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Alkene Metathesis

500 -+ 1950's Ziegler among others find polymerization
catalysts
1960's mechanistic studies on novel polymerization-
400 - catalysts
1967 Calderon coins metathesis reactions
1970 Chauvin mechanism was introduced
300 - 1990's Schrock and Grubbs introduce their
metathesis catalysts
2005 NP to Chauvin, Schrock and Grubbs
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Rearrangements, Isomerizations and Alkyne Metathesis as well as heterogeneous and
Enzyme mediated reactions are not covered in this topic

ISODESMIC Reactions: D 2CKground

"...are bond separation reactions in which there is retention of the number of bonds of a
given formal type, but with a change in their relation to one another. Such processes in
general may be termed isodesmic" (JACS, 1970, 92, 4796.)
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ISOFUNCTIONAL (subclass of isodesmic reactions)
"...the number and type of functional groups is conserved throughout the reaction. This
can be considered a subclass of isodesmic reactions..."
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ERGONEUTRALITY
The energy of starting materials and products should have negligible AG® values. This
vinidcates that isofunctional reactions are inherently reversible.

Isofunctional reactions
Unimolecular Isomerization and Rearrangement Reaction

—_—
Cope
2% C=C rearrangement 2% C=C
5x C-C 5x C-C
Shuttle Catalysis Reaction . H
o o~ o~ (o]
RJLR " N H N H i M )LM
Me Me Transfer R R € e
1x C-0 hydrogenation 1x c-0O
1x C=0 1x C-H 1x C-H 1x C=0
1x O-H 1x O-H
Metathesis Reaction Cc=C/C=C
metathesis
R + X R RFXR X
Alkene
1x C=C 1x C=C metathesis 1x C=C 1x C=C

(ACIE. DOI: 10.1002/anie.201803797)
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Forward Reaction: Functionalization HCN transfer
Catalyst
O - OB _» - O
acceptor sacrificial
donor Ni(COD), (5 mol%),
DPEphos (5 mol%),
R H CN  AIMe,CI (20 mol%), H CN

Reverse Reaction: Defunctionalization

» -

donor

Catalyst (_——_\\ (::D
sacrificial
acceptor

A Shuttle Catalysis porcess provides a platform for performing functionalization
defunctionalization under similar conditions

Particular attractive if the use of the bare shuttled group should be avoided due to
toxicity or instability

The Equilibrium
Key challenge is to shift the equilibrium to afford synthetically useful yields of the desired
product. Thermodynamic strategies can be employed to drive the reaction forward.

1) Ring strain release:
Experimentally determined heats of formation (4Hy) and calculated strain energies (SE),
and entropies (S°) olefinic strain release (OS)

> 0 O O Ay A

AHp12.73  AH; 6.78  AH;-18.44  AH; 295  AH; 211 AH-1.08
SE 275 SE 265 SE 6.2 SE 0 SE 192 0S -0.3
S° 568 S° 634 S° 70.0 S° 713  0S 48  S° 743

ACIE, 1986, 25, 312.

2) Le Chateliers principle

O

large excess

withdraw from
equilibrium

N

> o
PhMe R2 R®

Me
100-130 °C, 16 h

sacrificial
donor
5 equiv
Ni(COD), (2.5 mol%),
CN DPEphos (2.5 mol%), Rt R4 H
n AlMe,CI (10 mol%), — +
1)| |/\ 4 >—<
R2 R3 R / > 2 3 NC
PhMe R® R
sacrificial rt, 16 h
acceptor
................. T eQUIV_ e
H CN NC H
>—/ LA \< \_<
1
R? V R
ﬁ\ :A\\ The role of the Lewis
H CN NC H acid co-catalyst was
> / Ni corroborated by
=2 [N] <R1 computational studies.
LA LA
Red. Ox. CN
H N NN Elim. Add. [Ni]” Every step is intrinsically
reversible.
2 ] 1 i 1
R ( nsertion PBH-Elim. ) R For every essential

mechanistic step a
microscopic reverse

[N-1—|\

Alkene exists
'\ N 7y
LA LA
Y R (ACIE, DOI: 10.1002/anie.201803797)
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H,/CO transfer
Otto Roelen, 1938

