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MeO2C

MeO2C
"flash vacumm
thermolysis"

625°C
83%

H

MeO2C
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Pd(OAc)2 (5%mol)

benzène, 66°C
80%
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R4

X

R2

R1

R3

X

R3 R4

R2

R1

X
R3

R4

R1

R2

X

R2

R1

R3

R4

R4

Mécanismes 
impliquant l'oxydation 

du métal

Mécanismes 
impliquant 
l'activation 

électrophile du 
substrat
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!

! "!

#$%&'(#()&! *!+,! -.! '/0&'1(#! 1&! 2)13.%40! )567%&#! 81(! 9)$:0! .0! :;#%..%262.)30&#<&0! "!

*#$%&'()*+,=!

!

!

!

!

!

!

>0'!(&#0$:;7(%($0'!:;#%..%262.)30&#<&0'!')&#!3$)3)';'!3)1$!.0!:;2%&(':0!7/1&0!.%$40!

?%$(;#;! 70! $;%2#()&'! (:3.(81%&#! 70! &):@$015! :;#%15! 70! #$%&'(#()&! 0#! 3%$#0&%($0'!

(&'%#1$;',!

!

!A3$<'!BC;.(:(&%#()&!0#!;.(:(&%#()&!$;712#$(20D!.0'!7(<&0'CEDF!)1!CEDG!+!')&#!)@#0&1',!

!

H%$!050:3.0D!I$)'#!053.(810!.%!9)$:%#()&!70'!7(<&0'!*!0#!,!3%$!20!#630!70!:;2%&(':0,J!

K&! 3$;'0&20! 70! H7*LA2+M! 0#! 70! .%! 6D6C@('*@0&N6.(7<&0+;#O6.<&07(%:(&0! *PPKQA+D!

./;&6&0! -! 262.)('):;$('0! 3)1$! 7)&&0$! 1&! :;.%&40! 70! 7(<&0CEDG! 0#! 7(<&0CEDF! 7%&'! 1&!

$%33)$#!70!FRM!*#$%&'(),+,!

!

!

!

!

!

!

L&!301#!&)#0$!810!.%!:S:0!$;%2#()&!$;%.(';0!7%&'!.0!@0&N<&0!701#;$;!2)&71(#!%15!7015!

7(<&0'!:%('!7%&'!70'!3$)3)$#()&'!(&?0$';0',!>/(&9.10&20!70'!.(4%&7'!'1$!.%!9)$:%#()&!70!

./1&! )1! ./%1#$0! 70'! 7(<&0'! %! ;#;! :('0! 0&! ;?(70&20,! T(! .0! 2%#%.6'01$! 0'#! H7*LA2+M! '%&'!

.(4%&7D! '01.! .0! 7(<&0CEDG! 0'#! 9)$:;,! K&! $0?%&2O0D! 1&! .(4%&7! 0&2):@$;! 2)::0! .%! /C

#).6.3O)'3O(&0D!9%?)$('0!.%!9)$:%#()&!71!7(<&0CEDF,!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
=!U,!V(0#)CL@0$O1@0$D!T,!>W30ND!K,!X(:;&0NCVYZ0ND!A,![,!K2O%?%$$0&D!!"(17)89'7):7).//,D!;<D!"JE\C"JMF,!
J!P,![,!I$)'#D![,!>%1#0&'D!U,!UO%&D!Q,!X,!X0@%$%#&%:D!I,![10..0$D!:7)=17)!"(17)>/-7)0110D!;;?D!\F\C\GG,!

TMSEtO2C

EtO2C

Pd(OAc)2 (5%mol)
BBEDA

DCM
97%

TMS

EtO2C

EtO2C

TMS

EtO2C

EtO2C

+

3:2

#$%&'()*)

#$%&'(),)

X X M
M X

-M

A B C

X
M

-)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))*)))))))))))))))))))))))))))))))))))))))))))))))))),)
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!

! "!

#$%! &'()*$+$%! ,$! -./0123.(! )$.4$2/! 156*$($2/! 7/-$! ./3*3%1%! )'.-! *6! 8'-(6/3'2! ,$!

,392$%! $/! 3*%! %'2/! %'.4$2/! &'()*1($2/63-$%! ,$%! &6/6*:%$.-%! ;! <6%$! ,$! )6**6,3.(!

=!"#$%&'(>?@A!!

!

!

!!

!

!

!

B2! $88$/C! *D12:2$! (! &3E,$%%.%! (3%! $2! -16&/3'2! 64$&! =FF0G>HF,=IJ&>H! &'2,.3/!

$+&*.%34$($2/!6.!,392$!@CG!6*'-%!K.$!*$!-./0123.(!8'-($!%1*$&/34$($2/!*$%!,392$%E@CL?!

!

F6-6**9*$($2/C!M0625!6!(3%!6.!)'32/!.2!%:%/9($!&6/6*:/3K.$!./3*3%62/!,$%!&'()*$+$%!,$!

-0',3.(!)'.-!*6!&:&*'3%'(1-3%6/3'2!,D12:2$%!$2!,392$%E@CL!=!"#$%&')>?@@!#$!/-9%!<'2%!

-1%.*/6/%!%'2/!'</$2.%!$2!/$-($%!,D6&/343/1!$/!,$!%1*$&/343/1?!

!

!

!

!

!

!

!

!

!

N2$! 5-62,$! 46-31/1! ,$! %.<%/-6/%! 6! 1/1! (3%$! $2! -16&/3'2! 64$&! *$%! &'()*$+$%!

OP0=*3562,>Q*RH! $/! J5S<T"?! U$%! *3562,%! ,.! -0',3.(! %'2/! ,$%! )0'%)032$%! '.! ,$%!

)0'%)0323/$%! <3,$2/1%?! U$%! ,392$%E@CL! %'2/! 8'-(1%! ,$! 86V'2! K.6%3! $+&*.%34$! 64$&! ,$%!

-$2,$($2/%!&'()-3%!$2/-$!WA!$/!@AAX?!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
@A!Y?!Z?![-'%/C!T?!#?!['%/$C!67)817)!"(17)9/-7)*+++C!:;;C!\@LE\@W?!
@@!F?!Q6'C!Y?!]625C!^?!M0625C!67)817)!"(17)9/-7)*+++C!:;;C!"L_AE"L_@?!

MeO2C

MeO2C

CpRu(CH3CN)3
+PF6

-

DCM, t.a., 1h
82%

MeO2C

MeO2C

!"#$%&'('

!"#$%&')'

(''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''')'

X

Rh(ligand)Cl 2
AgSbF6

DCM, t.a.
50%-quant.

X

R

R'

R

X= O, NSO2Ph, C(CO2Et)2
R= Ph, Ar, Me, Et, CO2Me, CH2Ph
R'= H, Me, -(CH2)2-

ligand=

Ph2PO

H

OPPh2

H

BICPO

PPh2

dppb

Ph2P

R'
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!

! "!

67 *3&('124%#%'(0)89#..,.(0:)

!

#$%&'()! *+,-.-)! /$&&01)! (-! 2%$(/)3)-4! /5%45-4! 657,454)8! 75%9$-54)8! :5*$20-);<! )-!

/$&=4=$-! 5**.*='()8! (-! =-4)%3,1=5=%)! 1)! 4./)! >?5**.*)! &)! @$%3)! &)*$-! (-!3,75-=&3)! 1)!

&(9&4=4(4=$-! -(7*,$/:=*)! 1(! 3,45*! &(%! *+,-.-)A! B)4! =-4)%3,1=5=%)! /)(4! ,C$*()%! /5%!

=-&)%4=$-!1)!*+5*7.-)!15-&!*5! *=5=&$-!D?EA!#+,*=3=-54=$-!%,1(74%=7)!1(!3,45*!7$-1(=4!5(F!

1=0-)&!6!"#$%&'(<A!

!

!

!

!

!

!

#)&!7.7*=&54=$-&!=3/*='(5-4!(-!=-4)%3,1=5=%)!>?5**.*)!/)(C)-4!/5%@$=&!&)!/%$1(=%)!3G3)!

&=!*+,-.-)!-+)&4!/5&!@$-74=$--5*=&,!/5%!(-!2%$(/)!/5%45-48!15-&!7)!75&8!(-)!574=C54=$-!B?H!

&)!/%$1(=4A!!

!

I5-&!*+)F)3/*)!%5//$%4,!/5%!J:5-28!*+,-.-)!('/%,&)-4)!(-!7:*$%)!)-!/$&=4=$-!5**.*='()AKL!

#)!&(9&4%54!3=&!)-!/%,&)-7)!1(!7$3/*)F)!MN:6BOI<B*PL8!1+Q2R9ST!)4!1+(-)!1=/:$&/:=-)!

7$-1(=4!5(!1=0-)?K8U!)*!5C)7!(-!9$-!%)-1)3)-4!6!"#$%&')*<A!

!

!

!

!

!

!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
KL!VA!W$-28!IA!#=8!JA!J:5-28!VA!J:5-28!;:)<1:)!"(1:)=/-:)+**,8!>?@8!"TXK?"TX"A!

X

Y

X M Y

X M

Y

X

YM -M

A B C D

OO

Cl

OO

Cl

Rh

L L +

OO

Rh

L L
Cl

OO

Rh

L L
Cl

Rh

OO

Cl L
L

O
O

ClRh(COD)Cl 2 (2%mol)
dppb, AgSbF6

DCE, t.a.
87%

a b c d

!"#$%&'('

!"#$%&')*'

('''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''')*'
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!

! "!

#$!%&'()*+%$!,-.,.+&!$+/!0$!+1*2()/!3!0$!'.%,0$4$!5$!-6.5*1%!('/*2$!+*%10/()&%$)/!0$+!

5$14!*)+(/1-(/*.)+!,1*+!07*)/$-%&5*(*-$!!!-&(8*/!(2$'!0$!'60.-1-$!(0090*:1$!,.1-!;.-%$-!0$!

'.%,0$4$!<=(0090*:1$!">! ?$! 5$-)*$-! $+/! $)! &:1*0*@-$! (2$'! 0$! '.%,0$4$! A=(0090*:1$!#! :1*!

+1@*/!07*)+$-/*.)!5$!07(0'9)$!5()+!0(!0*(*+.)!B6=?0>!C);*)D!07&0*%*)(/*.)!-&51'/-*'$!51!%&/(0!

'.)51*/!(1!5*E)$=FDG>!

!

H-.+/! ,-&+$)/$! 1)$! '9'0.*+.%&-*+(/*.)! 57&)9)$+! ).)! ;.)'/*.))(0*+&+! '.)51*+()/! I! 0(!

;.-%(/*.)! 5$! '9'0$+! I! +$,/! '6(*).)+>FJ! #$! %&'()*+%$! ,.+/10&! %$/! $)! K$1! 1)!

*)/$-%&5*(*-$!<=(0090$!*++1!571)$!('/*2(/*.)!?=L!M$#%&'!())N>!

!

!

!

!

!

!

!

!

!

!

!

#I!$)'.-$D!0$!'(/(09+$1-!51!-1/6&)*1%!'..-5.))$!0$+!5$14!*)+(/1-(/*.)+!$)!%O%$!/$%,+>!

#$! %&/(0! +7*)+E-$! (0.-+! 5()+! 0(! 0*(*+.)! ?=L! ;.-%()/! (*)+*! 0$! '.%,0$4$! <=(0090$! ">! #(!

'9'0*+(/*.)!'.)51*/!I! 07*)/$-%&5*(*-$!#D!,1*+!(,-E+!&0*%*)(/*.)!-&51'/-*'$!0$!'9'0$!I!+$,/!

'6(*).)+! $+/! .@/$)1>! #$! '9'0.6$,/E)$! $+/! 0$! +$10! ,-.51*/! *+.0&! (0.-+! :17.)! ,.1--(*/!

+7(//$)5-$!I!0(!;.-%(/*.)!571)!'9'0$!I!'*):!'6(*).)+>!

P$0.)! 0769,./6E+$! 5$! H-.+/D! 0$+! '.)/-(*)/$+! +/&-*:1$+! $)/-$! 0$! '$)/-$! :1(/$-)(*-$! $)!

,.+*/*.)!,-.,(-890*:1$!$/! 0$!8-.1,$%$)/!$+/$-! +1-! 07(0'9)$!'.)/-Q0$! 0$! +$)+!57*)+$-/*.)!

5$!07(0'9)$!5()+!0(!0*(*+.)!B1=?!$/!$%,O'6$!0(!;.-%(/*.)!51!%&/(00('9'0.,$)/E)$>!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
FJ!R>!S>!H-.+/D!T>!U>!H.+/$D!67)817)!"(17)9/-7))***D!:;:D!VWX"=VWXV>!

!

$#%&'!())(

CO2CH3

TBDMSO

CO2CH3

TBDMSO

RuCp+

CO2CH3

TBDMSO

RuCp+

H

TBDMSO CO2Me

RuCp+

H

TBDMSO

CO2Me
CpRu(CH3CN)3PF6 (10%mol)

acétone, t.a., 4h
67%

a b c
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!

! "!

-6 *3&('124%#%'(0)7%3,.12&#89:)

!

#$! %$&'($&! )*+,'(-)$! ()./(01,'2! /3456%,2(4'! %1! )*2,/! )$2! $'! 7$1! 1'! ('2$&)*%(,(&$!

8('6/)*2,/!9!"#$%&'():;!

!

!

!

!

!

!

<,'-!+$!)*+,'(-)$=!/3,/+6'$!-3('->&$!%,'-!/,!/(,(-4'!?@A!.41&!B4&)$&!/3('2$&)*%(,(&$!*!

.1(-!/34/*B('$!-3('->&$!%,'-!/,!/(,(-4'!)*2,/@+,&C4'$=!+4'%1(-,'2!D!+;!#,!E@*/()(',2(4'!%1!

)*2,/!+4'%1(2!,/4&-!,1!%(>'$!,;!

F,&! $5$)./$=! /$-! *'6'$-! ((! +4'%1(-$'2! -*/$+2(8$)$'2! ,15! %(>'$-@G=H! ()! ,8$+!

%3$5+$//$'2-!&$'%$)$'2-!9!"#$%&'(-:;GI!

!!

!

!

!

!

!

!

). +/"01231%$423&52163'2%70289&65'0:&"52;&5216'$0<"5417#20<'=<'0:&0"/6<>'

!

#$! -$+4'%! 26.$! %$!)*+,'(-)$! ()./(01$! 1'$! ,+2(8,2(4'! */$+2&4.J(/$! %$! /3,/+6'$! .,&! /$!

)*2,/;! <,'-! +$! +,-=! /$! )*2,/! +44&%4''$! /,! 2&(./$! /(,(-4'! $2! ,('-(! /3,+2(8$! 8(-@D@8(-! %$!

/3,%%(2(4'!'1+/*4.J(/$!%$!/34/*B('$;K=GL!#$!-+J*),!+(@%$--41-!(//1-2&$!+$!.&4+$--1-!%,'-!/$!

+,-!%3*'6'$-@G=M;! N+(! /,! +6+/4(-4)*&(-,2(4'!.$12! -$! B,(&$! -$/4'!1'!)4%$!L@(9/@4%;! 41!M@

(34/@4%;=! .41&! B4&)$&! /$-! +4)./$5$-! +,&C*'(01$-!?! 41!@! 9!"#$%&'(A:!01(! *84/1$&4'2!

8$&-!/$-!.&4%1(2-!+6+/(01$-;!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
GI!O;!?;!P&4-2=!<;!#;!Q4)$&4=!R;!Q(-$=!<:)=1:)!"(1:)>/-:)(BBA=!??@=!ISMK@ISTK;!
GL!U;!V()*'$W@XY'$W=!Z;!?;!U+J,8,&&$'=!!"(1:)A(7:))CCD=!?BC=!HHSM@HHL[;!

R

EtO2C

EtO2C

Pd(dba)3.CHCl3 (2,5%mol)
AcOH (5%mol), (o-Tol)3P (5%mol)

benzène, t.a.

EtO2C

EtO2C

R

R= C6H11, 95%

R= CH(OCH3)2, 86%

!"#$%&'()'

!"#$%&'(-'

X

X M

H

X

H

M

X

HH-M -MH

A B C D

((''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''()'
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!

! "#!

!

!

!!!

!

!

$%&!'())*+%,-&!.+/'0(-&!./012,-!3-+%!/4-%,0&!&/,-!+%.+*&%,-*&!5(6'%&&/0&!7!"#$%&'()89!

!

!

!!

!

!

!

!

!

!

!

!

!

$2!,2-0+%!'0!.+/'0(-!'%!5:5;/(&/<*+(&2-(/,!'*.%,'!*-+/(-%<%,-!!'0!52-2;:&%0+!0-(;(&*!%-!

'%!;2!&-+05-0+%!'%!;=*,:,%9!>,!.%0-!/4-%,(+!,/-2<<%,-!'%&!'(?,%&@!'%&!5:5;/40-?,%&!/0!

'%&! 4(5:5;/A%.-?,%&9! $%! .(*B%2B%! '=(,-%+<*'(2(+%&! .2+! 0,! ,05;*/.A(;%! %&-! *B2;%<%,-!

./&&(4;%9!C0%;D0%&!%E%<.;%&!&/,-!'/,,*&!5(62.+?&!./0+!5A250,!'%&!.+/5%&&0&9!

!

!

#6 7/'1#&%/3)4()4%83(0)$#')-,-.%0#&%/3)9:(;/:4%<)(&)0%1$.()/=)4/=>.()-/=$='()?@/%(0)*)

(&)**6A)

!

F,!"GGH@!I0+2(!+2../+-%!D0%!;=0-(;(&2-(/,!'%!'(5A;/+0+%!'%!.;2-(,%!(,'0(-!;2!)/+<2-(/,!'%!

'(?,%&! .2+! +*2++2,B%<%,-! '%! ;=*,:,%!(*! 9"H! $%&! 5:5;/(&/<*+(&2-(/,&! +*2;(&*%&! '2,&! ;%!

-/;0?,%!J!K#LM!5/,'0(&%,-!J!;2!)/+<2-(/,!'%!'%0E!'(?,%&!(&/<?+%&!7!"#$%&'(+89!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"H!N9!MA2-2,(@!N9!O0+0P2Q2@!R9!S2P0+2(@!S9!I0+2(@!B'<#3/1(&#..%-0)(,,+@!C9@!G#"6G#T9!

X

R'

M

R

X

M

R

H
R'

X

X R'

H

R

M

Y

5-exo-dig 6-endo-dig

!"#$%&'(-'

!"#$%&'()'

X

R1

R2

R3
R4

X

R2

R1

R3

R4

X

R3

R4

R2

R1

X

R4

R3
R1

R2

X

R2

R1

R4

R3

X

R2

R3

R1

H

Diènes 1,3
I

Diènes 1,3
II

Cyclobutènes
III

Bicycloheptènes
IV

Diènes par 
cyclisation n-endo

V
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!

! ""

!

!

!

!

!

#$%!&$'(!&)*+$%!%$,-)$+.!)%%'%!&$!/-!01234.).)1+!$+.,$!&$'(!240-+)%2$%!5!"#$%&'()67"8!

#$!&)*+$!(*!3,19)$+&,-).!&$!/-!01'3',$!&$!/-!/)-)%1+!:;:!&$!/<-/0*+$=!-/1,%!>'$!/$!&)*+$!(+!

-',-).!%'?)!@!/-!A1)%!/-!01'3',$!&$%!/)-)%1+%!:;:!&$!/<-/0*+$!$.!&$!/<-/0B+$7!C$%!4.'&$%!3-,!

2-,>'-D$!-'!&$'.4,)'2!$.!-'!0-,?1+$!"E!01,,1?1,$+.!0$%!240-+)%2$%7!

!

!

!

!

!

!

!

!

!

#$!0B0/$!0-.-/B.)>'$!$%.!)+).)4!3-,!/<-0.)9-.)1+!&$!/-!.,)3/$!/)-)%1+!3-,!/$!24.-/=!%')9)$!&$!/-!

A1,2-.)1+!&'!0-,?*+$!0B0/13,13-+)>'$!,7!:$!&$,+)$,!491/'$!$+%').$!9$,%!/<)+.$,24&)-),$!

0B0/1?'.-+)>'$!-'3-,!2)D,-.)1+!"=F!&<'+!-/GB/$7! #$!&)*+$!&$! .B3$! H! $%.! -/1,%! )%%'!&$! /-!

A,-D2$+.-.)1+!&$!-!$+!.!%')9)$!&$!/<4/)2)+-.)1+!&'!24.-/7!#$!&)*+$!&$!.B3$!HH!$%.!1?.$+'!

&$!/-!A-I1+!%')9-+.$!J!/$!0B0/1?'.-+$!-!%'?).!'+$!%$01+&$!2)D,-.)1+!"=F!&<'+!0-,?1+$!$.!

A1,2$!/$!0B0/13,13-+$!/7!:$/');0)!%$!,4-,,-+D$!$+!0-,?*+$!0!$.!01+&').!-'!&)*+$!&$!.B3$!

HH!-3,*%!'+$!2)D,-.)1+!"=F!&<KB&,1D*+$!$.!/<4/)2)+-.)1+!&'!24.-/7!

!
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5!"#$%&'(167!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"8!O7!P)=!H7!L%'G-21.1=!O7!Q)B-+1=!R7!H+1'$=!6'7#3/1(&#..%-0)233(=!89=!E8ST;E8SM7!
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+
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CO
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RuCl2(CO)3 2 Ph
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tBuMe2SiO
tBuMe2SiO
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CO2Me
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CO2Me
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PhO2S

PhO2S

PhO2S

PhO2SDCM, 23°C, 5min
quant.

Au(PPh3)Cl  (2%mol)
AgSbF6 (2%mol)

EtO2C

EtO2C

EtO2C

EtO2CToluène, 80°C
80%

CO2EtCO2Et PtCl2

(Z/E: 33/66)

$%&'()*,-*

$%&'()*,!*

!"*****************************************************************************************!#*
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'7113'+22*)(!0+-30*!9,7&!)*!9+'!-0,E7*&!0*'!'3(*'!4*!5,,&43)+(3,)!47!5+(+06'*7&<!

!
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ArEtO2C

EtO2C

EtO2C

EtO2C

Ar

EtO2C

EtO2C

Ar
PtCl2 cat

CO (1 atm)
toluène, 80°C

EtO2C

EtO2C

Ar
PtCl2 Ar= Ph,              24%,                    40%

Ar= pMeOC6H4, 58%,                    10%

a

%&'()$*!-*

!"*******************************************************************************************!#***************************************************!!*

EtO2C

EtO2C

Ph EtO2C

EtO2C

H

H Ph

H

PtCl2

Toluène, CO (1atm)
91%



!"#$%&'()*)+)!,-./%0/12'%0#&%/30)4523,3(0)

!

! "#!

$%! &'()*+,-,%! &%! .*/0'1%! %20! -0'*'23! (+44%! (/0/*52%-,! %0! (+1&-'0! 6! */! 7+,4/0'+1! &-!

(5(*+8-091%!/:%(!;"<!&%!,%1&%4%10=!

>?/-0,%2!430/-@!.%-:%10!3A/*%4%10!(/0/*52%,!(%2!,3/,,/1A%4%102B!!(+44%!./,!%@%4.*%!

*%!./**/&'-4B!*?+,!+-!*%!A/**'-4=CC!

!

!

-6 7/'1#&%/3)4()4%83(0)$#')-,-.%0#&%/3)9:(34/);</%()=6)

!

$%2!(5(*+'2+43,'2/0'+12!#D(34/!(+1&-'2/10!/-@!&'91%2!E!F!"#$%&'()G!(+4.+,0/10!-1%!

&+-8*%!*'/'2+1!%@+(5(*'H-%!2+10!/22%I!,/,%2=!$%!43(/1'24%!.,+.+23!.+-,!*/!7+,4/0'+1!&%!

(%2!(+4.+232!%20!*%!2-':/10!F!"#$%&'*+G=CJ!

!

!

!

!

!

!

$?/(0':/0'+1!3*%(0,+.)'*%!&%! */! 0,'.*%! *'/'2+1!./,! *%!430/*!.,+:+H-%! *?/00/H-%!#D(34/D4%>!

&%!*?/*(51%!./,!*?/*(91%!%0!(+1&-'0!/-!8'(5(*+KL="=JM)%.0/1%!,=!N%*-'D('!2%!,3/,,/1A%!/*+,2!

%1!-!./,!4'A,/0'+1!"BO!&?-1!(/,8+1%=!P-'2!*?3*'4'1/0'+1!&-!430/*!'1&-'0!*/!7+,4/0'+1!&-!

(5(*+)%@91%!.=!Q1!A313,/*!*%2!(5(*+)%@91%2!2+10!+82%,:32!%1!43*/1A%!/:%(!&%2!&'91%2!&%!

05.%! R! +-! RR! (+44%! &/12! *?%@%4.*%! ,/..+,03! ./,! Q()/:/,,%1! F!"#$%&' *//G=CJ!

S3/14+'12B! *%! 252094%! (/0/*50'H-%! (+4.+23! &?T-FPP)OGN*! %0! &?TAU8V#! /! .%,4'! */!

7+,4/0'+1!23*%(0':%!&-!&'91%!*+!/:%(!-1!0,92!8+1!,%1&%4%10!6!./,0',!&%!*?3151%!/I+03!*0!

(+4.+,0/10!&%-@!430)5*%2!%1!.+2'0'+1!0%,4'1/*%!&%!*?+*37'1%!F!"#$%&'*/8G=!$%2!7/(0%-,2!

(+10,W*/10!*/!7+,4/0'+1!&-!(5(*+)%@91%!1%!2+10!./2!(*/',%4%10!'&%10'7'32=!

!

!

!

!

!

!

!

!"#$%&'*+'

X

R

M cyclisation 
6-endo-dig

X

M

R

migration
 1,3-C

X

M
R

X

R

A B C V



!"#$%&'()*)+)!,-./%0/12'%0#&%/30)4523,3(0)

!

! "#!

!

!

!

!

!

!

!

!

$%&'()*+!*,*-./*+!0*!)1&2(345+!&5&/46'*+!45(!1(1!012)3(+!&7*2!0*+!24-./*,*+!0%3503'-8!

9:!0*!;*)89<!4'!0*!)'(=153'-9#!24--*!2&(&/>+*')+?!

!

!

46 7/'1#&%/3)4()8%-,-./"($&93(0):;/%()*<6))

!

@*+!)1&2(345+! ;&3+&5(! /%4AB*(!0*!-*+! ()&7&',!0*! (=C+*8! /*')!-12&53+-*!*(!0*+!*,*-./*+!

+*)45(!.)1+*5(1+!0*!;&D45!01(&3//1*!0&5+!/*!2=&.3()*!EE!0*!2*!-&5'+2)3(?!

!

!

!" #$%&'(%)*+,-''(./-0.12)*)320450.67%)*

!

@4--*! 54'+! &745+! .'! /*! 743)! &'! ()&7*)+! 0*! /&! .)1+*5(&(345! F545! *,=&'+(37*G! 0*+!

03;;1)*5(+! -12&53+-*+! 0*! 2>2/43+4-1)3+&(3458! 0*! 54-A)*'+*+! -1(=404/463*+! 45(! 1(1!

017*/4..1*+?! @*)(&35*+! 0%*5()*! *//*+! 45(! 01BH! 1(1! '(3/3+1*+! 24--*! 1(&.*! 2/1! 0&5+! /&!

+>5(=C+*!0*!-4/12'/*+!5&(')*//*+!4'!0*!24-.4+1+!A34/463I'*-*5(!&2(3;+?!J)43+!*,*-./*+!

+45(!04551+!23K0*++4'+?!
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`?!T?!Z2=&7&))*58!!"(1?)BC'?)D?)9;;<8!EF8!"<##K"<ab?!
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MeO2C

MeO2C
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AuCl(PPh3), AgSbF6

DCM, 0°C, 20min
77%

+
MeO2C

MeO2C

7:1

N N
AuCl(PPh3), AgSbF6

DCM, 23°C, 15min
96%

Ts Ts

(a)

(b)

8/45&-*9>*

9!***********************************************************************************9?****************************************9@*
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$+! >@>),(*,?GA(*+'(,-! G-+-'(,*G)/>'(D/! +! =+('! )%,RT/'! ./! )+! ':F*/! ./! 3/)9:(-/! 5A(**@!

0"UUK2"UUH1!/'!T%+(!?,(2?V?/!9,&A*&(D(!>/*!G'&./*!+9AF*!+D,(A!9+A'(>(9G!+&E!'A+D+&E!./!

3/)9:(-/!+&!>,&A*!./!?,-!*'+8/!./!6+*'/AL!!

!

$/*! >:+9('A/*! *&(D+-'*! 9AG*/-'/-'! )%/**/-'(/)! ./! ?/*! 'A+D+&E! ,A(/-'G*! D/A*! )/!

.GD/),99/?/-'!./!>+'+)@*/&A*!>:(A+&E!./!9)+'(-/!/'! )/&A!&'()(*+'(,-!.+-*!./*!AG+>'(,-*!

./!>@>),(*,?GA(*+'(,-!.%G-@-/*2SNK!/'!2SNI!/-!.GA(DG*!R(>@>)(C&/*L!!!

!





!

!

!

!

!

"#$%&'()!**!+!

",-./&0/12(&0$'&/30!

23$3'&/02.)-'&4)0!5623,3)07

89:!)3!

;&-,-./<=>8>?@#)%'A3)0!

!

!

!

!

!

!





!"#$%&'()**)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

!

! "#!

!"#$%&'()**)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)(3)

;%-,-./<=>8>?@"($&A3(0)

!

!" #$%&$'()*+,$-.-/./)*0*12.*3/4)$-1)5.)4*&$545.*1.&*%')*/'$)-.

!

67 8-5.+)-9$:)-5.)4*;/$'35.

!

$%! &''#(! )*+,-'! ./0! *.! 12.,3.2! 4! 567232.! *8! 9:2,803:%! 5.! ;37<7*:=.10>%./! 182!

7<7*:3/:,623/803:%!5?6%<%./@! A*!:;/.2B8! *8! 9:2,803:%!5.!-C:D8;37<7*:EF@&@GH=.10CFC>%./!

182!7<7*:268228%I.,.%0!5?60=.2/!8**<*3J+./!12:182I<*3J+./!.%!126/.%7.!5.!0.0287=*:2+2.!

5.!1*803%.!KL7=6,8!&M@!

!

!

!

!

!

N8!268703:%(!7:%5+30.!4!0.,16280+2.!8,;38%0.!58%/!*.!;.%O>%.!/:+/!80,:/1=>2.!3%.20.(!

./0! /0626:/167393J+.@! N:2/J+.! *.! 12:5+30! 5.! 561820! ./0! +03*3/6! /:+/! 9:2,.! 5?+%! /.+*!

3/:,>2.! K;M(! *8! 7<7*:3/:,623/803:%!5:%%.!+%! /.+*!538/0626:,>2.!5+!;37<7*.@!P%.!60+5.!

182!539928703:%!5./!28<:%/!Q!8!1+!R02.!.99.70+6.!/+2!*.!12:5+30!;37<7*3J+.!7:,1:208%0!5./!

I2:+1.,.%0/!S!T!U=6%<*.!.0!S?!T!V81=0<*.@!N./!I2:+1.,.%0/!%81=0<*.!.0!1=6%<*.!/:%0!

:23.%06/!.%!-%0!*?+%!182!2811:20!4!*?8+02.@!!

$%!2.B8%7=.(!*:2/J+?+%!,6*8%I.!5?3/:,>2./!K;M!.0!K<M!./0!+03*3/6(!*.!7<7*:268228%I.,.%0!

7:%5+30!4!+%!,6*8%I.!5.!5.+D!3/:,>2./!5.!*?:D8;37<7*:=.10>%.@!

!

U82!*8!/+30.(!*./!6J+31./!5.!WX2/0%.2!.0!$7=8B822.%!:%0!60+536!5.!,8%3>2.!3%0.%/3B.!7.00.!

268703:%!7808*</6.!182!*.!7=*:2+2.!5.!1*803%.@!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
-'!Y@!)*+,(!Z@!)..2C[2890(!\@!)8523.=(!=>)?'@>)!"(1>)6<<=(!:A(!##]^C##]'@!

O

R

R'

O

R'

R

PtCl4

benzène, t.a.

H

>;,49*.6.
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!

! "#!

!

!

!

!

!

!

!

!

!

$%&!'()(%&*+,#!-./0.123(2!4(!5'2'1.'6'/%(2!73(&!63!-538(%!94:!1%6:%!6;.6'<:(%!=!63!21:06%!

6:3:&.(,! -)-6.:&./'1:&%(2! %(! 01'&%(-%! 7%! 7:-56.141%! 7%! 0632:(%! 73(&! 6%! 2.64>(%! =! ?@AB!

0.41! <.1/%1! /3C.1:23:1%/%(2! 6%&! D:-)-6.5%02>(%&! -.11%&0.(73(2&! EF-5'/3! "3GHI@! $%&!

7:>(%&*+,J!1'&4623(2!7;4(%!-)-6:&32:.(!K*(;/*5%<!7%!6;'()(%!&4:L:2!7;4(%!&:/06%!-.4041%,!

&.(2!.D&%1L'&!%(!943(2:2'!21>&!<3:D6%!E+!=!+KM!&%6.(!6%&!&4D&2:243(2&GH!!

!

$%! &.6L3(2! &%/D6%! C.4%1! 4(! 1N6%! :/0.123(2! 73(&! -%&! 1'3-2:.(&H! O(! %<<%2,! O-53L311%(! 3!

%<<%-24'! 7%&! 1'3-2:.(&! 3(36.P4%&! %(! 01'&%(-%! 7%! 7:-56.141%! 7%! 0632:(%! 73(&! 6;3-'2.(%!

EF-5'/3!"DGHI+!B%!&.6L3(2!%(2138(%!63!<.1/32:.(!-.//%!01.74:2!/3C.1:23:1%,!7;4(!7:>(%*

+,I!!%2!63!<.1/32:.(!74!D:-)-6%!-.//%!01.74:2!/:(.1:23:1%H!

$%&!'()(%&!(%!-./0.123(2!03&!7;5'2'1.'6'/%(2&!-.(74:&%(2!4(:94%/%(2!=!63!<.1/32:.(!

7%!7:>(%&*+,IH!!

!

!" #$%&'()*+,

!

QR1&2(%1I@,I"!01.0.&3!6%!/'-3(:&/%!-:*7%&&.4&!EF-5'/3!JG!0.41!%S06:94%1!63!<.1/32:.(!

7%! D:-)-6%&! 031! -)-6.:&./'1:&32:.(! 7;'()(%&! 7.(2! 6%&! 7%4S! <.(-2:.(&! :(&3241'%&! &.(2!

1%6:'%&! 031! 4(! 5'2'1.'6'/%(2H! T31! 63! &4:2%,! 6;'94:0%! 7%! F.1:3(.! 3! 1'36:&'! 4(%! '247%!

25'.1:94%!7%!63!/U/%!1'3-2:.(!-3236)&'%!031!6%!7:-56.141%!7%!0632:(%!031!-36-46&!VQWHIJ!

B%22%!'247%!L36:7%!6%!/'-3(:&/%!01.0.&'!031!QR1&2(%1H!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
I@!XH!QR1&2(%1,!YH!FZ:6632,!QH!F2%6Z%1,!=>)?1>)!"(1>)@/->)!---,!8AA,!#[?K*#[?#H!
I+!\H!\%(7%Z,!\H!TH!\4(.Z,!BH!]%L37.,!VH!^H!B317%(3&,!XH!\H!O-53L311%(,!=>)?1>)!"(1>)@/->)!--.,!8AB,!+@K++*

+@K"@H!
I"!XH!QR1&2(%1,!QH!F2%6Z%1,!YH!FZ:6632,!=>)?1>)!"(1>)@/->)!--.,!8AB,!++?#J*++?#_H!
IJ!OH!F.1:3(.,!TH!`366%&2%1.&,!^H!\31-.*B.(2%66%&,!=>)C'<>)!"(1>)!--/,!:D,!?@+?*?@"JH!

X

Ph

X
Ph

PtCl2 (4% mol.)

toluène, 80°C

X

X=NTs, R=H, 78%
X=O, R=Ph, 83%

Ph

X X

PtCl2 (5% mol.)

acétone, 70°C

X

R R

R

R R

R

(a)

X=NTs, R=H, 67%, (1:1,2)
X=O, R=Ph, 66%, (1:1,1)

(b)

0%1$*&,!,
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!

! "#!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

$%&'()*!+,!-.+&/0*-,1!2,!+3+2,!+&4&234056,!,*4!0/040.!'&(!2&!+77(80/&407/!86!'2&40/,!*6(!2&!

4(0'2,! 20&0*7/9! :,44,! 8,(/0)(,! ,*4! &27(*! &+40;.,! ;0*! <! ;0*! 8,! 2%&880407/! /6+2.7'=02,! 8,!

2%72.>0/,1! +,! 560! 0/8604! 2&! +3+27'(7'&/&407/! 8,! 2%72.>0/,! ,/! >7(-&/4! &0/*0! 2&! *4(6+46(,!

?0+3+2056,!!"#9!@60*!&'()*!-0A(&407/!8%6/!'(747/!,4!.20-0/&407/!86!'2&40/,1!7/!7?40,/4!2,!

?0+3+27=,'4)/,9!!

!

$&/*! 2&!*604,!8,!+,!'&(&A(&'=,1!56,256,*!.468,*!4=.7(056,*!,4!,B'.(0-,/4&2,*!8.+(04,*!

8&/*!2&!2044.(&46(,!*7/4!'(.*,/4.,*!'76(!+=&56,!.4&',!86!+3+2,!+&4&234056,9!

!

#; <-&%4#&%/3)5().6#.-,3()

!

C6! 8.?64! 86! +3+2,! +&4&234056,1! 2,! 80+=27(6(,! 8,! '2&40/,! +77(87//,! 2&! 4(0'2,! 20&0*7/! ,4!!

2%&+40;,!&0/*0!;0*D<D;0*!8,!2%&880407/!/6+2.7'=02,!8,!2&!876?2,!20&0*7/9!E,!'2&40/,!F76,!87/+!

2,! (G2,! 8%&+08,! 8,! E,H0*9! I7/4! +7/*08.(.*! +7--,! &+08,*! 8,! E,H0*1! 2,*! ,*')+,*! 560!

'(.*,/4,/4!6/,!7(?04&2,!;&+&/4,!(.&+40;,!76!6/,!7(?04&2,!-72.+62&0(,!0/7++6'.,!?&**,!,/!

./,(A0,9!:%,*4!'76(56701!2,*!+&407/*!-.4&22056,*!,4!2,*!+7-'2,B,*!8,!-.4&6B!8,!4(&/*0407/!

+&407/056,*!',6;,/4!J4(,!+7/*08.(.*!+7--,!8,*!&+08,*!8,!E,H0*9!

I,27/! 2&! 4=.7(0,!KICL!MK&(8!&/8!I7>4!C+08*!&/8!L&*,*N1! 2,*!+&407/*!-.4&22056,*1!8,!'&(!

2,6(!A(&/8,!4&022,!,4!2,6(!'72&(0*&?0204.1!*7/4!8,*!&+08,*!8,!E,H0*!-76*9!:,2&!2,6(!+7/>)(,!

$%&'()*+*

O7(-&407/!86!+7-'2,B,!P!

:3+20*&407/!QD(35/75%=!R0A(&407/!8%6/!'(747/!

S20-0/&407/!86!'2&40/,!

,*

!"#*

-*

Pt

X

R

X

R

Pt

!

!

X

R

Pt

!

!

X

R

Pt

!

!

X

R
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!

! "#!

$%&'()*%+!$(&($',&)+')-.%+!%*! '%&/%!0%!&,($')1)',!%'!02(33)*)',4! $5//%!6(&!%7%/68%!.*%!

95**%! (33)*)',! 65.&! 8%+! (8$:*%+;! <(! 8)()+5*! %*'&%! .*! /,'(8! 0%! '&(*+)')5*! %'! .*! (8$:*%!

=8)>(*0!?@!%+'!0,$&)'%!6(&!8%!/50A8%!0%!B%C(&DEF(''DB.*$(*+5*;!B2(6&A+!$%!/50A8%4!.*%!

8)()+5*!G!%+'!35&/,%!6(&!&%$5.1&%/%*'!0.!+:+'A/%!?!0%!8(!'&)68%!8)()+5*!(1%$!.*%!5&9)'(8%!

1)0%!0.!/,'(8;! H8!:!(!%*!68.+!.*%! )*'%&($')5*!?!0.%!I! 8(!&,'&5D05*(')5*!02.*%!5&9)'(8%!0!

68%)*%!0.!/,'(8!1%&+!.*%!5&9)'(8%!(*')8)(*'%!?J!0%!82(8$:*%!=K$F,/(!L@;!

!

!

!

!

!

<%+!(8$:*%+!+5*'!F(9)'.%88%/%*'!0%!95*+!GD05**%.&+!/()+!0%!3()98%+!?D($$%6'%.&+!9)%*!

-.%!8(!&,'&5D05*(')5*!*%!+5)'!6(+!'5.'!I!3()'!*,>8)>%(98%;!!

<%!/50A8%!0%!B%C(&DEF(''DB.*$(*+5*!!6&,0)'!.*%!,85*>(')5*!0%!8(!'&)68%!8)()+5*!I!$(.+%!

0%! 8(!/)>&(')5*! 0%! 0%*+)',! ,8%$'&5*)-.%! 0%! 825&9)'(8%! 0! 0.!/,'(8! 1%&+! 825&9)'(8%! ?J! 0%!

82(8$:*%;! H8! %*! &,+.8'%! (85&+! .*! $F(*>%/%*'! 0%! >,5/,'&)%! 0%! 82(8$:*%! =$5.0%@! 0.%! I! 8(!

&,F:9&)0(')5*;!!

H8! %+'! $5**.! -.%! 8%+! $5/68%7%+! M'=HH@D(8$:*%! +5*'! '&A+! ,8%$'&56F)8%+! %'! 6%.1%*'! N'&%!

3($)8%/%*'! (''(-.,+! 6(&! 0)33,&%*'+! *.$8,56F)8%+;LL4LO! PQ&+'*%&! (! 0,$&)'! $%+! $5/68%7%+D?!

$(')5*)-.%+!$5//%!,'(*'!0%+!$5/68%7%+!?D($)0%+;LR!!

B%!*5/9&%.+%+!,'.0%+!'F,5&)-.%+!)*0)-.%*'!-.%!85&+!0%!8(!$5/68%7(')5*4!.*!>8)++%/%*'!

0.! $5/68%7%!/,'(88)-.%! 8%! 85*>! 0%! 82(7%! 0%! 8(! '&)68%! 8)()+5*! +%! 6&50.)'! =K$F,/(! O@;! <%!

6(++(>%!02.*!,'('!0%!$55&0)*(')5*!S"!1%&+!.*!,'('!ST!(.>/%*'%!82,8%$'&56F)8)%!0%!82(8$:*%!

%'!3($)8)'%!8%!'&(*+3%&'!0%!$F(&>%!0.!*.$8,56F)8%!1%&+!8%!8)>(*0!?!%'!8%!$%*'&%!/,'(88)-.%;!!

!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
LL!U;!V;!EF)+F58/4!V;!E;!E8(&W4!;--<)!"(1<)=(0<)!"#$4!:4!"X"D"XY;!
LO!Z;![%88.$54!\;![%&'(*)4!\;!];!U)$F%8)*4!U;!U5^^5*4!><)?'@#3/1(&<)!"(1<)%&&&4!:AA4!_`DOO;!
LR!];!PQ&+'*%&4!M;!a;!B(1)%+4!;3@(B<)!"(1<)*3&<)C5<)%&&#4!D:4!_LTXD_LLY;!

R

R

M

Donation

R

R

Rétrodonation

M

M

Nu

'()*+,-.-

'()*+,-/-
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!

! "#!

$%&'()*&! +! ,-./.! 0-)12&3*&! /+! )+(.&*! 0+(2-)24.*! 5*! /6*'780*! &9+0(2,*! /-&'! 5.! 0:0/*!

0+(+/:(24.*!5*!/+!0:0/-2'-39&2'+(2-)!569):)*!;<0=93+!>?@!!A-.&!0*/+B!2/!+!(*'(9!52119&*)('!

+025*'! 5*! C*D2'! 0-33*! E$>@FG("! -.! H2I/J! 5+)'! /69(+7*! 5*! 0:0/-2'-39&2'+(2-)! 5*! /+!

':)(=8'*! 5*! /+! '(&97(-&.K2)*! E! ;01! 0=+72(&*! LB! <0=93+! "#?@JM! I+(+/:'9*! 7+&! A(I/"B! 0*((*!

&9+0(2-)! 5-))*! .)! &*)5*3*)(! 5*! M#N@! G)! 7&9'*)0*! 5*! E$>@FG("! -.! H2I/JB! /*! 3O3*!

7&-5.2(!*'(!-K(*).!+,*0!5*'!&*)5*3*)('!&*'7*0(21'!5*!PJ!*(!>QN@!

C+! )+(.&*! 0+&K-0+(2-)24.*! 5*'! 2)(*&3952+2&*'! *R7/24.*! 7-.&4.-2! /*'! 0+(+/:'*.&'!

0+(2-)24.*'! S! K+'*! 5*! 7/+(2)*! -.! 56-&! '-)(! '-.,*)(! 7/.'! *1120+0*'! 4.*! /*'! 0+(+/:'*.&'!

)*.(&*'@! C*'! *'780*'! 0+(2-)24.*'! '-)(! *)! T9)9&+/! T9)9&9*'! %3) 0%&;B! /*! 7/.'! '-.,*)(! 7+&!

+U-.(!56.)!'*/!56+&T*)(!4.2!728T*!.)!=+/-T9).&*!2)2(2+/*3*)(!/29!+.!39(+/!*(! /2K8&*!+2)'2!

.)!'2(*!5*!0--&52)+(2-)@!V9+)3-2)'!56+.(&*'!,-2*'!*R2'(*)(@!A+&!*R*37/*B!5+)'!/*!0+'!5*!

0-37/*R*'!5*!(:7*!CW.X*B!/6*'780*!2-)24.*!CW.Y!7*.(!O(&*!-K(*).*!7+&!7&-(-)-/:'*!+,*0!

.)!59T+T*3*)(!5*!39(=+)*@!Z+)'!0*&(+2)'!0+'!/*'!0-37/*R*'!39(+//24.*'!0+(2-)24.*'!-)(!

9(9!2'-/9'!*(!0+&+0(9&2'9'@J[!

!

<= !,-.%0#&%/3):7(35/75%>)

!

\)*! 1-2'! /6+/0:)*! +0(2,9! ;2)(*&3952+2&*!!?B! /6-/912)*! U-.*! /*! &]/*! 5*! ).0/9-7=2/*! *(! '-)!

+552(2-)!'.&! /6+/0:)*!7*.(!0-)5.2&*!S!52119&*)('!0+(2-)'!2'-38&*'!;<0=93+!P?@!C*!0+(2-)!

"#$% ! &9'./(*! 5*! /+! 0:0/2'+(2-)! ^_(?/_5%>! '.2,2*! 5.! &9+&&+)T*3*)(! *)! 0:0/-K.(+)*! ;01!

0=+72(&*! L! <0=93+! ">?@! C*! 0+&K8)*! "#&! *'(! 1-39! 7+&! 0:0/2'+(2-)! P_(35/_5%>@!

C62)(*&3952+2&*!"#'B!-`! /*!0+(2-)!=-3-+//:/24.*!*'(!'(+K2/2'9B!7&-,2*)(!56.)*!0:0/2'+(2-)!

M_(35/_5%>@! Z*'! 9/93*)('B! (*/'! 4.*! /+! '(+K2/2'+(2-)! 7+&! .)! =9(9&-9/93*)(! *(a-.! /+!

7&9'*)0*! 56.)! ':'(83*! 0:0/24.*B! 7*.,*)(! 1+,-&2'*&! /6.)! 5*! 0*'! 2)(*&3952+2&*'! 7+&!

&+77-&(!+.R!+.(&*'@!

!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
JM!W@!$%&'()*&B!b@!<c2//+(B!E@!d+K-&B!e@!X:)-((B!A@)B1@)!"(1@)C/-@)$(()B!8DEB![>f^_[>QJ@!
J[!I@!V2*(-_FK*&=.K*&B!<@!Cg7*cB!X@!A@!X.h-cB!Z@!i@!Ij&5*)+'B!G@!E.h.*/B!I@!V*,+5-B!W@!X@!G0=+,+&&*)B!B3>(F@)

!"(1@)*3&@)G5@)&**+B!HHB!PQJP_PQJ[@!
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!

! "#!

!

!

!

!

!

!

!

!

!

$%&'()*+,-&.&*)! !"#! /0'-1&(! .1! -&2')345"5! 6*0-1&(! -)! +,(.(728)! -)! 9%,':');!

$%&'()*+,-&.&*)!!"$5!<1.'(!=!91&5!6)*+)(!9.!>0*+.(&0'!-1!?&/:/907)6(2');!$%&'()*+,-&.&*)!

!"%! /0'-1&(! 60()'(&)99)+)'(! =! 1'! /0+608,! /:/9&<1)! =! @! /7.A'0'8! <1&! '%.! ,(,! +&8! )'!

,B&-)'/)!<1)!*,/)++)'(!6.*!CD*8(')*;EF!!

G%.6*28!9)8!/.9/198!-)!H0*&.'05!9%&'()*+,-&.&*)!/:/906*06.'&<1)!!"$!)8(!&881!-)!9%.((.<1)!

-)!9%.9/2')!81*!9%.9/:')!./(&B,!)'!#3&%!-1!+,(.9;!$.!/:/9&8.(&0'!6*0/2-)!-)!>.I0'!/0'/)*(,)!

)(!9,J2*)+)'(!.8:'/7*0');!$0*8<1)!KLM!)(!NLOP85!/)(()!,(.6)!-)!/:/9&8.(&0'!Q3(35/!)8(!

(*28! )R0(7)*+&<1)! S3"E5FT! U/.9V+09W! )(! 9%,')*J&)! -%./(&B.(&0'! 601*! .(()&'-*)! 9%,(.(! -)!

(*.'8&(&0'!)8(!*)9.(&B)+)'(!>.&?9)!S@5FQ!U/.9V+09W;!!

$.!>0*+.(&0'!-)!?&/:/90XE;4;#Y7)6(2')8!6.*!/:/90&80+,*&8.(&0'!-%,':')8345Q!)8(!6088&?9)!

1'&<1)+)'(!90*8<1%1'!7,(,*0,9,+)'(!SO!01!ZW!)8(!6*,8)'(!-.'8!9.!/7.&')!*)9&.'(!9.!(*&69)!

9&.&80'! =! 9%09,>&');! ['! )>>)(5! &9! .! ,(,! +&8! )'! ,B&-)'/)! <1)! 9%7,(,*0.(0+)! 6)*+)(! 9.!

8(.?&9&8.(&0'!-1!6*0-1&(!>&'.9!6.*!-,90/.9&8.(&0'!-1!-01?9)(!9&?*)!SH/7,+.!@W;!

!

!

!

!

!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
EF!M;!P)99)*5!\;!CD*8(')*5!!"(1;)<=';)>;)$&##5!8?5!@@QE3@@Q@;!

X

Pt

X

Pt

X

Pt

X X

R
R

R

X

R

R

R

!"#' !"%'!"$'

()*+,-'.'

N

SO O

N

SO O

N

SO O

()*+,-'/'
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! "#!

-; <%='#&%/3)56>3)$'/&/3)

!

$%&'()*+,-&.&*)!!"#$ )/(! -)! (01)! 2.*3,'45-)! )(! 6.! /73&*! *.1&-)+)'(! 7')!+&8*.(&4'! #9:!

-%;0-*48<')!147*!24'-7&*)!.7!2.(&4'!%=!!

!

>)/! )?1,*&)'2)/! -)! +.*@7.8)! .7! -)7(,*&7+! 4'(! 1)*+&/! -)! 24'A&*+)*! B%)?&/()'2)! -)!

B%&'()*+,-&.&*)!!"#$)(!B.!+&8*.(&4'!#9:!-7!1*4(4'=C:!!

>.'/!7'!1*)+&)*! ()+1/! B%,'0')!&&!=(1D-&-)7(,*,!)'!14/&(&4'!1*41.*80B&@7)!.!,(,!+&/!

)'!*,.2(&4'!.6)2!-7!-&2;B4*7*)!-)!1B.(&')!EF2;,+.!GH=!!

!

!

!

!

!

!

!

$)! 3&202B)! 43()'7! +.I4*&(.&*)+)'(! 24+14*()! 7'! .(4+)! -)! -)7(,*&7+! )'! 14/&(&4'!

6&'0B&@7)9!)'!J!-)!B%.K4()9!2)!@7&!24'A&*+)!B.!+&8*.(&4'!-%;0-*48<')!L!1.*(&*!-)!B.!A4*+)!

!"#=! M)1)'-.'(! B%&'24*14*.(&4'! -7! -)7(,*&7+! )/(! &'24+1B<()! E"N#H=! OP*/(')*! )?1B&@7)!

2)B.! 1.*! 7')! ! *,.2(&4'! 14//&3B)! )'(*)! B)! 2.*3<')! -)! 1B.(&')! )(! -)/! (*.2)/! -%).7=! M)(()!

