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Introduction

Metathesis: a change-your-partner dance

- From the greek (ueTdBeoic) means « transposition »

- Powerful C=C bond forming reaction
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Introduction
The Chauvin Mechanism

R1 R2 _ R‘l
| + | [M}= =, o+ =
R1)/ R‘]J/ - R2

R»]\_Lll

R, M= . J

1
- Thermodynamic control
ﬂ/l:L )MJ - Reversibility of all the steps
Ri R R]

J.-L. Hérisson and Y. Chauvin, Makromol. Chem., 1971, 141, 161 3
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I- Introduction

- The early days
- Non-selective catalysts

lI- Z-selectivity
- Z-selective methodologies : The early steps
- Z-selective strategies
- Alkyne metathesis/Z-selective hydrogenation
- Alkyne metathesis / Introduction
- Alkyne metathesis / Catalysts

- Silicon Tethering
- Indirect substrate Control: Removable silyl groups
- Templated RCM

- Z-selective catalysts
- Molybdnemun- and Tungsten-Based catalysts
- Ruthenium catalysts

lIl - Selected Total Synthesis Applications

- Concise total synthesis of epothilone A and C
- Total synthesis of Nakadomarin A

- Concise total synthesis of epothilone D

- Key step en route to oximidine Ill
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| - Introduction
Olefin metathesis : the early days

1931

First observation of the metathesis :
Propene gives ethylene and 2-butene at 725 °C

From a review : D. Astruc, New. J. Chem. 2005, 29, 42-56



| - Introduction
Olefin metathesis : the early days

1931

1950’s

First catalyzed metathesis reaction :
Propene gives ethylene and 2-butene by heating with Molybdenum on Alumina
(by Du Pont, Standard Oil an Phillips Petroleum)




| - Introduction
Olefin metathesis : the early days

1931

1950’s

1967
The name « metathesis » was given for the first time by Calderon

Calderon, Tetrahedron Lett. 1967, 34, 33-27



| - Introduction
Olefin metathesis : the early days

1931

1950’s

1967

1971

The Chauvin mechanism




| - Introduction
Olefin metathesis : the early days

1931

1950’s

1967

1971

1974

First isolated metal-alkylidene complex
by Schrock

R. Schrock, J. Am. Chem. Soc., 1974, 96, 6796

R. 1l
R. R. Schrock,, J. Am. Chem. Soc., 1975, 97, 6577 9



| - Introduction
Olefin metathesis : the early days

1931

1950’s

1967

1971

1974

1992

First isolated Ru=carbene
metathesis catalyst complex
by Grubbs




| - Introduction
Olefin metathesis : the early days

1931

1950’s

1967

1971

1974

1992

2005
Nobel Prize

To Yves Chauvin, Robert H. Grubbs and Richard R. Schrock
"for the development of the metathesis method in organic synthesis"




| - Non-selective catalysts
Early Tantalum and Tungsten complexes

t-BuH,C—Ta=CH,Bu-t

CHzBU-t

CHzBU-t

ArNHSiMe;

cl” |

OCHzBU-t
'W=CH,Bu-t

1,

OCHzBU-t

2 LIOR R

Ar = 2,6-i-Pr,CgHs3
R=t-Bu, C(CH3)(CF3);,
C(CH3)2(CF3), 2,6-i-Pr206H3

J. Kress, M. Wesolek and J. A. Osborn,Chem. Commun.,1982, 514. 12



| - Non-selective catalysts

Molybdenum complexes i .
i-Pr\Q
N .
i-Pr
PO b
Schrock catalyst : Me O\u-l — Ml\ie
O Ph
Me CF3
CF;
Me
L OTf NAr
RH,C, _cH,R 3TfOH, dme [o\ O
o o I —
ANT N\ - ArNH3OTf 0\ Ngpr R,O\‘\.I)Ilo CHR
NAr - RMe |

J. S. Murdzek and R. R. Schrock, Organometallics, 1987, 6, 1373
R. R. Schrock, et al, J. Mol. Catal., 1988, 46, 243
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| - Non-selective catalysts
Molybdenum complexes