Co,(COg) 0 H &P
2 R - d_.+ L
H R

120-170 °C

HCI/CO transfer

Walter Reppe, 1940's

Nu O
i O
N - AL O I
d R z2

............................ 200-300bar_ ...
HCI/CO
shuttled shuttled
group group
0] H
MM PN [Rh] (2 mol%), Me N o H o Pd,(dba)s (5 mol%), H O
e Bu > )\ JJ\/L 2 Xantphos (10 mol%), <
H Ve 50 oo 60 °C, 24 h Me H Bul g R+ )\/U\ phos { 5 RIS N+ M
S e Me Me €' PhMe, 100 °C, 16 h R2
eﬁ € 1 equiv
Me F\"h Me Reaction is more feasable with alkynes as compared to alkene
X \(/ HClICO
™3 \'Ms shuttled

group

Lenges et al., ACIE, 1999, 38, 3533.

isolated example of the forward reaction/ Hydroformylation Pdy(dba)s (5 mol%),

Xantphos (10 mol%),
NBE (2 equiv),

PhMe, 100 °C, 16 h
[Rh(COD)OMel, (0.5-2 mol%), v ML

Xantphos (4 mol%),
Me Me 14 (4 mol%),
\ DMAA (3 equiv),
>

no isomerization of products observed, reaction runs under kinetic control

THF, 90 °C, 24 h

O H 4 mol® R . ,
o Xan:ahas_g1m4ogr;lﬁ), ; Dehydroxymethylation [Rh(COD)OMel, (2 mol%),
H 2 oy L - %\Rz + H . o Xantphos (4 mol%), H
H . + 14 (4 1%
R3 . THF, 40-80 OC, 24 h R3 . R/Y\OH /Y ( mo 0) > R/\/H 4 (0] 4 co
1.2-3 equiv ‘ H NMe,
COOH : THF, 90 °C, 24 h H  NMe;,
' 3 equiv
1 HO,,,
OMe : [Rh(COD)OMe], (2 mol%)
Murphy et al., Science, 2016, 347, 56. 14 ' WwOH 2 '

(@]
Y
RF “N'Me (o}
F’B\F cr I

product yield: 0% 0% 6% 27% 27% 99% Wu et al., JACS, 2018, 140, 10126.
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RCHO transfer

RhCI(PPhs)s (10 mol%),

H O
I+ s
R’ R
10 equiv
R': Ph, (aliphatic, H)
R?: aliphatic

Jun et al., JACS, 1999, 121, 880.

A

Z
N

5

150 °C, 48 h

Me

NH,

5 (20 or 100 mol%),
r o

Polymerization of styrene products as additional driving force

Reaction proceedes via an oxidative addition step into an unstrained C-C bond. It is in

complement with the traditional hydroacylation processes.

o Ox. Add. o
traditional hydroacylation
mo < = N
R”™ "H R™ “[M]-H
% | Me % | Me
N Ox. Add. X,
N N this example N\ N
M+ 1/\)\ = [Rh]
.......... R - U S S
Extension of the methodology
Sketetal Rearrangement
N-pic n-CaHg™ ™
1) [(CgH14)RNCI]; (3 mol%), o 0
Cy3P (6 mol%),
> M + A z
PhMeé15|-(|)+ C, 6h 5 4 N
1 ) [ ] Table 1. C—C Bond Activation of Ketimine 1 with 2 by 3 and
CysP
ratio of 4:5 overall
entry reactant 1 (n) product(s) (ter:int of 4)7 yield.? %

1 la(n=10) 5 0:100 9

2 1b(n=1) 5 U 100 5

3 le(n=2) 4c+ 5 : 76

1 1d (n = 3) 4d + 5 89

5 le (n=735) 4e + 5 83

6 If(n=17) 4a+5 39:61 (22:7 a 86

Jun et al., JACS, 2001, 123, 751. 7 Ig(n=10) 4g+5 37:63 (16:84) 79

. n
2) [H] 13

Table 2. Skeletal Rearrangement of Ketimine 1 by 3 and Cy;P

ratio of overall

entry reactant 1 () products 13:14 yield.” %
1 1a(n=10) 0
2 1b(n=1) 13b 100:0 21
3 le(n=2) 13¢ +14¢ 76:24 82
4 1d(n=3) 13d + 14d 33:67 12
5 1h (n=4) 0

@ Yields and the ratio of 13 and 14 were determined by GCD.