;014(;</)! .! ,(,! 6,*&A&,)! )'! *,.B&/.'(! B.! 202B4&/4+,*&/.(&4'! -%7'! ,'0')! .'.B487)! '4'!

-)7(,*,!)'!1*,/)'2)!-)!-&2;B4*7*)!-)!1B.(&')!-.'/!7'!+,B.'8)!(4B7<')Q>:R!EF2;,+.!SH=!!

!

!

!

!

!

T'! .(4+)! -)! -)7(,*&7+! .! ,(,! &'24*14*,! -)! A.U4'! +&'4*&(.&*)! +.&/! /,B)2(&6)+)'(! )'!

14/&(&4'!MD"=!$)/!1*414*(&4'/!-)!1*4-7&(!'4'!-)7(,*,!Q!1*4-7&(!-)7(,*,!/4'(!B)/!+V+)/!

@7)!-.'/!B%)?1,*&)'2)!1*,2,-)'()!E"!N#H=!!

$)/!2.B27B/!>OW!/788<*)'(!@7)!BX;0-*48<')!@7&!+&8*)!)/(!7'!1*4(4'9!/.!2;.*8)!,(.'(!-)!

YZ9"[S=!!

)

ND
D

Ts

N ND

D

D

H

Ts Ts

PtCl2 cat.

Toluène

(3:1)

NH
H

Ts

N NH

H

H

D

Ts Ts

PtCl2 cat.

Toluène
D2O (1 éq.)

(3:1)

'()*+,$-$

'()*+,$.$

&&$ $ $ $$$$$$$&/,$ $$$$$$$$$$$$$$$$$$&/0

$ $ $ $

$



!"#$%&'()**)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

!

! "#!

!

$%! &'()*'+! ,-! *'./%0(*-! .0%'102)-*-%1! 3/45&0('! 6-(! .7.,50(5*'&0(/105%(! 68'%7%-(!

.5*95&1/%1! )%! :'1'&5','*-%1+! ./1/,7('-(! 9/&! ;1<,#+! 9-)1! =1&-! 6'.&01! -%! 2)/1&-! '1/9-(>!

?5)1!68/@5&6!,/!.5*9,-A/105%!6)!9,/10%-!()&!,/!1&09,-!,0/0(5%!.5%6)01!B!)%-!.7.,0(/105%!CD

(35/D5%;)1&E(!-A51:-&*02)->!F8'%-&G0-!68/.104/105%!95)&!/11-0%6&-!,8'1/1!6-!1&/%(0105%!6-!

.-11-!'1/9-!-(1!/((-H!3/0@,-!IJ+KCL./,M*5,N>!F-!./&@E%-D9,/10%-!&'(),1/%1!()@01!/,5&(!)%-!

*0G&/105%! 68:76&5GE%-! O+#! I@/&&0E&-! '%-&G'102)-!P! OJ+C#L./,M*5,N! 9)0(! ,-! 9,/10%-! -(1!

',0*0%'!/30%!6-! 35&*-&! ,-!@0.7.,5QR>O>ST:-91E%->!<-!*'./%0(*-!-%!6-)A!'1/9-(!-(1! 1&E(!

-A51:-&*02)-!IDRU+SUL./,M*5,N>!

!

!

!

!

!

!

!

!

!

!

!

!

!

!" #$%&'(%)*+%*,-,(./).&01/)23/.4*+504-4%)6789*%4*:/,-,(.;<=7=>?@%'3A4%)*

)

V)-,2)-(! -A-*9,-(! 6-! .7.,50(5*'&0(/105%! 68'%7%-(DO+C! -%! @0.7.,5:-91E%-(! (5%1!

9&'(-%1'(!6/%(!.-!9/&/G&/9:->!F-(!.5*9,-A-(!*'1/,,02)-(!,-(!9,)(!.5)&/**-%1!)10,0('(!

95)&! .-(! &'/.105%(! .5*95&1-%1! 6)! 9,/10%-! 5)! 6-! ,85&>! W,! -A0(1-! 2)-,2)-(! -A-*9,-(! 6-!

35&*/105%! 6-! @0.7.,5:-91E%-(! /4-.! 68/)1&-(! *'1/)A! 2)-! ,-! 9,/10%-! .5**-! ,-!

&:560)*US+UO+!,80&060)*U#+U"+!,-!G/,0)*UR!5)!,-!*/%G/%E(-UU>!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
US!X>!Y>!Z0*+!Y>!Z>!<:)%G+!<=)>';=)!"(1=)B>7>+!?@+!O#[ODO#[R>!
UO!Z>!\1/+!X>!W>!F--+!]>D^>!?/%G+!^>!?/L/.:0+!_>!`/L/0+!?>!^5&0*515+!_>!X/L)&/0+!Z>!Z/1/5L/+!`>!<:/1/%0+!<=)A1=)

!"(1=)B/-)B>>C+!8C8+!OU#S"DOU#OO>!
U#!X>!_>!X0*+!X>!W>!F--+!]>!_>!;/&L+!Y>!Z>!<:)%G+!A54=)B,3&"=)!#&#.=)B>7>+!C@D+!"OJD"##>!
U"!$>!a-%-6-110+!b>!X0*5%%-/)+!b>!_5)&(+!_>!b*5)&0+!b>!;-%5%0+!c>!;/,*0(/%5+!^>!^/,/.&0/+!]>D;>!c566/&6+!F>!

d-%(1-&@/%L+!A54=)B,3&"=)!#&#.=)B>77+!C@C+!OKS[DOKO#>!

-2147,14

-2147,12

-2147,10

-2147,08

-2147,06

-2147,04

-2147,02

N

Ts

PtCl2

N

PtCl2

Ts

N

Ts

PtCl2

N

Ts

PtCl2

H

N

Ts

PtCl2

A

B-2

D,@0&2*7>*

ced?!I/>)>N!
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! ""!

!

#; <,3&"=0()5()52'%420)$/.,-,-.%>?(0)$#')-#&#.,0()@).6/')

!

#$%&'! ($)! &*(+($)! %,%&%($)! -'! ./*0&,'*1! 23$,4! (! ',+%0(45! 67(886%9(&%:,! -'! 6(!

9;96:%0:<5*%0(&%:,! -75,;,'0! (=:&50! >! 6(! 0;,&3?0'! -'! 9:<8:050! 8:6%9;96%@$'0! 86$0!

9:<86')'0A! B(! 9;96:%0:<5*%0(&%:,! -7(66;6(<%-'0! 8*:8(*4;6%@$'0! ',! 8*50',9'! -'!

9(&(6;0'$*0! -7:*! (! -7(C:*-! 5&5! 5&$-%5'1! 8$%0! '66'! (! 5&5! 5&',-$'! >! -'0! 5,;,'0! -:,&! 6(!

-:$C6'! 6%(%0:,! '0&! 9:<8*%0'! -(,0! $,! 9;96'! D#935<(! EEFAGH! B'0! 8*:-$%&0! &*%9;96%@$'0!

9:**'08:,-(,&0!0:,&!(6:*0!:C&',$0!(+'9!-7')9'66',&0!*',-'<',&0A!!

!

!

!

!

2'! 0;0&?<'! 9(&(6;&%@$'! (! 54(6'<',&! 8'*<%0! -7:C&',%*! (+'9! $,! C:,! *',-'<',&! $,!

35&5*:9;96'!86$0!9:<86')'!9:<8:*&(,&!@$(&*'!9;96'0!I$0%:,,50!D#935<(!EJFA!

!

!

!

!

!

!

K*?0! *59'<<',&1! #3%GL! (! -59*%&! 6(! I:*<(&%:,! -'! 9:<8:050! &*%9;96%@$'0! :*%4%,($)! 8(*!

9(&(6;0'! >! 67:*! >! 8(*&%*! -7(6M;6%-?,'9;96:8*:8(,'0A!N'0! *',-'<',&0! (66(,&! O$0@$7>! PPQ!

:,&!5&5!:C&',$0! 6:*0!-'! 6(!9;96%0(&%:,! !',!8*50',9'!-7$,!9:<86')'!-7:*!8:*&(,&!9:<<'!

6%4(,-!6(!83:083%,'!-'!R$93S(6-!D#935<(!E"FA!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
GT!#A!UA!V%<1!#A!WA!B''1!XA!VA!23$,41!A'BC)D(&&C)!""#1!E1!GTJGYGTJL!
GG!KA!Z=(S(1!KA!V$*(3(03%1!#A!U(&0$C(*(1!A'BC)D(&&C)!"$!1!8F1!"[[\Y"[EE!
GH!#A!WA!B''1!#A!UA!V%<1!UA!]A!23:%1!#A!XA!V%<1!XA!VA!23$,41!^AY#A!_(,1!#A!ZA!V(,41!GC)A'BC)!"(1C)!""#1!H81!P"HHY

P"LJA!
GL!NAY_A!`3(,41!XA!^'%1!UA!#3%1!!"(1C)I?'C)GC)!"$!1!8E1!L[JHYL[JPA!

NTs

Ph

NTs
Ph

Au(PPh3) SbF6

CH2Cl2

98%

%&'()*+$$+

%&'()*+$!+

NTs NTs

Au(PPh3)Cl  / AgSbF6

CH2Cl2, 30 min

93%

N

Ts

N
Ts
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! "#!

!

!

!

!

!

!

!

;< =,3&">0()5()52'%420)$/.,-,-.%?@(0)$#')-#&#.,0()#@)$.#&%3()

!

$%&'('))*+!'!,-%)./!0'!12)3'/.2+!,*!%23425-5!/).%6%0.78*5!9!4')/.)!,:-+6+*5;-/&*)5!2<!0'!

,28=0*!0.'.52+!*5/!)*4)-5*+/-*!4')!8+!-/&*)!,:-+20!%6%0.78*!>?%&-3'!@#ABCD!!

!

!

!

!

!

E'!%6%0.5'/.2+!5*! 1'./!*+!4)-5*+%*!,*!,.%&02)8)*!,*!40'/.+*!,'+5! 0*! /208F+*!9!DGHI!3'.5!

*00*! 4*8/! J/)*! *11*%/8-*! '855.! 9! 4085! ='55*! /*34-)'/8)*! >G;CGHIA! '(*%! ,*! =2+5!

)*+,*3*+/5K!%*!78.!*5/!/)F5!.+/-)*55'+/!%')!%*)/'.+5!,*5!58=5/)'/5!,-%)./5!52+/!.+5/'=0*5!9!

4085!&'8/*!/*34-)'/8)*B!?*02+!0*5!58=5/./8'+/5!0*5!)*+,*3*+/5!(2+/!,*!CL!9!MNOB!

!

-< A@&'(0)#$$.%-#&%/30)

!

P*5! =.%6%02&*4/F+*5! )*0.-5! *+/)*! *8Q! 4')! 0*! %')=2+*! I;@! 2+/! -/-! 2=/*+85! 9! 4')/.)! ,*!

,.F+*;,.6+*5!563-/).78*5!4')!0:-78.4*!,*!E**BCM!E*!/)'./*3*+/!,8!58=5/)'/!!"!4')!R/I0L!

%2+,8./! 8+.78*3*+/! '8! 4)2,8./! ,*! ,28=0*! %6%0.5'/.2+! S;(35/! *+! =.%6%02T#B@BGU&*4/F+*!

!#!'(*%!8+!)*+,*3*+/!,*!S"O!>?%&-3'!@CAB!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
CD!IB!V*(',2K!IB!W*))*)K!XB!YB!$%&'('))*+K!B'CD)E(&&D)$%%!K!:K!"@M@;"@M#B!
CM!$B!ZB!I&2K!YB![.3K!PB!E**K!B'CD)E(&&D)$%%"K!FK!C#@";C#@SB!

O

R

O
RCH2Cl2, t.a.

Au NCMeP

iPr

iPr

iPr

tBu
tBu SbF6

Au  (5 %mol)

X=NTs,   R=Ph,              94%
X=NTs,   R=1-Naphtyl,   99%
X=NTs,   R=Et,               87%
X=NBs,   R=Ph,              99%
X=O,       R=4-ClPh,       80%

Au =

O

OR2

R1

n

O

OR2

R1

PtCl2 (5% mol.)

toluène

n

n=2, R1=Me, R2=Ph, 84%

n=2, R1=Me, R2=Napht, 97%

n=1, R1=Me, R2=Ph, 73%

n=1, R1=Me, R2=iPr, 54%

&'()*+,-.,

&'()*+,-!,
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!

$%&'%(!)*!+,+)-'.-/01'.*2'-%!345%6!*)),)*/'%6!71-7*18,)'956!6%!*:*;<'+,+)-=672>%6!*!020!

52')'.06! +-//6! 02*76! +)0! 7-51! )*! .,%2=>.6! 345%! +-/7-.0! ?! *+2'@'20! <'-)-8'956(! )6!

ABCD"EFGFGH!IB+=0/*!DEJKEF!L6226!/-)0+5)6!30@6)-7706!7*1!A)*M-B/'2=C)'%6N! 6.2!5%!

'%='<'2651!36!16+*72516!36!)*!.01-2-%'%6(!36!)*!%-1*310%*)'%6!62!36!)*!3-7*/'%6K!$))6!6.2!

7-26%2'6))6/6%2! 52')6! 7-51! )6! 21*'26/6%2! 36! )*! 30716..'-%! 62! 34*5216.! /*)*3'6.! 35!

.,.2>/6!%61@65M!+6%21*)K!

!

!

!

!

!

!

!

!

O*! &-1/*2'-%! 35! <'+,+)6! +,+)-71-7*%'956! 6.2! 6&&6+2506! 6%! 710.6%+6! 36! 3'+=)-1516! 36!

7)*2'%6! 3*%.! )6! 2-)5>%6! ?! PFQLK! R%! 16%36/6%2! 36! S"T! 6.2! -<26%5K! U5'.! )40%*/'%6! 6.2!

1035'26!*@6+!5%!/0)*%86!21'02=,).')*%6;VHW!*@6+!5%!16%36/6%2!36!SXTK!O6!81-576/6%2!

71-26+2651!%-.,)6!6.2!6%)6@0!3*%.! )6.!+-%3'2'-%.! !36!H5Y5,*/*!/-3'&'06.!62! )6!71-35'2!

&'%*)! 6.2! '.-)0! .-5.! &-1/6!36!7=-.7=*26K! O6! 16%36/6%2! 8)-<*)!36! +6226! .,%2=>.6! 6%! .'M!

02*76.!6.2!36!#PTK!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
EF!ZK![K!\6.+=*/7.(!]K!^K!$)'2:'%(!_K!O'5(![K!_K!['2+=6))(![K!`K!B=*17(!$K!WK!V*<62(!;<)='><)!"(1<)!"#"(!?:(!GDX;

GD#K!

NTs
NTs

PtCl2 (5 mol%), CO

toluène, 80°CN Ts
N Ts

63%

$%&'()*#+*

$%&'()*#,*

**********-,* * * * * * ******-.*

N

Ns

O

Cl

Cl

N

Ns

O

ClCl

N

H

O

ClCl

.H3PO4

GSK1360707F

PtCl2 (3,5 %mol)

toluène, 80°C

93%

1- Et3SiH, TFA, toluène, t.a.

92%

2-(i) HS(CH2)2CO2H, LiOH, DMF

(ii) H3PO4, PrOH

85%
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! "#!

!" #$%&'()*+,$*%*'()+$-.&'(/.+,

!

#; <=(1$.(0)5().#).%&&2'#&>'()

)

• $%&%'()*+,)!-!'./,/0/+1!

!

2*)! 3,*1/*,)! *4*13'*)! 0*! 56,1%&/67! 87%7&/6)8'*9&/:*! 0*! ;/9(9'6<=>?>@AB*3&C7*)! 3%,!

9(9'6/)618,/)%&/67! 5+,*7&! ,%336,&8)! 3%,! DB/;%&%! *7! E@@F>#?! 2*! 9%&%'()*+,! *)&! +7!

9613'*4*!0./,/0/+1! 56,18! %3) 0%&>! -! 3%,&/,! 0*! <G,$'H960IAEJ! 0.+7*!0/3B6)3B/7*! 9B/,%'*! *&!

0.+7! )*'! 0.%,K*7&>! 2*)!1*/''*+,)! ,8)+'&%&)! )67&! 6;&*7+)! '6,)L+*! '*! M6'NGOPQ! *)&! +&/'/)8!

9611*!'/K%70!9B/,%'!*&!PKRM5!9611*!)*'!0.%,K*7&!HD9B81%!?S0,M%;'*%+!?I>!

!

!

!

!

!

12345, #, #.*6.7.*', ..,

$TM6'('! QB! UEV! ##V!

/TM6'('%! QB! S@V! SWV!

/TM6'('! =T$'$#X=! S?V! S=V!

/TM6'('! =TY*R$#X=! #UV! ==V!

/TM6'('! ETO%3B&('! S?V! "FV!

$TM6'('! ETO%3B&('! FSV! #=V!

8%9-.%:,;,

%!9670/&/67)!63&/1/)8*)!Z!<G,$'H960IAE!HE!V16'IJ!M6'NGOPQ!H=!V16'IJ!PKRM5!HF!V16'I>!

!

[*)! *49C)! 87%7&/618,/L+*)! 9613,/)! *7&,*! "F! *&! SWV! 67&! 8&8! 6;&*7+)! *&! 083*70*7&!

56,&*1*7&! 0*! '%! )&,+9&+,*! 0*! '.87(7*>! \7! *55*&J! '.87%7&/6)8'*9&/:/&8! 0*! '%! ,8%9&/67! *)&!

/75'+*798*!-! '%! 56/)!3%,! '*! K,6+3*1*7&!3,6&*9&*+,!0*! '.%]6&*!*&!3%,! '*! )+;)&/&+%7&!^!0*!

'.6'85/7*>! Q%,! *4*13'*J! '6,)L+*! ^_ETO%3B&('*J! )/! '*! K,6+3*! 3,6&*9&*+,! /TM6'('! *)&!

,*13'%98!3%,!+7!$TM6'('J!'.*49C)!87%7&/618,/L+*!3%))*!0*!"F!-!#=V>!![*!1`1*J!'6,)L+*!

P,DRE_/TM6'('J! '*! )+;)&,%&! 6a! ^_QB! 0677*! +7! *49C)! 87%7&/618,/L+*! 0*! SWVJ! ;/*7!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
#?!M>!DB/;%&%J!b>!c6;%(%)B/J!D>!Y%*d%e%J!O>!M6)B/0%J!c>!M%d%K/J!?(&'#"(5'/3)5<<=J!:8J!U@?WTU@E=>!

N RArSO2 N
!

!

R

ArSO2

IrCl(cod) 2 (10 %mol)
TolBINAP (20 %mol)

AgOTf (24 %mol)

1,4-dioxane, reflux
CO (1atm)

3&>$7%,;?,
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!

! "#!

$%&'()*%(! +! ,*-%)! ./0*1%! &.%(! 234567&809-*! .%! :5;*<=>?:! @"AB! *0! ::B!

(*$&*,0)C*D*10E!*0!-'FG(*D*10!$%&'()*%(!+!,*-%)!./0*1%!&.%(!23:5=-=>?:!@#:BEH!

!

I*7%,.%&! &-%$! (',*DD*10J! KD.%()J! K%/*(0J! L71M.1! *0! N*1$0*(/71O>4! .10! '0%M)'! -*$!

DPD*$! ('7,0).1$! ,707-9$'*$! &7(! -Q)()M)%D! D7)$! *1! $%)C710! %1*! $0(70'F)*! M)RR'(*10*!

@S,8'D7!TUEH!V1!*RR*0J!-7!,8)(7-)0'!1Q*$0!&7$!7&&.(0'*!&7(!%1!-)F71M!M%!D'07-!D7)$!&7$!%1!

,.10(*! ).1! ,8)(7-H! W*! ,.D&-*X*! M*! Y7$O7! Z[(=-@=<E@\\8"E4]! *$0! ,.D/)1'! 7C*,! %1! $*-!

MQ7(F*10!MQ%1!7,)M*!&8.$&8.()^%*!,8)(7-!M'()C'!M%!/)17&80.-!"J"5M)$%/$0)0%'H!_*!0(G$!/.1!

*X,G$!'1710).D'()^%*$!@`7/-*7%!4J!UT5a"BE!.10!'0'!./0*1%$!M71$!-7!,9,-.)$.D'()$70).1!

MQ7--9-$%-R.17D)M*$! &(.&7(F9-)^%*$! 1*! &('$*10710! &7$! M*! $%/$0)0%710! *1! &.$)0).1!

0*(D)17-*!M*!-Q.-'R)1*H!

!

!

!

!

!

!

!

!

!"#$%& '(& '%& ')*+),)*-& ))&

$5`.-9-! \8! ?! UbB! UTB!

@4J:J>5;*E=>?4! \8! ?! ##B! a"B!

$5`.-9-! :5=-=>?:! ?! #aB! UaB!

$5`.-9-! ?! ;*! T>B! T#B!

./01)/2&%&

!

• =707-9$*%($!7%!(8.M)%D!

!

V1!4bTb!-Q'^%)&*!M*!?797$8)!7!M',()0! -*$!&(*D)*($!,707-9$*%($!+!/7$*!M*!(8.M)%D!&.%(!

-*$!,9,-.)$.D'()$70).1$!'1710).$'-*,0)C*$!MQ'191*$5TJ>H!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
>4!;H!I7(/7c71F*$J!;H!K%F'J!dH!;.%$$7J!?H!KD.%()J!=H!K%/*(0J!=H!_*$D7(*0$J!WH!N*1$0*(/71OJ!YH!L71M.1J!;H!

;7-7,()7J!=H!<--)C)*(J!!"(1;)<=';)>;)%3((J!8?J!T"#Ua5T"#a:H!

N R1ArSO2 N
!

!

R1

ArSO2

IrCl(CO)(PPh3) 2 (10 %mol)
AgX* (12 %mol)

toluène, 90°C

R2

R2

R2R2

P

O

O O

O Ag

iPr

iPr

iPr

iPr

iPr

iPr

AgX* =

#456,/&(7&
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!

! "#!

$%&! '()(*+&%,-&! &./)! '(-(')0-1&0&! 2(-! *(! 2-0&%/'%! 34,/! 315/%! '.66%! *17(/3! '81-(*! %)!

34,/%!28.&281/%!('81-(*%9!:*&!&./)!70/0-0&!%3)0%&;!;!2(-)1-!3,!'.62*%<%!=>315/%?@8$*AB!%)!

34,/%! 28.&281/%! 6./.3%/)0%! )%**%! C,%! DD8"! (2-5&! (331)1./! 34,/! &%*! 3%! &.31,6!

>E(FG-HI?9J"! :*&! 3.//%/)! ,/%! K.//%! (')1L1)0! '()(*+)1C,%! %)! 3%! K./&! %<'5&!

0/(/)1.60-1C,%&! *.-&C,%! *4(*'+/%!%&)!&,K&)1),0!2(-!,/!60)8+*%!%)! *4.*0M1/%!2(-!,/!(-+*%!

>@B!N!(-+*%?! >O'806(!PQ?9!R(!/(),-%!3,! *17(/3!28.&28.-0! S.,%!,/!-T*%! 162.-)(/)!3(/&!

*4(')1L1)0!'()(*+)1C,%!%)!*40/(/)1.&0*%')1L1)0U!'%!C,1!2-.,L%!C,%!'%!*17(/3!'..-3.//%!K1%/!

*%!60)(*!3(/&!*40)(2%!&)0-0.30)%-61/(/)%9!R(!'./M17,-()1./!(K&.*,%!3,!2-.3,1)!M1/(*!(!0)0!

30)%-61/0%! 2(-! 31MM-(')1./! 3%&! -(+./&! V! *.-&C,%! @PNWU! @BND8U! %)! C,%! *4(*'+/%! %&)!

&,K&)1),0!2(-!,/!60)8+*%9!R%!2-.3,1)!M1/(*!(!(*.-&!,/%!'./M17,-()1./!>P<U!J=U!X=?9!!

!

!

!

!

!

!

!

!

!

!

W(+(&81! (! 061&! ,/%! 8+2.)85&%! C,(/)! (,! 60'(/1&6%! 341/3,')1./! (&+60)-1C,%! *.-&! 3%!

'%))%! -0(')1./9J"! R%! &+&)56%! 3%! C,(3-(/)&! 3,! O'806(! BY! &%-)! ;! -%2-0&%/)%-!

*4%/'.6K-%6%/)!&)0-1C,%!70/0-0!2(-!*%!'.62*%<%!3%!-8.31,69!Z-.1&!3%&!C,(3-(/)&!&./)!

%/'.6K-0&! 2(-! *%&! *17(/3&9! R%! 3%-/1%-! C,(3-(/)! %&)! -%*()1L%6%/)! 1//.'',209! O%*./!

*48+2.)85&%! 34W(+(&81U! *(! '+'*1&()1./! J[(35/75%>! %&)! (*.-&! 31-170%! 2(-! *4%/'.6K-%6%/)!

&)0-1C,%!3,!7-.,2%6%/)!).&+*%!C,1!(,-(!)%/3(/'%!;!&%!2.&1)1.//%-!3(/&!*4%&2('%!*%!6.1/&!

%/'.6K-09!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
J"!Z9!E1&816,-(U!Z9!\(](6.).U!^9!E(7(.&(U!W9!\,6(6.).U!Z9!W(+(&81U!?3>(@A)!"(1A)*3&A)B5A)!"#"U!CDU!PJ"#[

PJIP9!

N R1Ts N
!

!

!

Ts

R2

Rh

F

F

F

F

R

R

ClPh3P

DCE, 40-60°C, 24-48h

R1=H,

R1=H,

R1=H,

R1=Me,

R2=Ph,                 94%, ee = 80%

R2=2-MeOC6H4,  87%, ee = 90%

R2=2,6-Me2C6H4, 71%, ee = 95%

R2=H,                   81%, ee = 68%

R=CH2OCH2OMe

R1

R2Rh  (3 %mol), NaBArF
4

$%&'()*#+*
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!

! "#!

!

!

!

!

!

!

!

!

!

!

$%! &'&%! ()(*+&%! ,-*-.)*/01%! -! 23-.%&%4*! 2*2! -55./012! 6! .-! 789&-*/84! :%! ";

8<-=/,),.8>?@A@BCD%5*+4%(@E"! $89(01%! .F8.27/4%! %(*! ,8&59/(%! :-4(! 14! ,),.%! 2*D292G! .%!

,8&58(2! *9/,),./01%! !"! %(*! 8=*%41! -H%,! 14! 9%4:%&%4*! :%! I?J! %*! 14! %<,+(!

24-4*/8&29/01%!:%!##J!KL,D2&-!MAN@!

!

!

!

!

!

!

!

$%!(%,84:!,8&5.%<%!:2H%.8552!%4(1/*%!5-9!O-)-(D/!58((+:%!14!./3-4:!*9/:%4*-*%!:/+4%;

5D8(5D/4%!KL,D2&-!MMN@!P%!./3-4:!592(%4*%!.F-H-4*-3%!:F'*9%!789*%&%4*!./2!-1!&2*-.!%*!.%!

(01%.%**%!:/24/01%!%(*!7-,/.%&%4*!-,,%((/=.%!6!5-9*/9!:1!K;N;Q;5D%..-4:9+4%!4-*19%.@E?!R%!

*9+(!=84(!%<,+(!24-4*/8&29/01%(!84*!2*2!8=*%41(!6!5-9*/9!:F-..).-&/4%(!5985-93)./01%(!

:/H%9(%&%4*!(1=(*/*12%(@!

!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
E?!S@!T/(D/&19-G!U@!V-%:-G!S@!O-)-(D/G!<'=>)?(&&>)#$%%G!8@G!"EW?;"EWW@!

O O
!

!

Rh  (5 %mol)

NaBArF
4 (10 %mol)

O

Ph Ph OPh

Ph
DCE, 20°C, 12h

84%, 99% ee

F

F

F

F
R

R

RhP

Ph

Ph

Ph

R=CH2OCH2OCH3

Me

Représentation sous forme de quadrants

Rh

N

Ph

SO2Tol

Me

Rh

Rh

N

Ph

SO2Tol
N

Ph

SO2Tol

Me

(1S, 6R, 7R)

&'()*+,#$,

&'()*+,#%,

,,,,,,,,,,,,,,!-, , , ,,,,,,,,,,,,,,,,,,,,,,!",
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!

! "#!

!

!

!

!

!

!

!

!

!

• $%&%'()*+,)!-!'./,!

!

0*)!1/23'*4*)!5./,!6/,27)!%3)0%&;!-!3%,&8,!5*!9+$'!3%,!%:/+&!5.+;*!583</)3<8;*!1<8,%'*!*&!

5.+;! )*'!5.%,=*;&!/;&! 7&7!+&8'8)7)!3/+,! '%! 6/,2%&8/;!/4%>81(1'/<*3&?;*)!3%,!@81<*'*&ABC!

0*)! ,*;5*2*;&)! 2/57,7)! *&! 5*! >/;)! *41?)! 7;%;&8/27,8D+*)! /;&! 7&7! />&*;+)! %E*1! '*!

1%&%'()*+,!>827&%''8D+*!9+!F!@*GHI83<*3!JK1<72%!LMNA!

!

!

!

!

!

!

!

!

!

O*)!1<*,1<*+,)!5*!P'%4/K28&<Q'8;*!/;&!*;E8)%=7!+;*!E*,)8/;!7;%;&8/)7'*1&8E*!5*!'.7&%3*!

5*!1(1'/8)/27,8)%&8/;!5%;)!'%!)(;&<?)*!5*!PKQRMB#S#S!JE/8,!TAMA1!5*!1*!1<%38&,*NAB#!O*!

)()&?2*!1%&%'(&8D+*!9+$'JK@*LN!JR#!2/'UNV!9=IW"! JR#!2'UNV! J<NHX/'HITY9Z!JC!2/'UN!

5%;)!'*!581<'/,/27&<%;*!-!LC[$!3*;5%;&!C<!1/;5+8&!-!+;*!1/;E*,)8/;!&/&%'*!*;!>81(1'*!*&!

-!!+;!*41?)!7;%;&8/27,8D+*!5*!C\UA!

$*&&*! 2]2*! )(;&<?)*! %! 7&7! ,7%'8)7*! *;)+8&*! %E*1! 3'+)! 5*! )+11?)! 3%,! W^,)&;*,A"\! 0*)!

1/23'*4*)!5./,!5*! &(3*!O_9+$'V! /`!O_!*)&!+;!3</)3</,%2858&*!57,8E7!5+!X900GOV!/;&!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
BC!$AH@A!$<%/V!0A!I*'&,%28V!ZA!aA!X/+''*1V!bA!@81<*'*&V!!"(1=)!/11;3=)!""#V!B\ccHB\\#A!

O

Ar2
O

!

!

!

Ar1

Ar1=Ph,

Ar1=Ph,

Ar1=Ph,

Ar1=3,4-(OCH2O)C6H2,

Ar2=Ph,                 34%, ee = 98%

Ar2=4-MeOC6H4,  47%, ee = 96%

Ar2=4-NO2C6H4,   39%, ee = 96%

Ar2=Ph,                 51%, ee = 90%

Ar1

Ar2

Au /L* (1 mol%), AgOTf (2 mol%)

toluène, t.a., 1-16h

MeO

MeO

Ar2
P

P
Ar2

AuCl

AuCl
Au /L* =

Ar=4-MeO-3,5(t-Bu)2C6H2

Rh
P
Ar2

Cl

O

O

R1=Ph,

R1=Me,

R1=Me,

R1=Me,

R1=Me,

R2=Me,

R2=H,

R2=H,

R2=H,

R2=H,

R3=H,

R3=Ph,  

R3=4-MeOC6H4,

R3=CH2OSiMe2tBu,

R3=Me,

R4=H,     84%, ee = 92%

R4=H,     84%, ee = 91%

R4=H,     76%, ee = 98%

R4=H,     65%, ee = 90%

R4=Me,   44%, ee = 91%

Ar=t-BuC6H4 ou 3,5-t-Bu2-4-MeOC6H2

N R2Ts

R1

N
!

!

!

R1

R2

Ts

R4

R3

R3

R4

DCE, 10-60°C, 12-72h

Rh  (2-5 %mol), NaBArF
4

$%&'()*!!*

$%&'()*!+*
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!

! "#!

$%&'()!*+,--%(.*&%!/.!%01%22%.-!%013)!4.,.-(5'4&(6/%!78194',!:";<!=%!&%.*%'%.-!>25?,2!

*%!2,!)@.-93)%!*/!A8B#CDEFEFG!%.!1(.6!4-,$%)!%)-!,25&)!*%!DHI<!

!

!

!

!

!

!

!

!

!

!

!

J.!15.12/)(5.K!5.!$%/-!&%',&6/%&!6/%!2%)!%0%'$2%)!*%!L5&',-(5.!*%!?(1@1259%$-3.%)!$,&!

1@125()5'4&(),-(5.!4.,.-(5)42%1-(M%!)5.-!,))%N!$%/!.5'?&%/0<!=5&)6/%! 2%! 2,?5&,-5(&%!,!

15''%.14!O!)+(.-4&%))%&!O!1%)!&4,1-(5.)!)%/2%!2,!'4-95*%!*%!89(?,-,:#!4-,(-!*41&(-%!*,.)!

2,!2(--4&,-/&%<!P%$/()!*%!?5..%)!4.,.-(5)42%1-(M(-4)!5.-!4-4!5?-%./%)!,M%1!*%)!15'$2%0%)!

*+(&(*(/'K!*%!&95*(/'!%-!*+5&!71L!$,&,>&,$9%!QQ<"<,!*%!1%!19,$(-&%;<!R(%.!6/%!1%)!&4,1-(5.)!

1,-,2@)4%)! $,&! 2%! *(1925&/&%! *%! $2,-(.%! ,(%.-! 4-4! 4-/*(4%)! %.! *4-,(2K! ,/1/.%! &4,1-(5.!

4.,.-(5)42%1-(M%! 1,-,2@)4%! $,&! *%)! 15'$2%0%)! *%! $2,-(.%! .+,! 4-4! &,$$5&-4%! S/)6/+(1(K! O!

2+%01%$-(5.!*/!-&,M,(2!*%!.5-&%!46/($%!6/(!)%&,!%0$5)4!1(T,$&3)<!

!

;< ='#4#>?) #3&2'%(>'0) (@@(-&>20) #>) .#;/'#&/%'()+) -/1$.(?(0) 5() $.#&%3() 5() $'(1%A'()

B232'#&%/3::)

)

• U&4)%.-,-(5.!>4.4&,2%!

!

V5''%! .5/)! 2+,M5.)! M/! *,.)! 2%)! $,&,>&,$9%)! $&414*%.-)K! ! 2%)! 1@125()5'4&(),-(5.)!

*+4.@.%)!)5.-!4-/*(4%)!*%!',.(3&%!(.-%.)(M%!6/%!1%!)5(-!,/!.(M%,/!*%!2,!15'$&49%.)(5.!

*/! '41,.()'%K! */! *4M%25$$%'%.-! *%! .5/M%,/0! )@)-3'%)! 1,-,2@-(6/%)! 5/! *%)!

,$$2(1,-(5.)!)@.-94-(6/%)<!V%$%.*,.-! 2%)! &4,1-(5.)!4.,.-(5)42%1-(M%)!&%)-%.-!&,&%)<!P%)!

1,-,2@)%/&)! 19(&,/0! *+(&(*(/'K! *+5&! %-! *%! &95*(/'! 5.-! 4-4! *41&(-)! $5/&! 2,! L5&',-(5.!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
DD!W93)%!*%!P%2$9(.%!R&())@K!X.(M%&)(-4!U,&()!)/*!##K!:EEDT:EEH!

!"#$%&'()'

N

Cbz

O

Cl

Cl

N

Cbz

O

ClCl

N

H

O

ClCl

.HCl

(-)-GSK1360707F

88%, 95%ee

L*AuCl (2,5 mol%)
AgBF4 (2,5 mol%)

toluène, 0°C

1- Pd black, H2 (1atm), Na2CO3

EtOAc/MeOH
91%

2- HCl, Et2O
quant

L* = P N

O

O

Ar

Ar Ar

Ar

MeO

MeO

Ph

Ph

Ar=2-Naphtyle
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!

! "#!

$%&%'()*$+,-'(.,! /,! 0(-1-+)2"343567,8'9%,*! :&(*! &;-;%! ,<,:8+,! %=;'(+(*,! /;! 8+&'(%,>!

,<-,8'()%! ?&(',! /,*! '@&.&;<! /,! %)'@,! $A;(8,3! B,*! -1-+)(*):$@(*&'()%*! $'&%'! '@9*!

?)@',:,%'! *;0*'@&'C! ,'! :$'&+C/$8,%/&%',*>! +=;'(+(*&'()%! /=;%! :$'&+! -)::,! +,! 8+&'(%,!

8);@@&('!8,@:,''@,!;%,!,<',%*()%!/;!-7&:8!/=&88+(-&'()%!/,!-,*!@$&-'()%*3!

!

D,+87(%,!E@(**1!&!/$.,+)88$!&;!-);@*!/,!*&!'79*,!&;!+&0)@&')(@,!;%,!8@,:(9@,!?&:(++,!/,!

-):8+,<,*!/,!8+&'(%,>!/('*!/,!8@,:(9@,!F$%$@&'()%>!-)%G;*!(%('(&+,:,%'!8);@!-&'&+1*,@!+&!

@$&-'()%! /,! -1-+)(*):$@(*&'()%! /=&++1+&:(/,*! 8@)8&@F1+(A;,*! ,%! HC

&I&0(-1-+)2"343567,8'9%,*!JK-7$:&!#LM3!

!

!

!

!

B,!+&0)@&')(@,!*=,*'!&88;1$!*;@!+,*!718)'79*,*!:$-&%(*'(A;,*!/,!NO@*'%,@!8);@!(:&F(%,@!

/,*!8@$-&'&+1*,;@*!&88@)8@($*3! K,+)%! +,!:$-&%(*:,!8@)8)*$! J.)(@! P3#!/,! -,! -7&8('@,!,'!

K-7$:&!HM>! +,!:$'&+!*,!-):8)@',!-)::,!;%!&-(/,!/,!B,Q(*!,'!%=&!0,*)(%!A;,!/=;%!*,;+!

*(',! /,! -))@/(%&'()%! 8);@! -&'&+1*,@! +&! @$&-'()%! JK-7$:&! #RM3! D,*! -):8+,<,*! /,!

8+&'(%,JPPM! 8+&%! -&@@$*! -):8)@'&%'! ;%! +(F&%/! +&0(+,! ,'! '@)(*! +(F&%/*! ?)@',:,%'! +($*! &;!

:$'&+!)%'!&+)@*!$'$!(:&F(%$*!,%!'&%'!A;,!8@$-&'&+1*,;@*3!

!

!

!

!

!

B,*!-):8+,<,*!/,!8@,:(9@,!F$%$@&'()%!-):0(%,%'!;%,!87)*87(%,!-7(@&+,!0(/,%'$,!,'!;%!

-&@09%,!;C7$'$@)-1-+(A;,!JSTUM>!+,!+(F&%/!+&0(+,!$'&%'!;%!()/;@,3!V%,!,*89-,!-&'()%(A;,!

-):8)@'&%'!;%!*(',!/,!-))@/(%&'()%!+(0@,!,*'!F$%$@$,!%3)0%&<!+)@*!/,!+&!-&'&+1*,!8&@!&W);'!

/=;%!*,+!/=&@F,%'!A;(!8(9F,!+=7&+)F$%;@,3!

!

!

!

!

!

N

Ph

Ts

Pt

L2 L3

L1

Pt

L2 L3

L1

Pt

PP

I

N

N

R
1

R
2

I

N

Ph

Ts
NTs

Ph

Pt

!"#$%&'()'

!"#$%&'(*'

!"#$%&'(+'
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!

! "#!

$%&! '()*+%,%&!-%!*+./01%! /203'((2-(114&! '(156&! %1! &607.1/! +.!)8)%! &/2./490%! .7.0%1/!

4/4!-4'20/&!*.2!:.914!;<'=4).!>?@A!

!

!

!

!

!

!

!

!

B%&! '()*+%,%&! (C! /2(0&! -%&! &0/%&! -%! '((2-01./0(1! &(1/! (''6*4&! *.2! -%&! +09.1-&!

*=(&*=(24&D! (1/! 4/4! 6/0+0&4&! '())%! './.+E&%62&! -.1&! -%&! 24.'/0(1&! -%!

'E'+(0&()420&./0(1&!-%!-0F1%&!%1!G0'E'+%&!'E'+(*2(*.10H6%&AIJ!K.2!%,%)*+%D!+%!'()*+%,%!

!"! .! 4/4! .**+0H64! L! +.! &E1/=F&%!-%! '()*(&4&! /%2*410H6%&A! M+! .!*%2)0&!-N(G/%102! +%!-%03

/=6O.1%!L!*.2/02!-6!P3'0/2(1%++%1%!.7%'!61%!/2F&!G(11%!-0.&/424(&4+%'/070/4!;"J!QR!-2@!%/!

61!G(1!2%1-%)%1/!;IJS@AI?!

!

!

!

!

!

!

!

T%!&%'(1-!'()*+%,%!!#!H60!*(2/%!+%!UE+3V01.*!'())%!+09.1-!'=02.+!.!4/4!6/0+0&4!-.1&!-%&!

24.'/0(1&! &0)0+.02%&A! M+! .! *%2)0&! -N(G/%102! -%&! G0'E'+(W#ARAXY=%,.1%&! .7%'! -%! G(11%&!

41.1/0(&4+%'/070/4&!;<'=4).!#X@AIZ!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
IJ![A!\A!]%-6'0.D!^A!_A!:.914D!;<)=1<)!"(1<)>/-<)$""%D!8?@D!`Z>3`ZZA!
I?!aA!$A!b%2G%2D!^A!_A!:.914D!A'B<)C(&&<)$""!D!DD!##JZ3##?RA!
IZ![A!\A!]%-6'0.D!\A!cA!B.)*G%++D!^A!dA!$(=%2/ED!^A!_A!:.914D!;<)=1<)!"(1<)>/-<)$""&D!8EFD!R#>ZX3R#>ZJA!

(PPP)PtMe BF4 (5 mol%), 

acétone,HNTf2

MeNO2

65%, r.d. = 47:1

B0&3/=6O.1%!P3'0/2(1%++%1%!

PtP

PPh2

PPh2

Ph
2+

P
Ar2

Ar2
P

Pt
PMe3

2+

Ar=3,5-Me2C6H3

'()*+,-$.-

'()*+,-$/-

------------!"------------------------------------------------!#-
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!

! ""

!

!

!

!

!

!

• #$%&'()*!+*)!,-./0*1*)!+*!/02&3%*!+*!4(5*!67%752&3-%!

!

8*)! ,-./0*1*)! +*! /02&3%*! ,2&3-%39:*)! ,'352:1! +*! 4(5*! 67%752&3-%! +7;*0-//7)! 2:!

02<-52&-35*!,-.<3%*%&!:%!0362%+!=>?!*&!:%*!+3/'-)/'3%*!,'3520*@!A0)!)-%&!)$%&'7&3)7)!*%!

+*:1! 7&2/*)! B! /25&35! +C:%! )*0! +C3.3+2D-03:.@! E2%)! :%! /5*.3*5! &*./)! :%! ,-./0*1*! +*!

/02&3%*FGH! =>?IJ&F+3;3%$0&*&52.7&'$0+3)30-12%*H! *)&! )$%&'7&3)7! +2%)! 0*)! ,-%+3&3-%)!

+7,53&*)!/25!K25LM!F#,'7.2!N4H@!!

!

!

!

!

!

!

E:!&('&7<:&-1$+*!+*!/-&2))3:.!*)&!:&303)7!/-:5!+7/5-&-%*5!:%!)*0!+C3.3+2D-03:.!2O3%!+*!

67%75*5!%3)0%&;!0*!0362%+!,25<(%*@!?*!+*5%3*5!57263&!20-5)!2;*,!0*!+3.(5*!+*!/02&3%*!,-%%:!

)-:)! 0*! %-.!+*! ,2&20$)*:5! +*! P25)&*+&QG! O-5.2%&! 23%)3! 0*! ,-./0*1*! +*! /02&3%*FGH@! E*)!

,-./0*1*)!+*!,*&&*!O2.300*!2;23*%&!7&7!:&303)7)!/25!K25L-!%-&2..*%&!+2%)!+*)!572,&3-%)!

+C'$+5-)30$02&3-%!+C20,(%*)!*&!+C20,$%*)@Q4RQS!!

!

8-5)!+*!02!)*,-%+*!7&2/*R!:%*!2++3&3-%!-1$+2%&*!+C3-+*!):3;3*!+*!02!,--5+3%2&3-%!+C:%*!

/'-)/'3%*!)-%&!57203)7*)!2O3%!+C-<&*%35!+*)!,-./0*1*)!+*!/02&3%*FAAH@!#3!02!/'-)/'3%*!*)&!

<3+*%&7*! 02! 572,&3-%! ,-%+:3&! B! :%! ,-./0*1*! ,2&3-%39:*@! ?*&&*!.7&'-+*!+*! )$%&'()*!+*!

,-./0*1*)!+*!/02&3%*FAAH!+*! &$/*! F=>?HJ&ASF0362%+H!B!/25&35!+*!J&FGH!*&!+*!+33-+*!2;23&!

7&7!.3)*! 2:! /-3%&! /25!K$53*.! #L2%+*5! +2%)! 0*! ,2+5*! +C:%*! ,-002<-52&3-%! 2;*,! #2%-O3I

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
QG!T@!E@!P25)&*+&R!U*%*520!V0*,&53,)!<=)>#&?)W!NR!Q4XR!NN"R!!"#$@!
Q4!U@!T*5&'-%IU*00-DR!Y@!T:3)3%*R!Z@I[@!T53(5*R!U@!K3,'2:+R!#@!#&753%R!U@!K36%2%3R!T@!\3%2%&R!Z@IJ@!E*,0*5,9R!E@!

?'2/-%R!A@!V@!K25L-R!@?)A'B#3/1(&?)!"(1?)%&&'R!:CDR!]4X]I]4]^@!
QS!A@!V@!K25L-R!#@!#&753%R!Y@!T:3)3%*R!U@!K36%2%3R!J@!T52%025+R!T@!\3%2%&R!Z@IJ@!E*,0*5,9R!=-%(3-()%&&%R!ECFR!SG"I

SG]@!

X X

((R)-3,5-xylyl-Binap)PtI2 (10%),
PMe3 (10%), AgBF4 (25%)

MeNO2

X=CH2                             56%, 92%ee
X=C(CO2Me)2                 47%, 87%ee
X=C-CH2OCMe2OCH2-   70%, 93%ee
X=NTs                             50%, 88%ee

N

N

R1

R2

X + PtO

Si

Si Si
O

Si

Pt O

Si

Si

R1

Pt O

Si

Si

N

N

R2

tBuOK, xylène

0°C, t.a.

()*+,-.$&.

()*+,-.$!.
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!

! "#!

$%&'()*+,-!.&((&!/0(123&!4!0(0!4556)780&!)')()46&/&'(!9!64!*:'(1;*&!3&!<2/56&=&*!3&!(:5&!

>?@.AB(>CDA>4/)'&A!&'!%8&!3E4556)<4()2'!&'!<1)/)&!/03)<)'46&!&(!&'*8)(&!3&!<2/56&=&*!

>?@.AB(>CA>3)512*51)'&AF>CAG! &'! %8&! 3E4556)<4()2'! &'! <4(46:*&! 4*:/0(H)78&! >I<10/4!

-DA+,"J,#!

!

!

!

!

!

!

K)LL0H&'(*!<2/56&=&*!3&!564()'&>CCA!<2/52H(4'(!8'!?@.!&(!8'&!3)512*51)'&!<1)H46&!2'(!

0(0!*:'(10()*0*!54H!<&((&!/0(123&+!I)!6&*!?@.!*2'(!3)**:/0(H)78&*J!<1478&!<2/56&=&!&*(!

)*260! *28*! L2H/&! 3E8'!/064'M&! 3&! 3&8=! 3)4*(0H02/;H&*+! .&! 510'2/;'&! &*(! 3N! 9! 6&8H!

<1)H46)(0! )'(H)'*;78&+! O'! &LL&(J! 6&*! <2/56&=&*! 52**034'(! 8'! <4HP;'&! 3)**:/0(H)78&!

5H0*&'(&'(!8'!'28%&6!060/&'(!3&!<1)H46)(0!78)!&*(!8'&!<1)H46)(0!4=)46&+!

!

Q4!<1)H46)(0!4=)46&!&*(!8'&!*(0H02)*2/0H)&!H0*86(4'(!3&!6E4HH4'M&/&'(!'2'!564'!3&!784(H&!

MH285&*! 3)*52*0*! 54H! 54)H&*! 48(28H! 3E8'! 4=&+! Q&! <4*! 6&! 568*! <2''8! &*(! <&68)! 3&!

6E4(H252)*2/0H)&!3&*!P)510':6&*!/'&"/G*8P*()(80*+!!

!

!

!

!

!

!

!

Q&*! <2/56&=&*! *:'(10()*0*! 48! 64P2H4(2)H&!5H0*&'(&'(! 8'! <4HP;'&!3)**:/0(H)78&!78)! *&!

564<&! 3&! /4');H&! 455H2=)/4()%&/&'(! 5&H5&'3)<864)H&! 48! 564'! 3&! <22H3)'4()2'! 38!

<2/56&=&+!K&!54H(!&(!3E48(H&!3&!6E4=&!B(G.!2'!(H28%&!4)'*)!6&*!3&8=!MH285&*!?RS!&(!?RD!!&(!

&'!30<460J! 6&*!3&8=! 6)M4'3*!T!B!U!&(!T!CG!U+!!I)! 64!P4HH);H&!3&!H2(4()2'!48(28H!3&! 64! 6)4)*2'!

<4HP;'&GB(!&*(!06&%0&J!6&!<2/56&=&!5H0*&'(&!462H*!8'&!<1)H46)(0!4=)46&+!Q&*!<2/56&=&*!!!&(!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
,-!V+!IW4'3&HJ!B+!R&(4)66&48J!X+!X28HH)0J!Q+!I<1)2J!B+!V4)66)&(J!$+!V4H)'&(()J!;<)=(5<)!"(1<)"#$#J!>?J!DS"YGDS#"+!
,"!K+!XH)**:J!V+!IW4'3&HJ!B+!R&(4)66&48J!$+!V4H)'&(()J!@'A#3/1(&#..%-0)"##%J!B:J!#,ZDG#,Z#+!
,#!K+!XH)**:J!V+!IW4'3&HJ!B+!R&(4)66&48J![+!\H)*2'J!$+!V4H)'&(()J!@'A#3/1(&#..%-0)"##&J!BCJ!S"]GS#S+!

R1

Pt O

Si

Si

N

N

R2

1- I2, 0°C, toluène

2- diphosphine, 0°C, t.a.
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Pt
N

N

R2

P

P

I

*

I
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I

N

N

R
1

R
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I

R
1

R
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R
2

R
1

Pt

P P

I

N

N

R
1

R
2

I

A B

'()*+,-."-

'()*+,-..-
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!

! "#!

!$! %&'()! *+,-! .'/! /'..0/1! 2! *+',1/)! 3'-4! ,-! &%/0%/$! -)! 40-1! .'4! 4,.)/.04'5*)46! 7%! *'!

.804.8%-)!)41!'98%/'*)$!"!)1!!!40-1!3)4!:-'-1%0&;/)46!<'-4!-01/)!9'4$!*'!3%.804.8%-)!)41!

98%/'*)!30-9!"!)1!!!40-1!3)4!3%'41:/:0&;/)46!

!

=-)!('&&)!3)!90&.*)>)4!40,4!*'!?0/&)!3)!.'%/)4!3)!3%'41:/:0&;/)4!'!:1:!4@-18:1%4:)!

.'/!<)*.8%-)!A/%44@6!B,)*C,)4!)>)&.*)4!40-1!30--:4!3'-4!*)!1'5*)',!4,%D'-16!

!

!

!

!

!

#$%&#'&()*+,-./.0& #.12.+.13& #435*&"6!&

E)$!F8!G784H! I"J! K!LK!

E)$!MNOF8!G789H! PQJ! K!LK!

MNOF8$!1RA,!G78)H! IQJ! PK!LP!

MNOF8$!M@!G782H! S#J! K!LK!

T'.8MNO$!M@!G78.H! USJ! K!LK!

:49-.4;&<&

M)4! &:*'-()4! 3)! 3%'41:/:0&;/)4! 0-1! :1:! ,1%*%4:4! 90&&)! ./:9'1'*@4),/4! )-! (:-:/'-1!

*+)4.;9)!'91%D)!1/%900/30--:)!.'/!'33%1%0-!3+,-!4)*!3+'/()-16!

<)4! :1,3)4! )>.:/%&)-1'*)4! )1! 18:0/%C,)4! 0-1! &0-1/:! C,)! *'! 98%/'*%1:! '>%'*)! 3)4!

90&.*)>)4!3)!./)&%;/)!(:-:/'1%0-!)41!.)/3,)!*0/4!3)!*+'V0,1!3,!4)*!3+'/()-16US!W-!)??)1$!*)!