Me
16 mol% PtO, Me> 1 atm
7 bars Hy AcOH:H,SO,
AcOH (9:1) 70 °C
then KH, THF,

22°C

OTf

[O/ | /NAr
o7 | )
OT?”( Ph
THF, - 30°C
Mo-based chiral metathesis catalyst : iPr
Easier preparation y N iPr
\O/ O\ Me
¥f"’F’h
S Me

S. L. Aeilts, D. R. Cefalo, P. J. Bonitatebus, Jr., J. H. Houser, A. H. Hoveyda and R. R. Schrock, Angew. Chem., Int. Ed., 2001,
40,1452.
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| - Non-selective catalysts
Ruthenium complexes

PPh Ph Ligand
D<Ph + CI/, l 3 CI/ F,)P‘rj3/:< manipulations
'R - ’, —_
Ph CI” |u PPhs CI'Rlu Ph -
PPh; PPh,
First metathesis-active ruthenium
carbene
PPh P
Cls, Rl > 1. PhANz CI/,,R' o
u —_— u—
cw RU—PPhs ar U=\
2. 2 eq. PCy3 Ph
PPhs PCys;

"First generation™ catalyst
(Grubbs )

TCY3
7y :/__<
Cl/ ‘Ru

S. T. Nguyen, L. K. Johnson, R. H. Grubbs and J. W. Ziller, J. Am. Chem. Soc., 1992,114, 3974
P. Schwab, M. B. France, J. W. Ziller and R. H. Grubbs, Angew. Chem. Int. Ed., 1995,34, 2039

Ph
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| - Non-selective catalysts
Ruthenium complexes

[\ (
Mes— N« N~ /N [\
es N._N N.__N
ol Ph Mes— ' '~—"'" ~Mes Mes—'"~—"'" ~Mes
"Ru—/ Y Ph Y Ph
c|” CI/,,Ru___J CI/,,Ru___j
cI- l cI- |
R-N"—N-R PCys PCy;
~_’ |\
"Second-generation™
Grubbs catalyst
(Grubbs i)
i—Pr—@—Me /—_—\
Ru Mes/N — N\Mes
Cl” | ~cl \( Ph
CI,,/ | :jPh CI/,,Ru_
Cl'Ru Cc|” |
A
\—/

W. A. Herrmann et al, Angew. Chem. Int. Ed., 1998, 37, 2490
R. H. Grubbs et al, Tetrahedron Lett., 1999, 40, 2247
S. P. Nolan et al, 3. Am.Chem. Soc., 1999,121, 2674
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Hoveyda-Grubbs Catalyst
1st Generation

A. H.

| - Non-selective catalysts
Carbene modifications

[\

T/ Mes
Cls,

‘Ru—
o]l |
i-PrO

Hoveyda-Grubbs Catalyst
2nd Generation

[\

\T Mes
Cls,

‘Ru—
(olhdl |

i-PrO QQ

i-PrO

0

i-PrO N02

—N__ N«

Mes \( Mes
Cls,

i-PrO OMe

OMe

Hoveyda et al, J. Am.Chem. Soc., 2000,122, 8168

S. Blechert et al, Tetrahedron Lett., 2000,41, 9973
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Overview

lI- Z-selectivity
- Z-selective methodologies : The early steps

- Z-selective strategies
- Alkyne metathesis/Z-selective hydrogenation

- Silicon Tethering
- Indirect substrate Control: Removable silyl groups
- Templated RCM

- Z-selective catalysts
- Molybdnemun- and Tungsten-Based catalysts
- Ruthenium catalysts

18



Il — Z-selectivity

- Challenge: control the geometry of the forming double bond

—> Except for small cycles, mixture of Z/E product
—> Reversibility of the reaction : olefin products can isomerize.

—> First example of Z-selectivity by Schrock and Hoveyda in 2009

19



Il - Z-selective methodologies : The early steps
Experimental observations / Substrate control

- Thermodynamic vs kinetic effect

cl, PC’”
cv

C.Yﬁf%

ar' =\ —
PCys Ph ><O
. 5 o
CHCl, 40 °C, 86% Y

100% Z 0

CHCl,, 40 °C, 69%
= 12% Z

A. Furstner et al 3. Am. Chem. Soc. 2002, 124, 7061-7069

- Amine protonation

First example where
an E/Z selectivity
was reversed when
protonated amines

1) DIBAL, Toluene, - 20°C, 1h
then HCI, 90°C, 24h, 41%

2) Grubbs first-generation catalyst, \ N were used
(+)-CSA, CH,CI, reflux, 3.5h, 62%
63:37 ZIE \

