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Introduction - Historic development

Catalyst Development
1. Lessons learnt from Schrock-Type Tungsten Alkylidynes
2. Molybdenum-Based Catalyst
3. From Nitrile/Alkyne Cross-Metathesis to Improved Catalyst Design
4. From the Glovebox to the Benchtop: Catalysts with Improved Activity and Stability
5. Structural Considerations and Adaptable Electronic Features
6. Factors Influencing the Catalyst Lifetime
7. Molecular Sieves as Butyne Scavengers

Application in Total Synthesis
1. Alkyne metathesis vs Alkene Metathesis in Total Synthesis?
2. RCAM for the Preparation of Z Alkenes - Hybridalactone and Haliclonin A
3. RCAM for the Preparation of E Alkenes - Tulearin C
4. Enyne-Yne Metathesis - Preparation of Stereodefined 1,3-Dienes - Lactimidomycin
5. Trisubstituted alkene synthesis - 5,6-Dihydrocineromycin B
6. How to further use that alkyne? - Kendomycin

Conclusion - Sum up and Prospects
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* Alkyne Metathesis Chronology

Katz and McGinnis
Penella’s discovery Mechanism Best catalyst to date

- : Alkyne metathesis paradox , - .
Catalyst Development Rise of Alkyne Metathesis in Total Synthesis

Mortreux’s breaktrough First application in total synthesis



* Penella’s discovery

WO; on silica

200 - 450 °C

As early as 1968

F. Penella, R. L. Banks, G. C. Bailey, J. Chem. Soc. Chem. Commun. 1968, 1548 - 1549.
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Penella’s discovery

WO; on silica

200 - 450 °C
As early as 1968

Originates from heterogeneous catalysis

Limited impact:
» Polymerization under reaction conditions
» Low yield and mixture of alkynes

F. Penella, R. L. Banks, G. C. Bailey, J. Chem. Soc. Chem. Commun. 1968, 1548 - 1549.
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* Mortreux’s breaktrough

[Mo(CO)g] (10 mol%)
Ar resorcinol (60 mol%)

Ar P
2 / = — Ar/ + ph/

decalin, 3 h, 160 °C

21.5%

23%

First homogeneous alkyne metathesis

Mixture of separable alkynes

h

HO\©/OH

resorcinol

A. Morteux, M. Blanchard, Bull. Soc. Chem. Fr. 1972, 1641 - 1643; J. A. Moulijn, H. J. Reitsma, C. Boelhouwer, J. Catal. 1972, 25, 434 - 436; A. Mortreux, F. Petit, M.

Blanchard, J. Mol. Catal. 1980, 8, 97 - 106; A. Morteux, M. Blanchard, J. Chem. Soc. Chem. Commun. 1974, 786 - 787.
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* Mortreux’s breaktrough

[Mo(CO)g] (10 mol%)
Ar resorcinol (60 mol%)

Ar P
2 / = — Ar/ + ph/

decalin, 3 h, 160 °C

21.5%

23%

First homogeneous alkyne metathesis

Mixture of separable alkynes

Operationally simple: Numerous attempts at optimizing

h

HO\©/OH

resorcinol

A. Morteux, M. Blanchard, Bull. Soc. Chem. Fr. 1972, 1641 - 1643; J. A. Moulijn, H. J. Reitsma, C. Boelhouwer, J. Catal. 1972, 25, 434 - 436; A. Mortreux, F. Petit, M.

Blanchard, J. Mol. Catal. 1980, 8, 97 - 106; A. Morteux, M. Blanchard, J. Chem. Soc. Chem. Commun. 1974, 786 - 787.
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Further developpement of Mortreux’s catalyst

[Mo(CO)¢] (10 mol%)
Ar resorcinol (60 mol%

) Ar Ph
2 / i = Ar/ * Ph/

decalin, 3 h, 160 °C

HO\©/OH

resorcinol

Various Mo sources, phenols, solvents and additives were tested

Selected examples: L. Kloppenburg, D. Song, U. H. F. Bunz, . Am. Chem. Soc. 1998, 120, 7973 - 7974; K. Grela, J. Ignatowska, Org. Lett. 2002, 4, 3747 - 3749;
V. Maraval, C. Lepetit, A.-M. Caminade, J.-P. Majoral, R. Chauvin, Tetrahedron Lett. 2006, 47, 2155 - 2159.
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) Ar Ph
2 / i = Ar/ * Ph/

decalin, 3 h, 160 °C

HO\©/OH

resorcinol

Various Mo sources, phenols, solvents and additives were tested

Elevated reaction temperature still needed
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Further developpement of Mortreux’s catalyst

[Mo(CO)¢] (10 mol%)
Ar resorcinol (60 mol%)

2 / = =

decalin, 3 h, 160 °C

HO\©/OH

resorcinol

Various Mo sources, phenols, solvents and additives were tested

Elevated reaction temperature still needed

Active species still elusive

Selected examples: L. Kloppenburg, D. Song, U. H. F. Bunz, . Am. Chem. Soc. 1998, 120, 7973 - 7974; K. Grela, J. Ignatowska, Org. Lett. 2002, 4, 3747 - 3749;
V. Maraval, C. Lepetit, A.-M. Caminade, J.-P. Majoral, R. Chauvin, Tetrahedron Lett. 2006, 47, 2155 - 2159.
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Further developpement of Mortreux’s catalyst

[Mo(CO)g] (10 mol%)

Ar resorcinol (60 mol%) Ar Ph HO OH
2 Z = = Ar/ e \©/

decalin, 3 h, 160 °C ]
55 % 21.5% 23% resorcinol

Various Mo sources, phenols, solvents and additives were tested

Elevated reaction temperature still needed
Active species still elusive

Main problem: narrow functional-group tolerance

Selected examples: L. Kloppenburg, D. Song, U. H. F. Bunz, . Am. Chem. Soc. 1998, 120, 7973 - 7974; K. Grela, J. Ignatowska, Org. Lett. 2002, 4, 3747 - 3749;

V. Maraval, C. Lepetit, A.-M. Caminade, J.-P. Majoral, R. Chauvin, Tetrahedron Lett. 2006, 47, 2155 - 2159.
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* A concrete example - Prostaglandin E2-1,15-Lactone

W

| [Mo{COl] (10 mol¥)

O ,D-'C":EHi.OH {1 equiv)
. C chiorobenzene, 130 “C

_ | o-

* Phenols may endanger many polar substituents | N 0 :

| TBSO \

A X

)
%/W“HQA CH,Cls EJ\N—MG_'Ni

f-t\ 1 (10 mal%) | loluene, 80°C N %‘
B1% Q

toluena, BO "C ;

635 % | 2 (10 mal%)

' '

| Q= :
it R
TBSO
5 \
|
!

!

A. Furstner, K. Grela, C. Mathes, C. W. Lehmann, J. Am. Chem. Soc. 2000, 122, 11799 - 11805; A. Firstner, K. Grela, Angew. Chem. Int. Ed. 2000, 39, 1234 - 1236.
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* A concrete example - Prostaglandin E2-1,15-Lactone

W
| [Mo{COl] (10 mol¥)
O ,D-'C":EHi.OH {1 equiv)
. }'-a.__ chiorobenzene, 130 “C
_ | o- s R
* Phenols may endanger many polar substituents | 3#%; 0 :
| TBSO !
3 T\
A\ x
>L [
O W |
” : , : o o | omo XN-M{,-N& _
* Decomposition of 3 with Mortreux’s catalyst (right) A 100mo%) | oipene, 80 "N Q
toluena, BO "C :
65 % | 2 (10 mol%) :

l '

| Q= :
it R
TBSO .
5 7\
|
!

!

A. Furstner, K. Grela, C. Mathes, C. W. Lehmann, J. Am. Chem. Soc. 2000, 122, 11799 - 11805; A. Firstner, K. Grela, Angew. Chem. Int. Ed. 2000, 39, 1234 - 1236.
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* A concrete example - Prostaglandin E2-1,15-Lactone

Phenols may endanger many polar substituents

* Decomposition of 3 with Mortreux’s catalyst (right)

No problem with more recent W and Mo catalysts (left and middle)

0 |
| TBSO
3
>L0 W 4
of © CHCl;
—t {10 mal%) toluene, 80°C
| B1%
toluena, BD “C
65 % |

A\
[Mo{COjs] (10 mol%:)
p=-CICsHLOH (1 equiv)
chiorobenzene, 130 “C
D "
X
\ .
iN—Mn_'N,k
2 (10 mol) :

A. Furstner, K. Grela, C. Mathes, C. W. Lehmann, J. Am. Chem. Soc. 2000, 122, 11799 - 11805; A. Firstner, K. Grela, Angew. Chem. Int. Ed. 2000, 39, 1234 - 1236.
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e Katz and McGinnis mechanism

—_— = Ph
* Following Chauvin’s cycle for olefin metathesis M=—Ph
A
v
Ph Ph
M= M
Ph Ph )_\ph Ph
B B’
M /
|t Ph
Ph— l'

T.J. Katz, J. McGinnis, J. Am. Chem. Soc. 1975, 97, 1592 - 1594, J. H. Wengrovius, J. Sancho, R. R. Schrock J. Am. Chem. Soc. 1981, 103, 3932 - 3934, S. F. Pedersen, R. R.

Schrock, M. R. Churchill, H. J. Wasserman, J. Am. Chem. Soc. 1982, 104, 6808 - 6809; R. R. Schrock, Acc. Chem. Res. 1986, 19, 342 - 348.
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e Katz and McGinnis mechanism

* Following Chauvin’s cycle for olefin metathesis

* Experimental confirmation from Schrock’s research group:
» High-valent alkylidyne complexes of Mo, W and Re

» Exhibit remarkable catalytic activity

—_— = Ph
=—Ph
A
¥ \
Ph Ph
M= M
. - - ] | M__‘/ - - '.I'|
Ph Ph /" “pn Ph
B B'
M /
|l Ph
Ph—= l'
Ph

T.J. Katz, J. McGinnis, J. Am. Chem. Soc. 1975, 97, 1592 - 1594, J. H. Wengrovius, J. Sancho, R. R. Schrock J. Am. Chem. Soc. 1981, 103, 3932 - 3934, S. F. Pedersen, R. R.
Schrock, M. R. Churchill, H. J. Wasserman, J. Am. Chem. Soc. 1982, 104, 6808 - 6809; R. R. Schrock, Acc. Chem. Res. 1986, 19, 342 - 348.
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e Katz and McGinnis mechanism

* Following Chauvin’s cycle for olefin metathesis

* Experimental confirmation from Schrock’s research group:
» High-valent alkylidyne complexes of Mo, W and Re —| =
> Exhibit remarkable catalytic activity Ph

* Metallacyclobutadienes:
» Intermediates rather than transition states
» Likely represent the catalyst resting state (W)

T.J. Katz, J. McGinnis, J. Am. Chem. Soc. 1975, 97, 1592 - 1594, J. H. Wengrovius, J. Sancho, R. R. Schrock J. Am. Chem. Soc. 1981, 103, 3932 - 3934, S. F. Pedersen, R. R.