4)*! 3+'/()-1! 9'.1)! *)! *%('-3! %03,/)! 9/:'-1! '%-4%! ,-! 4%1)! 3)! 900/3%-'1%0-! *%5/)! 4,/! *)!

.*'1%-)6!X)!90&.*)>)!1/%R900/30--:!D'!'*0/4!4+:.%&:/%4)/!)-!:D0*,'-1!./05'5*)&)-1!D)/4!

,-!90&.*)>)!)-!?0/&)!3)!Y!C,%!/)./:4)-1)!,-!:1'1!3)!1/'-4%1%0-!G798:&'!ZSH6U#!

!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
U#!W1,3)4!<[\!)??)91,:)4!.'/!*)!</!]%**)4![/%40-!GW90*)!F0*@1)98-%C,)H!

R1

Pt O

Si

Si

N

N

R2

1- I2, 0°C, toluène

2- (S, S)-Chiraphos, 0°C, t.a.

R1

Pt
N

N

R2

P

P

I Ph

Ph

PhPh
R2

Pt
N

N

R1

P

P

I Ph

Ph

PhPh

I I

+

^! A!=)>?+4&<@&
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!

! "#!

!

!

!

!

!

!

!

!

!

!

$%! &'()*+'%! ,-./&! ,0')*! 1)! &2(! 13,.42%*5! &2)(2! (,! &').62! 12! 67+.,(+*8! ,--'.*82! -,.! (,!

1+-7'&-7+%2! -2.&+&*29! :,! ;'.<2! *.+=6''.1'%%82! 1)! 6'<-(2>2! 8*,%*! (32&-/62!

6,*,(?*+@)2<2%*! ,6*+A2! 2*! &*8.8'67+<+@)2<2%*! (,B+(25! (3)*+(+&,*+'%! 12! <8(,%42! 12!

1+,&*8.8'+&'</.2&! ')! 12! 6'<-(2>2&! 1+,&*8.8'+&'<8.+@)2<2%*! -).2&! %2! 67,%42! -,&! (,!

&*8.8'67+<+2!12!(,!.8,6*+'%9!C26+!,!8*8!A8.+;+8!2>-8.+<2%*,(2<2%*9!

!

• $A,(),*+'%!1,%&!(,!.8,6*+'%!12!6?6('+&'<8.+&,*+'%!

!

:2&! 6'<-(2>2&! 12! -.2<+/.2! 48%8.,*+'%! '%*! 8*8! *2&*8&! 1,%&! (,! .8,6*+'%! 12!

6?6('+&'<8.+&,*+'%!13,((?(,<+12&!-.'-,.4?(+@)2&!2%!D=,E,B+6?6('F"9G9HI72-*/%2&!1'%*!)%!

2>2<-(2! .2-.8&2%*,*+;! 2&*! 1'%%8! 6+=12&&')&9! :2&! 6'<-(2>2&! 1'%%,%*! (2&! <2+((2).&!

.8&)(*,*&! 2%! 6?6('+&'<8.+&,*+'%! 8%,%*+'&8(26*+A2! &'%*! 12&! 6'<-(2>2&! -'.*,%*! )%! JKC!

1+&&?<8*.+@)2!LMG!N!MOP!,67+.,(!2*!)%2!1+-7'&-7+%2!67+.,(25!(,!L;5!;P=C7+.,-7'&9!

!

!

!

!

!

:2&! 6'%1+*+'%&! .8,6*+'%%2((2&! '-*+<+&82&! +<-(+@)2%*! (3)*+(+&,*+'%! 12! "Q! <'(! 12!

6,*,(?&2).! 2*! 12! GOQ! <'(! 13R4ST"! 1,%&! )%! <8(,%42! *'()/%2UVCW! L"5XUH5XP! Y! ZH[C!

-2%1,%*!)%2!%)+*9!\)2(@)2&!.8&)(*,*&!&'%*!1'%%8&!1,%&!(2!*,B(2,)!6+=12&&')&9!

!

!

NTs

Ph

NTs
Ph

Pt  (4%mol)
AgBF4 (12%mol)

toluène/DCM (4,5/0,5) 
(0,032 mol/L)      

90°C, 18h

Pt  =

R1

Pt
N

N

R2

P

P

I Ph

Ph

PhPh

I

R1

Pt
N

N

R2

P

P

I Ph

Ph

PhPh

R2

Pt
N

N

R1

P

P

Ph

Ph

PhPh

I

R1
Pt

N

N
R2

P

P

Ph

Ph

PhPh

I

AgBF4

2+

R1

Pt
N

N

R2

P

P

Ph

Ph

PhPh

2+ 2+

I I

!"#$%&'()'

!"#$%&'(*'
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!

! "#!

!

!

!

!

!

"#$!"%!&'()*+,-,.! /(01,234(0! ,,!

$%&!'(!)/56*! +,-! ./-!

$%&!012'(!)/57*! 3,-! .#-!

012'(&!&456!)/5'*! 7,,-! /8-!

012'(&!09!)/58*! 7,,-! /,-!

:;<(=012&!09!)/5,*! +7-! /"-!

967+,6:!;!

!

>%!?@AA%B!C@AD%EBF@AB!%=!G%B!%HCIB!JA;A=F@KJEFL6%B!G%!MN@EGE%!G%!/,-!@A=!J=J!@?=%A6BO!

PM! ;<<;E;Q=! L6%! M%B! C@K<M%H%B! G@A=! M%! C;E?IA%! C@K<@E=%! ;6! K@FAB! 6A! B6?B=F=6;A=!

D@M6KFA%6H!)09!@6!&756*!G@AA%A=!M%B!K%FMM%6EB!%HCIB!JA;A=F@KJEFL6%BO!RA%!C@AD%EBF@A!

=@=;M%! %=! 6A! %HCIB! JA;A=F@KJEFL6%!G%! /"-! C@AB=F=6%A=! M%B!K%FMM%6EB! EJB6M=;=B! @?=%A6B!

;D%C!M%B!C@K<M%H%B!G%!<E%KFIE%!SJAJE;=F@AO!
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L*=
P(4-OMeC6H4)2

P(4-OMeC6H4)2

NTs
NTs

Mo (10%mol

benzène
atm. éthylène

Mo = Mo

N
N

O
BrBr

TBSO

Ph

62%, 90% ee

#)*+,-"./"

#)*+,-".("



!"#$%&'()**)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

!

! ""!

&'#30! #$%%&'($)*&)+! ,! -.! ($'/+/$)! %&-.+/0&! *1! 2%.'! 0/)3-/41&! &+! *1! #3#-$(%$(.)&! (.%!

%.(($%+!.1!(-.)!5$%67!(.%!-&!#3#-&!,!'/8!#9./)$)':!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

;.)'!1)!(%&6/&%!+&6('<!-&!(-.+/)&!0/&)*%./+!#$$%*$))&%!-.!+%/(-&!-/./'$)!.5/)!*&!-=.#+/0&%!

0/'>,>0/'! *&! -=.**/+/$)! )1#-7$(9/-&! *&! -=1)&! *&'! *&18! $-75/)&'! ($1%! 5$%6&%! -&!

#3#-$(%$(.)&:!?1/'!-.!6/@%.+/$)!*=1)!(%$+$)!'1/0/!*&!-=7-/6/).+/$)!%7*1#+%/#&!*1!(-.+/)&!

#$)*1/%./&)+!.1!2/#3#-$9&(+A)&:!

B.!(9$'(9/)&!#9/%.-&!*7+&%6/)&%./+!-=7).)+/$'7-&#+/0/+7!*&!-.!%7.#+/$)!&+!-.!#$)5/@1%.+/$)!

.2'$-1&!*1!2/#3#-&!C#3#-&!*&!@.1#9&!$1!*&!*%$/+&D:!B.!#$)5/@1%.+/$)!%&-.+/0&!*1!+%$/'/A6&!

#&)+%&!(.%!%.(($%+!.18!*&18!.1+%&'!(&1+>E+%&!#$)+%F-7&!'$/+!(.%!-&!#$6(-&8&!*&!(-.+/)&!

($%+.)+!-.!(9$'(9/)&!#9/%.-&!'$/+!(.%!-.!'+.2/-/+7!%&-.+/0&!/)+%/)'A41&!*&'!*&18!/'$6A%&'!

-%0G&'#30:!

!

H$+%&!21+!&'+!*$)#!*=7+1*/&%!-.!#.(.#/+7!*&!)$'!#$6(-&8&'!#9/%.18!*=/)*1/%&!,!-.!5$/'!*&!

-=7).)+/$'7-&#+/0/+7!&+!*&!-.!*/.'+7%7$'7-&#+/0/+7:!

!

!

!

!"#$%&'(('

Pt

N

Ts

R

N

Ts

R

Pt

!

!

!
N

Ts

R

Pt

!

!

!N

Ts

R

Pt

!

!

!
N

Ts

R

Pt

!

!

!
N

Ts

R

Pt

!

!

!N

Ts

R

Pt

!

!

!
N

Ts

R

Pt

!

!

!
N

Ts

R
!

!

!
N

Ts

R

!

!

!
N

Ts

R

H

!

!

!
N

Ts

R

Pt

1S, 2S, 6S (cis) 1R, 2R, 6R (cis)1R, 2S, 6R (trans)1S, 2R, 6S (trans)



!"#$%&'()**)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

!

! "#!

• $%&'()*+!,+*!*-.*'/0'*!,12&%&+*!

!

30&*!-&!4/+51+/!'+54*6!&7-*!087&*!/+4/7,-1'!90!871+!,2:/1'+!40/!;+7&<!47-/!90!*%&'()*+!

,-!,12&%&+!!""!=>>!

!

!

!

!

!

!

!

!

!

!

!

!
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,12&%&+!,2*1/2!+*'!7.'+&-!08+:!-&!!/+&,+5+&'!,+!T>D!*-/!9+*!,+-K!2'04+*=!

!

!

!

!

!

!

?0! ,+/&1)/+! 2'04+! +*'! -&! :7-490<+! ,+! $7&7<0*(1/0=! ?+*! :7&,1'17&*! ,2:/1'+*! ,0&*! 90!

91''2/0'-/+! 15491@-+&'! 9U-'191*0'17&! ,+! '+'/0V1*W'/14(2&%94(7*4(1&+X40990,1-5! :755+!

H2N

H

NH

H

Ts

N

H

Ts
N

H

Ts

N

H

Ts

TsCl, pyridine

95%

HO

PPh3, DIAD
THF

xylène
160°C, 15h

NTs

28% sur les 2 étapes

N

H

Ts N

Ph

Ts

C6H5I, CuI, Pd(PPh3)4

triéthylamine, t.a.

NTs

N Ts

35%

!'()*+%#&%

!'()*+%#,%

!""%

%%%%%%%%%%#$%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%##%

%%%%%%%%%%#$%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%#&%
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!

! "#!

$%&%'()*+,-!.*&&*!,/%$&012!21+)!%!3122/!+2!4%05'*!,*23*6*2&!3*!789!*2!30/2(2*!:!$%+)*!

3*!'%!41,6%&012!3;+2!<,13+0&!)*$123%0,*!0))+!3;+2*!,/%$&012!3;=161$1+<'%>*!3*!';%'$(2*-!

!

?402! 3;%6/'01,*,! '*! ,*23*6*2&! '1,)! 3+! $1+<'%>*! 3*! @121>%)=0,%A! 21+)! %B12)! &*)&/! +2!

%+&,*!)()&C6*!$%&%'(&0D+*!$16<1)/!3*!E3.'FGEE=7HFA! &,0/&=('%602*!*&! 013+,*!3*!$+0B,*-!

I2!,*23*6*2&!3*!JK9!%!%'1,)!/&/!15&*2+-!

!

!

!

!

!

!

.*&&*! B10*! 3*! )(2&=C)*! 2;/&%2&! <%)! )%&0)4%0)%2&*! :! $%+)*! 3+! <%))%>*! 15'0>%&10,*! <%,! '%!

,/%$&012! 3*! L0*')M?'3*,! <1+,! )/<%,*,! '*)! 3*+N! 0)16C,*)! !"! *&! !!! G&=*,61'()*! 3+!

6/'%2>*! 3;0)16C,*)A! @$=/6%! 8"H! D+0! *2&,%02*! +2*! 30602+&012! $12)03/,%5'*! 3+!

,*23*6*2&!>'15%'A!21+)!%B12)!*2B0)%>/!+2*!21+B*''*!B10*!3*!)(2&=C)*-!

!

!

!

!

!

!

L%2)!+2!<,*60*,!&*6<)A!'*!41,60603%&*!3;/&=('*!*)&!)(2&=/&0)/!:!<%,&0,!3*!'%!&1)('%602*!

*&!3;1,&=141,6%&*!3;/&=('*!%B*$!+2! ,*23*6*2&!3*!JO9-#K! E+0)! ';%330&012!3;+2!*N$C)!3*!

5,16+,*!3*!B02('6%>2/)0+6!)+,!$*!41,60603%&*!$123+0&!:!'%!&1)('%602*!30/20D+*!!#-!

!

P2! <%,%''C'*A! '*! 7M5,161MQM<=/2('<,1<(2*! *)&! 15&*2+! %B*$! +2! ,*23*6*2&! 3*! #R9!<%,!

5,16%&012! 3*! ';%'$11'! <=/2('<,1<%,>('0D+*! %B*$! ES,7-! T%! &1)('%602*! 30/20D+*! !#! *)&!

%'1,)!;M%'U('/*!<%,!!'*!$16<1)/!5,16/!!$!*2!<,/)*2$*!3*!VF.W7!%B*$!+2!,*23*6*2&!3*!

#J9-!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
#K!T-!?2>'%3%A!X-!X%,D+*YA!?-!@%$,0)&%2A!Z-!W,&0YA!<=)>?'=)@(5=)!"(1=!%$##A!ABA!KJMQOO!

NH2Ts OO

O

NTs

O

NHTs
100°C, 2h

70%

MgBr

t.a., 12h
82%

&%%'

&()*+,'!#'

&()*+,'!$'

N

H

Ts N

Ph

Ts

C6H5I, CuI, PdCl2(PPh3)2

triéthylamine, t.a.

79%

''''!-'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''!#'
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!

! "#!

!

!

!

!

!

!

$%&'!()%*'!+,(-./.*0!'1*02+03'+!&*!'&4'05(0!63+*37&.!85+'.*0(*0!&*!,5%&8./.*0!91-1-.!

'&5!-:(-;1*.<!=(!)%3.!6.!'1*02>'.!.'0!-(!/?/.!7&.!;.--.!85+'.*0+.!;3@6.''&'<!

!

!

!

!

!

!

!

!

!

!

!

A%&0!6:(4%56B! -:(-;%%-!85%8(5,1-37&.! '&4'030&+!8(5!&*!,5%&8./.*0!/+'301-.! .'0! %40.*&!

8(5! &*! ;%&8-(,.! 6.! C%*%,('235(! .*05.! -:(-;%%-! 85%8(5,1-37&.! .0! -:3%6&5.! 6.! /+'301-.<!

=:(-;%%-! .'0! 05(*'D%5/+! .*! 45%/&5.! 8(5! 5+(;03%*! ().;! EF5G<! =.! ;%/8%'+! 45%/+! !"!

8.5/.0!(-%5'! -(!;@(-H1-(03%*!6.! -:(/3*.!63+*37&.!#$!.0!%*!%403.*0! -.!'&4'05(0!%"&!().;!

IGJ!6.!5.*6./.*0<!

!

E%&5! %40.*35! 6.'! 63+*1*.'! '&4'030&+.'! 8(5! 6.'! D%*;03%*'! /+02%91@82+*1-.! %&! *305%@

82+*1-.B! *%&'! ()%*'! '&3)3! &*.! '05(0+,3.! (*(-%,&.! .*! ;2(*,.(*0! '.&-./.*0! -(! 6.5*3>5.!

+0(8.<!=.'!(-;%%-'!85%8(5,1-37&.'!'&4'030&+'!8(5!-.'!,5%&8./.*0'!K@/+02%9182+*1-.B!G@

/+02%9182+*1-.! .0! K@*305%82+*1-.! '%*0! %40.*&'! 6(*'! -.'! ;%*6303%*'! 6.! ;%&8-(,.! 6.!

C%*%,('235(!6+;530.'!6(*'!-.!C;2+/(!"L<!!

!

!

!

%'()*+,!",

HO

Ph

Br

Ph N

Ph

Ts
PBr3

pyridine/Et2O
-40°C
84%

K2CO3

CH3CN, 60°C, 24h
87%

NHTs

HO BrPBr3

pyridine/Et2O

-40°C
88%

NTs
K2CO3

CH3CN, 60°C, 24h
83%

NHTs

HO

H
CuI, PdCl2(PPh3)2

Et3N, t.a.
92%

I

%'()*+,!-,

%"",

%"&,

%'()*+,!&,

HO

Ar
HO

H
ArI, CuI, PdCl2(PPh3)2

Et3N, t.a.

Ar = p-OMeC6H4,  81%

Ar = m-OMeC6H4, 94%

Ar = p-NO2C6H4,   94%

,,,,,,,#.,

,,,,,!-,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,!",

,,,,,,,#$,

,,,,,,,#$,
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!

! "#!

$%&!'()**(&!+,*+-!./!0-1%!-1'+&2*134&!%+!51*3/1%!6'+&!(%&!)*+67-7*+&!6/!8)943'!:#;!<(&!

*+-! '(*1&! 4-4! %+='=4&! 671%)-%3%+-! 6'+&! /+%! 14')-7*+! 6%! >7-&/+*5/! '?%)! (,'37+%!

674+7@/%! !";! A%&! 1%+6%3%+-&! .*/1! )%--%! 4-'.%! &*+-! '&&%B! 2'75(%&C! +4'+3*7+&! (%&!

&/5&-1'-&!64&714&!*+-!4-4!7&*(4&!%+!@/'+-7-4!&/227&'+-%!.*/1!(%&!-%&-&!)'-'(D-7@/%&;!

!

!

!

!

!

!

#$% &$'()*+% ,-.(-/-.+%012%

!
345% E"!

!

346% F#!

!
34!% G:!

789:-8)%;%

!

H+!&/5&-1'-!&/5&-7-/4!&/1!('!-17.(%!(7'7&*+!.'1!/+!.94+D(%!%-!&/1!(%&!6*/5(%&!(7'7&*+&!.'1!

6%&!34-9D(%&!'!4='(%3%+-!4-4!&D+-94-7&4!&%(*+!('!34-9*6%!.14)46%33%+-!64)17-%!.*/1!

(%!&/5&-1'-!344;!

!

!

!

!

!

I*/&!(%&!&/5&-1'-&!&D+-94-7&4&!*+-!4-4!%+='=4&!6'+&!(%&!14')-7*+&!6%!)D)(*7&*3417&'-7*+!

%+!.14&%+)%!6%!67)9(*1/1%!6%!.('-7+%!*/!6%!)*3.(%J%&!6%!.('-7+%!6%!&%)*+6%!=4+41'-7*+;!

!

• K4&D34-17&'-7*+!6%!674+D+%&!.'1!)D)(*7&*3417&'-7*+!%+!.14&%+)%!6%!L-$(M!

!

$9'@/%! &/5&-1'-! &D+-94-7&4! %&-! %+='=4! 6'+&! ('! 14')-7*+! 6%! )D)(*7&*3417&'-7*+! '?%)!

)*33%! )'-'(D&%/1! L-$(M;! $%&! )*+67-7*+&! +*/&! *+-! .%137&! 6%! 64-%137+%1! ('!

OMe

OMe

NO2

N

Ar

Ts
DIAD, PPh3

THF, t.a., 20h

NHTs

HO

Ar

NTs

O

NHTs
MgBr

t.a., 20h
55%

N

Ph

Ts
K2CO3

CH3CN, 60°C, 24h
48%

Br

Ph

3<=>/8%?5%

34?%

3<=>/8%?6%
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!

! "#

$%&'()*)+'),-.(%/%()! 0*+0*-! $-! ,&! *)&.(%+12! -1! ,3&4'-1.-! $-! .&(&,5'-6*! .7%*&,! -(! ,-'!

0*+$6%('!4%.5.,%86-'!+4(-16'!'+6'!9+*:-!*&.):%86-!1+6'!+1(!0-*:%'!$-!$)(-*:%1-*!,-'!

.+1$%(%+1'!$-!$+'&;-!$-'!-<.='!)1&1(%+:)*%86-'!0&*!>?@A!.7%*&,-B!@-'!*)'6,(&('!$-!.-((-!

)(6$-! '+1(! $+11)'! $&1'! ,-! (&4,-&6! .%C$-''+6'B! @-'! .+1$%(%+1'! $-! .5.,+%'+:)*%'&(%+1!

'+1(!D!EF!:+,!$-!$%.7,+*6*-!$-!0,&(%1-!$&1'!,-!(+,6=1-!G!HIJA!0-1$&1(!61-!16%(B!

!

!

!

!

! "#$"%&'%! (&)*#+%!
,)-./!

012!

34-*454-%!

012!
&/*/!

#!

677! !877!

K"! 1B$B! LHH!D#!

M!

!679!
879!

#II! "K! LHH!D#!

N!
!

67:! 87:!

#II! HN! LHH!D#!

E!
!

67;! 87;!

OP! 1B$B! LHH!D#!

P!
!

67<! 87<!

EI! 1B$B! LHH!D#!

K!

!67=! !87=!

#II! HI! O"!D#N!

>'$?4'#!7@!

NTs

Ph

NTs
Ph

NTs

NTs

NTs

OMe

NTs

OMe

NTs

OMe

NTs OMe

NTs

NO2

NTs

NO2

NTs

Ph

NTs
Ph

N

Ar

R

R

Ts NTs

R

Ar

RPtCl2 (4%mol)

toluène, 90°C

6ABC5'!=<!
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!

! "#!

$%&! '%()%*%(+&! (,-(+! ./&! .0! 1+'%! )2+%'*3(2&! .-0'! 4%&! 5654-3&-*2'3&/+3-(&! -7! 4/!

5-(8%'&3-(! (,%&+! ./&! +-+/4%! 9%(+'2%&! :;! <! %+! =>! ./'5%! ?0%! 4%&! 2(6(%&! )%! )2./'+! &-(+!

)3@@3534%*%(+!&2./'/A4%&!)%&!.'-)03+&!),/''382%B!C(!-A&%'8%!?0%!4/!(/+0'%!)0!&0A&+3+0/(+!

/'-*/+3?0%! )%! 4,/456(%! 3(@40%(5%! 4%! '%()%*%(+! )%! 4/! '2/5+3-(B! $/! .'2&%(5%! ),0(!

D'-0.%*%(+! *2+-E6;! )-((%0';! %(! $#'#! )0! .F2(64%! %(+'/3(%! 0(%! /*243-'/+3-(! )%! 4/!

5-(8%'&3-(!)%!G"!H!:IIJ!9%(+'2%&!:!%+!K>B!L%!'2&04+/+!.-0''/3+!&,%E.43?0%'!./'!4%!@/3+!?0%!

4/!.'2&%(5%!)0!*2+F-E6!'%()'/3+!4/!+'3.4%!43/3&-(!.40&!'35F%!%(!24%5+'-(&!%+!@/8-'3&%'/3+!&/!

5--')3(/+3-(!/0!.4/+3(%B!$-'&?0%!4%!*2+F-E6!%&+!%(!1(&#;!4/!5-(8%'&3-(!%&+!%(5-'%!24%82%!

9M=J;!%(+'2%!<>B!N(!'%8/(5F%;!4/!&0A&+3+0+3-(!)0!.F2(64%!./'!0(!D'-0.%*%(+!/++'/5+%0'!

(3+'-!%(!$#'#!3()03+!0(%!3*.-'+/(+%!5F0+%!)%!4/!5-(8%'&3-(!H!<IJ!9%(+'2%!=>B!L-(5%'/(+!

4%&! %@@%+&! )%&! &0A&+3+0/(+&! )%! 4,-42@3(%;! -(! '%*/'?0%! ?0%! 4-'&?0%! ?0,34! (,6! /! ./&! )%!

&0A&+3+0/(+! &0'! 4,-42@3(%! 9%(+'2%&! :! H! =>;! 4%&! '/..-'+&! )3/&+2'2-3&-*2'3?0%&! &-(+!

%E5%44%(+&!9OPP!Q:>B!R3! 4,-42@3(%!.-'+%!0(!D'-0.%*%(+!*2+F64%;! 4%!'%()%*%(+!'%&+%!/4-'&!

+'S&!A-(! 9PIJ;!%(+'2%!G>;! %(! '%8/(5F%! 4/!)3/&+2'2-&24%5+383+2!%&+!0(!.%0!*-3(&!A-((%;!

/8%5!0(!'/..-'+!)%!)3/&+2'2-3&-*S'%&!)%!M"!Q:KB!

!

$/!)3/&+2'2-&24%5+383+2!)%!4/!'2/5+3-(!5/+/46&2%!./'!4%!)35F4-'0'%!)%!.4/+3(%!%&+!)/(&!+-0&!

4%&!5/&!24%82%B!L-**%!(-0&!4%!8%''-(&!./'!4/!&03+%;!4/!)3/&+2'2-&24%5+383+2!%&+!2D/4%*%(+!

24%82%! 4-'&?0%! 4/! '2/5+3-(! %&+! 5/+/46&2%! ./'! )%&! 5-*.4%E%&! )%! .4/+3(%9TT>! 5F3'/0EB! L%!

'2&04+/+! (-0&! 4/3&&%! .%(&%'! ?0%! 4%! 5-(+'U4%! )3/&+2'2-3&-*2'3?0%! %&+! 3()03+!

%&&%(+3%44%*%(+! ./'! 4%! &0A&+'/+B! V(%! &+'05+0'%! 5'3&+/44-D'/.F3?0%! )%! 4,3&-*S'%!

*/W-'3+/3'%!)0!.'-)03+!A356543?0%!!""!/!2+2!-A+%(0%B!

!

!

!

!

!

!

!

C(!-A&%'8%!?0%!4%!D'-0.%*%(+!83(64%!%&+!%(!&'#30!)0!5654-.'-./(%B!L%+!3&-*S'%!)%8'/3+!

1+'%!4,3&-*S'%!+F%'*-)6(/*3?0%*%(+!@/8-'3&2!.03&?0%!4,3(+%'/5+3-(!&+2'3?0%!)0!83(64!%+!

)0!5654-.'-./(%!/)W/5%(+!6!%&+!*3(3*3&2%B!

!

NTs
Ph

#$%&'()*)

!"")
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!

! "#!

• $%&'(%)*+&,)+-.!%.,.)+-&%/01)+20!30!3+%.'.0&!4,*!1'1/-+&-(%*+&,)+-.!

!

50&! &+6! &78&)*,)&! -.)! %)%! &-7(+&! 9! 1'1/-+&-(%*+&,)+-.! 0.!4*%&0.10!37! 1-(4/060! 1:+*,/!

;)<==>?<;>@;:@A+.04+.0! !"#$ 0)B! 9! )+)*0! 30! 1-(4,*,+&-.! 0.! 4*%&0.10! 37! 1-(4/060!

;)<==>?<<>@C-.-4:-&!!%#D!EF!(-/!30!4*%@1,),/'&07*B!GHF!(-/!3IJKALE!&-.)!7)+/+&%&!0)!/0!

(%/,.K0!*%,1)+-..0/!0&)!1:,7MM%!3,.&!37!)-/7N.0!9!OPQR!40.3,.)!7.0!.7+)D!!

S-7)! 3I,8-*3! .-7&! ,2-.&! 1-(4,*%! /0&! *%&7/),)&! -8)0.7&! ,201! /0! &78&)*,)! %.'.0!

T!(-3N/0!U!<VWX>!0)!/0!&78&)*,)!3+%.'.0!1-**0&4-.3,.)D!

!

!

!

!

!

!

!

!

!

!

!

&'()*+$ ,$ -#(#./0+1)$
!2'3+)042'$

567$

,+'8+9+'($

567$
++$567$

G! !"#$ GPP! YY! Z#!

H!
X!

!%#$ GPP! Z#! "[!

#! !"#$ "G! [H! Y"!

E!
RXHWRX!

!%#$ GPP! E[! #P!

:#;.+#1$<<$

!

\70/! ]70! &-+)! /0! 1,),/'&07*B! /0&! 1'1/+&,)+-.&! 30! 3+%.'.0&! &0! M-.)! ,201! 7.0!

3+,&)%*%-&%/01)+2+)%! )-),/0D! ^//0&! 1-.37+&0.)! 9! /I+&-(N*0! 3%_9! -8)0.7! ,201! ;)R/H! 1-((0!

1,),/'&07*D!

`.! -8&0*20! ]70! /,! 4*%&0.10! 37! K*-740(0.)! 2+.'/+]70! ,33+)+-..0/! (-3+M+0! 407!

/I%.,.)+-&%/01)+2+)%!30!/,!*%,1)+-.!/-*&]70!/0!1,),/'&07*!!"#$0&)!7)+/+&%!<0.)*%0&!G!0)!#>D!^.!

*02,.1:0!,201! /0!1,),/'&07*!!%#B! /I061N&!%.,.)+-(%*+]70!1:7)0! M-*)0(0.)!30!"[!9!#PF!

Pt

I

PPh

N

N

Pt

I

PNMe2

N

N

O

O

!"#$ !%#$

N

R

Ph

Ts NTs
Ph

Pt (4%mol), AgBF4 (12%mol)
*

*toluène, 60°C

R
*

R=CH2=CH, r.d.>99:1

=->*9#$??$



!"#$%&'()**)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

!

! "#!

$%&'()%*!+!%'!#,-!./&*!0%!1/*!23!1/'/04*%3(!!"#5!0/!16&7%(*86&!%&!9(6238'!:814108;3%!9/**%!

2%!'6'/0%!<!"=>!$%&'()%*!=!%'!?,-!@/!2%3A8BC%!1D/8&%!78&408;3%!1()%!9%3'EF'(%!3&%!GF&%!

*')(8;3%!06(*!2%!0/!14108*/'86&-!

!

H38'%!<!1%*!()*30'/'*!9()08C8&/8(%*!%&163(/G%/&'*5!&63*!/76&*!)'%&23!0I)'32%!/3A!/3'(%*!

28)&4&%*-! @%*! ()*30'/'*! 6:'%&3*! /7%1! 0%*! *3:*'(/'*! 28JJ)(%CC%&'! *3:*'8'3)*! *6&'!

9()*%&')*!2/&*!0%!K/:0%/3!=+-!

!

!!!

!

!

!

$ %&$ '($
)*+,$ !-./0(12-.$

345$

%0.6070.+$

345$

00$

345$
(8$68!

=! !"#$ "=! L+! M"/! NOO!P=!

+!
Q! RD!

!9#! =SS! #L! ?S/! NOO!P=!

?! !"#! &-2-! TT! MS:! NOO!P=!

#!
Q!

!
!9#! =SS! "T! ?+:! OS!P=S!

L! !"#! =SS! LL! OL1! NOO!P=!

T!
Q!

! !9#! =SS! MT! ++1! NOO!P=!

"! Q!

!

!"#! #?! +M! O+2! NOO!P=!

M! Q!
!

!"#! S! S! E! E!

O! U%! RD! !"#! =SS! O+! &-2-! =!P=!

:#;<0#=$>9$

@%*!%A1B*!)&/&'86C)(8;3%*!*6&'!2)'%(C8&)*!9/(!QR@V!1D8(/0%!P!!

$/,!V606&&%!VD8(/1%0!WV5!)03/&'!PD%9'/&%XY'ZQ!OO!P=5!=C@XC8&5!'%C9*!2%!()'%&'86&!P!+O!%'!?+!C8&-!!

$:,!V606&&%!VD8(/1%0!WV5!)03/&'!PD%9'/&%XY'ZQ!OO!P=5!=C@XC8&5!'%C9*!2%!()'%&'86&!P!+M!%'!?S!C8&-!-!!

$1,!V606&&%!VD8(/1%0!WV5!)03/&'!PD%9'/&%XY'ZQ!OM!P+5!=C@XC8&5!'%C9*!2%!()'%&'86&!P!??!%'!?T!C8&-!!!

$2,!V606&&%!VD8(/1%0!W[5!)03/&'!PD%9'/&%X8R(ZQ!OM!P+5!=C@XC8&5!'%C9*!2%!()'%&'86&!P+M!%'!?S!C8&-!!

!

.%!C/&8B(%! G)&)(/0%5! 0%*! %A1B*! )&/&'86C)(8;3%*!6:'%&3*! /7%1! 0%! 1/'/04*%3(!R'$WW,X$;,E

RDE\8&%98&%!!"#$*6&'! '(B*!:6&*-!@%*!C%800%3(*! ()*30'/'*!%&! '%(C%*!2I)&/&'86*)0%1'878')!

OMe

OMe

NO2

N

Ar

R'

R'

Ts NTs

R'

Ar

R'Pt (4%mol), AgBF4 (12%mol)
* *

*toluène, 60°C

?@AB7#$CD$
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!

! "#!

$%&'!%($)*+,$!-./&0! 1)!23,&41)!)$'!$.($'5'.,!2/*!.&!6*%.2)7)&'!7,'3%84!)&!1(&#!%.!

$#'#9!1)$!)8:;$!,&/&'5%7,*5-.)$!$%&'!*)$2):'5+)7)&'!0)!<#!)'!<=>!?)&'*,)$!#!)'!"@A!B&!

*)+/&:3)! 1C.'515$/'5%&! 0.! :/'/14$).*! !"#! %D! 1)! 156/&0! )$'! 1/! ?;@EF%&%23%$9! 0%&&)! 0)!

G/5(1)$!)8:;$!,&/&'5%7,*5-.)$!:%72*5$!)&'*)!==!)'!H=>A!

I)! $.($'*/'! $.($'5'.,! $.*! 1/! '*521)! 15/5$%&! 2/*! .&! 6*%.2)7)&'! JE&5'*%23,&41)! &C/! 2/$!

*,/65!0/&$!:)$!:%&05'5%&$!*,/:'5%&&)11)$!?)&'*,)!K@A!

I%*$-.)!1C%1,G5&)!)$'!$.($'5'.,)!2/*!.&!6*%.2)7)&'!7,'341)!?)&'*,)!<@9!.&)!:%&+)*$5%&!

'%'/1)! )&! 2*%0.5'! :4:15-.)! )$'! %($)*+,)A! L&! %('5)&'! :)2)&0/&'! .&! 7,1/&6)! 0)$! 0).8!

5$%7;*)$! 2%$$5(1)$! )&! 2*%2%*'5%&$! ,6/1)$A! M)$! 5$%7;*)$! &C,'/&'! 2/$! $,2/*/(1)$! 2/*!

:3*%7/'%6*/235)9!1C)8:;$!,&/&'5%7,*5-.)!&C/!2.!N'*)!0,')*75&,A!

O%*75$!2%.*!:)!0)*&5)*!$.($'*/'!:5',9!1)$!*/22%*'$!05/$',*,%5$%7,*5-.)$!$%&'!)8:)11)&'$A!

I)! 05/$',*,%7;*)! 7/P%*5'/5*)! )$'! :)1.5! -.5! 2*,$)&')! 1)! +5&41)! )'! 1C/*41)! )&! 0,3! )'!

:%**)$2%&0!Q!1C5$%7;*)!'3)*7%04&/75-.)7)&'!G/+%*5$,A!R/&$!1)!:/$!0.!$.($'*/'!$%&9!%&!

2).'!/''*5(.)*!1/!2)*')!0)!05/$',*,%$,1):'5+5',!/.!G/5'!-.)!1/!6,&)!$',*5-.)!)&'*)!1)!6*%.2)!

+5&41)! )'! 1)! :4:1%2*%2/&)! )$'! $5751/5*)! Q! :)11)! )&'*)! 1)! 6*%.2)!+5&41)! )'! 1)!7,'341)!-.5!

$.($'5'.)!1)!:4:1%2*%2/&)A!!

!

• R,')*75&/'5%&!0)!1/!:%&G56.*/'5%&!/($%1.)!0.!2*%0.5'!(5:4:15-.)!

!

I/! :%&G56.*/'5%&! /($%1.)! 0.! (5:4:1)! '%(! ?))! S! <#>@! 5$$.! 0)! 1/! *,/:'5%&! 0)!

:4:1%5$%7,*5$/'5%&!)&!2*,$)&:)!0.!:%721)8)$!!(#!/!2.!N'*)!0,')*75&,)!2/*!05GG*/:'5%&!

0)$!*/4%&$!TA!!

!

!

!

!

!

!

I)$! '*%5$! :)&'*)$! $',*,%6;&)$! 0)! 1C,&/&'5%7;*)! 7/P%*5'/5*)! %&'! 2%.*! :%&G56.*/'5%&!

/($%1.)!U;9!=<9!V<A! !L&!*)7/*-.)!-.)!1)$!:4:1%5$%7,*5$/'5%&$!0)!05,&4&)$!%&'!1)!7N7)!

$)&$!0C5&0.:'5%&!/$47,'*5-.)!-.)!2%.*!1)$!,&4&)$!W!$5721)$!XA!L&!2).'!*/5$%&&/(1)7)&'!

05*)! -.)! 0/&$! 1)$! 0).8! :/$9! 1C.&5',! :4:1%2*%2/&5-.)! )$'! :%&$'*.5')! $.*! 1/! G/:)! <%! 0)!

1C%1,G5&)!?2*%0.5'!U;9!V<!%(')&.@!$%.$!1)!:%&'*Y1)!0.!:/'/14$).*A!I/!:%&G56.*/'5%&!/($%1.)!

NTs

OMe

(1R, 2S, 6S)

)*+,-./0/
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!

! "#!

$%! &'()*)+,-! .-/&'-! 0*1,2&')3%-! *-'0)&! .(/&'452-! 60'! 50! *&07)5)&2! '-50&)8-! $-*!

$)0*&2'2(,+'-*! *)! 59(/! .(/*)$+'-! %/! 2&0&! $-! &'0/*)&)(/! :2(,2&')3%-,-/&! 6'(.;-! $%!

6'($%)&! <)/05=! >/! 6-%&! $+*! 5('*! %&)5)*-'! 5-! ,?,-!,($+5-! $9)/$%.&)(/! 0*1,2&')3%-! 3%-!

6(%'!5-*!2/1/-*!@!*),65-*!A!-&!'-6'2*-/&-'!592&06-!$-!.1.5)*0&)(/!.(,,-!$0/*!5-!B.;2,0!

#C=!

!

!

!

!

!

!

!

DE!-/.('-F!5-!.(,65-G-!-*&!'-6'2*-/&2!*(%*!<(',-!$9%/!*1*&+,-!$-!3%0&'-!3%0$'0/&*F!5-*!

.(%5-%'*!'-6'2*-/&0/&!59-/.(,7'-,-/&!$-*!-*60.-*=!D9066'(.;-!$-!59(52<)/-!8-'*!50!&')65-!

5)0)*(/! 0.&)82-! 60'! 5-! ,2&05! <('.-! 590'15-! E! 70*.%5-'! -/! -%0! $%! 650&)/-=! B-5(/! /(&'-!

;16(&;+*-F! 5-! 6;2/15-! *-! 650.-'0)&! 05('*! $0/*! 50! H(/-! $-! 59-*60.-! 50!,()/*! -/.(,7'2-!

IH(/-!*0/*!.(%5-%'JF!0<)/!$-!$),)/%-'!59)/&2'0.&)(/!*&2')3%-!08-.!5-*!5):0/$*!$%!650&)/-=!

K0'!.-!,($+5-!*),65-!(/!.(,6'-/$!3%-!5-!:'(%6-!8)/15-!0$$)&)(//-5!*-'0!(')-/&2!8-'*!5-!

.(,65-G-! $0/*! 592&06-! .52! -&! 3%-! 60'! .(/*23%-/&F! )5! 6(%''0! )/$%)'-! %/-! .-'&0)/-! :2/-!

*&2')3%-=!L-.)!6-%&!-G65)3%-'!50!$),)/%&)(/!$-!'20.&)8)&2!(7*-'82-!60'<()*=!

!

M/! .(/.5%*)(/! $-*! 2&%$-*! ,-/2-*! *%'! 50! $2*1,2&')*0&)(/! $-! $)2/1/-*! 60'!

.1.5()*(,2')*0&)(/F! /(*! .(,65-G-*! $-! 650&)/-! .;)'0%G! (/&! 6-',)*! $-! :2/2'-'!

*),%5&0/2,-/&! &'()*!.-/&'-*!*&2'2(:+/-*!08-.!$-!7(/*!-G.+*!2/0/&)(,2')3%-*! IN%*3%9E!

OPQJ!-&!%/!.(/&'45-!&(&05!$-!50!*&2'2(.;),)-!'-50&)8-=!D0!$(%75-!5)0)*(/!-G(.1.5)3%-!$-*!

6'($%)&*!<(',2*!6(%''0)&!*-'8)'!E!<(/.&)(//05)*-'!%5&2')-%'-,-/&!5-*!7).1.5-*=!

!

5; <00#%0)5()-#&#.,0()$#')5/=>.()#-&%4#&%/3)

!

D-*! '20.&)(/*! $-! .1.5()*(,2')*0&)(/! $2.')&-*! $0/*! .-! ,0/%*.')&F! /2.-**)&-/&! #) $'%/'%!

59-,65()!$9(52<)/-*!*%<<)*0,,-/&!').;-*!-/!25-.&'(/*!6(%'!?&'-!$-!7(/*!/%.52(6;)5-*!-&!

-55-*! /-! *(/&! 60*! $2.')&-*! $0/*! 50! 5)&&2'0&%'-! E! 60'&)'! $9(52<)/-*! $2*0.&)82-*! 60'! $-*!

:'(%6-,-/&*!25-.&'(R0&&'0.&-%'*=!

Ts
N

Pt

NTs

Pt

Ts
N

H

(1R, 2S, 6S)

"#$%&'!()!
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!

! ""!

!

#$! %&'()%! *%+%,-.,)! /0%$/0%(! %&%1+$%(! -.,(! $.! $'))23.)03%! -%! 32.*)'4,(! -%!

*5*$4'(4123'(.)'4,!-62,5,%(!*41+43).,)!0,!7340+%1%,)!2$%*)348.))3.*)%03!(03!$.!-409$%!

$'.'(4,:!;,!+%0)!*')%3!,4).11%,)<!$.!(5,)=>(%!-%!*.39.+%,.1!!+.3!*5*$4'(4123'(.)'4,!%,!

+32(%,*%!-60,!*41+$%&%!-%!30)=2,'01:?@!A%!12*.,'(1%!%()!-%!)5+%!B$-%38>,%:!

!

!

!

!

!

!

!

C'! $%(! 4$2D',%(! .++.0E3'%(! %,! 2$%*)34,(! +%0E%,)! F)3%! 0)'$'(2%(! *411%! (09()3.)(<! $%!

-41.',%!-6.++$'*.)'4,!-%(!*5*$4'(4123'(.)'4,(!+4033.')!F)3%!2)%,-0:!

!

G40(!.E4,(!-4,*!%,E'(.72!-6%&.1',%3!$%!*41+43)%1%,)!-6>,5,%(!.++.0E3'(!%,!2$%*)34,(!

%)<!$%!*.(!2*=2.,)<!-%!$%(!.*)'E%3!+.3!.--')'4,!-60,!,0*$24+='$%!+=4(+=432!40!.H4)2:!I%))%!

.*)'E.)'4,! +%31%))3.')! -6',')'%3! $%! *5*$%! *.).$5)'/0%! %,! .((4*'.,)! 437.,4*.).$5(%! %)!

*.).$5(%!437.,412).$$'/0%!-.,(!0,!+34*%((0(!-%!-409$%!.*)'E.)'4,<!*411%!',-'/02!-.,(!

$%!(*=21.!*'8-%((40(:!

!

!

!

!

!

!

!

!

I%! *4,*%+)! -%! *.).$5(%! +.3! -409$%! .*)'E.)'4,! .! 21%372! 32*%11%,)?J<?K! %)! +%31%)!

-6%DD%*)0%3!-%!,40E%$$%(!32.*)'4,(!/0%!$.!*.).$5(%!437.,412).$$'/0%!40!$6437.,4*.).$5(%!

(%0$%(!,%!+%31%))%,)!+.(:!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
?@!L:!L43'<!M:!N4H.O.<!L:!G'(='-.<!L:!N.,.1.30<!N:!;,4H0P.<!L:!Q.P'14)4<!;'<=)>(&&=)!"""<!?<!RKST8RKS":!
?J!U:!C=.4<!V:!U=.,7<!!"(1=)@/-=)A(4=)!""#<!BC<!K"ST8K"TT:!

N

HH
R'O R

O CO2Me
N

HH
R'O

O

R
H

CO2Me

RuH2CO(PPh3)3 (10 %mol)

toluène, reflux

R' =(tBu)Me2Si- R=Ph, 44%

R=4-MeOC6H4, 63%

R=4-MeC6H4, 45%

R=Et3SiOCH2, 22%

Z

GEA

R

Z

GEA
R

M

M
Z

GEA

R

Z

R

M

GEA

NuM

Nu

$%&'()*+"*

$%&'()*+,*



!"#$%&'()**)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

!

! "#!

$! %&'()! *&%%+,--+%*)! ,.! %/)0,-')! 12/2%! -)2.! )0)34.)! 5)! *+'+.6-)! 4+(! 5&27.)! +*',8+',&%!

2',.,-+%'!5)-!49&-49,%)-! *&33)!&(:+%&*+'+.6-)2(-;! <.! -/+:,'! 5)! '(+8+20!5)!=(,-*9)!12,!

4&(')%'! -2(! ./+..6.+',&%! ,%'(+3&.>*2.+,()! 5/>%&%)-! )%!4(>-)%*)!5)! '(,72'6.49&-49,%)! )'!

5)! ?5@??9ABC! @D*9>3+! "EB;FA! G+! 49&-49,%)! )-'! -244&->)! )HH)*'2)(! 2%)! +*',8+',&%!

%2*.>&49,.)!5)!.+!H&%*',&%!>%&%)!)%!-/+55,',&%%+%'!*&33)!5+%-!2%)!(>+*',&%!5)!I&(,'+J

K+6.,-JL,..3+%%M! )'! .)! *&34.)0)! 5)! 4+..+5,23! 5&,'! :>%N()(! 2%! *&34.)0)! OJ+..6.)!

>.)*'(&49,.)!12,!-27,(+!2%)!(>+*',&%!5)!'64)!P-2Q,JP(&-'!,%'(+3&.>*2.+,();!

!!

!

!

!

!

!

G&(-12)! .)! -27-'(+'! )-'! 2%! +*>'+')! +..6.,12)M! )%! 4(>-)%*)! 5)! C!R3&.! 5)! *+'+.6-)2(! +2!

4+..+5,23!)'!5)!ST!R3&.!5)!'(,72'6.49&-49,%)M!.)!4(&52,'!5)!*6*.,-+',&%!)-'!&7')%2!+8)*!

2%! H+,7.)! ()%5)3)%'!5)!EUR;!$H,%!5)!4(&3&28&,(! .)!4,>:)+:)!52! *&34.)0)JOJ+..6.)M! .+!

12+%','>!5)!49&-49,%)! ,%'(&52,')!)-'!+2:3)%'>)!V!2%!>12,8+.)%'M! .)! ()%5)3)%'!+''),%'!

+.&(-!W"R;!G&(-12)!.)!:(&24)!4+('+%'!)-'!2%!*+(7&%+')M!.)!4(&52,'!5)!*6*.&+..6.+',&%!)-'!

&7')%2! +8)*!2%! )0*)..)%'! ()%5)3)%'!5)!FER!)%!4(>-)%*)!5)!U!R3&.!5)! *&34.)0)!5)!

4+..+5,23!)'!2%!>12,8+.)%'!5)!49&-49,%);!!

!

X)'')!3>'9&5&.&:,)!+!>'>!+44.,12>)!V!.+!-6%'9N-)!'&'+.)!5)!.+!@YBJ"J965(&0612,%,%);FC!

!

!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
FE!X;!X;!Z;!G&9M![;!\%5)(-M!!"(1;)<=';)>;)!"#!M!8?M!UTEUEJUTEES;!
FA!K;!];!Z)..)(,*9-M!Z;J^;!=&%:M!I;!Z;!=(,-*9)M!>;)@1;)!"(1;)A/-;)!""$M!8BCM!""S#J""SF;!
FC!?;!_)77)(M!I;!Z;!=(,-*9)M!>;))D'E;)!"(1;)!""%M!FGM!FA"FJFA#";!

O

Ph

OR

Ph

O
PBu3, Pd(PPh3)4

t-BuOH, 30 ou 60°C

O

Ph

Bu3P

Pd

activation nucléophile

activation électrophile

&'()*+,-!,

&'()*+,-$,

O

NR

OCO2Me

NR

OPd(PPh3)4 (5%mol)
PMe3 (80%mol)

2-méthylebutan-2-ol
t.a.

68%

R= SO2(iPr)3C6H2

N

OMe

OH

OH

7-hydroxyquinine
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!

! "#!

$%&'()*! +,&! -*! .(/'! *0! )1&-*0+*! 2*! )(,,(2/34! '*'1(5/-6'1/)7&08,)79-)7/0*:! *'! 2*!

'1/4&'78,)79-)7/0*;!$*! 1*02*4*0'!*0!)/)&1/2/0*!*-'!2*!<=>;!$(!"?78219@8A3/0/0*!*-'!

-80'7&'/-&*!*0!-*/B*!&'()*-!(C*+!30!1*02*4*0'!D,9E(,!2*!F>;!

!

G944*!093-!,%(C90-!/02/A3&!),3-!7(3'H!+*-!'1(C(3@!1*)1&-*0'*0'!I!09'1*!+900(/--(0+*H!

,*-! -*3,-! *@*4),*-! 2*! 293E,*! +('(,8-*! 91D(0/A3*J91D(094&'(,,/A3*! /4),/A3(0'! 2*-!

)79-)7/0*-;!K93-!(C90-!290+!C93,3!()),/A3*1!30*!-'1('&D/*!(0(,9D3*!(3@!1&(+'/90-!2*!

+8+,9/-94&1/-('/90! *'! 093-! (C90-! &'32/&! ,(! +8+,9/-94&1/-('/90! 2*! ,%(,,8,(4/2*!

)19)(1D8,/A3*!-3/C(0'*;!

!

!

!

!

$%9,&./0*!())(3C1/*!*0!&,*+'190!)9311(/'!L'1*!(+'/C&*!)(1!,%(22/'/90!2%30*!)79-)7/0*;!M0!

)*3'!/4(D/0*1!A3*!,*!+8+,*!+('(,8'/A3*!-*!2&193,*1(/'!+944*!2(0-!,*!-+7&4(!+/?2*--93-;!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

$*! -3E-'1('!&080*!())(3C1/! *0!&,*+'190-!!"#! *-'! -80'7&'/-&!2*! ,(!4(0/N1*! -3/C(0'*!*0!

'19/-!&'()*-;!

!

!

N

CO2Et

Ph

Ts

!$%&'()#*)

!"#)

!$%&'()#+)

Pt

N

Ts

R'

N

Ts

R'

Pt

N

Ts

R'

Pt

N

Ts

R' GEA

GEA

PR3

GEA

N

Ts

Pt

R' GEA

PR3

N

Ts

Pt

R' GEA

PR3

PR3

GEA

+
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!

! "#!

!

!

!

!

!

!

!

$%&!'%()!*+%,-.+%&!/01*%&!&230!'/4+-0%&!'13&!51!5-00/+10(+%678!

$2+&! '%! 51! *+%,-.+%! /01*%9! 23! +/15-&%! (3%! +/140-23! '%! :-0&(32;(! %30+%! 5<154225!

*=/3>5*+2*1+?>5-@(%! %0! 5%! &7;(0>502&>541+;1,10%! %3! *+/&%34%! '%! ABCA! %0! '%!
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5&!,%&!&5/-*%(03-.!4.>+)3'!$.!/%%+4%&&.+!1%3&$!6)/3-.1.&'!)5!(-)'3&.:!J&.!/%&>.+$3%&!

4.!#KL!.$'!%,$.+>*.!D.&'+*.!IF:!@)!(0%$(03&.!$.5-.!&.!4%&&.!()$!4.!+*)/'3%&!.'!)5/5&!

(+%453'!4A)443'3%&!4.!-)!(0%$(03&.!$5+!-A*&?&.!&A)!*'*!%,$.+>*!4)&$!-.!13-3.5!+*)/'3%&&.-:!

M)&$!-)!(5,-3/)'3%&!4.!N+3$/0.!/3'*.!(-5$!0)5'C!-.$!/%&43'3%&$!%('31)-.$!31(-3<5.&'!5&.!

<5)&'3'*! /)')-?'3<5.! 4.! /%1(-.O.! 4.! ()--)4351! .'! 5&.! <5)&'3'*! $'P/03%1*'+3<5.! 4.!
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I7! <9=>67?7! )8@AJC%K949>D95! 7;:& 3! >7F=E5! 2L9M874EF! 67! >F92.E8! ME<+<6EN.7! 3O7<! .4!
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R=H,   85%
R=Me, 80%

$%&'()*+*

$%&'()*#!

$%&'()*,*



!"#$%&'()***)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

! "#"

!