(-)-Nakadomarin A

P. Jakubec, D. M. Cockfield, D. J. Dixon, J. Am. Chem. Soc. 2009, 131,16632
20



Il - Z-selective methodologies : The early steps
Experimental observations / Substrate control

- Remote substituent effects

=\
QEIT,Y " \5\:>‘

—OPMB
arf' =\ OR O ¢

Ph H
PCys 5mol% o - ~OMOM
Toluene, 80 °C, 1-30 h
N

R Yield (%) EZ
< H 69 0:100 > —> Unexpected (Z)-configuration
TBS 91 40:60

H\
O/ 0 —
MOM 91 68:32 Mo \..OMOM
Me 93 66:34
P _

A. Furstner, O. R. Thiel, G. Blanda, Org. Lett. 2000, 2, 3731.
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Il - Z-selective methodologies : The early steps

Experimental observations / Substrate control
/~

~

| R Yield (%) E:Z
2’CHO .

Q/CI Y %K coon 76 25:75

civ $ i COOMe
Y 91 20:80
NHB
5 mol% N o

Z>eN X R R M\
CH.Cl, 45°C,2h o_ O
z(\é 83 10:90
\\l\fozc\\\\ ///
Randl, S.; Gessler, S.; Wakamatsu, H.; Blechert, S. Synlett. 2001, 3, 430-432
- Enyne
N/_\N
ch <=
R ar +U_
= o 0 ) O BnO OAcg, OAc ™S
| R et Ph)\} Ph)\o> Ph)\}
CH,Cl, 45 °C, 2 h AN XX X
2.0 eq 1.0 eq 34% (88% Z) 37% (95% Z) 40% (83% Z)

Hansen, E. C.; Lee, D. Org. Lett. 2004, 6, 2035-2038 29




Il - Z-selective methodologies : The early steps
Experimental observations

QN /Rlu—\

TsO Br O
NN ANg, 10mol% TsO e

> n %

+ Benzene, 70 °C, 10 h =

NI n: 1, Z/E = 7.1:1 (85%)
n: 3, Z/E = >25:1 (81%)

Et

v “ i
: Et | : |
5% I 5%

l favored l disfavored
Z-product E product

B. Kang, J. M. Lee, J. Kwak, Y. S. Lee, S. Chang, J. Org. Chem. 2004, 69,7661.



Il - Z-selective methodologies : The early steps
Experimental observations / Substrate control

- Effect of remote functionnality —
o o, Fo¥s HN/_/_LLLL_\NH
H 'Ru:\
cI” |
BOC/N\:)J\H/\/\ PCys " 10 mol% R_gzo O:g”,R
R CH,Cly 1t. NH HN
Boc Boc
R Yield (%) Z:E R Yield (%) Z:E
) ° i ® | cl, 1o \H
O 91 1.6:1 ! Ru=
¥ ph 77 3:1 | hHo oo N |
E ! Boc/N\))\N :
E\E@ 89 3:1 3%;{ 0 ] H . !
NH F F . .
F Potential non-productive
2 Los chelate of ruthenium carbene
| ” 0 < 0
= 0

B. R. McNaughton, K. M. Bucholtz, A. Camaafio-Moure, B. L. Miller, Org.Lett. 2005, 7, 733. 24



Il - Z-selective strategies
Alkyne metathesis/Z-selective hydrogenation

OH
M

\/\ Mo(CO)s (5%) —
1. PDC, DMF, 76% w — Hy, Lindiar
2. 3-pentynol, DCC, 98%

p-chlorophenol (1 eq.) 8%
69% O

7-nonyoic acid, w Mo(CO)s (5%) —
DCC —_ H2 Lindlar
4% W p-chlorophenol (1 eq.) O 98%
62% o)

A. Flrstner, O. Guth, A. Rumbo, G. Seidel, J. Am. Chem. Soc. 1999, 121,11108. o5



Il - Z-selective strategies: Alkynes metathesis/Z-selective hydrogenation
Alkynes metathesis: Introduction

-1968, Penella et al « Disproportion of Alkynes »

- Using heterogeneous mixture of tungsten oxides and silica
- High temperature (200-450 °C)