Schrock, M. R. Churchill, H. J. Wasserman, J. Am. Chem. Soc. 1982, 104, 6808 - 6809; R. R. Schrock, Acc. Chem. Res. 1986, 19, 342 - 348.
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Alkyne metathesis paradox

Facts: By the early 1980s

» Validated mechanism
» Already several competent catalyst systems

» Detailed insights into the comportment of Schrock-type alkylidyne complexes
» Limited impact on organic and polymers chemistry

A. Furstner, G. Seidel, Angew. Chem. Int. Ed. 1998, 37, 1734 - 1736.; A. Firstner, O. Guth, A. Rumbo, G. Seidel, J. Am. Chem. Soc. 1999, 121, 11108 - 11113.
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Alkyne metathesis paradox

Facts: By the early 1980s
» Validated mechanism

» Already several competent catalyst systems

» Detailed insights into the comportment of Schrock-type alkylidyne complexes
» Limited impact on organic and polymers chemistry

Turning point: 1998

> First application of Alkyne Metathesis in the total synthesis of a complex molecule
> Rise of Alkyne Metathesis in Total Synthesis

A. Furstner, G. Seidel, Angew. Chem. Int. Ed. 1998, 37, 1734 - 1736.; A. Firstner, O. Guth, A. Rumbo, G. Seidel, J. Am. Chem. Soc. 1999, 121, 11108 - 11113.
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*  Fischer carbenes

* E. O. Fischer: Nobel Prize in 1973, reported carbene in 1964 and carbyne in 1973

E. O. Fischer, A. Maasbol, Angew. Chem. Int. Ed. Engl. 1964, 3, 580; E. O. Fischer, G. Kreis, C. G. Kreiter, J. Miller, G. Huttner, H. Lorenz, Angew. Chem. Int. Ed. Engl. 1973,

12, 564. Nobel lecture: http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1973/fischer-lecture.pdf
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*  Fischer carbenes

* E.O. Fischer: Nobel Prize in 1973, reported carbene in 1964 and carbyne in 1973
» Complexes of singlet carbenes

[ electron back donating

o electron donating

E. O. Fischer, A. Maasbol, Angew. Chem. Int. Ed. Engl. 1964, 3, 580; E. O. Fischer, G. Kreis, C. G. Kreiter, J. Miller, G. Huttner, H. Lorenz, Angew. Chem. Int. Ed. Engl. 1973,

12, 564. Nobel lecture: http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1973/fischer-lecture.pdf
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*  Fischer carbenes

* E. O. Fischer: Nobel Prize in 1973, reported carbene in 1964 and carbyne in 1973
» Complexes of singlet carbenes
» Low oxidation state metals
» Middle and late transition metals (Fe® Mo°, Cr°, W0)

[ electron back donating

o electron donating
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12, 564. Nobel lecture: http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1973/fischer-lecture.pdf
32



*  Fischer carbenes

* E. O. Fischer: Nobel Prize in 1973, reported carbene in 1964 and carbyne in 1973
» Complexes of singlet carbenes
» Low oxidation state metals
» Middle and late transition metals (Fe® Mo°, Cr°, W0)
» [-acceptor ligand, M-donor a-substituent
» High electrophilic character

[ electron back donating @
R'X, R'X Al S
) =M ~—= (M

R R? R?

o electron donating

E. O. Fischer, A. Maasbol, Angew. Chem. Int. Ed. Engl. 1964, 3, 580; E. O. Fischer, G. Kreis, C. G. Kreiter, J. Miller, G. Huttner, H. Lorenz, Angew. Chem. Int. Ed. Engl. 1973,

12, 564. Nobel lecture: http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1973/fischer-lecture.pdf
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*  Fischer carbenes

* E. O. Fischer: Nobel Prize in 1973, reported carbene in 1964 and carbyne in 1973 H
> Complexes of singlet carbenes >=Cr(CO)5
> Low oxidation state metals HO
» Middle and late transition metals (Fe® Mo°, Cr°, W0)

> M-acceptor ligand, N-donor a-substituent Cr=Cbond energy
> High electrophilic character 184 kl.mol*
[ electron back donating @
R'X, R'X R'X. o
—[M] ~—= >—[M]

R? R?

o electron donating

E. O. Fischer, A. Maasbol, Angew. Chem. Int. Ed. Engl. 1964, 3, 580; E. O. Fischer, G. Kreis, C. G. Kreiter, J. Miller, G. Huttner, H. Lorenz, Angew. Chem. Int. Ed. Engl. 1973,

12, 564. Nobel lecture: http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1973/fischer-lecture.pdf
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Schrock carbenes

* R.R.Schrock: Nobel Prize in 2005, along with Y. Chauvin and R. H. Grubbs
» Complexes of triplet carbenes

R. R. Schrock, Chem. Rev. 2002, 102, 145 - 179; Nobel lecture: R. R. Schrock, Angew. Chem. Int. Ed. 2006, 45, 3748 - 3759.
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Schrock carbenes

* R.R.Schrock: Nobel Prize in 2005, along with Y. Chauvin and R. H. Grubbs
» Complexes of triplet carbenes
» High oxidation state metals
» Early transition metals (Ti", Ta'v ...)

R. R. Schrock, Chem. Rev. 2002, 102, 145 - 179; Nobel lecture: R. R. Schrock, Angew. Chem. Int. Ed. 2006, 45, 3748 - 3759.
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Schrock carbenes

R. R. Schrock: Nobel Prize in 2005, along with Y. Chauvin and R. H. Grubbs
» Complexes of triplet carbenes
» High oxidation state metals
» Early transition metals (Ti", Ta'v ...)
» T-donor ligand, no a-heteroatom |
» Nucleophilic character

R'l <—>® R1 R1
- 5 Rl m

R. R. Schrock, Chem. Rev. 2002, 102, 145 - 179; Nobel lecture: R. R. Schrock, Angew. Chem. Int. Ed. 2006, 45, 3748 - 3759.
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 Schrock carbenes

* R.R.Schrock: Nobel Prize in 2005, along with Y. Chauvin and R. H. Grubbs ﬂ Cl
\
N

» Complexes of triplet carbenes

» High oxidation state metals

» Early transition metals (Ti", Ta'v ...)
» [M-donor ligand, no a-heteroatom
» Nucleophilic character

R! (N=——>O
KA D<—>(DOM
R2 O

4
o’ D

Nb=C bond energy
309 kJ.mol1

R1 R1
= — 2
R2 R2

R. R. Schrock, Chem. Rev. 2002, 102, 145 - 179; Nobel lecture: R. R. Schrock, Angew. Chem. Int. Ed. 2006, 45, 3748 - 3759.

38



Fischer carbynes vs Schrock carbynes

Fischer carbynes

Low oxidation state TM
Monoanionic alkylidyne
Electrophilic

Ph
oc,, ||| wco

oc” | Yco
Br

Schrock carbynes

High oxidation state TM
Trianionic alkylidyne (formalism)
Nucleophilic

Ar

Ph,SiOM"/ 1O\

Ph;SiO OSiPh,

39



» Fischer carbynes vs Schrock carbynes

Fischer carbynes Schrock carbynes
Low oxidation state TM High oxidation state TM
Monoanionic alkylidyne Trianionic alkylidyne (formalism)
Electrophilic Nucleophilic
Not efficient for Alkyne Metathasis Efficient for Alkyne Metathasis
Ph Ar
oc,, |Il wCO Ll,l
W - \“\\‘ (o)

Br Ph,SiO OSiPh,
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1. Lessons learnt from Schrock-Type Tungsten Alkylidynes: Catalyst Preparation

Cl
Cle, | +Olde wcl, . ) . ‘
SME T e P o o * First method: Classical Schrock method
it ¥ OMe Et;0.75%
N 3 v » Alkylation of a WY! precursor
N f x";‘E“‘?:-.x » Two consecutive a-elimination

X X
|/ l H H
;\6 LIOBu 8 X=NMe, )) Il
THF,52% = 9 x=0mu "w‘\)< — 9\“--!%")4 - 9\‘

HCI, DME [W(CH,Bu)s] = >(
a1 % 4 /ﬁ*

J@s

Cl.. 1'N Il ' \ 15t a-elimination 2" g-elimination
a”: o B R P
_0, RO
]I' o

1a R=iBu 1a .
b R=(FiCMe,C  R= —4,
€ R = (F5C);MeC
d R=(F:ChHCH ™

J. H. Wengrovius, J. Sancho, R. R. Schrock, J. Am. Chem. Soc. 1981, 103, 3932 - 3934; S. F. Pedersen, R. R. Schrock, M. R. Churchill, H. J. Wasserman, J. Am. Chem. Soc.
1982, 104, 6808 - 6809; M. H. Chisholm, J. D. Martin, J. E. Hill, I. P. Rothwell, Inorg. Synth. 1992, 29, 137 - 140;
M. Akiyama, M. H. Chisholm, F. A. Cotton, M. W. Extine, D. A. Haitko, D. Little, P. E. Fanwick, /Inorg. Chem. 1979, 18, 2266 - 2270. a1



1. Lessons learnt from Schrock-Type Tungsten Alkylidynes: Catalyst Preparation ‘

Cl
S oo — ;';;,\':'a,,;z:: ) L.NMEEWCI‘ * First method: Classical Schrock method
ssdon ¥ i ELO. 75% |
2 ? % i » Alkylation of a WY precursor
N llr "‘-j,«.,;u-g;x » Two consecutive a-elimination

}t ¥ L
s e T H H
N LOBU (— 8 X= N, % Il
THIF, - = )
52% 9 X=0mu I'W‘\)< e 9\\\"Wuu)< —> 9\“"‘"

ey - W(CH B = 1* 4(% /ﬁ jﬁ

15t a-elimination 2" g-elimination

» Second method: Metathetic cleveage

1a R=Bu 1e .
b R=(FiCMe,C  R= —4,
€ R = (FsC);MeC

d R=(F2ChCH \

» Complexe 1a is now commercially available

J. H. Wengrovius, J. Sancho, R. R. Schrock, J. Am. Chem. Soc. 1981, 103, 3932 - 3934; S. F. Pedersen, R. R. Schrock, M. R. Churchill, H. J. Wasserman, J. Am. Chem. Soc.
1982, 104, 6808 - 6809; M. H. Chisholm, J. D. Martin, J. E. Hill, I. P. Rothwell, Inorg. Synth. 1992, 29, 137 - 140;
M. Akiyama, M. H. Chisholm, F. A. Cotton, M. W. Extine, D. A. Haitko, D. Little, P. E. Fanwick, /Inorg. Chem. 1979, 18, 2266 - 2270.
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1.

Lessons learnt from Schrock-Type Tungsten Alkylidynes: Role of R and X R

Complexe of the general type [X;W=CR] X“H;W\

R. R. Schrock, D. N. Clark, J. Sancho, J. H. Wengrovius, S. M. Rocklage, S. F. Pedersen, Organometallics 1982, 1, 1645 - 1651.
M. A. Stevenson, M. D. Hopkins, Organometallics 1997, 16, 3572 - 3573.

43



1. Lessons learnt from Schrock-Type Tungsten Alkylidynes: Role of R and X R

* Complexe of the general type [X;W=CR] xw';‘”\

* Influence of R

* Little bearing on the inherent activity
* Affect the stability and rate of initiation
* Ease of preparation

R. R. Schrock, D. N. Clark, J. Sancho, J. H. Wengrovius, S. M. Rocklage, S. F. Pedersen, Organometallics 1982, 1, 1645 - 1651.
M. A. Stevenson, M. D. Hopkins, Organometallics 1997, 16, 3572 - 3573.
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1.

Lessons learnt from Schrock-Type Tungsten Alkylidynes: Role of R and X R

Complexe of the general type [X;W=CR] X\\\';W\

Influence of R

* Little bearing on the inherent activity
* Affect the stability and rate of initiation
* Ease of preparation

Influence of X

* Plays a decisive role: 1a: commercially available vs 6 and 7: not reactive \Ilf \“f
e Bulk important to shield W atom X\\\\}W\ 9\u w
» Prevent dimerization and bimolecular decomposition x X /I<>P
X=0Bu 1a 6

* Electronic properties are important

R. R. Schrock, D. N. Clark, J. Sancho, J. H. Wengrovius, S. M. Rocklage, S. F. Pedersen, Organometallics 1982, 1, 1645 - 1651.
M. A. Stevenson, M. D. Hopkins, Organometallics 1997, 16, 3572 - 3573.