$%&'()*&! +! ,-.&/(! ,*'! &-+.(/0)'! '/1/2+/&*'! .+(+23'-*'! 4+&! 2*! ,/.520&6&*! ,*! 42+(/)*! +/)'/!

76*! 4+&! 6)! .0142*8*! ,90&:! ;6<2=>>5?@! =A.5-1+! B@C"##! D9083EF)*! *)! 40'/(/0)!

4&04+&E32/76*! *'(! '6G'(/(6-! 4+&! 6)! +.-(+(*C! ;4&F'! .3.20/'01-&/'+(/0)! *(! 53,&023'*! ,*!

29+.-(+(*!,9-)02:!2+!G/.3.205*8+)0)*!!!!*'(!0G(*)6*!+H*.!IJK!,*!&*),*1*)(C!

!

!

!

!

!

!

<*'!1-(50,020E/*'!0)(!-(-!+442/76-*'!L!6)*!H+&/-(-!,*!'6G'(&+(':!4+&1/!2*'!+442/.+(/0)'!

2*'!426'!/)(-&*''+)(*'!0)!4*6(!./(*&!2+!'3)(5F'*!,*!102-.62*'!(&/.3.2/76*'!0&/E/)+2*'!76/!

'0)(! 4&-4+&-*'! L! 4+&(/&! ,*! .3.206),*.MNMF)M"M3)*! *)! 4&-'*).*! ,*! ,/.520&6&*! ,*!

42+(/)*C"#"! D*! 1+.&0.3.2*! '6G'(/(6-! 4+&! 6)! $#'#M)/(&0G*)O0+(*! .0),6/(! +6!

(&/.3.204&04+)*!+H*.!6)!&*),*1*)(!,*!NBK!=A.5-1+!I@C!!

!

!

!

!

!

P)*! +6(&*! +442/.+(/0)! &*1+&76+G2*! ,*! .*'! 1-(50,020E/*'! *'(! 296(/2/'+(/0)! ,9-)3)*'!

10)0.3.2/76*'! .011*! '6G'(&+('! ,*! .3.20/'01-&/'+(/0)! =A.5-1+!Q@C"#R!S*'! .+(+23'*6&'!

,90&! =T@:! ,90&! =TTT@! *(! ,*! 42+(/)*! =TT@! .0),6/'*)(! L! 2+! U0&1+(/0)! ,9*'4F.*! (&/.3.2/76*'! L!

10(/U'!.3.204&04+)*'C!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"##!VC!W+1+)*:!XC!Y&*''*:!ZC![&+6'*:!;C!$%&'()*&:!;<)=1<)!"(1<)>/-<)"##$:!8?@:!QBNJMQBNNC!
"#"!<C!\2+'O3]0^']/:!_C!Z+&&+]:!WCMZC!Y0)`+2H*':!aCMWC!<20+&*.:!;CMDC!S5/1+)*:!DC!$*)'(*&G+)]:!WC!W+2+.&/+:!

A'B<)C(&&<)"##$:!@:!?II"M?IIJC!
"#R!bC!W0&*+6:!aCM>C!Y0,,+&,:!WC!\*&)+&,:!YC!D*1/F&*:!aC!WC!Dc4*OMd01*&0:!eC!W+/)*((/:!fC!W+&/0):!VC!W06&/F':!

AC!X50&/1G*&(:!DC!$*)'(*&G+)]:!WC!W+2+.&/+:!=54<)>,3&"<)!#&#.<)"##%:!D:E:!J?MJQC!

OPNB 1-PtCl2 (10%mol)
toluène, t.a.

85%

2- K2CO3, MeOH

56%

O

OAc

Ph

Ph

Ph3AuCl (2%mol)
AgSbF6 (2%mol)

DCM, t.a.

OAc

Ph

OK2CO3

MeOH

74% sur deux étapes

&'()*+,!,

&'()*+,-,

!$,, , , ,,,,,,,,,,!., , , , ,,,,,,,,!!,



!"#$%&'()***)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

! "#$

!

!

!

!

!

!

!

!

!

!

%&'(! )*! +,(-./-'+*0! )*+! +-012-10*+! -0'31'(4(*+5! 67/31'8*! )*! 946420'4! 4! /-1)'/! 64!

2,26:'+:;/0'+4-':(! )7/(,(*+<"5=! ):(-! 64! ):1>6*! 6'4'+:(! *+-! 2:;80'+*! )4(+! 1(! 2,26*!

?@2./;4!ABC"#D!

!

!

!

!

!

%1E6@>F=! *+-! -0G+! 0/42-'&! *-! 2:()1'-! 41! 80:)1'-! -*-042,26'31*! *(! "#! ;'(1-*+! H!

-*;8/04-10*!4;>'4(-*!4I*2!1(!0*()*;*(-!)*!AJKC!

E*--*!+-04-/L'*!4!/-/!4886'31/*!H!64!+,(-.G+*!-:-46*!)71(!-0'31'(4(*!6'(/4'0*!488*6/!MA?"$B<

248(*66G(*!?@2./;4!"#BC!

!

!

!

!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"#D!NC!O*;'G0*5!PC!N4():(5!QC!E40':15!%C!R:10+5!SC!F1T1,4;45!%C<OC!U.';4(*5!OC!F*(+-*0>4(T5!9C!946420'45!;<)

=1<)!"(1<)>/-<)!""#5!8?85!$AAD<D##=!

$%&'()*+*

$%&'()*#*

$%&'()*,"*

OAc

n
m

OAc

H
n

m n
m

OAc

+
Au  ou  Pt

n=1, m=1, PtCl2,                          89%,                               0%

                 AuCl3,                         63%,                               28%

                 Au(PPh3)SbF6,           61%,                               31%

n=2, m=1, PtCl2,                          98%,                               0%

                 AuCl3,                         96%,                               0%
                 Au(PPh3)SbF6,           58%,                               11%

n=3, m=2, PtCl2,                          98%,                               0%

                 AuCl3,                         55%,                               32%

                 Au(PPh3)SbF6,           61%,                               32%

n=3, m=3, PtCl2,                          50%,                               32%

                 AuCl3,                         16%,                               68%

                 Au(PPh3)SbF6,           11%,                               51%

n=1, 2, 3
m=1, 2, 3

OAc

OAc

H H

AuCl(PPh3)/AgSbF6 (2%mol)

DCM, t.a., 10min
98%

OAc

O

H H

DCM, 0°C, 2hTBSO

(2%mol)

Au NCMeP
t-Bu

t-Bu

+

SbF6

1-

2- K2CO3, MeOH

OTBS

90% (deux étapes)
r.d.=1:1

H H

H

capnellène



!"#$%&'()***)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

! "#$

%&'()*+!,+!-.-/01203'412)(105!*+43+(!,+!6043+4!/+!-784!(41-.-/198+!,+!/)!30/'-8/+!-1:/+;!

%+!<=>"?@A-)*5+//B5+!)!*8!C(4+!2.5(D'(12'!+5!9815E+!'()*+2!)F+-!85!4+5,+3+5(!G/0:)/!,+!

"HI;!

!

J5!?##KL!MN42(5+4!4)**04(+!/)!2.5(DB2+!(0()/+!,+!-03*02'2!(+4*'5198+2!,+!/)!6)31//+!,+2!

O+29812):15B5+2! +(! O+2981(D8PB5+2! )1521! 98&85+! F01+! ,&)--B2! )8Q! -',4B5+! +(! -',40/;"#R!

S+2! -03*02'2! 05(! -033+! *4'-842+842! -033852! ,+8Q! ,1)2('4'03B4+2! ,+2! T$;";#UA

:1-.-/0D+Q)505+2!!"#!+(!!"$!>O-D'3)!""@;!!%+2!30/'-8/+2!:1-.-/198+2!205(!0:(+58+2!*)4!

-.-/01203'412)(105!,+!/&'5.5+A"LV!!%!981!+2(!28:2(1(8'!+5!*021(105!*40*)4G./198+!*)4!85!

;A$#'#51(40:+5E0./+;!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

%+! -03*/+Q+!W8S/>*.41,15+@! +5(4)15+! /+! 4')44)5G+3+5(! ,+2! '5.5+2A"LV!!"! +5! :1-.-/+2!

,1)2('4'03B4+2!)F+-!,+!:052!4+5,+3+5(2!+(!,+!:055+2!,1)2('4'02'/+-(1F1('2;!W*4B2!85!

(4)1(+3+5(!)F+-!%1XYL!/+2!:1-.-/0D+Q)505+2!205(!0:(+58+2!>O-D'3)!"?@;!!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"#R!W;!MN42(5+4L!W;!O-D/+-Z+4L!!"(1<)=>'<)?<)&''"L!8@L!="K"A="=";!

! OPNBO O

HO O

H

H

OH

H
2-cédrène cédrol

sesquithujene
constituant de l'huile 

essentielle de gingembre

sesquisabinene
isolé du poivre noir

phéromone de l'insecte 
Eysarcosis lewisi

()*+,#-..-

!%-

!"#- !"$-



!"#$%&'()***)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

! "#$

!

!

!

!

!

!

%&''&!&!()*+*,-!('.!-)&/.!0.!121+3*,34-5*,&)*3'!06-'2'.,7"89!.)!7"8:8!3;!+&!1<&*'.!5.+*&')!

+.,! 0.(=! *',&)(5&)*3',! 13')*.')! ('! &52+.! +35,! 0.! +&! ,2')<>,.! 0.! '3(?.&(=!

&++313+1<*1*'3@0.,!AB1<-4&!"CDE"#F!

!

!

!

!

!

G.,! -'2'.,! ,.! 5-&55&'H.')! .'! /5-,.'1.! 0.! 1&)&+2,.(5,! I! +635! AJD! .'! 0-5*?-,!

121+3/53/&'*K(.,! 13').'&')! 0.,! 121+.,! I! L! 3(! 9! 1&5M3'.,E! ! N35,! 0.! +&! ,2')<>,.! 0.!

+6&++313+1<*1*'3@0.!!"!A'O"D8!+6-)&/.!0.!121+3*,34-5*,&)*3'P<2053+2,.!0.!+6&1-)&).!03''.!

('!5.'0.4.')!0.!:#Q!AB1<-4&!"$DE!

!

!

!

!

!

)

)

#$ %&'()*+),-.*+/0*)1+2 34-1&15+2 +/1+2 ,*6./0*)12 372 6.)785,5102 9:2 ().+2 372

'&'(52'/0/(&0*;75<2

!

N35,K(.! +63=2H>'.! /53/&5H2+*K(.! /35).! ('! <2053H>'.8! ('! &+R2+.! 3(! ('! H53(/.4.')!

,*+2+-8! 1.,! S3'1)*3',! 3=2H-'-.,! '.! /.(?.')! /&,! 4*H5.5E! T'! 3M)*.')! &+35,! +.,!

M*121+3UCE"E#V<.=>'.,!=!AB1<-4&!"D!1344.!/530(*)!0.!121+3*,34-5*,&)*3'E!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"#F!WE7XE!Y32.58!ZE!N.![3SS8!JE!%&''&8!;<)='><)!"(1<)#"">8!?@8!F"LC7F"LLE!

MeO

MeO

OMe

MeO2C

MeO

MeO

OMe
O

MeO

MeO

OMe OAc

n

n
n

MeO

MeO

OMe OAc

MeO

MeO

OMe O

1- Au (1%mol)
DCM

2- K2CO3, MeOH

80%

Au =

Au NTf2P
t-Bu

t-Bu

?'@-,/2A#2

?'@-,/2AB2

?'@-,/2AC2

D!22 2 2 2 2 2 2 2 2 22222D>/EF2

!"2

! O
!

!

O

O

NO2

O

NO2
!

!

OAuCl(pyridine)
 (10mol%)

DCM

LiOH

THF/H2O

(S): 73%, r.d.=19:1
(R): 76%, r.d.=15:1

(S): 91%
(R): 89%



!"#$%&'()***)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

! "#$

%&'()*+'! ,'-,-(+! ,-.'! /0! 121/-3(-45'3(0)3-*! 6+! 1+(! 4-/51./+(! +*! 73121/-8+90*+(:! .*!

4510*3(4+!(343/03'+!;!1+/.3!,-()./5!,-.'!/+(!121/-3(-45'3(0)3-*(!6<5*2*+(=":>!?180,3)'+!

@@AB"##!C+(!5).6+(!)85-'3D.+(!6+!E-'30*-FG!H0/36+*)!/+!121/+!10)0/2)3D.+!60*(!/+!10(!-I!/+!

10)0/2(+.'!+()!J)K/L!?E18540!"$AB!

!

!

!

!

!

!

!

!

!

!

!

!

!

C0!1-4,/+90)3-*!6+!/0!)'3,/+!/303(-*!,0'!/+!,/0)3*+!+*)'03*+!.*+!01)3H0)3-*!5/+1)'-,83/+!+)!

,+'4+)!/0!121/3(0)3-*!,0'!0))0D.+!6+!/<-/5M3*+!+*!)0*)!D.+!*.1/5-,83/+B!C+!10'7N*+!M-'45!

(.73)!0/-'(!.*+!43O'0)3-*!":L!6+!/<826'-ON*+B!C0!43O'0)3-*!6+!/<826'-ON*+!0!5)5!,'-.H5+!

,0'!/0!121/-3(-45'3(0)3-*!6<.*!5*2*+!6-*)!/0!,-(3)3-*!;(1!6+!/<0/1--/!+()!6+.)5'5+B"##!C0!

73121/-8+90*-*+!-7)+*.+! +()! 6+.)5'5+! +91/.(3H+4+*)! +*!,-(3)3-*!K=L! ?E18540!">AB! C+!

6+.)5'3.4!0!6-*1!43O'5!6+!/0!,-(3)3-*!)'-3(!;!/0!,-(3)3-*!6+.9!/-'(!6.!121/+!10)0/2)3D.+B!

!

!

!

!

!

!

C+(!,'+43+'(!+9+4,/+(!6+!121/-3(-45'3(0)3-*!6<5*2*+(!(0*(!43O'0)3-*!6.!O'-.,+4+*)!

PQ!-*)!5)5!'0,,-')5(!,0'!/+(!5D.3,+(!6+!%&'()*+'!+)!R0/01'30B!

OH

Ph

D
D
OH

Cl2Pt

Ph

O

D

Ph

PtCl2

1

2
3

4

5

6

75%

!"#$%&'()'

!"#$%&'(*'

Pt

HO

Pt

HO

OH

Pt

OH

Pt

OH

Coordination du platineElimination du platine

A

CyclisationMigration du proton

O



!"#$%&'()***)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

! "#$

%&'()*+'! ,-.'/)! 01+2304/! ,+! ,/.504'6'+! ,+! 307)/*+! .422+! .7)708(+6'9"##! :+(! '-7.)/4*(!

(4*)!.4*,6/)+(!,7*(!0+!)406;*+!<!$#=>!+)!3+'2+))+*)!,14?)+*/'!,+(!.4234(-(!?/.8.0/@6+(!

A4/'!)'/.8.0/@6+(!7A+.!,+!?4*(!'+*,+2+*)(!BC.5-27!"DE9!

!

!

!

!

!

!

!

!

:7! 2-)54,404F/+! +()! 7330/@6-+! <! 07! (8*)5;(+! ,+! 07! (7?/*4*+! !"! +)! ,+(! ,+6G! (7?/*40(!

/(42;'+(!@6/!+*!,-'/A+*)!BC.5-27!"HE9!>+(!240-.60+(!(4*)!,+(!)+'3;*+(!.7'7.)-'/()/@6+(!

3'-(+*)(!,7*(!,+(!307*)+(! .422+! 0+!F+*-A'/+'I! 017?(/*)5+!46! 0+! )56879!:7! (7?/*4*+!+()!

(8*)5-)/(-+! 37'! '-4'F7*/(7)/4*! ,+! 015+GJ"J;*JKJ8*JLJ40! !#! +*! 3'-(+*.+! ,+! M)>0N9! :+(!

(7?/*40(!-%0! +)! &'#30! (4*)!4?)+*6(!+*(6/)+!37'!6*+! '-,6.)/4*!,+!:6.5+!+)!3+6A+*)! O)'+!

(-37'-(!37'!.5'427)4F'735/+!+*!357(+!F7P+6(+9!

!

!

!

!

!

!

Q*+! -)6,+! (/2/07/'+! +()! '-70/(-+! 37'! R707.'/79SS! :16)/0/(7)/4*! ,+! ,/.504'6'+! ,+! 307)/*+!

,7*(!0+!)406;*+!<!H#=>!+*)'7/*+!07!.8.0/(7)/4*!,170.440(!7/*(/!@6+!,1-)5+'(!(/080-(!BC.5-27!

"SE9! T7*(! .+! ,+'*/+'! .7(I! 0+(! 3'4,6/)(! ?/.8.0/@6+(! (4*)! 4?)+*6(! (46(! U4'2+! ,1-)5+'(!

,1-*40(!(/080-(9!!

!

!

!

!

!

!

OH

R

O

R

R'R'

R'

R'PtCl2 (5%mol)

Toluène, 60-80°C

R=Ph,                  R'=H,            74%

R=C5H11,             R'=H,            72%

R=C7H15,             R'=H,            81%

R=CHCH3OTBS, R'=H,            94%

R=Ph,                  R'= -(CH2)2-, 52%

OH

O

PtCl2 (5%mol)

Benzène, 60°C
78%

OH

NaBH4, CeCl3

MeOH
65%

OH

(1:1)

OX
PtCl2 (5%mol)

Toluène, 80°C
R

R

X=OTBS, R=Me, R'=H,   68%
X=OTBS, R=Me, R'=Me, 84%
X=H,        R=Me, R'=H,                                         50%

R'

OX

R'

ou

R

O

R'

$%&'()*#!*

$%&'()*#+*

$%&'()*#,*

!#** * ******* ***********************!"** * * *******************!-)** *******************!-.*



!"#$%&'()***)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

! "#$

%&'(! )*+,)-! ./01232*-! 425! (.0((0*/232*-56! 70(! 2823912:! ;0/'5<! 9('9'52! ,*2!

4=41')5'3.()50-)'*! +&.*=*25! 40-01=5.2! 90(! 1&'(! 4'332! .-092! 41.! +2! 10! 5=*->?52! +2! 10!

/,0*0405-.9?*2!@!AB4>.30!C#D6"#E!

!

!

!

!

!

!

F2--2!5-(0-./)2!92(32--(0)-!1&)*-('+,4-)'*!0552<!-G-!1'(5!+2!10!5=*->?52!+2!10!91,90(-!+25!

/(',925! H'*4-)'**215!9(.52*-5!5,(! 12!4=412!!!2-! 1&,*)-.!4=41'9('9=12!52(I)(0)-!+&2*4(0/2!

9',(!10!4'*5-(,4-)'*!!+,!4=412!"6!

!

%&.-092! +2! 4=41')5'3.()50-)'*! +2! 1&.*=*2! #$! 0! +'*4! .-.! .-,+).2! 2*! +.-0)16! J)HH.(2*-5!

9('+,)-5!92,I2*-!K-(2!'L-2*,5!2*!H'*4-)'*!+25!5,L5-)-,0*-5!9(.52*-5!5,(!12!5M,212--2!+2!

1&.*=*2! 2-! +2! 10! 5-.(.'4>)3)2! +2! 10! 3'1.4,126! 70(! 2823912:! 1&.*=*2! 0,3! 2*! 9(.52*42!

+&@,A77>NDOPQ!+0*5!12!+)4>1'('3.->0*2!R!C#SF!4'*+,)-!0,8!L)4=41'>28?*25!#%&!2-!#%'!

0I24!+25!(2*+232*-5!(25924-)H5!+2!EE!2-!"QT!AB4>.30!C"D6!%&,-)1)50-)'*!+2!1&.*=*2!&'#30!

+'**2!125!3K325!9('+,)-5!30)5!0I24!,*2!5.124-)I)-.!)*I2(526!

!

!

!

!

!

!

!

!

!

!

%0!4=41'>280*'*2!#%&!25-!12!+)05-.(.'3?(2!,-)12!9',(!10!5,)-2!+2!10!5=*->?526!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"#E!P6!;0/'5<:!;'<=)>(&&=)())%:!?:!Q"CUVQ"NC6!

OH

AcO

H
O

A B
C

R3O
A

O

R1

R2

R2

R1

OR3

Au

guanacastepene A

*+,-.&/()/

*+,-.&/(0/

C5H11

OH

Ph

AuCl(PPh3) (2%mol)
AgBF4 (2%mol)

DCM, 20°C, 5min.

H

O

C5H11

Ph

H

O

C5H11

Ph

C5H11

OH

Ph

AuCl(PPh3) (2%mol)
AgBF4 (2%mol)

DCM, 20°C, 5min.

H

O

C5H11

Ph

H

O

C5H11

Ph

66% (75a) 14% (75b)

17% (75a) 70% (75b)

74a

74b



!"#$%&'()***)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

! "#$

!!" #$$%&'()&*+, -./, $%()&+('0'%./, '1&2(34, '*55., '()(%0/.32/, -.,,

'0'%*&/*562&/()&*+,-76+0+./89:;",

,

%&''(! )&*+! ,-./&)+! /*! 0.)+! ,(! 1.2.32.14(! 5! 0(! 6(! 64.1782(9! ,(+! 6:6,&7+&';27+.87&)+!

0-;):)(+<"9=!()!>76:6,&4(?@)(+!&)8!;8;!,.23('()8!;8*07;(+!0.)+!,(*2!/(2+7&)!2.6;'7A*(B!

C&*+!/(22&)+!*)!1(*!1,*+!,&7)!0.)+!6(!'.)*+6278!D55BEB6!0(!6(!64.1782(F!A*(!,.!G&2'.87&)!

0(+! +A*(,(88(+! >76:6,7A*(+! ;).87&()27647+! .! ;8;! ()/7+.3;(! 1.2! 6:6,7+.87&)!

07.+8;2;&+;,(687/(! &*! 1.2! 82.)+G(28! 0(! 6472.,78;! H! 1.2872! 0(! +*>+82.8+!

;).)87&';27A*('()8! ()27647+B! I! )&82(! 6&)).7++.)6(9! .*6*)(! 6:6,&7+&';27+.87&)!

;).)87&+;,(687/(!0-;):)(+<"9=!+*>+878*;+!()!1&+787&)!12&1.23:,7A*(!1.2!*)!32&*1('()8!

&?:3;);!)-.!;8;!2.11&28;(!0.)+!,.!,788;2.8*2(B!

!

I*! ,.>&2.8&72(9! )&*+! ./&)+! 64&7+7! 0-;8*07(2! 6(+! 2;.687&)+! 0(! 6:6,&7+&';27+.87&)! ()!

12;+()6(!0(+!6&'1,(?(+!0(!1,.87)(!0(!0(*?7@'(!3;);2.87&)B!J.)+!*)!12('7(2!8('1+9!,(+!

0;27/;+! 0*! K<4:02&?:<=<';84:,<"<14;):,<=<4(?@)<"<:)(! )&*+! &)8! +(2/7! 0(! +*>+82.8+!

'&0@,(+!DL64;'.!EEFB!!

!

!

!

!

9< =2.5&.2/,.//(&/,-.,'0'%*&/*562&/()&*+,-./,-62&>6/,-3,?810-2*408;856)10%8

98$16+0%8;81.4@+8980+.,

)

#; <,3&"=0()5(0)0>?0&'#&0)

!

M(+! ;):)(+! A9B9! A9C! (8! ADE! +&)8! +:)84;87+;+! +(,&)! ,(+! ';84&0(+! 0;6278(+! 0.)+! ,.!

,788;2.8*2(!DL64;'.!EKFBNN!

!

!

!

!

!

!

OX

Ph

OX

Ph

Pt

OH

Ph

O

Ph

OH

Ph

1- NaH, THF

2- Br

quant.

n-BuLi

THF, -78°C
81%

A'165(,DD,

A'165(,D?,

FG, , , , ,,,,A9B,
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! "#$

%&! '()*+,()! -.&')! /012+2.)! 3! ;4&5675)(! 5)! 84'9-1754:4'(0'714"405! '&(! 5)! 84;(0*04:4

*-.975'(0',1)!)1!'(-2)1/)!<)!=&>?"#@!%A-.9)(!!"!0;.)1B!&C)/!B1!()1<)*)1.!DB&1.+.&.+E!

2B;+.! )12B+.)!B1! (-&((&1F)*)1.!<)!G+..+F! H:I8J!'0B(! E0(*)(! 5A&5/005!#$%! &C)/!K"L!<)!

()1<)*)1.?!

!

%&! E01/.+01! &5/005! <)! /)! 2B;2.(&.! &! -.-! .(&12E0(*-)! '0B(! &//-<)(! 3! <A&B.()2! -171)2?!

MB22+I!B1)!E01/.+01!$#'#1+.(0;)1N0&.)!&!'B!O.()!+1.(0<B+.)?!PQ/9-*&!:RS!

!

!

!

!

!

%A&5/005! )2.! *+2! 3! (-&F+(! &C)/! <B! /950(B()! <)! $#'#1+.(0;)1N075)! )1! '(-2)1/)! <)!

.(+-.975&*+1)!<&12!5)!<+/950(0*-.9&1)!3!.)*'-(&.B()!&*;+&1.)?!T1!()1<)*)1.!<)!$#L!

)2.!0;.)1B?!

%&!E01/.+01!97<(0U75)!')B.!O.()!-F&5)*)1.!2+575-)!PQ/9-*&!:VS?!

!

!

!

!

!

W1! '(-2)1/)! <)! /950(B()! <)! &4;B.75<+*-.9752+575)I! <)! .(+-.975&*+1)! ).! <)! XYMZ! 01!

0;.+)1.!5A-.9)(!2+575-!#&'!&C)/!B1!()1<)*)1.!<)!@8L?!

!

!

<= >&?5()5().#)-,-./%0/12'%0#&%/38@A)

!

%)2! /0*'5)U)2! <)! <)BU+,*)! F-1-(&.+01! Z.[PBS4Z94\+1)'+1)! ()*+ ).! Z.[PCS4Y010'902!

(&*!01.!-.-! .)2.-2!/0**)!/&.&572)B(2!<&12! 5&! (-&/.+01!<)!/7/50+20*-(+2&.+01!<)2! .(0+2!

-171)2!'(-2)1.-2!/+4<)22B2?!!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"#@!]?!^?!_`01FI!>?!G?!%))I!G?!>?!%&*I!%?!a+BI!M?!Q?!b?!b9&1I!D(&'#"(5'/3+)E0,11(&',)&''"I!8FI!":8K4":V:?!
"#K!>?!cB55+)1I!X?!\(+227I!Z?!d).&+55)&BI!M?!Y&(+1)..+I!>?'G)HG)*3/'IG)!"(1G)&'$$I!J@88I!V#K84V#Ke?!

OH

Ph

TBSCl, Et3N, DMAP

DCM, reflux
73%

OTBS

Ph

OH

Ph

NO2C6H4COCl, Et3N

DCM, t.a.
90%

OPNB

Ph

#,-./*+&0+

#,-./*+&1+

#$%+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++#$2+

#$%+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++#&'+
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! ""#

$%&'!()%*'!+,(-%.+!/%*'0+1.1!2(!/3/2%0'%41.0'(50%*!+6!2,1*3*6!7%.5(*5!&*!8.%&7646*5!

9:$;<!/,6'5!=!+0.6!&*!8.%&7646*5!7%&)(*5!408.6.!2%.'!+6!2(!.1(/50%*!>?/@14(!ABCD!E(*'!

/6!/('<!2,0''&6!+6!2(!.1(/50%*!+176*+!F%.5646*5!+6!2(!*(5&.6!+&!/(5(23'6&.D!

!

!

!

!

!

!

!

!

!

!

!"#$#%&'()*+(,-./0, 1$#%&'()02"*+(,-./3,&4,-./#,
156,

7(+2(8(+9,:;<, ((,:;<, 7(+2(8(+9,:;<, ((,:;<,

:5G2A! #! H! I#!>-./#C! H!

1=., AA! H! AA!>-./3C! H!

1>0, "J! "B(! AK!>-./3C, "L-!

1=0, L! B(! AL!>-./3C! J-!

603%(04,.,

M6'!6N/O'!1*(*50%41.0P&6'!'%*5!+156.40*1'!7(.!Q:MG!R!!

(G%2%**6! GQSTUGVM! SG<! 12&(*5! @675W0:.9Q! JJ<XW#<X<! "4MW40*<! 5647'! +6! .156*50%*! AI<J! 65! IA<B! 40*D!

-G%2%**6!GQSTUGVM!UEHQ<!12&(*5!@675W0:.9Q!JJ<XW#<X<!"4MW40*<!5647'!+6!.156*50%*!"L<B!65!AA<B!40*D!

!

V*! 7.1'6*/6! +6! +0/@2%.&.6! +6! 72(50*6<! '6&2! 26! /3/2%@6N(+0O*6! -./#! 6'5! %-56*&D! M6!

415(22(/3/26!1=.!(/@0.(2!6'5!6*'&056!&5020'1D!M6!7.%+&05!-0/3/20P&6!-./0,6'5!(2%.'!%-56*&!

()6/!&*!.6*+646*5!+6!AAYD!

M6! /%4726N6! :5W;0*670*6! 1>0, /%*+&05! =! 2(! F%.4(50%*! +&! /3/2%@6N(+0O*6! -./3!

4(Z%.05(0.646*5!()6/!&*!.6*+646*5!+6!AKY!65!&*!6N/O'!1*(*50%41.0P&6!+6!"LYD!"JY!

+&! -0/3/2%@6NO*6! .6/@6./@1! '%*5! 18(2646*5! F%.41'! ()6/! &*! 6N/O'! 1*(*50%41.0P&6! +6!

"BYD!!

?#'@80,=A,

OPNB

Ph

Ph

cat (4%mol), AgBF4 (12%mol)

toluène, 60°C, 18h

OPNB

Ph

OPNB

Ph

OPNB

P19a P19b P19c

Pt PNMe2

O

ON

N I

Pt PPh
N

N I
Pt

N

N I

PPh3
cat=

S19

C21 C3a C2a
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! """

#$! %&'()$*$! +,-.&/&(0&1! !"#$ 2&//$! 2$! '&3/1! 4&/1! 5617),8,1! 89$%! 1$7)$'$/,! :;!

2<$*%=1! 6/8/,3&'653>7$! (&75! )$! %?%)&0$*823=/$! %&'(! &4,$/7! '8@&53,835$'$/,A! #$!

43%?%)$!%&'#!$1,!B&5'6!89$%!C;!2$!5$/2$'$/,!$,!D;!2<$*%=1!6/8/,3&'653>7$A!

#8! B&5'8,3&/! 2$! %&'(&161! %?%)&0$*823=/3>7$1! 8/8)&E7$1! F! %&'(! $,! %&')! 8! 26@F! 6,6!

58((&5,6$! (85! )$! E5&7($! 2$! .8)8%538A"G:! #8! B&5'8,3&/! 27! 23=/$! %&'(! ($7,! H,5$!

58,3&/8)316$! (85! 7/!'6%8/31'$! 2647,8/,! (85! )<8,,8>7$! 2$! )<8)%=/$! 175! )8! ,53()$! )3831&/!

8%,396$! (85! )$! ()8,3/$! IJ%06'8! KCLA! M/$! '3E58,3&/! 27! E5&7($'$/,! N+OP! (&75583,!

%&/2735$!F!)<3/,$5'623835$!%8,3&/3>7$!(!>73!(85!)8!173,$!1$!568558/E$!$/!)A!M/$!'3E58,3&/!

2<0?25&E=/$!($5'$,,583,!2<8%%62$5!F!*!(731!8(5=1!6)3'3/8,3&/!27!()8,3/$Q!&/!&4,3$/2583,!

%&'(A!

!

!

!

!

!

!

!

!

!

M/$!87,5$!1653$!2<$11831!8!6,6!568)316$!F!(85,35!2$!)<8)%&&)!+&,A!#$1!5617),8,1!(56)3'3/835$1!

2&//61!28/1!)$!R84)$87!K!'&/,5$/,!>7$!)$1!2$7*!%&'()$*$1!!-*!$,!!"#Q!%&''$!8,,$/27Q!

31&'6531$/,!)<8)%&&)!+&,!$/!43%?%)&STA"AGU0$*8/&/$!%&,!IJ%06'8!KVLA!

!

!

!

!

!

!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"G:!WA!P)81X?Y&Z1Y3Q![A!\8558YQ!WA!)A!P58/%&75Q!]A!O8Y8'8Q!^A_#A!`03'8/$Q!#A!a$/1,$548/YQ!.A!.8)8%538Q!

;,3&"(0%0)"../Q!<==>Q!KGTC_KGb:A!

!

OH

Ph

O

Ph

cat (4%mol), AgBF4 (12%mol)

toluène, 60°C, 18h

+)012#$"/$

+)012#$",$

%&'($

+&,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$%&,$

OPNB

Ph

PtII

OPNB

PtII

Ph Ph

OPNB

PtII

H
PtII

OPNB

Ph

PtII

OPNB

Ph

OPNB

Ph

a b

Migration 
1,2-acyle

Migration 
1,2-H

c d
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! ""#

!"#$ %&'(&)&'#$*+,$ &&"$*+,$

!!-(!

$#! %!

!!."!

&$! '(!

/"01&"2$.$

!

)!*+,!+-./,!01)1234506378+,!,412!5+,860,!9)6!:;*<!.=36)>+?!.4>411+!<:@AB<C*!BDE:F!0>8)12!=+92G%;6H:!

%%G"F!"5*G531F!2+59,!I+!602+12341!$F(!+2!'F&!531J!

!

@>,! I411+12! I+,! 6+1I+5+12,! I+! $#! +2! &$! K! 6+,9+.23L+5+12! )31,3! 78+! I+,! +-./,!

01)1234506378+,! I+! %! +2! '(KJ! H1! 6+5)678+! 78+! >+! .459>+-+! .459462)12! >)! M;NE

O4149=4,! .455+! >3P)1I! .=36)>! +,2! 9>8,! ).23Q! +2! 9+65+2! >R4S2+12341! IR81! +-./,!

01)1234506378+!S3+1!5+3>>+86!78+!.+>83!4S2+18!)L+.!>)!M<NE;=ET310931+J!

!

*)! 2643,3/5+! ,063+! IR+,,)3,! )! 020! 60)>3,0+! U! 9)6236! I+! >R01V1+E"F'! 3.4! 9462)12! 81!

P6489+5+12!HWTXJ!<+!,8S,26)2!)!020!+1P)P0!I)1,!>+,!5Y5+,!.41I32341,!I+!.)2)>V,+!)Q31!

I+! I02+6531+6! >R31Q>8+1.+! I+! >)! ,8S,23282341! I+! >R4-VP/1+! ,86! >R).23L320! +2!

>R01)1234,0>+.23L320!Q48613+,!9)6!>+,!9>)231).V.>+,J!

!

!

!

!

!

!

!

!

! !

!

!

Pt PPh

N

N I

Ph

Pt PNMe2

O

ON

N I

3567)"$.8$

3.4$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$9.4$$$$$$$$$$$$$$$$$$$$$$$$$9:;$

OTBS

Ph

OTBS

Ph

cat (4%mol), AgBF4 (12%mol)

toluène, 60°C, 18h

+

O

Ph
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! ""#

!"#$ %&'(&)&'#$*+,$ %"--./#$012$3045$ &&$*+,$045$

!!6"!

$"! #%!&'#! $!

!!6(!

'(! "((!&(! )*!

!!1"$

+*! '(!&$(! '#!

7"89&":$6$

!

,-!./012-32!421!356.72821!!6"!29!!1"!:!7;!3<375=1560/=1;9=5-!42!7>0-<-2!;12!35-4?=9!@!

?-!607;-A2!42!./54?=91!B=3<37=C?21!356.510!42!7>09D2/!4>0-57!1=7<70!012!29!42!7;!3095-2!

045E! F21! /2-4262-91! ./012-901! 4;-1! 72! 9;B72;?! 3=G4211?1! 15-9! A75B;?8! 29! 721! 283H1!

0-;-9=560/=C?21!5-9!090!4092/6=-01! 1?/! 7;! 3095-2E!,-!./012-32!421! 356.72821!I9JK;LG

IDGM=-0.=-2!!6"$29!!6($421!283H1!0-;-9=560/=C?21!N;=B721!42!$!29!)*O!15-9!5B92-?1E!,-!

/2P;-3D2! 72! 356.7282! I9JK<LGQ5-5.D51! !1"! .2/629! 4>;992=-4/2! '#O! 4>283H1!

0-;-9=560/=C?2E!R5662!4;-1!72!3;1!42!7;!3<375=1560/=1;9=5-!42!7>;73557!;45:!72!356.7282!

.5/9;-9! 72! K<LGQ5-5.D51! 45--2! 42! 62=772?/1! /01?79;91! 356.;/0! ;?! 356.7282! 42! IDG

M=-2.=-2E!F;!./012-32!4?!A/5?.262-9!SMT!;?A62-92!7>283H1!0-;-9=560/=C?2!4>2-P=/5-!

"(O!.;/!/;..5/9!@!7>;73557!7=B/2E!

!

F>283H1! 0-;-9=560/=C?2! 42! 7>09D2/! 4>0-57! 1=7<70! B=3<37=C?2! ->;! .?! U9/2! 4092/6=-0!

4=/239262-9!.?=1C?2!;?3?-2!35-4=9=5-!42!10.;/;9=5-!421!0-;-9=56H/21!.;/!VIFR!3D=/;72!

->;!.?!U9/2!9/5?P02E!R2.2-4;-9:!721!B=3<3721!1=7<701!5-9!.?!U9/2!40./590A01!;N=-!4>5B92-=/!

7;! 3095-2! .5?/! 7;C?2772! -5?1! 35--;=115-1! 721! 35-4=9=5-1! 42! 621?/2! 42! 7>283H1!

0-;-9=560/=C?2E!!

!

!

!

Pt PPh

N

N I

Pt PPh

N

N I

Ph

Pt PNMe2

O

ON

N I
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! ""#

!

!

!

!

$%!&'()*%+%,-!./0!%1-!23*4563!*5'!'356-7(,!58%6!4%!94)(')'%!2%!&:;)-<45+(,7)+!25,1!4%!

.=>!?06@3+5!ABCD!E,!+%1)'5,-!4F%G6H1!3,5,-7(+3'7I)%!2%!45!63-(,%!57,17!(;-%,)%J!,()1!

58(,1!6(,1-5-3!I)%! 4%1!2%)G!*'(2)7-1!2%!6<64(71(+3'715-7(,!1(,-! 9('+31!58%6! 45!+K+%!

3,5,-7(134%6-787-3D!!

L5'!%G%+*4%J! 4('1!2%!45!'356-7(,!2%!6<64(71(+3'715-7(,!2)!1);1-'5-!+(2H4%!%,!*'31%,6%!

2)! 6(+*4%G%! L-MN(,(*@(1! !"#$ ?2%',7H'%! 47&,%! 2)! .5;4%5)! ACJ! ),! +345,&%! 2%!

;76<64(@%G5,(,%! %-! 2F3-@%'! 2F3,(4! 174<43! %1-! (;-%,)D! $F%G6H1! 3,5,-7(+3'7I)%! 2%! OAP!

*()'!45!63-(,%D!$F3-@%'!2F3,(4!174<43!5!3-3!23*'(-3&3!58%6!),!'%,2%+%,-!2%!#QPJ!4F%G6H1!

3,5,-7(+3'7I)%!2%!45!63-(,%!9('+3%!%1-!3&54%+%,-!2%!OAPD!$%1!%G6H1!3,5,-7(+3'7I)%1!

3-5,-! 3&5)GJ! 4F347+7,5-7(,! 2)! ./0! 2(7-! 1%! 957'%! 5*'H1! 4F3-5*%! 1-3'3(23-%'+7,5,-%! 2%!

9('+5-7(,!2)!;76<64%!17!%44%!1%!957-!5)!6()'1!2)!6<64%!65-54<-7I)%D!

!

.'(71!@<*(-@H1%1!*%)8%,-!K-'%!3+71%1!I)5,-!R!45!9('+5-7(,!2%!45!;76<64(@%G5,(,%S!

7C $F3-@%'!2F3,(4!174<43!;76<647I)%!1%!9('+%J!*)71!74!%1-!@<2'(4<13!1*(,-5,3+%,-!25,1!

4%1!6(,27-7(,1!2%!45!'356-7(,D!T%*%,25,-!,()1!58(,1!(;1%'83!I)%!4F5U()-!2F%5)!%,!97,!2%!

'356-7(,!,%!+(2797%!*51!45!*'(*('-7(,!2%1!2%)G!*'(2)7-1D!

77C $%! &'()*%! 174<43! %1-! 23*4563! 5)! 6()'1! 2)! 6<64%! 65-54<-7I)%! *5'! @<2'(4<1%! 2F),!

7,-%'+32757'%D!

777C $F@<2'(4<1%!2)!+K+%!3-@%'!%1-!65-54<13%!*5'!4F),!2%1!+3-5)G!*'31%,-1!?4%!*45-7,%!

()!4F5'&%,-C!*%,25,-!45!'356-7(,D!

V()1!58(,1!83'7973!6%--%!2%',7H'%!@<*(-@H1%J!27993'%,-%1!I)5,-7-31!2%!1%4!2F5'&%,-!(,-!3-3!
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! "#$

%&'!()&*'+,-)&! -&()./012'!3'!4"5!6-&,-!7%89!%&!':(1,!;&6&2-).;+-7%'! <6-=0'!3'!#>5!

?'&2+;'!@!3%!A6=0'6%!>BC!

D'! (6260E,'%+! !"#! /)+26&2! ()..'! /F),/F)+6.-3-2'! 08)(26FE3+)GH)&)/F),! 3)&&'! %&!

=)&! +'&3'.'&2! 3'! IJ5! '2! %&'! ;&6&2-),;0'(2-*-2;! -3'&2-7%'! 9! ('00'! )=2'&%'! 6*'(! 0'!

()./0':'!K2L?MBGH)&)/F),!!$%!?'&2+;'!4!3%!A6=0'6%!>BC!

N-!08)&!()&,-31+'!0',!2+)-,!()./0':',!3'!/F),/F)+6.-3-2'!3;+-*;!3%!=-&6/F2)0!?'&2+;',!"O!

P! '2! I! 3%! A6=0'6%! >BO! )&! ,86/'+Q)-2! 7%'! 0'! ,%=,2-2%6&2! 3%! /F),/F)+'! R)%'! %&! +S0'!

-./)+26&2!36&,! 08-,,%'!3'! 06!+;6(2-)&C!D6!,%=,2-2%2-)&!3%!/F),/F)+'!/6+!TU2#!()&3%-2!9!

%&'!3-.-&%2-)&!3'!08':(1,!;&6&2-).;+-7%'!?3'!4$!9!@$5B!()./6+;!9!06!H)&)/F),!6-&,-!

7%89!%&!<6-=0'!+'&3'.'&2!?#>5B!?'&2+;',!"!'2!P!3%!A6=0'6%!>BC!U&!+'*6&(F'O!0)+,7%'!0'!
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-; *3<.=(3-() 5=) -(3&'() 0&2'2/>?3() 5() .623,3() 5() 52$#'&) 0=') .#) 0&2'2/-"%1%() 5() .#)

'2#-&%/3)

!

Z6&,!0',!;&E&',G"OP!7%'!&)%,!6*)&,!;2%3-;,!R%,7%8-(-O!0'!(6+=)&'!/+)/6+VE0-7%'!,%=,2-2%;!

/6+!0'!V+)%/'.'&2!):EV;&;O!',2!%&!('&2+'!,2;+;)V1&'C!N'0)&!0'!.;(6&-,.'!/+)/),;!/)%+!

06! +;6(2-)&! ?N(F;.6! "PBO! ('! ('&2+'! ,2+;+;)V1&'! ',2! '&()+'! /+;,'&2! 0)+,! 3'! 08;26/'!

,2;+;)3;2'+.-&6&2'C! [0! /)%++6-2! 3)&(! R)%'+! %&! +S0'! -./)+26&2! 36&,! 0'! ()&2+S0'!

,2;+;)(F-.-7%'! 3'! 06! (E(0)-,).;+-,62-)&C! T)%,! 6*)&,! 60)+,! *)%0%! 3;2'+.-&'+! 0'! 3'V+;!

38-&<0%'&('! 3'! ('! ('&2+'! ,2;+;)V1&'! /+;,'&2! 36&,! 0'! /+)3%-2! 3'! 3;/6+2! ,%+!

08;&6&2-),;0'(2-*-2;!3'! 06! +;6(2-)&C! D',! +;,%0262,!3'!&)2+'! ;2%3'! ,)&2!/+;,'&2;,!36&,! ('!

/6+6V+6/F'C!

&

• \-=0-)V+6/F-'!!

!

D',! 3)&&;',! 3'! 06! 0-22;+62%+'! .'22'&2! '&! ;*-3'&('! %&! ('+26-&! 3'V+;! 3'! 2+6&,<'+2! 3'!

(F-+60-2;! 0)+,! 3'! (E(0)-,).;+-,62-)&,! 3'! ,%=,2+62,! /+)/6+VE0-7%',! (F-+6%:O! ,-.-06-+',! 9!

('00'!7%'!&)%,!;2%3-)&,C!



!"#$%&'()***)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)
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!!"! +)! !!#! ,:0*! /;-<,1.+'! 1+(! 056102,)04*(! ()-'-42=0508.+(! /+! 1,! 6'-(+*2+! /.! 2+*)'+!

()-'-479*+>! ?,! '-,2)04*! +()! 2,),13(-+! 6,'! 1+! /02=14'.'+! /+! 61,)0*+>"@@! ?+(! +A6-'0+*2+(!

54*)'+*)! 8.+! 1+! ',664')! /+! /0,()-'-45-'+(! /+! 1,! B023214=+A,*4*+! /-6+*/! /+! 1,!
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DE2=-5,!FGH>!

!

!

!

!

!

!

!

!

!

!

!
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02'13/3.)!0)0!0)-+*03!JP9<0/'!C#ND!I3!&(;+-*)!)(*9:91*>-3!;=)3.-!'&(67!<:+(;1:73!'!-.!
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!

I37! 3@&0(*3.937!+3!QR(7).3(! 3)! Q3<(!/;.)(3.)!>-3! 13! 93.)(3! 7)0(0;26.3! 37)! +;.9!=*3.!

&(073.)! 1;(7!+3!1,0)'&3!+3!9:91*7')*;.!3)! *.?1-3.93!1,*77-3!7)0(0;9<*/*>-3!+3!1'!(0'9)*;.D!

S17! 9;.?;()3.)! +;.9! 137! 0)-+37! )<0;(*>-37! +3! P;(*'.;! >-*! 7)*&-13.)! >-3! 13! /09'.*7/3!

&'773!+,'=;(+!&'(!-.3!0)'&3!+3!9:91*7')*;.!&-*7!&'(!1'!/*2(')*;.!+-!2(;-&3/3.)!;@:20.0!

JP9<0/'!"ND!T;-7!'A;.7!+;.9!A;-1-!A0(*?*3(!+'.7!>-3113!/37-(3!13!93.)(3!7)0(0;26.3!+37!

7-=7)(')7! >-3! .;-7! 'A;.7! 0)-+*07! U;-3! -.! (V13! +'.7! 13! 9;.)(V13! 7)0(0;9<*/*>-3! +3! 1'!
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• %&'()*+,!-,!+./+(01(+!2'1'(345.0+!,(!2(.-,!-,!6,.0!7&7643+48203+1(34'"9:!

!

;<3'!-,!8,((0,!,'!2=3-,'7,!6>3'<6.,'7,!-.!7,'(0,!+(2024?*',!-.!504-.3(!-,!-2510(!+.0!61!

+(20247)383,!-.!504-.3(! <3'16@!'4.+!1=4'+!+&'()2(3+2! 6,+!2'&',+!+36&62+!!!"#$%&! ,(!!""#

$%&!2'1'(34,'037)3+!,(!-,!74'<3?.01(34'+!4554+2,+!7488,!3'-3A.2,+!-1'+!6,!%7)281!BC!

D!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

E,! FG82()&6G"G5)2'&6),HGFG,'G"G&'GCG46! 017283A.,! ,+(! ,+(203<32! 510! 6>173-,! I";@! B<J!

7185)1'3A.,!,'!502+,'7,!-,!KL;M!,(!-,!KNN!-,!81'3*0,!A.1'(3(1(3=,D!E,!8261'?,!-,!

-31+(20248*0,+! -,! 6>,+(,0! 7185)1'3A.,! ,+(! -2-4./62! 510! 7)0481(4?015)3,! ,'! 5)1+,!

+.5,0! 703(3A.,! I%ONJD! E,+! 74'-3(34'+! -,! +25101(34'! 510! %ON! +4'(!P! 7464'',! Q)10!

R'+(0.8,'(!NS;TU!V9;@!VW@!#F9X"9!88@!26.1'(!P!NU#YL,UZ![CY$@!"9!8EY83'@!"99!/10D!

E,+! (,85+!-,! 02(,'(34'! +4'(!-,!C@[! I-31+(20248*0,! I<9;9<JJ! ,(! B@C!83'! I-31+(20248*0,!

I;9;9<JJD! E,! -31+(20248*0,! 1=,7! .'! (,85+! -,! 02(,'(34'! -,! B@C! 83'.(,+! 1! 5.! \(0,!

703+(1663+2@! 7,! A.3! 1! 5,083+! ->1((03/.,0! .',! 74'<3?.01(34'! 1/+46.,! I;J! 1.! 710/4',!

504510?&63A.,!510!2(.-,!-,!-3<<017(34'!-,+!01&4'+!]!IO3?.0,!"JD!

!

!

OH

Ph

O

Ph

O

O

O

(+/-)

O

Ph

O

O

O

O

Ph

O

O

O

(R,S,R)-83(+/-)

OTBS

Ph

OTBS

Ph

(1S)-acide 
camphanique
DMAP, DCC

DCM
quant.

séparation 
par SFC

1- KOH, MeOH, H2O
82%

2- TBSCl, DMAP, Et3N
DCM
83%

(R)-S20 (S)-S20

S18 83

(S,S,R)-83

^_`KabV"!

I7a9@[!@NZN6CJ!

^_`KaG$V!

I7a9@F!@NZN6CJ!

^_`KabCF!

I7a9@"!@NZN6CJ!

$'()*+,-.,
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! "#$!

%&'()*)+,()-.! /'! 0-12*343! /3! 5;678-.-29-+! !"#$ 3.(:,;.3! *,! 0<0*-)+-1=:)+,()-.! /'!

+'>+(:,(!%!&'(")! ,?30!'.! :3./313.(!/3!@AB!3(!'.!340C+!=.,.()-+=*30()D!/3! +3'*313.(!

EFB!53.(:=3!E!/'!G,>*3,'!"H6I!J.!:3?,.093K! *3!1L13!0-12*343!/-..3!3.!2:=+3.03!/'!

+'>+(:,(!%"&'(")!'.!:3./313.(!/3!@@B!3(!'.!(:C+!>-.!340C+!=.,.()-1=:)M'3! !/3!$#B!

53.(:=3!N!/'!G,>*3,'!"H6I!O,.+! *3+!/3'4!3++,)+K! *3!2:-/')(! D).,*!1,P-:)(,):3!,! *,!1L13!

0-.D)Q':,()-.I! R.! 23'(! /-.0! /):3! M'3! *3! 0-.(:S*3! +(=:=-09)1)M'3! /'! 0,(,*<+3':! 09):,*!

+':2,++3!*&3DD3(!/'!+'>+(:,(!09):,*!3(!M'&)*!34)+(3!'.!3DD3(!1,(09!3.(:3!*3!0,(,*<+3':!!"#!3(!
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!

U)!*&-.!?3'(!342:)13:!/3!1,.)C:3!M',.()(,()?3!*&3DD3(!/'!03.(:3!+(=:=-QC.3!/'!2:-/')(!/3!

/=2,:(!/,.+!*,!:=,0()-.!/'!U09=1,!NNK!)*!D,'(!0-.+)/=:3:!*3+!/3'4!0,+!*)1)(3+!V!

7 U-)(! *3! 03.(:3! +(=:=-QC.3! .&,! ,'0'.! 3DD3(! +':! *,! +(=:=-09)1)3! /'! 2:-/')(!

>)0<0*)M'3I! O,.+! 03! 0,+! *&340C+! =.,.()-1=:)M'3! /'! 2:-/')(! ->(3.'! T! 2,:():! /3!

*&=.<.3!%!&'(")!+3:,)(!*3!1L13!M'3!03*')!/'!>)0<0*3!)++'!/3!*,!0<0*-)+-1=:)+,()-.!

/3!%"&'(")K!0&3+(!T!/):3!AEBI!
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!
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!
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%&'! ()*+,-*&'! ./+0/1-&'! 0&! 2)''3.&04! 25'! .678.9):30&! &0! 2)'/4/)0! 29)259:8*/1-&!

'-',&24/;*&! .&! (/:9&9! 5-! ,)-9'! .-! ,8,*&! ,545*84/1-&<! =)-'! 5>)0'! 5*)9'! /049).-/4! -0!

:9)-2&(&04!.&!482&!;?5,8*&!,525;*&!.&!(/:9&9!*)9'!.&!*5!9+5,4/)0!.&!,8,*)/')(+9/'54/)0<!!

!