— / — — + = 7

F. Pennella, R. L. Banks and G. C. Bailey, Chem.Commun., 1968, 1548.

- 1974, Mortreux

- Using homogeneous mixture of Mo(CO), and simple phenol
additives in high boiling solvents

Mo(CO)g cat.
resorcinol
O=0O =2 0=0- 0=
decaline
160 °C, 3h

A. Mortreux and M. Blanchard, Chem. Commun., 1974,786.
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Il - Z-selective strategies: Alkynes metathesis/Z-selective hydrogenation
Alkynes metathesis: Introduction

-1975, Katz et al proposed that metal carbynes likely account for the
catalytic turnover in a sequence [2+2] cycloaddition and cycloreversion

Ro

R2

M= M M
R U (SR _,|[|+||\
R R2

R1 —_— R1 R1 R1 R1 R1

T. J. Katz and J. McGinnis, J. Am. Chem. Soc., 1975, 97,1592

- 1981, Schrock experimentally established this mechanism using high
valent metal alkylidines

J. H. Wengrovius, J. Sancho and R. R. Schrock, J. Am. Chem.Soc., 1981, 103, 3932
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Il - Z-selective strategies: Alkynes metathesis/Z-selective hydrogenation
Alkynes metathesis: Tungsten catalysts

c|;| XMQCI X T T
\OMe i
CII’I'W‘\ HCI DME CI/III, | |“\\\CI ROLI

loy]

~ AN
c1”” | Nome 55- 60% /E % 9% a” o’
OMe Cl)
o}
falled to metathesize /4
internal alkynes P .
4 LINM S X _ T First well-defined
INivie Xa> / —
wc, —— SW=w /< lNl catalyst for
Et,0, 75% / X > RO“/ ~oR Alkyne Metathesis
X X 92% RO
X=NMe2 R =
LiOtBu o tBK/] (ngc):l\lgez%H
THF, 52% ( 3)2 e ,( 3)2

X= OtBu E ;

J. H. Wengrovius, J. Sancho, R. R. Schrock, J. Am. Chem.Soc. 1981, 103, 3932 — 3934 -



Il - Z-selective strategies: Alkynes metathesis/Z-selective hydrogenation

Alkynes metathesis: Molybdenum-based catalysts

N SiMe3—|@ 1©
/ I, (0.5 equiv) \~/
/T

N
%N HCCSiMe; ‘

SiM93

/

LIBHEta 0 1. 80 °C, toluene

M
SN N
AQ \Q\ 2. adamantan-1-ol

10 mol% cat. 15O

G
L.

Y.-C. Tsai, P. L. Diaconescu, C. C. Cummins, Organometallics, 2000, 19, 5260 — 5262

24h, 25 °C } | |

86%
° OTs

G
G 3
N Y

metathesis-active
molybdenum alkylidyne
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Il - Z-selective strategies: Alkynes metathesis/Z-selective hydrogenation
Alkynes metathesis: Molybdenum-based catalysts

Ar
1. ArLi, Et;,0 oxalyl bromide |||
[Mo(CO)g] > [NMe,][Mo(CO)s(COAr)] ——— - | OC,. Il WCO
2. MegNBr, H,0 CH,Cly, -78 °C OC' , \CO
84 % (24 g scale) Br
Ar Ar
Brs BME | | PhsSIOK (> 4 equiv)
CHiCly, 78 °CORT o g ok 3 g PhsSio‘)hg"“OSipha
- ° \ /
2Clz, 0 B’ ! i o toluene Ph;Si0 0SiPhs
80 % (18 g scale) /O\) 68 % (10 g scale) KO
+ KOSiPh, S phen
" oluene 84 % (3 g scale)
Ar = CgH4,OMe ) KOS|Ph3
Ph;SiOK (3 equiv) Ar
(slow addition) Ar |||
66%, (7 g scale) 1] MnCl, or ZnCl, Ph3Sl0n tOSIPh3
Ph;Sio™Mo_ . oo~ Ph s,o
iPh- toluene, 80 °C 3
Phsio”  OSiPhs

a Ar=Ph
b Ar= p-M9005H4

highly active and selective bench-stable precatalyst
catalyst

J. Heppekausen, R. Stade, R. Goddard, A. Furstner, J. Am.Chem. Soc. 2010, 132, 11045 — 11057
A. Furstner et al, Chem. Eur. J. 2012, 18, 10281 — 10299 30