15.03.2019
N-pic 1) [(CgH14)RNCI]; (3 mol%), o o
Cy3P (6 mol%),
, - T
n PhMe, 150 °C, 1h ) )

n
14

Jun et al., JACS, 2001, 123, 751.

Transfer hydrogen strategy

(PPh3)3RNhCI (10 mol%),
5 (30 mol%),

U Bu K,COs (0.5 mol%), )]\/\
10 . PhMe, 170 °C, 24h 39
equiv o
(') /\IBU
\/tBu \/Bu
\/Ph
5 N-pic
LN g &
[Rh]’[k
XBu
\ N—pic H,0 O
)k/\tBU )k/\tBU

Jun et al., Organometallics, 2001, 20, 2928.

5,

97%
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H,0 transfer : :X - transfer
(@) N » 3-membered cyclic compounds are well-documented intermediates in organic synthesis
JJ\ POCI3; SOCI, TFAA, etc. /// '
, , ' X",
» R ' X
Traditional approach required harsh conditions, which are poorly compatible with polar ! \/"""R2 — > /
! R
e O RS G2 ___ .:how about: X= SRy S, $0?
' Cirakovic, JACS, 2002, 124, 6524.
0 : tBU R2
— N HCOzH, HCOH y/ N : tB |
RJ\N,H Sy Z > z  + )J\ : R? Ingi AgOTf (5-10 mol%), R%
! e 80°C, 12 h Me” “NH, ; RS T > Si "
(solvent) ! PhMe, -27 °C, 2h | gy
0 OH Me R ' tBU
. N :
)]\ H)\N/)\O+J\NH /// 'The reaction proceedes via c-bond metathesis of the Ag-cat. into the strained Si~C bond,
R NH» 2 R 'followed by a B-silyl elimination
' Kendall, Synlett, 1998, 4, 391.
OH OH Me

H—I—N*:—Me )\ /&O

N
H \\ H
H M
e} / e
Heck et N o* )J\ A

Y.
[N} 3 OO
/E . )> 1IR®  Rhy(OAc)s (3 mol%), Ylb . R\/\R3
R

CH.Clp rt, 3 h
2.3-3equiv Y=S0,R=R3=Ph Y= SO0, 56% yield

_ HCO,H e eeeeeeieoeeeen YES.RMe RO YSS 40%yield
al.JOC, 1996, , e// | ~ “ “h HN" X0 ‘Adam, JACS, 2003, 125, 3871,
61, 6486. H™ H ;
0 .
N '
H Z o : o}
- ' EtO___S. .S __OEt
D T e SNH R? S >PZMo,_2PZ R?
H NO e 2 . EtO S S OEt R Ph\/
NO, 2 : R1 P + (1 mol%), +
: PH > S
R 2:3-3equiv__ CeFg 80°C,30min . ......
1Gassman, JACS, 1976, 98, 6058. :CH,

0]

Y
O NN )LN,H PdCl, (10 mol%), N

+ Me | > NH, + Z
O H H,O, THF, rt, 16 h O Me
4 equiv

Maffioli et al., Org. Lett., 2005, 7, 5237.
How about H,S transfer? Until know only one report (Zoltewicz, 1960) 1 equiv

shuttled
group
PhWClI;3 (1 mol%),

R
R4

1

RUAN e + )} AIECI, (1 mol%), R;><|/ =N~

CeHsCl, 1t, 12 h

w
T
I
O
py)
w
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HMgBr transfer ; HZnBr transfer
H TiCly (2.5 mol%) H 5 i(acac), (1 mol%)
/\/\Jr)\/ >/\)\/ + N H H - Ni(acac); (1 mol%), H H
MgBr MgBr ! 0
1 equiv T Eeoe e ) :\H;\ N ( Zn%ﬁ) S
First report by Cooper and Finkbeiner in 1962. ! 0.5 equiv 50°C,3h 5 5
It is shown that NiCl, and Cp,TiCl, catalyze the homomagnesiation reaction as well. '
''''''''''''''''''''''''''''''''''''''''''''''''' E 'Pr
] FeCls (2.5 mol%), E
PR cusr 2 moi P Mger : Me 29 Me
PBu3 (10 mol% .
MgBr 3 ( 0)> H :
Et,0, -25 °C, 25 min ' MgBr
X MgBr
! >‘4\ EtMgar - eCl2
' 29
FeCl; (2.5 mol%), :
CuBr (5 mol%) R2 ' H
PBuj (10 mol® :
/\RZ 4 H us (10 mol%) - Bng/\Hr 4 Q : / [Fe] [Fe]
MgBr  Et,0,-20°C,1h : A ar
Shirakawa et al., JACS, 2012, 134, 272. .
H Ar H
: [Fe] L_ el
: L '
K/ FeCl, (2.5 mol%), MgBr : - / Ar
MgBr 29 19 :
° (5 molZe) H\)\Ar - H—[Fe]
) ! |
1.2 equiv THF, rt,2h ' =\
: Ar

