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Introduction
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NADPH
farnesyl
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Y
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(triterpene, abundant in shark liver oil and human sebum)

squalene monooxygenase
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Enz—AH®
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Introduction

Biomimetic cyclizations?

. (Ohsawa-Oishi reagent)
SiMe;
// Na/K //
Ether couronne
F -90 °C, CH,Cl, 91 %

j\j 38 %

very hard through classical chemistry
(and with cunning)

Carbonium ions are well-stabilized by back-bonding with the fluorine
atom (fluorine is known to be much more effective in this capacity than

the other halogen atoms: Olah, G. A.; Mo, Y. K. Adv. Fluorine Chem.

4B-hydroxyandrostan-17-one
1973,7, 69.

W. S. Johnson et al J. Am. Chem. Soc. 1993, 115, 493; 497; 504; 515



Introduction

Stork-Eschenmoser postulate (1955)

Y

; A trans olefins lead to trans ring fusion
\

cis olefins lead to cis ring fusion

Y




Introduction

emerging methods

OMe
OMe
MeO-DTBM-BIPHEP(AuCI), (3 mol%)
. OMe AgSbFg (3 mol%)
m-xylene, rt
E \ 61%, 97% ee
E — (E = CO,EY)

» How did we come to this?

» what are the other polycyclization
methods?

Toste, F. D. et al 3. Am. Chem. Soc. 2010, 8276 5
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Transition-Metal Catalyzed Cyclization Reactions

Tandem and Cascade Processes

1. Cycloisomerizations
2. [2+2+2] Cycloadditions
3. High Order Cycloadditions

4. The Nicholas Reaction

Helpful knowledge:

- Woodward-Hoffmann rules

- Gem-disubstituent effect (Thorpe-Ingold Effect, reactive rotamer effect)
- Baldwin’s rules

- Bredt rule



1. Cycloisomerizations

CYCLIZATIONS THAT INVOLVE A SIMPLE ISOMERIZATION OF AN ACYCLIC SUBSTRATE

ex:

— » Intramolecular Diels-Alder

— > Intramolecular Alder-ene (group transfer reaction)

|

Limitations : - high temperature required

- low chemoselectivity of the thermal process

|::> Solution : (TRANSITION)-METAL CATALYSIS



5 main categories of pericyclic reactions:

Electrocyclic ring opening/closure

Cycloaddition/cycloreversion reactions

7 N\ 7 \
O

Cheletropic reactions

7\

+ S0, =——=

)
l

Group transfer reactions

V4

Sigmatropic rearrangements

9
§ 0



Ene-reactions are also known as the Alder-ene reaction (1943)
(same Alder as in Diels-Alder (1928), Nobel prize 1950)

- HOMO
-
‘\” r ;\‘. Ene =
( A I | J
~= g H
h . LUMO H ~~"
= — Enophile

The main frontier-orbital interaction occurring in an ene reaction is between the HOMO of the ene
and the LUMO of the enophile.

The HOMO of the ene results from the combination of the n-bonding orbital in the vinyl moiety and the C-H bonding orbital for
the allylic H. Concerted, all-carbon-ene reactions have, in general, a high activation barrier, which was approximated at
33 kcal/mol in the case of propene and ethene, as computed at the M06-2X/def2-TZVPP level of theory. However, if the
enophile becomes more polar (going from ethane to formaldehyde), its LUMO has a larger amplitude on C, yielding a better
C—-C overlap and a worse H-O one, determining the reaction to proceed in an asynchronous fashion. This translates into a
lowering of the activation barrier until 14.7 kcal/mol (M06-2X/def2-TZVPP), if S replaces O on the enophile (Bieckelhaupt et
al, J. Comput Chem. 2012, 33, 509).

Intramolecular ene reactions benefit from less negative entropies of activation than their
intermolecular counterparts, so they are usually more facile, occurring even in the case of
simple enophiles, such as unactivated alkenes and alkynes



1. Cycloisomerizations

The pericyclic reaction is symmetry allowed but too energetically demanding anyway. A metal-catalyzed
reaction can provide the desired product through a stepwise (not pericyclic) mechanism, from the same
substrate.

= E
H
67 ene reaction
E -~ E would be a symmetry-

v> E A (up to 600 °C) allowed one-step process

// does not work

E= COzMe
various elementary steps, none is a
cat. (Ph;P),Pd(OAc), pericyclic reaction
66 °C
works well

Formal pericyclic reaction

Trost, B. M. et al. (NB: Pd(0) does not work) 10



1. Cycloisomerizations

Thermal Alder-ene reaction High temperatures, long time
B
u . Me tBu Me
Me Xylenes N N
— B
MeOH2C — 140 °C. 72 h MeOH2C A
MeOH,C ’ MeOH,C
69%

AH%,4 = 33 kcal/mol




1. Cycloisomerizations

Formal Alder-ene reaction: in the presence of a catalyst, milder conditions, lower activation

barriers
— ~ cat.
MeO __ '\’I\'/Ie%

MeO - ©

cat.l@l T(°C) Time (h) Yield (%)
Ph3sPAuUCI / AgSbFg 0 0.5 70
Ph;PAuCI / AgPFg 0 0.5 70
Ph;PAuCl / AgBF, 0 0.5 72
Ph3zPAuUCI / AgOTf 0 0.5 84
Ph3PAUNTT, 0 0.5 70
Ph3;PAuUCI / AgCIO, 0 0.5 75

[al [Au] / [Ag] (1 mol%), CH,Cl,; [Pt] (5 mol%), toluene.

+
AGygg = 5.8 kcal/mol

-24.2

(A

X H
0
AuPH,

12



1 . \ MECHANISTIC POSSIBILITIES WITH ENYNES

A -
- | 2
1A

13



1.\ A. METALLACYCLOPENTENE PATHWAY

P
—
A1 M
H
\ i Ha
P
A.2 - ]
\\
-
A3 G:\E
E2
\_

A2. reductive
elimination

M N

N
Q;im-H

A1.B-elimination

M
\é/

A/ oxidative coupling
—
EM

\ —

A3. insertion E’

E2

Alkyne = enophile
Alkene = ene

14



1.\ A. METALLACYCLOPENTENE PATHWAY

Al. B-Elimination

A1 M
Hy H,
Ha
- -
— M—H —_— G; + M
—
M —
Hb
Ha Hb — —
N——— M—H + M
=~ —_— =~
B-Elimination M:I —_— M= —_  w M—”
H ‘ H- ~ !
H
M = Pd, Ru, Co ...

15



Alkenes and hydrides:

It is possible sometimes to isolate complexes in which the vacant orbital is partially filled by the
electrons of the CB—H bond. These species that are pre-organized for B-H elimination are usually

transition states only. There existence demonstrate nonetheless the possible coordination of the CB—

H bond. The o C-H bond serves as ligand. The metal gives electrons back in the 6* C-H. Therefore,
the C—H bond elongates (1.20 A instead of 1.09 A)

=4 = <

+ . C e Co:::- . H

Co + —~— et
7 Ty TS

This type of interaction is called agostic (Brookhardt, Green, 1983)
This is a case of 3-center 2-electron bonding (delocalization of 2 e over three atoms)

’ Original definition: “to refer specifically to situations in which a hydrogen atom is

. covalently bonded to both a carbon and to a transition metal atom.”
{Rem‘nder
" Brookhart, M.; Green, M. L. H. J. Organometal. Chem. 1983, 250, 395 16

——



1. \ PALLADIUM-CATALYZED CYCLOISOMERIZATION OF 1,6-ENYNES

A1

ene partner is a terminal double bond |:> only Hy, can be eliminated

E =——SiMe;
E :\:

fCOZCH:;
N

Pz
=——CO0,CHj,

RO

R =H, TMS, TBDMS, Ac

Pd(OAc), (BBEDA)

f

CeDg, 60°C
85 %

as above

83 %

Pd(OAc),

CeHg PPh;
50-71 %

RO Co,cH,

17



1. \ PALLADIUM-CATALYZED CYCLOISOMERIZATION OF 1,6-ENYNES

A1 M

ene partner is a substituted double bond |:> H, and Hy are able to B-eliminate

EWH‘*
E X 8 “OCH,

(less accessible)

Hard to predict, but selective

5% (PPh3)2Pd(OAC)2

5 % (PPhs),Pd(OAC), EWH3
CGDG, 60 °C E / 8 ()CH3

71 %

f

THF, 66 °C E

7\

64 %

(no longer true with Ru*, see later)

Trost, B. M. et al

18



1. \ PALLADIUM-CATALYZED CYCLOISOMERIZATION OF 1,6-ENYNES

A1 M Hard to predict, but selective
Mo Ay
E =z
E — O>(O (Ph3P),Pd(OAc), _ E A
. N CeHg, A o

71 %
% O’r/

E>Q:\ 2% [(O-TO|)3P]2Pd(OAC)2 E
E NX-"N0TBDMS CgHg, 80 °C E N

80 %

OTBDMS

[Pd]

OCH j y OCH
3 77 % ’1/\/ 3

PMBO PMBO

al

19



1. \ PALLADIUM-CATALYZED CYCLOISOMERIZATION OF 1,6-ENYNES

A1

CO,Me Pd(OCOCFs3), (5 mol%)

chiral ligand (10 mol%
K( Jl gand (10 mol%)
O

100°C, 24 h, >99%

SO
g

(S)-Hg-binap

Mikami, K. et al

\

/ ~
~
~
~
0

/ COQMe

(@)

(R)-segphos, 99% ee
(S)-Hg-binap, 95% ee

0

I

O PPh,
0 PPh,
2

(R)-segphos

20



1 . \ RUTHENIUM-CATALYZED CYCLOISOMERIZATION OF 1,n-ENYNES

A.1 Y
Ay \_yy @ =
[Ru]* :\
/
'g/
B-elimination @ oxidative
coupling

Rul*

—

4
4

21



1 . \ RUTHENIUM-CATALYZED CYCLOISOMERIZATION OF 1,n-ENYNES

A1

Etozc—:m
OH

CpRu(COD)CI
MeOH 0.01M, reflux

39%

synthesis of butenolides

EtO,C

HO

- EtOH

22



1 . \ RUTHENIUM-CATALYZED CYCLOISOMERIZATION OF 1,n-ENYNES

A1

10% CpRu(CH3CN)3*PFg"

0.2 MDMF, rt, 1 h
82%

10% CpRu(CH3CN);"PFg

>

0.2 M acetone, rt, 2 h
72%

Trost, B. M. et al

PhO,

PhO,S P
S —

23



1 . \ RHODIUM-CATALYZED CYCLOISOMERIZATION OF 1,6-ENYNES

A1

Ligand {

R1
H, S—=R 5mol% [Rh(ligand)CI], P
X > X _
N 10 mol% AgSbFg R2
rt, CICH,CH,CI
R2
50%-quant.
X= O, Ar-N, (EtOzC)ZC
dppb = 1,2-bis(diphenylphosphino)butane H
BICPO = (2R,2R)-bis(diphenylphosphinite)-(1R,1'R)-dicyclopentane 4

Ph,PO  OPPhy

[ (Rh(cod)Ch)], (10 mol%)
(S)-binap (12 mol%)

AgSbFg (20 mol%) x /\O/\
DCE, rt, 12h

91%, >99% ee

Zhang, X. et al.
24



1. \ RHODIUM-CATALYZED CYCLOISOMERIZATION OF 1,6-ENYNES

A1

[{Rh(cod)CI},] (5 mol%)

(R)-binap (11 mol%) A CHO
AgSbF; (20 mol%)
CICH,CH,CI, RT 070
0”0 99%, 99% ee

203 204

A
el
N (+)-pilocarpine 205
07 ™0

Zhang, X. et al.

25



1. \ CONIA-ENE TYPE REACTIONS

Thermal Conia-ene reaction (1967)

Q-

O 400 °C
@)
v 20 h
ZN
- -1
H
o |2

Conia, J. M.; Le Perchec, P. Synthesis 1975, 1

26



1.

CONIA-ENE TYPE REACTIONS

—
A1 M
Formal Conia-ene reaction
Hp
Ha
O O OH O
X —

ol O 5% CpCo(CO),
benzene, hv, A

S A 93 %

enol form = ene partner
alkyne = enophile
(NB: Enol form more favored from the ketone than from the ester)

27



1. \ CONIA-ENE TYPE REACTIONS

A1

Formal Conia-ene reaction

| 7%
X OMe  cpeo(co), X" oMe
l-zco
_ CpCo //
reductive
elimination

ellmlnatlon\ OMe/

oxidative
CpCo, _ addition

28



1. \ CONIA-ENE TYPE REACTIONS

A1 M
Formal Conia-ene reaction

Ni cat.