@*! 068! 5! 25'! .6&A&(2*&! .50'! *5! */44+954-9&! .&! ,8,*)/')(+9/'54/)0'! .&! '-;'4954'!

'8(+49/1-&'!.&!,&!482&<!%&2&0.504!.&'!'-;'4954'!./+0/1-&'!'/(/*5/9&'!)04!+4+!+4-./+'!259!

*6+1-/2&! .&! B9-;;'! .50'! .&'! 9+5,4/)0'! .&! (+45473'&<""$C""D! E0! &A&(2*&! &'4! .)00+! ,/?

.&'')-'!FG,7+(5!$HI<!

!

!

!

!

!

!

J&'! ()*+,-*&'! 505*):-&'! (5/'! ,)(2)94504! .&-A! ,75/0&'! )*+K/0/1-&'! .&! *)0:-&-9'!

./KK+9&04&'! &4! -0! :9)-2&(&04! )A8:+0+! &0! 2)'/4/)0! 29)259:8*/1-&! )04! '&9>/! ,)((&!

'-;'4954'! .50'! .&'! 9+5,4/)0'! .&! ,8,*)/')(+9/'54/)0! ,545*8'+&'! 259! .&'! ,)(2*&A&'! .&!

2*54/0&!)-!.6)9!F-0!&A&(2*&!&'4!.)00+!.50'!*&!G,7+(5!$LI<""MC!""NC!""HC!""LC!"OP!

!

!

!

!

!

!

Q&! ./+080&! !"! ,8,*/'&! &0! 29+'&0,&! .&! R4%*O! .50'! *&! 4)*-30&! S! HPT%! 2)-9! .)00&9!

(5U)9/45/9&(&04!*&!;/,8,*)7&2430&!!#C!259!-0&!9+5,4/)0!/(2*/1-504!*5!,75/0&!)*+K/0/1-&!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
""$!G<?V<!W/(C!=<!X)Y.&0C!Z<!V<!B9-;;'C!<=)>1=)!"(1=)?/-=)$%%"C!88@C!"PHP"?"PHPO<!
""D!G<?V<!W/(C![<!\<!]-&9,7&9C!=<!X<!X)Y.&0C!Z<!V<!B9-;;'C!<=);'A=)!"(1=)$%%&C!@8C!"PN#?"PH"<!
""M!^<!_5/0&44/C!`<!_)-9/3'C!Q<!a&0'4&9;50bC!_<!_5*5,9/5C!\<!_59,)?%)04&**&'C!>3A(B=)!"(1=)*3&=)C5=)'(('C!D8C!

O"#O?O"#D<!
""N!G<!c0U-(C!\<!_59,)?%)04&**&'C!E(&'#"(5'/3)'((#C!@8C!$NL#?$HP#<!
""H!=<!_59/)0C!R<!.&!a9&()04C!B<!Q&(/&9&C!^<!J<!G4&>&0'C!Q<!a&0'4&9;50bC!_<!_5*5,9/5C!G<!R<!=)*50C!!"(1=)

!/11F3=)'((&C!OP$H?OPDP<!
""L!\<!_59,)?%)04&**&'C!=<!c99)8)C!G<!c0U-(C!^<!_5/0&44/C!=<!_59/)0C!W<!%59/)-C!B<!Q&(/39&C!`<!_)-9/3'C!Q<!

a&0'4&9;50bC!_<!_5*5,9/5C!CF'=)<=);'A=)!"(1=)'((&C!GHH@C!$M"H?$M##<!
"OP!=<!_59/)0C!B<!Q&(/39&C!c<!%)99&5C!%<!%)'45;/*&C!Z<!G<!Z5(d0C!e<!_)9&5-C!R<!.& a9+()04C!Z<!J57(50&C!c<!

V)-9'C!J<!Q&'5:&C!\<?%<!f5;&4C!\<?R<!B)..59.C!`<!B50.)0C!Q<!%5>5**)C!Q<!a&0'4&9;50bC!_<!_5*5,9/5C!G<!R<!=)*50C!

!"(1=)CF'=)<=)'((%C!8:C!#O$#?#OMP<!

OSiEt3 OSiEt3

Ru

PCy3

PCy3

Cl
Cl

Ph

Ph

(3%mol)

DCM, t.a.
95%

OAc

OAc

AcO
PtCl2 (5%mol)

toluène, 80°C

88% 5-10%

)*+,-./"!/

)*+,-./"%/

///////////!"/// / / / ///////!#// / / !&/
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! "#$

%&!'%()!%*+,(-.!/,&%-0-+1!$!2!"34!5-!67898%*:-;<+-!!"!'=*>-+&+1!5-!%&!898%7)&17*+!5-!%&!

8:&7+-!*%?@7+7A(-!%&!'%()!8*(=1-!-)1!*61-+(.!

B-)!5-=+7-=)!=?)(%1&1)!+*()!%&7))-+1!'-+)-=!A(-!5-)!?+9+-)!&+&%*,(-)!0&7)!)90?1=7A(-)!

'*(==&7-+1!898%7)-=!-+!'=?)-+8-!5-!8&1&%9)-(=)!2!6&)-!5-!'%&17+-.!

!

!

#$ %&'()* ()* +,* -.-+/01/23401,&0/5* ()* (035.5)1* (/5&* +,* &406+)* +0,01/5* )1&*

1'71&0&'3)*

!

C*()! &>*+)! ?1(57?! %&! 898%*7)*0?=7)&17*+! 5-! 57?+9+-)D"E$! 0&7)! &())7! 5-! 57?+9+-)D"EF!

?1&+1! 5*++?! A(-! )-%*+! %-)! =?)(%1&1)! 5-! %&! %711?=&1(=-! 871?)! 87D5-))()E! 8-)! 5-=+7-=)!

5->=&7-+1!G1=-!5-!0-7%%-(=)!)(6)1=&1).!

!

#; <,3&"=0()5(0)5%23,3(0)

!

H-)!57?+9+-)!5*+1!%&!1=7'%-!%7&7)*+!-)1!)(6)171(?-!'&=!(+!':?+9%-!*(!(+!0?1:9%-!*+1!?1?!

)9+1:?17)?).! I-)! 8:&7+-)! *%?@7+7A(-)! 5-! 5-(;! 57@@?=-+1-)! %*+,(-(=)! *+1! ?1?! 7+1=*5(71-)!

)-%*+!%-!)8:?0&!5-!)9+1:<)-!)(7>&+1!JK8:?0&!$3L.!

!

!

!

!

!

!

!

!

!

!

!

M*(1! 5N&6*=5E! %N&875-! '=*'7*+7A(-! -)1! -)1?=7@7?! '&=! %-! 6=*0(=-! 5-! 6-+O9%-.! I-)!

=-+5-0-+1)! )*+1! -;8-%%-+1).! P(7)! %-)! 5-(;! 6=&+8:-)! *%?@7+7A(-)! )*+1! 7+1=*5(71-)! '&=!

5*(6%-! &55717*+! 5-)! =?&817@)! 5-! Q=7,+&=5! 8*==-)'*+5&+1).! I-)!0*5-)! *'?=&1*7=-)! )*+1!

)707%&7=-)! '*(=! 1*()! %-)! )(6)1=&1)! A(-%! A(-! )*71! %-(=! )8:?0&! 5-! )(6)171(17*+.! /+@7+E!

OH

O

R

OBn

O

R

BnBr, DBU

CH3CN, t.a.

R= Ph, quant
R=Me, 90%

8-932,*:;*

OBn

O

R

OH

R

XMg

THF, 0°C

Ac2O, Et3N, DMAP

DCM, t.a.

n n

OAc

R

n n
n

R' R' R' R'

R = Ph, R' = H, n = 1,        100%                                                 61% (S30)
R = Ph, R' = H, n = 2,         28%                                                  69% (S31)
R = Ph, R' = Me, n = 1,      72%                                                   85% (S32)
R = Me, R' = H, n = 1,        69%                                                   70% (S33)
R = Me, R' = H, n = 2,        41%                                                   53% (S34)

R'
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! "#$

%&'%())%!*+,!-.),/0/!-'.!12!0.)1-*3*2,!'(/,4%*!'5*(!6*+!.*26*3*2,+!()3-.7+!*2,.*!8#!*,!

98:;!

!

;< =(0&0)-#&#.,&%>?(0)

!

<*+! +1=+,.',+!!"#$"%! )2,! /,/! *20'0/+! 6'2+! %*+! ()267,7)2+! 6*! (','%4+*! *2! -./+*2(*! 6*!

67(>%).1.*!6*!-%',72*!?@:!3)%!6*!(','%4+*1.A!,)%1B2*A!CDEFA!"9>G!)1!61!()3-%*H*!I,J?@GK

L)2)->)+!&'()?@:!3)%!61!(','%4+*1.A!M0NO@!?@:!3)%GA!,)%1B2*A!CDEFA!"9>G;!

!

!

!

)

!

!

!

!

!

!

!

*+,-./) !012,-(,) &(,(342/0-) 5-6708,)

"! I,F%P! L/%'20*!()3-%*H*!

P!
!"#!

&'()

"@:!

#! I,F%P! L/%'20*!()3-%*H*!

@!
!"9!

&'(! 8Q:!

$:!

8! I,F%P! L/%'20*!()3-%*H*!

$!
!"'!

&'(! I'+!6*!()25*.+7)2!

OAc

Ph

Ph

OAc

Ph

Ph

O Ph

OAc

Ph

!:;.<()=9)

OAc

R

n n

R' R' OAc

R'

RR'

Pt n

n
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! "#$

$! %&'()! *+(,-./!0123(/4/!

5!
!""!

#$%!
)67!

89+3,:&!8!,;&:/<!

3:19;=&<!

>! %&'()! *+(,-./!0123(/4/!

"?!
!"&!

#$%! %,<!9/!01-@/:<=1-!

'%()*%+,-",

!

A;0;-!9/<!<;B<&:,&<!-C,!3/:2=<!(C1B&/-&=1-!9/<!3:19;=&<!9/!0D0(1=<12+:=<,&=1-!,&&/-9;<!

E;/((/!E;/!<1=&! (,! (1-.;/;:!9/!(,!0F,=-/!1(+G=-=E;/H!I/!9=0F(1:;:/!9/!3(,&=-/!:+,.=&!,@/0!

&1;<! 0/<! <;B<&:,&<!/-! G1:2,-&!9/<!2+(,-./<! 0123(/4/<!9/!3:19;=&<!91-&!,;0;-!-C,!3;!

J&:/!0(,=:/2/-&!=9/-&=G=+H!!

K-! 3:+</-0/! 9;! 0123(/4/! %&LM;NO*1-13F1<! #$%, ,0&=@+! 3,:! ,99=&=1-! 9CA.PQRS! (/<!

<;B<&:,&<! !"$! /&! !"&! <1-&! =-/:&/<! M/-&:+/<! T! /&! "?! 9;! U,B(/,;! "#NH! V,-<! (/! 0,<! 9/<!

<;B<&:,&<!!".S!!"-!/&!!""!1-!1B</:@/!&:1=<!219/<!9/!:+,0&=@=&+!W!

O IC+(=2=-,&=1-!9/!(C,0+&,&/!01-9;=&!X!;-!&:=Y-OD-/!M/-&:+/<!)!/&!R!9;!U,B(/,;!"#NH!

V/<!/43+:=/-0/<!<;33(+2/-&,=:/<!1Z!0/<!<;B<&:,&<!<1-&!2=<!/-!3:+</-0/!9CA.PQR!

</;(!-1;<!1-&!21-&:+!E;/!0/&&/!:+,0&=1-!/<&!0,&,(D<+/!3,:!(C,:./-&H!

O I,!2=.:,&=1-!"S#!9/!(C,0+&,&/!<;:!(/!0,:B1-/![!9/!(C,(0D-/!01-9;=&!X!(C,((Y-/!M/-&:+/!

5!9;!U,B(/,;!"#N""TS""$S"">H!

O I,!2=.:,&=1-!9C;-!.:1;3/!,((D(/!@/:<!(/!0,:B1-/![!9/!(C,(0D-/!01-9;=&!X!;-!,((Y-/!

/&!,3:Y<!FD9:1(D</!X!(,!0+&1-/!01::/<31-9,-&/!M/-&:+/!R!9;!U,B(/,;!"#NH!

!

I/<!0123(/4/<!9C1:!+&,-&!<1;@/-&!3(;<!,0&=G<!E;/!0/;4!9/!3(,&=-/!/-!!0D0(1=<12+:=<,&=1-S!

-1;<! ,@1-<! 9+0=9+! 9C/4,2=-/:! B:=Y@/2/-&! (,! 31<<=B=(=&+! 9/! 0,&,(D</:! 0/<! 2J2/<!

:+,0&=1-<!3,:!9/<!0123(/4/<!9C1:H!

!

!

!

OAc AcO

OAc



!"#$%&'()***)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

! "#$

!

!!

!

!

!

!

%&'!()*+,+&'!!"#!&-!!"$!.*/0)''&+-!&+!1.*'&+2&!(3!24516&7&!899:#;<3=6!143.!24+(3).&!

/37!>)2,264:&7?+&'!%"#&&-!%"$&/--&+(3'!(/+'!(&'!24+()-)4+'!(432&'!8@=AB!-&51*./-3.&!

/5>)/+-&B! C:;! 8D2:*5/! EF;G! %H4.! &'-! (4+2! &II&2-)J&5&+-! 3+! 5*-/6! 163'! /(/1-*! K3&! 6&!

16/-)+&!143.!2/-/6,'&.!2&--&!.*/2-)4+!5L5&!')!6&'!.&+(&5&+-'!.&'-&+-!54(&'-&'G!

!

9/.! 6/! '3)-&! +43'! /J4+'! &II&2-3*! K3&6K3&'! &''/)'! 1.*6)5)+/).&'! (&! 2/-/6,'&!

*+/+-)4'*6&2-)J&!/J&2!(&'!24516&7&'!(H4.G!%&'!2/-/6,'&3.'!2:)./37!4+-!'4)-!*-*!I4.5*'!%3)

0%&;B! '4)-! 1.*I4.5*'! &-! )'46*'! /J/+-! (HL-.&! &+0/0*'! (/+'! 6/! .*/2-)4+! (&! 2/-/6,'&G! %&'!

24+()-)4+'! .*/2-)4++&66&'! 3-)6)'*&'! 143.! 0*+*.&.! 6&! 2/-/6,'&3.! %3) 0%&;! '4+-!M! "NO! (3!

24516&7&! <3=68DA&F;B! "NO! (3! 6)0/+(! 2:)./6! 8<;PA4+41:4'! &-! "NO! (H<0QRS! /0)-*'! T!

-&51*./-3.&!/5>)/+-&!1&+(/+-!3+&!:&3.&!/J/+-!6H/(()-)4+!(3!'3>'-./-G"F"!%/!.*/2-)4+!&'-!

.*/6)'*&!(/+'!6&!()2:64.45*-:/+&!T!-&51*./-3.&!/5>)/+-&!8D2:*5/!E#;G!

!

!

!

!

!

!

!

=&!','-?5&!2/-/6,-)K3&!+H/!1/'!1&.5)'! 6/! I4.5/-)4+!(3!24514'*!>)2,2641.41/+)K3&G!U+!

.&J/+2:&B!+43'!/J4+'!13!4>'&.J&.!1/.!VAW!6/!I4.5/-)4+!&7263')J&!(&!6H/66?+&!'(!)''3!(&!

6/!5)0./-)4+!(&!6H/2*-/-&G!

943.! 6/! ',+-:?'&! (H3+! 24516&7&! >)&+! (*I)+)! (H<38X;B! +43'! /J4+'! 2:4)')! (H3-)6)'&.! 3+&!

5*-:4(&! (*2.)-&! 1/.! RY.'-+&.G"FF! %&! 24516&7&! (H4.! &'-! I4.5*! T! 1/.-).! (&!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"F"!WG!AG!@&'2:/51'B!ZG!XG!U6)-[)+B!QG!%)3B!AG!QG!A)-2:&66B!AG!\G!D:/.1B!UG!<G!]/>&-B!=>)?'@>)!"(1>)$#)#B!ABB!^"FP

^"EG!
"FF!_G!]&66&.B!<G!RY.'-+&.B!!"(1>)C;'>)=>)$#))B!8AB!^^CSP^^C^G!

OAc

Ph

AuCl(SMe2) (10%mol)
(S)-Monophos (10%mol)

AgBF4 (10%mol)

DCM, t.a.

AcO

!*+,-.&/$&

!*+,-.&/"&&&&&!"$& & & & &&&&&&&&&&&&&&&&&&'(&

OAc

Ph

OAc

Ph

AuCl(PPh3) (2%mol)
AgBF4 (2%mol)

DCM, t.a.
R R

R

R

S30                                                          P30 R=H, 48%
S32                                                          P32 R=Me, 53%



!"#$%&'()***)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

! "#$

%&%'()*+,',(-'(%&! .&! /,.0-1! .0*2.'(%&! &%! .&! 3,4,5*,/! &4! 5'6/&4)&! .&! 7879

%*0,.06%*(4,+!:;)*61(!<=>?!!

!

!

!

!

!

!

!@&!),15+&A&!B+C-:3,4,5*,/>!&/%!,D%&4-!(E&)!-4!'&4.&1&4%!.&!F#G?!!

!

!

!

!

!

!

!

!

C!5('%0'!.-!),15+&A&!!"#8!+H&/5I)&!)(%(+2%0J-&!()%0E&!&/%!K,'16&!5('!(..0%0,4!.HCLMN=?!@&!

),15+&A&! .H,'! )(%0,40J-&! (04/0! L646'6! )(%(+2/&! +(! '6()%0,4! .&! )2)+,0/,16'0/(%0,4! &%!

),4.-0%! (-! 5',.-0%! .6/0'6! (E&)! -4! '&4.&1&4%! .&! 7$G! :;)*61(! <<>?! @&/! &A)I/!

64(4%0,16'0J-&/! /,4%! .6%&'1046/! 5('! OP@B! .(4/! +&/! ),4.0%0,4/! /-0E(4%&/!Q! B,+,44&!

BORSCBT@!CU9O8!6+-(4%!Q!*&5%V%P'WO!$$V"8!"!1@V1048!%&15/!.&!'6%&4%0,4!=8=!&%!<8"!104?!

C-)-4&! 04.-)%0,4!(/216%'0J-&!4H(!6%6!,D/&'E6&8!)&!J-0!6%(0%!.(4/!-4&!)&'%(04&!1&/-'&!

5'6E0/0D+&!5-0/J-&!/&-+&1&4%!+&/!5*,/5*,'(10.0%&/!.0/-D/%0%-6/!&4!5,/0%0,4!#8#H!5('!.&/!

L',-5&/!E,+-104&-A!5&'1&%%&4%!*(D0%-&++&1&4%!-4&!)&'%(04&!.0/)'0104(%0,4!)*0'(+&?!

@&! D-%! .&! )&! 5'&10&'! &//(0! 6%(0%! .&! E6'0K0&'! +H()%0E0%6! )(%(+2%0J-&! .&/! ),15+&A&/! C-9

5*,/5*,'(10.0%&?!@&!'6/-+%(%!,D%&4-!,-E'&!.&/!5&'/5&)%0E&/!04%6'&//(4%&/!5,-'!+(!10/&!

(-!5,04%!.&!E&'/0,4/!64(4%0,/6+&)%0E&/!.&!)&/!4,-E&++&/!'6()%0,4/?!

!

!

!

!

!

$$$$$$$$$$%&#$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$'&#$

(Na)AuCl4(H2O)2

(R)-Monophos
thiodiéthanol

eau, chloroforme
63%

AuCl PNMe2

O

O

OAc

Ph

OAc

Ph

(2%mol)
AgBF4 (2%mol)

DCM, t.a.
29%, 0% ee

AuCl PNMe2

O

O

%()*+,$-.$

%()*+,$--$

$$$$$$$$$$!"#$$$$$$

$$$$$$$$$$!"#$$$$$$$
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! "#$

!" #$%&'( &'( )*( +,+)-./-012./*$.-3( &'( &.13,3'/( &-3$( )*( $2.4)'( ).*./-3( '/$(

$'20.3*)'(

!

%&'! (&'('! )*(*+,(-./&'! 01*+-'1'! '/0! +*! 20&3-40&! '10-&! 5&! '/6'(0*('! 5&! (,2&! 5-17,7&'!

201'&7(1'! )-85&''/'! 79:7(! 2*'! 5:771! +&'! 01'/+(*('! &'):32(1'! (:/(! */! 3:-7'! 5*7'! +&'!

01*)(-:7'! )*(*+,'1&'! 2*0! +&! 2+*(-7&;! <&2&75*7(=! */! 0&>*05! 5&! +*! +-((10*(/0&! )-(1&! 2+/'!

?*/(""@=""A=! +&'! 5-17,7&'! 7:7! '/6'(-(/1'! '/0! +*! (0-2+&! +-*-':7! 2:/00*-&7(! 2&03&((0&! +&'!

),)+:-':310-'*(-:7'! *((&75/&';! B:/'! *C:7'! 5:7)! ',7(?1(-'1! &(! 1(/5-1! &7! )*(*+,'&! 5&'!

5-17,7&'!):32:0(*7(!/7&!D:7)(-:7!*+),7&!C0*-;!

!

#; <,3&"=0()5(0)5%23,3(0)

!

%&'!5-17,7&'!E! D:7)(-:7!*+),7&! (&03-7*+&!:7(!1(1!2012*01'!2*0!*55-(-:7!59/7!*)1(,+/0&!!

'/0!/7&!)1(:7&!5-17-./&;!F*0!&G&32+&=!+9*+)::+!56!):32:0(*7(!5&/G!)?*-7&'!6/(17,+&'!*!

1(1!',7(?1(-'1!):33&!-75-./1!)-85&'':/'!HI)?13*!JKL;!

!

!

!

!

!

!

!!

!

M7&! 5:/6+&! *55-(-:7! 5&! 60:3/0&! 5&! N86/(17,+! 3*>71'-/3! '/0! +&! D:03*(&! 591(?,+&!

):75/-(! E! +9*+)::+! 77! *C&)! /7! 0&75&3&7(! ./*7(-(*(-D;! %*! )1(:7&! ):00&'2:75*7(&! &'(!

&7'/-(&! :6(&7/&! 2*0! :G,5*(-:7! */! F<<! *C&)! /7! (04'! 6:7! 0&75&3&7(! 5&! ANO;!75! '/6-(!

*+:0'! +9*55-(-:7!5/! (0-31(?,+'-+,+*)1(,+/0&!*C&)!/7! 0&75&3&7(!5&!APO;!%&!>0:/2&3&7(!

(0-31(?,+'-+,+&!&'(!&7'/-(&!1+-3-71!2*0!01*)(-:7!*C&)!+&!D+/:0/0&!5&!(&(0*6/(,+*33:7-/3;!

%&'! '/6'(0*('! 8!9! &(! 8!:! ':7(! :6(&7/'! E! 2*0(-0! 5&! +9*+)::+! 56! 2*0! &'(10-D-)*(-:7;! Q&'!

>0:/2&3&7('!*)1(*(&!&(!$#'#7-(0:6&7R:*(&!':7(!-7(0:5/-('!HI)?13*!JSL;!

!

!

!

OH O

OH

TMS

DCM, t.a., 18h
93%

TMS

n-BuLi

HCO2Et

TBAF

MgBr PCC

OH

THF, 0°C puis t.a., 2h
quant.

THF, -78°C, 1h
92%

THF
0°C puis t.a. 

1h
44%

8+;10*(9:(

77(( ( ( ( 75(

5<(( ( ( (((((((((((((((56(
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! "#"

!

!

!

!

!

!

!

!

$%&!%&'()*+*,-'*./&!0-)!12-/345)*5%!-,('*67%!.7!1%!,31.)7)%!5%!$#'#/*').8%/9.41%!&%!+./'!

%/! 0)(&%/,%! 5%! ')*('341-:*/%! %'! 5%! ;<=>! 5-/&! 1%! 5*,31.).:('3-/%! ?! '%:0()-'7)%!

-:8*-/'%@!$%&!5%7A!&78&')-'&!!"#!%'!!"$!&./'!.8'%/7&!-B%,!5%&!)%/5%:%/'&!67-/'*'-'*+&!

%'!5%!CDE!)%&0%,'*B%:%/'@!

!

$%!&78&')-'!!"%!,.:0.)'-/'!5%7A!,3-*/%&!-1141%&!-!('(!&4/'3('*&(!5%!:-/*F)%!-/-1.G7%!

&%1./!1%!&,3(:-!&7*B-/'!HI,3(:-!CJK@!

!!

!

!

!

!

!

$23%0'-L"MNL5*F/L#L.1! %&'! .A45(! %/! ,('./%! 0-)! 12OPQ! -B%,! 7/! )%/5%:%/'! 5%! JCE@! $%!

')*:('341&*141-,('417)%! %&'! -55*'*.//(! &7)! 1-! ,('./%! &'! -B%,! 7/! )%/5%:%/'! 5%! NCE@!

$2-1,..1!&"!%&'!%/&7*'%!%&'()*+*(!0-)!1%!,31.)7)%!5%!$#'#/*').8%/9.41%!07*&!1%!G).70%:%/'!

')*:('341&*141%! %&'! 5(01-,(! %/! 0)(&%/,%! 5%! RP=S@! $%! &78&')-'! %&'! .8'%/7! -B%,! 7/!

)%/5%:%/'!5%!#"E@!

!

>.7)!+*/*)M!12-1,..1!&%!67*!0)(&%/'%!5%7A!+./,'*./&!:('341-1141%!-!('(!.8'%/7!5%!:-/*F)%!

&*:*1-*)%!?!,%11%!7'*1*&(%!0.7)!12-1,..1!&(!HI,3(:-!CTK@"UD!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"UD!P@!P)%*'M!;@!P)%7/*/G%)M!;<)=1<)!"(1<)>/-<)'))*M!8?@M!"VU##L"VU#C@!

OPNBPNBCl, Et3N, 
DMAP

DCM, reflux, 
18h
53%

OH

OAc

DCM, t.a., 18h
quant.

Ac2O, Et3N, 
DMAP

OH O

OH
OPNB

TMS

IBX

DMSO/THF
t.a., 7h
85%

TMS

n-BuLi

THF 
-78°C puis 0°C

65%

1- PNBCl, Et3N, 
DMAP, DCM
reflux, 18h

2-TBAF, THF
4h, t.a.

41% sur 2 étapes

!+,-./0#%0

!+,-./0#10

!"#0

0

0

0

0

0

0

!"$0

000&'00 0 0 00000000&"00 0 0 0 0!"%0

000000&(0



!"#$%&'()***)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

! "#$

!

!

!

!

!

!

!

!

!

%&!'()*+,-!.&-!/0.1*-!)//+2+0&!/.!1'03.'-!/-!$43(256*4$47'078&6*!3)9&(,+.3!,.'! *-!

:0'3)2-!/;(256*-!)<-=!.&!'-&/-3-&2!/-!$>?@!A;)*=00*!!"!-,2!0B6/(!C.)&2+2)2+<-3-&2!-&!

=(20&-!!#@!D-22-!/-'&+8'-!,.1+2!-&,.+2-!*;)//+2+0&!/.!2'+3(256*,+*6*)=(26*.'-!70.'!:0'3-'!

*;)*=00*!!$! )<-=! .&! '-&/-3-&2! /-! EF?@! A-! 9'0.7-3-&2! 2'+3(256*,+*6*-! -,2! -&*-<(! 7)'!

)=2+0&!/.!GHIJ!)<-=!.&!'-&/-3-&2!/-!KK?@!

D-2!)*=00*!-,2!2')&,:0'3(!7)'!*)!,.+2-!,0+2!-&!)=(2)2-L!,0+2!-&!$#'#&+2'01-&M0)2-!)<-=!/-,!

'-&/-3-&2,!/-!K"?!-2!N>?!'-,7-=2+<-3-&2!OP=5(3)!NFQ@!

!

!

!!!

!

!

!

!

!

R0.,!)<0&,!(9)*-3-&2!2-&2(!/;+&2'0/.+'-!/;).2'-,!9'0.7-3-&2,!,.'!*;0B698&-!=033-!.&!

7+<)*)2-!0.!.&!1-&M0)2-!,)&,!,.==8,@!

!

;< =(0&0)-#&#.,&%>?(0)

!

A-,! /+(&6&-,! ,0&2! -&9)9(,! /)&,! *)! '()=2+0&! /-! =6=*0+,03('+,)2+0&! -&! 7'(,-&=-! /-!

/+=5*0'.'-!/-!7*)2+&-!OP=5(3)!N"Q@!

!

!

OH O

OH

TMS

DCM, t.a.
18h

TMS

n-BuLi

HCO2Et

TBAF

THF, 0°C puis t.a. 
1h

MgBr
PCC

THF, -78°C 
1h

OH

Et2O,0°C puis t.a.
2h

27%
quant.

50% 88%

OPNBPNBCl, Et3N, 
DMAP

DCM, 
reflux, 18h

67%

OH

OAc

DCM, t.a.
18h
81%

Ac2O, Et3N, 

DMAP

%&'()*+#!+

%&'()*+$,+

%-.+

+

+

+

+

+

+

%-!+

++++++!"++ + + ++++++++++++++!#+

++++++!$++ + + +++++++++++++++++++!/+

++!/++

+

+ +++++++



!"#$%&'()***)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

! "#$

!

!

!

!

!"#$%&' ()*+#$,#' -$./)0#' 1&"/&2&"#'345'

"!

(67' -67'
%&!

'!

(68'
-68'

$(!

$!

(69'

!!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!-69'

$$!

#!

(6:' -6:'
%&!

)!

(6;'
-6;'

)%!

<,*=&,)'>?'

!

*+,-!./0-!12-!3+-4!12-!3/,526-7/,-!-/,.!./.+12-!2.!12-!86/907.-!:73;317<02-!+..2,90-!-/,.!

/:.2,0-!+523!92-!62,92=2,.-!9>2,576/,!%&?!@2,.6A2-!"4!#!2.!)!90!B+:12+0!"#C4!$(?!2.!

$$?!@2,.6A2-!'!2.!$!90!B+:12+0!"#CD!!

E2-!86/907.-!92! 3;31/7-/=A67-+.7/,!-67! 2.!-68! 3/=8/6.+,.!0,!F6/082=2,.!+3A.+.2! -2!

9AF6+92,.! G+3712=2,.! 3/,.6+762=2,.! +0H! $#'#,7.6/:2,I/+.2-! 3/662-8/,9+,.-D! J1!

-2=:126+7.!<02!12-!=/1A3012-!-2!6A+66+,F2,.!2,!0,!86/907.!,/,!31+762=2,.!792,.7G7A!<07!

,2!86A-2,.2!8+-!92!=/.7G!3;31/86/8+,2D!K2-!6A-01.+.-!=/,.62,.!<02!1/6-<02!1>+13;,2!,>2-.!

8+-!-0:-.7.0A!1+!3;31/7-/=A67-+.7/,!92-!97A,;,2-!8/--A9+,.-!0,!F6/082!+3;12!2,!8/-7.7/,!

86/8+6F;17<02!2-.!8/--7:12D!

!

OAc

OAc

OAc

OAc

OPNB

OPNB

OPNB

OPNB

OPNB

OX

n n

R R OX

R

R

n

n

PtCl2

toluène, 90°C, 18h

OPNB

(@A%2,':>'



!"#$%&'()***)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

! "##

$%&!'()*+,-.&!(.).+,-&(/%*+,0%&!&-.+!'()/,&(%&!%.!1'(&%.*%!2%&!*)+)/3&%4'&!5+67-.-18-&!

-4!5+69,.%1,.%!%+!2:;<9=#!2).&!/%!+-/4>.%!?@*8(A)!BCDE!$:;<9=#!.%!2-,+!1)&!F+'%!4+,/,&(!

%.!%G*>&!1)'!')11-'+!)4!*-A1/%G%!*)'!,/!*-.24,+!H!/)!I-'A)+,-.!2%!&-4&J1'-24,+&!2%!+31%!

)//>.%E!

!

!

!

!

!

!

!

!

!

!

! "#$%&'(&! )'*+#,&! -)&.! /!0123!
2*456!!

073!
8+&!073!

99!

073!

"! 2:(! BK! #L! B! "K)!

C! 2:(! MK! M"! NN! O)!

N! ";<! );<! 2;(! MK! MO! #N! B)!

#! 2:(! MK! "KK! NC! BMP!

O! ";=!

);=!

2;(! MK! "KK! C#! KP!

/($>9(#!?<!

!
$%&!%G*>&!(.).+,-A(',Q4%&!&-.+!2(+%'A,.(&!1)'!R5$S!T!

)!*-/-..%!SRUV;SW$!U;X!(/4).+!8%1+6,5'YR!MMXO6KXOX!"!A$6A,.X!+%A1&!2%!'(+%.+,-.!OXO!%+!B!A,.E!!

P!*-/-..%!SRUV;SW$!USX!(/4).+!8%1+6,5'YR!MMXO6KXOX!"!A$6A,.X!+%A1&!2%!'(+%.+,-.!OX"!%+!OX#!A,.E!

!

$)! '()*+,-.! )! (+(! (+42,(%! 2:)P-'2! H! 1)'+,'! 2%&! )*(+)+%&! ";<! %+! ";=E! $%! &4P&+')+! ";<!

*-.24,+!)4!1'-24,+!P,*3*/,Q4%!);<!)++%.24!%.!1'(&%.*%!24!*-A1/%G%!5+6?VDJ7-.-18-&!

2:(E! ! @,! H! +%A1(')+4'%!)AP,).+%X!)4*4.%!*-.0%'&,-.!.:%&+!-P&%'0(%X!H!BKZS!-.!-P+,%.+!

#L[!2%!*-.0%'&,-.!%+!"K[!2:%G*>&!(.).+,-A(',Q4%X!%+!H!MKZS!/)!*-.0%'&,-.!%&+!2%!M"[!

%+!/:(.).+,-&(/%*+,0,+(!2%!O[E!!$%!*-A1/%G%!5+69,.(1,.%!2;(!2-..%!/%!AFA%!1'-24,+!2%!

OAc

OAc

OAc

OAc

OAc

n n

R R OAc

R

R

n

n

Pt (4%mol)

toluène, T°C, 18h

AgBF4 (4%mol)

Pt  =
Pt PNMe2

O

ON

N I

Pt PPh

N

N I

"@ABC(!D:!

2:(!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!2;(!



!"#$%&'()***)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

! "#$

%&%'()*(+,-)*./)(0! 1! 2345! .67%! 807! %(067-*)(0! 98.*):/(/.'7! 7/! 80! /-;*! <.)='7! 7>%;*!

,0.0/)(+,-)987! ?7! @AB! C.'D-,! ?7*! /.8>! ?7! %(067-*)(0! ,'76,*! '7*! -70?7+70/*! *(0/!

<.)='7*!E8)*987!'7*!E-(?8)/*!=)%&%')987*!*(0/!E78!*/.='7*B!

F7!?),0&07:"G$!!"#! 7*/!,D.'7+70/! )*(+,-)*,!70!$"#!E.-! '7*!%(+E'7>7*!%&'! 7/!%"'B!F7!

%(+E'7>7! H/IJ)0,E)07! %"'! 07! E7-+7/! E.*! ?K)0?8)-7! ?7! 'K,0.0/)(*,'7%/)6)/,! ?.0*! '.!

-,.%/)(0B! L0! -76.0%M7G! '7! %(+E'7>7! H/INOP:C(0(EM(*! %&'( E7-+7/! '.! <(-+./)(0! ?8!

E-(?8)/!?,*)-,!.67%!80!7>%;*!,0.0/)(+,-)987!?7!@2AB!57!-,*8'/./!70%(8-.D7.0/!0(8*!.!

%(0?8)/! 1! E(8-*8)6-7! 0(/-7! ,/8?7B! C.)*! '7*! *8=*/-./*! !")! 7/! !"#! E-,*70/70/! ?78>!

)0%(06,0)70/*!+.Q78-*B!RK807!E.-/! '7*! =)%&%'7*! %(--7*E(0?.0/*! -,6;'70/! E78! 70!STG! %7!

98)! -70?! '.! ?,/7-+)0./)(0! ?7! 'K7>%;*! ,0.0/)(+,-)987! ?)<<)%)'7G! ?K.8/-7! E.-/! )'*! *7!

?,D-.?70/!?.0*!'7!/7+E*B!!

!

!H.-! %(0*,9870/G! ?K.8/-7*! 7**.)*! (0/! ,/,! -,.')*,*! 70! 8/)')*.0/! %(++7! *8=*/-./! '7*!

$#'#0)/-(=70U(./7*!!"*G!!"+!7/!!",!NV%M,+.!@WPB!

!

!

!

!

!

-./012( !345/0'/( $06738/(
%6.9:(

;<=(

>2.72?2./(

;<=(
22(;<=(

"!

!"*( $"*(

0B?B! "X!NOCYP! WW.!

Z!

!"+(
$"+(

W$! "@! Z3=!

W!

!",(

$",(

"X! "X! $W%!

@'4A2'3(B*(

!

OPNB

OPNB

OPNB

OPNB

OPNB

OPNB

OPNB

n n

R R OPNB

R

R

n

n

Pt (4%mol)

toluène, 90°C, 18h

AgBF4 (4%mol)
Pt  =

Pt PNMe2

O

ON

N I

!CD1?'(*"(

%&'(



!"#$%&'()***)+)!,-./%0/12'%0#&%/30)23#3&%/02.(-&%4(0)5623,3(0789:)

! "#$

%&'!&()*'!+,-,./01+2/34&'!'0,.!5+.&21/,+'!6-2!78%9!:!!

-!)0;0,,&!97<=>9?%!<>@!+;4-,.!A&6.B/82C7!DDB"@!"!1%B1/,@!.&16'!5&!2+.&,./0,!D@E!&.!"F@D!1/,G!!

H!)0;0,,&!97<=>9?%!<9@!+;4-,.!A&6.B/82C7!DDB"@!"!1%B1/,@!.&16'!5&!2+.&,./0,!"#@I!&.!"J@I!1/,G!!

)!)0;0,,&!97<=>9?%!<9@!+;4-,.!A&6.B/82C7!DDB"@!"!1%B1/,@!.&16'!5&!2+.&,./0,!"F@"!&.!"K@"!1/,G!

!

C,!2&1-234&!34&!;&!L-/.!5&!2&16;-)&2!;&!M2046&1&,.!-)+.-.&!6-2!4,!M2046&1&,.!$#'#N

,/.20H&,O0-.&!5-,'!;&!)-'!5&!;P+,Q,&N"@$!!"#!R&,.2+&!"!54!S-H;&-4!"$!)016-2+!T!&,.2+&!

I! 54! S-H;&-4! "UV! 6&21&.! 5P0H.&,/2! 4,! &()*'! +,-,./01+2/34&! 4,! 6&4!1&/;;&42! R5&! U! T!

KKWVG! ?,! 2&X-,)A&@! 5-,'! ;&! )-'! 5&! ;P+,Q,&N"@U! !"$! ;-! L0,)./0,! $#'#7,/.20H&,O0-.&!

&,.2-/,&!4,&! ;+M*2&!5/1/,4./0,!5&!;P&()*'!+,-,./01+2/34&!T!UKW!)016-2+!T!$DW!6042!

;P-)+.-.&! )022&'60,5-,.! R&,.2+&! K! 54! S-H;&-4! "$VG! %&'! )0,X&2'/0,'! &.! 2&,5&1&,.'!

0H.&,4'!T!6-2./2!5&!)&'!.20/'!$#'#,/.20H&,O0-.&'!'0,.!L-/H;&'G!!

!

9&'!2+'4;.-.'!10,.2&,.!34&!;&!M2046&1&,.!602.+!6-2!;P0(QM*,&!54!'4H'.2-.!/,L;4&,)&!T!;-!

L0/'! ;-! 2+-)./X/.+! &.! ;P+,-,./0'+;&)./X/.+! 5&! ;-! 2+-)./0,G! %P/,.2054)./0,! 5&! 5/LL+2&,.'!

'4H'./.4-,.'! '42! ;&'! )A-/,&'!0;+L/,/34&'!54!'4H'.2-.!60422-/.!Y.2&!&,X/'-M+!)011&!6-2!

&(&16;&!5&'!M2046&1&,.'!6;4'!&,)01H2+'!T! ;-!6;-)&!54!1+.AQ;&G!ZP-4.2&'! )-.-;Q'&42'!

60422-/&,.!+M-;&1&,.!Y.2&!.&'.+'!-L/,!5&!)016;+.&2!)&..&!+.45&G!!

%

&'( )*+,-./0*+%1%

!

Z-,'! )&! )A-6/.2&@! ;&'! 2+'4;.-.'! 0H.&,4'! 5-,'! ;&'! 2+-)./0,'! 5&! )Q);0/'01+2/'-./0,!

5P+,Q,&'N"@U! AQ520(Q;+'! )-.-;Q'+&'! 6-2! 5&'! )016;&(&'! 5&! '&)0,5&! M+,+2-./0,! 602.-,.!

5&'!6A0'6A02-1/5/.&'!)011&!;/M-,5'!)A/2-4(!0,.!+.+!62+'&,.+'G!

!

[,&! +.45&! 62+;/1/,-/2&! -! .04.! 5P-H025! +.+! &LL&).4+&! -X&)! 5&'! +,Q,&'! 62+'&,.-,.! 4,!

M2046&1&,.! 0(QM+,+! 10H/;&! RC8\]V! 04! ,0,! 10H/;&! RCS]^@! C7VG! %&'! 2+'4;.-.'!

&,)042-M&-,.'! 0H.&,4'! -X&)! ;&'! +,Q,&'! )01602.-,.! 4,! M2046&! ,0,! 10H/;&! ,04'! 0,.!

)0,54/.!T!+.45/&2!)&'!5&4(!2+-)./0,'!&,!5+.-/;G!%02'34&!;&!'4H'.2-.!62+'&,.&!4,!CS]^!&,!

60'/./0,!6206-2MQ;/34&@!,04'!-X0,'!1/'!&,!+X/5&,)&!;P/,L;4&,)&!54!)&,.2&!'.+2+0M*,&!54!

62054/.!5&!5+6-2.!'42!;P/''4&!'.+2+0)A/1/34&!5&!;-!2+-)./0,G!

!

%&'!1&/;;&42'!2+'4;.-.'!'0,.!5&'!&()*'!+,-,./01+2/34&'!5&!J"W!6042!;P+,Q,&!62+'&,.-,.!

4,!CS]^!&.!5&!JUW!6042!;P+,Q,&!'4H'./.4+!6-2!4,!-;)00;G!9&'!2+-)./0,'!'0,.!.04_042'!T!
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! "#$

%&'()*+! ,)! %,-./,(.0/+1! )2+! .3(0405,(0.2! 3%)5! 602+! *+5! 7,(,%85+)/5! +(! *+5! 7.2*0(0.25!

/',7(0.22+%%+5!+5(!/',%05'+!,0250!9)+!*+5!:,/0,(0.25!*+!5)-5(0(),2(5!*)!5)-5(/,(;!!

!

<.)5! ,:.25! '=,%+4+2(! 3/'5+2('! *+5! /'5)%(,(5! 3/'%0402,0/+5! 7.27+/2,2(! %,!

*'584'(/05,(0.2! *&'282+5>"1?! @8*/.A8%'5! 7.43./(,2(! )2! =/.)3+! .A8='2'! 4.-0%+;!

B)+%9)+5!/'5)%(,(5!+27.)/,=+,2(5!.2(!'('!.-(+2)5;!<.)5!,:.25!405!+2!':0*+27+!C!!

> D,! 787%.05.4'/05,(0.2! *+! *0'282+5! +2! -0787%.@+AE2+5! 7,(,%85'+! 3,/! *+5!

7.43%+A+5!*&./!FG7@'4,!??H;!

> I2! 20:+,)! *&'2,2(0.5'%+7(0:0('! +27.)/,=+,2(! *,25! %,! 787%.05.4'/05,(0.2! *+!

*0'282+5!.J!%&,%782+!,!)2+!(/03%+!%0,05.2!(+/402,%+!F++!K)59)&L!MNO1!P,-%+,)!"?!+(!

P,-%+,)!"MH;!

Q+((+! '()*+! *.0(! R(/+! 3.)/5)0:0+! +2! .3(0405,2(! %+5! 7.2*0(0.25! /',7(0.22+%%+5! +(! %+5!

7,(,%85+)/5;!

!

S02,%+4+2(1! )2+! 4+0%%+)/+! 7.43/'@+250.2! *+5! 4'7,2054+5! *+! 787%.05.4'/05,(0.2!

*&'282+5>"1?1! ,:+7! .)! 5,25! 40=/,(0.2! *)! =/.)3+4+2(! .A8='2'1! +(! *+! %+)/! 7.2(/T%+!

5('/'.7@0409)+! 2.)5! 3+/4+((/,0(! *&,4'%0./+/! %+! 585(E4+! 7,(,%8(09)+! *+! 6,U.2! 3%)5!

,33/.3/0'+;!!



!

!

!

!

!

!

"#$%&'()!*+!,!!

-.'()/!%(01)'/!)'!

%)(/%)2'&3)/!

!

!

!

!

!

!

!





!"#$%&'()*+),)-.&'(/)$'01(&/)(&)$('/$(2&%3(/)

! "#$

!"#$%&'()*+),)-.&'(/)$'01(&/)(&)$('/$(2&%3(/)

!

!

"# $%&'()!*%!)+,-%.,/!01234.5.67&%,1&!0+5%)5'%6&!

!

%&! '(&)*! +,! ',! -)./.01! 2(&*! ./(2*! 03.4025! +,! 2(&/,.&6! '(371,6,*! +,! 71.-02,899:! ;&0!

7(&)).0,2-! <-),! &-010*5*! '(33,! '.-.1=*,&)! +.2*! 1,*! )5.'-0(2*! +,! '='1(0*(35)0*.-0(2! ,-!

;&0!7)5*,2-,).0,2-!&2,!*-)&'-&),!'(37153,2-.0),!>!',11,*!+,*!'(371,6,*!+,!7),30?),!,-!

*,'(2+,!4525).-0(2!+5')0-*!@&*;&A0'0B!C.!7),30?),!4525).-0(2!+,!'(371,6,*!7(**?+,!+.2*!

1.!*7D?),!+,!'(()+02.-0(2!+&!71.-02,!&2!'.)E?2,!3(2(+,2-5F!&2,!+07D(*7D02,!'D0).1,!,-!

&2! 104.2+! 1.E01,!G! 1.! *,'(2+,! 4525).-0(2! '(37()-,! &2! '.)E?2,! E0+,2-5! H()3.2-! &2!

71.-02.'='1,! ,-! &2,! 3(2(7D(*7D02,! 'D0).1,B! C.! 2(&/,11,! *-)&'-&),! 03.4025,! *,).0-!

71.-02.'='10;&,! ! '(33,! 1,*! '(371,6,*! +,! *,'(2+,! 4525).-0(2! 3.0*! ',--,! H(0*I'0F! 1.!

7D(*7D02,! H,).0-! 7.)-0,! +&! 35-.11.'='1,B! C,*! +,&6! .&-),*! 104.2+*! *,).0,2-! &2! '.)E?2,!

3(2(+,2-5!,-!&2!D.1(4?2&),!8J'D53.!":B!

!

!

!

!

!

!

!

K(&)! H()3,)! &2! 71.-02.'='1,! 7D(*7D()5! 'D0).1! 01! ,*-! ,2/0*.4,.E1,! +A&-010*,)! +,*!

7D(*7D02,*! H,))('520;&,*! -,11,*!;&,!89! 8J'D53.!L:B! 91! *A.40-! +,!7D(*7D02,*! >! 'D0).10-5!

71.2,B!!

!

!

!

!

!

C.!H(2'-0(2!D.1(452&),!7,)3,--).0-!1.!H()3.-0(2!+A&2!35-.11.'='1,!>!*,7-!'D.02(2*!+.2*!

&2,! 5-.7,! +A.++0-0(2! (6=+.2-,B! C,! '(371,6,! +,! 71.-02,899:! *,).0-! (E-,2&! >! 7.)-0)! +A&2!

:4;2<.!=!

X

PPh2

Fe

:4;2<.!>!

Pt P

X

N

N

R2

R1

*

Pt P

P

X

N

N

R2

R1

*

Pt PR3

X

N

N

R1

*

Catalyseurs 
de première 
génération

Catalyseurs 
de deuxième 
génération

Nouveaux
catalyseurs 
potentiels

89!
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! "#$

%&'()*+*!,*!()-./0*123! (-4! 50*! 6.4-.78/*! -0-)&85*! 9! %*))*! 65/:/*! (&54! )-! 6;0.<=6*!,*6!

%-.-);6*546!,*!(4*'/=4*!*.!,*5+/='*!87074-./&0!1>%<7'-!?3@!

!

!

!

!

!

!

A&46!,*!)B7.-(*!%)7C!)-!(<&6(</0*!:/*0,4-/.!65D6./.5*4!50!)/8-0,!&)7E/0/F5*!654!)*!()-./0*C!

(5/6!)B-,,/./&0!&+;,-0.*!,*!)B-4;)*!<-)&8707!6*!(4&,5/4-/.@!

!

A-!(4*'/=4*!7.-(*!(&54!)-!'/6*!*0!G5:4*!,*!%*!(4&H*.!%&06/6.*!9!7.5,/*4!)-!6;0.<=6*!,5!

)/8-0,!(<&6(<&47!%&0:*0-D)*'*0.!E&0%./&00-)/67@!IB*6.!%*!F5/!-!7.7!47-)/67!-5!%&546!,*!

%*!.4-:-/)@!

!

J&.4*!&DH*%./E!*6.! )-!6;0.<=6*!,*!(<&6(</0*6!,*!6.45%.54*!87074-)*!!@!K0!6B/06(/4-0.!,*!

'7.<&,*6! ,*! )-! )/..74-.54*C! 0&.4*! 6.4-.78/*! %&06/6.*! 9! E&4'*4! ,B-D&4,! )*! 6F5*)*..*!

E*44&%70/F5*! 9! %</4-)/.7! ()-0*! *.! 9! /0.4&,5/4*! *065/.*! 65%%*66/:*'*0.! )B<-)&87054*!

,B-4;)*!*.!)-!E&0%./&0!(<&6(<&47*!1>%<7'-!#3@!!

!

!

!

!

!

!

A-!:&/*!,*!6;0.<=6*!65/:-0.*!-!.&5.!,B-D&4,!7.7!*0:/6-87*!1>%<7'-!L3@!

!

!

!

!

!

!

!

Pt

X

N

N

Ph2
P

Fe

X

PPh2

Fe

Pt

N

N Si

O

Si
+

"#$%&'()(

"#$%&'(*(

Fe

A*

Fe

A*

I

Fe

A*

Ar

Fe

P

Ar

!(



!"#$%&'()*+),)-.&'(/)$'01(&/)(&)$('/$(2&%3(/)

! "#$

!

!

!

!

!

!

!

!

!

!

%&!'4()*)'+,-./01+,-.12(3144/256578"9:!;<5!=/<8!28!4>28!6?&<0525&548!@.54&2!8A-!B48CC,8!A<4!

28! C844/@D78! 3&4! &+57&-5/7! 4,6<@-45@8! 6<! C844/@D78! @&4E/0&26,.168F"9#G"9H!%8! @/+3/A,!

!!!8A-!5A/2,!&I8@!<7!48768+87-!68!#JKF!L78!/4-./25-.5&-5/7M5/6&-5/7!65&A-,4,/A,28@-5I8!

&AA5A-,8!3&4! 2&! '4()*)'+,-./01+,-.12(3144/256578!384+8-!6?/E-8754! 2?5/6<48!"##!6,A54,!

&I8@!<7!48768+87-!68!N9K!8-!<7!4&33/4-!65&A-,4,/5A/+,45;<8!A<3,458<4!O!NNM"F"9#G"9H!!

%&! @/3<28! @.54&28!8A-!6,32&@,8!3&4! 4,&@-5/7!&I8@! 2?&7.164568!&@,-5;<8!&C57!6?57-4/6<548!

<78!C/7@-5/7!&@,-&-8!;<5!6/5-!A84I54!87A<5-8!68!B4/<38+87-!3&4-&7-F!

P8--8!68475D48!,-&38!8A-!38<!4834/6<@-5E28!&I8@!68A!48768+87-A!&22&7-!68!9$!O!H$KF!L78!

@84-&578!57A-&E525-,!6<!@/+3/A,!"#"!3/<44&5-!80325;<84!@8A!C&5E28A!48768+87-A!8-!2&!7/7!

4834/6<@-5E525-,! 68! @8--8! 4,&@-5/7F! L7! @/<32&B8! 68! Q<R<S5! 8A-! 87A<5-8! 4,&25A,! 87-48! 28!

C844/@D78! 5/6,! 8-! 2?&@568! 0'&"0)@.2/4/3.,712E/4/75;<8! 87! 34,A87@8! 68! 3&22&65<+!

-8-4&S5A'-453.,7123./A3.578(! 8-! 68! @&4E/7&-8! 68! @,A5<+F! L7! 48768+87-! 68! HTK! &! ,-,!

/E-87<F!

%8A! C&5E28A!48768+87-A!68! 2?,-&38!68! C/4+&-5/7!68! 2?&@,-&-8!7/<A!/7-!&+87,A!O!,-<6584!

