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Olefin Metathesis: Introduction
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Background: Metal Carbenes

_ /
LM=C_

W Definition: Transition metal complex possessing a formal metal to carbon double bond
B X, Y =alkyl, aryl, H, or heteroatom (O, N, S, Halogen)
B Two types of metal carbenes: Fischer-type and Schrock-type

/OMe
(OC)5W=C\
Ph

Fischer-type

W low oxidation state middle to late TM

W Substituents (X & Y): at least one electronegative atom
W Ligands are generally good n acceptors
W Electrophilic carbenes: nucleophile attacks at Cqarpene

B Ciapene is L-type ligand: Metal oxidation state unchanged

Metal
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Schrock-type
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B high oxidation state early TM

B Substituents (X & Y) are H or alkyl

M Ligands are generally good o or  donors

B Nucleophilic carbenes: electrophile attacks at Cearpene

B Ciamene is Xo-type ligand: metal oxidation state
changed by +2
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Fundamental Olefin Metathesis Reactions

RCM . . .
- Ring Closing Metathesis (RCM)
; = = CM R?
Cross Metathesis (CM) /— =\ - . —
R R? ;
R
ROMP
—— Ring Opening Metathesis Polymerization (ROMP)
n
ADMET
Acyclic Diene Metathesis Polymerization (ADMET)
- _ n
Why Ruthenium?
Titanium Tungsten Molybdenum Ruthenium
Acids Acids Acids Olefins
Alcohols, Water Alcohols, Water Alcohols, Water Acids
Increasing Aldehydes Aldehydes Aldehydes Alcohols, Water
Reactivity "
Ketones Ketones Olefins Aldehydes
Esters, Amides Olefins Ketones Ketones

Olefins

Esters, Amides

Esters, Amides

W Ti, W, Mo are very active metathesis catalysts, but lack functional group tolerance

M Ru is a much more selective catalyst but is very unreactive

Esters, Amides

Trnka, T. M.; Grubbs, R. H. Acc. Chem. Res. 2001, 34, 18.




Ruthenium Revisited

W ROMP of norborene derivatives with RuCls in protic solvents was an important but overlooked
first step toward a functional tolerant olefin metathesis catalyst

E RuClg(hydrate)
EtOH, reflux Wﬂ

Michelotti, F. W., Keaveney, W. P. J. Polmm.Sci.1965, A3,895.

M First report of ROMP of 7-oxabicyclo[2.2.1]hept-5-ene

(o)

HO RuCly(hydrate) 0

HO / n
EtOH, reflux
HO OH

#BuH,CO, (F5C)(Me)CO

e HouH00 = the wel-defmod ungetun algtdnee.
+BuH,CO +Bu +BuH,CO +Bu 9 Y

Novak, B. M., Grubbs, R. H. J. Am.Chem. Soc.1988, 110, 960.

The First Metathesis Active Ruthenium Alkylidine

B Synthesis of tungsten alkylidines from diphenylcyclopropene

ArN
PX.

AN PX, Phe Ph ArN Ph heat or e’ Ph
Cl—W—PX; ' X3P || ol \
XsP'& 0|—v|v‘ hv s al

Cl PX3 Ph

Johnson, L. K.; Grubbs, R. H.; Ziller, J. W. J. Am.Chem. Soc. 1993, 115, 8130.

M Synthesis of the first well-defined metathesis active ruthenium alkylidine

PPh
PPh s
ol PPhg PR En CH,Clz, CeHe o b Ph
u N v
CI” | PPhy 25 N cl gP:\=<
PPh, 53°C, 11h 5

Ph

W The vinyl ruthenium carbene complex is stable to air, protic solvents, and acidic solutions

B ROMP is limited to strained monomers but the ruthenium alkylidine allows for increased functional
group tolerance

Nguyen, S. T.; Johnson, L K.; Grubbs, R. H. J. Am.Chem. Soc.1992, 114, 3974.




