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Green Chemistry: Definitions Sci

een Chemistry is the design of chemical products and
ocesses that reduces or ellmlnates the use or generation of
zardous substances.

stas began his career as a staff chemist at EPA, where Dr. Warner is President, Chief Technology
2 to the positions of chief of the Industrial Chemistry Officer, and Chairman of the Board of the

, and director of the U.S. Green Chemistry Program. It Warner Babcock Institute for Green

ring his work at EPA that Dr. P. Anastas coined the term Chemistry, which he founded with Jim
chemistry." Babcock in 2007. Dr. Warner received his
999 to 2004 he worked at the White House Office of B.S. in Chemistry from the University of

e and Technology Policy, concluding his service there as Massachusetts-Boston and his M.S. and
istant director for the environment. During the period Ph.D. from Princeton in Organic Chemistry.
012, he was Assistant Administrator & Science Advisor

US Environmental Protection Agency’s Office of http://www.warnerbabcock.com/

ch and Development and became a Science Advisor to

2NcCy.

irector of the Center for Green Chemistry and Green
ering at Yale.
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es 12 principes de la chimie verte

Sciences Chimiques

wrets de Rennes

Source: Paul T. Anastas et John C. Warner,
sreen Chemistry: Theory and Practice, Oxford University Press, New York, 1998.

ntion
ut eviter de produire des déchets que d’avoir ensuite a les traiter ou s’en débarrasser.

>mie d’atomes
ceuvre de méthodes de synthése qui incorporent dans le produit final tous les matériaux
ans le processus.

2ption de méthodes de synthése moins dangereuses
esure du possible, les méthodes de synthése doivent utiliser et produire des substances
as toxiques pour 'homme et 'environnement.

aption de produits chimiques plus sdrs
point de produits chimiques atteignant les propriétés recherchées tout en étant les moins
possible.

ts et auxiliaires moins polluants
r a utiliser des auxiliaires de synthése (solvants, agents de séparation, etc.) ou choisir
iaires inoffensifs lorsqu’ils sont nécessaires.

2rche du rendement énergétique

se énergétique nécessaire aux réactions chimiques doit étre examinée sous I'angle de
ence sur I'environnement et I'économie, et étre réduite au minimum. Dans la mesure du
les opérations de synthése doivent s’effectuer dans les conditions de température et de

ambiantes.
UNIVERSITE DE%I@’
RENNES1



Les 12 principes de la chimie verte Sciences Chimiques
"% de Rennes

lon de ressources renouvelables
e ressource naturelle ou une matiere premiere renouvelable plutét que des produits fossiles,
esure ou la technique et 'économie le permettent.

lon du nombre de dérives

ossible, la multiplication inutile des dérivés en minimisant l'utilisation de radicaux bloquants
rs/déprotecteurs ou de modification temporaire des processus physiques ou chimiques) car
dent un surplus d’agents réactifs et peuvent produire des déchets.

e
n d’agents catalytiques (aussi sélectifs que possible) est préférable a celle de procédés
etriques.

ption de produits en vue de leur dégradation
its chimiques doivent étre congus de telle sorte qu’en fin d’utilisation ils se décomposent en
offensifs biodégradables.

vation en temps réel en vue de prévenir la pollution

des d’observation doivent étre perfectionnées afin de permettre la surveillance et le

n temps réel des opérations en cours et leur suivi avant toute formation de substances
ses.

himie fondamentalement plus fiable
ances entrant dans un processus chimique, ainsi que leur état physique, doivent étre choisis
a prevenir les accidents tels qu’émanations dangereuses, explosions et incendies.
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reen Chemistry metrics:
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Sci
. E factor, PMI, EYM (the environmental factors)

ention: It is better to prevent waste than to treat or clean up waste after it has been created

A + B ~ C + D C : desired product
solvent, additives, catalyst

mental factor (E-factor): Measure waste generated (optimal E = 0)

Mass of waste

E-factor =

Mass of desired product C

Waste : product D + unreacted A and B + additives + solvent losses + fuel

, Chem. Ind. 1992, 903; R. A. Sheldon, ChemTech 1994, 24, 38; R. A. Sheldon, Green Chem. 2007, 9, 1273.