Il - Z-selective strategies
Silicon Tethering

PCys »
OH n-BuLi, Me,SiCl, CImRu=\ _
/\/k(\ THF, -78 °Cto rt c1® PCy; Ph =
= o . . o .
o] OH 20 mol%, PhH, A MezSi—0 o]
s 65% 0
then ' ‘11 , imidazole
o TBAF, THF
THF, rt, 92% t 80% l
- . 11 p—
- Substituents on Si have a Thorpe-Ingold effect ,
- Acyclic systems OH e
- Add Steps, low atom economy o{

Cusak, A. Chem. Eur. J. 2012, 18, 5800-5824
Van de Weghe, P.; Bourg, S.; Eustache, J. Tetrahedron 2003, 59, 7365-7376.



Il - Z-selective strategies
Indirect substrate Control: Removable silyl groups

\ | si RCM  H_[Sil H H
E-selective b b

o] o Si(OEt),Me an Y @
/
O/\/\// (EtO),MeSiH (1.1 eq.) M civ | \
Cp*Ru(MeCN)3]PFg (5mol%
OW [Cp*Ru(Me )3]PFg (5mol%) (@) 20 mol% / SI(OEt)zMe
n CH,Cl, 23 °C 0 AN Toluene, 35 °C
n=1,2

n

n=1(72%). n=2 (12%) n=1(95%), n=2 (76%)
(] (]

TBAF (2.5 eq) AgF (0.5 eq.)
AcOH (1.5 eq)

—> 17 (2)-selective examples ; C;\}

(64%), n=2 (46%)

Y. Wang, M. Jimenez, A. S. Hansen, E.-A. Raiber, S. L. Schreiber, D. W. Young, J. Am. Chem. Soc. 2011, 133, 9196 39



Il - Z-selective strategies
Templated RCM

RCM

"non-templated”
E-selective

(o}
/\ L QNV Y K\O\ _
N
o c, T o} N
/NO\O : c | —\ _N HO
0. O~ PCy
~ 310 mol% OH 0”“1‘
THF, reflux, 6h
o g™~ — OH
\/ ) 2. demetalation o
\w% (1M HCl) N HO
|
(o] /N\ RCM o N
\_O

"non-templated” o~
Z-selective '~

S. Akine, S. Kagiyama, T. Nabeshima, Inorg. Chem. 2007, 46, 9525
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Il - Z-selective catalysts
Molybdnemun- and Tungsten-Based catalysts

ROCM

1 mol% cat

OTBS OTBS

2 eq. styrene

@ Toluene, 22 °C, 1 h R \/ﬁj\jh ﬁ)at: @ \
> 98% conv, 80% yield, X" \NF
N

95:5er,>98:2 Z:E ~

NN, |
‘Mo

o/

C——x_ > o

Stereogenic-at-Mo monoaryloxide-pyrrolide TBSO O

(MAP)

I. Iorahem, M. Yu, R. R. Schrock, A. H. Hoveyda, J. Am. Chem. Soc. 2009,131, 3844.
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Z-selective catalysts

Molybdnemun- and Tungsten-Based catalysts

—> MAP catalyst

- With or without Me i
2,5-positions

[Imidazole Ligand ]
n

/ Aryloxide Ligand
- Very bulky to get good Z-
selectivity
- Binol derivatives:
P
X 2 X
TBSO

- Achiral arylomdes

R"‘°"' &

- Aryloxy-ligand can freely

\rotate /

Imido Ligand
- Adamantyl or aryl

7 4

Alkylidene Ligand
- Bulky group to prevent
bimolecular decomposition

- R = CMe; or CMe,Ph

ﬂetal Centre \
- Choice of Mo or W

Ghba

- Mo:
- More active
- More prone to 2°
isomerisation
- Very air/moisture
sensitive
- W:

- Less active, but more
selective
- Less prone to

isomerisation
- Air/moisture tolerant
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Il - Z-selective catalysts
Molybdnemun- and Tungsten-Based catalysts