10 mol% Ni(PPh3), 50 mol% Yb(OTf); dioxane, 50 °C, 15 h

10 mol% Ni(acac), 20 mol% Yb(OTf); dioxane, 50 °C, 12 h

Yang, D. et al

0%

83%

29



1. \ CONIA-ENE TYPE REACTIONS

A1 M
%\ Formal Conia-ene reaction
b
H

a

PhsPAUCI (10 mol%)

ol AgOTF (10 mol%)
>
DCE, r.t., 15 min

Toste F. D. et al

30



1. \ CONIA-ENE TYPE REACTIONS

A1 M
%\ Formal Conia-ene reaction
b
H

a

~H.
O o O
1L N
& OMe
=
LAu* Z
H
/7 N\
o) "o
)|
&
Z
H~(\)+ OMe/ LA
/2

31



1. \ CONIA-ENE TYPE REACTIONS

A1 M
%\ Formal Conia-ene reaction
b
H

a

O 0O 0
J\i\ 10% (DTBM-SEGPHOS)Pd(OTH), 9 &“R
Ar R - Ar%
20% Yb(OTf
S (OTH)3

70-94% ee

O
< O A|’2
P
0
\Pd(OTf)g

0 s
L

Ar = 3,5-di(tert-butyl)-d-methoxyphenyl:
(R)-DTBM-SEGPHOS

Toste, F. D. et al

32



1. \ ENYNE METATHESIS

A.2

Some enyne cycloisomerizations can hide 4xn electrocyclic ring opening/closure

e

N
Gi\f“R
J

2 1

1

|
. metathesis 2 N R
\ — |
S ;

4

R



1. \ ENYNE METATHESIS

The first pericyclic reaction is symmetry forbidden. A metal-catalyzed reaction can provide the
desired product anyway, from the same substrate.

[2+2] 4

—  symmetry forbidden symmetry allowed

q 3 -
|

difficult

M
works well

various steps

34



1. \ ENYNE METATHESIS

A.2

— — X R
M C:I\ + M |
Il R
R
When : * the rate of the B-elimination slows down for geometric, steric and electronic reasons

* no B-hydrogens are available

35



Pericyclic reactions involve conjugated mr systems as substrates
or transition states

2 p-orbitals 3 p-orbitals 4 p-orbitals 36



They usually obey Woodward-Hoffmann rules

set of rules in organic chemistry predicting the barrier heights of pericyclic .
reactions based upon conservation of orbital symmetry

\
=

HOMO l
# H3C
mt-system molecualr orbitals ;

CH,
symmetry allowed product

CH
XN ",,/// v, W\g 4 L constructive orbital overlap

37



1.] ENYNE METATHESIS

A.2

F5CO,C, CO,CF3

FCO,C7 Ypq” CO2CF3

t-BuMe,SiO t-BuMe,SiO

Y
NS

——CO,Me (0-Tol-O);P, DMAD, DCE

CO,Me
84 %

t-BuMe,Sio—/ !

COzMe

NB: the oxidative cyclization is stereoselective

t-BuMe,SiO

Trost, B. M. et al
38



1.

ENYNE METATHESIS

A.2

MeOZC

i

MeO,C COMe

4

M602C /
MeOZC: :— COMe

m

MeO2C

M902C

MeOZC

MeOZC

T
|\\I

T
I

COZMe

(\)
\\\

COZMe

M602
Ly
CO,Me
E/Z=100/0

M802
MeOZC <
CO,Me
E/Z=1/10

The thermal conrotatory opening of the cyclobutene explains the ratio of the cycloadducts

In some cases, the opening of the cyclobutene is not possible :

"\

E

Trost, B. M. et al

[Pd]

\

n=1

1l
N

n

39



1. \ ENYNE METATHESIS

A.2

E

[RuCl»(CO)s],
—
> E/O:\([Ru]
toluene

Ph

Trost, B. M. et al

E — 4% [IrCI(CO)4,
\ toluene, 80 °C, 2 h
Ph

Murai, S. et al

86 %

o
el

40



1.] ENYNE METATHESIS

Reminder
Classical olefin metathesis catalysts such as ... \
PC L}
i-Pr i-Pr Y NN
t-B i\j C""""--R| T Clu
- U\O“ kjh u:\ CI'". ..... e
‘Mo v | Ph Ru=—\
/ A ¢ CI/ | Ph CI
/O PCy3 O
t-Bu PCys i-p
(Grubbs 1)
(Schrock) (Grubbs 1) (Hoveyda-Grubbs II)

. would follow a mechanism such as this:
The direct [2+2] cycloaddition of two alkenes or one alkene and one alkyne is formally
symmetry forbidden (HOMO S /LUMO A) and thus has a high activation energy. The
Chauvin mechanism (1971) involves the [2+2] cycloaddition of a = bond to a transition
metal alkylidene. The resulting 4-membered ring complex then cyclorevert. Interaction
with the d-orbitals on the metal catalyst lowers the activation energy enough that the

: M
Il
[2+2] [2+2] reaction can proceed rapidly at modest temperatures
N

\
S
M
C‘\:l 8—8 H,C=CHR m* — LUMO
\er g > )
% L,M=CH, = _{L HOMO
S W

Because it starts from an enyne, there is a 4n cycloreversion here

41



1 o]l A. METALLACYCLOPENTENE PATHWAY / ELECTROPHILIC INSERTIONS

SEN¢e - a
M
' un

E

Csp?-metal bond . . .
P } could react selectively with one or two electrophiles

Csp-metal bond

With transition metals from column 8, 9, 10 : B-elimination and reductive elimation are favored

With transition metals from column 4 (Ti, Zr) : No vacant site of coordination

Inert towards B-elimination

—— Intermolecular reactions  « Carbonylation
* Hydrolysis, halogenolysis
* Transmetalation
* Alkylation of aldehydes

—» Intramolecular reactions  « Rearrangements
42



1 . \ A. METALLACYCLOPENTENE PATHWAY / ELECTROPHILIC INSERTIONS

A3 G:\g The Pauson-Khand reaction

E2

(S)-binap (0.09 équiv.) H

J~F [{RhCI(CO),},] (0.03 équiv.)
o) >~ o) o)
=\ AgOTf (0.12 équiv.)
THF, 130 °C, 20 h

CO (2 atm) Me
85 %, 86 % ee

(S)-tolbinap (0.2 équi\_/.) H
O/v/ [{Ir(cod)Cl},] (0.1 équiv.) R y o
\%Ph toluene, reflux, 18 h
CO (1 atm)
83 %, 93 % ee

Ph

43



1.

B. n-ALLYL PATHWAY

B.1

Two modes of cyclization :

1. The cyclization of 2 unsaturated partners generates the r-allyl complex

td

ol Ay
S A

In intramolecular version , two metals are able to mediate such a reaction : Fe , Pd

2. The w-allyl complex is generated before the cyclization

44



1. \ PALLADIUM-CATALYZED CYCLIZATION OF A m-ALLYL COMPLEX

81 [
Ay
P

POH
PO"
Z Pd
g OGN
B-elimination X OP

Pd*
=

& PO
&

Echavarren, A. M. et al
45



1. \ PALLADIUM-CATALYZED CYCLIZATION OF A m-ALLYL COMPLEX

The enophile is a double bond: B-elimination is possible

td
r’//
‘d

B.2 =¥

o)
H

A MeOH E Z E F

OAc

Y

Y

M Pd,(dba); 7 0-79%
TsN ee=0-20%

TsN
\/\/\OAC L *

Asymmetric version :

\

L™ = (S, S)-DIOP, (R)-BINAP, (R)-MOPI

Oppolzer, W. et al

E E
E Pd(PPh3), E
AcOr- > EEm——
N\ AcO-Pd N\ 67 %
ee =100 % L attaque anti i ee =96 %

46



1. \ PALLADIUM-CATALYZED CYCLIZATION OF A m-ALLYL COMPLEX

The enophile is not a double bond: B-elimination is not possible

td
r’//
‘d

B.2 =
CZ

sp?
[ &'\/M ] ~ PB-elimination is not possible i Enophile = allene, conjugated diene, alkyne
=

\

\ Pd(PPh,), - ) AcO- OAG
= > _ Pd
= = 68 % ==

OAc

Pd(PPhs),

— CO, 75°C
22%

OAc

Yamamoto, K. et al
47



1. \ PALLADIUM-CATALYZED CYCLIZATION OF A m-ALLYL COMPLEX

48



1. \ PALLADIUM-CATALYZED CYCLIZATION OF A m-ALLYL COMPLEX

B.2 ;’(M
/

OAc
\ —_—
AcO ] Pd,(dba)s*CHCls
. 56 %
THF SO,Ph
PhO,S” “SO,Ph PhO,S 2
\ AcO-
B _Pd* ]
H
SO,Ph
SO,Ph PhO,S 2

Trost, B. M. et al

49



1. \ PALLADIUM-CATALYZED CYCLIZATION OF A m-ALLYL COMPLEX

B.2 ;’(M
/

_ Pd(OAc),
E /— P(0i-Pr), E><:/C/
E \ QAc ZnCl, THF E Z0Ac
V)

| |

— E _OAc
Npy @ _ ><:/CPd
E E Z0Ac

Holzhapfel, C. W. et al



1. \ PALLADIUM-CATALYZED CYCLIZATION OF A m-ALLYL COMPLEX

B.2 ';QM
/

|

Zhang, Z. et al

R

Pd(0) Ar
cl base
toluene
X X
R= Ph, Bu, CH30CH, ; X = O, NBn, NTs
R R (IJI
Pd
"'L I 'W
X X
Pd(0) CIPd=-~-... \
R
X
Ar
R N\
ArB(OH),
X PdAr
A=k
X

51



VINYLMETAL PATHWAY

C1

g R
M

R =H, SnR’3 BR......

We will limit to R = H and palladium

Hydridometallation : Palladium - Ruthenium

Stanno- and Borometallation : Palladium

R
7 cyclization
M —_—
N\
M = Pd, Ru, Rh

a

52



1. \ HYDRIDOPALLADATION

cA 7z
M
N\

-
e HPd(I)OAc
]
]
[]
]

1. B-elimination ﬂ Ao
Pd(0)
= R'M =
e
R 2. coupling PdOAc

PdOAc

cyclization\ /
N\

</hyd ridopalladation

53



1. \ HYDRIDOPALLADATION / B-ELIMINATION

— 2.5% Pd,(dba)s*CHClI5

E — E =
E :\ I/R 5% AcOH, 5% (o-Tol) 3P E XN

R

Y

benzene, r.t.

E =CO,Me R = _<:> 059

CH(OCHa), 86%

o X
— same cond. as above E
E > N
=

E = CO,Me 76%

E = SO,Ph 62%

Trost, B. M. et al



1.] HYDRIDOPALLADATION / B-ELIMINATION

R
C.1 7
M
E = 2.5 mol % Pd,(dba)z*CHCI; E =
E OSiMe,t-B ] E N
\ ivie i-bu 5 mol% AcOH , 5 mol% (o-Tol);P
C6D6 rt OSiMezt-BU
E/Z=28]1 ’ E/Z=32/1
E — E
E A the relative position of the substituents is opposite E N OSiMe,t-Bu
H
Z ' - Z
OSiMe,t-Bu
I hydridopalladation | B-elimination
H,Pd H  synaddition Z Pd rotation Z R
i R H'R PdH | 55




1.] HYDRIDOPALLADATION / B-ELIMINATION

R

cA /4 Applications
M
SiMe3 .
SiMe;
~ 2.5 mol % Pd,(dba)s*CHCl, _
Q\l 5 mol % BBEDA, AcOH N
O 90 % O
Pd,(dba);*CHCl, =

(o-tol)sP, ACOH, 80 °C
63 % 9 SiMe3

4 mol % Pd(OAc),

HCO,H, DCE

83 %

Trost, B. M. et al 56



1 . \ HYDRIDOPALLADATION / B-ELIMINATION: ENANTIOSELECTIVITY

R
c.1 7/
M
— 4.5 mol % Pd,(dba);*CHCl, >
\ 8.3 mol % L, 2.7 equiv AcOH RY R
R
R
Me
SiMe, 24 % (ee = 76 %) -
v P ’ CH,SiMe; 53 % (ee = 95 %) 15 %
P (S,S):-(R,R)-trap CH,Ph 62 % (ee = 75 %) 13 %
PAr, Ar=p-CF3CgH,
Me
.P : P
P'P:d-OAC carbopalladation PhSO,N H %OAC
PhSOzN\/i\““H_R g : e
b ).
R/ ‘Ha
- -hybride
B-hybride B-hyk
PhSOzN%\ elimination (H,) elimination (Hy,) PhSO,N
R - -~
R