Mass Intensity (PMI or MI): Measure the use of raw materials (optimal PMI = 1)

Mass of material used
Ml = = E-factor + 1
Mass of desired product C

ns, D. J. C. Constable, et al., Green Chem. 2001, 3, 1-6. & 7-9.
Gonzalez, C. S. Ponder, Q.B. Broxterman, J. B. Manley, Org. Process. Res. Dev. 2011, 15, 912.

ive Mass Yield (EMY):=1/Mlx 100 (optimal EMY = 100%)
D. A. Frey, L. Koroniak, C. D. Claeboe, L. E. Brammer, Green Chem. 1999, 1, 57-59.
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Green Chemistry metrics:

Sciences Chimiques

1. E factor (environmental factor) "¢ de Rennes

. It Is better to prevent waste than to treat or clean up waste after it has been created.

E-factor = kg of waste/ kg product

The ideal or target E value is 0.

Product (t) E-factor
amical Industries 106 — 108 0.1
emicals 104 - 106 1-5
amistry 102 - 104 5-50
euticals 101 -103 25 ->100

R. A. Sheldon, Chem. Ind. (London) 1992, 903.
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Green Chemistry metrics: »
C
s"zde Rennes

2. Atom Econom

tom Economy

thetic methods should be designed to maximize the incorporation of all materials

d in the process into the final product.

cC + D C : desired product

Mass of the desired product C
x100|  (optimum AE = 100%)

onomy (%) =

Mass of all products (C + D)

B.M. Trost, Science, 1991, 254, 1471
C. J. Li, B. M. Trost, PNAS, 2008, 105, 13197
B. M. Trost, Angew. Chem. Int. Ed. 1995, 34, 259

) ( u@h
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Green Chemistry metrics:

2. Atom Econom

tom Economy

nces Chimiques
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Sci

Rearrangement reactions

©:O\/§ 200 °C @(o:'\
—_—
H AN

atom economic
reactions

Enyne metathesis

catalyst
> xf

S

dition reactions

Diels-Alder addition and other cycloadditions and
concerted reactions

< — O

Carbonylation

Hydrogenation

Dimerization

Hydroformylation
H,/CO
= — _\—5=0
Cat Rh, Co H
Polymerisation

Ph Ph
\— —> ?—’
" n

) ’ ( u@h
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2. Atom Econom

some atom
nomic reactions

eactions

stitution reactions
halogenation,
n, Friedel-Crafts...)

actions

ith Grignards reagents
minohydroxylation
ation and reduction

Green Chemistry metrics:

’ cés Chimiques
"¢ de Rennes

Sci

Wittig reactions

o)
H ® H
+ Ph3PH-g)H2 — + PhsP=0

Friedel-Crafts

HaC O
B\ AICl,
@ ¥ Hyc” el > +HCl

Mitsunobu reactions

0
OH PPh
A +PhCOH — 2 5 Ph)LO + O=PPh,
+
COLE H  COEt
NN N-N
EtO,C EtO,C  H
Oxidation
OAc OAc
oA on f o 0
+
@E'? U e ©:\€ + T2 OH
o} O
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Green chemistry : 4. Green solvents 5¢

hy do we need solvents....what are the advantages ?

- Get molecules into an homogeneous phase by dissolving solid
reagents

- Lower viscosity and facilitate mixing

- Regulate temperature of reactions by heating at reflux

- Facilitate thermal exchanges in particular for exothermic

reactions
- Facilitate purifications : Filtration, extraction, crystallisation.....

ut solvents may also be

- (Highly) toxic for humans, nature, environment
- Hazardous : Fire, explosion
- Costly

d solvents are usually the chemicals used in the largest amount in a
emical transformation

) ’ ( u@h
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Green chemistry : 4. Green solvents Tnstitut des
Sciences Chimiques

ction Guides - Pfizer il

Preferred Usable ‘Undesirable
]

Water Cyclohexane ‘Pentane
Acetone Heptane ‘Hexane(s)
Ethanol Toluene ‘Di-isopropyl ether
2-Propanol Methylcyclohexane [ Diethyl'ether s
1-Propanol Methyl t-butyl ether [Dichloromethane
Ethyl acetate Isooctane ‘Dichloroethane
Isopropyl acetate Acetonitrile Chloroform
Methanol 2-Methyl THF ‘Dimethylformamide
Methyl ethyl ketone  Tetrahydrofuran ‘N-methylpyrrolidinone
1-Butanol Xylenes Pyridine
t-Butanol Dimethyl sulfoxide [Dimethylacetamide™ 1
Acetic acid Dioxane