ROMP of Norbornene: It's Alive

PPh,
ohg Ph
u—
c”l — H H
PPhs on
n Ph (PhgP),CloRu N A
H Ph
E 5 D H
m
o (PhsP),Cl,Ru U SR
m n
D D H  Ph
E H H D H
o
A ™ Ph
PhsP),Cl,R Z A
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H D H  Ph

M The propagating alkylidene is observed by "H NMR, but disappears upon addition of deuterated
monomer and reappears after addition of non-deuterated monomer

M This system is living because the propagating alkylidine is stable on the time scale of the reaction

MW Polymerization occurs quantitativly upon further additions of monomer several hours after the
previous amount was consumed

Nguyen, S. T.; Johnson, L K.; Grubbs, R. H. J. Am.Chem. Soc. 1992, 114, 3974.

Basic Phosphines Increase Metathesis Activity

B Greater functional group tolerance, but ROMP is limited to

Ru=— Ph . .
I\ |“‘\=< highly strained monomers
PPh,

Ph

M Previously in early transition metal systems metathesis activity increased with less basic ligands

M Variety of electron-withdrawing and cationic ligands, as well as, less basic phosphines showed no improvement

Cys Ph MW The larger more basic PCyj ligand gives greater metathesis activity
c| =\
o u— Ph
PCys M First ruthenium complex active toward acyclic olefins

Nguyen, S. T.; Grubbs, R. H. J. Am.Chem. Soc. 1993, 115, 9858.




ROMP of Low Strain Monomers
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W Good o-donors stablize the electron poor metallacyclobutane

Nguyen, S. T.; Grubbs, R. H. J. Am.Chem. Soc. 1993, 115, 9858.
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RCM with Ruthenium Alkylidines

2 mol% catalyst

20 °C, CgHg

2 mol% catalyst

B ———

20 °C, CgHg

2 mol% catalyst

20 °C, CgHg

2 mol% catalyst

20 °C, CgHg

(o]
87% yield

@AOH

88% yield
[0}
@k
82% vyield

?n
N

-

79% yield

PCys
catalyst

W The above catalyst shows
unprecidented functional group
tolerance for RCM reactions

M Acids, alcohols, and aldehydes
were not compatible with the
molybdenum and tungsten systems

Fu, G. C.; Nguyen, S. T.; Grubbs, R. H. J. Am.Chem. Soc. 1993, 115, 9856.




RCM with Ruthenium Alkylidines

PPh Ph
PPh o ey, N
ol " pPhg Phy Ph CH,Cly, CeHg CI: b Ph +2 PCys o =\
vl T cr” p— e —— Ru=—" Ph
O Ly, PPha A 53°C, 11h PP;\_< —2 PPhg a7
3 Ph PCy,

B Diphenylcyclopropene was difficult to synthesize and did not allow for differientiation at the akylidine

S N, CH,Cly, 5 min. 2.2 equiv. PCyg OP G
uCly 3)3 Ri=
RJ\H —78 °C - -50 °C -50 °C -R,T 30 min. C"F',Cya 5

B Synthesis of ruthenium alkylidines from diazocompounds allows for systematic evaluation of alkylidine

M Phenyl substituted carbene combines the best initiation properties and stability

PCy; Ph H The combination of strong o-donating PCy; ligands, readily initiated benzylidene,
and functional tolerant ruthenium metal center attributed to wide use of this catalyst

Schwab, P.; Grubbs, R. H.; Ziller, J. W. J. Am.Chem. Soc. 1996, 118, 100.

Olefin Metathesis

M In 1990 there were only 35 publication regarding the topic of olefin metathesis

M In 1999 the number of publication increased to 250

M In 1999, 75% of these publications used a ruthenium-based catalyst system

W In 1999, 62% of the publication specifically used the Grubbs vinylidine or benzylidine catalysts

Ph
CysP PCys N
| .Cl c, | =\
R " Ru="
o —\ LRU= Ph
PCy; Ph o
PCy,

Trnka, T. M.; Grubbs, R. H. Acc. Chem. Res. 2001, 34, 18.




Functional Group Tolerance
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M Functional group tolerance of the ruthenium benzylidine allowed wide application of metathesis methodology

Trnka, T. M.; Grubbs, R. H. Acc. Chem. Res. 2001, 34, 18.