<78! &<-48! I/58! 68! A17-.DA8! /U! 28A! ,-&38A! 68! C/4+&-5/7! 68! 2?&@,-&-8! 8-! 68! 4,&@-5/7! 68!

Q<R<S5!A/7-!57I84A,8A!'Q@.,+&!H(F!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"9:!VF!W7684AG!XF!Y81G!ZF![533.&46-G!5'67)489&"7)"!$%G!:;G!"J\F!
"9#!%F!]5&/G![F!^8485-84G!_F!_85AA87A-85784G!^F!_56.&2+G!489&"(/%/)"!!!G!<===G!"\#:)"\H9F!
"9H!PF!`&7-84G!aF!_&B784G!!"(>7)?('7)"!!&G!<@AG!""#J)""H"F!

Fe

CHO

Fe

N

OMe Fe

N

OMe
I

Fe

OAc

I

Fe

OAc
Cl

Fe

PPh2
Cl

NH OMe

NaBH3CN

MeOH, tamis 4A, t.a.
57%

1- s-BuLi, Et2O
-78°C à -25°C

2- diiodoéthane
-78°C à t.a.

92%

Ac2O

80°C, 18h
20-30%

B

Cl

OH

OH

Pd(PPh3)4, CsCO3

toluène, THF, eau
100°C, 8h

68%

'()*+,-&-

'()*+,-.-

Fe

N

OMe
I

Fe

Cl

Ac2O

90°C, 18h
69%

B

Cl

OH

OH

PdCl2(dppf).DCM
NaOHaq 3N

1,2-diméthoxyéthane
85°C, 4h

69%

N OMe

Fe

Cl
OAc

PHPh2

CH3COOH
50°C, 2h

Fe

Cl
PPh2

100 103a 102a 98a
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!"#$%&'()*+),)-.&'(/)$'01(&/)(&)$('/$(2&%3(/)

! "#"

!

$%! &'()*+,-! .-! /(0(12! -34! 56+*236! -%45-! *72'.(5-! !""! -4! *7+&2.-! 0'&"08

&9*'5')96%:*;'5'%2<(-=!

>-! ?-2**-(5! &+4+*:3-(5! -34! 2&2! *-! @.A*BC.))DE=! >+! 56+&42'%! 3-! D+24! -%! )563-%&-! .7(%-!

3'*(42'%! .79:.5'F:.-! .-! 3'.2(?! GH! .+%3! .(! "IB8.2?649'F:649+%-! J! K#LA! )-%.+%4! M!

9-(5-3=!>-!)5'.(24!.-!&'()*+,-!-34!';4-%(!+N-&!(%!5-%.-?-%4!.-!OPQ=!!

>-!D-55'&R%-!!"#$!-34!?23!-%!56+&42'%!+N-&!.-!*7+%9:.52.-!+&642<(-I!(%-!%(24!J!PSLA!+D2%!

.-!D'5?-5!!"%$!<(2!-34!';4-%(!+N-&!(%!5-%.-?-%4!.-!OPQ=!

>+! )9'3)92%-! .63256-! &'$! -34! -%3(24-! D'5?6-! )+5! 56+&42'%! .-! *7+&64+4-! !"%$! +N-&! *+!

.2)96%:*)9'3)92%-!.+%3!*7+&2.-!+&642<(-!,*+&2+*!J!#SLA!)-%.+%4!B!9-(5-3=!>+!)9'3)92%-!

&'$! 37'F:.+%4! 45R3! 5+)2.-?-%4! J! *7+25I! *+! )(52D2&+42'%! )+5! &95'?+4',5+)92-! 3(5! ,-*! .-!

32*2&-I! '(! )+5! -F45+&42'%! .(! ?2*2-(! 56+&42'%%-*! J! *7+&64+4-! .7649:*-! +! 646! 56+*236-! 3'(3!

+4?'3)9R5-!.7+5,'%!-4!+N-&!.-3!3'*N+%43!.6,+063=!H6+%?'2%3!-**-!%7+!)+3!)(!T45-!23'*6-!

3'(3!D'5?-!4'4+*-?-%4!)(5-=!!U+*,56!*+!3-%32;2*246!J!*7+25!.-!&-44-!)9'3)92%-I!%'(3!+N'%3!

4-%46! *+! 3:%49R3-! .(! )*+42%+&:&*-! (%"! -%! -%,+,-+%4! .25-&4-?-%4! *+! )9'3)92%-!

)+542-**-?-%4! )(52D26-! .+%3! *+! 56+&42'%! +N-&! (%! &'?)*-F-! &+5;6%2<(-! .-! )*+42%-CSE!

C/&96?+!VE=!

!

!

!

!

!

!

>-! &+5;R%-! &9'232! -34! *-! )*(3! 32?)*-! )'332;*-! +D2%! .-! %-! )+3! ,T%-5! 34652<(-?-%4!

*7+))5'&9-! .-! *+! )9'3)92%-! -4! *7+..242'%! 'F:.+%4-=! W)5R3! 56+&42'%! .+%3! *-!

4-45+9:.5'D(5+%-!J!.-3!4-?)65+4(5-3!&'?)523-3!-%45-!OS!-4!PSLAI!+(&(%!)5'.(24!%7+!)(!

T45-! 23'*6=! >-! )*+42%-CSE! .-! .6)+54! &'?)'3-! -33-%42-**-?-%4! *-! ;5(4! 56+&42'%%-*I! *+!

)9'3)92%-!<(2!%7-34!)*(3!N232;*-!)+5!XUH!37-34!)5';+;*-?-%4!.6,5+.6-=!!

H'(3! +N'%3! +*'53! 3())'36! <(-! *7+5:*-! &9*'56! %764+24! )+3! +33-0! 56+&42D! .+%3! *764+)-!

.7+..242'%! 'F:.+%4-=! WD2%! .-! D+N'523-5! *7+..242'%! 'F:.+%4-I! %'(3! +N'%3! 3:%4964236! (%!

*2,+%.!+%+*',(-!?+23!)'336.+%4!(%!+5:*-!;5'?6!C/&96?+!KE=!

!

!

Fe

PPh2

Cl

Pt

Cl

N

N

Ph2

P

Fe

Pt

N

N Si

O

Si
+

THF, 60-90°C

)*+,-$./.

.&'$. . . .............(%".



!"#$%&'()*+),)-.&'(/)$'01(&/)(&)$('/$(2&%3(/)

! "#$

!

!

!

!

!

!

!

%&'! ()*+,-,)*'! ./0(-,)**&11&'! +2! ()23104&! +&! 52627,! &-! +&! +/310(&8&*-! +&! 10! ()321&!

(9,.01&! ')*-! ,+&*-,:2&'! ;! (&11&'! +/(.,-&'! 3./(/+&88&*-<! %&'! .&*+&8&*-'! ')*-!

.&'3&(-,=&8&*-!+&!">>!&-!??@<!

%A/-03&!+&!B).80-,)*!+&!10!39)'39,*&!0!/-/!/-2+,/&!&*'2,-&<!%&!()83)'/!!"#$!./04,-!0=&(!

10! +,39/*C139)'39,*&! +0*'! 1A0(,+&! 0(/-,:2&! 410(,01! ;! #>DE! 3&*+0*-! +&2F! 9&2.&'! 3)2.!

)G-&*,.! 10! 39)'39,*&! +/',./&<! %0! 3.)-&(-,)*! +&! 10! 39)'39,*&! 30.! 2*! HIJ! 0! 3&.8,'!

1A)G-&*-,)*! +A2*&! B).8&! *)*! )FC+0G1&! +2! 1,40*+! &-! +&! 3)2=),.! 1&! (0.0(-/.,'&.!

()831/-&8&*-<! %&! .&*+&8&*-! &'-! +&! $"@! ',! 10! ./0(-,)*! &'-! B0,-&! +0*'! 1&'! 8K8&'!

()*+,-,)*'L!(&3&*+0*-!;!-&83/.0-2.&!08G,0*-&!1&!.&*+&8&*-!&'-!+&!"J@!'&21&8&*-<!

!

M2':2A,(,! 1&! .&*+&8&*-! -.)3! B0,G1&! +&! 10! 'C*-9N'&! +&! %&! *A0! 3&.8,'! +&! ./01,'&.! :2&!

:2&1:2&'! &''0,'! 3./1,8,*0,.&'! +&! ()831&F0-,)*<! E&'! &''0,'! *A)*-! 30'! 3&.8,'! O2':2A,(,!

+A)G-&*,.! 1&! ()831&F&! +/',./! '#"<! P0*'! 10! '2,-&! +&! (&--&! /-2+&L! ,1! B02+.0! /-2+,&.! +&!

80*,N.&!312'!+/-0,11/&!10!B).80-,)*!+2!310-,*0(C(1&!!;!30.-,.!+&!(&--&!39)'39,*&<!!

Q*!(0'!+A/(9&(L!)*!3)2..0!&*=,'04&.!+&!.&8310(&.!1&!G.)82.&!0.C1,:2&!30.!2*!,)+2.&!:2,!

+&=.0,-!K-.&!312'!./0(-,B!+0*'!1A/-03&!+A0++,-,)*!)FC+0*-&<!

!

!

(() *+,-./-./01234.5.6/078$9:;<,.6/-./347+;:.=((>/0122./31+.:+;.46/7?.:+6/

7:+;+,2187,5//

!

R2! 10G).0-),.&L! 1&'! 3.)3.,/-/'! (C-)-)F,:2&'! +&! ()831&F&'! +&! 310-,*&! (0.G/*,:2&'! ')*-!

/-2+,/&'<!R2!()2.'!+&!80!-9N'&L! OA0,!32!30.-,(,3&.!;!(&'!-.0=02FL!&*!&BB&-L! 10!'C*-9N'&!+&!

(&'! ()83)'/'! '2,-! 10!8K8&! '-.0-/4,&! :2&! (&11&! +/(.,-&! 3)2.! 1&'! (0-01C'&2.'! 3./'&*-/'!

+0*'!(&!80*2'(.,-<!!

@0A927/&/

Fe

N

OMe
I

Fe

Br

Ac2O

90°C, 18h
77%

B

Br

OH

OH

PdCl2(dppf).DCM
NaOHaq 3N

1,2-diméthoxyéthane
85°C, 4h

quant.

N OMe

Fe

Br
OAc

2. BH3.SMe2
THF
21%

Fe

Br
PPh2.BH3

1. PHPh2 
CH3COOH
50°C, 2h

100 103b 102b 98b



!"#$%&'()*+),)-.&'(/)$'01(&/)(&)$('/$(2&%3(/)

! "#$

%&'!()*(&+'!+,'-./&*/!0&!.1)(2-3'3/34*!0&!5-./36.&'!)./,+)/34*'!7,*,/32-&'!(4*0-3')*/! .)!

(&..-.&! 8! ,(9)66&+! )-:! 5,()*3'5&'! *4+5)-:! 0&! (4*/+;.&! 0&! .)! 6+4.3<,+)/34*=! >*!

(93534/9,+)63&?!-*&!'/+)/,73&!.4*7/&56'!-/3.3',&!64-+!.-//&+!(4*/+&!.&'!()*(&+'!)!,/,!0&!

(3@.&+!03+&(/&5&*/!.1ABC!&/D4-!013*/&+<,+&+!)E&(!.&!5,/)@4.3'5&!0&'!)(30&'!*-(.,32-&'!&/!

.)!6+4.3<,+)/34*!(&..-.)3+&=!!

F&//&!)66+4(9&!)!(4*0-3/!&*/+&!)-/+&!)-!0,E&.466&5&*/!0-!(3'6.)/3*&"GH!I(3'JKCL$MN/F.GO!

2-3!&'/! .1-*!0&'!)7&*/'!)*/3()*(,+&-:! .&'!6.-'!(4-+)55&*/!-/3.3',!&*!(93534/9,+)63&=! P.!

&'/!-/3.3',!64-+!.&!/+)3/&5&*/!0&'!()*(&+'!0&!.)!/Q/&?!0-!(4-?!0&'!/&'/3(-.&'?!0&'!4E)3+&'!&/!

0&'!64-54*'?!'&-.!4-!&*!(456.,5&*/!01)-/+&'!/+)3/&5&*/'!(455&!.)!+)034/9,+)63&=!

F&6&*0)*/?! ')!*4*!',.&(/3E3/,!64-+! .&'!(&..-.&'! /-54+).&'!(456)+,&!)-:!(&..-.&'!')3*&'!

&*/+)3*&! 0&! .4-+0'! &<<&/'! '&(4*0)3+&'! 3*0,'3+)@.&'! )3*'3! 2-&! .1,5&+7&*(&! 0&!

+,'3'/)*(&'="GR!B&6-3'!6.-'!0&!/+&*/&!)*'?!0&!*45@+&-'&'!+&(9&+(9&'!4*/!,/,!5&*,&'!)<3*!

0&!/+4-E&+!0&!*4-E&..&'!54.,(-.&'!6.-'!',.&(/3E&'!&/!&<<3()(&'!'-+!0&'!(&..-.&'!/-54+).&'!

+,'3'/)*/&'! )-! (3'6.)/3*&=! B&'! )*).47-&'! 0-! (3'6.)/3*&! 4*/! ,/,! 0,E&.466,'?! (455&! 6)+!

&:&56.&'!.14:).36.)/3*&!&/!.&!()+@46.)/3*&!-/3.3','!64-+!.&!/+)3/&5&*/!0-!()*(&+!(4.4+&(/).!

&/!0&'!/-5&-+'!4E)+3&**&'!KS(9,5)!TM=!

!

!

!

!

!

!

U).9&-+&-'&5&*/?! (&'!54.,(-.&'! 6+,'&*/&*/! ,7).&5&*/! 0&'! &<<&/'! '&(4*0)3+&'! (455&!

0&'!*&-+46)/93&'!6,+369,+32-&'!4-!.)!5V&.4'-66+&''34*"GT?!&/!.)!+&(9&+(9&!0&!*4-E&)-:!

)*).47-&'! 0-! (3'6.)/3*&! +&'/&! -*! 4@W&(/3<! 5)W&-+=! B)*'! (&! (4*/&:/&?! *4/+&! ,2-36&?! &*!

(4..)@4+)/34*! )E&(! S)*4<3JAE&*/3'?! )! &*E3')7,! 01,/-03&+! .&! 64/&*/3&.! )*/3()*(,+&-:! 0&'!

(456.&:&'! 0&! 6.)/3*&KPPM! (4564+/)*/! 0&'! .37)*0'! ()+@X*&'! 4J9,/,+4(V(.32-&'!

KCLFM="$Y?"$"! %13*/,+Q/! 0&'! CLF! &'/! 2-13.'! '4*/! )((&''3@.&'! &*! 2-&.2-&'! ,/)6&'! &/!

<)(3.&5&*/! 540-.)@.&'?! (&! 2-3! 6&+5&//+)3/! 0&! <)3+&! E)+3&+! 8! .)! <43'! .&'! 6+46+3,/,'!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"GH!Z=![4'&*@&+7?!%=!\)*()56?!]=!>=!^+4'_4?!\=!L=!U)*'4-+?!4#&.'()!"#"?!555?!$R#J$R`=!
"GR!F=!A=![)@3_?!U=!>=!B4.)*?!!#62(')&'(#&7)'(37)$%%&?!88?!TJG$=!
"GT!>=!a4*7?!F=!U=!b3)*045&*3(4?!!"(97):(37)!"""?!;;?!Gc#"JGc``=!
"$Y!N=!U)3..&/?!A=!U)+3*&//3?!U=!S_)*0&+<)=>5??;@AABCDE?!$%%"=!
"$"!U=!S_)*0&+?!N=![&/)3..&)-?!Z=!Z4-++3,?!%=!S(934?!N=!U)3..3&/?!A=!U)+3*&//3?!F7)G(H7)!"(97)$%!%?!E8?!G"c`J

G"#c=!

'()*+,-"-

Pt

O

O

O

O
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N
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Pt
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O

O

O
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H3N
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!"#$%&'()*+),)-.&'(/)$'01(&/)(&)$('/$(2&%3(/)

! "#$

%&'()*+*&),)-./(! /0! 123*0)4)05! 6)+1+7)-./! 8/(! *+,%1/9/(! 8/! %130):/;! <./1-./(!

3%%1)*30)+:(! 6)+,58)*31/(! +:0! 505! =3%%+=05/(! %+.=! 8/(! 85=)45(! >?@;! A/(! *+,%1/9/(!

823=7/:0"BCD"BBD"B$! /0! 82+="B#! (+:0! *+::.(! %+.=! 1/.=! %=+%=)505(! 3:0),)*=+6)/::/(! 03:8)(!

-./! 8/(! *+,%1/9/(! 82+="BED"BFD"BGD"BHD"$ID! 8/! *.)4=/"$"! 8/! %31138).,! /0! 823=7/:0"BHD"$CD"$B!

,+:0=/:0!.:/!0+9)*)05!0.,+=31/;!

A3:(!:+0=/!5-.)%/!1/!A=!J'=)/,!KL3:8/=!3!%=5%3=5!8/(!*+,%1/9/(!8/!%130):/!8/!M+=,.1/!

75:5=31/!N0O>?@PQCO3,):/P;!R3!4+)/!8/!(':0&S(/!/(0!13!,T,/!-./!*/11/!.0)1)(5/!%+.=!1/(!

*+,%1/9/(!8/!%=/,)S=/!75:5=30)+:!O*&3%)0=/!QQP!U!13!8)MM5=/:*/!-./!1/!1)73:8!%&+(%&+=5!

/(0!=/,%13*5!%3=!.:!1)73:8!3V+05;!W:!/9/,%1/!/(0!8+::5!*)X8/((+.(!OK*&5,3!"IP;!

!

!

!!

!

!

!

!

!

R/!*+,%1/9/!O>?@PN0OIP!/(0!%=5%3=5!U!%3=0)=!8.!(/1!82),)83V+1).,!!"!/0!8.!*3031'(/.=!8/!

Y3=(0/80! 34/*! .:! =/:8/,/:0! 8/!GBZ;! N.)(! %3=! 3[+.0! (.**/(()M! 8/! 8))+8/! /0! 8/!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"BC\;!J/13)'/D!];!K;!K),+:(D!\;!J)1(0/8D!^;!N):7)0+=/D!@;!_/(8/,)+0)(D!@;!\;!`/(()/=D!_;!a;!b+.:7(D!45)6(75)!"(85)
#$$%D!9:D!HFBXHFF;!
"BB!\;!Y3(*303:X>/6)+71.D!\;!J/13)'/D!Y;!?):8)D!K;!A.=,.(D!J;!a;!N3:V:/=D!R;!\;!?+7./D!];!a;!J311/00D!@;!c;!?+4)(D!
J;!@+.7&/:+.=D!K;!A;!@=+(6'D!\;!J)1(0/8D!A;!R;!c1'D!@;!\;!`/(()/=D!@;!R;!@3::+:D!_;!a;!b+.:7(D!45)6(75)!"(85)
#$$&D!9;D!EG""XEG"G;!
"B$!Y;!J;!?):8)D!`;!a;!K)*)1)3:+D!K;!A.=,.(D!J;!a;!N3:V:/=D!A;!\;!J/84/0VD!A;!d;!]/88'D!R;!\;!?+7./D!@;!c;!?+4)(D!a;!
Y;!?)11)3=8D!];!a;!J311/0D!@;!\;!`/(()/=D!@;!R;!@3::+:D!_;!a;!b+.:7(D!45)6(75)!"(85)#$$'D!<=D!"#FFX"#GB;!
"B#!e;!fV8/,)=D!\;!A/:)V*)D!?;!`;!fV0g=LD!h;!i/0):L3'3D!-$$>5)?'@#A08(&#>5)!"(85)#$$%D!=BD!B"GXBCC!
"BE!N;!a;!h3=:3=8D!R;!c;!_/81+*LD!J;!d;!h3L/=D!K;!a;!h/=:/=(XN=)*/D!A;!\;!a+'*/D!h;!_;!KL/10+:D!a;!?;!K0//=D!-A@(C5)
!"(85)*A&5)D75)#$$&D!9<D!#HEEX#HFI;!
"BF!a;!_/34/=D!K;!j3)113=8D!@;!`+'/D!K;!J3*%&/=(+:D!K;!N;!>+13:D!\;!])*&/(D!!"(85)D.'5)45)#$((D!=:D!EECIXEEC$;!
"BG!_;!R).D!Y;!h/:(8+=MD!J;!N=+/00+D!W;!\6=3,D!\;!?37/:63*&D!];!j.(0D!45)6(75)!"(85)#$((D!<9D!GEI#XGE"#;!
"BH!@;X?;!_3:7D!_;X@;!K&)&D!?;!@;!@&3:7D!b;Xb;!Y.+D!_;X@;!?.:7D!`;Xj;!k:7D!_;XK;!R)D!45)6(75)!"(85)#$((D!<9D!
#C$#X#C$H;!
"$I!a;!R;!?)*L/'D!];!\;!].&3'/1D!N;!a;!h3=:3=8D!J;!d;!h3L/=D!K;!a;!h/=:/=(XN=)*/D!\;!^)1)%+4(L3D!45)-85)!"(85)E025)
#$$'D!=FGD!"C#FIX"C#F";!
"$"!J;XR;!`/'((+0D!\;XK;!a3==+.((/D!\;!@&/4='D!\;!A/ ?3V/D!@;!h/3.8+):D!J;!J3:):D!K;!N;!>+13:D!K;!Al/VX
j+:Vm1/VD!R;!J+=/1D!\;!j3.0)/=D!!"(85)D.'5)45)#$$)D!=<D!B"$XB"G;!
"$C!K;!]3'D!];!J+&3:D!a;!Y;!K):7&D!J;!Y;!K3,3:03=3'D!J;!J;!K&3)L&D!A;!N3:83D!N;!j&+(&D!45)-85)!"(85)E025)#$$"D!
=H;D!"#I$CX"#I#B;!
"$B!_;!R).D!Y;!h/:(8+=MD!\;!?37/:63*&D!W;!\6=3,D!h;!>).D!\;!J3=)3%%3:D!];!j.(0D!D.'5)45)6(75)!"(85)#$((D!9ID!
#HCFX#HB$;!

!
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N
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! "##

$%$&'()*%&+,-.)!/01!!"2!&)!$',3&)*)!4567+,-.)!#$%&!)/8!'98).0!+:)$!0.!1).;),).8!;)!

<=>2!/'0/!?'1,)!;@0.!/)0&!-/',A1)B!C)/!$&-$(D/!;)!;-??1+$8-'.!;)/!1+%'./!E!,'.81).8!F0)!

&)!$',3&)*)!+;'38)!0.)!$'.?-G01+8-'.!1)&+8-:)!&'#4/!;)/!;)0*!&-G+.;/!-';01)/!HI-G01)!"JB!

!

!

!

!

!

!

!

!

!

!

!

C)/! +$8-:-8D/! $%8'8'*-F0)/! ;)/! $',3&)*)/! '.8! D8D! D:+&0D)/! %4) 3%&'0! /01! ;)/! &-G.D)/!

$)&&0&+-1)/!(0,+-.)/!/)./-9&)/!+0!$-/3&+8-.)2!66KI76LM!H&)0$D,-)J!)8!46N75O<P!H$+.$)1!

;0! 3'0,'.J2! ,+-/! DG+&),).8! /01! ;)/! $)&&0&)/! 1D/-/8+.8)/! +0! $-/3&+8-.)! $',,)! &)/!

Q=RSPTUUV2!65"TUUV!)8!WXYZ[!H$+.$)1!;)/!':+-1)/JB!\0)&F0)/!:+&)01/!;@N6#YH]MJ!/'.8!

;'..D/!;+./! &)! 8+9&)+0! /0-:+.8! H^+9&)+0!"JB!U)!9'..)/! $%8'8'*-$-8D/! '.8! D8D! '98).0)/!

/01!&)/!$)&&0&)/!/)./-9&)/!+0!$-/3&+8-.)!,+-/!DG+&),).8!/01!&)/!$)&&0&)/!1D/-/8+.8)/B!

!

!

!

!

!

!

!

!

!

!

!

!

!

'()*+,-$-
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! "#$

!"#$%&'() "*'+) ,-./0) 1234/56678) ",956678) :;$<=8)

%&'()*+&,-! ./010/2! 3/210/.! 4"0! 4"0! $/"10/5!

67*)&()*+&,-! 0/810/.! 2/010/#! "9/.13/0! $/31"/0! 4"0!

"9-+!

3/010/#! ./51"/0! "/310/3! 3/010/.! #/.1"/0!

"9-0!

"/.10/.! ./210/.! "/310/2! :! 3/510/5!

"9-8!

"/.10/.! "/810/.! "/510/3! 3/210/.! 9/01"/0!

"9->!

3/91"/0! "/$10/"! "/210/.! 3/"10/.! 4"0!

?+0@A+B)9)

*! ;-))<)-'! )-<%=>&?<-'! @! ;;AB:;CD/! E! ;-))<)-'! F-! %*,%-G! F<! (6<>6,/! %! ;-))<)-'! F-! %*,%-G! H<>*&,! F-'!

6I*&G-'/!G='&'+*,+-'!*<!2%/()*+&,-J!

!!!!

K-'! %6>()-7-'! >6,+G-,+! F-'! %L+6+67&%&+='! F-! )M6GFG-! F<! >&%G6>6)*&G-! %6>(*G*E)-'/!

I6&G-!'<(=G&-<G-'!N!%-))-'!F<!%&'()*+&,-J!

!

O-! +GP'!E6,'! Q;#R! '6,+! 6E+-,<'! *I-%! )*!()<(*G+!F-'! %6>()-7-'!F*,'! )-! %*'!F-'! %-))<)-'!

G='&'+*,+-'! *<! %&'()*+&,-! S3950TOOU! -+! ;V"TOOU! *I-%! F-'! I*)-<G'! %6>(G&'-'!

G-'(-%+&I->-,+! -,+G-! "/3! -+! "/5! WD! -+! -,+G-! 3/"! -+! 3/2! WDJ! K-! %6>()-7-! "9-0! *!

=X*)->-,+!>6,+G=!<,-!Y6G+-!%L+6+67&%&+=!%6,+G-!Z[R\.!*I-%!<,!Q;#R!F-!3/5!WD!%6>(*G=!N!

$/"!WD!(6<G!)-!%&'()*+&,-J!

!

S(GP'!%-'!=+<F-'!&,&+&*)-'/!)-'!+G*I*<7!F-!,6+G-!=?<&(-!'-!'6,+!+6<G,='!I-G'!)*!'L,+HP'-!-+!

)M=I*)<*+&6,!F-!%6>()-7-'!E&>=+*))&?<-'J!K-'!%6>()-7-'!F-!()*+&,-!E&!6<!(6)L>=+*))&?<-'!

N

N

Pt

I

I

NH2
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N
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I

I
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N
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I

I
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N

N
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I

I

NH2
N

N
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! "#$

%&'(!)&''*%!+&*,!-(,.!/.%!01.'(%!0'(2)0')3,.*4!.552)0).%"667"6#7"687!.(!&'(!*'!93)0'2%9.!

/:0)(2&'!;2&<&12=*.!/2553,.'(!!/*!)2%+<0(2'.!.(!/.%!0*(,.%!)&9+<.4.%!9&'&93(0<<2=*.%>!?'!

.55.(7! 2<%! ),3.'(! /.%! <202%&'%! %+3)252=*.%! %*,! <:@AB! .(! +.*C.'(! /&')! )&'(&*,'.,! <.%!

93)0'2%9.%!/.!,3%2%(0').%!/*!)2%+<0(2'.>"6$7"6D!

A0'%!<.!)0/,.!/.!%&'!%(01.!+&%(E/&)(&,0<!0*!%.2'!/.!<:3=*2+.7!<.!A,!F3<0'2.!GH()H21,&C%IJ!

0!+,3+0,3!/.%!)&9+<.4.%!/.!+<0(2'.!;2'*)<302,.%!KLBMGNO(PQRL/2092'.N!.(!!/0'%!<.!)0/,.!

/.! 90! (HS%.! T:02! )&<<0;&,3! U! ).%! (,0C0*4>"6V! W0! %J'(HS%.! .%(! ,30<2%3.! U! +0,(2,! /.%!

)&9+<.4.%!/.!+<0(2'.LXN7!+,3)3/.99.'(!3C&=*3%7!+0,!0T&*(!/.!/2&/.!+*2%!/:*'.!/2092'.!

LY)H390!""N>!

!

!

!

!

!

!

!

!

!

W.%! )&9+<.4.%! 3(*/23%! +&%%S/.'(! )&99.! %*;%(2(*0'(! /*! )0,;S'.7! %&2(! *'! GMQE

)J)<&H.4J<.! %&2(! *'! GMQE6EL(,25<*&,&93(HJ<N+H3'J<.>! G.%! *'2(3%! 0C02.'(! 9&'(,3! /.!

;&''.%! 0)(2C2(3%! /0'%! <.! )0%! /.%! )&9+<.4.%!9&'&'*)<302,.%>"Z"! W.%! /2092'.%! *(2<2%3.%!

%&'(!0<2+H0(2=*.%!.(!+,3%.'(.'(!/.%!<&'1*.*,%!/.!)H02'.%!0<<0'(!/.!(,&2%!U!H*2(!)0,;&'.%>!

W.%! )&9+<.4.%! %&'(! 2%&<3%! 0C.)! /.%! ,.'/.9.'(%! )&9+,2%! .'(,.! "X! .(! 8$[>! W0!

93(H&/&<&12.! /.! %J'(HS%.! 0! 3(3! 3(.'/*.! U! <0! +,3+0,0(2&'! /.! )&9+<.4.%! ;293(0<<2=*.%!

0C.)! /2C.,%.%! /2092'.%>! W.%! /.*4! '&J0*4! +<0(2'.%! /*! )&9+<.4.!!"#! %&'(! <23%! +0,! *'.!

/2092'.! 0<2+H0(2=*.! )&9+,.'0'(!*'.! 5&')(2&'! 3(H.,!/0'%! <0! )H02'.! L)H02'.! (J+.!O?\N7!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"66!B>!O>!]0,,.<<7!Y>!\>!A.!@<9.2/07!^>!@>!YI&C7!45)-65)!"(65)7025)"$%%7!8897!#X"DE#X"V>! !
"6#!B>!]0,,.<<7!_>!`*7!F>!O>!M0)I.,7!45):(;5)!"(65)"$$&7!<<7!Q"$VEQ"D6>!
"68!a>!b>!F0'1,*97!B>!O>!]0,,.<<7!!"(65)!066.=5)'&"&7!>?7!886XE88#X>!
"6$!G>!F0'c&((27!\>!O,0(.%27!?>!F.'(07!d>!A2!A&9.'2)&7!?>!G0C0<<.((27!M>!M>!]2.;217!W>!d>!^.<<0'/7!B>!]0,,.<<7!A>!

O&<2cc27!d>!Y*+2'&7!\>!O.cc&'27!]>!e*'2'&7!!@%=5)!#=2(')A(/5)'&&&7!?7!Q8Q8EQ8Z6>!
"6D!f>!Y.,C2/.27!G>!].,<2'27!@>!d2))0,/27!A>!F.)&7!\>!Y)09;207!\>!Y.1'27!G>!F0'c&((27!d>!d2))0,/27!B.'5)45)!#=2(')

'&&"7!<C7!VZXEVZD>!
"6V!F>!GH()H21,&C%IJ7!W>!?<&J7!M>!a*<<2.'7!W>!Y0I.,7!?>!Y310<Eb.'/2,/T20'7!a>!O&*+&'7!Y>!b&9;0,/7!f>!G,.%(.2<7!O>!

d.(02<<.0*7!@>!F0,2'.((27!45):(;5)!"(65)-'&%2@()/0.6%/!

()*+,-."".
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0°C puis t.a.

C15a, R= C6H11, n=3, 67%

C15b, R= C6H11, n=5, 29%

C15c, R= C6H11, n=7, 27%

C15d, R= C6H11, n=8, 61% 

C16d,R= 4-CF3-C6H4, n= 3, 55%

C16d,R= 4-CF3-C6H4, n= 5, 10%

C16d,R= 4-CF3-C6H4, n= 7, 37%

O7, R= C6H11
O8, R= 4-CF3-C6H4
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! "#$

%&'()*! +,-! .-*! /012.-3-*! !"#! -%! !"$! ,%).)*-'%! (-*! /4&)'-*! ()&1)'-*! &501&%)+,-*!

67/481&!"9:;!

!

!

!

!

!

!

!

!

!

!

<&!*%5,/%,5-!(,!/012.-3-!!"$!&!2,!=%5-!8%&>.)-!2&5!()??5&/%)0'!(-*!5&@0'*!A;!<-!/012.-3-!

258*-'%-!,'-!B8018%5)-!&'#4/)-%!.-!CDE!?051-!,'!&'B.-!()F(5-!(-!$GHIJ!&K-/!.-!2.&'!(-!

/005()'&%)0'!(,!2.&%)'-!6L)B,5-!9:;!

!

!

!

!

!

!

!

!

!

<-*! /012.-3-*! >)18%&..)+,-*! 0'%! 8%8! %-*%8*! *,5! *)3! .)B'8-*! /-..,.&)5-*! 4,1&)'-*!

/&'/85-,*-*!M! NOIP"! 6/&5/)'01-! 82)(-51)+,-! '&*024&5@'B-&.:H! 7NPQRIH! QRESTP$H!

S9U$GH! S9U$GVWWX! 6&(8'0/&5/)'01-H! 58*)*%&'%! &,! /)*2.&%)'-:;! <-*! YE#Q! *0'%! (0''8*!

(&'*! .-! %&>.-&,! *,)K&'%! -'! /012&5&)*0'! &K-/! /-..-*! (,! /)*2.&%)'-! -%! (,! /012.-3-!

10'018%&..)+,-!!"%&;!Y.*!*0'%!1-*,58*!Z!U94!([-320*)%)0';!

!

!

!

!

N

N

Pt
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I
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N Pt

I

I N

N
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N
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N

N
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I
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I
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!"#$%&'()*+),)-.&'(/)$'01(&/)(&)$('/$(2&%3(/)

! "#$

!"#$%&'( KB3-1
 

SK-OV3
 

OVCAR-8
 

MV-4-11
 

A2780 
A2780/DD

P
 

Cisplatin 2.5±0.18 4.33±0.51 1.84±0.08 0.60±0.09 4.00±0.75 8.5±0.6 

C14a 0.46±0.05 0.55±0.17 0.14±0.03 0.06±0.02 1.22±0.16 1.87±0.66 

C15a 0.15±0.01 0.13±0.02 0.10±0.01 0.04±0.01 0.51±0.09 0.63±0.11 

C15b 1.76±0.50 1.58±0.20 1.27±0.20 0.98±0.04 nd nd 

C15c 0.47±0.10 0.42±0.02 0.30±0.05 0.07±0.01 0.85±0.01 1.0±0.013 

C15d 0.51±0.02 0.42±0.01 0.37±0.02 0.57±0.20 nd nd 

C16a 0.34±0.01 0.16±0.02 0.17±0.01 0.25±0.02 0.33±0.10 1.45±0.25 

C16b 0.47±0.08 0.25±0.03 0.31±0.06 0.52±0.15 nd nd 

C16c 0.14±0.01 0.18±0.02 0.21±0.02 nd 0.13±0.01 0.19±0.01 

C17 0.66±0.30 0.36±0.01 0.80±0.03 0.42±0.04 nd nd 

C18 0.15±0.02 0.20±0.01 0.21±0.01 0.05±0.02 0.21±0.01 0.24±0.02 

C19 0.25±0.05 0.20±0.05 0.17±0.02 0.08±0.01 0.06±0.03 0.35±0.15 
)*+,-*./0/

!

%&'!()*+,&-&'!./*012,,/34&'!)51!45&!2(1/6/10!(71)1)-/34&!8&!,9):8:&!84!*/(:)*),2/:&;!/,'!
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0)! -(5(-(&6()! 5*-! 3-*+*&! 0&1! 60-7*&!O=M! <"U!O=M?! INV#!339! 5*-! DUD'B! /&! DGD'BY! "BD!

O=M?!IIN"#!339!5*-!DUD'B!/&!DGD'BJN!!

F/:&0'!94'+/3'/6/+8!/)!1()6-/7(1!0)!5*''*.)?!)!<)/&:'(+J2!1!<1*47'(+J2!+!<+-/3'(+J2!T!<T40-+(+J2!

T4/&+!<T4/&+(+J2!)(Z!<)(Z+(+J2!)(3!<)(3+(+J2!9!<94'+/3'(+JN!R-*01!)/&:'(+)2!5*-!/&)+0&6(2!0-(!
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45!678!9?;;!75*<!=>=,?@A!! $<"F!8(;!/R;!UHR"@;!#<=F!811;!"R;!1T!"<$!R4;!21T!Q<$!R4;!SD@;!

#<E/!82D!(;!"R@;!Q<A"!8+1;!"R;!21,Z!Q<$!R4;!1T!"<=!R4;!;!SD@;!Q<"A!82D!(;!"R@;!Q<9A!8+1;!"R;!1T!"</!

R4;!21,ZQ<$!R4;,SD@;!Q<$Q!82D!(;!"R@;!Q<=#!811;!"R;!1T!"</!R4;!21T!=<A!R4;!SD@<!!

!!
4?=!678!9B:!75*<!=>=,?@A!! $$<$!8UHR/@;!E=<"!8H0[@;!""E<F!8UHRT@;!"/=<$;!"/=<E;!"/E<=!

8UHRT@;!"9A<A;!"9Q<Q!8UHRTU@;!"9=<#!8H@;!"9E<=!8HR@<!!

!!

587C!9DCE@A!6')61<!.&D!H"AREU/[<RY!/=F<E==E<!V&*-1Y!/=F<E==A<!!

!

!

I

OMs

Chemical Formula: C8H9IO3S
Molecular Weight: 312,12

N

N

I

Chemical Formula: C10H9IN2

Molecular Weight: 284,10



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "##

!"#$"%&'&()*+,-."/"0)12,-%0%'3+&-%405%&'%')5#6!.5

!!

!
!!

"$%&$'()(*+,-./0'1')2-(/+! %345!67!"5!11(/7!"!+80!92:!;+2<=+)!9'=>!1+=>./! '()')+! %54?!

1@7! "3!11(/7! "43! +80! ',! ;+A/BC',6!D+EF! %35!1@04! GA=+;! #! >! >+2=',67! =>+! :(/H+,=! 92:!

+H2I(;2=+)4!J>+!)+:';+)!I;()B<=!92:!(*=2',+)!',!K5L!.'+/)!%M45!60!2:!2!*;(9,!:(/')4!!

!!
!7589:5#/;;597+<5=>=-/.?5N!M4"5!%:7!3O7!FD+07!P4#M!%:7!&O7!FEO$07!Q4"3!%=)7!"O7!12R!Q4?!

O-7!2R!"4?!O-7!G;07!Q43"!%=7!"O7!2R!"4?!O-7!FEOR07!Q43#!%=7!"O7!2R!"4?!O-7!FEOR07!Q4M#!%=)7!"O7!

2R!"4&!O-7!12R!Q4P!O-7!G;07!Q4?5!%))7!"O7!2R!"4P!O-7!12R!Q4P!O-7!G;07!Q4?K!%))7!"O7!12R!Q4P!O-7!

2R!"4&!O-7!G;07!"545?!%"O7!FEORF04!!

!!
!/=589:5#@A597+<5=>=-/.?5N!3Q43!%FD+07!PQ4#!%FEO&07!"5543!%E$S07!"&&45!%FEOR07!"&343!

%FEOR07!"&K4?7!"3"4Q7!"3&4"7!"3P45!%E07!"3Q4P!%FEORF07!"M543!%EO04!!

!!

7:9B5#CB6.?5<2/<)4!A(;!E""O"&F&ST!&KK455MP4!U(B,)T!&KK455M"4!!

!

!"C12,-"/"#$"%&'&()*+,-.%0%'3+&-%405%&'%')5#6$.!

!!

!
!!

"$%&$'()(*+,-./0'1')2-(/+!%"4P!67!P43!11(/7!"!+80!92:!2/V./2=+)!9'=>!+=>./! '()')+!%54?!

1@7!"5!11(/7!"4K!+80!',!;+A/BC',6!D+EF!%P!1@04!GA=+;!>+2=',6!(H+;,'6>=7!=>+!:(/H+,=!92:!

+H2I(;2=+)7! =>+! :(/')! ;+:')B+! 92:! =2V+,! BI! ',! 92;1! G<WX=! 2,)! A'/=+;+)4! J>+! )+:';+)!

I;()B<=!92:!(*=2',+)!',!?KL!.'+/)!%&45!60!2:!2!*;(9,!:(/')4!!

!!
!75 89:5 #/;;5 97+<5 =>=-/.?5 N! "4#5! %=7! 3O7! 12R! Q4&! O-7! D+07! M4M&! %87! &O7! 12R! Q4&! O-7!

FE7$D+07!P4#P!%:7!&O7!FE7$07!Q4"5!%=)7!"O7!12R!Q4?!O-7!2R!"4?!O-7!G;07!Q43M!%=7!"O7!2R!"4?!O-7!!

FE7R07!Q4M&!%=)7!"O7!2R!"4&!O-7!12R!Q4?!O-7!G;07!Q4PP!%=7!"O7!2R!"4?!O-7!FE7R07!Q4QQ!%))7!"O7!
12R!Q4?!O-7!2R!"4?!O-7!G;07!Q4?#!%))7!"O7!12R!Q4?!O-7!2R!"4&!O-7!G;07!"54"!%"O7!FE7RF04!!

!!
!/=589:5#@A597+<5=>=-/.?5N!"P4Q!%D+07!MP4Q!%F=O&D+07!PQ4P!%F=O&07!"554M!%E$S07!"&&4"!

%F=OR07!"&K4Q7!"3"4#7!"3&457!"3P43!%E07!"3#4P!%F=ORF07!"M54&!%=O04!!

!!

7:9B5#CB6.?5<2/<)4!A(;!E"&O"MF&ST!3"345&5&4!U(B,)T!3"345&554!!

!

!

!

!

N
N I

I

Chemical Formula: C11H12I2N2

Molecular Weight: 426,04

N
N

I
I

Chemical Formula: C12H14I2N2

Molecular Weight: 440,06



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "#$

!"#$%&'(")"*+",-.-/$%&'(0,1,.2&-(,31456(-7,.$4*8)0!

!

!
"%&'%()*)+,-./01(2(*3.)0,! &"45! 67! 849!22)07! "! ,:1!;3<! 30=/03>,*!;(>?! +,-./0! @?0)A(*,!

&54#! 2B7! 9! 22)07! "4C! ,:1! (-! A,D0EF(-6! G,HI! &9! 2B14! JD>,A! "#?7! >?,! <)0K,->! ;3<!

,K3L)A3>,*7!>?,!A,<(*E,!;3<!>3=,-!EL!(-!3!2(-(2E2!32)E->!)D!MHG7!3-*!?,L>3-,!;3<!

3**,*4!N?,!(2(*3.)0(E2!@?0)A(*,!;3<!<,L3A3>,*!DA)2!>?,!@AE*,!2(F>EA,!3<!3!K(<@)E<!)(07!

3D>,A!@))0(-6!3>!%'5OH!3-*!)+>3(-,*!(-!PCQ!/(,0*!&"4'!614!!

!!
!94:;<4*=>>4;9&?4@A@()0B!R!949P!&<7!'S7!IHS+17!94#P!&<7!'S7!IHS'17!$45%$4C!&TS17!$4$#!

&+A!*7!"S7!81!U!$45!S.17!$4P$!&+A!*7!"S7!81!U!$45!S.17!""4'!&"S7!IHSVI14!!

!!
!)@4:;<4*!+=4;9&?4@A@()0B!R!984$!&IHS'17!9$4C!&IHS'17!TT4T!&H%W17!"'"4C!&IHSV17!"'"4#!

&IHSV17!"'T457!"'T497!"'T4#7!"'T4P7!"8"497!"8'457!"8'4P!&H17!"894#!&H17!"8P4P7!"C54'4!!

!!

9<;C4*DC80B!@30@*4!D)A!H"$S"#I'WX!8$94589P4!Y)E-*X!8$9458994!!

!

!

!"!"#!"/3E'("!$",1,.2&-($!=F4

!

!
!

)2ZE>/032(-,!&57$!2B7!#7T!22)07!54C!,:41! (<!*(0E>,*!(-!*(<>(00,*!;3>,A!&'8!2B1!;(>?!)-,!

*A)L!)D!@)-@,->A3>,*!S8[\C4!]0/)F30!&'!2B7!"$7"!22)07!"!,:417!L3A3D)A230*,?/*,!&9"8!

267!"$7"!22)0,<7!",:41!3-*!*()F3-,!&'8!2B1!3A,!3**,*4!N?,!2(F>EA,!(<!?,3>,*!3>!P5OH!

>?,-!ISCH0!&T5#!267!"$7"!22)07!"!^:41!(<!3**,*4!N?,!2(F>EA,!(<!?,3>,*!3>!"55OH!*EA(-6!

9?! >?,-! (<! <>(A,*! )K,A! -(6?>! 3>! A>4! N?,! A^3@>()-! (<! :E,-@?! +/! 3**(>()-! )D! 3! <3>EA3>,*!

<)0E>()-! )D! _'H\84! N?,! )A63-(@! 03/,A! (<! ! ,F>A3@>,*! ;(>?! MHG7! *A(,*! )K,A! G6`\C! >?,-!

@)-@,->A3>,*4!

N?,!*,<(A,*!LA)*E@>! (<!)+>3(-,*!3D>,A!@)0E2-!@?A)23>)6A3L?/!;?(>?!MHGab>\S!T9a9!

3<!,0E3->4!

J-!)A3-6,!0(:E(*!(<!)+>3(-!(-!"PQ!/(,0*!&"9'!2614!

!

<;:4!94*)>>4;9&?4@A@()04B!!!"79$!&<7!TS7!G,17!$759!!&<7!"S7!HS17!$75$!&<7!"S7!HS17!$7#C!&<7!

"S7!HS14!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"9$!c4!B(E7!c4!H?,-7!c4!d?3)7!e4!d?3)7!B4!B(7!S4!d?3-67!34()/$5&5,+>>)7!677!'##"%'###4!

N

N

Ph

I

Cl
+

Chemical Formula: C17H16ClIN2

Molecular Weight: 410,68

N
N

Chemical Formula: C7H12N2

Molecular Weight: 124,18



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "#$

!"!"#!"#$%&'"(")*"+,-,#./0&'1"!$"+2+-30,'"("+$24)5614

!

!
!

%&'()(*+,-./!0+123,+45/6(,31+! 78"%!09:!";$!00(/<!=34!3))+)! 1(!3!4(/51'(,!(6!"&)$%)&

*51./'0')3-(/+! 7">%! 09:! ";%! 00(/<! ',! ?@8?A! 7";$! 0B<;! C2+! 0'D15E+! =34! 41'EE+)!

(F+E,'921! 31! $GH?;! I61+E! J(,J+,1E31'(,:! 12+! JE5)+! KE()5J1! =34! )'/51+)! ',! 3! 0','05,!

30(5,1!(6!L?M;!@+K13,+!=34!3))+)!5,1'/!12+!4(/51'(,!*+J30+!J/(5).;!I61+E!%!2!31!&%GH?:!

12+! 45K+E,313,1! =34! E+0(F+)! 3,)! "&7)$%)&*51./<&8&7%&'()(&*+,-./<'0')3-(/'50! =34!

(*13',+)!34!3,!('/!N!.'+/)!O!P$>!09!7QGR<;!!

!
!7489:4)(;;4970<4=>='(1?!!!S!";TP!74:!Q@:!M+<:!%;$>!74:!8@:!M+<:!>;T$!74:!%@:!?@%<:!T;"%!

70:!"@<:!T;%>!70:!"@<:!T;PT!70:!%@<:!T;$"!7)):!"@:!1!S!#;Q!@-:!1!S!G;#!@-<:!T;Q%!7)):!%@:!1!S!

T;$!@-:!1,S!";%!@-<:!"G;"8!74:"!@:!A?@A<;!

!
!(=4:984)@A497B<4=>='(14?!!!%#:Q!7?<:!%Q:Q!7)U5<:!8Q:#!7M+!VM4<:!>T:P!7?@%<:!#G:#!7?<:!

TT:#! 7?<:! "GG:"! 7?<:! ""$:T! 7?@<:!"%":>! 7?@<:!"%Q:$! 7?@<:!"8":8! 7?@<:!"8%:P! 7?@<:!"PG:"!

7?<;!!

!

9C4O!J3/J;!6(E!?"P@"$WA%O!8P"N!X(5,)O!YMZ[S8P":";!

!

!

)%1"!")*"+,-,DE./&'1.%E3/32+/.!AF!

!

!
!

C(!3!4(/51'(,!(6!72<&7\<&K2+,./+12./30',+!7%;"!0B:!"T!00(/:!"!+]<!',!)E.!^1%V!7"Q!0B<!31!

GH?!=34! 3))+)!(U5B'! 7";8M! ',! 2+D3,+:! "8!0B:! "T!00(/:! "! +];<! )E(K='4+;! C2+! .+//(=!

454K+,4'(,!=34! 41'EE+)! 31! GH?! 6(E! ">!0',! 3,)! 12+,! 1E'0+12./4'/./J2/(E')+! 7%;"!0B:! "T!

00(/:!"!+]<!=34!3))+)!)E(K='4+;!C2+!0'D15E+:!3!=2'1+!454K+,4'(,:!=34!41'EE+)!8G!0',!

3,)!12+,!(U5B'!7";8M!',!2+D3,+:!8$!0B:!>G!00(/:!8!+]<!=34!3))+)!)E(K='4+;!C2+!*E(=,!

4(/51'(,!=34!41'EE+)!6(E!"2!31!GH?!3,)!12+,!%P2!31!E((0!1+0K+E315E+;!C2+!0'D15E+!=34!

J((/+)!1(!&T$H?!3,)!3!4(/51'(,!(6!)''()(+123,!7Q!9:!88!00(/:!%!+]<!',!)E.!^1%V!7%>!0B<!

=34!3))+)!F'3!3!J3,5/3;!C2+!4(/51'(,!=34!41'EE+)!31!&P>H?!6(E!"2:!12+,!]5+,J2+)!='12!@?/!

%;%>A! 7T>! 0B<! 3,)! 41'EE+)! "2! 31! E((0! 1+0K+E315E+;! C2+! /3.+E4! =+E+! 4+K3E31+)! ',! 3!

4+K3E31',9!65,,+/;!C2+!(E93,'J!/3.+E!=34!=342+)!1='J+!='12!@?/!%;%>A!7%_P$!0B<;!C2+!

3]5+(54!/3.+E4!=+E+!J(0*',+):!*34'6'+)!1(!K@!"%!='12!4(/')!`V@;!C2+,!12+!4(/51'(,!=34!

+D1E3J1+)!='12!L?M! 78D%P!0B<:! )E'+)! (F+E!M9aVP! 3,)! J(,J+,1E31+);! C2+! E+4')5+!=34!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
">$!b;!c;!c(/,'34-+d:!?;!X;!B'J21':!23()/4,56''7(4,!GG*:!88:!"T"&"T$;!

!

N
N

I OSO2Me

Chemical Formula: C15H21IN2O3S
Molecular Weight: 436,31

NH2

I

Chemical Formula: C8H10IN
Molecular Weight: 247,08



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "#$

%&'()(*+! ,(-.! /0! 1-2341-256! 7'/+(*0-! )'89! :;<";;=! -8! :>;<?;=! /@! -.*! *A&*0-!

:B89C()A/@.D!?;!7!68A&90D!E;!9(0=F!G.*!+*@('*+!%'8+&6-!,/@!8C-/(0*+!/@!/!C'8,0!8(A!(0!

>HI!J(*A+!:$KK97=F!!

  

!"#$%&# '())#%"*+# ,-,.(/! <! L! "FH#! :+D! H3D! 1M! NF;!3OD! B3%0=D! KFHK! :PD! "3D! 1M! NF;!3OD!

QB"R*=D!#F$H!:-+D,"3D!1M!NF;!3OD!1M!>F;!3OD!5'=D!NFH#!:9D!"3D!5'=D!NFE;!:++D!"3D!1M!>F;!3OD,1M!

?F;!3OD!5'=D!NF?"!:++D!"3D!1M!"F;!3OD,1M!?F;!3OD!5'=F!!

!!

%1#'213/4#94OM!>KNF;!SRT3UTD!>H"F;!SRVR*UTF!!

!!

SWUXM!V>K!:6M;F$D!B3BAH=F!!

!

'!/5!5'!5'657898:;0<=./0>;=./7?79@*8.0#!

!

!
!

G8!/!@8A&-(80!8)!:2=V"V:>V(8+8%.*0JA=*-./0/9(0*!:>>;!97D!;F$!998AD!;FK!*P=!(0!+(@-(AA*+!

,/-*'! :H!9Y=!,*'*! /++*+!80*!+'8%!8)! 6806*0-'/-*+!%.8@%.8'(6D! /6(+! 7AJ8Z/A! :K;I! (0!

3>2D! ;F>#! 9YD! >F>E! 998AD! "! *P=D! %/'/)8'9/A+*.J+*! :#?! 97D! >F>E! 998AD! "! *P=! /0+!