Ethylene glycol Dimethoxyethane
‘Benzene

‘Carbon tetrachloride

d replacement table seem almost ridiculously simple but when used by our enthusiastic site teams
azing results, including a 50% reduction in chlorinated solvent use across the whole of our research
e than 1600 lab based synthetic organic chemists, and four scale-up facilities) during the time period
ven sites that had an increase in the number of chemists during that period were able to report a 50%
hlorinated solvent use. In addition, we were able to reduce the use of an undesirable ether by 97%
e two year period and substantially promote the use of heptane compared with hexane (more toxic)

(much more flammable).” o
] _ o _ UNIVERSITE DE%USH
olvent selection guide for medicinal chemistry, Green Chem. 2008, 10, 31 RENNES 1
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Green chemistry : 4. Green solvents Sci
""“%'5'5?99 Rennes

Green(er) Solvents
Low (eco)toxicity, hazards, risks
R, LD, LC, flash point, explosion limits, peroxides...
Easy recyclability
asy separation from products/reagents/catalyst
Biodegradable

Green synthesis of the solvent

) ( u@h
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Catalysis in Non-conventional Solvents

. Water
lonic Liquids (lls)
. Super Critical fluids (ScCO,)

Perfluoroalkanes

Sciences Chimiques
"% de Rennes
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Green chemistry : 7. Use renewable resources Sci
v de Rennes

year of available biomass

5s than 3 % Fats and oils I
(@) o)
5% o’u\/\/\/\/':\/j}/\/\/
@) o)
StarCh /u\/\/\/\/‘=\)\/\/\/
o I
75% o
Long chain aliphatic
compounds
N2
t Lignocellulose
Hemicellulose, cellulose, lignin
20%
pounds

. CHyC
Phenolic compounds
Aromatic compounds

, A. J. Vorholt, Homogeneous Catalysis with Renewables, 2017.



Green chemistry : 7. Use renewable resources .
Sciences Chimiques

s“z de Rennes

Biomass transformations to chemicals

g OH OH
(Heml) OH HO% HO/YH/?\/OH
OH
. Cellulose - HO %= Lok
—> . o D | ek, m/\*%
o @

O ~CF

Ligno
cellulosic D .

biomass

C@ Lignin 0@— %

—— e Ye® E>O|NOH @

Fats and oils o™ T HOW
(@ ;’Y“ é 0 w
| sedF . = HO L *
k- a'.m L A OJ(M?:\Vﬁ - So P

Ho™ tM, o

HO, (o) (o} o
n OH

Ho___oH OHOH Ho)L(\/);U\on

. G. de Vries et al, Catal. Sci. Technol., 2014, 4, 1174-1196. UNIVERSITE DE%
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Green Chemistry :

nces Chimiques
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Sci
9. Catalysis

Energy economy / selectivity / new transformations made possible

état de transition
sans catalyseur

A énergie /k/ A énergie

état de transition
impliquant le catalyseur

/‘/ intermédiaire
réactionnel

A+B A+B
substrats AGy substrats ~ AG;!
| S
C+D C+D
produits produits
avancement de la réaction avancement de la réaction B
REACTION NON CATALYSEE REACTION CATALYSEE

of the starting substrates on one hand and reaction products on the other hand
or without catalyst (4G, constant),
energy 4Gtis much lower when the reaction is catalyzed (A4G1:>>A4Gz2y).

on can eventually involve one or several reaction intermediates (for instance, one intermediate
bove).

Source: Organometallic Chemistry and Catalysis UNIVERSITE DE%MEH
D. Astruc, Grenoble Sciences, 2013 RENNES 1




Green Chemistry :

ces Chimiques

9. Catalysis "¢ de Rennes

Different types of catalysis:
Homogeneous catalysis

Heterogeneous catalysis

Enzymatic catalysis

Acid and base catalysis
Organocatalysis
Photo-catalysis

Redox catalysis

Supported catalysis

mistry and Catalysis Metallodendritic catalysis

Biphasic catalysis Qe
UNIVERSITE DE €

RENNES 1
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Istry metrics: Atom Economy Science: Chimiques
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esis of phloroglucinol : Chemistry from the past ?