Mechanism

[
1 N /‘__\\ N
Sl
/A o7\ S ) \
Br— < ] Br <\
TBSO O “33"
Freely rotating
= ‘ aryloxide ligand \
Substituents on
metalocycle point ST
ST upwards away from —~N
.-"\J large aryloxy ligand
N “‘\‘.I—'-::::\
| N
Mo . Metal stereocentre
P~ AN now inverted
o Br

Wang, C.; Yu, M.; Kyle, A. F.; Jakubec, P.; Dixon, D. J.; Schrock, R. R.; Hoveyda, A. H. Chem. Eur. J. 2013, 19, 2726-2740



Il - Z-selective catalysts
Molybdnemun- and Tungsten-Based catalysts

Self-metathesis

Cat 2 mol%
P e a4 - = P e P + —
22 °C, 4 days

89% Yield
Z/E 99:1

S. C. Marinescu, R. R. Schrock, P. Muller, M. K. Takase, A. H. Hoveyda, Organometallics 2011, 30, 1780.
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Il - Z-selective catalysts
Molybdnemun- and Tungsten-Based catalysts

Cross-metathesis / \
Cat /©\
R\/ . \/X 1.2-5mo|%cat= R X . H
. \—/ SN,
Benzene, 22 °C, 2 h MO\/KFh
2-10 eq. low pressure o
Br—g % Br
- enol ethers: 8BS0 O
WOH_BU TIPSO on-B PhHN On-B TMS—H° oPMP \ ‘
PhO — o n-ou o n-ou — o
5 N/ S\ -
73%yield 77%yield 51%yield 59%yield
(98% 2) (94% 2) (>98% 2) (>98% 2)

- allylic amides:

Br

Jg  N(phth) Cy N(phth) C14Hag P

S 0TBS 1. otBs e~ NHBoG N(phtn) = (XNS
o]

93%yield 65%yield 93%yield

(96% 2) (97% 2) (96% 2)

S. J. Meek, R. V. O'Brien, J. Llaviera, R. R. Schrock, A. H. Hoveyda, Nature , 2011, 471, 461
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Il - Z-selective catalysts
Ruthenium catalysts

Endo, K.; Grubbs, R. H. J. Am. Chem. Soc. 2011, 133, 8525-8527
Rosebrugh, L. E.; Herbert, M. B.; Marx, V. M.; Keitz, B. K.; Grubbs, R. H. J. Am. Chem. Soc. 2013, 135, 1276-1279
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Il - Z-selective catalysts
Ruthenium catalysts

isomerisation
(R=H)

Mechanism

[\

ZOR!

A=

Ru:\
R

.S @,N?N\Q_

Ru=\

LR
T o
O,NO

A=
”’mT both substituents

| point away from bulky
R NHC ligand

Dang, Y.; Wang, Z-X.; Wang, X. Organometallics , 2012, 31, 7222-7234

40



Il - Z-selective catalysts
Ruthenium catalysts

Homodimerization @,N N
e A
0.1 mol% cat. R 5N ° (T)
> 4
s THF, 35°C, 12 h R ol
D - /

Ph—/:\—Ph MeOzCﬂCOZMe H11C5ﬂC5H11 HOﬂOH

3 3
91%yield 85%yield 83%yield 67%vield
(92% 2) (91% 2) (92% 2) (3152/ 2)

/N — /N — —
HO o—/_\—o OH (pin)B—/_LB(pin) TMSﬂTMS
30%yield 36%yield 14%yield
(67% 2) (>95% Z) (>95% Z)

Keitz, B. K.; Endo, K.; Herbert, M. B.; Grubbs, R. H. J. Am. Chem. Soc. 2011, 133, 9686-9688

Keitz, B. K.; Endo, K.; Patel, P. R.; Herbert, M. B.; Grubbs, R. H. J. Am. Chem. Soc. 2012, 134, 693-699
41



Il - Z-selective catalysts
Ruthenium catalysts

Cross Metathesis @NTN\Q

Aco0,
— 1. 1% cat. — idi
—M—OH 0 mol% . ﬂOH pyridine
7 8 THF/trans-1,4-hexadiene 74 8 89%
(1:1.0.5M). rt. 5 h

68%yield
(88% 2)

7 Mon
O
1.0 mol% cat. — OH 3 steps
_A~_~_-OH - N -
THF/1-dodecene 9 55% yield g
(1:1.5,0.6 M), 35°C.6h

62%yield
(84% 2)

