%
-

L f

o
i
Eert i

Hﬂ&gﬁu fijs




pE=himie

JMslecilaie




Conclusion part | UPmcC
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V" Well defined core-shell nanogels NG have been synthesised and characterised
RAFT aqueous dispersion polymerisation process

V" Pdo NP were incorporated (~1.3 wt%) PANP@NG
Long-term stability even under air and moisture

v Nanogel Pd is an active catalyst in the Mizoroki-Heck reaction in 0.1 wt%
Substrates: bromo- and iodo-arenes (accumulated TOF: 2880)

v The hybrid materials can be recycled up to three cycles

Leaching of Pd lead to the formation of Pd(ll)

Heterogeneous & Homogenadus & Bio- & Nano-

CHEMCATCHEM

CATALYSIS

Pontes da Costa, A.; Rosa Nunes, D.; Tharaud, M.; Oble, J.; Poli, G.; Rieger, J. ChemCatChem, 2017, 9, 2167 -2175
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From agricultural waste to furfural

corn cobs oat hulls wood chips bagasse

“=n

S Sy fi =

D-xylose L-arabinose

HO OH 13>4 acid

O-acetyl-4-O-methylglucuronoxylan '

(0]
furfural

Wiley-VCH

UPMC
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@\CHO Furfural and Derivatives — Ullmann’s Encyclopedia of Industrial Chemistry 2012,

Zeitsch, K. J. The chemistry and technology of furfural and its many by-products,
2000 vol 13, Elsevier Lichtenthaler F. W. Acc. Chem. Res. 2002, 3, 201
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Look for new reactivities on furfural

it it v Formyl function
H/Z/—g v’ Aromatic nucleus M
O v’ Three different aromatic C-H bonds M M ¥

The challenge: C3 alkylation of furfural via
catalytic directed C-H activation

H R

T\ o Metal (cat.) .

0 R source 0

H H

O

Vo Ve oV

ikt J ¥ B ?x -
‘ : ‘ l ;}f i H | H L‘L\
¥ 100 W
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Scope from HMF derived substrates UPMcC
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. . . . . e

| - a.Z~ R" (3-5equiv) i :

; Ru3(CO)42 5 mol% i

LN PhMe 0.5 M, 150 °C G i :

EOR N\/\NI\:{ b. chromatography o 2 ol § NI‘? i

i R = Et DEAEIE after chromat. . w/out chromat. _ i
Entry Imine R’ R” t(h) Yield (%)

chromat. w/t chromat

1 DEAEIF TBDMS Si(OEt), 5 57
2 PEIF TBDMS Si(OEt), 5 44
3 DEAEIF TBDMS Si(OMe), 16 59
4 DEAEIF TBDMS SiPh, 17 62 66
5 DEAEIF Ac Si(OEt), 5 NR
6 DEAEIF Bn Si(OEt), 5 20
7 DEAEIF THP Si(OEt), 5 NR
8 DEAEIF Tr Si(OEt), 17 17
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e
Si(OEt),
SiMe,(OEt)
Ph

Si(OEt),

yield (%) lin/br
56 (64)
40 (65)

38

20




Energetic profile 1 UPMC

ImAi SORBONNE
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agostic C-H coord. oxidative addition n?alkene coord. n?-alkene rotation

Free energy (kcal/mol)
MO06/(3-21G + fpf Ru, 6-311**G** others, Toluene, PCM, SMD)//PBEQ/(SDD + fpf Ru, 6-31G** others)



Energetic profile 2 UPMC
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AG (kcal/mol)

Si(OMe);

—+20

agostic C-H coord. agostic C-H switch alkene insertion reductive elimination *

Free energy (kcal/mol)
MO06/(3-21G + fpf Ru, 6-311**G** others, Toluene, PCM, SMD)//PBEQ/(SDD + fpf Ru, 6-31G** others)






Conclusion part Il UPMC
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v First example of directed olefin insertion at C3 of furfurals (Murai reaction)
V" Use of a removable iminoamine N,N’-bidentate directing group is the key to success
V" DFT calculations provided a plausible catalytic cycle to put forward.

v Breakthroughs in the valorization of lignocellulosic biomass substrates

CHEMISTRY & ChamPubsoc

A European Journal

Do Europe

Pezzetta, C.; Veiros, L. F.; Oble, J.; Poli, G. Chem. Eur., 2017, 23, 8385-8389

11t INTERNATIONAL SCHOOL OF ORGANOMETALLIC CHEMISTRY
San Benedetto del Tronto, 2-6 September 2017

b
30°