CO,H
" O,N NO, O,N NO, HO OH
K,Cr,0, Fe / HCI HCI aq.
— = e —_
H,S0,/SO4 - CO; D
NO, NO, OH
Phloroglucinol
HO OH
—_— + Cr2(804)3 + 2 KHSO4 + 9 FeCI2 + 3 NH4C| + C02 + 8H20
1 HCI
OH
M= 126 392 272 1143 160,5 44 144

100x126 / (126 + 392 + 272 + 1143 + 160.5 + 44 + 144) = 126 / 2281,5 = 5,5%

43 + 160,5 + 44 + 144) / 126 = 2155.5/ 126 = 17 ( in reality, around 40 !!)

nd 40 kg of solid wastes (Cr,(S0O,)3, NH4Cl, FeCl,, KHSO,) per kg of Phloroglucinol

iki, Y. Fujita, in Ullmann’s Encyclopedia of Industrial Chemistry,1991, vol. A19, p. 347.

ueh
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Istry metrics: Atom Economy Sci
""“%'5'5?99 Rennes

OH OH
(o) Fatty acid synthase
S + 3 H,0
o) = FAS-B |
OH (@) (@)

hao et al. J. Am. Chem. Soc. 2004, 126, 4534.
Me,SO,
K,CO;
reflux

85% | acetone

OH OMe Na OMe
MeOH
(12 N) 185 °C | + MeOSO,H
B 2% Ho OH 8% o Yo
+
MeOH

J.W. Frost, C. A. Hansen, J. Am. Chem. Soc. 2002, 124, 5926.

ciency= 100x126 / (126 + 48 + 112 +32) = 100x126 / 318 = 40%

26 + 48 + 112 +32)/ 126 = 2.5 C o
UNIVERSITE DE%V
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OH

citronellol

SeOz
EtOH
60 °C,22 h
r.t., 2 days

83%

Y

L

| OH

CHO

nces Chimiques
s"zde Rennes

fin cross metathesis : one step, good yield, green conditions

—\
MesN_ _NMes ( )

Y “\\C |
R

OH
neat, 90 °C, 15 h

COZMG C02MG

\_ Y,

overall yield
13%

overall yield

A 56%
NaCN, MnO,, Ac,0
CH,N,
79%
‘BuOH, 2-methyl-2-butene
> OH

NaCIOZ, NaH2PO4, H20

o,
r.t,3h 86% |

CO,H
n, S. P. Mayalarp, J. Watts, J. Chem. Soc., Perkin Trans. 1997, 1, 1633
al., Biosci.Biotechnol.Biochem. 1999, 63, 731 _
. Naceur, F. Zagrouba, C. Fischmeister, C. Bruneau, Green Chem. 2011, 13, 1448 . E%@,

UNIVERSITE D
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APPLICATION OF OLEFIN METATHESIS

ACCESS TO HIGH ADDED VALUE CHEMICALS

1) Polyamide precursors from FAMES



Polyamide precursors from FAMES Sciefices Chimiques
"% de Rennes

OH

sterification MeO.C
MeOzC\M O O/\HS/ N €0, \(/)/\

eOH 7 5 8
vcerol Pyrolysis

ARKEMA Hycrolysis

NH HBr
HOzc\M/\/NHQJ 3
B E————— HOzc Br == H02C
8 N \(v)/\/ \(v)/\
el 8 Hydrobromation 8

, .u@’
UNIVERSITE DE

RENNES 1




minoacids (esters), Sci
e precursors of polyamides, be obtained from plant oils

nces Chimiques
"¢ de Rennes

etathesis with acrylonitrile of unsaturated esters be a possible solution ?

H N\/\/H\
COR — ™ NC XA hco,gk—> 2 3COR

or oil

: Rilsan polymers —éHN CO)—
acid \M/x n

C02M9

+ —>NcMc02Me —> HZN\/\/H;cone

7
= C11 Ci1

) ’ ( u@h
UNIVERSITE DE €
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sis with acrylonitrile of unsaturated esters a possible solutioglc? c;sChimiques

v de Rennes

Problems to face
tolerance to acrylonitrile functionality

. Lipid Sci.Technol. 2010, 121, 3.
Chem. 2011, 13, 2258.