Greenhalgh et al, JACS, 2012,134, 272.
Greenhalgh et al, Organometallics, 2014, 33, 5811.

: Further report on Hydromagnesiation-type reactions by the group of Xi (2016, Ti-
 catalzed) trapping newly formed Grignard reagents with CO, and Nakamura (2012: Fe-
' cat., without ligands) utilizing alkynes is a non-isofunctional process.
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© Bond Metathesis

Additional to alkene and alkyne metathesis, four more are known

1) Imine/Imine Metathesis C=NIC=N
Type 1

Differentiation between n bond and ¢ bond metathesis/ bond multiplicity

Classification

Type 1) Metathesis between two functionally identical bonds

R g RN

N,Ph N,,o—ToI [Mo] (4 mol%), N,p-ToI N,Ph
Type 2) Metathesis between two functionally different bonds )|\ + )|\ ~ = | + )l\
DR Ry ARUR L Ry Ph™ “H pTol” “H  CeDs 80-90°C,22h pp >y p 1017 H
__________________________________________ R~ 1:1:1:1 ratio of imines
- . . 1 -—
Bond Distribution SBu Al
(DME)CI,MS’ or (DME)CI,MS

Depending on the directionality of a bond less products will be formed 2 \\N 5 2 \\N A
-8y —Ar

1) 2 non-directional bonds other systems catalyzed by

RIENR 4 o R, R

+ 5 other new products

2) Nitrile/Nitrile Metathesis C=N/C=N
Type 1

RENARY g R

2) 1 non-directional and 1 directional bond

. _R! X _R® + 3other N 15 [M] (cat), /15N _N
R2 NN R4 I — - R1/\/ + R1/\/ s, /N — e " 7
RTNAR e SR == R ~ Rt eV o e dg-THF, 1t o T
o R °x7 + Rz Sy~ products N 6-THF, \
3) 2 directional bonds i 1:1:1:1 ratio of nitriles "
Mo
~.R? AR —— X _R* . _R? . 2 5 WL 5 _Mo_ Johnson, 2005
R" X" +RY °x7 —~———— R" X7 *R¥ X Chrisholm, 2003  +-BuO (|)t_86|3u RO (|)R0R R = C(CF2),CHa

Metathesis of more than one bond in the same starting material
(mainly o bond metathesis)

R Et
R _R! R2 _R? R _R? R2 _R' N Bt w5 moi%), / / N
X —= YT L T A e (P e P
R R2 R R2 dg-PhMe, 95 °C, 6-31 h
R! _R2 R _RS Rl _RS R _R? \Ill\} Johnson, 2007
, + X _— \ + X" 4+ 52 other new RO”| “OR R=C(CF3)2CHs
R3 R® R3 R® products OR Recent example of Fiirstner is non-isofunctional

. . —M
Chauvin Mechanism AR A
1971 proposed by Chauvin R

4) Carbonyl/Alkene Metathesis

C=C/C=0
Type 2 R’ R2

0 R3
M M FeCls (5 mol%), Ar O~ _Me
X Me — > n Y
R? YA DCE, rt, 1-24 h RS Me
R'R Me n=1,2 n

N

Other report by Schindler, ROM with GaCl;
R’ Organocatalytic examples by Lambert (ROM, tropylium ) and Franzén (PhzCBF,)
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o Bond Metathesis

C-C Metathesis Reaction

direct bond cleavage dependens on:

ring strain release

acivation/ direction of the cleavable bond

RhH(CO)(PPh3)3
(5 mol%)
dppe (10 mol%)

DMI
150 °C, 12 h

+ corresponding Di- ChIorlde

group of Goldman and Brookhart: tandem dehydrogenation/alkene metathesis, [Ir]/[Mo]-

catalyzed system

group of Zhou alkynyl group exchange, [Lu]-catalyzed

C-N and C-0O Metathesis Reaction

o)
J
R” “X(H)R!