Cl ,I\CI

W
c” | Yo~
_0
7

45



Introd

R W)

RO W, * Metallacyclobutadienes 10: Isolated and analysed

“dissociafive path” R——R
11

—— R R-
B
b ’ \

x/ y X inseron R, R
£ \ reductive
ur:scmof/ "III elimination

1

. R, R R

¢ s x W’r-— R : =

,M(Iﬁwf}i 7 S R* |

[ | R
R R R " Rl 5

13

M. R. Churchill, J. W. Ziller, J. H. Freudenberger, R. R. Schrock, Organometallics 1984, 3, 1554 - 1562.

C. H. Suresh, G. Frenking, Organometallics 2010, 29, 4766 - 4769.
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Introd

1. Lessons learnt from Schrock-Type Tungsten Alkylidynes: Reaction pathways

R
||| .
RO W, * Metallacyclobutadienes 10: Isolated and analysed
R'O
“dissociative path” R—am—R * Release of the product 11:
11 * Rate limiting step
e Dissociative Path
. & X R R R
R——R | { “associalive path” N
X ‘L‘\!’ - x—ur' S o - X W, »—R
b #
x/ X X insertion R" , R

R
\ reductive
10 -r:scmor/ \ A
\ elimination
1
R R R R__AF~ R
t , e— XMW, D—R " "
~ 3 -::‘-\.“v"}: EII' 5, 45 \ . | .
T
R
R R R \R R XsW

13

M. R. Churchill, J. W. Ziller, J. H. Freudenberger, R. R. Schrock, Organometallics 1984, 3, 1554 - 1562.

C. H. Suresh, G. Frenking, Organometallics 2010, 29, 4766 - 4769.
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1. Lessons learnt from Schrock-Type Tungsten Alkylidynes: Reaction pathways

R
||I
R'O» W
ey
ro? OR
"dissociafive path” R——R
11
"\}’ X n: i _— R
R——R | { ‘associalive path \
J(..‘L'\!' T x—ur' S o - XW, R
-~ ;
X/ X X | insertion R 12 R
\ reductive
10 ur:scnvcr/ \ :
\ elimination
1
R R

H R\_ 'R R
ISRy — o ok R R
- \r =7 Ay, S _
s R R) R r
R R R \ In X3W

13

Metallacyclobutadienes 10: Isolated and analysed

Release of the product 11:
* Rate limiting step
* Dissociative Path

Insertion, Associative path: tungstacyclohexatriene 12

M. R. Churchill, J. W. Ziller, J. H. Freudenberger, R. R. Schrock, Organometallics 1984, 3, 1554 - 1562.
C. H. Suresh, G. Frenking, Organometallics 2010, 29, 4766 - 4769.
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1. Lessons learnt from Schrock-Type Tungsten Alkylidynes: Reaction pathways

R W)

RO W._ * Metallacyclobutadienes 10: Isolated and analysed
R'D/ OR'
“dissociative path” R—=-R * Release of the product 11:
11 * Rate limiting step
"> * Dissociative Path
R——R T C\R “associative path” A R
N« x—w i - x:,w;}ﬂ . . . .
T e P | nseton g e * Insertion, Associative path: tungstacyclohexatriene 12
X X 12
oy reductive
10 -nscrl'vcr/ \ elimination
1 * Reductive elimination: cyclopentadienyl 13
R T R R} R . i "
o . LA, 1. N — x3WQ_‘R @
I%( &\T Kw’:n / A R | R
R R R \R R XsW

13

M. R. Churchill, J. W. Ziller, J. H. Freudenberger, R. R. Schrock, Organometallics 1984, 3, 1554 - 1562.

C. H. Suresh, G. Frenking, Organometallics 2010, 29, 4766 - 4769.
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1. Lessons learnt from Schrock-Type Tungsten Alkylidynes: Reaction pathways

R W)

RO W, * Metallacyclobutadienes 10: Isolated and analysed
R'O OR
“dissociative path” R—=-R * Release of the product 11:
11 * Rate limiting step
"> * Dissociative Path
R——R T C\R “associative path” A R
|| —_— X—W I:“‘" R - ):JW;}R o 9 0 o
T e P | nseton g e * Insertion, Associative path: tungstacyclohexatriene 12
X X 12
oy reductive
10 -nscrl'vcr/ \ elimination
1 * Reductive elimination: cyclopentadienyl 13
T L e e certon R
ALy — wWo—r
Iﬁfz “‘R’n ) R R * Further insertion: polymerisation
\ In 3

13

M. R. Churchill, J. W. Ziller, J. H. Freudenberger, R. R. Schrock, Organometallics 1984, 3, 1554 - 1562.

C. H. Suresh, G. Frenking, Organometallics 2010, 29, 4766 - 4769.
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1.

Lessons learnt from Schrock-Type Tungsten Alkylidynes: Tuning

Further insertion: Interesting materials (polyacetylenes) but detrimental in organic synthesis
» Tuning

X. Wu, C. G. Daniliuc, C. G. Hrib, M. Tamm, J. Organomet. Chem. 2011, 696, 4147 - 4151; Z. ). Tonzetich, Y. C. Lam, P. Mller, R. R. Schrock, Organometallics
2007, 26, 475 - 477; S. Beer, C. G. Hrib, P. G. Jones, K. Brandhorst, J. Grunenberg, M. Tamm, Angew. Chem. Int. Ed. 2007, 46, 8890 - 8894.
B. Haberlag, M. Freytag, P. G. Jones, M. Tamm, Adv. Synth. Catal. 2014, 356, 1255 - 1265.
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1. Lessons learnt from Schrock-Type Tungsten Alkylidynes: Tuning

e Further insertion: Interesting materials (polyacetylenes) but detrimental in organic synthesis
» Tuning

* The case of 2-butyne: pseudo-poisoning
* Formed in all metathesis reactions of methyl-capped alkyne
* Smallest internal alkyne, highest chance to get polymerized

X. Wu, C. G. Daniliuc, C. G. Hrib, M. Tamm, J. Organomet. Chem. 2011, 696, 4147 - 4151; Z. ). Tonzetich, Y. C. Lam, P. Mller, R. R. Schrock, Organometallics
2007, 26, 475 - 477; S. Beer, C. G. Hrib, P. G. Jones, K. Brandhorst, J. Grunenberg, M. Tamm, Angew. Chem. Int. Ed. 2007, 46, 8890 - 8894.
B. Haberlag, M. Freytag, P. G. Jones, M. Tamm, Adv. Synth. Catal. 2014, 356, 1255 - 1265.
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1. Lessons learnt from Schrock-Type Tungsten Alkylidynes: Tuning

e Further insertion: Interesting materials (polyacetylenes) but detrimental in organic synthesis
» Tuning

* The case of 2-butyne: pseudo-poisoning
* Formed in all metathesis reactions of methyl-capped alkyne
* Smallest internal alkyne, highest chance to get polymerized

* Influence of the Lewis acidity of WV
* Unable to metathesize substrates containing donor sites
* Destroy acid-sensitive materials (acetals etc...)

X. Wu, C. G. Daniliuc, C. G. Hrib, M. Tamm, J. Organomet. Chem. 2011, 696, 4147 - 4151; Z. ). Tonzetich, Y. C. Lam, P. Mller, R. R. Schrock, Organometallics
2007, 26, 475 - 477; S. Beer, C. G. Hrib, P. G. Jones, K. Brandhorst, J. Grunenberg, M. Tamm, Angew. Chem. Int. Ed. 2007, 46, 8890 - 8894.
B. Haberlag, M. Freytag, P. G. Jones, M. Tamm, Adv. Synth. Catal. 2014, 356, 1255 - 1265.
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1.

Lessons learnt from Schrock-Type Tungsten Alkylidynes: Tuning

Further insertion: Interesting materials (polyacetylenes) but detrimental in organic synthesis
» Tuning

The case of 2-butyne: pseudo-poisoning

* Formed in all metathesis reactions of methyl-capped alkyne
Smallest internal alkyne, highest chance to get polymerized

Influence of the Lewis acidity of WV

F._t:}l { FiC _ -L|~.r
. . . R e J FC c;, SN Oy '
* Unable to metathesize substrates containing donor sites *E\ ™ b oy .
) " ) . NI - ¢
* Destroy acid-sensitive materials (acetals etc...) RS H FiC !

Solution: Heteroleptic push/pull environment around W

X. Wu, C. G. Daniliuc, C. G. Hrib, M. Tamm, J. Organomet. Chem. 2011, 696, 4147 - 4151; Z. ). Tonzetich, Y. C. Lam, P. Mller, R. R. Schrock, Organometallics
2007, 26, 475 - 477; S. Beer, C. G. Hrib, P. G. Jones, K. Brandhorst, J. Grunenberg, M. Tamm, Angew. Chem. Int. Ed. 2007, 46, 8890 - 8894.
B. Haberlag, M. Freytag, P. G. Jones, M. Tamm, Adv. Synth. Catal. 2014, 356, 1255 - 1265.
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2. Molybdenum-Based Catalyst: Early preparation

* Original syntheses of [Xx;Mo==CR] :
» low yields and problems with scale-up

L. G. McCullough, R. R. Schrock, J. Am. Chem. Soc. 1984, 106, 4067 - 4068; |. A. Weinstock, R. R. Schrock, W. M. Davis, J. Am. Chem. Soc. 1991, 113, 135 - 144; L. G.
McCullough, R. R. Schrock, J. C. Dewan, J. C. Murdzek, J. Am. Chem. Soc. 1985, 107, 5987 - 5998; Y.-C. Tsai, P. L. Diaconescu, C. C. Cummins, Organometallics 2000, 19,
5260 -5262; ). M. Blackwell, J. S. Figueroa, F. H. Stephens, C. C. Cummins, Organometallics 2003, 22, 3351 - 3353. 55



2. Molybdenum-Based Catalyst: Early preparation

* Original syntheses of [Xx;Mo==CR] :
» low yields and problems with scale-up

* Contrary to tungsten series, [(tBuO);Mo=CCMe;]
» performs poorly

L. G. McCullough, R. R. Schrock, J. Am. Chem. Soc. 1984, 106, 4067 - 4068; |. A. Weinstock, R. R. Schrock, W. M. Davis, J. Am. Chem. Soc. 1991, 113, 135 - 144; L. G.
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2. Molybdenum-Based Catalyst: Early preparation

* Original syntheses of [Xx;Mo==CR] :
» low yields and problems with scale-up

* Contrary to tungsten series, [(tBuO);Mo=CCMe;]
» performs poorly

* When X = phenolates or branched fluorinated alkoxides:
» good activity

L. G. McCullough, R. R. Schrock, J. Am. Chem. Soc. 1984, 106, 4067 - 4068; |. A. Weinstock, R. R. Schrock, W. M. Davis, J. Am. Chem. Soc. 1991, 113, 135 - 144; L. G.
McCullough, R. R. Schrock, J. C. Dewan, J. C. Murdzek, J. Am. Chem. Soc. 1985, 107, 5987 - 5998; Y.-C. Tsai, P. L. Diaconescu, C. C. Cummins, Organometallics 2000, 19,
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2. Molybdenum-Based Catalyst: Early preparation