Ito, Y. et al

57



1. \ HYDRIDOPALLADATION / COUPLING REACTIONS

15 mol % Pd,(dba)s*CHCl; P
X - )<:(/ 32-86 %
\_\\ AcOH, Bu;SnR R

Insertion of alkene is also possible : cascade of cyclizations

E_E E

sz(dba)3'CHC|3

Il N\ PPh; PhMe, AcOH "

\ Pd,(dba)z*CHCl; PhsP
LN PhH, AcOH, 50 °C

V)
OTBS %

Trost, B. M. et al

Y

TBSO

58



1. \ HYDRIDOPALLADATION / COUPLING REACTIONS

cA Za
M
N\

OMe Pd,(dba);*CHCI;

PhO,S — Ph3Sb
PhO,S | PhH, AcOH

77 %

MeO
/
PhO,S
PhO,S

Trost, B. M. et al

59



1. \ PLATINUM-CATALYZED CYCLOISOMERIZATIONS OF 1,6-ENYNES

M Enyne metathesis

E = 4 % PtCl, E >O/\

E \ toluene, 80°C, 3 h E
86 %
TBSO TBSO Br
—-B
r as above _ XN
\ 76 % |
Me

84 %
The reaction works with PtCl, as well

Murai, S. et al

E ——Me as above E>O)\ E>O|/\/Me
> I +
\;

60



1. \ GOLD-CATALYZED CYCLOISOMERIZATIONS OF 1. 6-ENYNES

D. M Au(PPhs)CI (2 mol%)

G/f E — AgSbFy (2 mol%) E | X Ve
-\ > Me

E \ CH,CI, 23 °C E
Me

Me 91 %

Cy
oy \ @
Y~p—Au—NCMe

(2 mol%)

Ph SbFe

N e CH,Cl,, - 63 to - 26 °C

99%

— Au (2 mol%)

E ——NMe E \MeE N
E:\ = | E |

CH20|2, 23 °C, 5 min

95% ?? Not the expected product

(see double cleavage)
61

Echavarren, A. M. et al



1. \ GALLIUM-CATALYZED CYCLOISOMERIZATIONS OF 1.6-ENYNES

E /™™ cat GaCl, E m
- >
E A\ Elu?;,oc:z C,1h E
= t
1 2 77%
Why such a crazy intermediate??
(wait a few slides)
— +
~ GaCly —
\ Rt \
RC RC
. GaCl, Rt
C - S
—— ———
E “‘”Rl = GaCIS é%’ rtRl RC
H Rc H RG

Chatani et al 62



These two enantiomers are obtained
1 \ (racemic)
* 7
( 1
%3 AcOK b AcOK
6 OBs OAc )

1 2 AcOH AcOH

+

2-exo-norbornyl brosylate 2-endo-norbornyl brosylate
enantiopure enantiopure
AcO

. J

OBs

- -

AcO-

nortricyclonium ion

A

Saul Winstein’s reaction (1949): coined the term « non-classical ion » (but also anchimeric
assistance, homoaromaticity, intimate ion pair ...)

O
exo-reactivity (steric)
[\ ) /\ anchimeric assistance of the C1-C6 bond
AcO”

63



2-norbornyl carbocation: non-classical view (greater stabilization) classical view:

7
5
LIQ A / b /- |
® 6“5
(a] (b) In the classical depiction of the 2-
(a) Explicit resonance structures for the non-classical 2-norbornyl cation. (b) Common ”‘?ITg‘?my' k;: ation, there is a rapid .
depiction of the 2-norbornyl cation, using dashed lines for partial bonds. equilibrium « etvve_en two asymmetric
enantiomeric structures.
-
B <)
il | .
o il
C c
wl Ll
= © ¥
£ =
2 S
o o
— @
Reaction Coordinate Reaction Coordinate
(a) (b)
(a) In the non-classical view, the delocalized cation is the stable potential energy minimum. (b) In the classical view, it 64

is instead a low-lying transition state between two enantiomers of the asymmetric species



2-norbornyl carbocation:

non-classical view (greater stabilization)

Afg ~ - éb LA

(a)

(a) Explicit resonance structures for the non-classical 2-norbornyl cation. (b) Common

(b)

depiction of the 2-norbornyl cation, using dashed lines for partial bonds.

classical view:

Ly — &by

T o |
N/ ==

+

non-classical carbocation:
- resonance hybrid

- stable potential energy
minium

- hypovalent 3-center 2-
electron interaction

L=\

classical carbocation:
rapidly equilibrating pairs of
cations

(Wagner-Meerwein
rearrangement)

Pros: S. Winstein et al J. Am. Chem. Soc. 1949, 71, 2953
G. Olah et al 3. Am. Chem. Soc. 1972, 94, 2529

End game: cristal structure determination of the nonclassical 2
norbornyl carbocation, K. Meyer, |. Krossing et al, Science 2013,

341, 62

C
5C

Cons: H. C. Brown Acc.
Chem. Res. 1986, 19, 34

65



Attack of an alkene onto an alkyne activated by a n-acidic metal

This is no less than
the [2+2] cycloaddition
product complexed in

a «! fashion (now
depicted 2 for clarity) M

/—\ . A‘ — YHY
L--"+ yo e

"
IV|+'|'|| !
M= Au, Pt, etc.

alkyl shift
+ (classical carbocation?)

-

el ]

'\

1
IW'l’ll M Vi M*
M= Au, Pt, etc.

resonance forms
+ (non-classical carbocation?)

66



Attack of an alkene onto an alkyne activated with a n-acidic metal

A

'/\ . -7 = Y - Y
1 I
M™ Vg M+

M= Au, Pt, etc.

resonance forms
+ (non-classical carbocation!)

67



Single cleavage
(enyne metathesis)

Double cleavage
(no 4n)

Me Au*

[

-Au”

E

68



1. \ APPLICATIONS IN SYNTHESIS

PtCl, (4 mol%)

/—:
TsN _ TsN |
toluene, 80 °C, 3 h
80%

TS Ts

N N
\O PtC|2 / -
Il g g

79% 0

Streptorubine B

Furstner, A. et al



1.] FORMATION OF BICYCLO[4.1.0]HEPTENES

-
-
.

M
E"
N

Blum, J. et al

Furstner, A. et al

Echavarren, A. M. et al

/%Ph
)

N\,

TsN

PtCl, (4 mol%)

benzene, 20 °C

97%

PtCl, (4 mol%)

toluene, 60-80 °C

78%

Au(PPh3)CI (3 mol%)
AgSbFg (3 mol%)

CH,Cl, 20 °C, 3 h
93%

Me

70



1. \ CYCLOISOMERIZATION OF DIENYNES

D.

P{Cl, (5 mol %)

\

toluene, 80°C
75%

Murai, S. et al

OMe PtCl, (5 mol %)

f

_ | | toluene, 80°C

68 %

Fensterbank, L.; Malacria, M. et al

Au(PPh3)CI (3 mol%)

TsN
\ AgSbFg (3 mol%)
Me \ CHchZ, O 0C:
Me 89%
Me

Echavarren, A. M. et al

Me —

H

TsN

]

OMe

\\\‘P,H

' -
ny nr

H

71



1.

PROPOSED MECHANISM

D. M
=
H M
[M] N WRy
/ R
endo mode R
H R
/— Ry
X

[M] = PtCl, or AuL*

R,
. exo mode M
R
[M] X O
Rs3
H

1,2-hydride shift

X

PF-07321332

elimination  \..Rq
‘—T» X: : \ R
H R

M]

Me, Me

cyclopropanation

72



NOs

1. 5 mol% PtCl»

2. 2N NaOH, rt

Ll

Sabina ketone, 83%

NO,
0
0

A—
3 (5%
PtCI, ﬁ
( Ptci,

5 %

I
PtCl,

NO,

73



1 . \ INTRAMOLECULAR [4+2] CYCLOADDITION OF ALKENES WITH ENYNES

- C \ @
N\ Y~p—Au—NCMe
(2 mol%)
— SbFe
E —_— \ Ph 6
E Au E
\ Me . E
Me CH,Cl, 20°C v Me
72%
E _—Q same cond. as above E
=l - X
\ g EX NN
Ph 67% g
Ph
Proposed mechanism:
—_— :',- i -\‘ R1 R2 @ AulL

. : I I y )
\ / Y . ~ \d : ~ .
R ] -~ : - »
\_>_ , 5 3 H = R1 H = R1

R1 ‘n__,' R2

Echavarren, A. M. et al 74



1. \ NAZAROV TYPE REACTIONS

The Nazarov reaction
Discovered by Vorlander (1903)

Q H,SO0,

ACzo, Hzo

J T

Rediscovered by Nazarov (1941)

H,SO, 0

; _ N HgSO, \

MeOH
H,O N\

we

Ph

\ /

O
HO
(enol oxidation took place)
Ph
Ph

75



The Nazarov reaction

1. \ NAZAROV TYPE REACTIONS

4 )
O . O
Lewis H
acid
| | g X)) R2
R’ R2
R’ H
\_
LA LA
H+
— _ ©
o° LA
41
g H+ X)) R2
- - H

76



1. \ NAZAROV TYPE REACTIONS

the Rautenstrauch rearrangement

. N\
2 R2 R2
RLPAC - cat. PACI,(MeCN), H*
///ﬁr i . o%b/R?’ ~— AcO R
MeCN, 60-80 °C
| ’

l T-Pd

>‘O R2 R2 R2
{/
] conrotatory ]

77



1. \ NAZAROV TYPE REACTIONS

the Rautenstrauch rearrangement

4 )
OPiv cat. PhyPAUCI

Me cat. AgOTf o) Me
Me

Me
L 88% ee 82% ee

AuL Me

Chirality transfer is possible, how can this be if a carbocation is involved??

Toste F. D. et al



1. \ NAZAROV TYPE REACTIONS

the Rautenstrauch rearrangement

4 )
QPiv cat. PhsPAUCI
_ . Me cat. AgOTf O Me
//\[ .
88% ee Me 82% ee )
tBu
>\O tBu\?O 9
Of-F ] - 4 ) >
Me @) Me T PivO& Me =~
+ —_—
Il ’
conrotatory '
AuL Me AuL Me LAu Me

Not planar, chiral

Center-to-Helix-to-Center Chirality Transfer

Toste F. D. et al 79



1.

NAZAROV TYPE REACTIONS

the Rautenstrauch rearrangement

Me
OAc OAc T 0
~_-Me @ ~__Me 0. _~__Me
M @) 5 1
i e ts12 AuPH;~Me ts23 HuPHye
2 6
l ts34
Me Me
=0 =0
O Me 0 Me
© Me \u @’\[ h-ts B (Prtsas-anti o0 Me
. ;é Me > Me
(R)-6 Me AuPH, AuPH; HsPAU  Me
(M)-4-syn (P)-4-anti m :
T (5)-5
| IS [ |
MB): MEF l
o} 0
Np 2 (o L T o WV
Pt , Me M (S)-6
HpAd  Me  (MrtsdS-ant AuPH; AuPH;' 1o
(R)-5 (M)-4-anti (P)-4-syn

de Lera et al

80



NAZAROV TYPE REACTIONS

Metalla-Nazarov reactions

dihydrojasmone

M. L. Roumestant, M. Malacria, J. Goré. J. Grimaldi, M. Bertrand, Synthesis 1976, 755.

81



1.1 NAZAROV TYPE REACTIONS

Metalla-Nazarov reactions

A. Buzas, F. Gagosz, J. Am. Chem. Soc. 2006, 128, 12614;

Zhang, L.; Wang, S. J. Am. Chem. Soc. 2006, 128, 1442;

Huang, X.; Zhang, L. J. Am. Chem. Soc. 2007, 129, 6398;

Lee, J. H.; Toste, F. D. Angew. Chem. Int. Ed. 2007, 46, 912;

Funami, H.; Kusama, H.; Iwasawa, N. Angew. Chem. Int. Ed. 2007, 46, 909;

Trillo, B.; Lopez, F.; Gulias, M.; Castedo, L.; Mascarefas, J. L. Angew. Chem. Int. Ed. 2008, 47, 951

- Au

\
D 0| - o) 2
<\__'_

Fensterbank, Malacria et al
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1. \ NAZAROV TYPE REACTIONS

R2

2 R2
R? \ 1R
AuCIPPh; / AgSbFg (2 mol%) R
R1 \ -
‘\(—=~\ CH,Cl,, rt, 10 min

\ \
n-C4H9
n-C4Hg R 62% t-Bu L

65%
\ \\\\
n-C4H9
n'C4H:<_¥ 800/0 Me \ 770/0
\ \\\\
‘<_§ 72% H \ 87%

. 83
Fensterbank, Malacria et al



1. \ NAZAROV TYPE REACTIONS

Metalla-Nazarov reactions

t-Bu \\\ AuCIPPh; / AgSbFg (2 mol%)

e
>

CH,Cl,, rt, 10 min

\ +
‘___\< Au -
t-Bu . &

Fensterbank, Malacria et al

84



1.1 NAZAROV TYPE REACTIONS

Metalla-Nazarov reactions

H > R
\N—

1
o« —"

—\H
(S), 91% ee
AuCI(PPh;3) (2 mol%)

AgSbFg (2 mol%)
CH,Cl,, 20 °C, 2 h

0% ee

(R), R = Me, 84% ee
(R), R = tBu, ee > 88%

How can a chirality transfer (axis to center)
be possible through a carbocation??