Living ROMP in water

fo)
MeO N Ru(H;0)e(tos), W Though ROMP of norborene derivatives in water
MeO% _— " had been achieved the catalyst were ill-defined and
H,0 MeO oMme the propagating species short lived

e

Novak, B. M., Grubbs, R. H. J. Am.Chem. Soc.1988, 110, 7542.

M Living polymerization in water has been a goal of polymer chemistry, because it should CVsFl’ cl
allow construction of water soluble monomers in a percise fashion C,leu‘=\
]
PCy; Ph

B Grubbs benzylidine catalyst is insoluble and inactive in water

Me_ Me
NG -cl
—Cl
+
P/\/N(Me)s P
e
ler!’u=\Ph CI™ | oh
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+
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N\+ -Cl
Me Me

M First example of a living polymerization in water

—Cl
Z(L)‘?\.I(Me)a

Lynn, D. M.; Mohr, B.; Grubbs, R. H. J. Am.Chem. Soc. 1998, 120, 1627.

M The propagating species are stable and synthesis of block polymers was obtained




Cascade Enyne Metathesis Reactions
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B Olefin metathesis provides efficient route to polycyclic molecules from acyclic precursors

Zuercher, W. J.; Scholl, M.; Grubbs, R. H. J. Org.Chem. 1998, 63, 4291.

Cross Metathesis

Ri A
E—— PR, + homodimer

AR, [M]=CH, Fin~r
A~

heterodimer

RH R! R? HH R? R! R?

[Ru] [Ru] [Fl‘U] [Ru]
R! R!
I — Gy —

Rl H H
[Ru]; [Ru]
L A Y
\—

realatively .fjast — realatively slow
decomposition decomposition

W Metathesis occurs faster and in higher yields using one component as a homodimer

Blackwell, H. E.; O'Leary, D. J.; Chatterjee A. K.; Washenfelder, R. A.; Bussmann, D. A.;
Grubbs, R. H. J. Am.Chem. Soc. 2000, 122, 58.




Cross Metathesis ol
RU=
M Cross metathesis of variety functionally diverse olefins occurs with the Grubbs o F',Cy Ph
ruthenium benzylidine catalyst cataI;st

oA
(\ 2eq. (W ¢
(o] OA o/ i
Aco/\("):\/ﬁ?/ c 0 86% yield

OMe 6:1 E/Z
5 mol% catalyst, DCM, 45 °C BocHN

BocHN

2
TBSO—\_/—OTBS

5 mol% catalyst, DCM, 45 °C

70% yield
9:1 E/Z

AcO—\_/—OAc Me 30% yield
— OA .
BZO)\/ Bzo)\/\/ c 16:1 E/Z

5 mol% catalyst, DCM, 45 °C

M Limitations include sterically bulky olefins and olefins conjugated to electron withdrawing groups

Blackwell, H. E.; O'Leary, D. J.; Chatterjee A. K.; Washenfelder, R. A.; Bussmann, D. A.;
Grubbs, R. H. J. Am.Chem. Soc. 2000, 122, 58.

Associative vs. Dissociative Mechanism PCy Pn
c | ¢ =\
JRu=" Ph
B Associative mechanism o]
PCy,

EtO,C. CO,Et

16e”

(RgP)2X,RU=CHR
18e”

(RgP)2XoRu

(R3P)2X;Ru=CHR a— <:|_ —_—
7\

16e”

—_—

(RaP)QXQRlIJQ

|
O

M Dissociative mechanism

Et0,C, CO.Et

RgP)2X,RU=CHR P a— (_,: )
(RsP)2X,Ru P — —_— - (RQP)XQRLIJ_

166 / \ (RsP)X;RU=CHR (RsP)X,Ru

B Originally the associative mechanism was favored because of the 16 electron metallacyclobutane m

M Kinetic studies favor the dissociative mechanism: excess phosphine severely retards metathesis rate

Dias, E. L.; Nguyen, S. T.; Grubbs, R. H. J. Am.Chem. Soc. 1997, 119, 3887.