* Original syntheses of [Xx;Mo==CR] : A

. . \ = . SiM @ I©
» low yields and problems with scale-up ‘L—N’ i
\ / I, (0.5 equiv) \ < LiBHEt,
H— l}l‘lo N/\T : = > __Mo N/.:' -
: ~4 o Hocsime, & WO
» Contrary to tungsten series, [(tBuO);Mo==CCMe] Yy @ N\
» performs poorly u. /@\
15 16
* When X = phenolates or branched fluorinated alkoxides:
» good activity _SiMe; s.w.-;
— -E""N;i 1. 80 °C, toluene _6\
* First reliable preparation: Cummins 2000 A x”/ix\r- 2. adamantan-1-ol /g;
» No systematic screening {4 /@\ <9
Y
17 II 18

L. G. McCullough, R. R. Schrock, J. Am. Chem. Soc. 1984, 106, 4067 - 4068; |. A. Weinstock, R. R. Schrock, W. M. Davis, J. Am. Chem. Soc. 1991, 113, 135 - 144; L. G.
McCullough, R. R. Schrock, J. C. Dewan, J. C. Murdzek, J. Am. Chem. Soc. 1985, 107, 5987 - 5998; Y.-C. Tsai, P. L. Diaconescu, C. C. Cummins, Organometallics 2000, 19,
5260 -5262; ). M. Blackwell, J. S. Figueroa, F. H. Stephens, C. C. Cummins, Organometallics 2003, 22, 3351 - 3353. 58



2. Molybdenum-Based Catalyst: Upgraded Preparation

; Mo

J |
?LNJMO\"% + -PLN'HMD\"%

g ﬁf’ 4 L

e Precursor 19 provides great oppotunities CHCl,

X
b

A. Furstner, C. Mathes, C. W. Lehmann, J. Am. Chem. Soc. 1999, 121, 9453 - 9454; A. Furstner, C. Mathes, C. W. Lehmann, Chem. Eur. J. 2001, 7, 5299 - 5317.
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2. Molybdenum-Based Catalyst: Upgraded Preparation

H Mo
\L CH,Cl, N/
c =
_Mo-., + =SA__Mo-,
q ,éf} —~ YN I
N
* 20 catalyzes many alkyne metathesis 0 /@\

e Precursor 19 provides great oppotunities

sy
o

A. Furstner, C. Mathes, C. W. Lehmann, J. Am. Chem. Soc. 1999, 121, 9453 - 9454; A. Furstner, C. Mathes, C. W. Lehmann, Chem. Eur. J. 2001, 7, 5299 - 5317.
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2. Molybdenum-Based Catalyst: Upgraded Preparation

* Precursor 19 provides great oppotunities
P g PP ,\LN_MD.. : CH,Cl

Mhe oo
4 55

* 20 catalyzes many alkyne metathesis

QY

s
X

b

* 19/DCM tolerates numerous polar groups (basic amines, divalent sulfur etc...)

A. Furstner, C. Mathes, C. W. Lehmann, J. Am. Chem. Soc. 1999, 121, 9453 - 9454; A. Furstner, C. Mathes, C. W. Lehmann, Chem. Eur. J. 2001, 7, 5299 - 5317.
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2. Molybdenum-Based Catalyst: Upgraded Preparation

* Precursor 19 provides great oppotunities
P g PP ,\LN_MD.. : CH,Cl

Mhe oo
4 55

20 catalyzes many alkyne metathesis

QY

s
X

b

19/DCM tolerates numerous polar groups (basic amines, divalent sulfur etc...)

Catalyst of choice for almost a decade !

A. Furstner, C. Mathes, C. W. Lehmann, J. Am. Chem. Soc. 1999, 121, 9453 - 9454; A. Furstner, C. Mathes, C. W. Lehmann, Chem. Eur. J. 2001, 7, 5299 - 5317.
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2. Molybdenum-Based Catalyst: Upgraded Preparation

* Precursor 19 provides great oppotunities A d o I/ cl
N"MU\N# —2.. >L ;MQ -.ﬁ + 7L #_,M|D .,ﬁ
‘é? K‘;* toluene N \N N \N Qk
N
* 20 catalyzes many alkyne metathesis /Q ,.é? /@\ ; vy /@\
19
0 pa |

* 19/DCM tolerates numerous polar groups (basic amines, divalent sulfur etc...)

» Catalyst of choice for almost a decade !

* Great effect in several challenging total synthesis A

Epothilone C

A. Furstner, C. Mathes, C. W. Lehmann, J. Am. Chem. Soc. 1999, 121, 9453 - 9454; A. Furstner, C. Mathes, C. W. Lehmann, Chem. Eur. J. 2001, 7, 5299 - 5317.
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Introd

2. Mo catalyst: Second generation and applications

e Precursor 19 can provide substituted alkylidynes l

N I CH;CH;CHCH

0 ﬁf_.r .

|
i ';JL _,_MO Y|
S o % NTTN

.r"

4
J L o
9 Q J fjﬁ

W. Zhang, S. Kraft, J. S. Moore, J. Am. Chem. Soc. 2004, 126, 329 - 335; W. Zhang, Y. Lu, J. S. Moore, Org. Synth. 2007, 84, 163 - 176;

K. Jyothish, W. Zhang, Angew. Chem. Int. Ed. 2011, 50, 3435 - 3438.
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Introd

2. Mo catalyst: Second generation and applications

e Precursor 19 can provide substituted alkylidynes l

* Possible reductive recycle strategy N)< CH,CH,CHCI;

0 ﬁf_.r .

|
i ';JL _,_MO Y|
S o % NTTN

.r"

4
J L o
9 Q J fjﬁ

W. Zhang, S. Kraft, J. S. Moore, J. Am. Chem. Soc. 2004, 126, 329 - 335; W. Zhang, Y. Lu, J. S. Moore, Org. Synth. 2007, 84, 163 - 176;

K. Jyothish, W. Zhang, Angew. Chem. Int. Ed. 2011, 50, 3435 - 3438.
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Introd

2. Mo catalyst: Second generation and applications

e Precursor 19 can provide substituted alkylidynes l

* Possible reductive recycle strategy

’O R.l' toluene ] I e N \
e All Mo ends up valuable alkylidyne product /@\ {? | J ’Q\. i

W. Zhang, S. Kraft, J. S. Moore, J. Am. Chem. Soc. 2004, 126, 329 - 335; W. Zhang, Y. Lu, J. S. Moore, Org. Synth. 2007, 84, 163 - 176;

K. Jyothish, W. Zhang, Angew. Chem. Int. Ed. 2011, 50, 3435 - 3438.
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2. Mo catalyst: Second generation and applications

Precursor 19 can provide substituted alkylidynes l
L _ ci

Possible reductive recycle strategy N-Mo_ - | =<
A N “, d
’9 g.'l' toluene - N = N \
All Mo ends up valuable alkylidyne product ~. /@\ J{? i Q A4 ’g\" '

22 has many applications in polymer chemistry and

material science ( |/
| il
Mo -.g o-Mo..g

b 23

W. Zhang, S. Kraft, J. S. Moore, J. Am. Chem. Soc. 2004, 126, 329 - 335; W. Zhang, Y. Lu, J. S. Moore, Org. Synth. 2007, 84, 163 - 176;

K. Jyothish, W. Zhang, Angew. Chem. Int. Ed. 2011, 50, 3435 - 3438.
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2. Mo catalyst: Second generation and applications

. Mo

Precursor 19 can provide substituted alkylidynes l

Possible reductive recycle strategy N-Mo_ ",

NN :
N~ toluene - =
All Mo ends up valuable alkylidyne product r{) /@\ Q i K.\? A4 /‘\\' ‘

22 has many applications in polymer chemistry and

material science ( |/
|l il
Mo -.g o- Mo\ "0

Catalyst 23 0~ % o~ 0 }Q
 Tridendate ligand increase catalyst lifetime and scope 9 Nd (7 AN
* High metathesis activity 0N Q ‘
* Tolerate aldehyde and nitro groups NO; NO;

9 23

i

W. Zhang, S. Kraft, J. S. Moore, J. Am. Chem. Soc. 2004, 126, 329 - 335; W. Zhang, Y. Lu, J. S. Moore, Org. Synth. 2007, 84, 163 - 176;

K. Jyothish, W. Zhang, Angew. Chem. Int. Ed. 2011, 50, 3435 - 3438.
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2. Mo catalyst: Remaining problems

* Must be handle with great care (Argon and Schlenk) CHLCly

* Sensitive to oxidation and hydrolysis

;5

9, s |
toluene N"MD\"% + '7|~|,\|,J-"|n0~h..y<
a /@f} 4 A¥ya &%

C. C. Cummins, Chem. Commun. 1998, 1777 - 1786; J. Heppekausen, R. Stade, R. Goddard, A. Furstner, J. Am. Chem. Soc. 2010, 132, 11045 - 11057;

J. Heppekausen, R. Stade, A. Kondoh, G. Seidel, R. Goddard, A. Flirstner, Chem. Eur. J. 2012, 18, 10281 - 10299.
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2. Mo catalyst: Remaining problems

* Must be handle with great care (Argon and Schlenk) N

- CH,Cl

* Reactive enough to cleave molecular nitrogen 2 A

C. C. Cummins, Chem. Commun. 1998, 1777 - 1786; J. Heppekausen, R. Stade, R. Goddard, A. Furstner, J. Am. Chem. Soc. 2010, 132, 11045 - 11057;
J. Heppekausen, R. Stade, A. Kondoh, G. Seidel, R. Goddard, A. Flirstner, Chem. Eur. J. 2012, 18, 10281 - 10299.

Il
il %N,Mo\..% " '7LN£M0\.,%

<
. . . . i % toluene N
* Sensitive to oxidation and hydrolysis /@\ ,.0 Q ﬁ N Q
19 : T '
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2. Mo catalyst: Remaining problems

* Must be handle with great care (Argon and Schlenk) N

s CH,Cl;

e ((@-.
o
\Y
i
=
b
=

&

* Reactive enough to cleave molecular nitrogen

g

C. C. Cummins, Chem. Commun. 1998, 1777 - 1786; J. Heppekausen, R. Stade, R. Goddard, A. Furstner, J. Am. Chem. Soc. 2010, 132, 11045 - 11057;
J. Heppekausen, R. Stade, A. Kondoh, G. Seidel, R. Goddard, A. Flirstner, Chem. Eur. J. 2012, 18, 10281 - 10299.

Il
il %N,Mo\..% " '7LN£M0\.,%

<
. . . . i % toluene N
* Sensitive to oxidation and hydrolysis /@\ ,.0 Q ﬁ N Q
19 . f . ’ t »
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2. Mo catalyst: Remaining problems

* Must be handle with great care (Argon and Schlenk) N CH,Cl,
N-Mo " -

" |
oluenea
* Sensitive to oxidation and hydrolysis ‘@ /@\ *‘Cf? N T%} 7 N Q
P 19 II
JI‘_/

* Reactive enough to cleave molecular nitrogen x\“if ; 2 A

\

=

* Importance to develop more robust, more user-friendly alternatives

C. C. Cummins, Chem. Commun. 1998, 1777 - 1786; J. Heppekausen, R. Stade, R. Goddard, A. Furstner, J. Am. Chem. Soc. 2010, 132, 11045 - 11057;

J. Heppekausen, R. Stade, A. Kondoh, G. Seidel, R. Goddard, A. Flirstner, Chem. Eur. J. 2012, 18, 10281 - 10299.
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3.