R = Me, 84% ee
R = tBu, 88% ee

Fensterbank, Malacria et al

N
Au /
® N\
J
85




1. \ NAZAROV TYPE REACTIONS

Vinyl Cations vs Bent Allene Complexes

AHygg (kcal/mol)

B
Au” Au
Me Me H, _i_ _H
\%-I“Y e "
H H Me Me
0.0 1.4 (helically chiral but
(achiral) racemizes rapidly)

86

Fensterbank, Malacria et al



Bent Allenes Are Not Just Computational Curiosities

G. Bertrand et al 87
A. Furstner et al



Bent Allenes Are Not Just Computational Curiosities

Me,N GaCls GaCly
.——-\NMez MezN%l\\,NMez
Me,N NMe, Me,N ‘NMe;

\

Gi

N

“The unit cell of this bent allene complex contains two enantiomers, which is consistent with the fact that bent
allene complexes can be helically chiral”

88



1. \ NAZAROV TYPE REACTIONS

AHygg (kcal/mol)

AuBr,

v

Fensterbank, Malacria et al

Vinyl Cations vs Bent Allene Complexes

_ - _ 7 .

+
Au
H,, . Me
Y e
10.0 0.0
(racemization TS of the (helically chiral)

bent allene complex)

89



1.1 NAZAROV TYPE REACTIONS

Metalla-Nazarov reactions

) )

1t
._...1\ o v

H H
(S), 91% ee (R), R = Me, 84% ee
(R), R =tBu, ee > 88%
e N
AuCI(PPh;3) (2 mol%) R Au /
Cpl‘—lgSCtI)Fs (220 T((;) Io/é’)h How can a chirality transfer (axis to center) ® \
2> ’ be possible through a carbocation??
. y,

Not planar, chiral

0% ee R = Me, 84% ee
R = tBu, 88% ee Axial-to-Helix-to-Center Chirality Transfer

90

Fensterbank, Malacria et al



1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

« [1,3] Sigmatropic Rearrangements: H migration

(" )
H H* i H
R )\/\ R’ R ~ - R /\)\ R
\ J

1s proton LUMO

Y5 allyl anion HOMO R R' RQ%R'

f Suprafacial migration Antarafacial migration

FORBIDDEN ORBITALLY ALLOWED BUT
H CANNOT BRIDGE DISTANCE



1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

« [1,3] Sigmatropic Rearrangements: C migration

e )
T
CHj CHj,
)\/\ /\/k
R R' R R’
\_ J
2p Carbon LUMO
>¢—H
H H\ /H
C
I
¥, allyl anion HOMO R R' R R'
»
Suprafacial migration Suprafacial migration
Reminde" Retention at carbon Inversion at carbon
FORBIDDEN ALLOWED

| 02



1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

classical example: [1,3] carbon migration

P i e A \\
£ s > & N
[~ b 307°C S 7
s | 2 y ' ~r
p—=%H D i
H H
\ Vi

Figure 33.25 The deuterium-labeled bicyclo[3.2.0]Jheptene V rearranges
via a [1,3]-C shift to the norbornene VI. There is inversion of configuration at
C-7: from R to S. (Or, using C-6 as our standard, we see that H eclipses
OAcin V, and D eclipses OAc in VI.)

y
®

LD

i H ,’/——OAc
H”@T@)
D
(1

Transition state

» This reaction proceeds by a [1,3] migration and with complete inversion of

configuration in the migrating group.

Berson et al J. Am. Chem. Soc. 1967, 89, 1043 (with a timid citation of Woodward and Hoffmann)




1. \ CYCLOISOMERIZATIONS

Keto-enol tautomerism, a [1,3] sigmatropic shift?

Wikipedia in French:

Wikipedia in German:

Wikipedia in English:

+

H ‘OH
I VI S §

INVOLVING SIGMATROPIC SHIFTS

H .
(Q‘o [1.3]shift? |\ o
Y N7/
e
R, 0 H 0
R
\C Q/ - ]\\C—C// Enfin corrigé en 2019 ...
ST AN
R, R, R, R,
H\ |-|\
0 o) H O
H3C H3C H3C
3 @ \ 3 \(J\H -3 %H
Q H o‘\ﬂ O
H H
H R R
tCl: R/\”/ _ E/\ﬂ/
' =0 0
- 40

94



1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

Keto-enol tautomerism, a [1,3] sigmatropic shift?

Wikipedia in English:

In a thermal [1,3] hydride shift, a hydride moves along three atoms. The Woodward—Hoffmann
rules dictate that it would proceed in an antarafacial shift. Although such a shift is symmetry
allowed, the Mobius topology required in the transition state prohibits such a shift because it is
geometrically impossible, which accounts for the fact that enols do not isomerize without an acid
or base catalyst.

Geometrically impossible [1,3] Hydride Shift

Heat

>  No Reaction

95



1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

Keto-enol tautomerism, no arrows!

Wikipedia in English:

In a thermal [1,3] hydrogen shift, a hydrogen moves along three atoms. The Woodward—-Hoffmann
rules dictate that it would proceed in an antarafacial shift. Although such a shift is symmetry
allowed, the Mobius topology required in the transition state prohibits such a shift because it is
geometrically impossible, which accounts for the fact that enols do not isomerize without an acid
or base catalyst.

¥, o—e—o HOMO J&
t /
O y
i_;\o — — ¥, <G>—G—O

"h68

O 96



1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

2
R’ RO 3
=Z 2 mol% AuCI R
R® -
PY toluene, 25 °C Nyt
s~ TOR’ S
1 2

n-Pr n-Hex N _
Z F 2 mol % AuCl OEt O-n-Pr O-n-Pr OEt
+ _ R .
J\ /L Eoluene _ AN -Pr N\ b Hex N . N .
S OFEt s~ YQ-n-pr 25°C,15 min s s s s
5a 5b 6a

6b 6c 6d
quant (6a : 6b =1:1) trace trace
Normal products Crossover products

Yamamoto, Y. et al
97



CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

1

AuClI

OR2

98



1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

4 , )
R “ —Ph

// AuCI (cat.) (R)
= N
S7->Ph retention Z s

(R)
- J




1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

e . ™
R'l ".‘ Ph
// AuCl (cat.) (R)
? - \ R1 -—

s@ Ph retention S X

Y y, N
- AuCl
?
ClAu Cl Cl

Walden retention seems impossible

100



1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

4 , \
R1 "o‘ Ph
Z AuCl (cat.) (R
? - \ R1 <
S/(R?Ph retention S
\_ J
- AuCl
?
CIAu‘ ]
L, R
H
1 P/
/\ ~ MeTRrs)\
S™(r) Ph ®R1 AUC?CI
l[1,3]shift
Iyle
® Sl —H®)
V1 \~ Ph
R Au
© %

101



1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

4 ; ~
R1 'o‘. Ph
// AuCl (cat.)
? - \ R1 <

S/\Ph retention S

\_ J
- AuCl
?
X
ClAu
\‘ R1

; H

Z Ph.,

ﬁ > Me EE—

s” > ph 21' AUC?CI 1,3-sigmatropic shift

Memory of chirality??

S
- AuCl —

102



1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

HOMO LUMO

103



1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

. )
. —~Ph
AuCl (cat.) (R)
- \ R‘l 3
retention S h
J
- AuCl
?
Ph., O
H Me”
Ph., /. mgor
» Me/(s* _ — enan
® 15 EAUC.)CI S—= TRE
R R u Cl
(mgor dia) B B
Memory of chirality: planar chiral ion pair ®S* R S\—= o ergzr
\( AU, R (S)
Ph" MeR’ Ph,,®
Me™ 1
(minor dia) L © _

tight ion pairs 104



1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

mirror images

not superimposable

Memory of chirality: planar chiral ion pair

105



1. \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

The [1,3]-sigmatropic rearragement appears in many textbook ...

a [1,3] sigmatropic rearrangement

CH, CH,

| |
CH,C—CH=CH, —&> CH,C=CH—CH,

bond broken e

|
CH; CH, new bond formed

... but it is suspicious

106



1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

|

[1,5] Sigmatropic Rearrangements

—
o

,
O

R /R' R

\_

+
X
R' R X R’

\

J

1s proton LUMO

Y3 pentadienyl anion HOMO

C 2p carbon LUMO

Suprafacial migration
Retention at Carbon
ALLOWED

i Y3 pentadienyl anion HOMO C
_—

\Reminder‘

Antarafacial migration
Inversion at Carbon
ALLOWED

Suprafacial migration Antarafacial migration
ALLOWED FORBIDDEN

107



1 . CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

« [1,5] Sigmatropic Rearrangements

ASZ Ph;PAuCI
AQSbFs s.o2
——Ph 4+2]
0” “Ph

O R ] R" O
\([)r Au”* Au*---iPJ‘IL 5-exo0 X JL o
A '

N JR Au R™No

108



1. \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

« [1,5] Sigmatropic Rearrangements

B3LYP/LANL2DZ(Au)/6-31G(d) (other elements); AH,qg (kcal/mol)

A (0.0) B (-28.2) C (-29.5) D (-57.8)

109



1 . CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

« [3,3] Sigmatropic Rearrangements

COPE rearrangement CLAISEN rearrangement

(T AN 6/\>,7

TN T NN e

often reversible

! \/\Me
/// Me \ Me :
%ﬂe ” Me | \
/ :

| Reminder

|

— Suprafacial/suprafacial

Both reactions proceed via a chair-like transition state.

\
O = \\\\\\\

X

usually irreversible

110



1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

« [3,3] Sigmatropic Rearrangements

Think of reaction as cation + anion cation

anion: /@\\ /@\\
)E_»%\%_»/ o %8/8\8 B

cation LUMO
e
forming /
bond r
. / \ i breaking
bond =

| inder
Rem"\ anion HOMO

| 111
— Suprafacial/suprafacial



1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

« [3,3] Sigmatropic Rearrangements

OH

O/\/ o |
heat retention
—_ gy —_— >
)

Suprafacial/suprafacial

Reminder

‘ 112



1 . \ CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

« [3,3] Sigmatropic Rearrangements

D/\%\@ K1 (5 mol%), AgOTf (5 mol%)

= " 1,4-dioxane, rt, 16 h
20a 21la R=Ph,18%
20b 21b R =nBu, 66 %

KltL\*CEN—Au—CI

TO — OO

:;-3) 1 Zt |
au] R éﬂul : |
25 26 28

113



CYCLOISOMERIZATIONS INVOLVING SIGMATROPIC SHIFTS

[3,3] Sigmatropic Rearrangements

A l ©? aj @C)\Rl
Au]

R [Au]
CHEMISTRY 3
AN ASIAN JOURNAL st 53 =P -FULL PAPER

DOI: 10.1002/asia. 201300324

[3,3]-Sigmatropic Rearrangement Step in the Gold-Catalyzed Cyclization of
Allyl-(ortho-alkinylphenyl)methyl Ethers

Martin Ackermann, Janina Bucher, Melissa Rappold, Katharina Graf,
Frank Rominger, and A. Stephen K. Hashmi*"*!

hem. Asian 2013, 8, 1781794 swiLey 1786

decomplexatio

[3,3] sigmatropic
& rearrangement

. [Au]
n
coordination

0»'“‘\."./‘\ Rz

3-‘-,
@
() R
A
gQ\/,\ ) cyclization
2
[Au]
B

/‘\/‘\Rz
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1.] SELECTED APPLICATIONS OF WHAT WE HAVE SEEN IN CHAPTER 1

b) TMSOTT, o
a) DIBAL-H: Et:N
o thenaq HCI c) IBX-MPQO
z
H

e) [Rh((S)-binap)]SbFg l
0

18; (-)-platensimycin

>99 % ee

Scheme 3. Formal total synthesis of (—)-platensimycin. Reagents and
conditions: a) DIBAL-H (1.0m in hexanes, 1.2 equiv), THF, —78 —
—20°C, 1 h; then 2N aq HCl, 0°C, 30 min, 88%,; b) TMSOTf

(1.2 equiv), Et;N (1.5 equiv), CH,Cl;, 0°C, 30 min; c) IBX (1.2 equiv),
MPO (1.2 equiv), DMSO, 23°C, 3 h; d) 1n aq HCl, THF, 0°C, 1 h,
68 % over three steps; e) [Rh((S)-binap)]SbF; (0.05 equiv), DCE, 23°C,
12 h, 86%, > 99 % ee. DIBAL-H = diisobutylaluminum hydride,
DMSO = dimethyl sulfoxide, I1BX = o-iodoxybenzoic acid, MPO =
4-methoxypyridine-N-oxide, TBS = tert-butyldimethylsilyl, TMS =trime-
thylsilyl.