10



PR3 X turnovers/ h
PCy; Cl 19.0
Br 15.4
| 1.4
PCy,Ph Cl 8.0
Br 45
| na
Pi-Prs Cl 175
Br 13.9
| 1.1
Pi-Pr,Ph Cl 55
Br 2.3
| na
Ph
s Y 7
JRu=" S — A
X | R
PCys

Ligand Effects

Ph Ph
PRy CysP
o |.c =\
7 Tu— Ph C|;RU= Ph
PR, 4

W The weakly o-donating chlorine allows for a strong
association between the trans olefin and the
ruthenium metal center

Ph PCy,
.=‘ | Gl
Ph Vi

M Strong o-donating phosphines may promote formation of the monophosphine complex and also stablizes the
14-electron metallacyclobutane

Dias, E. L.; Nguyen, S. T.; Grubbs, R. H. J. Am.Chem. Soc. 1997, 119, 3887.

Carbene

Decomposition of Ruthenium Carbenes

Conc. Half-Life

Temp. CYBIP cl Ll
CysP orEoR = opU=CHR o+ POy
Ysi I PCys PCys
Ru=
c”l 55°C  0.023M 8h
PC;\_MG
al . )
= inorganic
Gyl ci 2 gru=omR > RHC=CHR progucts
o 55°C  0.023M 40 min. PCys
PCys;
CVGT’ kel . M Ruthenium alkylidine decomposition occurs through
I,Flz'u—cHF’h 55°C  0.023M  8days a bimolecular process preceeded by phosphine
PCys, dissociation
RU%CDH D
FPr,P; i, i-PryP;
/
Me Me
Fliu=CD2 RuﬁCDz RUﬁCHD2
i-PraP; Me —— f-PrgP\) —» PP, |
Y P — P — \K
M M M 5 COH -Pr,P M
e e e -Pr; e
\ PP | _Me - 2 *
—_— D

Me
Me

W Decomposition of the ruthenium methylidine is a unimolecular process with little dependence on phosphine

Ulman, M.; Grubbs, R. H. J. Org.Chem. 1999, 64, 7202.
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X—F;l'u\=\
: R
/=
R’
design motif

M Catalysts suffer from low reactivity because
the phosphines are not labile enough for

catalyst activation

New Catalyst Design Motif

B Mechanistic studies showed that the formation of a highly active monophosphine
intermediate is necessary for catalyst activity

M Highly active catalysts but increased decomposition
+Bu
X
ol | P M Ancillary ligands do not stablize metathesis intermediates
AR Yo
+BuU CII,R'u=\ ,TU— M Ancillary ligands that to labile form high concentrations of
F',Cya Ph Clpcy, Ph monophosphine intermediate which excelerates metathesis,
as well as, decomposition
Trnka, T. M.; Grubbs, R. H. Acc. Chem. Res. 2001, 34, 18.
N-Heterocyclic Carbene Ligands
Cy—N_ N—Cy W N-heterocyclic carbenes are stronger o-donors and much less labile than phosphines
Yo
CI'RU:\
Ph W Herrmann's catalyst does not fit the design motif because the N-heterocyclic ligands do
Cy—N" N—Cy not readily dissociate

WestKamp, T.; Schattenmann, W. C.; Spiegler, M.; Herrmann, W. A. Angew. Chem., Int. Ed. 1998, 37, 2490.

[=\+ O
Ar—N\%N—Ar

NaH, lig. NHa/THF el
? Ar—N N—Ar

—-40°C,2h N
X
X—Ru=\
— : R
— =\ =
Ar—N__N—Ar AN NTA R
\../ WCl design motif
_—— RU=
\d \
CeHs, RT, 1.5 h cl Fl,cy3 oh

M A mixed phosphine N-heterocyclic carbene catalyst system should meet the design motif

B Strong o-donation of the N-heterocyclic carbene should stablize metathesis intermediates

Scholl, M.; Trnka, T. M.; Morgan J. P.; Grubbs, R. H. Tetrahedron Lett. 1999, 40, 2247.
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RCM of Trisubstituted Olefins

\

E E tBu

Me E E Me

Me E E

IS

Me

5 mol% catalyst, 30 m

0.05 M DCM, 45 °C

5 mol% catalyst, 60 m

0.05 M DCM, 45 °C

5 mol% catalyst, 90 m

0.05 M DCM, 45 °C

5 mol% catalyst, 90 m

0.05 M DCM, 45 °C

CysP M N_N M
y3| <l es Y es
CI'FIm_ WCl
Ru=
PCy; Ph ol
PCy, Ph
Et0,C. CO,Et
é 82% yield 100% yield
Me
EtO,C, COEt
é N.R. 100% yield
t-Bu
EtO,C_ CO,Et
Q N.R. 40% yield
Me Me
Et0,C
CO,Et
N.R. 95% yield
Me Me

W Dramatic increase in metathesis reactivity with N-heterocyclic carbene ligand

Scholl, M.; Trnka, T. M.; Morgan J. P.; Grubbs, R. H. Tetrahedron Lett. 1999, 40, 2247.