From Nitrile/Alkyne Cross-Metathesis to Improved Catalyst Design

{[(Ar)(tBu)N]sMo=N} Thermodynamically stable
* Driving force of N, cleveage

M. Geyer, E. S. Wiedner, J. B. Gary, R. L. Gdula, N. C. Kuhlmann, M. J. A. Johnson, B. D. Dunietz, J. W. Kampf, . Am. Chem. Soc. 2008, 130, 8984 - 8999;
R. L. Gdula, M. J. A. Johnson, J. Am. Chem. Soc. 2006, 128, 9614 - 9615;
A. M. Geyer, M. J. Holland, R. L. Gdula, J. E. Goodman, M. J. A. Johnson, J. W. Kampf, J. Organomet. Chem. 2012, 708 - 709, 1 - 9.
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3.

From Nitrile/Alkyne Cross-Metathesis to Improved Catalyst Design

{[(Ar)(tBu)N]sMo=N} Thermodynamically stable
* Driving force of N, cleveage

Can be reversible !
* M=N More polarized than M=C
* Poorly donating ligands destabilize the nitride

M. Geyer, E. S. Wiedner, J. B. Gary, R. L. Gdula, N. C. Kuhlmann, M. J. A. Johnson, B. D. Dunietz, J. W. Kampf, . Am. Chem. Soc. 2008, 130, 8984 - 8999;
R. L. Gdula, M. J. A. Johnson, J. Am. Chem. Soc. 2006, 128, 9614 - 9615;
A. M. Geyer, M. J. Holland, R. L. Gdula, J. E. Goodman, M. J. A. Johnson, J. W. Kampf, J. Organomet. Chem. 2012, 708 - 709, 1 - 9.
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3.

From Nitrile/Alkyne Cross-Metathesis to Improved Catalyst Design

ol rantforTnabion 2 AA—=N
Driving force of N, cleveage

Can be reversible !
* M=N More polarized than M=C
Poorly donating ligands destabilize the nitride

Nitrile/Alkyne Cross Metathesis (NACM)

M. Geyer, E. S. Wiedner, J. B. Gary, R. L. Gdula, N. C. Kuhlmann, M. J. A. Johnson, B. D. Dunietz, J. W. Kampf, . Am. Chem. Soc. 2008, 130, 8984 - 8999;
R. L. Gdula, M. J. A. Johnson, J. Am. Chem. Soc. 2006, 128, 9614 - 9615;
A. M. Geyer, M. J. Holland, R. L. Gdula, J. E. Goodman, M. J. A. Johnson, J. W. Kampf, J. Organomet. Chem. 2012, 708 - 709, 1 - 9.

{[(Ar)(tBu)N]sMo=N} Thermodynamically stable | “
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3.

From Nitrile/Alkyne Cross-Metathesis to Improved Catalyst Design

{[(Ar)(tBu)N]sMo=N} Thermodynamically stable ot 3. | __
 Driving force of N, cleveage T INR

Can be reversible !

* M=N More polarized than M=C
* Poorly donating ligands destabilize the nitride

Nitrile/Alkyne Cross Metathesis (NACM)

Limited Scope but open interesting perspectives

M. Geyer, E. S. Wiedner, J. B. Gary, R. L. Gdula, N. C. Kuhlmann, M. J. A. Johnson, B. D. Dunietz, J. W. Kampf, . Am. Chem. Soc. 2008, 130, 8984 - 8999;
R. L. Gdula, M. J. A. Johnson, J. Am. Chem. Soc. 2006, 128, 9614 - 9615;
A. M. Geyer, M. J. Holland, R. L. Gdula, J. E. Goodman, M. J. A. Johnson, J. W. Kampf, J. Organomet. Chem. 2012, 708 - 709, 1 - 9.
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3.

From Nitrile/Alkyne Cross-Metathesis to Improved Catalyst Design

e = ! r

{[(Ar)(tBu)N]sMo=N} Thermodynamically stable

 Driving force of N, cleveage T INR
Can be reversible ! n

¢ M=N More polarized than M=C & /7 M7~ T

* Poorly donating ligands destabilize the nitride N zmemew

Y (nacw)

Nitrile/Alkyne Cross Metathesis (NACM) I
Limited Scope but open interesting perspectives o
Two lessons learnt: -J

* ACM more effective than NACM b W R

* W or Mo nitrides as precatalysts for alkyne metathesis o

25

M. Geyer, E. S. Wiedner, J. B. Gary, R. L. Gdula, N. C. Kuhlmann, M. J. A. Johnson, B. D. Dunietz, J. W. Kampf, . Am. Chem. Soc. 2008, 130, 8984 - 8999;
R. L. Gdula, M. J. A. Johnson, J. Am. Chem. Soc. 2006, 128, 9614 - 9615;
A. M. Geyer, M. J. Holland, R. L. Gdula, J. E. Goodman, M. J. A. Johnson, J. W. Kampf, J. Organomet. Chem. 2012, 708 - 709, 1 - 9. 77



3.

From Nitrile/Alkyne Cross-Metathesis to Improved Catalyst Design: Improvement

Original nitride complexes incorporated expensive F-ligand

H. M. Cho, H. Weissman, S. R. Wilson, J. S. Moore, J. Am. Chem. Soc. 2006, 128, 14742 - 14743.
M. Bindl, R. Stade, E. K. Heilmann, A. Picot, R. Goddard, A. Firstner, . Am. Chem. Soc. 2009, 131, 9468 - 9470.
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3. From Nitrile/Alkyne Cross-Metathesis to Improved Catalyst Design: Improvement

e Original nitride complexes incorporated expensive F-ligand

* Complex 28 as a better alternative
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Original nitride complexes incorporated expensive F-ligand

Complex 28 as a better alternative

Complex 29: competent precatalyst for many reactions

* |s converted into active alkylidyne 30

Complex 31: Enough stable to be weighted in air
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From Nitrile/Alkyne Cross-Metathesis to Improved Catalyst Design: Improvement

Original nitride complexes incorporated expensive F-ligand

Complex 28 as a better alternative

Complex 29: competent precatalyst for many reactions
* |s converted into active alkylidyne 30

Complex 31: Enough stable to be weighted in air

Complex 32: Much more robust (air stable > 2 years)
* MnCl, realease the precatalyst 29
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From Nitrile/Alkyne Cross-Metathesis to Improved Catalyst Design: Improvement

Original nitride complexes incorporated expensive F-ligand

Complex 28 as a better alternative

Complex 29: competent precatalyst for many reactions
* |s converted into active alkylidyne 30

Complex 31: Enough stable to be weighted in air

Complex 32: Much more robust (air stable > 2 years)
* MnCl, realease the precatalyst 29

Many applications in total synthesis
* Tolerate many functional groups
* Convert aldehydes and acid chlorides into nitriles
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4. From the Glovebox to the Benchtop: Catalysts with Improved Activity and Stability

* Design of new alkylidynes catalyst based on previous nitride complexes

Ma{CO ) = [NMe, J[Mo{CO)(COAR) = | OC, JL JCO
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b Ar = p-MeOCH,
highly active and selective bench-stable precatalyst
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* Design of new alkylidynes catalyst based on previous nitride complexes

* Bench stable catalyst

Complexation with phenanthroline
Easy to activate with MnCl,
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4. From the Glovebox to the Benchtop: Catalysts with Improved Activity and Stability

Design of new alkylidynes catalyst based on previous nitride complexes

Bench stable catalyst
* Complexation with phenanthroline
e Easy to activate with MnCl,

Practical and scalable synthesis route
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Design of new alkylidynes catalyst based on previous nitride complexes

Bench stable catalyst
* Complexation with phenanthroline
e Easy to activate with MnCl,

Practical and scalable synthesis route

Possible variation of Ar, silanolate and N-ligand

4. From the Glovebox to the Benchtop: Catalysts with Improved Activity and Stability . &
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4. From the Glovebox to the Benchtop: Catalysts with Improved Activity and Stability . &

Design of new alkylidynes catalyst based on previous nitride complexes

Bench stable catalyst
* Complexation with phenanthroline
e Easy to activate with MnCl,

Practical and scalable synthesis route

Possible variation of Ar, silanolate and N-ligand

Best alkyne metathesis to date
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Introd

4. From the Glovebox to the Benchtop: Catalysts with Improved Activity and Stability

Old vs new generation catalyst

Ph
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Reaction with 1-phenyl-1-propyne .
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50

New catalyst:
* 1 mol% catalyst loading
* (Quantitative after <5 min at rt

conversion / %
g

e < 20% conversion after 1h
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reaction time / min

J. Heppekausen, R. Stade, A. Kondoh, G. Seidel, R. Goddard, A. Flirstner, Chem. Eur. J. 2012, 18, 10281 - 10299.
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Introd

4. From the Glovebox to the Benchtop: Catalysts with Improved Activity and Stability

e Old vs new generation catalyst

p 34 (5 mol%) ,;/\—-\

< : Q:‘ . |
(o} e o /
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H | M = uene r

H /
i
~ o 80 % ~ &

* Total synthesis of Ecklonialactones

. Lindlar catalyst, Hs
1a {5 mol%) 0%

| Y
decomp. <j/
e

Ecklomalactone B

V. Hickmann, M. Alcarazo, A. Firstner, J. Am. Chem. Soc. 2010, 132, 11042 - 11044.
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Old vs new generation catalyst

Total synthesis of Ecklonialactones

Old generation:

Destroy acid-sensitive epoxide 37
Deactivated by basic nitrogen and divalent sulfur

4. From the Glovebox to the Benchtop: Catalysts with Improved Activity and Stability . >
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Ecklomalactone B

V. Hickmann, M. Alcarazo, A. Firstner, J. Am. Chem. Soc. 2010, 132, 11042 - 11044.
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4. From the Glovebox to the Benchtop: Catalysts with Improved Activity and Stability

Old vs new generation catalyst

Total synthesis of Ecklonialactones

Old generation:
* Destroy acid-sensitive epoxide 37
e Deactivated by basic nitrogen and divalent sulfur

New catalyst:
* Lead to product 38 with excellent yield
* Tolerate pyridines, thiazole and thioethers
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ou, 4 N
: < 5 A MS C Y,
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O e, " O f
L W i
X | H/\/’\/ ﬁ:\\ toluene H E’_
—~ 0 - 80 % ~ O B
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1:r Om T\
decomp. <J/ Q
e

Ecklomalactone B

V. Hickmann, M. Alcarazo, A. Firstner, J. Am. Chem. Soc. 2010, 132, 11042 - 11044.
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4. From the Glovebox to the Benchtop: Catalysts with Improved Activity and Stability

Avantages and limitations

Tolerate pyridines, thiazole, thioethers, esters, ethers, silyl ethers
tosylates, ketones, amides, carbamates, aldols, acetals, spiroketals, epoxides

vinyl epoxides, Aryl-X, alkyls chlorides, propargyl acetates, carbozoles,
pyrones, trifluoromethyl, nitro groups
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Catalyst distinguish between alkynes (reactive) and all alkenes (unreactive)
e Alkyne metathesis strickly orthogonal to Alkene metathesis
Valuable opportunities for synthesis




4. From the Glovebox to the Benchtop: Catalysts with Improved Activity and Stability

Avantages and limitations

Tolerate pyridines, thiazole, thioethers, esters, ethers, silyl ethers

tosylates, ketones, amides, carbamates, aldols, acetals, spiroketals, epoxides

vinyl epoxides, Aryl-X, alkyls chlorides, propargyl acetates, carbozoles,
pyrones, trifluoromethyl, nitro groups

Catalyst distinguish between alkynes (reactive) and all alkenes (unreactive)