yzed double bond migration

mono unsaturated C,4 isomers

7-n

Ing self-metathesis of the fatty olefin

S WCOZR o
CO,R ROCA /g = 8 UNIVERSITE DE%S

£ RENNES 1
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Polyamide precursors from FAMES Sci
s":de Rennes

thesis with acrylonitrile
Hoveyda Il 0.05 mol%

Continuous addition
i - o > Me0,c” ="
e, 8
1 2 equiv. Toluene, 100 °C 1a
M902C — COzMe ‘
- A/
self-metathesis
= m )
. —&— Conversion (%)
r —o—1a (%)
: <ode+ C20 dimer (%)
\
\ =2=1(%)
\-
N\
\
\l~--_-
.I..*...k-- -T ---------- fodudedudutoduubutu 1

ueh
UNIVERSITE DE%V
25
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with electron deficient olefins , "% de Rennes

NC
AN toluene, 100 °C
\/HQCOZMe » w + CyHy

\
MesN_ _NMes

cin Y

CI'R|U .
O

_«

0.025 mol% of catalyst added over 2 h 40 (5 h reaction time)
Continuous addition of acrylonitrile (1 equiv. + 1 equiv.)

Conv.: 75% TON 3000}

Green Chem., 2011, 13, 2258

Hoveyda Il (0.005 mol%)

slow addition of catalyst
~
Nc‘e\)\/ + 4\C02Me y NCMCOZMG
8 toluene, 100 °C

[0.5 M] 2 equiv.

0.005 mol% of catalyst added over 2 h 40 (5 h reaction time) Conv.: 86% TON 17200]

Green Chem. 2012, 14, 2179 _
ueh

AT UNIVERSITE DE F\ -
N RENNES“1
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Hydrogenation

Institut dt;s
ces Chimiques

Sci
- de Rennes

of unsaturated nitriles

—\
MesN_ _NMes

ci, Y

CI"R|U :
@)

_«

100 °C, 1 h
toluene

I
N R

+

v\);COZMe

'

6226

H, (10 bar)

N 50°C/10h

- o AR

8

conv 99% /

C
¢
\’ﬁgcozlvle

CO,Me

—\
MesN_ _NMes

CI/,F]’u
CIv |
_g@

(3 mol%)

» MeO,C
toluene

N

J MeOZCwCNl

.

H, (20 bar)
80°C,40h
>

A K

8

CN

‘BUOK

95%

.
MeOZCWCHZNHZ

98%

ChemSusChem 2012, 5, 1410-1414. ChemCatChem 2012, 4, 1911-1916.

Forrey
Crylrj

A

UNIVERSITE DE &
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polyamide 12 from two different FAME sources Sci

—\
MesN_ _NMes

cint

Ru=

)—>, PA 12

crr 5@ (MeOZC/@ﬁNHZ

_&

Hydrogenation

P L.
(Meozc‘@g\/“c@ G\IC'Q?/ COzMe]

da Il (0.025 mol%)

\ Hoveyda Il (0.005 mol%)
nversion, TON = 3000

86% conversion, TON = 17200

Cross-Metathesis

(NC'Q}? +4\C02M9

) ’ u@h
UNIVERSITE DE €

Green Chem., 2011, 13, 2911—29109. RENNES 1
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Sci

e préparation d’amino-acides ou esters saturés comprenant une étape de

TURIER, J.-L. DUBOIS, X. MIAO, C. FISCHMEISTER, C. BRUNEAU, P. DIXNEUF
95 (07/05/2010)

or preparation of amino acids or saturated esters including a metathesis step
emande (2011), FR 2959742 A1 20111111; From PCT Int. Appl. (2011), WO
1A1 20111110.

ARKEMA

INNOVATIVE CHEMISTRY

) ( u@h
UNIVERSITE DE €
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unctionalization of aliphatic cyclic amines based

nium- and iridium-catalyzed hydrogen transfers

-H functionalization via enamine intermediates

) ( u@h
UNIVERSITE DE €
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ective functionalization of cyclic saturated amines

C3-functionalization via C-C

B bond formation
N\ C2-functionalization via C-C
H, R bond formation

ems to create C-C bond at B-position:

H activation

recting group for directed coordination

rong electronic effect

Sci

nces

UMR CNRS
6226

Chimiques
de Rennes

to create a reactive centre : regioselectivity driven by reactivity

) ’ ( u@h
UNIVERSITE DE €
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mediated hydrogen transfer to generate enamines *3 de Rennes

Possible mechanisms for enamine formation

3 [M] N’R N,R
S o>
H H H

/ i\»[w@H@

R H
N
> NR
B v+ A C—
[M]—H
|!| reaction
H- transfer i 7
@
NR - NR
/)
E E

) ( u@h
UNIVERSITE DE €
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: i Sc
mediated hydrogen transfer to generate enamines *3 de Rennes