Nicolau et al. 115



1. \ SELECTED APPLICATIONS OF WHAT WE HAVE SEEN IN CHAPTER 1

7 < 9examples
_y *up to 90% yield
X7 «299% ee

o
Me (\.Z 4 mol% [{Ir(cod)Cl]
| x“7 16 mol% (R)-L

20 mol% zn{GTfjg,r
HO DCE, 24h, 25 °C

2 ee
8

()

Carreira et al.

___ iridium-catalyzed
— enantioselective —s
polyene cyclization

CO;H
asperolide C

Carreira et al.

Li et al.

116
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SELECTED APPLICATIONS OF WHAT WE HAVE SEEN IN CHAPTER 1

[Au’]
) , 48%~65%
25a: R'= OTES, R? = H 26
25b: R' = OTES, R = OH
25¢: R'=H, R‘=0OH \
[Au] Rin
fan —
Rh"" \\\ R?
H

29a: R' = OTES, R? = H ”r
29b: R' = OTES, R? = OH 28
29¢:R' = H, R? = OH

= T

TESO
I

30

34: revised structure for 33
pubinernoid B

Scheme 4 Total syntheses of pubinernoid B, orientalol F and englerin A.

Echavarren et al. 117



1. \ SELECTED APPLICATIONS OF WHAT WE HAVE SEEN IN CHAPTER 1

Il

1. gomerone C 2

20 mol%

TBSO\?/ g& Me,AICI
e, + _—
o)
3 4

tBu\ {Bu —‘@

P Au—NCMe

50mol% 7

acetone, 45 °C Conia-ene

B 67%

Scheme 1 The total synthesis of gomerone C.

Carreira et al. 118



1. \ SELECTED APPLICATIONS OF WHAT WE HAVE SEEN IN CHAPTER 1

[(Ph;PAu);0]BF,

Q (1 mol%) o
/ o] 1,2-dichloroethane 0
— 74 H 75°C \/ H
84%
o oTBS 5 OTBS
60 tBU\ l’[Bu 61

P—Au-Cl

(10 mai%) LiBHEt, l 80%
O
0

AgOTs (10 mol%)
toluene, 60 °C

-

72%, d.r.=3.2:1

65: indoxamycin B

Scheme 8 The total synthesis of indoxamycin B.

Carreira et al. 119



1. \ SELECTED APPLICATIONS OF WHAT WE HAVE SEEN IN CHAPTER 1

tBu, ,fBu ®
ﬁP—Au—NEI".I'IE_J

stE::.-' . —_

O
JH\A/L 7 3 mali
. TBSOD OTBES

35

36

| [Au]
)

QTBS OTES
48~55% Ohc
39 36
TBSO
fDTES OAc
"'... Co —_—
——- —-
AcO
41

H
Olc

HO
42: (+)-Schisanwilsonene A

40

Scheme 5 The total synthesis of (+)-schisanwilsonene A.

Echavarren et al. 120



2. [2+2+2] Cycloadditions

[2+2+2] cyclizations of three unsaturated moieties : A very powerful strategy for the construction of six-membered rings

R & R
=z~ | R R’
R/
W — LI
S
R
R Il —
N R" A
N, |
< R
— : R R’
R/ ER .
RN R' R" R’
R" R"
- R
R R’
R\/) ER -
ey R R" " R’
Lo R

121



2. [2+2+2] Cycloadditions

1st example of cyclotrimerization:

<3%

Berthelot, M. C.R. Acad. Sci. 1866, 62.

Transition-metals can promote the reaction by templating the reactants:

' . Products

122



2. [2+2+2] Cycloadditions

= f Ni(CO),(PPh3), CH,0H
HOCH " .
2\\ ‘
88 12

Reppe, W. et al Justus Liebigs Ann. Chem. 1948, 560, 1 and 116
|::> Almost all the transition metals can catalyze the cyclotrimerization of alkynes to benzene derivatives

Many unsaturated moities can take part: alkynes, alkenes, allenes, nitriles, isocyanates, aldehydes, ketones, CO ....

123



2. \ [2+2+2] CYCLOADDITION OF ALKYNES: MECHANISTIC ASPECTS

TM = Co CpCo reductive elimination AN
L@ -~ | —CoCp
/4 Z

CpCol,
A A
1
. _ reductive
1. ligand 3.[4+2] | HC=CH elimination
exchange
3

/)
N

3. insertion
- - _ -
CoCp — CoCp | toc
2. oxidative ~ HC=CH p
= __

coupling

4. reductive
elimination

(OrCoCp

124



2.1 [2+2+2] CYCLOADDITION OF ALKYNES: MECHANISTIC ASPECTS

V4
l
V4

1. Ligand exchange : CpCol, =< - CpCél N _ . CpC8 N
L L L >z
If L =CO heating and/or irradiation are required
2. Oxidative coupling : /\Con = QCon
KL
N
18 e 16 e : coord. unsaturated

In presence of strong c-donor ligands (PRj3), the reactivity of the metallacycle decreases and it can be isolated

Cp

\
PMe;

Bergmann, R. G. et al 125



2.\ [2+2+2] CYCLOADDITION OF ALKYNES: MECHANISTIC ASPECTS

3. Complexation /Insertion/ Reductive elimination

— complexation insertion reductive N
QCon _ CCon S Con | = CoCp

,// elimination
3. [4+2] — [4+2] CpCo X
— CoCp _— y _— | = CoCp
HC=CH

Some proofs for a [4+2] reaction :

Nt // \\

&
&
f

U
|

Eisenstein, O. Vollhardt, K. P. C.
4. Redutive Elimination: 4/</ oxidative _
,CoCp > CCon - N = (OrCoCp
4 coupling < 7N
retro [2+2]

126




2. \ [2+2+2] CYCLOADDITION OF ALKYNES: CHEMOSELECTIVITY

Regioselectivity :

=———nBu

Chemoselectivity :

+

Ni(CO),(PPhj),

=CO,Me >
benzene, 35°C
78 %
[CINi(n*-C4Hs)] neu neu
benzene, 50°C
98 % nBu

9

cat. Ni(CO),(PPhs), THF

>
>

5-15 atm, 80-160°C, 3 h

93 %

CO,Me
COzMe
COZMe
nBu
nBu
nBu

46

54

127



2. \ [2+2+2] CYCLOADDITION OF ALKYNES: REGIOSELECTIVITY

R
2 R 2
S
CpCo =~
- .\ CpCo@
S R
R

R
R Insertion
Cps ~— — Cps S~
R\\Pog Insertion CpCo CpCs l \90@
N =~ \\ R
R R R R
[4+2] \ [4+2],/ I Insertion
/ CpCo. R CpCo
CpCo R
db/R }b/ %b CpCOQ/R
R
i R R
R
Major
R R

minor 128

I
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2. \ REGIO- AND CHEMOCONTROLLED INTERMOLECULAR REACTIONS

Disposable silyl-tether for a regio- and chemoselective process

(Pr-i)y
OH =\ O-si—=—\
OH jo CpCo(CO), (5 mol %)
\\ — \\ Si(Pr-i), " . -
ylenes, A, hv
Ph // Ph /
Bu-n
Bu-
w-n 67 %
TBAF OH
> Ph
THF, A
n-Bu
HO
76 %
129

Malacria et al



2.

REGIO- AND CHEMOCONTROLLED INTERMOLECULAR REACTIONS

Highly regioselective process

cat. (5 mol%)

=Tol-p >~
C6D6’ rt

Highly chemoselective process

MeOZC%COZMe

R1 R2

Takeuchi et al

Tol-p
Tol-p
p-Tol
100 %
Ozerov et al
R2
[Irccob)cl| , R CO,Me
R’ CO,Me
(CeFs5)2P P(CeFs)2 R?
1:2 coupling
COZMe
1
[Ircob)cl] , MeO,C R
dppe MeO,C R?
2:1 coupling CO,Me

130



2. \ [2+2+2] CYCLOADDITION OF ALKYNES

R = aryl, alkyl, NMe,

(1 or 5 mol%)

THF or toluene,
hv, 25-55 °C

B. Heller et al

N
Z

~

P(O)Rz
OMe

24-80% vyield
56-83% ee

131



BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES

CpCo(CO),

- )
R, A, 30-95 %

n=23,4,5; R4, Ry =H, alkyl, aryl, vinyl, ester, ether, ketone, amine , SiMe;

Vollhardt, K. P. C.

Bed

0-quinodimethane

132



2. \ BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES

_ OMe
s ) f
=7 L

O OMe

K. Takagishi et al

K. Tanaka et al

[IrCl(cod)], (10 mol%)

(S,S)-MeDUPHOS (20 mol%) ’ O OMe

g OMe

(83% (ee > 99%))

Xylene, 100 °C, 1 h

0
[Rh(cod),]BF, + (R)-Hg-BINAP
(5 mol%)
CH,Cl,, RT, 1 h P(O)(OE,
! ! OMe
PPh; (>99% (ee 97%))
X
133



2.l BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES

Access to the Anthracycline aglycones

Two Strategies

0O R
R2
CpCo(CO), R?
_ (LU
R3
R3 20-30 % Y
R?, R® = H, alkyl, SiMe,
M
L SiMe, OMe
——OMe CpCo(CO), SiMe;
-l -
— . SiMe3
SiMe 0
OMe ’ 60 7% OMe

Vollhardt, K. P. C. et al 134



2. \ BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES

MeO
Access to the Protoberberine alkaloids O N
MeO

(e

OR

MeO SiMeg CpCo(CO), MeO O
ez - : N

MeO MeO
MeO
—
—~ SiM63 58 % O
|\/|e3Si OMe
SiMe;

The more crowded is
regioselectively generated

Vollhardt, K. P. C. et al 135



2.l BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES

Access to Multiphenylenes: Iterative approach

= SiMes 1.1Cl, CCl, 63% 7z
. , 4 (o}
| cat. CpCo(CO), | X—A N ™S o TMSC=EH, Pd. cat. XN—F | Z
~ 22— - 22—
N TMS
N SiMe, hv, reflux 3. KOH , MeOH A
Me;Sn—=——SnMe; S Z | SnMe; N N N
cat. CpCo(CO), 27X SnMe, % = %
hv, A, xylenes n
SiMe3
I O SiMe3
=
]
Me,Si—=—SiMe, MesS N A | N
cat. CpCo(CO), Me,Si” N2 X % |
25 % N
| X
SiMe3
SiMe3

Vollhardt, K. P. C. et al 136



2. \ BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES / [4+2]

TANDEM REACTION [2+2+2] - [4+2] :

Si(CH3)3
|||

Si(CH3)5

(CH3)3Si

(CH3)3Si

\\ Co(l)
+ —_—_——
G | [2+2+2]
Dé> ) [4+2]

(CH3)3Si

(CH3)3Si

(CH3)3Si

(CH3)3Si

\_/

2\

137



2. BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES / [4+2]

TANDEM PRINCIPLE

OR

SiMe :

|‘| 3 \\ OR CpCo(CO), Me;Si OR 100°C Me;Si =
+ > —_—

A Me;S Me,Si
SiMes G 3

/ N\

R =H, SiMe;, Me, THP
Messi%SiMes

OR

Me,Si SiMe; Me;Si SiMe;
— LR
Me;Si SiMe; Me;Si SiMe;

5 carbon-carbon bonds are created in one step

Vollhardt, K. P. C. et al

138



BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES / [4+2]

TANDEM PRINCIPLE

NB: outward and inward isomers are allowed by conrotatory ring opening. The
stereoselectivity is controlled by torquoselectivity

OR
Me;Si OR i Me;,Si

X
Me;Si MesSi MesSi

outward inward

\

139



2. \ BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES / [4+2]

o -
SiMe3 ™ O
| | \\ O CpCo(CO), S =z /P TMS@%P
+ —_— _— ~
A TMS X | TMS
SiMe; & |
exo- transition state 60 %

45 %

N\

SiMe;
||| +

SiMe3

V4

‘ /P@ CpCo(CO),
I * -
SiMes
@)
TMS 4
CpCo(CO), =N0)
_ H 49 %
TMS ;’H

It has been shown that the metal is not involved in the Diels-Alder closure

N\

Vollhardt, K. P. C. 140



2. \ TANDEM PRINCIPLE: THE COBALT WAY TO (+) ESTRONE

THE D - ABCD approach

N N
A 1. n-BuLi, TMEDA % OH 1. TsCl, pyridine N |
2. 0O B 65 % 2. Nal, acetone B 96 %
Z YA F Z
0]
0 OTMS A
f 1. ZMgBr Cul
2. TMSCI -

/
LiNH, NH, Z |
89 % 43 %

CpCo(CO), BTMSA
A

T™S /| .
X
| 1. CF3CO,H

2. Pb(OCOCF,),

80 %

Vollhardt, K. P. C.