HoX—R?

Bransted acid/base
Lewis acid/base

R': aliphatic
RZ: aliphatic, carbonyl

X = O, (Esterfication) Transesterfication is well known and broadly applied.

X = N, (Amidation) Transamidation pose challenges because of lower reactivity and an

acidic NH bond:

Bronsted base catalyzed imine initiated approach for sec. amides: Gellman and Stahl
Lewis acidic acitvation (AlICl3 Sc(OTf)s Ti(NMey)s, Zr(NMey),) for tert. amides heavily

investigated by Gellman and Stahl
Activation of the Amides enabled Ni- or Pd- catalysed reactions (Szostak, Garg)

Shvo's catalyst

Ar (1 mol%),

| h
NH +

rd
H H,N
150 °C, 24 h

AFHZN Borrowing R
hydrogen
Type 2
Metathesis
-

H—[Ru]—

NH; Ar—NH R’

H,N R’

—>
)\R1 2-methylbutan-2-ol,

/|\r I I Fe(OTf);
R*YNH + NH, o_© (20-50 mol%),
R1 \Lj)n n-hexane, [ j)
v 100 °C, 18-48 h
O
o [Fe] U
aCId acivation
[Fe] Type 1
Metathesis
n'm [Fe]”

H”

O

»empolyed

C-Y Metathesis Reaction

\/SilvlezR1 . Rz/\/H

. 1
R2/\/SIM62R

H

Chem. Soc., Chem.

H H
X
R 2 2
R=Aky X X
X'=1,Br excess
X2 =Br, Cl

.

R2

R1

C-SilC-H
Type 2
RuCI(CO)H(PPh3)3
——

PhMe or THF
140 °C, 14 h

[Ru] [Ru]

[Ru]-SiMe,R;

C—hallC—ha

Type 2
RhCI(CO)(PPh3)3
——

_—
CO, 100 °C, 2-22.5 h

C-lI-coci
Type 2

Pd,(dba); (2.5 mol%),

Xantphos (5 mol%),
——

—_—
PhMe, 100 °C, 12 h

A

o Bond Metathesis

RZ/\/SiMezR1 +xUH

[Ru]-H \/SiMezR1
R2V \\
R1Me28i42&

SiMe,R!
H
Wakatsuki, J. Chem.
Soc., Chem.Commun.,
H 1991, 703.

Lyons, J.
Commun., 1975, 418.

R

C-hal/C-H [Cu]-cat. metathesis on alkynes discovered by Hein (2017)

X-Y Metathesis Reaction
Traditionally functional group transformations are irreversible

O
|
o [

R1

R": H, -O(CH,),0-, R% various = aroylchlorid synthesis
R': various, R% p-NO, o-Me = aryliodid synthesis

Driving forces:
\ Synthesis of Aryliodides: Sterically congested, or electron deficient aroyl chlorides were

\ Synthesis of Aroyl Chlorides: lodobenzene was used in excess or an electron rich aryl

'jodide
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o Bond Metathesis

C-Y Metathesis Reaction

Dr. Lian, Science, 2017, 356, 1059. C-S/IC-H
Type 2

[Pd] (0.4 mol%),

SR
SMe LiHMDS (2.6 equiv). SMe
+ H/SR —_— + H/
PhMe, 100 °C, 12 h

R1

N:--N

Pd—Cl
NMe,

Similar as in C—O Metathesis the thioether exchange is scarce
LiIHMDS withdraws the thiomethiomethoxyide with is considered to drive the reaction

Chatani, Chem. Lett., 2017, 46, 1296.

C-PIC-P
Type 1

X [(allyl)PdCI],
(5 mol%), X
_—
~— + PPh;
PhMe, 140 °C, 24 h
PPh, PPh, P

Ph
Chelation assisted C(spz)-P cleavage and Phosphonium ion formation is considered
mechanistically
Purification of produccts after oxidation