Enanimes from cyclic saturated amines

R R
CoCp*
P \giMe, )2 /
B s » X  N-Si—
/= 80 °C —/

> 90%

A.D. Bolig, M. Brookhart, J. Am. Chem. Soc., 2007, 129, 14544

Enanimes from linear tertiary saturated amines

A. S. Goldman et al., Chem Commun., 2003, 2060

) ( u@h
UNIVERSITE DE €
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C(3)-dialkylation of cyclic amines by benzyl alcohol
ng hydrogen transfer

1 cés Chimiques
"¢ de Rennes

precatalyst (1-2.5 mol%o)

CSA = Camphor Sulfonic Acid

N toluene, 150 °C, 16 h N N
1 ph”’ | Ph” '
1 eq.
catalyst  Additive (mol%) solvent I/11 GC conversion
B no toluene 93/7 80%
B CSA(10) toluene 40/60 99%
B CSA(15) toluene 37163 99%
B CSA(20) toluene 31/69 99%
B CSA(30) toluene 25/75 99%
B CSA(40) toluene 12/88 99%(80)
B CSA(100) toluene 25/32 15%

nth. Catal., 2010, 352, 3141

Regioselective C(3)-alkylation

) ’ ( u@h
UNIVERSITE DE €

RENNES
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C(3)-dialkylation of pyrrolidine by benzylic alcohol Sci

nces Chlmlques

“““““ *s/de Rennes
precatalyst (1-2.5 mol%) Ar
CSA 20-40 mol% (_(
> N
toluene, 100 or 150 °C, 16 h Ar)
[

N

/©)(65%) ©) (61%) ©\CI (58%)

(70%) N\E
70% UNIVERSITE DE%V
Br e Me RENNES 1




3)-dialkylation of piperidine by benzylic alcohol

precatalyst (1-2.5 mol%)

O CSA 20-40 mol% (\
'

N
H toluene, 100 or 150 °C, 16 h

N Me (I\Ij F
% 63%
Me/©) (68%) FO) (63%)

Cl

Br
= N N CF3
CL, o T
62%) gy B8 E.C (52%) _
UNIVERSITEDE%V

Adv. Synth. Catal., 2010, 352, 3141  RENNES 1
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[Ru] [RuJH ﬂ CSA

o) OH
P /—~Ph |
Ph \/@ Ph] Ph_"3 HO pp’ “Ph
1 }4

[Ru]H [Ru]

Adv. Synth. Catal., 2010, 352, 3141 UNIVERSITE DE%v

RENNES 1




Another option

[Ru]H

[Ru]

ces Chimiques
"""%';'é-‘;/qg Rennes

=

” ( U/é\
UNIVERSITE DE €
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i _ i Sciences Chi
ediated hydrogen transfer towards C(3)-alkylation e de'g‘e'gggg

. - R'cHO
((7 Ru cat. (7 Ru cat. (" R
N N H,0 N
B [ 2 H] i\ [ HI 2 R
- - N\
Ph Ph
O Ru cat. (2 mol%) d\ N
toluene, 140 °C, 18 h '
+ H \ > N I\ll\
1 eq. )
Catalyst aldehyde conv. Selectivity
[RuCl,(p-cymene)], 53% 67/32
[RuCl,(p-cymene)], + CSA (10 mol%) 86% 71/29
Cat A. + CSA (10 mol%) 99% 89/11
Cat B. + CSA (6 mol%) 99% 91/9 (82% isolated)
J. Am. Chem. Soc. 2011, 133, 10340 UNIVERSITE DE%USH

RENNES 1
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2diated hydrogen transfer towards C(3)-alkylation Sc "2 de Rennes

Ru cat. (2 mol%) A
i CSA (8 mol%) (En/j/\Ar
: Ph
J\ {... [2 H]} toluene, 140 °C, 16 h N Bu'_| !
H Ar \ I\ Cat: P! 6\C|
HCO,H (1.5eq.) H,0 Ph @sg
1 eq. - (/)/ ©
J
(e d‘@ (>
N v
Ph )
80% 76% 81%
Aiepsalons U
P
72% 81% 75% 70% Ph

J. Am. Chem. Soc. 2011, 133, 10340 UNIVERSITE DE%V
RENNES 1



2diated hydrogen transfer towards C(3)-alkylation Sc
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