141



2. \ INTRAMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES

With Cobalt :
OMe
OMe
5 % CpCo(CO), decane, A, 20h
I hv, A,1 h
xylenes,hv, A, HO HO
90 % 87 %
Vollhardt, K. P. C. et al
A\
With Rhodium | | \/\o 2 % RhCI(PPhs), 0
//%\/ >
Y EtOH, 3h, rt o
79 %
Grigg, R. et al
'e) O
_ 3 % Pd(PPhj3),

With Palladium E =z | | 5 % HOAc E

E N MeCN, 12h, A E

Me
67 %

142

Negishi, E. -i et al



INTRAMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES

143



INTRAMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES

CpCo(C,H,), (100 mol%)

Et,0, -60 °C to 0 °C, 4 h

OMOM

l acetic acid

‘ ««OTBS

OMOM
93%
R = Me, R'= H ((+)-rubiginone B2)
R = Me, R'= OH ((-)-tetrangomycin)
R = H, R"= OH ((-)-8-O-methyltetrangomycin)

U. Groth et al

144



2. \ INTRAMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES

|

CH,Cl,, RT, 15 h g
o

e o
O/\ [Rh(cod),]BF4 (20 mol%) QO CO,Me
If co,Me  (R,R)-MeDUPHOS (20 mol%) O
CO,Me COMe
sengd |
\ PQ
| 80% (ee 71%)
B,

Tol
/ i CpCo(CO), (1 equiv) O@ ° Tol

PPhs (2 equiv)

Tol Dioxane, 95 °C, 63 h } 0 I Tol

Tol = p-tolyl

SOV
I

(P,1S)-(+) (66% ([a]p +199))

145



BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES AND ALKENES

Type 1 : Diyne-monoalkene cyclization

(CHa)n + WY

Metal catalyst

Cobalt and rhodium are effective

Type 2 : Enyne-monoalkyne cyclization

| Metal catalyst

Co and Rh are not very efficient even inert in this cyclization
Pd is effective

Y

R;

146



2. \ BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES AND ALKENES

7 — E 20 % Co-cat.
HN + j|\

— E toluene, -6°C, 30 min

70 %
E = CO,Et Co-cat : Co(CH3CN),(trans ECH=CHE),

— E 10 % Co-cat.

— E toluene, 60°C, 6h
77 %

Chiusoli, G. P. et al
O/—: Me erN 2 % RhCI(PPhs),
+ >
N————Me t-BuOH, 80°C, 6h

59 %

Grigg, R. et al

HN

Me

Me

147



2. \ BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES AND ALKENES

Cyclization of alkynes with the Indole 2, 3 double bond

g8

\ CpCO(C2H4)2, rt AN
Cc
A\

e

65 % N “

ml
s
xI

\

1:4=syn:anti

n

+
N
A
B
N
N — 40 %
@)

A\

F 1:1=syn:anti

AcHN

\]

46 %
O

NHA
) !
y Me

@)

@j ) v CPCo(CoHa),
| Il -
™

76 %
4 S

@)

Vollhardt, K. P. C. et al 148



2. \ BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES AND ALKENES

Cyclization of alkynes with the Indole 2, 3 double bond : formal synthesis of Strychnine

AcHN

NHAC I” CpCo(CyHy),

THF, 0°C

Strychnine

Vollhardt , K. P. C. et al 149



2.

BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES AND ALKENES

Cyclization of alkynes with the Imidazole 4, 5 double bond

3
AN

X = O, CH2

Ri CpCo(CO),
+ >
| | hv, A
R2
10-72 %

R1, R2 = TMS, OMe, COzMe

Vollhardt, K. P. C. et al

Cyclization of alkynes with Uracil derivatives

O

MeO

three other

CpCo(C,Hy), diastereomers

>

THF, hv, reflux
94 %

12 %

MeO

Vollhardt, K. P. C. et al 150



2. \ BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES AND ALKENES

[RhCl(cod),], (5 mol%)
(S)-Xyl-P-PHOS (12 mol%)

AgBF, (20 mol%) CO,Me
TsN + Ph—=—CO,Me >~ TsN
THF, 60 °C Ph

OMe H

0 (ee 97%)
MeO PAr2
MeO i PAr, Ar=3,5-Me;CgHj

OMe

|

J

P. A. Evans et al
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2. \ INTRAMOLECULAR [2+2+2] CYCLOADDITION OF ENEDIYNES

Enediynes with a terminal double bond :

CpCo(CO), (1 equiv)

C\_\: xylenes, hv, A
— SiMe3

Y

only exo
T 85 %
C\_\_\ CpCo(CO), (1 equiv)
+
——SiMe; \ xylenes, hv, A
CPCO SiMe,
92 %
exo 1:1 endo
CpCo @ CpCo
X = ¢ \
"y = o H
A —|— X
B exo X H endo i
152

Vollhardt, K. P. C. et al



2. \ INTRAMOLECULAR [2+2+2] CYCLOADDITION OF ENEDIYNES

Enediynes with an internal double bond :

R
) n

N 7

R=HorMe;n=1,2

CpCo(CO), hv

CpCo(CO), (1 equiv)
xylenes, hv, A \i‘ql

63 -76 %

Si0,

\\ // 60 %

Vollhardt, K. P. C. et al
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2.|

INTRAMOLECULAR [2+2+2] CYCLOADDITION OF ENEDIYNES:

MECHANISTIC ASPECTS

—
P
Cp

and/ or

FP
aos,

CpCo(CO),

\i

CpCo
H

C@H
N CoCp

CpCo
_,XH
X

Isolation of cobaltacyclopentenes: Wakatsuki, Y. et al J. Am. Chem. Soc. 1979, 101, 1123

154



2. \ [2+2+2] CYCLIZATIONS OF ENEDIYNES : THE COBALT WAY TO (+)-ESTRONE

The A - ABCD approach

Vollhardt, K. P. C. et al 155



2. \ INTRAMOLECULAR [2+2+2] CYCLOADDITION OF ENEDIYNES

Stereoselective synthesis of the sesquiterpene llludol

SiMe,tBu

0

1. CpCo(CO),
2. CuCly, 2H,0
92 %
Synthesis of the diterpene Stemodine
— oL O
o_ O /\\\
O

Vollhardt, K. P. C. et al

OH

(£)-illudol

stemodine

156



INTRAMOLECULAR [2+2+2] CYCLOADDITION OF ENEDIYNES

MO /= MeO,C
NTs
-BI 10 mol¢ /
MeO,C \—\ [Rh(Hg-BINAP)IBF, (10 mol%)  MeO,C
CH,Cl,, RT, 30

NTs min

- ®
N PPh, (99% (ee 97%))

i PPh,

T. Shibata, et al

157



2. \ INTERMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES AND NITRILES

z
7 \ CpCo(COD), 10-15 bar |
* g SNTOR
= R 120-130°C, 2-4 h
89-96 %
R = H, alkyl, cyclopropyl, CH=CH, thien-2-yl, aryl
cat. CpCo(COD) A
—_— + Et—=N - | P
130°C, 3 h N Et
77 %
R2
R2
cat. CpCo(COD) N A
2 RA—= + R'CN g P ' P
130°C, 3 h R2” N R1 R27 NN R

77 %

Wakatsuki, Y. et al
158



INTERMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES AND NITRILES

R1

R R3 CpCo(CO), (20 mol%) H R?
TMAO (0.1 equiv) ~ |
0" N T + |l g o ", 3
Q- /\\ f N toluene, 80 °C, 48 h Q- N© R
(50 mg) R? (100 equiv) major isomer
(10 equiv)
R' = alkyl, Ph 43-85% yield
R2=H Zlkyl regioselectivity up to 30:3:1
R’ R3 = Me, Et, Ph
1% TFA HONR
— o |
CH,Cl,, rt, 1 h N~ "R3
OH

A. Deiters et al

159



2. BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES AND NITRILES

Diyne and nitrile :

(s

n =0, 1,2; R" = alkyl, aryl, CH,OCH3 CH,CO,C,H5

Cyanoyne and alkyne :

(0

C=

n=0,1,2

R" R? = SiMe; CO,Me, CH,OMe, H, alkyl, aryl - -

Vollhardt, K. P. C. et al

R’ 10 % CpCo(CO), ( R
C - L
Il{ll o-xylene, 117 h, reflux
43-91 %
R cat.CpCo(CO), hv .
I - 1
xylenes, reflux —

R2 N™ “R?

29-95 %

R1

R2

160



2. \ BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES AND NITRILES

Me, SiMe, Me,

( | CpCo(CO), (100 mol%) (
+
I THF, sealed tupe, 140 °C, 20h Z N NT NP ON

)\ : !
S|Me3 H N\

SiMe3
(82%, A : B = 1 : 25)

CHO X £
CpCo(CO), (220 mol%) (,\; )\N
\

PPhs (840 mol%) Bn

dioxane, sealed tube, 140 °C, 5 h \\
SiMe;

Me;Si”~ N

(+)-complanamide A (56%,C:D=1:3)

D. Siegel et al 161



2. \ BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES AND NITRILES

Il Il PhCN, [Co] (1 mol%)

>
OO OMe THE, hv

86 % yield , 93 % ee

Gutnov et al
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INTRAMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES AND NITRILES

X
= B30 noils
n —/— -30 mo
TsN X ( R G |
\NZ—/ THE, rt, 1 h TSN—=\zN
SiMes SiMes

50-100% vyield

X =NCbz, CH2, (CH2)2, C(CO2Me)2, O
n=1,2,3
E Cul (2.3 equiv) E
' PPh; (24 mol%)
TBAF (4.1 equiv)
S N
| ' " (\l N
N SNAN DMF, rt, 24 h N2
Ts . Ts
SIM63 OMe 74 |
NS
OMe
(77%)

C. Aubert, M. Malacria et al.
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2. BIMOLECULAR [2+2+2] CYCLOADDITION OF ALKYNES AND ISOCYANATES

Cyclization of alkynes with isocyanates : formal total synthesis of Camptothecin

Camptothecin

X R’ CpCo(CO), X
— 1
— hv, A = R
) : N
—= 2
N=-=0 R2 31-73 % R
O
X=0,0. O R'"R2=alkyl, ketal, SiMe; CH,OR
N ’
X
Y~ nPr o
N >
TMS
O
Vollhardt, K. P. C. et al Anticancer drug: topotecan®, irinotecan®

164



2. \ BIMOLECULAR [2+2+2] CYCLOADDITIONS INVOLVING ISOCYANATES

Cl
Cl
. [Rh(cod),]BF4 + (R)-DTBM-Segphos
BnOzC — Bn\ (5 mol%) MeOzC 7 N'Bn
+ N=C=0 >

BnO,C “—= CH,Cl,, —20 °C MeO,C N

(89% (ee 92%))

e
O PAr,

0 PAr,
¢

Ar = 4-MeO-3,5-(1Bu),CgH>

K. Tanaka et al
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2. [2+2+2] CYCLOADDITIONS INVOLVING ALDEHYDES AND KETONES

Enamine double bond could also react and allow the formal total synthesis of y-Lycorane: Vollhardt, K. P. C. et al Synthesis

1993, 579

Inter- and intramolecular cyclizations of alkynes with aldehydes and ketones :

TMS
LA
- TMS
R'=H
R'=Me
R1
— o)

n=1,2:R"=H, Me

Vollhardt, K. P. C. et al

CpCo CpCo
CpCo(=), C[l\’j:ms . C{ ﬁ(TMS
23°C, 6h R/ "TMS 2707 "TMS
18 % 100 0
86 % 0 100

CpCo(CO), toluene

\

hv, 110°C, 5-14h

5-69 %

166



2. \ [2+2+2] CYCLOADDITIONS INVOLVING ALDEHYDES AND KETONES

— [Rh(cod),]BF, + (R)-Hg-BINAP CO,Et
e Q (10 mol%) am
TsN + M ~ TsN
\—/< CO,Et DCE, 80 °C, 16 h N0
(99% (ee 95%))

PPh,

! PPh,

167



2. \ SELECTED APPLICATIONS OF WHAT WE HAVE SEEN IN CHAPTER 2

o, OAC
4 = OBn oac  Cl
,r‘""“::} %TBS i
& Dang me [Cp*RuCl(cod)] cat. GEInD
_p...i o
MeO

OAc MeO

sporolide B

Nicolau, K. C. et al
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2.