Alkyne metathesis strickly orthogonal to Alkene metathesis
Valuable opportunities for synthesis

Limitations

Aromatic aldehyde are endangered
Grubbs and Schrock alkene metathesis catalysts react with alkynes




5. Structural Considerations and Adaptable Electronic Features

» Steric factors Ar
*  Ph,SiO groups is not that bulky (4 Ph;SiO) |||
* Large enough to disfavor associative pathways PhsSiO““'/M AN

Ph,si0  OSiPhs

Ar
Ph3Si0//,,,I\I’I|L,.\\\OSiPh3

Ph3SiO{ © “Nosiph,
~~K@
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5. Structural Considerations and Adaptable Electronic Features

» Steric factors
*  Ph,SiO groups is not that bulky (4 Ph;SiO) |||

* Large enough to disfavor associative pathways PhsSiO““'/M N

Ph,SiO

e Electronic factors
* Siloxides weaker donors than alkoxides
* Competition p(O) - d(Mo) with backbonding p,(O) - o*(Si)
* Donor capacity is angle-dependant
e 0O =180° better O - Mo bonding, decrease Lewis acidity
* Bending, worse O - Mo bonding, increase Lewis acidity

Ar
Ph3Si0//,,,I\I’I|L,.\\\OSiPh3

Ph3SiO{ © “Nosiph,
~~K®

less Lewis acidic

1Hh'l.
II more Lewls acidic
1N 0
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5. Structural Considerations and Adaptable Electronic Features

» Steric factors
*  Ph,SiO groups is not that bulky (4 Ph;SiO) |||

* Large enough to disfavor associative pathways PhsSiO““'/M N

Ph,SiO

e Electronic factors
* Siloxides weaker donors than alkoxides
* Competition p(O) - d(Mo) with backbonding p,(O) - o*(Si)
* Donor capacity is angle-dependant
e 0O =180° better O - Mo bonding, decrease Lewis acidity
* Bending, worse O - Mo bonding, increase Lewis acidity

* X-ray: stretching and bending Mo-O-Si is facile
* (Catalyst may adapt during the catalytic cycle
» Could be applied in other catalytic transformations
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Ph3SiO/,,,,“|’I|L,..\\OSiPh3

il -

0SiPh,

[

Physio?. © NosiPh,
~~K@

£ Lew!s acidic

- 4 maore Lewls acidic

' - L
Ph;,Si—Q—_l.!-;.—

v/ 9
4 PhISiMDf[M o]
, 2Q 2 7o
— Mo
: PhsSi _{,Cl___f, TJ».
bent
linear

98



6. Factors Influencing the Catalyst Lifetime

* Ph,SiO ligands exert a positive effect on the catalyst lifetime

* Hydrolysis: anhydrous solvents are mandotory

Development on terminal alkynes metathesis:
O. Coutelier, A. Mortreux, Adv. Synth. Catal. 2006, 348, 2038 - 2042; O. Coutelier, G. Nowogrocki, J.-F. Paul, A. Mortreux, Adv. Synth. Catal. 2007, 349, 2259 - 2263.
B. Haberlag, M. Freytag, C. G. Daniliuc, P. G. Jones, M. Tamm, Angew. Chem. Int. Ed. 2012, 51, 13019 - 13022.
R. Lhermet, A. Firstner, Chem. Eur. J. 2014, 20, 13188 - 13193.
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6. Factors Influencing the Catalyst Lifetime

e PhSiO ligands exert a positive effect on the catalyst lifetime

. Ar
* Hydrolysis: anhydrous solvents are mandotory 1.ZnChy
loluene
«  Bimolecular decomposition (t,, = 30 h in anhydrous toluene) e
2. pentane
20 °C, T days

* Dimerization remains possible

Development on terminal alkynes metathesis:
O. Coutelier, A. Mortreux, Adv. Synth. Catal. 2006, 348, 2038 - 2042; O. Coutelier, G. Nowogrocki, J.-F. Paul, A. Mortreux, Adv. Synth. Catal. 2007, 349, 2259 - 2263.
B. Haberlag, M. Freytag, C. G. Daniliuc, P. G. Jones, M. Tamm, Angew. Chem. Int. Ed. 2012, 51, 13019 - 13022.
R. Lhermet, A. FUrstner, Chem. Eur. J. 2014, 20, 13188 - 13193. 101
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* Ph,SiO ligands exert a positive effect on the catalyst lifetime

q Ar
* Hydrolysis: anhydrous solvents are mandotory 1.ZnCl, )
loluene P
. i . BO*C.3h PhySIO, / x QSiPh
¢ Bimolecular decomposition (t,, = 30 h in anhydrous toluene) ’ .,h_....,:. i
2. oiae PhySi0” ‘EN? 0SiPh,
 Dimerization remains possible N T PhoSl
39
OMe =\
AN, H=—{ )—OMe
: : , | bl
* Alkyne metathesis of terminal alkynes in development -- \lf'f] then phen
PhySiOw-Mo__ \
0SiPh, 3
Ph,Si0 PN, SIOH L)

Development on terminal alkynes metathesis:
O. Coutelier, A. Mortreux, Adv. Synth. Catal. 2006, 348, 2038 - 2042; O. Coutelier, G. Nowogrocki, J.-F. Paul, A. Mortreux, Adv. Synth. Catal. 2007, 349, 2259 - 2263.
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Introd

7. Molecular Sieves as Butyne Scavengers

* Trapping of 2-butyne necessary:
» to shift the equilibrium

> to avoid its accumulation —_— = _ph
M=—Ph
/ A \
/ \
A . Ph
| - - || - "|' |
Ph Ph Ph

W. Zhang, J. S. Moore, J. Am. Chem. Soc. 2004, 126, 12796; W. Zhang, J. S. Moore, J. Am. Chem. Soc. 2005, 127, 11863 - 11870. o5



7. Molecular Sieves as Butyne Scavengers

* Trapping of 2-butyne necessary:
» to shift the equilibrium
» to avoid its accumulation

* Distillation: b.p. = 27 °C, heating or gentle vacuum M=—Ph
» Problem: Solvent distillation, change of concentation / A \
/

W. Zhang, J. S. Moore, J. Am. Chem. Soc. 2004, 126, 12796; W. Zhang, J. S. Moore, J. Am. Chem. Soc. 2005, 127, 11863 - 11870.
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* Trapping of 2-butyne necessary:
» to shift the equilibrium
» to avoid its accumulation

* Distillation: b.p. = 27 °C, heating or gentle vacuum r
» Problem: Solvent distillation, change of concentation / A \

* Precipitation: Requires special substrates, not atom-economical / \
_ - - | |
Ph Ph

W. Zhang, J. S. Moore, J. Am. Chem. Soc. 2004, 126, 12796; W. Zhang, J. S. Moore, J. Am. Chem. Soc. 2005, 127, 11863 - 11870.
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7. Molecular Sieves as Butyne Scavengers

Trapping of 2-butyne necessary:
» to shift the equilibrium
» to avoid its accumulation

Distillation: b.p. = 27 °C, heating or gentle vacuum
» Problem: Solvent distillation, change of concentation

Precipitation: Requires special substrates, not atom-economical

Molecular sieve 5 A: oa
» Large enough to trap 2-butyne
» Small enough not to entrap substrate, product, catalyst or toluene
» Helps to keep the medium water free (increased turnover)

Ph

I

W. Zhang, J. S. Moore, J. Am. Chem. Soc. 2004, 126, 12796; W. Zhang, J. S. Moore, J. Am. Chem. Soc. 2005, 127, 11863 - 11870. o



7. Molecular Sieves as Butyne Scavengers

Trapping of 2-butyne necessary:
» to shift the equilibrium
» to avoid its accumulation

* Distillation: b.p. = 27 °C, heating or gentle vacuum
» Problem: Solvent distillation, change of concentation

* Precipitation: Requires special substrates, not atom-economical

«  Molecular sieve 5 A: oa
» Large enough to trap 2-butyne
» Small enough not to entrap substrate, product, catalyst or toluene
» Helps to keep the medium water free (increased turnover)

* Methylated alkyne + 5 A MS: system of choice

W. Zhang, J. S. Moore, J. Am. Chem. Soc. 2004, 126, 12796; W. Zhang, J. S. Moore, J. Am. Chem. Soc. 2005, 127, 11863 - 11870. o
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1. Alkyne metathesis vs Alkene Metathesis in Total Synthesis?

* Originally used to solve stereochemical problems: Easy access to stereocontrolled Z- and E-olefins

Trans-hydrosilylation: B. M. Trost, Z. T. Ball, T. Joge, J. Am. Chem. Soc. 2002, 124, 7922 - 7923; B. M. Trost, Z. T. Ball, J. Am. Chem. Soc. 2005, 127, 17644 - 17655.
Trans-hydroboration: B. Sundararaju, A. Firstner Angew. Chem. Int. Ed. 2013, 52, 14050 - 14054.

Trans-hydrostannation: S. M. Rummelt, A. Flrstner, Angew. Chem. Int. Ed. 2014, 53, 3626 - 3630; S. M. Rummelt, J. Preindl, H. Sommer, A. Firstner Angew. Chem. Int. Ed.
2015, 54, 6241 - 6245. 109
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e Z-olefins:
 Lindlar reduction (Pd on CaCO; or BaSO,, Pb(OAc), or PbO), Z/E > 20:1
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e Z-olefins:
 Lindlar reduction (Pd on CaCO; or BaSO,, Pb(OAc), or PbO), Z/E > 20:1
* Syn-Hydrosilylation (R;SiH then TBAF)
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e Z-olefins:
 Lindlar reduction (Pd on CaCO; or BaSO,, Pb(OAc), or PbO), Z/E > 20:1
* Syn-Hydrosilylation (R;SiH then TBAF)
*  Ni(OAc),, 4 H,0, NaBH,, H,
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1. Alkyne metathesis vs Alkene Metathesis in Total Synthesis?

* Originally used to solve stereochemical problems: Easy access to stereocontrolled Z- and E-olefins

e Z-olefins:
 Lindlar reduction (Pd on CaCO; or BaSO,, Pb(OAc), or PbO), Z/E > 20:1
* Syn-Hydrosilylation (R;SiH then TBAF)
*  Ni(OAc),, 4 H,0, NaBH,, H,

e E-olefins:
* Birch reduction (Na, NH;), > 98% E, poor group tolerance

Trans-hydrosilylation: B. M. Trost, Z. T. Ball, T. Joge, J. Am. Chem. Soc. 2002, 124, 7922 - 7923; B. M. Trost, Z. T. Ball, J. Am. Chem. Soc. 2005, 127, 17644 - 17655.
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* Originally used to solve stereochemical problems: Easy access to stereocontrolled Z- and E-olefins

e Z-olefins:
 Lindlar reduction (Pd on CaCO; or BaSO,, Pb(OAc), or PbO), Z/E > 20:1
* Syn-Hydrosilylation (R;SiH then TBAF)
*  Ni(OAc),, 4 H,0, NaBH,, H,

e E-olefins:
* Birch reduction (Na, NH;), > 98% E, poor group tolerance
* Trans-hydrogenation ([Ru], AgOTf, H,), >98% E

Trans-hydrosilylation: B. M. Trost, Z. T. Ball, T. Joge, J. Am. Chem. Soc. 2002, 124, 7922 - 7923; B. M. Trost, Z. T. Ball, J. Am. Chem. Soc. 2005, 127, 17644 - 17655.
Trans-hydroboration: B. Sundararaju, A. Firstner Angew. Chem. Int. Ed. 2013, 52, 14050 - 14054.