+(8Z/0*!:H!9Y=F!G.*!9(Z-&'*!,/@!.*/-*+!/-!?;[B!/0+!/9980(&9!6.A8'(+*!:""$!97D!>F>E!

998AD! "! *P=! ,/@! /++*+F! G.*! '*/6-(80! 9(Z-&'*! ,/@! .*/-*+! /-! ";;[B! )8'! E.! /0+! -.*0!

@-(''*+! 8\*'0(7.-! /-! '889! -*9%*'/-&'*F! G.*! @8A&-(80! ,/@! P&*06.*+! ,(-.! /! @/-&'/-*+!

@8A&-(80!8)!@8+(&9!6/'C80/-*D!*Z-'/6-*+!,(-.!XBRD!+'(*+!8\*'!R7]2K!/0+!6806*0-'/-*+F!

G.*! '*@(+&*! ,/@! %&'()(*+! ,(-.! /! XBR41-23! 9(Z-&'*! )'89! :";;<;=! -8! :$;<";=! /@! -.*!

*A&*0-!:B89C()A/@.D!K!7!68A&90D!HE!9(0=F!G.*!+*@('*+!%'8+&6-!,/@!8C-/(0*+!/@!/!C'8,0!

8(A!(0!KKI!J(*A+!:""$!97=F!!

!!
!"#$%&# 'A))#%"*+# ,-,.(/# 4! L! "F?E! :+D! H3D! 1M! NF;! 3OD! B3%0=D! EF#H! :PD! "3D! 1M! NF;! 3OD!

QB"R*=D!#F$#!:@D!"3D!QB3M=D!#F$?!:+D!"3D!1M!?F;!3OD!5'=D!NF;>!:-D!"3D!1M!?F;!3OD!5'=D!NF""!:@D!

"3D!QB3M=D!NFHH!:-D!"3D!1M!?F;!3O!D!5'=D!NF#E!:@D!"3D!QB3MQ=D!NF?$!:+D!1M!?F;!3OD!"3D!5'=F!!

!!
!(,#$%&# 'BA#%"*+# ,-,.(/# 4! L! >"F>! :B3%0=D! #;F#! :Q,3R*=D! $$F;! :BV^=D! ""?FH! :QB3M=D!

">#FE!:5'=D!">$F>!:5'=D!">$FE!:QB3M=D!">$F$!:5'=D!"H#F"!:QB3MQ=D!";KF;!:5'=D!"KHFN!:B=F!!

!!

%1#'213/4#94OM!>$$F;!SRT3UTD!>H"F!!

!!

CWD-M!EE!:6M"D!B3BAH=F!!

!

'!/5!5'!5'657898:;0<=./0>;=./7?79@*8.7E?#789790#'3A/!

!

!
!

N

I

Chemical Formula: C11H11IN2

Molecular Weight: 298,12

N

N

I

N
+

I

Chemical Formula: C12H14I2N2

Molecular Weight: 440,06



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "#$

%&!'!(&)*+,&-!&.!/101"1/"1/21,&3&456-7)06+57)0,8,3'9&)6!/""$!8:;!$<=#!88&);!"!6>0!,-!"!

8?!&.!'@6+&-,+A,)6!B'(!'3363!,&3&86+5'-6!/2C!D?;!$<EE!88&);!"<2!6>0<!%56!8,F+*A6!B'(!

A6.)*F63!.&A!G5!'-3!+56!(&)H6-+!A68&H63!*-36A!5,:5!H'@**8!+&!:,H6!"GE!8:!&.!'!IA&B-!

&,)!,-!JGK!7,6)3<!!

!!
"#!$%&!'())!%#*+!,-,.(/!0!L!2<$J!/3;!=M;!2N!#<$!M9;!OM%10;!E<"C!/(;!=M;!PQ60;!G<CJ!/>;!

"M;!2N!#<$!M9;!PO#Q60;!#<$J!/+3;!"M;!2N!2<$!M9;!2N!C<$!M9;!RA0;!#<"E!/+;!"M;!2N!2<$!M9;!POMN0;!

#<EE!/33;!"M;!2N!2<$!M9;!2N!C<$!M9;!RA0;!#<E#!/8;!"M;!POMN0;!#<G=!/33;!"M;!2N!2<$!M9;!2N!C<$!

M9;!RA0;!#<CC!/33;!"M;!2N!2<$!M9;!2N!C<$!M9;!RA0;!"$<2"!/(;!"M;!POMNP0<!!

!!
"(,!$%&!'23!%#*+!,-,.(/!0!L!2"<G!/OM%10;!=#<G!/PQ60;!SE<=!/P,MQ60;!JJ<J!/O1T0;!"2"<"!

/POMN0;! "2=<J! /POMN0;! "2C<"! /RA0;! "2J<J! /RA0;! "="<E! /RA0;! "=S<J! /POMNP0;! "=J<E! /O0;!

"E$<E!/RA0<!!

!

MUQV!/WVT0X!@')@3<!.&A!O"2M"EP2TX!="=<$2ES<!Y&*-3X!="=<$2"$<!!

!!

4Z5-N!E=!/@N!$<#;!OMO)=0<!!

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "#"

!"#"$%&'($)*"+,$"'-)$'./"'01#./"020')-'./"'345678.3973+:.;07,

*);(&"<"0,
  

1/$, 2)345, .6'#+$"$7, 8$%$, #%$#*%$9, *..6%9&(:, )6, )/$, %$#6%)$9, #%6.$9;%$<=>?, 16, *,

7;7#$(7&6(, 6@, )/$, &'&9*A6+&;', 7*+), 34<B>, ''6+C, =, $D5, *(9, E*%7)$9)F7, .*)*+G7), 32)H3=CBI

9&J&(G+I=C=CBCBI)$)%*'$)/G+9&7&+6"*($5B5,3B<>,'KC,4<=,L,&(,"G+$($C,=,$D5, &(,)6+;$($,3M,'K5I

NOL,3H,'K5,8*7,*99$9,*(,$".$77,)P;QE,34<4R,:C,4<>B,''6+C,=<>,$D5,*),4SO<,1/$,%$*.)&6(,

'&");%$, 8*7, 7)&%%$9, *), %66', )$'#$%*);%$, @6%, B, /, *(9, $J*#6%*)$9, )6, 9%G($77<, 1/$, @&(*+,

#%69;.),8*7,#;%&@&$9,TG,.6+;'(,./%6'*)6:%*#/G<'!

!

!

!"#!$#%&'&()*+,-.#/#0123,-404'5+&-#$#,-4')*).!"6/#

'474*,-2)2850)23,-'494-&:5*).;<-524*)!=.;!>".;

!

!
!

$%&'()*!>";+,-!%./,01)2!01!345!60)(2!7"3"!&89!:;<=!&&%(>!?@%&!"A7<A!0%2%.)1B6(>ACA
&)/D6(0&02,B%(0E&!0%202)!%"9!,?/)@!'E@0?0F,/0%1!.6!FD@%&,/%8@,'D6!+0/D!D)'/,1)G)/D6(!

,F)/,/)!HI"!,-!/D)!)(E)1/!7J?!K!:;C>;!!

!
"?; @AB; !C==; A?+6; DED-/.F; L! A:;C4! 7.@9! 3M9! N0O)>9! :;C:! 7-9! 3M9! N0O)>9! ";4A";H! 7=M9!

$?$K$?N0>9!<;<"!7.@9!<M9!$?$K$MN0>9!C;PH!7-9!CM9!QO)>9!P;"3!7-9!<M9!Q$?$>9!3;4P!7.@9!"M>9!

3;H#!7<M>9!#;:4!7.@9!"M>9!#;<4!7"M>9!#;4"!729!"M9!CU!K!#;:!MB>;!!

!!
"/D;@AB;!GC;A?+6;DED-/.F;L!A";H!7N0O)>9!";P!7N0O)>9!C=;H!7$M<KDMN0>9!C#;:!7QO)>9!=:;=!
7"U$AR/! K! "P#! MB9! DM<V$MN0>9! P4;:! 7BU$AR/! K! ="! MB9! QDM<>9! "<";:! 7QDMK>9! "<<;P! 7QDMK>9!

"<4;=9!"<H;=9!"CH;"!7$>9!"CH;=!7S@>;!!

!

!"#H23,-#/#!$#4&'&()*+,-.404'5+&-#$#,-4')*).!"6/#'474*,-2)2850)23,-'494-&:5*).;

<-524*I0!=.;!>$.!

!!

!!

!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"PH!T;!U)@/D%1AT)((%B9!V;!UE0-01)9!W;AX;!U@0Y@)9!T;!O0FD,E29!N;!N/Z@019!T;!O081,109!U;![01,1/9!W;AR;!\)F()@F]9!\;!

$D,'%19!^;!_;!O,@`%9!U<,Q%:*(6'$)<,O/$'<,$==C9!R?49!3"P3A3"34;!

!
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Chemical Formula: C19H29IN2OPtSi2
Molecular Weight: 679,61

Chemical Formula: C20H31IN2OPtSi2
Molecular Weight: 693,63
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! "#$

!!

%&'()*+! !"# ,-.! &/0-12*3! 12! 4$5! 61*)3! 7"89! ':;! 9<$$! ''&)=! >?&'! "@*0A6)@B@7$@

1&3&/*2C6)=1'13-C&)1D'! 1&313*! $";! ->0*?! (D?1>1E-01&2! /6! EA?&'-0&:?-(A6! ,10A!

A*(0-2*F*0A6)!-E*0-0*!7GH"=!-.!0A*!*)D*20!7I>!J!9<$=<!

!
%&#'()# *+,,#(&-.# /0/1234# K! @9<LM! 7/?;! BN;! O1P*=;! @9<$M! 7/?;! BN;! O1P*=;! 9<B9! 7.;! 4N;!

O1P*=;!"<BB!70;,BN;!12,J!#<8!NC;!Q%N$(5=;!"<M@"<G!7LN;!%&"J%&O1=;!$<$9!7/?;!$N;!%&"J%NO1=;!

L<99!7R;!$N;!12,J!#<8!NC;!Q%&"P*=;!8<"8!7.;!$N;!Q%&"S?=;!4<M@#<9!7BN=;!#<9G!7/?;!"N=;!#<$#!

7"N=;!#<M9!73;!"N;!B2!J!M<9!NC;!=<!

!
%2/#'()#*%"+#(&-.#/0/1234#K!@"<#!7O1P*=;!"<#!7O1P*=;!"4<$!7Q%N$(5=;!B8<9!732%@T0!J!"$B!

NC;!%N$J/NO1=;!L"<$!732%@T0!J!"84!NC;!/N$4%NO1=;!L8<9!712%@T0!J!L$!NC;!Q/N$P*=;!8M<$!712%@T0!

J!L8!NC;!Q/N$S?=;!"$9<#! 7Q/NJ=;!"$"<8! 712%@T0!J!B8!NC;!Q/NJ=;!"$M<4;!"$G<4;!"BG<L! 7%=;!

"BG<4!7S?=;!"M8<9!7%=<!

!

!

*%6758-91626*"6:;<;=58-913:>:<?-;16"691:<5853*%.26<:@:891A5AB?>5AC91<:D:1;E?853#

F1?A:8G>*,3#*!23!

!!

!
#!

%&'()*+! !2# ,-.! &/0-12*3! 12! #$5! 61*)3! 7"G9! ':;! 9<$8! ''&)=! >?&'! "@/*2C6)@B@7$@

1&3&/*2C6)=1'13-C&)1D'! 1&313*! $2;! ->0*?! (D?1>1E-01&2! /6! EA?&'-0&:?-(A6! ,10A!

A*(0-2*F*0A6)!-E*0-0*!7G8H8=!-.!0A*!*)D*20!7I>!J!9<$=<!!

!!
%&# '()# *2,,# (&-.# /0/1234# K! @9<L8! 7/?;! 4N;! O1P*=;! 9<$M! 7.;! 4N;! O1P*=;! "<M@"<G! 7LN;!

%&"J%&O1=;!$<$"!73;!$N;! 2J!"4<M!NC;!12N@T0J!8M<M!NC;!%&"J%NO1=;!8<$9!7.;!LN;!Q%N$=;!4<M9!

7"N=;!4<G#!7BN=;!#<"#!7$N=;!#<$@#<L!7LN=;!#<M$!73;!"N;!B2J!#<M!NC=<!!

!!
%2/#'()#*H+#(&-.#/0/1234#K! @$<9! 7O1P*=;!"<L! 7O1P*=;!B8<$! 732%@T0! J!""G!NC;!%N$J/NO1=;!

L"<L! 732%@T0! J! "8M! NC;!/N$4%NO1=;! 8B<#! 7Q/N$TA=;! 8M<"! 7Q/N$S?=;! "$"<B! 7Q/NJ=;! "$"<4!

7Q/NJ=;!"$#<#@"$G<4;!"B4<4!7%=;!"BG<9!7%=;!"BG<8!7S?=<!!
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Chemical Formula: C25H33IN2OPtSi2
Molecular Weight: 755,70
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! "#$

!"#!$#%&'&()*+,-.#/#0)10#(20,-343'5+&-#$#,-3')*).!"6/#

'373*,-0)0154)08,-'393-&:5*).;<-503*)!=.;!>?.;

!

!
!

%&'()*+!,-.!&/0-12*3!12!456!71*)3!89$"!':;!!''&)<!-.!-2!&1)!80,&!=&0-'*=.!12!-!4>?@"!

=-01&<!A=&'!;!-A0*=!(B=1A1C-01&2!/7!CD=&'-0&:=-(D7!,10D!D*(0-2*?*0D7)!-C*0-0*!>E"!-.!0D*!

*)B*20!8FA!G!HI$<I!!

!
"@;ABC;!/==;B@+6;DED-/.F!J!G!KHI44!8.;!5!L;!M1N*;!'-O&=<;!!KHI$4!8.;!5!L;!M1N*;!'12&=<;!

HI9"!8.;!5!L;!M1N*;!'-O&=<;!HI94!8.;!5!L;!M1N*;!'12&=<;!"I45!8.;!>!L;!%N*$;!'-O&=<;!"I4>!8.;!>!

L;!%N*$;!'12&=<;!"IPQ"I>!8';!@!L<;!9I"Q9I9!8';!9!L<;!4I"9!8.;!9!L;!R%L9;!'12&=<;!4I9H!8.;!9!

L;!R%L9;!'-O&=<;!5I5H!83;!"!L;!1!G!#I9!LS;!'-O&=<;!5IPQ#I$!8';!4!L<;!#I#@!83;!"!L;!1!G!#IP!LS<I!

 

"/D;ABC;!DED-/6;"$G;B@+.F!J!8'-O&=<!G!"I>!8N*<;!HI@!8N*<;!"I4!8N*<;!$"I"!8%N*$<;!$@I@!

8%@9G%LM1<;! $@I#! 8G%LM1<;! $#IH! 8RN*<;! @HI@! 8"1%;T0!G!"4#!LS;! G%L9<;! 4#I5! 8R%L9<;! "9HI#!

8$1%;T0!G!$#!LS;!R%LG<;!"99I$!8$1%;T0!G!$5!LS;!R%LG<;!"94I4!8%L<;!"$5I4!8%L<I! 

 

!!.#"#!"#!$#%&'&<8)*,-.)08,-343'5+&-#$#,-3')*).!"6/#

'373*,-0)0154)08,-'393-&:5*).;<-503*24!=.;!>G.;

;

;
;

%&'()*+! ,-.! &/0-12*3! A=&'! 82<K"K8"K89K1&3&(D*27)<*0D7)<1'13-S&)1B'! 1&313*! 8HIH9!

''&)I;!"HH!':<!-.!-!,D10*!.&)13!U!71*)3!E!"9"!':!8#56<I!!

!
"@;ABC; !G==;B@+6; DED-/.F! 3! G! HI$@! 8.;! $!L;! M1N*<;!!HI9P! 8.;! $!L;M1N*<;! HI9#! 8.;! $!L;!

M1N*<;!HI$@!8.;!$!L;!M1N*<;!HI#P!8/=;!"!L;%L9G%LM1<;!"I@>!8/=;!9!L;!%L9G%LM1<;!"I5>!83;!$!L;!
$1,G!#IH!LS;!%LN*<;!"IPP!8/=;!9!L;!%L9G%LM1<;!9I$H!8/=;!"!L;!%L9G%LM1<;!$I4$!8.;!$!L;!RN*<;!

4I#"!8/=;!"!L;!R%LN*<;!5I>H!89!L<;!#I"$!8.;!"!L;!R%L<;!#I94!8"!L<;!#I$P!8.;!"!L;!R%L<;!#I#H!

83;!1!G!PIH!LS;"!L<I!

!
"/D;ABC;!DED-/6;"$G;B@+.F!3!G!9IH!8N*<;!9I"!8N*<;!"I4!8N*<;!9HI#!8R%LN*<;!$@I@!8"1%;T0!G!

""5!LS;!%L9!G!%LM1<;!$5I>!8$1%;T0!G!4@!LS;!RN*<;!$>I5!8%L9G%LM1<;!$>I>!8%L9G%LM1<;!59IP!

8R%LN*<;!""PI4!8R%LG<;!"9"I$!8$1%;T0!G!$#!LS;!R%LG<;!"95IH;!"9PI@;!"9PI>;!"$>I4;!"@$I#!
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Chemical Formula: C22H35IN2OPtSi2
Molecular Weight: 721,69

N

N

I

Pt
Si

O
Si

Chemical Formula: C20H31IN2OPtSi2
Molecular Weight: 693,63
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! "#$!

!"#"$%&'($)*"+,$"'-)$'./"'01#./"020')-'./"'*1*&)3".%&%."+,

456789:.49984(/)0(/2#"8'*)3(&";"0,
!

1/$,#+*)&(2',3004, 5,6/78#/&($,97'#+$",:$%$,8;()/$)&8$<,*..7%<&(=,)/$, >7++7:&(=,=$($%*+,

#%7.?<2%$,-,@,1AB,87+2)&7(,3C,'D4,.7()*&(&(=,)/$,6)3E4,.7'#+$",3EFG,''7+4,*(<,#/78#/&($,

3EFG,''7+4,:*8,/$*)$<,*),HE, I9, >7%,C,/,7%,H/F,@>)$%,$J*#7%*)&7(,7>, )/$, 87+J$()K, )/$, >&(*+,

#%7<2.),:*8, #2%&>&$<, L;, .7+2'(, ./%7'*)7=%*#/;,:&)/, *, /$#)*($M$)/;+, *.$)*)$, =%*<&$(),

3>%7',N-O,)7,P-Q4F,

!

!"#$#%!&'()*+,-'.'/)01,-'%72 &&'3(3$41#-,-3$)0)%!!<%'5#0#6+#7%86-4*309(8!:24%!

 

!

'()*+,-!./0!(12/34,5! 67()!829:;!;&! 9"<:!)=>!:?@!))(+;>!/45!9R;AB(4(*C(0!9#@!)=>!

:?@))(+;!/0!/!.C32,!0(+35!34!D$E!F3,+5!9"":!)=;>!/0!/!#$G@$!)3-2H7,!(6!30(),70!9I6!J!:?@!

34!C,*2/4,K,2CF+!/L,2/2,!#GM;!?!

!!
.&<8=5>8!&2&85?1@8:A:-.%B8N!"M:?D!917>!OS8A82!O!<$":!PQ;!9)/R(7;>!N!"M:?@!9OS8A82!J!<$<M!

PQ;!9)34(7;?!!

!
&?8=5>8!CDD85?1@8:A:-.8E8(4F#G837#()G%B!N!J!@?S"!95>!MSP>8!J!":?:!PQ>!D!P>!8TB,@;>!<?:"!

90>!M!P>!TB,;>!<?<<!95>!@S,J!"M?$!PQ>!"!P>!T'P@;>!$?:U!95>!@S!J!"M?$!PQ>!"!P>!T'P@;>!D?#<!90>!"!

P;>!D?S<!90>!"!P;>!#?:VU?:!9/7F+0;!W!9)34(7!30(),7;G!N!J!@?U$!95>!MSP>8!J!":?$!PQ>!D!P>!8TB,@;>!

M?SU!90>!M!P>!TB,;>!<?@M!95>!@S!J!"M?$!PQ>!"!P>!T'P@;>!<?S:!95>!@S!J!"M?$!PQ>!"!P>!T'P@;!

!
&.:8=5>8!&2C85?18@8:A:-.8 E8(4F#G837#()G%B!N!J!MU?$!95>!@S'>8!J!":?S!PQ>!8TB,@;>!<:?M!

9TB,;>!$U?D!9MS'A82!J!":<!PQ>!T:P@;>!"@:>M!95>!S,J!D!PQ>!T:PJ;>!"@"><!95>!S,J!#!PQ>!T:PJ;>!

"<U>@!9:'P@8;>!"<S>$!9:'P@8;?! 

!!

?>5H8!IH"%B8L/+L5?!6(7!'MMPM:TMX@8Y"S<82T/!G!U#$?:D<$?!Z(H45G!U#$?:DS:?!!

!

J[KAJ!!A""!9LJ!:?$!>!'P'+M;88

!

L'>4,8404-,737B8L6!/44,-,!

!

!

!

!

!
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!

!

!

!

Chemical Formula: C33H29IN3O2PPt
Molecular Weight: 852,56
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!"#$#%!&'()*+,'-'.(/0+,'%!'121$30#,+,1$(/(%!!"%'4#/#5*#6%75,3)1/827!9:.%!
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!!

!
!!

&'()*+,!-./!)01232+4!56!7'*0(8!791'(.:';1.)96!-2:9!.8!9+):.8+<+:96*!.7+:.:+!=>?@A!

:'!=#?BA!;1.42+8:!=C3!D!EF@>!28!9+):.8+<+:96*!.7+:.:+!#?BA!.84!'5:.28+4!./!.!-92:+!/'*24!28!

GEH!62+*4!=IB!(;AJ!./!.!#G?@G!(2,:01+!'3!2/'(+1/F!!

!!
-&;7<4=7!&:&74>0?79@9,-%A7K!"@LFL!=51J!12MNM:!O!IGIE!PQA!=(.R'1AJ!"BEFG!=12MNM:!D!IGGE!

PQA!=(28'1AF!!

!7!
&>7<4=7!BCC74>0?79@9,-?723D#E716#2(E%A7K!D!"FIG!=:J!BPJ!32D!#FG!PQJ!S&P@4(AJ!@FLE!=4J!

$PJ!42D!"EFE!PQJ!MST+@AJ!IFIB!=4J!"PJ!42D!"BFG!PQJ!S&P@AJ!IFI>!=(J!"PJ!S&>:T+AJ!IF$B!=(J!

"PJ!S&>:T+AJ!GFE>!=4J!"PJ!42D!"BFG!PQJ!S&P@AJ!$F>E!=/J!"PJ!S&>DAJ!$FLI!=/J!"PJ!S&>DAJ!#FEN

>FE!=U1AF!!

!!
&-97<4=7!&:B74>0?79@9,-%A7K!D"$FE!=S&P@4(AJ!B>FI!=4J!2,D!"EFE!PQJ!MST+@AJ!I$F>!=2&NM:!D!

@$!PQJ!S9P@T+AJ!G>F#!=S&P@AJ!"I>F@!=&AJ!"ILF$!=&AF!!

!!

4F7!GF"%A7(<Q!>>LF"!VTWS.XWJ!##"FB!VTNSP&XJ!#BLF@!VTNYXF!!

7

!

!"#$#%!&'#'.8)+,'-'.(/0+,'%!: ZZ'121$30#,+,1$(/(%!!"%'4#/#5*#6%75,3)1/827!9:H%!

!

!
!

  

&'()*+,!!-./!'5:.28+4!31'(!IJ7="$$!(;J!EF@B!(('*A!.84!=5ANT'8')9'/!=>B!(;J!EF@B!

(('*A!./!.!##?@B!(2,:01+!'3!2/'(+1/![!62+*4!?!L$!(;!=I#HAF!!

!
-&;7<4=7!&:&74>0?79@9,-%A!K!D!"@#F"!=(.R'1AJ!"@GFL!=(28'1AF!

!
&>7 <4=7 !BCC7 4>0?7 9@9,-7 K7 23D#E7 16#2(E%A! K! D! "F>>! =/J! L! PJ! &T+BAJ! @F>#! =51J! $! PJ!

MST+@AJ!IFI@!=4J!"!PJ!@2,D!"BFG!PQJ!S&P@AJ!GFB@!=51J!"!PJ!S&P@AJ!$F#B!=51J!"!PJ!S&PDAJ!$FL\

>FB!=U1AF!

!21/#E716#2(E%A!K!D!"F>L!=/J!L!PJ!&T+BAJ!@F>!=51J!$!PJ!MST+@AJ!IF"L!=51!4J!"!PJ!@2!D!""!PQJ!

S&P@AJ!GFEG!=51!4J!"!PJ!@2!D!""!PQJ!S&P@AF!!
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Chemical Formula: C34H31IN3O2PPt
Molecular Weight: 866,59

Chemical Formula: C36H35IN3O2PPt
Molecular Weight: 894,64
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!
!"#$%&'$(!)*$&+,-$#.#/"01!$!%!&'()!*+,-&./!&0("!*1/!'2+/3!%!0/4!56/!37,-'./!89('!*7+5'.!

!!

+'2&3$(43501!:;6!%!#40('!*,<=./!>?@>1(!ABC!+&45&4=7&D'3"983E!F!9)9("&9G(!!

!

6H7.%!!<0(8!*>%!)(#/!+5+@&.(!

!

82'9:$9;9/:<=<$1$>A!?II-J-!

!

!

(5>?>0(!2@A;,:/2"2@A;,:/2K!) LL2=B=?9,>/:/=?A;A0(("02&>;>CD><0$C/9E=;FB$(#)?0!

!

!
!

+B:M@-J! N?O! BPE?QI-1! ACB:!G"$ *"8#! :R/! )('! ::B@.! ?I1! *1.<,BIBMSBO! ?O! ?! 0)! F')!

:QJETC-!BA!QOB:-CO!U!VQ-@1!F!"")!:R!*89W.(!!

!
"!H$%&'$(!)!$&+,-$#.#/"01!1!%!"&"!*PC/!:?XBC./!"'9(8!*"23/3E!%!G88'!56/!:QIBC.(!!

!
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Chemical Formula: C39H33IN3O2PPt
Molecular Weight: 928,66
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Chemical Formula: C39H32IN2PPt
Molecular Weight: 881,65
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Chemical Formula: C39H39IN3PPt
Molecular Weight: 902,71
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Chemical Formula: C35H33IN3O2PPt
Molecular Weight: 880,62
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Chemical Formula: C35H33IN3O2PPt
Molecular Weight: 880,62
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Chemical Formula: C44H45IN3O4PPt
Molecular Weight: 1032,81
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Chemical Formula: C39H37IN3O2PPt
Molecular Weight: 932,69
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Chemical Formula: C30H31IN3O2PPt
Molecular Weight: 818,55
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Chemical Formula: C39H33IN3O2PPt
Molecular Weight: 928,66
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Chemical Formula: C33H37IN3O2PPt
Molecular Weight: 860,63

Chemical Formula: C35H33IN3O2PPt
Molecular Weight: 880,62
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Chemical Formula: C10H13NO2S
Molecular Weight: 211,28

Br

Ph

Chemical Formula: C9H7Br
Molecular Weight: 1�5,06
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Chemical Formula: C19H19NO2S
Molecular Weight: 325,42
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(S)

Chemical Formula: C14H13IO
Molecular Weight: 324,16
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Chemical Formula: C17H16O2

Molecular Weight: 252,31

(S)

Chemical Formula: C26H24N2O5S
Molecular Weight: 476,54
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Chemical Formula: C16H15NO2S
Molecular Weight: 285,36

NTs
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CO2Et

Chemical Formula: C22H23NO4S
Molecular Weight: 397,49
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+'2&$(3240$1!;<=;'!>?:!2((3(/1@&A1<!B!&(5'"(&.'!>?CDE!B!&(5'"(.&'!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "#$

!"#$%&'(')*+),-./0(&#"#&')

)

!"#$%&'(#)*+#,-%&#"#./0'12./(3-,%4!5604

!

!
!

%&!'!(&)*+,&-!&.!/,-0)1'2-3(,*1!45&1,63!7$89:!;!<#!1=;!"#8>!11&);!?8?!3@8A!,(!'6636!'+!

$BC!&/35!'!D35,&6!&.!91,-;!'!(&)*+,&-!&.!1E+&(0).&51,1,6'+3"F9!7?!2;!G8G!11&);!"!3@8A!,-!

650! %HI! 7J1=A8! %K3! 53'L+,&-! ,(! (+,536! "?K! '+! 5+! +K3-! @*3-LK! 40! '66,+,&-! '+! $BC! &.! '!

(&)*+,&-!&.!MH>C)8!%K3!'@*'&*(! )'035! ,(!3N+5'L+36!O,+K!P+?Q8!%K3!&52'-,L! )'035! ,(!65,36!

&/35!:2RQ>;! +K3-!+K3!(&)/3-+! ,(!531&/36!S-635!536*L36!D53(*538!T.+35!D*5,.,L'+,&-!&-!

L&)*1-! LK5&1'+&25'DK0! 7(,),L';! K3D+UP+QTL! G$U?$;! V.W$8?A! '! OK,+3! (&),6! ,(! &4+',-36!

7"8>!2;!0,3)6!X!F>YA8!

!
)7489:4!";;497<*4=>=/"0?!Z!W!?8><!7(;!<H;!:3A;!>8<#!71;!"H;!CHA;!>8F$!745;!"H;!MHA;!98"[

98?!7>H;!CH?WA;!98F#!7666;!?H;!2,W!"F8?!H\;,2,W!"$8?!H\;!2!W!98J!H\;!CHWA;!J8<!7!6;!?H;!2!W!G8"!

H\;!%(A;!J8JF!76;!?H;!2!W!G8>!H\;!%(A8!!

!

1#!@*+#,-3%'A./B%&'(#)*+#,-%&#"#./0#+#3%'A./C%&<%&%2D/E1&(3-,%"F94

!

!
!

%&! '! (&)*+,&-! &.! ,(&D5&D0)1'2-3(,*1! 45&1,63! 7$89:! ;! ""! 1=;! J"8?! 11&);! ?8?! 3@8A! ,(!

'6636! '+! $BC! &/35! '! D35,&6! &.! 91,-;! '! (&)*+,&-! &.!1E+&(0).&51,1,6'+3"F9! 79J$!12;! ?89!

11&);!"!3@8A!,-!650!%HI!7?1=A8!%K3!53'L+,&-!,(!(+,536!"?K!'+!5+!+K3-!@*3-LK!40!'66,+,&-!

'+!$BC!&.!'!(&)*+,&-!&.!MH>C)8!%K3!'@*'&*(!)'035!,(!3N+5'L+36!O,+K!P+?Q8!%K3!&52'-,L!)'035!

,(! 65,36! &/35! :2RQ>;! +K3-! +K3! (&)/3-+! ,(! 531&/36! S-635! 536*L36! D53(*538! T.+35!

D*5,.,L'+,&-!&-!L&)*1-!LK5&1'+&25'DK0!7(,),L';!K3D+UP+QTL!G$U?$;!V.W$8<A!+K3!D5&6*L+!

,(!&4+',-36!7<FJ!12;!0,3)6!X!99YA8!

!
)7489:4!";;497<*4=>=/"0?!Z!W!"89>!7(;!FH;!:3A;!?8>"!7(;!<!H;!:3A;!>8"J!76;!"!H;!2W!G!H\;!

CHA;!>8G?!7(;!?H;!CH?WA;!>8GJ!7(;!?H;!CH?WA;!!989>!76;!"!H;!2W!G89!H\;!MHA;!J8?F!76;!?H;!2!W!G8!

H\;!%(A;!J8JF!76;!?H;!2!W!G89!H\;!%(A8!!

!

!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"F9!=8!T-2)'6';!:8!:'5@*3\;!T8!R'L5,(+'-;!]8!Q5+,\;!23,!4%3,5$63,7/$'3,)F66;!89;!#JE"$$!

TsHN

Chemical Formula: C12H15NO2S
Molecular Weight: 237,32

TsHN

Chemical Formula: C14H19NO2S
Molecular Weight: 265,37



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "#"

!"#!$%"&'()*+,-.+)/,-0.12."3",/2-4#5604

!!

!
!!

$!%&'()*+!,-!.*,./0/12,3!45607!%89!:6;!%%,39!"!+<=9!"/&,>,/;9?/>&%+(@13A+2B+2+!45670!

%89!:6;!%%,39!"+<=9!.&.+*&>&2+!456C7!%89!C67!%%,39!0!+<=9!D>E304DD@;=0!4#5!%F9!56";!

%%,39!;!%,3G=!H2>!E)I!4:#!%F9!5607!%%,39!7!%,3G=!&2!(,3)+2+!:6:!%8!JHK!K(&**+>!H(!

;?LE!-,*!:@6!M@+!*+HN(&,2!%&'()*+!JHK!.HKK+>!(@*,)F@!H!K@,*(!K&3&NH!.H>!H2>!(@+!K,3O+2(!

JHK!*+%,O+>!)2>+*!@&F@!OHN))%6!P3HK@!N,3)%2!N@*,%H(,F*H.@1!J&(@!QER!HK!(@+!+3)+2(!

H--,*>+>!(@+!>+K&*+>!.*,>)N(!4S-!T!560=!&2!#0G!1&+3>!47;?!%F=6!!

!!
7849:;4#!664:8<$4=>=-!0?!!U!06;5!4K9!7V9!R+=9!:6?5!4K9!0V9!WEV0=9!76#C!4K9!"V9!$*=9!X65#!

4K9!0V9!$*=6!!

!!
7!=49:;4#73%4:8<$4=>=-!0?!!U!0"6"!4R+=9!?"6X!4WEV0=9!C76"!4E=9!C76?!4E=9!"006"!4E=9!

"0#6:!4EV=9!";56:!4EV=9!";X6#!4=R+=6!!

!

!"@12(2"7"#!$%"&'()*+,-.+)/,-0"7".12.,/)4#570!

!!

!!

!
!!

DY*;!456";!%89!"6:!%%,39!56;?!+<=!JHK!H>>+>!>*,.J&K+9!H(!/:5LE!(,!H!N,,3+>!K,3)(&,2!,-!

;/4;9?/>&%+(@13.@+213=.*,./0/12,3! 47;?!%F9! :65!%%,39! "! +<=! H2>! .1*&>&2+! 40?! Z8=! &2!

[(0W!4#!%8=6!M@+!%&'()*+!JHK!K(&**+>!H(!/:5LE!-,*!0@!(@+2!JH*%+>!(,!*,,%!(+%.+*H()*+!

H2>!K(&**+>!HFH&2! -,*!:@6!M@+!*+HN(&,2!JHK!<)+2N@+>!A1!.,)*&2F! &2(,!H!KH()*H(+>!\HE3!

K,3)(&,26!M@+!H<)+,)K!.@HK+!JHK!+'(*HN(+>!J&(@![(0W6!Q*1&2F!,-!(@+!,*FH2&N!3H1+*K!J&(@!

RF]W:! H2>! +OH.,*H(&,2! ,-! (@+! K,3O+2(! H--,*>+>! ;/A*,%,/"/4;9?/>&%+(@13.@+213=/"/

.*,.12+!J@&N@!JHK!)K+>!&2!(@+!2+'(!K(+.!J&(@,)(!-)*(@+*!.)*&-&NH(&,26!!

!!
7849:;4#!664:8<$4=>=-!0?!U!060C!4K9!;V9!R+=9!:6"7!4K9!0V9!EV0Y*=9!76#X!4K9!"V9!$*=9!X65C!

4K9!0V9!$*=6!!

!

!

!

!

!

!

!

!

HO

Chemical Formula: C11H12O
Molecular Weight: 160,21

Br

Chemical Formula: C11H11Br
Molecular Weight: 223,11



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "#$

!"#!"$%&'()*+'%,*-.+/(+"0"*,"1"(-2

!

!
!

%!&'()*+,!-.!/+-/0$012-3!45678!&9:!867!&&-3:!"!,;<:!"0'-=-070&,)>-(1/>,213!4":$!?:!867!

&&-3:! ",;<:! )+',)>13@&'2,! 47!&9:! $!&&-3:! A! ,;6<:! B=C3$4BB>7<$! 4D7!&?:! 5657!&&-3:! 7!

&-3E<!@2=!C*F!4AD!&?:!565G&&-3:!G!&-3E<!'2!@H,)-2')+'3!4"8!&9<!I@J!J)'++,=!@)!+--&!

),&/,+@)*+,!.-+!$>6!K>,!+,@H)'-2!&'()*+,!I@J!/@JJ,=!)>+-*?>!@!J>-+)!J'3'H@!/@=!@2=!)>,!

J-3L,2)! I@J! +,&-L,=! *2=,+! >'?>! L@H**&6! M3@J>! H-3*&2! H>+-&@)-?+@/>1! I')>!

>,/)@2,NO)P%H!4D5N$5<!@J!)>,!,3*,2)!@..-+=,=!)>,!=,J'+,=!/+-=*H)! ! '2!D"E!1',3=!4G#$!

&?<6!!

!!
1324562#7882539:2;<;-!.=!!!!"6G7!4J:!"Q:!PQ<:!76D7!4J:!7Q:!R,<:!A68"!4J:!$Q:!CQ$<:!G6DG!

4=:!$Q:!1S!D68!QT:!%+<:!U6A5!4=:!$Q:!1S!8!QT:!%+<6!

!

!"#!",>&/(+'%,*-.+/(+"0"*,"1"(-2

!

!
!

%!&'()*+,!-.!/+-/0$012-3!4567A!&9:!8!&&-3:!"!,;<:!"0'-=-0A02')+-/>,213!4":$!?:!8!&&-3:!

",;<:!)+',)>13@&'2,!4$!&9:!$!&&-3:!A!,;6<:!B=C3$4BB>7<$!4D5!&?:!5657!&&-3:!7!&-3E<!@2=!

C*F!4AU!&?:!565G&&-3:!G!&-3E<!'2!@H,)-2')+'3!4"8!&9<!I@J!J)'++,=!@)!+--&!),&/,+@)*+,!

.-+!$>6!K>,!+,@H)'-2!&'()*+,!I@J!/@JJ,=!)>+-*?>!@!J>-+)!J'3'H@!/@=!@2=!)>,!J-3L,2)!I@J!

+,&-L,=! *2=,+! >'?>! L@H**&6! M3@J>! H-3*&2! H>+-&@)-?+@/>1! I')>! >,/)@2,NO)P%H!

4D5N$5<!@J!)>,!,3*,2)!@..-+=,=!)>,!=,J'+,=!/+-=*H)!!'2!#AE!1',3=!4D7"!&?<6!!

!!
1324562#7882539:2;<;-!.=!!!!"6DG!4J:!"Q:!PQ<:!A68G!4J:!$Q:!CQ$<:!U68#!4==:!$Q:!1S!$68!QT:!

1S!#!QT:!%+<:!D6$5!4==:!$Q:!1S!$!QT:!1S!#!QT:!%+<6!

!

!

!"#0"$%&'()*+'%,*-.+/(+"0"*,"1"(-2

!

!
!

%!&'()*+,!-.!/+-/0$012-3!45675!&9:!86"!&&-3:!"6$!,;<:!70'-=-@2'J-3!4568"!&9:!A67!&&-3:!

HO

Chemical Formula: C10H10O2

Molecular Weight: 162,19

OMe

HO

Chemical Formula: C9H7NO3

Molecular Weight: 177,16

NO2

HO

Chemical Formula: C10H10O2

Molecular Weight: 162,19

OMe



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "#$

"%&'(!)*+%),-./0+1%!234$!05(!"6!007.(!8!%&4'(!9:;.3299,$'3!2<=!0>(!=4="!007.(!$!07.?'!

/1:! ;@A! 28"! 0>(! =4=3007.(! B! 07.?'! +1! /C%)71+)*+.! 2"$! 05'! D/E! E)+**%:! /)! *770!

)%0F%*/)@*%!G7*!$,4!H,%!*%/C)+71!0+I)@*%!D/E!F/EE%:!),*7@>,!/!E,7*)!E+.+C/!F/:!/1:!),%!

E7.J%1)! D/E! *%07J%:! @1:%*! ,+>,! J/C@@04! K./E,! C7.@01! C,*70/)7>*/F,-! D+),!

,%F)/1%LM)NOC!G*70!#=L"=!)7!6=L$=!2PGQ=4$'!/E!),%!%.@%1)!/GG7*:%:!),%!:%E+*%:!F*7:@C)!!

+1!#8?!-+%.:!2BR3!0>(!S*7D1!7+.'4!!

!!
!"#$%&#'())#%"*+#,-,./01!!!!Q!"4<3!2E(!"T(!NT'(!$4<"!2E(!$T(!U%'(!84R"!2E(!3T(!U%'(!B4#=!

2:::(!"T(!1Q!=4#!TV(!1Q!346!TV(!1Q!<48!TV(!O*'(!B4##!20(!"T(!O*'(!64=R!2:)(!"T(!1Q!"43!TV(!1Q!

64RTV(!O*'(!6438!2"T(!::(!(!1Q!64<TV(!O*'4!!

!
!/,#$%&#'2(#%"*+#,-,./01!!!Q!R"4B!2;T3'(!RR4$!2U%'(!<R4B!2;'(!<64=!2;'(!""R4"!2O*'(!""B4B!

2O*'(!"3$4R!2;'(!"38(3!2O*'(!"3#48!2O*'(!"R#4$!2;'4!

!

"&%3#'43501!C/.C4!G7*!;"=T"=N3W!"B$(=6R#!G7@1:W!"B$(=68$4!!

!

 

X+%1-1%E!#!D%*%!F*%F/*%:!G*70!2$YF%1)/Y"(8Y:+%1Y$Y-.')7E-./0+:%!(6!/CC7*:+1>!)7!

0%),7:E!O!7*!S4!!

!

%789:;# <# 1! X++E7F*7F-.! /V7:+C/*Z7I-./)%! 2XAOX'! 2$6R! 0>(! "4#! 007.'! D/E! /::%:!

:*7FD+E%!/)!=[;!)7!/!HTK!E7.@)+71!2"$!05'!C71)/+1+1>!2$YF%1)/Y"(8Y:+%1Y$Y-.')7E-./0+:%!!

2=43#!>(!"43!007.'!/1:!),%!:%E+*%:!$Y/*-.F*7F/*>-.!/.C7,7.!2"4#!007.'4!H,%!0+I)@*%!D/E!

E)+**%:!/)!*770!)%0F%*/)@*%!G7*!3!,4!OG)%*!*%07J/.!7G!),%!E7.J%1)(!),%!G+1/.!F*7:@C)!D/E!

F@*+G+%:!Z-!C7.@01!C,*70/)7>*/F,-4!!

!

%789:;#=#1!97)/EE+@0!C/*Z71/)%!2$3=!0>(!343!007.'!D/E!/::%:!)7!/!E7.@)+71!C71)/+1+1>!

2$YF%1)/Y"(8Y:+%1Y$Y-.')7E-./0+:%!!2=436!>(!"4"!007.'!/1:!$Y/*-.F*7F/*>-.!Z*70+:%!2"48!

007.'!+1!U%;\!28!05'4!H,%!0+I)@*%!D/E!,%/)%:!7J%*1+>,)!/)!B=[;4!OG)%*!*%07J/.!7G!),%!

E7.J%1)(!),%!G+1/.!F*7:Y!@C)!D/E!F@*+G+%:!Z-!C7.@01!C,*70/)7>*/F,-4!

 

>?@789A.?!?'B7C8D?!+>?;E7C?/?A.0?!?'/?B97CA.BF:B?G?AC?!?A.0H7C*7C7IJ.K:CD@E;7#

'3!!0!LL#

 

 

!

3!!!+E!F*%F/*%:!+1!<6?!-+%.:!/CC7*:+1>!)7!0%),7:!S4!!

!
!"#$%&#'())#%"*+#,-,./01!]!Q!34$B!2E(!$!T(!U%'(!84$"!2E(!3!T(!\;T'(!R4=<!20(!"!T(!\;T'(!

R43R!2:(!3!T(!$1!Q!"64=!TV(!Q;T3'(!R436!2:(!3!T(!$1!Q!"=4R!TV(!Q;T3'(!R4#<!2:::(!3T(!$1!Q!"64=!

TV(!$1!Q!"=4R!TV(!$1!Q!B4=!TV(!;TQ'(!64"^64$!26!T(!O*'(!64<"!2:(!3!T(!$1,Q!<4R!TV(!HE'4!!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"BB!\4!_%71>(!X4!T4!`+0(!_4!T4!;,7+(!2/$'3,24''5(3,G))>(!""$8Y""$R4!

TsN

Ph

Chemical Formula: C21H21NO2S
Molecular Weight: 351,46



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "#$

!!"#!"#$%!&'()*+,-.+)/,-0.12.!3!,/!4!,-0!5!()*+,-!!!".)/*6!4$5!&')/!#!

,-07)/8)/)9:-;2/6('&)<"=430<

!
=43<%&!'()'*()+!%,!-./!0%)1+!*223(+%,4!53!6)573+!89!!

!
4><?@A<"#BB<@>8$<CDC-#0E!:!;!<9"-!=&>!?!@>!A)B>!<9<-!=&>!.!@>!A)B>!$9##!=C(!5>!"!@>!DE@B>!

F9"F!=+>!<!@>!1!G!"H!@I>!E@<B>!F9"H!=+>!<!@>!1!G!""!@I>!E@<B>!F9--!=+++>!<!@>!1!;!"?9-!@I>!1!;!

"J9-!@I>!1!;!?9J!@I>!E@;B>!?9H"!=&>!<!@B>!?9-F!=&>!"!@B>!H9"$!=<!@>!K&B>!H9HF!=<!@>!K&B!L!!

!
4#C<?@A<"CDC-#$<43%<@>80E!:!;!<"9"!=A)B>!<"9F!=A)B>!.$9$!=DE@<B>!?<9<!=DE@B>!-$9.!=EB>!

-$9#!=EB>!""-9-!=E@<;B>!"<<9.!=EB>!"<H9->!"<#9">!"<#9.>!".J9<>!".$9H>!".H9H!=EB>!".H9#!=EB>!

"$.9"!=EB9!!

!

>A@=<"F=G0<E!2*129!M3(!E<.@<?DN<O!P!.-J9"?-$9!M3Q,+!P!.-J9"?H.!

!

!

!!"#!"5!()*+2H,.+)/,-0.12.!3!,/!4!,-0!5!()*+,-!!!".)/*6!4$5!&')/!#!

,-07)/8)/)9:-;2/6('&)<"=4#0<

!

!
!

=4#!%&!'()'*()+!%,!.</!0%)1+!*223(+%,4!53!6)573+!R9!!

!
4><?@A<"#BB<@>8$<CDC-#0E!:!;!<9.?!=&>!.!@>!A)B>!.9-<!=&>!.!@>!NA)B>!$9<-!=&>!<!@>!E@<B>!

F9JH!=C(!5>!"!@>!DE@B>!F9<.!=+6>,<!@>!1,;!"?!@I>!E@<B>!F9<F!=+6>!<!@>!1!;!"J!@I>!E@<B>!F9#H!

=+++>,<!@>!1,;!"?9F!@I>,1,;!"J9F!@I>!1,;!F9H!@I>!E@;B>!?9-J!=<!@>!R(B>!H9"<!=<!@>!R(B>!H9<"!=<!

@>!K&B>!H9-.!=<!@>!K&B!L!!

!
4#C<?@A<"CDC-#$<43%<@>80E!:!;!<"9$!=A)B>!.$9$!=DE@<B>!FF9.!=NA)B>!?<9"!=DE@B>!-.9?!

=EB>!-$9F!=EB>!"".9-!=E@B>!""$9H!=EB>!""-9H!=E@<;B>!"<H9->!"<#9<>!".<9->!".$9H>!".H9-!=EB>!

"$.9"!=EB>!"F#9?!=EB9!!

!

>A@=<"F=G0<E!2*129!M3(!E<.@<.DN.OD*!P!$J$9"<#?9!M3Q,+!P!$J$9"<H?!

!

!

!

!

!
 

�sN

Chemical Formula: C23H25NO2�

Molecular Weight: �7�,52

TsN

Chemical Formula: C22H23NO3S
Molecular Weight: 381,49

OMe



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "#$

!!"#!"#!$%&'()*+'%,*-.+/(+!0!*,!1!*-.!2!$%&'*-!!!"+%,&3!142!56%,!#!

*-.7%,8%,%9:-;(,3$65%<"=12.<

!

!
!

=12!%&!'()'*()+!%,!-./!0%)1+!*223(+%,4!53!6)573+!89!!

!
1><?@A<"#BB<@>84<CDC-#.E!:!!;!<9=>!?&@!=!A@!B)C@!=9D.!?&@!=!A@!EB)C@!-9=.!?&@!<!A@!FA<C@!

$9.D!?G(!5@!"!A@!HFAC@!$9<-!?+6@!<!A@!1!;!"I!AJ@!FA<C@!$9<I!?+6@!<!A@!1!;!".!AJ@!FA<C@!$9#>!

?+++@!<!A@!1!;!"I9D!AJ@,1,;!".9$!AJ@!1,;!I9.!AJ@!FA;C@!I9>"!?6@!"!A@!8(C@!I9>D!?+@!"!A@1!;!>9$!

AJ@!!8(C@!I9D>!?+++@!"!A@!1!;!D9-!AJ@!1!;!<9>!AJ@!1!;!"9.!AJ@!8(C@!>9"#!?5@!<!A@!8(C@!>9<=!!

?<!A@!K&C@!>9D-!?<!A@!K&C!L!!

!
"=F!HBM!?FNF1=@!"<$!BAJCO!:!;!<"9-!?B)C@!=-9=!?HFA<C@!$$9<!?EB)C@!I<9"!?HFAC@!D-9$!?FC@!

D-9#!?FC@!""-9-!?FAC@!""I9I!?FAC@!""D9D!?FA<;C@!"<=9I!?FC@!"<=9#@!"<#9>@!"=-9I@!"=>9D!?FC@!

"-=9<!?FC@!"$#9<!?FC!L!!

!

AMBP!?QPRCO!2*12+9!S3(!F<<A<-HE=P!O!=D<9"->>9!T3U,+!O!=D<9"-#-9!

!

!

2!$%&'*-!!!"#!"2!,6&/(+'%,*-.+/(+!0!*,!1!*-.!!!"+%,&3!142!56%,!#!

*-.7%,8%,%9:-;(,3$65%<"=1F.<

!

!
!

=1F!%&!'()'*()+!%,!"I/!0%)1+!*223(+%,4!53!6)573+!89!!

!
1><?@A<"#BB<@>84<CDC-#.E!:!;!<9=D!?&@!=!A@!B)C@!-9=<!?&@!<!A@!FA<C@!$9".!?G(@!"!A@!HFAC@!

$9<I!?+6@!V!;!">!AJ@!<!A@!FA<C@!$9<#!?+6@!<!A@!1!;!".!AJ@!FA<C@!$9#=!?+++@!<!A@!1!;!"I9$!AJ@!!

1!;!".9<!AJ@!1!;!$9>!AJ@!FA;C@!>9<-!?<!A@!8(C@!>9="!?<A@!8(C@!>9D<!?<!A@!K&C@!D9"I!?<!A@!8(C9!

!
1#C<?@A<"10F<@>84<CDC-#.E!:!;!<"9$!?B)C@!=-9<!?HFA<C@!I<9.!?HFAC@!D<9>!?FC@!#.9D!?FC@!

""#9<!?FA<;C@!"<=9-@!"<>9>@!"<#9=@!"=<9"@!"=-9=@!"=>9>!?FC@!"-=9-!?FC@!"->9"!?FC9!

!

>A@=<"G=H.E!2*12+9!S3(!F<"A<"H<E-P!O!=#>9"<<<9!T3U,+!O!=#>9"<=I9!!

!

!

!

!

TsN

Chemical Formula: C22H23NO3S
Molecular Weight: 381,49

OMe

TsN

Chemical Formula: C21H20N2O4S
Molecular Weight: 396,46

NO2



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "#$

!!"#$%!&'()*+,-.)/*0!1$%!&')/!2!,-3!%!()*+,-!!!"2!.+)/,-.45.!#!,/!1!

,-36)/7)/)89-:5/0('&);"<1=31=>;

!

!
;

<1=;%&!'()'*()+!%,!-./!0%)1+2!*334(+%,5!64!7)684+!9!

!
1?;@AB;"2CC;A?7$;DED-23F!:!;!"<=>!?&2!$@2!A)B2!C<>D!?&2!>!@2!A)B2!-<>>!?&2!C!@2!EF@CB2!

-<.C!?&2!"@2!EF@B2!-<#.!?&2!C@2!;F@CB2!D<""!?&2!C@2!;F@CB2!=<"G=<>!?72!=@2!H(B2!=<.=!?+2!C@2!

1;!.<D!@I2!J&B<!

!
12D;@AB;"1#G;A?7$;DED-23F!:!;!C"<D!?A)B2!CC<K!?A)B2!>-<.!?EF@CB2!$=<=!?EF@B2!.><.!?FB2!

.D<C!?FB2!""D<D!?F@C;B2!"CC<.!?FB2!"C.<"!?H(B2!"C#<C!?H(B2!">"<-!?H(B2!">.<"!?FB2!"-"<>!?FB2!