. . ) - \
Comparison of N-Heterocyclic Carbenes Mes—N___N—Mes Mes—N. _N—Mes
WGl WGl
RU= Ru=
o\ ol
PCy; Ph PCy; Ph
EtO,C, CO,Et
E E Me 5 mol% catalyst, 10 m
M 85% yield 100% yield
7 0.05 M DCM, 45 °C
Me
EtO,C, CO,Et
E E Me 5 mol% catalyst, 60 m
PO PN N.R. 100% yield
7 0.05 M DCM, RT
Me
EtO,C, CO,Et
Et0,C_ CO,Et 0.05 mol% catalyst, 60 m
- 100% yield

z X

0.05 M DCM, 45 °C

W Unsaturated N-heterocyclic carbene complex requires temperatures above 40 °C

W Two orders lower catalyst loadings are obtained compared to the bisphosphine ruthenium benzylidine

Scholl, M.; Ding, S.; Lee C. W.; Grubbs, R. H. Org. Lett. 1999, 1, 953.
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Decomposition of Ruthenium Carbenes

Carbene Temp. Conc. Half-Life
CYG'ID K¢l
Ru=
I\ o we 55°C 0028M  8h
MesN,__, NMes +-BuOK, THF MesN,_ - _NMes PCys e
e OOty
N OtBu Cyali—' ol
o= 55°C  0.023M 40 min.
PCys,
CYGT‘ cl
_RU=CHPh 55°C  0.023M  8days
1% 1
PCys
CysP ci MesN_ _NMes MesN_ _NMes
Ru=CHPh c
ol OtBu RU=CHPh MesN__ NMes
Y3 T e— [\ Cl 55°C 0.0023M 6h
80 °C, CeHg PCys Fo—
cim1
PCy;

B N-Heterocyclic carbene stablizes ruthenium methylidine leading to longer live catalyst

Scholl, M.; Ding, S.; Lee C. W.; Grubbs, R. H. Org. Lett. 1999, 1, 953.

N-Heterocyclic Carbene Kinetics

ki
A -PR R
° —/
<X2)R“‘I=/ P — X RI=
RsP K
+PR3
L
CysP ¢ : g
1.~ B
CI,Fli'u=CHF'h kq is 2 orders of magnitude greater R(XZ) u //
PCy, —
MesN NMes
Cl kolk_y is 4 orders of magnitude greater
I,Flz‘u=CHPh
PCy;

W N-Heterocyclic carbene catalyst can be up to two orders of magnitude faster than biphosphine catalyst

Love, J. A.; Sanford, M. S.; Day, M. W.; Grubbs, R. H. J. Am.Chem. Soc. 2003, 125, 10103.
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Milestones in Olefin Metathesis

1950 1960 1970 1980 1990 2000

single component
catalysts developed

discovery of
olefin metathesis . X Cysl
Grubbs revisits ill-defined 1 WCl
o wit ruthenium catalysts CI«E;——\Ph
wi . Y3
RuCla(hydrat Synthesis of Molybdenum
uCly(hydrate) Alkylidine

Chauvin proposes metal
alkylidine mechanism

«Cl
iPr -Pr Ri=y
N Ph CI'F!’C Ph
.
(FsC):MeCOr.. I \)<Me ¢
o0
(F5C)oMeCO” Me
PPh
a1
o
PPh,

M Olefin metathesis has progressed from its discovery with ill-defined catalysts systems to the use highly
reactive precisely engineered single molecule cataysts

Trnka, T. M.; Grubbs, R. H. Acc. Chem. Res. 2001, 34, 18.
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