Trans-hydrostannation: S. M. Rummelt, A. Flrstner, Angew. Chem. Int. Ed. 2014, 53, 3626 - 3630; S. M. Rummelt, J. Preindl, H. Sommer, A. Firstner Angew. Chem. Int. Ed.
2015, 54, 6241 - 6245. 114



1. Alkyne metathesis vs Alkene Metathesis in Total Synthesis?

* Originally used to solve stereochemical problems: Easy access to stereocontrolled Z- and E-olefins

e Z-olefins:
 Lindlar reduction (Pd on CaCO; or BaSO,, Pb(OAc), or PbO), Z/E > 20:1
* Syn-Hydrosilylation (R;SiH then TBAF)
*  Ni(OAc),, 4 H,0, NaBH,, H,
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* Birch reduction (Na, NH;), > 98% E, poor group tolerance
* Trans-hydrogenation ([Ru], AgOTf, H,), >98% E
* Trans-hydrosilytation, -hydroboration, -hydrostannation ([Ru], [M]-H) > 98% E in most cases
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1. Alkyne metathesis vs Alkene Metathesis in Total Synthesis?

* Originally used to solve stereochemical problems: Easy access to stereocontrolled Z- and E-olefins

Z-olefins:
 Lindlar reduction (Pd on CaCO; or BaSO,, Pb(OAc), or PbO), Z/E > 20:1
* Syn-Hydrosilylation (R;SiH then TBAF)
*  Ni(OAc),, 4 H,0, NaBH,, H,

E-olefins:
* Birch reduction (Na, NH;), > 98% E, poor group tolerance
* Trans-hydrogenation ([Ru], AgOTf, H,), >98% E
* Trans-hydrosilytation, -hydroboration, -hydrostannation ([Ru], [M]-H) > 98% E in most cases

RCAM orthogonal to RCM. Access to stereocontrolled cyclic 1,3-dienes or polyalkenes

Trans-hydrosilylation: B. M. Trost, Z. T. Ball, T. Joge, J. Am. Chem. Soc. 2002, 124, 7922 - 7923; B. M. Trost, Z. T. Ball, J. Am. Chem. Soc. 2005, 127, 17644 - 17655.
Trans-hydroboration: B. Sundararaju, A. Firstner Angew. Chem. Int. Ed. 2013, 52, 14050 - 14054.

Trans-hydrostannation: S. M. Rummelt, A. Flrstner, Angew. Chem. Int. Ed. 2014, 53, 3626 - 3630; S. M. Rummelt, J. Preindl, H. Sommer, A. Firstner Angew. Chem. Int. Ed.
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1. Alkyne metathesis vs Alkene Metathesis in Total Synthesis?

* RCM gave hard to predict E/Z mixture

On Z-selective alkene metathesis: Ophelie’s Bibliography: http://ism2.univ-amu.fr/fichiers pdf/seminaires-stereo/2014-03-31-Biblio-Ophelie-QUINORENO.pdf
I. Ibrahem, M. Yu, R. R. Schrock, A. H. Hoveyda, J. Am. Chem. Soc. 2009, 131, 3844; S. J. Meek, R. V. O’Brien, J. Llaviera, R. R. Schrock, A. H. Hoveyda, Nature , 2011, 471,
461; C. Wang, M. Yu, A. F. Kyle, P. Jakubec, D. J. Dixon, R. R. Schrock, A. H. Hoveyda, Chem. Eur. J. 2013, 19, 2726 - 2740.

On E-selective alkene metathesis: A. M. Johns, T. S. Ahmed, B. W. Jackson, R. H. Grubbs, R. L. Pederson, Org. Lett. 2016, 8, 772 - 775; T. T. Nguyen, M. J. Koh, X. Shen, F.
Romiti, R. R. Schrock, A. H. Hoveyda, Science 2016, in press.
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R R
* RCM gave hard to predict E/Z mixture ) o h?o%,l\,_,_ph
Br—=S > Br
« Z-selective olefin metathesis in development since 2009 s~
* High selectivities (> 90%) but hard to optimize and rarely > 98% /) iy

* E-selective olefin metathesis in development since 2016

e Very limited group tolerance so far (alkyl, esters) M\
* Very high diastereoselectities (> 99%) Q<cu i 2 >>—’_\
* No application in total synthesis yet

E-selective RCM catalyst

On Z-selective alkene metathesis: Ophelie’s Bibliography: http://ism2.univ-amu.fr/fichiers pdf/seminaires-stereo/2014-03-31-Biblio-Ophelie-QUINORENO.pdf
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YR
* RCM gave hard to predict E/Z mixture St h? /\ "
Br—sfi?l Br
« Z-selective olefin metathesis in development since 2009 T80 g
* High selectivities (> 90%) but hard to optimize and rarely > 98% J,./' iy

. . .. ) Z-selective RCM catalyst
* E-selective olefin metathesis in development since 2016

e Very limited group tolerance so far (alkyl, esters) M\

* Very high diastereoselectities (> 99%) ‘C% T/ %j;
* No application in total synthesis yet u
‘o

* Alkene synthesis is more developped and little shorter than alkyne synthesis 'Pr

E—select|ve RCM catalyst

On Z-selective alkene metathesis: Ophelie’s Bibliography: http://ism2.univ-amu.fr/fichiers pdf/seminaires-stereo/2014-03-31-Biblio-Ophelie-QUINORENO.pdf
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2. RCAM for the Preparation of Z-Alkenes - Hybridalactone

Introd

Butenolide 40 prepared without protecting group

Hydroxy group direct cyclopropanation

Then guide V-cat. epoxidation
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2. RCAM for the Preparation of Z-Alkenes - Hybridalactone

Butenolide 40 prepared without protecting group

Hydroxy group direct cyclopropanation

Then guide V-cat. epoxidation

RCAM in presence of sensitive ester and epoxide
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2. RCAM for the Preparation of Z-Alkenes - Hybridalactone

Butenolide 40 prepared without protecting group

Hydroxy group direct cyclopropanation

Then guide V-cat. epoxidation

RCAM in presence of sensitive ester and epoxide

Did not work with previous catalyst

Structure not accessible with RCM (mixture of rings of different sizes)

2
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* RCM prior to RCAM to form the eastern fragment

L.-D. Guo, X.-Z. Huang, S.-P. Luo, W.-S. Cao, Y.-P. Ruan, J.-L. Ye, P.-Q. Huang Angew. Chem. Int. Ed. 2016, 55, 4064 - 4068. 125
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* RCM prior to RCAM to form the eastern fragment

* RCAM at the end of the synthesis, showcasing groups tolerance (amide, ketone, sulfoamide, alkene, silyl ether)
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2. RCAM for the Preparation of Z-Alkenes - Haliclonin A 52 on/ T\ _ROM
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* RCM prior to RCAM to form the eastern fragment

* RCAM at the end of the synthesis, showcasing groups tolerance (amide, ketone, sulfoamide, alkene, silyl ether)

* Orthogonality with alkenes

L.-D. Guo, X.-Z. Huang, S.-P. Luo, W.-S. Cao, Y.-P. Ruan, J.-L. Ye, P.-Q. Huang Angew. Chem. Int. Ed. 2016, 55, 4064 - 4068. 127
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Tulearin C

* Low diastereoselectivity on RCM (E/Z = 1.9:1)

A. L. Mandel, V. Bellosta, D. P. Curran, J. Cossy, Org. Lett. 2009, 11, 3282 - 3285. 128
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3. RCAM for the Preparation of E-Alkenes - Tulearin C by RCM NANAISANN
Oy 0 °
%ll:ﬁj“:\ - ] UA\NHE
FI’C';;; o TuIearir; C
—_—
CH,Cls, RT
R=TBS

* Low diastereoselectivity on RCM (E/Z = 1.9:1)

* Changing catalyst and varying protecting groups were to no avail

A. L. Mandel, V. Bellosta, D. P. Curran, J. Cossy, Org. Lett. 2009, 11, 3282 - 3285. 129
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3. RCAM for the Preparation of E-Alkenes - Tulearin C by RCM NANAISANN
Oy 0 °
%ll:ﬁj“:\ - ] UA\NHE
FI’C';;; o TuIearir; C
—_—
CH,Cls, RT
R=TBS

* Low diastereoselectivity on RCM (E/Z = 1.9:1)
* Changing catalyst and varying protecting groups were to no avail

* Decrease the value of this otherwise excellent synthesis

A. L. Mandel, V. Bellosta, D. P. Curran, J. Cossy, Org. Lett. 2009, 11, 3282 - 3285. 130
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3. RCAM for the Preparation of E-Alkenes - Tulearin C by RCAM

. @ RV mol%)
s Excellent yield (96%) ‘

R.15r0-~ [.!klp----'DSIRj
-]

Ris10” © OSIR

R = p-MeQC.H,

* Excellent diastereoselectity (> 20:1) with Trost’s hydrosilylation

-

toluene. 50 “C. 5 A MS

96 %

R=TBS 30 51

(EtC)4SiH

[Cp RU(MeCN)4]PF g (10 mol%:)

TuIeaErin C

B. M. Trost, Z.T. Ball, T. Joge, J. Am. Chem. Soc. 2002, 124, 7922 - 7923
K. Lehr, R. Mariz, L. Leseurre, B. Gabor, A. Flrstner, Angew. Chem. Int. Ed. 2011, 50, 11373 - 11377. 131



Introd

3. RCAM for the Preparation of E-Alkenes - Tulearin C by RCAM

: < ® @ mom)

* Excellent yield (96%) < "'i‘!

R-1Sr0--— MD'“"DS'Rj
e

HJS*O/ \Gis‘J

R= F'FP‘EGCEH.[

* Excellent diastereoselectity (> 20:1) with Trost’s hydrosilylation y
- 0 (8]
toluene. 50 “C. 5 A MS

96 %

* RCAM at the end the synthesis ; _
> Impossible with RCM R=TBS s a ¢
» Highly convergent synthesis

OR

(EtO),SiH

[Cp~Ru(MeCN).]PFg (10 mol%:)

TuIeaErin C

B. M. Trost, Z.T. Ball, T. Joge, J. Am. Chem. Soc. 2002, 124, 7922 - 7923
K. Lehr, R. Mariz, L. Leseurre, B. Gabor, A. Flrstner, Angew. Chem. Int. Ed. 2011, 50, 11373 - 11377. 132
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3. RCAM for the Preparation of E-Alkenes - Tulearin C by RCAM

Excellent yield (96%) Ko,

R4SiO- I"!1n<DS‘R:|
/ o]

R]S*O GSIR:.