Herbert, M. B.; Marx, V. M.; Pederson, R. L.; Grubbs, R. H. Angew. Chem. Int. Ed. 2013, 52, 310-314
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Il - Z-selective catalysts
Ruthenium catalysts

RCM @N NI
Cat:
AT
_/w—o O
P
7.5 mol% cat. !
20 mTorr \
_—
24 h, 60 °C,
DCE
o o] o)
o) 0 0 o)
o o o
o 20 17
1“4 3 16
T _ _
58%yield  40%yield 72%yield 75%yield 71%yield 50%yield
(85% 2) (86% Z) 84% Z) (94% Z) (89% 2) (68% Z)
d o OH OTBS OAc o o
NH NBoc
15 p 15 p
60%yield 56%yield 56%yield 59%yield 30%yield 59%yield
(85% Z) (65% Z) (75% 2) (75% 2) (84% 2) (83% 2)

Marx, V. M.; Herbert, M. B.; Keitz, B. K.; Grubbs, R. H. J. Am. Chem. Soc. 2013, 135, 94-97
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Il - Z-selective catalysts
Comparing Mo-/W - and Ru- Based Catalysts

Molybdenum/Tungsten Ruthenium

Mo: air and water sensitive
W: can be water and air tolerant

Catalysts tend to be less
sensitive

Less well-defined structure-
property relationships

More ‘designable’, can make
logical modifications
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Overview

lIl - Selected Total Synthesis Applications

- Concise total synthesis of epothilone A and C
- Total synthesis of Nakadomarin A

- Concise total synthesis of epothilone D

- Key step en route to oximidine Ill

Conclusion
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IV - Selected Total Synthesis Applications
Concise total synthesis of epothilone Aand C

10 mol%
toluene/CH.Cla
BO°C.8h —
e Mo-6 =
[Mo{(tBu)(3,5-dimethylphenyl)N},
1) Lindlar cat/Hz (1 atm) | 2) HF
quinaline, CHzCly Et;0/CH:CN
quant. 79 %
W-6
benzene, 22 °C. 26 h
1.3 % 107 atm

cat. 10 moi+s cat. 3 mol%:
[83] =1 mMm [93] = 0.08 mM
Conv. 87 % Conv. 97 %
Yield 85 % Yield 63 %
ZIE 964 ZIEGT3
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IV - Selected Total Synthesis Applications
Total synthesis of Nakadomarin A

Cl Cl
= N
Q ”\/K
"W A
/
O

5 mol% W complex

Toluene, 1.0 torr, 22 °C, 8 h
63% yield 94:6 Z/E

Ar = 2,4,6-(-Pr),CoH,

Grubbs first-generation
catalyst, (+)-CSA

py

CH,Cl,, reflux, 3.5h, (-)-Nakadomarin A
62% yield 63:37 Z/E

M. Yu, C. Wang, AF. Kyle, P Jakubec, D.J. Dixon, R.R. Schrock, A.H.Hoveyda. Nature. 2011 479, 88-93
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IV - Selected Total Synthesis Applications
Concise total synthesis of epothilone D

F «
Q

- F
TBOPSO

Mo-7

> = 10 maol% s
molte
-—'—QNM rl""'\q. . \“D IE‘S . J_'_Q\N-B\g)”ﬁ"?

benzene, 22 °C.2.5h
1.3x 107 atm

O OrgO O OppO

F F
TBOPSOR
F F
’ N
ou I
MO ~\ph

Conv, 88 %
Yield 82 %
ZIE 919



IV - Selected Total Synthesis Applications
Key step en route to oximidine Ill

TBS

DPMB

TES OPME

TBSQ O
D L' -
-.'I-"Cl 'J,I::I
= 719
]« PN

[Ru]

X. Wang, E. J. Bowman, B. J. Bowman and J. A. Porco, Jr., Angew. Chem., Int. Ed., 2004, 43, 3601
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Conclusion

- Z-selective olefin metathesis represents a significant challenge

- Various options Z-alkenes metathesis strategies: from more ‘traditional’ indirect
methods to powerful new catalytic systems

- Limitation of the catalyst-controlled methodology: difficulties in accessing
catalysts and lack of examples
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Thank you for you attention.