Scheme 2. Synthesis of (+)-Salvileucalin B (1)

R

DIBAL,
DCM, —40 °C;

then aq. AcOH H

(57% vyield,
2 steps)

1. TBAF, DCM, 22 °C
2. RuCp*(cod)Cl
(8 mol %), DCM, 45 °C

T
3. n-BuyNOH, H
t-BuOH/H,0, 90 °C o
HO,C

(74% yield, 3 steps)

1. (COCI),, cat. DMF;
then CH,N,, THF

B
2. AGTFA, MeOH, Et,N ~ H
THF, =30 °C to 22 °C

(69% yield, 2 steps) )

13 CO,Me
(o) 2 0
\ \_/
o 1. NaHMDS, -78 °C; o
Cu(hfacac), then Tf,NPh
(10 mol %) H (90% yield) > | H
DCM, 120 °C, 2. DIBAL,
pwave, 1 min DCM, -40 °C; (0]
(65% yield) CN then ag. AcOH
o 15 L 16 OTf H
o o not detected
\ / \ / Me
1
Oy Pdy(dba), (5 mol %), Oy cro, r?:\)\ =
dppf (10 mol %), CO H H H
—>
DIPEA, THF, 22 °C DCM, -35 °C
(98% yield) (51% yield)
OTf OH 0
18 0 2 0

Reisman, S. E. et al

SELECTED APPLICATIONS OF WHAT WE HAVE SEEN IN CHAPTER 2

1. NaCH,CN
THF, -78 °Cto 22 °C
2. (imid)SO,N,, pyr

(78% yield, 2 steps)

14
i (o)
\ /
retro-Claisen o)
rearrangement
—_— e H
—~
S A
ad oTf 17
(0]
\ 7 o \
o Y o H
0
H
+
1:2
o ratio o
o 19
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3. High Order Cycloadditions

Ex: [6+2] CYCLOADDITIONS

o) — -

Access to seven-membered rings
: -
—_— M
Q Ofp

0.5 mol%Rh(PPhs),Cl

E(R E R=H 83-95 %
E NS Solvent, additive E' R=Me 82%
R
55 0r 110°C
R =H, Me solvent = toluene, CF3;CH,OH additive = AgOTf

when the polarity of the solvent increases, the reaction proceeds more rapidly (20 min At 110 °C)

Wender, P. A. et al
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3.\ [5+2] CYCLOADDITIONS: MECHANISTIC ASPECTS

W\

7

. =
E \

E
E
7/ o xx
ML
E><:a/)n
N " Z
ML, = TEN\=
E J
E

ML,
H
H

171



3. \ [5+2] CYCLOADDITIONS: CHOICE OF THE CATALYST

Ph Ph Ph
/
o g o + O
X
\/ﬁ/A !

[Rh(CO),Cl], 5 mol % 110°C, 20 min 80 % 0 %

Rh(PPh,)sClI/AOTF 0% 0%

= 0
+ R
E\
[Rh(CO),Cll, 5 mol % 110°C, 3 h 80 % 0%
Rh(PPh;);ClI/AgOTf 10 mol % 110°C, 2 d 69 % 20 %

Wender, P. A. et al
172



3.\ [5+2] CYCLOADDITIONS: NHC-Rh CATALYST

2 mol% [Rh(NHC)CI(COD)] R
— R=H 91%
/ — R 3 mol% AgSbFg
o) - o) R=Ph 96%
\ < CH,Cl, rt, <10 min
R =H, Ph
R R=H 98%
/%R same conditions as above R = Ph 95%
Ts=N - Ts—N R=Me 93%

\_\\_<] R=Et  94%

R =H, Ph, Me, Et

With this catalyst, intermolecular reaction does not work

NHC

Chung, Y. K. etal
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3. \ [6+2] CYCLOADDITIONS: REGIO- and STEREOSELECTIVITY

1-Substituted 1-vinylcyclopropanes

-
o

R = H, CO,Me, Ph

OEt

Wender, P. A. et al

5 mol% RhCI(PPhs),
5 mol% AgOTf

\
o

toluene, 110°C, 1h
77-83%

5 mol% RhCI(PPh3);
5 mol% AgOTf

toluene, 110°C, 1h
90% OBn

1. cat. [Rh(CO),Cl],

\

2. HCI/MeOH

5 mol% cat., CDCl3 30°C, 40h
0.5 mol% cat., CH,CI, rt, 30h 73%

174



3.\ [5+2] CYCLOADDITIONS: REGIO- and STEREOSELECTIVITY

1,2-Disubstituted 1-vinylcyclopropanes:

Wender, P. A. et al
175



3. \ [6+2] CYCLOADDITIONS: REGIO- and STEREOSELECTIVITY

1,2-Disubstituted 1-vinylcyclopropanes:

10 mol% RhCI(PPh3);
10 mol% AgOTf

toluene, 110 °C, 1-1.5h

R =TBS, 95%
R =H, 96%

10 mol% RhCI(PPh3),
10 mol% AgOTf

toluene, 110 °C, 2 h

81%

The product arises from the cleavage of the less substituted cyclopropane bond

Wender, P. A. et al 176



3.\ [5+2] CYCLOADDITIONS: REGIO- and STEREOSELECTIVITY

1,2-Disubstituted 1-vinylcyclopropanes:

10 mol% RhCI(PPh3),
10 mol% AgOTf

toluene, 110 °C, 1 h

COzMe
10 mol% [Rh(CO),Cl],

\

toluene, 110 °C, 1 h

93%

Wender, P. A. et al
177



3. RUTHENIUM-CATALYZED [5+2] CYCLOADDITIONS

Construction of tricyclic compounds containing a seven-membered ring

+ _
10% CpRu(NCCHsg PFs

n=1 85%
g n=2  81%
acetone, rt ’
"'H
E = CO,Me n
10% cat. R=H 81%
acetone, rt R=TBS 81%
10% cat. R=H 80%
acetone, rt . R=TBS 69%

Trost, B.M. et al

dr > 20:1
dr > 20:1

dr > 20:1
dr > 10:1

178



3. RUTHENIUM-CATALYZED [5+2] CYCLOADDITIONS

+ -
10% CpRU(NCCHe,gI PFe 93 dr > 20:1
() r> :

acetone, rt
Ry
10% cat I\ . 10% cat
-€ O N/ — R1 :
acetone, rt, 7h acetone,’50 °C, 11h
84% dr 10:1 Ry=R;=Me \ RiSIRo= 72% dr > 20:1
OTIPS
10% cat
~ _ 91% dr =10:1
acetone, rt

17
Trost, B.M. et al 9



3. \ [5+2] CYCLOADDITIONS OF ENE-VINYLCYCLOPROPANES

0.1 mol % RhCI(PPhs)s

c Z 0.1 mol % AgOTf 86-91 %,
AN PhMe, 110°C, 17 h gg?’ng?e
10 mol % RhCI(PPh;),
10 mol % AgOTf 94 %, only
one isomer
PhMe, 110°C, 1 h '
10 mol % RhCI(PPh;),
10 mol % AgOTf 77 %, only
one isomer

PhMe, 110°C, 5 days

1mol% RhCI(PPh3);
E 1 mol% AgOTf

E N\ toluene, 110°C, 10h
90%

180
Wender, P. A. et al



3. \ [6+2] CYCLOADDITIONS OF ALLENE-VINYLCYCLOPROPANES

/«-Me 5 mol % cat.

PhCHj, 110°C
MGOZC\d/A 3,
MeO,C~ A 30 min

Y

with RhCI(PPh3); + AgOTf 92 % cis/ trans = 2/1
[Rh(CO),Cl], 90 % cis / trans >10:1
Total transfer of axial chirality to centered chirality
/‘M_te_Bu 1 mol % cat.
. PhCHs;, 110°C
Me02C\</t/‘ii/4 3 .
MeO,C" X 3h
96 %

ee 91%

Wender, P. A. et al

ee 92%

181



3. \ RHODIUM-MEDIATED INTERMOLECULAR [5+2] CYCLOADDITIONS

Wender, P. A. et al

R4

R

Unactivated vinylcyclopropanes

R, 5mol% [Rh(CO),Cl],

+ |‘|
DCE, 80 °C
Rj

or 5% TFE in DCE

= j-Pr, Me, H, TMS, CH,0TBS, CHMeOTBS

H, CH,OH, CH,OTBS, CH,OMe

CO,Me, Ph, TMS, CH,OMe, CH,OH

53-95%
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3. RHODIUM-MEDIATED INTERMOLECULAR [5+2] CYCLOADDITIONS

- OTBS
TBSO R 5mol% [Rh(CO),Cll,

| =
CH,Cl, 40 °C, 1-3h
R2 -

Y

R, = CO,Me, CH5CO, CH,OH, SiMes i-Pr, H ; R, = CO,Me, H, Me

Preparative scale syntheses by using a practical five carbon component

1% HCI/EtOH

\

65-93%

I

o R 0.5 mol% [Rh(CO),Cl],
=

0

0.5 M CICH,CH,CI, 80 °C; H*

R2
5C component 2C component 10 min-2 h
up to 100 mmol 1.2-1.3 equiv

Wender, P. A. et al

Y
O;
0 D
N
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INTERMOLECULAR AZA-[5+2] CYCLOADDITIONS
Synthesis of dihydroazepines

3.

5 mol% [Rh(CO),Cl], \
q—\\ + E—E > —
N—R 0.1M, tolene, 80 °C
E
E = COQMe
1. HoNR, Dean-Stark =
q—\\ - N-R
0 2. 5 mol% [Rh(CO),Cl],, 60 °C =
E—=— F 125h E E
el -
\q_\\ or - N=Bn
\ —
O 0
e E

Wender, P. A. et al

R = Cy, 83%
R =Bn, 91%

R = Cy, Bn, CH,-Cy
84-95%

or N_CGH’H

74%
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3.1 APPLICATIONS IN SYNTHESIS

Asymmetric synthesis of the tricyclic core of NGF-inducing cyathane diterpene
(NGF = Nerve Growth Factor)
Antifungal, antibacterial

O, &

17 —_—
Me ?‘—— Me 5 mol% [Rh(CO),Cl],
1

went

ey,

— > 3 \ 0.02 M DCE, 80 °C, 3.5 h
OH \_<]
10
12

90%, > 95% selectivity

(S)-(-)-Limonene

Wender, P. A. et al 185



3.1 APPLICATIONS IN SYNTHESIS

Asymmetric total synthesis of (+)-Aphanamol |
Toxic componant of the fruit aphanamixis grandifolia

(+)-Aphanamol |

0.5 mol% [Rh(CO),Cll,

\/Q 0.1 M toluene, 110 °C, 30 min \\ H
4
’ OBn

93%

OBn

oxidative reductive
addition elimination

N rotation and strain driven

RhL,,
] cyclopropane cleavage

OBn

Wender, P. A. et al 186



3. \ [4+2+2] CYCLOADDITIONS

Access to eight-membered rings

10 mol% Rh(PPh;),Cl R
20 mol% AgOTf

X(¢\+N

R

X =NTs, SO, O; R=H, Me, Ph

Proposed mechanism:

Evans, P. A. et al

)
\/:C) s _r?‘Rth
N

toluene, reflux

71-92%

Rh(I)L,

X

\



3. [4+2+2] CYCLOADDITIONS

Dimer formation

X
[Rh(NBD)Cl],/phosphine/AgSbFg
Yam— (1:2:1) N
X R - X
N O CH,CI,/EtOAc (6:1), 60 °C RN
H
R
X =0, NTs; R' = Me, H 10-80%
[4+2+2] cycloaddition
R
H [Rh(NBD)Cl],/phosphine/AgSbFg
Yam— (1:2:1)
X Ol - X
N e CH,CI,/EtOAG (6:1), 60 °C ) "R
R
X=0,NTs; R'=Me, H R = CH,OBn, n-Pr, H 10-73%

Gilbertson, S. R. et al 188



E
E

3. [4+2+2] CYCLOADDITIONS

O 10 mol% Ni(cod),
——Me ligand
——Me toluene
Ry Ry
E = CO,Me

R, = Ph, Et

20 mol% P(n-Bu); 100 °C, 3h 91%
10 mol% IPr, rt, 1h 92%

Proposed mechanism:

Murakami, M. et al

189



3. \ [4+2+2] CYCLOADDITIONS

Wender, P. A. et al

5 mol% [Rh(CO),Cl];
10 mol% AgSbFg

0.1 MDCE, 40 °C

36-88%

R

190



3. \ [4+4] CYCLOADDITIONS

Intermolecular version

| | |
O a.  d
|

A |

\ /

\
/§ 2\

I;

Ni(0) = Ni(cod), Cope (c[3,3])
Ni(acac), /Et,AIOEt

Heimbach, P. et al 191



3.| [4+4] cYcLOADDITIONS

Intramolecular version: effect of the ligand

11 mol% Ni(cod),
33 mol% P(OTol); E/ 37%

\

toluene, 60 °C major product

11 mol% Ni(cod),

\
7 N 33 mol% P(Obiph =
E mol% P(Obiphen); E>CC\ 53%
E \ toluene, 60 °C E X
H
H

E =CO2Me
11 mol% Ni(cod),

33 mol% PPh3 70%

toluene, 60 °C E 19:1= cis:trans

Wender, P. A. et al
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3. \ [4+4] CYCLOADDITIONS

Ni(cod), / PPhs

toluene, 90 °C

(+)-astericanolide

Wender, P. A. et al
193



3. \ CARBONYLATIVE [x+y+z+1] CYCLOADDITIONS

Intermolecular [5+2+1] cycloadditions

Eo\é 2.5 mol% [Rh(CO),Cl], 2:‘:%*
0o '

0.5 M dioxane, 60 °C, CO (1 - 2 atm) OH R,
20 - 45 min
48 - 97%
OP PO R4
N\ R %
oc\Rh/ POO : +CO \ A
R2 \ - 2
RthR2 o RhLn
R4 O

R, = COMe, CONH, CHO, CO,Me ; R, = alkyl, Ph, TMS

Wender, P. A. et al 194



3. \ CARBONYLATIVE [x+y+z+1] CYCLOADDITIONS

Intramolecular [2+2+2+1] cycloadditions

@)
R— R
X 5 mol% [Rh(CO),Cl],
o 0.1M DCE: CO (1atm)
Y ( ) X v
\_\ 50-90 °C
\ 53 - 97%
oxidative
addition
O
CO-insertion R [Rh]
X - | or
X Y

Ojima, I. et al 195



3. \ SELECTED APPLICATIONS OF WHAT WE HAVE SEEN IN CHAPTER 3

CO.Et CO,Et

L & cat. Ni
Sl J_;}' - -
X K [4+3+2] X
/  Cycloaddition

Ogoshi, Saito et al

! 35

[3+2+2] R selectivity

."-\.

R R E R = EDG or Bulky Group
Eﬁ;ﬂ e N/ f %
H H H Less-congested Group

"=‘C] + 2 xR—= 3,4- and 3,5- mixture

E = COO

Komagawa, Uchiyama et al 196



4. The Nicholas Reaction

INTRODUCTION: ALKYNE/DICOBALT HEXACARBONYL COMPLEXES

-2CO R R
R—==—R + Co0,(CO)g - Ne=c”
(CO)3Coﬁ)Co(CO)
180° 140°
a el
R——R
CO)3C0"LC0 (CO);
d (C=C)=1.18A d (C—C) = 1.37A

Dickson, R. S.: Fraser, P. J.

197



4. \ INTRODUCTION: Co,(CO), PROTECTING GROUP

62% (5:1)

Nicholas, K. M.; Pettit, R.

OH

C0,(CO)s

198



4. \ INTRODUCTION: Co,(CO), PROTECTING GROUP

H3C CHs CH4COCI (4 equiv)
>: _@ AICI5 (5 equiv) C S

CH,Cl,
Co,(CO)s 94% Coz(CO

CH5COCI (1 equiv)

©_|_© AICl3 (2 equiv) _@_ _@

CH,Cl,
Co,(CO)s 80% Coy co

\

Seyferth, D. et al

199



4. \ INTRODUCTION: Co,(CO), PROTECTING GROUP

J Co,(CO
0 2(CO)g _ o
W Et0 /\W
- 75% z
5% Cl,(Cy5P),Ru=CHPh RCM
toluene, rt 920%

complex mixture

|
I_COZ(CO)G

Pérez-Castells, J. et al
Danishefsky, S. J. et al
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THE NICHOLAS REACTION

COz(CO)g

A

R1—_? OH
Coy(CO)s R2

or Lewis acid

R3
SN
Ne—c” @ R?
A
(CO)3Co—Co(CO);
Nue
R3

201



4. \ THE NICHOLAS REACTION

MCPBA o C0,(CO)g
R1:ﬁ\ , _ R1%<1/R2 - s
R
Nu Nue
Rl—== -
Co,(CO)s OH
R>
. S)
E E Nu
Rl—== —_— R'—=—=——@®
Co,(CO)s R? Coy(CO)s R2

Smit, W. A.; Caple, R. et al

R1—_MR2

C0,(CO)s

R'—=

C0,(CO)g OH

T—
R i Nu
Co,(CO)

202



4. \ ACTIVATION - STABILISATION OF THE o CARBOCATION

COZ(CO)G OH
R—==
R2
\ HBF,
Co,(CO)g Co,(CO)s R R?
L ® Zn N N C0,(CO)g
R1_—_—_\ —_— = R'—== -
R2 CH2C|2 R2 COZ(CO)G R2 \ R1
l Nu
Co,(CO)g NU Nu = ROH, R,,NH, RMgX,R4R,CO, aromatics, B-dicarbonyls
R2 / SiMe; R'

RI

203



4. \ EPOXIDES AS NUCLEOPHILES

R Co,(CO)
Co,(CO N2 6
X o) 2(CO)g . XL o, o
A Y OoP o
OH d
n
R’ /CO2(CO)6 R’ /COZ(CO)G
A ) X )
_ © op  H20 © oP
— W
® “NOH
n n
BF,.OEt,

Y

Crisostomo, F. R. P et al 204



4.1 ALCOHOLS AS NUCLEOPHILES

SiMe3
Bn0O BnO //\
\\TEMOH Li—=—sSiMe;  BnO Co,(CO)g SHHQ 77>co,(co)
OBn H H
OBn
BnO
OH
via —0
OBn
TfOH o . B0
CH,Cl, 25 °C n ‘\ OH H \$07~v~=|_—— SiMe
- N ~—=1=SiMe, - 3
H | Co,(CO)g
- H0 OBn  Co,(CO)g OBn
i i Bla. > 99

Easy access to C-nucleosides

Inouye, M. et al 205



4. \ ALKENES AS NUCLEOPHILES

X Et,0+BF5 N
\ :
7} H _78°C, CH,Cl, 5“38” \
(OC)gCos \[r SnBuj 70 % OR
O RO 00)6002 r
CAN
CAN = Ce(NH,),(NOs)g MeOH
OR
\Y
91 %

J.A. Marshall, J. A.; Gung, W. Y. 206



4. \ ENAMINES AS NUCLEOPHILES

N . s
BF,4 NBz, , Z)
® R DME, -50 °C Cox(GO)s |
R1____ \ * ’ > //
Lo, ¥ R R Rk
2 4 ; 3 .
Co,(CO)g
50-90% \ RsMgBr
R, NBz, R, NBz,
demetalation Co,(CO)s
// R5 < //; R5
R1 R3 R4 R1 R3 R4

Roth, K. D.

207



4. \ ENOL ETHERS AS NUCLEOPHILES

. OR OTMS HBF, (R=H) ou C0,(CO)g R, O
R1__|=_<R ' R/=<R i WR“
Coy(CO)s 2 3 4 Et,0°BF; (R = Me) Me38i/ 1
3

Schreiber, S. L. et al

\]

OR, OTMS Et,O-BF; C0,(CO)g OR, O
_—_< + ,_<
- _l_ orR, R, R WR“
C02(C0)6 2 3 4 CH20|2 R1/

Nicholas, K. M. et al

208



4. \ MODIFICATION OF THE STEREOSELECTIVITY

(COCI), DMSO, NEt,

=— T
Co,(CO)s OH CH,Cl,, -78°C Co,(CO)s O
cO _
O%C\\, /ﬁgo OSiMe, 0 OSiMe;
CO}CO\CO + ) / + SR2
H R SR = H R’
MesSi Me;Si
o)
1. TiCl, -78°C
2. CAN
OH O OH O
= Y TSR . SR2
MesSi R’ MesSi 13
SYN ANTI mgor

Hanaoka, M. et al

209



4.] ALLYL METALS AS NUCLEOPHILES

OH
o) _ BR*Z EtzO’BF3 (R = Me) COQ(CO)6
R1_—_—_4 + (\/ > < X
| 7 OR, THF, -78 °C ped
Co,(CO)g 1 OR;
65-76%
R; = Ph, Me, H ) .Qq: 15 QRO
R, = Me, CH,OMe R* = isocampheyl gg ->8986J;J/OSQU a 95%
R* = isopinocampheyl (sans cobalt, 65% ee)
Ganesh, P.; Nicholas, K. M.
TMS R
_ 2 R
OR HBF4 (R—H) ou COz(CO)G R3 5
R1_—T R * Z "R > <
3 5 _ P
Co,(CO)s Ro R, Et,O<BF; (R = Me) R1// |
4

210



4.1 MODIFICATION OF THE STEREOSELECTIVITY

OC CO
OC\Co—Co/CO

oc— |§| —~CO

n-C7H1s

R1 O CO2R
/
toluene, -78 °C >=\/B\ J/

2 O
4AMS R “COR
Y
oC CQ
oC \ //CO Fed*

~—=Co—Co=—CO

without cobalt, ee 62-74%

with cobalt, great improvement

OH

// .’\

oC— PRI 2
n-@HAM 85-95%

HO

Roush, W. R.; Park, J. C.

n-C7H15 R2 ’R‘]
R1=R2=H;92%ee
Ri=Me:R,=H;97:3 = anti:syn ; 96% ee

R1=H;R,=Me; 97:3 = syn:anti ; 86% ee

211



4,

OTHER NUCLEOPHILES

1. Co,(CO)g

Rs 2. TFA/NaBH, ou TFA/BH3*SMe,
R1%€0H

R, 3. Fe¥*

Nicholas, K. M.; Siegel, J.

L~
R1___= NH2R3 @
N_R3 - R1 ____\
EtN(i-Pr), | R,
2 C02(C0)6

60-65%

Roth, K. D.; Mller, U.

NHR;R,

Y

EtN(i-Pr),
70-80%
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4. \ SELECTED APPLICATIONS OF WHAT WE HAVE SEEN IN CHAPTER 4

Green et al.
Cos(CO)g
/= =--.\I X
(OC)gCop — A —
P e Ty
HO. &= one-step two-steps
A \ s

W i
(0C)eCos™ N /’r Coa(CO)g X
X

X = 0 (65% for each C-0 bond)
X = NTs (60% for each C-N bond)

Crisostomo et al. 213



4. \ SELECTED APPLICATIONS OF WHAT WE HAVE SEEN IN CHAPTER 4

1,3-steric induction 1,1-steric induction 0
dl- 73-100% dl- 83-92% intermolecular O g
reaction //

radical /'22-
® J\ o el O
£ o) Cp2Co AL decomplexation

: > :
R'=H, Ph,
OC \: Me3Si R2 = Me, oC \:= /@

.Co—-Co. =5 RE .Co—Co. intramolecular == O—
W 7 L=CO, PMe A Y it
OCO Cl \C OCO s OCO é \C OCO axlal Roand cyclization
induction T
dl- 91-97% =" "0+

Melikyan et al.
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