R= ,I'}-MEGC;Hq

Excellent diastereoselectity (> 20:1) with Trost’s hydrosilylation y
- 0 (8]
toluene. 50 “C. 5 A MS

96 %

RCAM at the end the synthesis ; _
> Impossible with RCM R=TBS s a ¢
» Highly convergent synthesis

OR

Tolerates MOM -protected alcohol, esters and alkenes

(EtO),SiH

[Cp"Ru(MeCN}.]PFg (10 mol%:)

TuIeaErin C

B. M. Trost, Z.T. Ball, T. Joge, J. Am. Chem. Soc. 2002, 124, 7922 - 7923
K. Lehr, R. Mariz, L. Leseurre, B. Gabor, A. Flrstner, Angew. Chem. Int. Ed. 2011, 50, 11373 - 11377. 133
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3. RCAM for the Preparation of E-Alkenes - Tulearin C by RCAM

Ph
® (4 mol%)

Excellent yield (96%) *':’_---..Ih
R3Si0= g -+ OSiR,
HJS*O/ - \DSIR.
R= ,I'}-MEGC;Hq

* Excellent diastereoselectity (> 20:1) with Trost’s hydrosilylation
- 0
toluene. 50 “C. 5 A MS

96 %

* RCAM at the end the synthesis ; _
> Impossible with RCM R=TBS s a ¢
» Highly convergent synthesis

OR

* Tolerates MOM-protected alcohol, esters and alkenes

(EtO),SiH

[Cp~Ru(MeCN)]PFg (10 mol%:)
* Orthogonality RCAM/RCM

TuIeaErin C

B. M. Trost, Z.T. Ball, T. Joge, J. Am. Chem. Soc. 2002, 124, 7922 - 7923
K. Lehr, R. Mariz, L. Leseurre, B. Gabor, A. Flrstner, Angew. Chem. Int. Ed. 2011, 50, 11373 - 11377. 134
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4. Enyne-Yne Metathesis - Preparation of Stereodefined 1,3-Dienes - Lactimidomycin

Problematic with RCM
» Internal alkene of 1,3-dienes often preferred

Ph
(5 mol%)
Ph3SiO+Mo;"OSiPhy
©
I PhsSiO, o OSiPhy
"K(ELL,0)

o
toluene, 5 A MS, 80 °C
84-95 %

Lactimidomycin

K. Micoine, A. Firstner, J. Am. Chem. Soc. 2010, 132, 14064 - 14066.
D. Gallenkamp, A. Furstner, J. Am. Chem. Soc. 2011, 133, 9232 - 9235.
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4. Enyne-Yne Metathesis - Preparation of Stereodefined 1,3-Dienes - Lactimidomycin

Problematic with RCM
» Internal alkene of 1,3-dienes often preferred

Chemoselective Trans-hydrosilylation

Ph
(5 mol%)
Ph3SiO+Mo;"OSiPhy
©
I PhsSiO, o OSiPhy
"K(ELL,0)

o
toluene, 5 A MS, 80 °C
84-95 %

Lactimidomycin

K. Micoine, A. Firstner, J. Am. Chem. Soc. 2010, 132, 14064 - 14066.
D. Gallenkamp, A. Furstner, J. Am. Chem. Soc. 2011, 133, 9232 - 9235. 136
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4. Enyne-Yne Metathesis - Preparation of Stereodefined 1,3-Dienes - Lactimidomycin

Problematic with RCM
» Internal alkene of 1,3-dienes often preferred

Chemoselective Trans-hydrosilylation

Alkene on position 2/3 had to be install
after RCAM for ring strain release

Ph
(5 mol%)
Ph;SiOMo_ " OSiPhy
_7© _
I | Ph35l01. ® DSIPh3
"K(ELL,0)

o
toluene, 5 A MS, 80 °C
84-95 %

Lactimidomycin

K. Micoine, A. Firstner, J. Am. Chem. Soc. 2010, 132, 14064 - 14066.
D. Gallenkamp, A. Furstner, J. Am. Chem. Soc. 2011, 133, 9232 - 9235. 137



4. Enyne-Yne Metathesis - Preparation of Stereodefined 1,3-Dienes - Lactimidomycin

Problematic with RCM
» Internal alkene of 1,3-dienes often preferred

Chemoselective Trans-hydrosilylation

Alkene on position 2/3 had to be install
after RCAM for ring strain release

Scalable and flexible route
» Preparation of analogues for biological testing

Ph
(5 mol%)
Ph;SiOrMo_OSiPhy
_/© _
I | PhaSlO.. @ DSIPh3
"K(ELL,0)

—
-

toluene, 5 A MS, 80 °C
84-95 %

Lactimidomycin

K. Micoine, A. Firstner, J. Am. Chem. Soc. 2010, 132, 14064 - 14066.
D. Gallenkamp, A. Furstner, J. Am. Chem. Soc. 2011, 133, 9232 - 9235.
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4. Enyne-Yne Metathesis - Preparation of Stereodefined 1,3-Dienes - Lactimidomycin

Problematic with RCM
» Internal alkene of 1,3-dienes often preferred

Chemoselective Trans-hydrosilylation

Alkene on position 2/3 had to be install
after RCAM for ring strain release

Scalable and flexible route
» Preparation of analogues for biological testing

Access to (E,Z)-dienes

Ph
(5 mol%)
Ph;SiOrMo_OSiPhy
_/© _
I | PhaSlO.. @ DSIPh3
"K(ELL,0)

—
-

toluene, 5 A MS, 80 °C
84-95 %

Lactimidomycin

K. Micoine, A. Firstner, J. Am. Chem. Soc. 2010, 132, 14064 - 14066.
D. Gallenkamp, A. Furstner, J. Am. Chem. Soc. 2011, 133, 9232 - 9235.
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* E-configured 2-methyl-but-2-en-1-ol substructure
» Present in countless natural products

S0 0

5 regioselective 8
trans-hydrostannation

OH  directing effect.—~ OH

" ~ -
= Ph
OR &= - R i ] | .
P s Ph35i0}h?§<05|ph3
1 N Ph,SiO 0SiPh,
HO™ "0 ""'-x'G Q RCAM catalyst
55

S. M. Rummelt, A. Flrstner, Angew. Chem. Int. Ed. 2014, 53, 3626 - 3630; S. M. Rummelt, J. Preindl, H. Sommer, A. Flrstner Angew. Chem. Int. Ed. 2015, 54, 6241 - 6245.
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* E-configured 2-methyl-but-2-en-1-ol substructure
» Present in countless natural products

—OH

* RCAM + Regioselective trans-hydrostannation Lo g

regioselective B
trans-hydrostannation

* Tolerates esters, silyl ethers, alkenes directing "'""‘"‘ -~ OH

K._.

{'.':IH — T“
E . phsSiD;hg:iOSiF'hg
l L PhsSi0 0SiPh,

* Possible Diverted Total Synthesis by Sn-coupling “ “OH
HO™ "0 o G Q RCAM catalyst
55

'\

S. M. Rummelt, A. Flrstner, Angew. Chem. Int. Ed. 2014, 53, 3626 - 3630; S. M. Rummelt, J. Preindl, H. Sommer, A. Flrstner Angew. Chem. Int. Ed. 2015, 54, 6241 - 6245.
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. Mo |
,J I PhsSIO 410 o oh, /
X oac PhsSiO !
00 0 Xy 0"
| ] | i =
T /k 07 Toluene, SAMS 707

59 95%

* RCAM followed by Au-cat. Hydroalkoxylation - Synthesis of benzofurane
* Excellent yield (95%)

* Tolerates esters, ether, alkenes

L. Hoffmeister, P. Persich, A. Flrstner, Chem. Eur. J. 2014, 20, 4396 - 4402.
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* First discovered 48 years ago (1968)

A. Flrstner, Angew. Chem. Int. Ed. 2013, 52, 2794 - 2819; A. D. Lackner, A. Firstner, Angew. Chem. Int. Ed. 2015, 54, 12814 - 12818. 143



* First discovered 48 years ago (1968)

* First applied in total synthesis in 1998

A. Flrstner, Angew. Chem. Int. Ed. 2013, 52, 2794 - 2819; A. D. Lackner, A. Firstner, Angew. Chem. Int. Ed. 2015, 54, 12814 - 12818. 144
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* First discovered 48 years ago (1968)

* First applied in total synthesis in 1998

* Wide variety of applications (polymers, supramolecular chemistry, total synthesis)

A. Flrstner, Angew. Chem. Int. Ed. 2013, 52, 2794 - 2819; A. D. Lackner, A. Firstner, Angew. Chem. Int. Ed. 2015, 54, 12814 - 12818. 145



First discovered 48 years ago (1968)

First applied in total synthesis in 1998
Wide variety of applications (polymers, supramolecular chemistry, total synthesis)

Outstanding activity and compatiblity - rivalizing best alkene metathesis catalysts

Quintessential tool of the preparative chemist

A. Flrstner, Angew. Chem. Int. Ed. 2013, 52, 2794 - 2819; A. D. Lackner, A. Firstner, Angew. Chem. Int. Ed. 2015, 54, 12814 - 12818.
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- nclusion

First discovered 48 years ago (1968)
First applied in total synthesis in 1998
Wide variety of applications (polymers, supramolecular chemistry, total synthesis)

Outstanding activity and compatiblity - rivalizing best alkene metathesis catalysts

Quintessential tool of the preparative chemist

Bench-stable, relatively cheap and user-friendly catalysts

A. Flrstner, Angew. Chem. Int. Ed. 2013, 52, 2794 - 2819; A. D. Lackner, A. Firstner, Angew. Chem. Int. Ed. 2015, 54, 12814 - 12818.
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First discovered 48 years ago (1968)
First applied in total synthesis in 1998
Wide variety of applications (polymers, supramolecular chemistry, total synthesis)

Outstanding activity and compatiblity - rivalizing best alkene metathesis catalysts

Quintessential tool of the preparative chemist

Bench-stable, relatively cheap and user-friendly catalysts

Orthogonality of alkyne metathesis with olefin chemistry

A. Flrstner, Angew. Chem. Int. Ed. 2013, 52, 2794 - 2819; A. D. Lackner, A. Firstner, Angew. Chem. Int. Ed. 2015, 54, 12814 - 12818.
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First discovered 48 years ago (1968)
First applied in total synthesis in 1998
Wide variety of applications (polymers, supramolecular chemistry, total synthesis)

Outstanding activity and compatiblity - rivalizing best alkene metathesis catalysts

Quintessential tool of the preparative chemist

Bench-stable, relatively cheap and user-friendly catalysts

Orthogonality of alkyne metathesis with olefin chemistry

Possible interesting post-functionalization

A. Flrstner, Angew. Chem. Int. Ed. 2013, 52, 2794 - 2819; A. D. Lackner, A. Firstner, Angew. Chem. Int. Ed. 2015, 54, 12814 - 12818.
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First discovered 48 years ago (1968)
First applied in total synthesis in 1998
Wide variety of applications (polymers, supramolecular chemistry, total synthesis)

Outstanding activity and compatiblity - rivalizing best alkene metathesis catalysts

Quintessential tool of the preparative chemist
Bench-stable, relatively cheap and user-friendly catalysts

Orthogonality of alkyne metathesis with olefin chemistry

Possible interesting post-functionalization

Prospects:
» Further development of terminal alkyne metathesis

A. Flrstner, Angew. Chem. Int. Ed. 2013, 52, 2794 - 2819; A. D. Lackner, A. Firstner, Angew. Chem. Int. Ed. 2015, 54, 12814 - 12818.
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nclusion

First discovered 48 years ago (1968)
First applied in total synthesis in 1998
Wide variety of applications (polymers, supramolecular chemistry, total synthesis)

Outstanding activity and compatiblity - rivalizing best alkene metathesis catalysts

Quintessential tool of the preparative chemist

Bench-stable, relatively cheap and user-friendly catalysts on BFS A

. . . . . K® Art Jw Ar “ Ar'
Orthogonality of alkyne metathesis with olefin chemistry [/ RO:IT . RO:[[
FF{{CC));gKOR ﬁ: RO/ITﬂDR RO/T
Possible interesting post-functionalization O RO L2

A’\\N Arl—=N
Prospects: — ROy R — R
> Further development of terminal alkyne metathesis RO" L M 7] o

» Cleavage of dinitrogen |

A. Flrstner, Angew. Chem. Int. Ed. 2013, 52, 2794 - 2819; A. D. Lackner, A. Firstner, Angew. Chem. Int. Ed. 2015, 54, 12814 - 12818.
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Thank you for your attention !
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