"-><"!?FB<!

!

?BA<;"H<I3F!3*13+<!L4(!FCD@C-EMCN!O!-KC<"DC.<!P4Q,+!O!-KC<""DC-<!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"$=!R<GS<!T))2!U<!U<!N38(43V2!H<!@<!@4W)0+*2!12,3'2,4/$'2,56.2,#CCJ2!7872!"K$DCG"K$$"<!

NTs

Ph

Chemical Formula: C23H25NO2S
Molecular Weight: 379,52



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "#$

!"#"$%&'($)*"+,$"'-)$'./"'0.122340$)5)."+'67*&)89)5"$8:%.8)#9'
!

12,*,32+4)&2(,25,)/$,6)7008,.2'#+$",79:;:<=->,''2+?,;,'2+@8,&(,)2+4$($,7=:A,'B8,4(C$%,*%D2(,
EDFG;, 7;, 'D?, =:=H, ''2+8, *(C, )/$, $(I($, 2%, C&$(I($, 34J3)%*)$, 7=:<9, ''2+?, &(, ;:A, 'B!
)2+4$($8, K$%$, *CC$C, 3$L4$()&*++I:, 1/$, '&")4%$, K*3, 3)&%%$C, *), 9=MN, 52%, <OPH;, /:, 1/$,
%$*.)&2(,K*3,'2(&)2%$C,JI,QRS:,1/$,32+T$(),K*3,%$'2T$C,4(C$%,%$C4.$C,#%$334%$,*(C,)/$,
5&(*+,#%2C4.),K*3,#4%&5&$C,JI, .2+4'(,./%2'*)2D%*#/I:,!(*()&2'$%&., $".$33$3,/*T$,J$$(,
'$*34%$C, JI, ./&%*+, U6BN:, V*'#+$3, 25, %*.$'&., .2'#24(C3, /*T$, J$$(, 2J)*&($C, T&*, 6)N+H,
#%2'2)$C,.I.+2&32'$%&W*)&2(3:,,
!

!

!"#$%&'(")"*(+,(-%&%.-(/,&'(0")"121"345'5(,67898:;$%<+"7"%&%9!=>*#90>

  

 
 

9?>@AB>*)::>A?2C>DED()0F!%&!'()#!*++,!"-,!X&!.('!-/,!X&!0('!-/,!1-23,!"(4$!*++,!"-,!X&!
.('!-/,!X&!#('!-/,!1-23,!"($2!*5,!"-,!1-3,!2(66!*7,!4-,!893,!4("0!*++,!"-,!X&!4('!-/,!X&!"2('!
-/,!:1-23,!6(''!*++,!"-,!X&!"('!-/,!X&!"2('!-/,!:1-23,!.(."!*+,!"-,!X&!)('!-/,!:1-&1?3,!
0(6$!*+,!!"-,!X&!)('!-/,!:1-&3,!$(")!*5,!2-,!;<3,!$(2.!*5,!4-,!;<3,!$(46!*+,!2-,!X&!)('!-/,!
=73,!$(0#!*+,!2-,!X&!)('!-/,!=73(! 
>!

6G;E&!>0$!*99&!$'?,!@&!'(0,!1-1A43(!!

>!

?#HDF>1<BCD@9A!EF!@GAH5I,!9AH9IJ!<9KJDI9LMJN-!#O",!"5PL5BI,!C9J9IJBGI!JB597!"2($!5BI!

DI+!".()!5BI(!!

!

I"B1'>1&1('.4.>F!@Q!DII9R9!

!

!!

!"*7"*1;3"9"<$%&'(%+$,J'0<$%&'(0")"*(&4+K,3%&2%&%.-(/,&1L4M%0")"

121345'5(,67898:;$%<+"7"%&%>*#9:0!

!!

!
!!

!!
9?>@AB>*)::>A?2C>DED()0F!%&!!'(04!*J,!"-,!X&!0('!-/,!1-23,!"(20!*J,!"-,!X&!0('!-/,!1-23,!
"(0'!*+,!4-,!X&!$('!-/,!1-A%3,!"(00!*5,!"-,!1-3,!4(2"!*+J,!"-,!X&!2('!-/,!X&!"2('!-/,!:1-23,!
6(''!*+,!"-,!X&!"2('!-/,!:1-23,!.(26!*S,!"-,!X&!$('!-/,!1?893,!.(.4!*+J,!"-,!X&!2('!-/,!X&!)('!
-/,!1?&3,!0(4$!*+,!"-,!X&!)('!-/,!:1?&3,!0($6!*+,!2-,!X&!#('!-/,!FC3,!0(#0!*+,!2-,!X&!#('!-/,!!
FC3,!$(42!*5,!.-,!;<3,!$(#$!*+,!2-,!X&!#('!-/,!:73,!)(4#!*+,!2-,!X&!#('!-/,!:73(!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"0)!F(!TUC7JI9C,!-(!V/BAADJ,!T(!VJ9A/9C,!X:,E':,N/$':,V2.:,N:::,!<HH,!0$).>0$)0(!
!

NTs
Ph

Chemical Formula: C19H19NO2S
Molecular Weight: 325,42

Chemical Formula: C26H24N2O5S
Molecular Weight: 476,54

(S)

N

O Ph

Ns



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "#$

!!
!"#$%&'$(#)#*"+$,-$&./01$%!&! !'()#!*+,'-.!'/)0!*+,&2-.!'$)(!*+,-.!/")"!*1+,'-.!23)(!

*#,45-.! ""0)$! *67-.! ""2)2! *#,&-.! ""#)0! *1#,&-.! "'/)0! *18-.! "'0)0! *9:-.! "'2)/! *18-.!

"'$)(!*67-.!"'$)'!*9:-.!"'$)3!*9:-)!!

!!

&3$(43501!;<=&!/##)"!>4?1@A?)!!

!

.67#1$+:B7@C5D!E6!CFDG;H.!5DG5HI!:5JI@H5KB8FJ7FJ@HFD!#(L"(.!"!;M<;BH.!75I5HIBFH!IB;58!

'/)3!;BH!*;@NF7-!@HO!'#)3!;BH)!!

  

$

896:2;<*9"9(=9>?*@2;2A@*B?;<*09C9DE;<*9"9F/FGEH<H*?9IJK!KLM9:2=>9J92;2$(6!!0$

!

!
!
!.$%&'$(-LL$&./+$#)#*"01!%!&!()/"!*I.!1,&!/)$!,=.!"!,.!+,'-.!")P(!*OO.!"!,.!1!&!#)(!,=.!1!&!

0)(!,=.!+,'-.!")2$!*Q7!I.!"!,.!1!&!$!,=.!+,-.!')/3!*8.!P!,.!45-.!/)$"!*O.!"!,.!P1,&!3)(!,=.!1+,-.!

0)"3!*O.!"!,.!P1!&!"()0!,=.!&+,'-.!0)P(!*O.!"!,.!P1!&!"2)0!,=.!&+,'-.!0)3"!*O.!"!,.!P1,&!$)(!,=.!

&+,-.!0)#"!*OOO.!,.!P1,&!"2)0!,=.!P1!&!"()0!,=.!P1!&!3)(!,=.!+,&-.!3)P"!*O.!"!,.!P1,&!$)(!,=.!

1+,&-.!2)"R2)/!*2!,.!67-.!2)2'!*O.!'!,.!P1!&!$)(!,=.!S8-)!

!
!"#$%&'$(#)#*"+$,-$&./01$%!&!'")(!*+,'-.!'")3!*45-.!'')0!*+-.!P0)$!*+,-.!0')2!*1+,-.!

""3)/!*&+,'-.!""2)2!*+,&-.!""$)0!*+,&-.!"'3)P.!"'3)#.!"'2)'.!"'$)0.!"'#)2.!"P3)(.!"P3)/!

*+-)!

$

.'&3$(43501!C@DCO)!TF7!+'",''1U'V!L!P0')"P2")!WFGHO!L!P0')"P$')!

$

.67#$1$+:B7@C5D!E+!CFDG;H!X!5DG5HI!:5JI@H5<5I:@HFD!*##!L"-.!"!;M);BH-".!75I5HIBFH!IB;58!

'#!@HO!P'!;BH!*;@NF7-)!

!

N9'F<$F;F*<AEA$1!CT!@HH5Y5$

!

89("+-9)EO2>:<*=:2;<*09"9(=9>?*@2;2A@*B?;<*09C9DE;<*9"9$F/FGEH<H*?IJK!KLM:2=>9J9

2;2$(6!C0$

!

!
!

!.$%&'$("LL$&./+$#)#*"01!%!&!()P2!*I.!",.!1!&!/)$!,=.!+,'-.!")'2!*OO.!",.!1!&!#)(!,=.!1!&!

/)$!,=.!+,'-.!")22!*Q7!I.!",.!+,-.!')'$!*8.!3,.!45-.!')/3!*8.!P,.!45-.!/)$"!*O.!",.!P1,&!3)P!,=.!

TsN

Chemical Formula: C21H21NO2S
Molecular Weight: 351,46

Ph

	sN

Chemical Formula: C23H25NO2


Molecular Weight: 3��,2



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "##

$%&'(!)*"+!,-(!"&(!.1!/!"0*)!&1(!/%&2'(!)*."!,-(!"&(!.1!/!"3*"!&1(!/%&2'(!)*4"!,-(!"&(!.1!/!+*0!

&1(!/%&'(!)*#2!,---(!"&(!.1!/!"3*"!&1(!.1!/!"0*)!&1(!.1!/!4*.!&1(!%&/'(!4*.0!,-(!"&(!.1!/!+*0!

&1(!$%&/'(!4*+"!,5(!2&'(!4*+4!,5(!"&'(!3*.)!,-(!2&(!.1!/!+*"!&1(!65'(!3*32!,-(!2&(!.1!/!+*"!&1(!

65'*!

!
!"#$%&'$(#)#*"+$!,-$&./01!7!/!2"*0!,%&2'(!2"*.!,89'(!2"*4!,89'(!22*.!,%'(!.)*3!,%&'(!

)2*+! ,$%&'(!""4*:! ,%&2/'(! ""+*"! ,%&/'(! ""+*.! ,%&/'(! "2)*0(! "23*0(! "2+*0(!"2#*3(! ".4*"!

,%&/'(!".4*:!,%'(!".+*0!,%'(!":.*),%'(!":.*4!,%'*!

!

.'&2$(32401!;<=;*!>?@!%2.&2)$A2B*$<!C!:02*")0:*!D?EF-!C!:02*")20*!!

!

.56#!%GH@<;9=!I%!;?=EJF!K!9=E9FL!G9ML<F9N9LG<F?=!,##!C"'(!"!JO*JHF-"!K!@9L9FLH?F!LHJ95!

2+!<F-!.0!JHF!,J<P?@'*!

!

78(98&:;<=>?@<:A?*08"8(@8;=*B:A:CB*D=A?*08,8EFA?*8"8G/G8$HFI?I*=J9K!KLM<:@;898

:A:$(5!"0$

!

!
!

!.$%&'$("LL$&./+$#)#*"01!7!/!0*.3!,--(!"&(!1!/!4*0!&1(!1,/!:*+!&1(!%&2'(!"*22!,--(!"&(!1!/!!

#*0!&1(!1!/!:*+!&1(!%&2'(!"*3:!,Q@!L(!"&(!%&'(!2*:4!,5(!.&(!89'(!.*3+!,5(!.&(!A89'(!:*+0!,-(!

"&(!.1,/!4*.!&1(!$%&'(!)*"3!,-(!"&(!.1!/!"0*)!&1(!/%&2'(!)*."!,--(!"&(!.1,/!"3*"!&1(!1,/!"*2!&1(!

/%&2'(!)*)4!,-(!"&(!.1!/!+*"!&1(!/%&'(!)*#2!,---(!&(!.1,/!"3*"!&1(!.1!/!"0*)!&1(!21!/!4*.!&1(!

%&/'(!4*2#!,--(!"&(!.1!/!+*"!&1(,1!/!"*0!&1(!$%&/'(!4*+2!,-(!2&(!.1!/!+*3!&1(!R@'(!3*""!,-(!!2&(!
.1!/!+*3!&1(!R@'(!3*.)!,-(!2&(!.1!/!+*"!&1(!65'(!3*32!,-(!2&(!.1!/!+*"!&1(!65'*!!

!
!"#$%&'$(#)#*"+$!,-$&./01!7!/!2"*0!,%&2'(!2"*4!,89'(!22*0!,%'(!.)*4!,%&'(!)2*+!,$%&'(!

))*.! ,A89'(! "".*#! ,%&'(! ""4*.! ,%&2/'(! ""+*.! ,%&/'(! ""+*.! ,%&/'(! "23*0(! "2+*)(! "2#*3(!

".)*+!,%'(!".4*2!,%&/'(!".4*:!,%'(!":.*4!,%'(!")+*2!,%'*!

!

.'8&2$(32401!;<=;*!>?@!%22&2:$A.B!C!.+2*":33*!>?EF-!C!.+2*":3.*!

!

.56#$1!%GH@<;9=!I%!;?=EJF!K!9=E9FL!G9ML<F9N9LG<F?=!,#+!C2'(!"!JO*JHF-"!K!@9L9FLH?F!LHJ95!

..!<F-!.4!JHF*!!

!

N8'G?$GAG*?CFC$1!;>!<FF9S9!

  

78("8&:;<=>?@<:A?*08"8(@8;=*B:A:CB*D=A?*08,8EFA?*8"8G/G8HFI?I*=J9K!KLM<:@;898

:A:$(5!90$

!

!

TsN

Chemical Formula: C22H23NO3S
Molecular Weight: 381,49

OMe



!"#$%&'$()*+,#*%),-,./*#)$%,00!

! "##

!
!
!"#$%&#'())#%"*+#,-,.(/0!$!%!#&'(!)**+!(,+!1!%!-&#!,.+!1!%!'&/!,.+!0,"1+!(&"2!)**+!(,+!1,%!

2&#!,.+,1!%!'&/!,.+!0,"1+!(&3/!)45!6+!(,+!0,1+!"&'-!)7+!8,+!9:1+!8&32!)7+!8,+!;9:1+!'&/#!)45!*+!

(,+!81,%!-&'!,.+!<0,1+!=&(-!)*+!(,+!81!%!(#&8!,.+!%0,"1+!=&"2!)*+!(,+!81,%!(3&#!,.+!%0,"1+!

=&-#!)**+!(,+!81!%!/&#!,.+!1!%!#&-!,.+!%0,1+!=&/2!)***+!(,+!81!%!(3&#!,.+!81,%!(#&8!,.+!81!%!-&8!

,.+!0,%1+!-&8(!)**+!(,+!81!%!/&#!,.+!1!%!(&(!,.+!<0,%1+!-&3-!)8,+!>51+!3&"#!)?+!(,+!>51+!3&8'!

)*+!81!%!/&8!,.+!",+!@71+!3&3"!)*+!81!%!/&8!,.+!",+!@71&!

!
!(,#$%&#'!12#%"*+#,-,.(/0!$!%!"(&"! )0,"1+!"(&-! )9:1+!""&=! )01+!8=&2! )0,1+!="&3! )0,1+!

==&"!);9:1+!(((&'!)0,1+!((8&'!)0,1+!((-&'!)0,"%1+!((3&=!)0,1+!((/+-!)0,1+!((2&=+!("3&#!

)@71+!("2&3!)@71+!(8-&#!)0,1+!(8-&8!)01+!('8&-!)01+!('=&"!)01+!(=2&3!)01&!

!

"&%3#'435/0#ABCA&!DE5!0"","'<;8F!G!8/"&('33&!HEIJ*!G!8/"&('-"&!

!

"67,#G! 0KL5BA:C! M0! AECI?J! N! :CI:J6! K:O6BJ:P"QO5EOBJEC! )2/! G"1+! (!?R&?LJ-(!N! 5:6:J6LEJ!

6L?:7!"/!BJ*!8#!?LJ&!
!

!

!

!89:;<=.8>8?<:@=.818'?AB?8!8:@818=./8(8;BC=.8(8D*DEFG=G.BHIJ!J)K<:?;8I8:@:#

'6!>/#
!

!
#

#

!"#$%&#'())#%"*+#,-,.(/0!$!%!#&=8!)*+!(,+!1!%!=&#!,.+!0,"1+!#&3"!)7+!8,+!9:1+!(&"(!)*+!(,+,

1!%!'&=!,.+!0,"1+!(&3#!)7+!8,+!9:1+!"&'-!)7+!8,+!9:1+!'&-(!)7+!(,+!0,1+!'&//!)?+!(,+!0,1+!=&#/!

)7+!(,+!0,1+!=&=#!)*+!(,+!1,%!/&#!,.+!%0,1+!-&8-!)*+!(,+!1!%!/&#!,.+!%0,1+!3&(=!)?+!3,+!>51+!

3&-'!)*+!",+!1!%!/&=!,.+!>51&!

!
!(,#$%&#'L2#%"*+#,-,.(/0!$!%!(/&3!)9:1+!(2&3!)9:1+!"(&-!)9:1+!"=&'!)0,"1+!"2&"!)01+!8=&=!

)01+!-#&2!)0,1+!((-&#!)0,"1+!((/&/!)%0,1+!((2&'!)%0,1+!("-&=!)>51+!("3+(!)>51+!("/&"!)>51+!

("/&/!)>51+!("2&-!)>51+!(8-&(!)01+!('#&2!)01+!('8&'!)01+!('8&=!)01&!

!

!

TsN

Chemical Formula: C22H23NO3S
Molecular Weight: 381,49

OMe

NTs
Ph

Chemical Formula: C23H25NO2S
Molecular Weight: 379,52



!"#$%&'$()*+,#*%),-,./*#)$%,000,

!

! "#$

!"#$%&'()))(*(

(

( +,-%"&./.(01(2034(506$3&7(
!

!"#$%&%'!!8'()%*%+#%,'-%$./!012'/

!

!
!

%&'()'*+&,-(.!/#012!33(.4!5!*604!12!789!':!:.(;.<!,))*)!,+!#=>!+(!,!:(.?+'(-!(@!:()'?3!

+*+A,B&.(A(,?A,+*! /#0"2! 33(.4! $! *604! $##! 3C9! '-! )*C,D*)! ;,+*A! /$"02! 3890! %&*-! ,!

:(.?+'(-!(@!/19EF(-(G&(:!/#0"2!33(.4!$!*64!H#!3C9! '-!)*C,D*)!B&.(A(@(A3!/"02!389! ':!

,))*)0!%&*!3'I+?A*!':!:+'AA*)!$&!,+!#=>!+&*-!5&!,+!A+0!%&*!.,<*A:!,A*!:*G,A,+*)!+&*-!+&*!

,6?*(?:! .,<*A! ':! *I+A,B+*)! ;'+&! J>F! /5! I! "23890! %&*! (AC,-'B! .,<*A! ':! ;,:&*)! ;'+&!
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AuCl PNMe2

O

O

Chemical Formula: C22H18AuClNO2P
Molecular Weight: 591,78
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Chemical Formula: C13H14O
Molecular Weight: 186,25

OH

Ph

Chemical Formula: C13H14O
Molecular Weight: 186,25
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I1,! +B! DJ'! K-L-! :MM-M! >L?->&E<:D?@-! +3(6! DJ.! 3$(B! DD9<.! B! -Q'! :@M! /C
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Ph

Chemical Formula: C19H28OSi
Molecular Weight: 300,51

OPNB

Ph

Chemical Formula: C20H17NO4

Molecular Weight: 335,35
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OMe

Ph

Chemical Formula: C14H16O
Molecular Weight: 200,28

OBn

Ph

Chemical Formula: C20H20O
Molecular Weight: 276,37
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OSiPh2tBu

Ph

Chemical Formula: C29H32OSi
Molecular Weight: 424,65
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O���

�iMe�

Chemical Formula: C16H�2O�i2
Molecular �ei�ht: 2�6,60

O

Chemical Formula: C15H18O
Molecular Weight: 214,30
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OH

Chemical Formula: C15H18O
Molecular Weight: 214,30

OTBS

Chemical Formula: C21H32OSi
Molecular Weight: 328,56



!"#$%&'$()*+,#*%),-,./*#)$%,000,

!

! "#$

%"&'%!()*+,!%-#'#!()*+,!%-.'$!(/+,!%0%'1!(/+'!!

!!

!"#$%"&'(#2345!-6%'"!789:;<9'!!

!

)*$)+,*-./01232405671'4324*8*76*9*21!

!!

!
!!

#-=(-,0=>?@ABC*CDAEFGB+D*CD="=GF=%=CB!H;I! D*ED;*E>! ?F! JAE! I;2E! @CF>?J?CF! ;I!:;'! KAE!

>EI?*E>!D*C>L@J!!H;I!CMJ;?FE>!?F!11N!G?EB>!(0$0!2O+!;I!;!*E>!ICB?>'!!

!!
9<#=!>#$);;#!<?+#@A@1)'#(#P!5!%'.#!(I,!%Q,!RQ+,!0'0$!(I,!"Q,!/Q"+,!.'06!(>>,!%Q,!15!%'$!

Q4,!15!$'0!Q42,)*+,!.'-$!(>,!%Q,!15!$'0!Q4,!)*+,!.'6"!(>,!%Q,!15!%,$!Q4,!)*+'!!

!!
9)@#=!>#$BC#!<?+#@A@1)'#(!P!5!6%'6!(/Q"+,!$-'0!(/+,!$&'"!(/+,!%""'6!(/+,!%-#'0!()*+,!%-#'$!

()*+,!%-"'1!(/+,!%--'#!(/+,!%--'-!()*+'!!

!

9+8*-./01232*,*$)*$8*D5E071F11712G7'4324*9*7671'H56?565#!

!!

!
#!

KAE!@C2DCLF>!H;I!D*ED;*E>!JAE!I;2E!H;G!;I!B:!;F>!H;I!CMJ;?FE>!?F!1#N!G?EB>!(-.#!

2O,!ST5!#'-#+'!!

!!
9<#=!>#$);;#!<?+#@A@1)'#(#P!5!%'.$!(I,!-Q,!8E+,!0'#"!(I,!"Q,,/Q"+,!0'--!(I,!"Q,!/Q"+,!0'&6!

(2,!%Q,!/Q"5+,!6'#"!(2,!%Q,!/Q"5+,!.'"1!(>>,!%Q,!15!"'%!Q4,!15!$'%!Q4,!)*+,!.'-$!(>,!%Q,!15!

$'%!Q4,!)*+,!.'6-!(>,!%Q,!15!"'%Q4,!)*+'!!

!!
9)@#=!># $BC#!<?+# @A@1)'# (! P! 5! %&'1! (8E+,! 6.'1! (/Q"+,! .-'&! (/Q"+,! $-'$! (/+,! $.'0! (/+,!

%%-'"! (/Q"5+,!%""'.! (/+,!%-#'-! ()*+,!%-#'&! ()*+,!%-"'6! (/+,!%-"'&! (/+,!%--'0! ()*+,!%0%'0!

(/+'!!

!

!

!

!

!

!

!

HO

Cl

Cl

Chemical Formula: C9H6Cl2O
Molecular Weight: 201,05

O

Cl

Chemical Formula: C13H12Cl2O
Molecular Weight: 255,14

Cl
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OH

Cl

Chemical Formula: C13H12Cl2O
Molecular Weight: 255,14

Cl

OTBS

Cl

Chemical Formula: C19H26Cl2OSi
Molecular Weight: 369,40

Cl
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O

Ph

Cl

Chemical Formula: C18H14Cl2O
Molecular Weight: 317,21

Cl

Ph

OH

Cl

Chemical Formula: C18H14Cl2O
Molecular Weight: 317,21

Cl
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Ph

OTBS

Cl

Chemical Formula: C24H28Cl2OSi
Molecular Weight: 431,47

Cl

OH

Ph

Chemical Formula: C12H12O
Molecular Weight: 172,22

O���

Ph

Chemical Formula: C�8H26O�i

Molecular �ei�ht: 2�6,4�
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*+! *! &'%'-%/++! %1YV10! 14! *! YV*4.1.*.1\/! 91/%0! :667! 2<=! *40! )*+! V+/! )1.('V.! WV-.(/-!

,V-1W1&*.1'4!14!.(/!4/3.!+./,>!!

!

!!
$%&'()&*+,,&(%-.&/0/1+2&3&?!@!A>#B!:+C!6DC!F1G/7=C!#>H"M#>JB!:2C!JDC!I%"TDL=C!7>HH!:2C!

#DC! KI%"TDL=C! 7>N;! :2C! #DC! KI%"TDL=C! ;>"J! :YC! "DC! 1@! N>;! DEC! KID"=C! ;>N"! :2C! #DC!

KI%TDL=>!!

!!

*"2?G?C=5D>1?$?*<9:;5<=>1F:1>12=5E?#?5D?$?>D?+?B1#B#!

!!

!
!!

!T(/!,-'0V&.!)*+!+94.(/+1+/0!*+!0/+&-15/0!14!.(/!%1./-*.V-/>!$4!'-*4</!'1%!)*+!'5.*14/0!

14!"J8!91/%0!:JN!2<=!'\/-!.)'!+./,+>!!

!!
$%&'()&*+,,&(%-.&/0/1+2&3&?!@!A>AJ!:+C!6DC!F1G/7=C!#>N7!:+C!#DC!KD=C!">HA!:2C!"DC!ID"=C!

;>7H!:2C!#DC!IDK=C!J>#H!:2C!#DC!ID@=C!J>;A!:0C!#DC! 1@!#H>J!DEC!ID@=C!B>#7MB>"J!:2C!HDC!

L(=>!!

!!

!

SiMe3

THPO

Chemical Formula: C11H20O2Si
Molecular Weight: 212,36

OH

Chemical Formula: C15H20OSi
Molecular Weight: 244,40

Ph

SiMe3



!"#$%&'$()*+,#*%),-,./*#)$%,000,

!

! "#$

!!"#$#%&'()*&'+#,#'(#-#)(#.#/*#%#!

!!

!
!!

!!

&'!(!)'*+,-'.!'/!0!1232456.7*2#20,8-96,57*)-*7*156:2;26.2#27.2$2'*!0";$!9<=!#>?$!99'*=!

#!6@1!-.!&AB!(,!?CD!E()!(FF6F!&GHB!0#>;;!9I=!#>;;!99'*=!#>;!6@1!F-*+,6F!-.!?>%!9I!'/!

&AB!F-*+J>!&56!9-:,+86!E()!),-886F! /'8!#!5!(,!8''9!,69468(,+86!(.F!@+6.K56F!E-,5!(!

)(,+8(,6F! )'*+,-'.! '/! LAMD*>! &56! '8<(.-K! *(768!E()! 6:,8(K,6F!E-,5! N,"O=!E()56F!E-,5!

E(,68=! F8-6F! 'P68! Q<ROM! (.F! K'.K6.,8(,6F>! B*()5! K'*+9.! K58'9(,'<8(457! E-,5! (.!

564,(.6SN,"O!9-:,+86!/8'9!0TU#1!,'!0%U$1!()!,56!6*+6.,!(//'8F6F!,56!F6)-86F!48'F+K,!0V/!

W!?>#!/'8!XU"1!-.!%MY!7-6*F!0#$#!9<1!()!(!76**'E!'-*>!!

!!
-012341!.55130671898*."1:1Z!W!">"%!0)=!#A=!OA1=!">;M!0)=!#A=!!DA1=!">3;!09=!"A=!DA"1=!

M>;"!0,F=,#A=!1W!3>?!A[=!1W!">#!A[=!DAO1=!3>$#!09=!#A=!DAW1=!3>;;!0F=!#A=!1W!#;>T!A[=!DAW1=!

%>$$!09=!;A=!\51>!!

!!

!!"#-7$#;<%&'()*&'+#,#'(#-#)(#.#/*!

!!

!
!!

!!

&'!(!)'*+,-'.!'/!-'F']6.[6.6!0?>#"!9I=!#>?M!99'*=!#!6@1!-.!,'*+6.6!0#>$!9I1!E686!(FF6F!

+.F68! (8<'.! 2&30,8-456.7*45')45-.61! 4(**(F-+9! K5*'8-F6! 0""! 9<=! $>#>#?2"! 99'*=! $!

9'*Y1=!K'4468!-'F-F6!0#"!9<=!3>">#?2"!99'*=!3!9'*!Y1=!4-468-F-.6!0?>"#!9I=!">?X!99'*=!

"! 6@1! (.F! 0!1232456.7*56:2;26.2#27.2$2'*1 0#X?! 9<=! #>?M! 99'*=! #! 6@1>! &56! 86(K,-'.!

9-:,+86! E()! ),-886F! (,! $;CD! /'8! M! 5! (.F! ,56.! /-*,686F! '//! )-*-K(>! &56! /-*,8(,6! E()!

K'.K6.,8(,6F! (.F! ,56! 86)-F+6! E()! 4+8-/-6F! ]7! /*()5! K'*+9.! K58'9(,'<8(457! E-,5! (.!

564,(.6SN,"O! 9-:,+86! /8'9! 0TU#1! ,'! 0%U$1! ()! ,56! 6*+6.,>! &56! F6)-86F! 48'F+K,! E()!

'],(-.6F!()!(!76**'E!'-*!-.!33Y!7-6*F!0#%?!9<=!V/!W!?>#!-.!XU"1>!!

!
-012341!.55130671898*."1:1Z!W!">?%!0)=!#A=!OA1=!">%M!0,=!"A=!1W!3>$!A[=!DA"1=!M>%$!0,=!#A=!

1W!3>$!A[=!D0OA1=!3>$;!09=!#A=!DAW1=!3>;T!0F=,#A=! 1W!#;>3!A[=!DAW1=!%>"?2%>M3!09=!#?A=!

\51>!!

!!
-.812341!=,130671898*."1:!Z!W!M#>;!0DA"1=!3">M!0DAOA1=!X;>M!0D1=!XT>M!0D1=!#"M>M!0DAW1=!

#"3>$!0\51=!#"%>;!0\51=!#"X>$!0\51=!#"X>;!0\51=!#"X>;!0\51=!#$#>%!0\51=!#$M>#!0DAW1=!#$%>#!

0D1>!!

!!

!

!

OH

Chemical Formula: C12H12O
Molecular Weight: 172,22

Ph

OH

Chemical Formula: C18H16O
Molecular Weight: 248,32

Ph

Ph
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!

! "#$

!!"#$#"#$"%%&'()*+,-'.()/+)()01(#234#*+5.-6().-1#7#-6#2#(6-8!9:;"!

!!

!
!!

%&'(&)*+!,-.!(/&01201+!3*!041!.-'1!2&*+303&*.!-.!+1.2/351+!6&/!9:7!-*+!,-.!&50-3*1+!

-.!-!2&7&/71..!&37!3*!8"9!:317+!;#<=!'>?!@6A!BC8<!3*!DE"!41(0-*1FG0"HIC!!

!!
2<8 =>?8 !$@@8 ><A38 BCB)$"8 D8 J! A! BC#K! ;.?! LM?! N3O1I?! BC#<! ;.?! LM?! N3O1I?! BC<=! ;.?! <M?!

N3%>-$I?!"CKD!;0?!"M?!1A!KCB!MP?!%M"I?!$CKK!;0?!#M?!1A!KCB!MP?!%MHI?!KCL#!;'?!#M?!%MAI?!KC="!

;+?,#M?!1!A!#=C<!MP?!%MAI?!8CL"!;'?!#BM?!Q4IC!!

!!
2$B8=>?8!E78><A38BCB)$"8 D! J!A! R$CD! ;N3O1I?! R$C$! ;N3O1I?!#DCL! ;%I?!"=C<! ;N3%>-$I?!$"C=!

;%M"I?! KLCK! ;%MHI?! D$C8! ;%I?! <BCK! ;%I?! #"LCB! ;%I?! #"=CD! ;%MAI?! #"KC#! ;Q4I?! #"8C#! ;Q4I?!

#"DC"!;Q4IC!#"DCL!;Q4I?!#"DC=!;Q4I?!#L#CK!;Q4I?!#L"CD!;%MAI?!#L8CK!;%IC!!

!!

>98!F9G"D8'FPA!LD=C"!SOTU-VTC!!

 !

7#,-'.()#2#5.-6().-1#7#-6#2#(6#$#HI,5.I6+H8-/'-J/8!K$"8

&

W&! -! .&7)03&*! &6! =R'104:7R#R(41*:741XR=R1*R#R:*RLR&7! ;#BB!'>?! BCK!''&7I! 3*! Y%O! ;#!

'ZI! ,1/1! -++1+! YO[Q! ;LL! '>?! BCL! ''&7I! 041*! ;#2IR2-'(4-*32! -23+! ;##D! '>?! BCK!

''&7IC! [! .&7)03&*! &6! Y%%! ;#L$!'>?! B?8!''&7I! 3*! Y%O! ;#'ZI!,-.! -++1+! -0! B\%C! W41!

'3X0)/1!,-.! .03//1+! &]1/*3>40! -0! /&&'! 01'(1/-0)/1C! [601/! 1]-(&/-03&*! &6! 041! .&7]1*0?!

041!2/)+1!'3X0)/1!,-.!()/3631+!5:!67-.4!24/&'-0&>/-(4:!,304!41(0-*1F!G0"H!;DBE"BI!-.!

041!17)1*0!0&!>3]1!""<!'>!;^)-*030-03]1!:317+I!&6!041!+1.3/1+!(/&+)20!4C!N1(-/-03&*!&6!041!

+3-.01/1&'1/32! 1.01/.! 4-.! 511*! (1/6&/'1+! 5:! .)(1/2/3032-7! 67)3+! 24/&'-0&>/-(4:!

;_*]1.03>-0&/! "! N`%! .1'3R(/1(-/-03]1!a[WG@N?! QY[! "<<DI! E! W4-/! _*.0/)'1*0! %b[UH!

KB[?!Kc?!"=Bd#B''e!G7)1*0E!%H"FO1HM!<LF8?!!#B!'ZF'3*?!#BB!5-/?!/101*03&*!03'1.!LC<#!

-*+!$CL#!'3*C88

8!!

!'"#K$8;2&7&/71..!&37IE!2<8=>?8!$@@8><A38BCB)$"8D8J!A!#CB"!;.?!LM?!O1I?!#CB<!;.?!LM?!O1I?!

#C#L!;.?!LM?!O1I?!#C8#!;+++?!#M?!1!A!#LCL!MP?!1!A!<CL!MP?!1!A!$C"!MP?!%M"I?!#CD=!;.?!LM?!O1I?!

#C<R"C#!;'?!"M?!%M"I?!"C$D!;+++?!#M?!1!A!#LC=!MP?!1!A!#BCD!MP?!1!A!$C=!MP?!%M"I?!"CK$!;++?!#M?!

134!A!#$C"!MP?!1!A!KCL!MP?!%M"I?!"C8#!;++?!#M?!134!A!#$CL!MP?!1!A!8C=!MP?!%M"I?!$C<#!;#M?!%M"AI?!

$C<L!;#M?!%M"AI?!=CD<!;++?!#M?!1!A!8C=!MP?!1!A!KCL!MP?!H%MI?!8CL!;LM?!Q4I?!8C$!;"M?!Q4IC!!

!
2$B8=>?8!E78><A38BCB)$"8 D!J!A!<C8! ;O1I?! !#K?8! ;O1I?#KC<! ;O1I?!""C=! ;O1I?!"<C#! ;%M"I?!

LB?K!;%M"I?!$LC"!;%M"I?!=$C$!;%I?!=$CD!;%I?!K"CB!;H%MI?!D=CK!;%I?!DKC"!;%I?!<BC<!;%I?!##$C8!

O��S

Chemical Formula: C24H30OSi
Molecular Weight: 362,5�

Ph

Ph

O

Ph

Chemical Formula: C23H26O4

Molecular Weight: 366,45

O

O

O
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%&'"()*! #""+,! %&)*! #"-+.! %&'/0)*! #"-+-! %&'/0)*! #.#+-! %&'/0)*! #.1+2! %&)*! #33+$! %&4)*!

#22+,!%&4)+!!

!

!"#$%(!53#!%6!(!,+1*!7!(!"28&*!&'&9.)!

!

&'()%*+),-.!&:96+!;<=!&".'"34>?:@!.-1+#2"1+!A<BCD@!.-1+#2>"+!

!!!

*!-/01!%E0FGH!I<9FD*!JK!338&)@!2&%3('%*144%(&56%7$781-.%L!(!#+,,!%I*!.'*!MH)*!#+#"!%I*!

.'*!MH)*!#+#.!%I*!.'*!MH)*!#+2#!%DDD*!#'*!1!(!#.+$!'N*!1!(!1+.!'N*!1!(!>+$!'N*!&'")*!#+-$!%I*!

.'*!MH)*!#+1$!%DDD*!#'*!1!(!#.+"!'N*!1!(!#,+$!'N*!1!(!>+"!'N*!&'")*!"+,-!%DDD*!#'*!1!(!#.+$!'N*!

1!(!1+.!'N*!1!(!>+$!'N*!&'")*!"+>3!%DDD*!#'*!1!(!#.+$!'N*!1!(!#,+-!'N*!1!(!>+"!'N*!&'")*!"+3.!

%DD*!#'*!123!(!#>!'N*!1!(!3+,!'N*!&'")*!"+2,!%DD*!#'*!123!(!#>!'N*!1!(!2+-!'N*!&'")*!>+1,!%#'*!

&'"()*!>+1.!%#'*!&'"()*!$+-1!%DD*!#'*!1!(!2+-!'N*!1!(!3+,!'N*!4&')*!2+.!%J*!.'*!/0)*!2+>!%J*!

"'*!/0)+!!
217%3('%*9:%(&56%7$781-.!L!(!1+2! %MH)*! !#3+2! %MH)*!#3+-! %MH)*!""+$! %MH)*!"-+1! %&'")*!

.,*3!%&'")*!>.+"!%&'")*!$>+$!%&)*!$>+1!%&)*!3>+"!%4&')*!-$+3!%&)*!-3+#!%&)*!1,+1!%&)*!##>+2!

%&'"()*! #""+,! %&)*! #"-+.! %&'/0)*! #"-+-! %&'/0)*! #.#+-! %&'/0)*! #.1+2! %&)*! #33+2! %&4)*!

#2-+#!%&4)+!

!

!"#$!(!O23!%6!(!,+$*!7!(!"-8&*!&'&9.)!

!

&'()%*+),-%.!&:96+!;<=!&".'"34>?:@!.-1+#2"1+!A<BCD@!.-1+#2.3+!!

!

70H!6<C;FPB=:GF<CI!<;!G0H!K=<K:=PQ9F6!6:=R<CI!<;!G0H!DF:IGH=H<JH=F6!HIGH=I!01!0:SH!RHHC!

:IIFPCHD!RQ!:C!TO=:Q!DF;;=:6GF<C!IGBDQ!<;!%4)O);4+%!

!

*"-/%<=>%*!-/1%/?@A?%/BC?D8>EF@?GD8HE8D8IJD/:/F@?GD8/2/KG@=D8G@J/:/@=/2/D=@%**"-/

);4%<=>%*!-/);4-%%

,

,
,

70H!DF:IGH=H<JH=F6:99Q!KB=H!6:JK0:CF6!HIGH=!L<! :CD!LB!0:SH!RHHC!6<CSH=GHD! FCG<! G0H!

6<==HIK<CDFCP!K=<K:=PQ9F6!:96<0<9I!)20!:I!;<99<EI+!!

U:GH=!%#+3!JV)!:CD!W4'!%$.!JP*!,+1!JJ<9)!EH=H!:DDHD!G<!:!I<9BGF<C!<;!6:JK0:CF6!HIGH=!

*"-/L<! %##$!JP*! ,+.!JJ<9)! FC!MH4'! %#+3!JV)+! 70H!JFXGB=H!E:I! IGF==HD! <SH=CFP0G! :G!

=<<J! GHJKH=:GB=H! G0HC! DF9BGHD! EFG0! E:GH=+! 70H! :YBH<BI! 9:QH=! E:I! HXG=:6GHD! EFG0!

M7Z[+!70H!6<JRFCHD!<=P:CF6!K0:IHI!EH=H!E:I0HD!EFG0!R=FCH!:CD!D=FHD!<SH=!MP\4>+!!

70H! =HIFDBH!E:I!KB=F;FHD!RQ! ;9:I0! 60=<J:G<P=:K0Q!EFG0!0HKG:CH]![G"4! %1,@#,)! :I! G0H!

H9BHCG!G<!PFSH!>2!JP!%-"^!QFH9D)!<;!G0H!DHIF=HD!:96<0<9!*"-/)20!:I!:!K:9H!QH99<E!<F9+!!!

!

_`ab!%*"-/)20)%(!5.$!%6!(!,+"*!&'&9.)+!!

_`ab!%*!-/)20)%(!O..!%6!(!,+#*!&'&9.)+!!

!

*"-/!:CD!*!-/)20!0:SH!RHHC!6<CSH=GHD!FCG<!G0H!6<==HIK<CDFCP!IF9Q9!HG0H=I!*"-/!:CD!*!-/

);4*!:I!DHI6=FRHD!:R<SH!;<=!G0H!IQCG0HIFI!<;!=:6HJF6!);4+!!!

OTBS

Ph

Chemical Formula: C19H28OSi
Molecular Weight: 300,51
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! "#$

!"#$%&'()*+%,-.*,(/+*(01,(23&30$+4,',%0$5,(6"%'+$4+7,*$8&0$+349(
,

1*2$'&2,#%32$45%$,-,63,*, 73+5)&3(,38, 7597)%*)$, :;<=>,''3+?, =, $@A, &(, )3+5$($, :B,'CA, &(,*,

72/+$(D, )59$, 5(4$%, *%E3(, &7, *44$4, F).+G, :;<;;>, ''3+?, H'3+IA<, 6/$, '&")5%$, &7, /$*)$4,

3J$%(&E/), *), K;L., )/$(, 23(2$()%*)$4<, M8)$%, #5%&8&2*)&3(, , 9N, 23+5'(, 2/%3'*)3E%*#/N, 3(,

7&+&2*,E$+,O&)/,/$#)*($P!)QM2,:K;-=;A,*7,R+5$(),)/$,#%3452),&7,39)*&($4<,

,

,

!(*()&37$+$2)&J$,#%32$45%$,-,MESTH,,:;<K,,'E?,,><H<=;UV,''3+A,,*(4,,$(N($,(,:;<=>,,''3+?,,&(,,

H<B,,'C,,)3+5$($A,,O$%$,,*44$4,,7$@5$()&*++N,,)3,,*,,73+5)&3(,,38,,)/$,,F):00A,,23'#+$",,:><H<=;UV,,

''3+?,,H,,'3+IA,,&(,,)3+5$($,,:;<B,,'CA,,5(4$%,,*%E3(<,,6/$,,'&")5%$,,O*7,,7)&%%$4,,*),>;L.,,

83%,=W/<, ,6/$,,73+J$(),,O*7,,%$'3J$4,,5(4$%,,%$452$4,,#%$775%$?, ,)/$,,2%54$,,'&")5%$,,O*7,,

'3(&)3%$4, ,9N, ,XY1, ,*(4, , )/$, 8&(*+,#%3452),O*7,#5%&8&$4,9N,23+5'(,2/%3'*)3E%*#/N,3(,

7&+&2*,E$+,O&)/,/$#)*($P!)QM2,:K;-=;A,*7,$+5$()<,,,,

!

!"#$%&'(")"*&$+'(,-.'.(/012)234&$56+"1"/+$789):;!

!

!
!
)<7=>?781337><@A7BCB(1;D!!%!&'()!*+,!#-,!"Z.!('&!-/,!0-"1,!#'&(!*2,!3-,!451,!#'")!*6,!#-,!

0-"1,!"')7!*+,!#-,!"Z.!#8'&!-/,!0-"1,!!"'(3!*+,!#-,!"Z.!#8'&!-/,!0-"1,!!"'($!*+9,!!#-,!"Z.!#8'&!!

-/,!)Z.!!"'&!-/,!0-"1,!!"'8"!*+9,!#-,!Z.!#8'&!-/,!!Z.!!"'&!-/,!0-"1,!$'":;$')!*:-,!<=1'!!!

7
)1B7=>?78E!7><@A7BCB(1;D!%!#7'(!*451,!"3'7!*0-"1,!"('#!*01,!33':!*01,!)7'3!*0-"1,!:&'3!

*0-"1,!#"('(,!#"7':,!#"8'",!#)&'#!*01,!"#(')!*0>1'!!

!

0F4C!!.!!;#:!!*?!.!!&'),!!0-0@31!!A55!.!8"B!CD!-<E0F'7!!!!

!

>G78HGI;G!6H/.!#7$'#!A4I-FI'!!!

!

<9JBD!0=JKL?5@!MN;-,!=5OPLQ5HJ2ROKROLQR@!88G#,!#!!6EH6JQ,!!K5P5QPJRQ!PJ652!)')!LQ+!:'3!

6JQ'!!

!

S=5! ! 2J@D@LP5+! !5QR@! !5P=5K2! !T5K5! ! ?RQU5KP5+! ! JQPR! !9):! !CD! !V2JQW! !SXMY! !L2! ! ZR@@RT2G!!

SXMY!!*#4!!JQ!!S-Y,!!#,:!!591!!TL2!!L++5+!!LP!!&[0!PR!L!2R@VPJRQ!RZ!9K3!*#!591!JQ!S-Y'!S=5!

6J\PVK5!TL2!2PJKK5+!#=!LP!KRR6!P56O5KLPVK5!P=5Q!9V5Q?=5+!CD!L++JPJRQ!RZ!!L!!2LPVKLP5+!!

2R@VPJRQ! !RZ! !]-)0@'! !S=5! !L9V5RV2! ! @LD5K! !TL2! !5\PKL?P5+! !TJP=! !4SX^'! !S=5! !?R6CJQ5+!!

RKWLQJ?!!O=L252!!T5K5!TL2=5+!TJP=!CKJQ5!LQ+!+KJ5+!RU5K!4W_>)'!S=5!CJ?D?@J?!`5PRQ5!9):!

TL2!OVKJZJ5+!L2!+52?KJC5+!C5ZRK5'!!

!

!

!

!

!

!

O

Ph

Chemical Formula: C13H14O
Molecular Weight: 186,25
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! "#$

!"!"#!"#$%&'()*+%,&'-)'&'./&"0"*+%,&'"1"2,+3&'#)4&4'.5!61678,+/"!"+3+9:;<7=9

9

9
9

1>99?@A99:!7799@>BC99DED'!=F!%!&!'(#)!*+,!-.,!/0123,!'("#!*+,!-.,!/0123,!'(45!*6,!#.,!!"1&!

7(5!.8,!9."3,!'():!*+,!-.,!123,!'()4!*+,!).,!912-3,!#(-4!*6,!#.,!1&!7(5!.8,!9."3,!"(74!*6,!#.,!

1&!#'(5!.8,!9."3,!"(57!*6,!#.,!1,&!#'(5!.8,!9."3,!5('#!*+,!#.,!9.&3,!4(";4(-!*5.,!<=3(!!

!
1!D9?@A9:G09@>BC9DED'!=F!%&!!;7(:!*/0123,!;7(5!*/0123,!#$("!*912-3,!#$(4!*123,!"5(4!

*/0912-3,!"4(#!*9."3,!"$('!*93,!-)(#!*93,!77(#!*9."3,!###(5!*9.&3,!#"5(:,!#"4(),!#"$(7,!

#")(5,!#7'()!*93,!#57("!*93(!

!!!!

1"2,+3&'"0"*+%,&'#)4&4'.5!61678,+/"<"+3"<"&'"$"3)%H.#+3B.I%+9:;1JI=!

  

!!

!
!!

!!
1>99?@A99:!7799@>BC99DED'!=F!%!&!'()#!*6,!#.,!1&!5('!.8,!9."3,!#('7!*+,!-.,!123,!#(7)!*6,!

#.,!1&!5('!.8,!9."3,!"(4)!*66,!#.,!1&!"('!.8,!1&!#4('!.8,!9><9.&3,!"()#!*66,!#.,!1&!"('!.8,!

1&!#4('!.8,!9><9.&3,!5():!*>,,#.,!1&!"('!.8,!9."9>&3,!4("-;4(-5!*?,!5.,!<=3,!$("5!*6,!".,!

1&!)('!.8,!<@A3,!$(-"!*6,!".,!1&!)('!.8,!<@A3(!!

!

!1!D9?@A9:G09@>BC9DED'!=F!%!&!#$(5!*123,!":(7!*93,!":(4!*9."3,!-)('!*93,!7#(:!*D."9.&3,!

#""(#! *9."D.&3,! #"-(4! *<@A3,! #":(",! #"$(#,! #"$(5,! #-#('! *<@A3,! #-5('! *93,! #-)('! *93,!

#7$(4!*93,!#5'($!*93(!!

!!

>;KDF9 9=0BCD2E! F9! DGEH?I,! 2EH2I>! =2J>CI2K! 0+GJBGJCIGE! ))(5L'(5,! #?MK?0I,! B2>2I>0GI!

>0?2+!"-()!?0I!CI6!-"(:!?0I(!!

!!

L"*+%,&'"<"2,+3&'4&4'.,+/I"1C0"()+3&'9L"3)%H.#+3B.I%+9:;1J#=!

!!

!
!!
1>99?@A99:!7799@>BC99DED'!=F!%!&!#("#!*6,!-.,!1&!4('!.8,!123,!"("-!*?,!#.,!9."3,!"(7)!*?,!

#.,!9."3,!"(4-!*?,!#.,!9>123,!5(45!*66,,#.,!1&!7('!.8,!1&!5('!.8,!9.9>&3,!5()#!*6,!#.,!1&!

7('!.8,!9>&3,!4(#-;4("$!*?,!5.,!<=3,!4()$!*6,, 1&!)('!.8,!".,!<@A3,!$(#$!*6,!".,!1&!)('!.8,!

OTBS

Ph

Chemical Formula: C19H28OSi
Molecular Weight: 300,51

Ph

OPNB

Chemical Formula: C20H17NO4

Molecular Weight: 335,35

Ph

OPNB

Chemical Formula: C20H17NO4

Molecular Weight: 335,35
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!!

!!"#$ %&'$ ()*$&+,-$ #.#/"01! *! +! #$),! -./(0! "1)$! -#2./(0! "$)$! -32"(0! ##4)5! -32#2+(0!

#"4),!-%&'(0!#"6)"0!#"6)$0!#47)1!-%&'(0!#4,)$!-#2+(0!#46)#!-3(0!#,8),!-3(0!#87)5!-3()!!

!!

+23#1$39:;<=/>!?@A2!=B>CDE0!/>C/EF!9/GF<E/H!:IBG;BG<EB>!$$)8J7)80!#DKHD:E0!;/F/EF:BE!

F:D/I!#6)5!D:E!<EL!"")5!D:E)!!

 

!4("-*456789:;/<:8=;/04*4789:;/>6?;?/@A"B!BCD:8EF=4"4@=8$(2G*0!

!!

!
!!

!!
!+$$%&'$$("CC$$&+,-$$#.#/"01!*!+!7)8$!-D0!#20!32"(0!#)75!-I0!420!./(0!#)"#!-D0!#20!32"(0!

")44!-I0!520!./(0!"),A")6!-D0!420!32"(0!")$7!-L0!#20!1+!#$)"!2M0!32"(0!5)1$!-I0!#20!?;(0!5)$"!

-I0!"20!?;()!!

!!
!"#$%&'$()*$&+,-$#.#/"01!*!+!#6)5!-./(0!"7)4!-./(0!"")6!-32"(0!"8)7!-3(0!4"),!-3(0!,6)4!

-32"(0!,$),!-32"(0!#"5)7!-?;(0!#"6)4!-?;(0!#45)$!-3(0!#4$)7!-3(0!"#8)5!-3()!!

!!

&H$(IHJ01$DHM+!"#,)7!N.OP)!!

!!

+23#1$39:;<=/>!Q?!=B>CDE0!/>C/EF!9/GF<E/H!/F9<EB>!$$J#0!#DKHD:E0!;/F/EF:BE!F:D/I!,)6!

D:E!<EL!,)$!D:E)!!

!!

!4("-K456?:/@L@<:8=;/04*4789:;/>6?;?/@A"B!BCD:8EF=4"4@=8$(2GM0!

!!

!
!!
!+$$%&'$$("CC$$&+,-$$#.#/"01!*!+!7)56!-L0!#20!1+!5)7!2M0!32"(0!#)76!-I0!420!./(0!#)"7!-D0!

#20!32"(0!")86!-D0!420!32"(0!")1,!-D0!#20!32"(0!6)#,!-LL0!#20!1+!")#!2M0!1+!1)#!2M0!?;(0!6),7!

-D0!"20!?;()!!

!!
!"#$%&'$()*$&+,-$#.#/"01!*!+!#1)5!-./(0!"7)7!-32"(0!"5)6!-3(0!4")1!-3(0!,1)7!-32"(0!,$)1!

-32"(0!#"1)5!-?;(0!#47)8!-?;(0!#47)6!-3(0!#4#)"!-?;(0!#4")8!-3(0!#,7)5!-3(0!"#8)#!-3()!!

!!

&H$(IHJ01$DHM+!"8,)7!N.OP)!!

!!

O

Chemical Formula: C15H18O
Molecular Weight: 214,30

O

Cl

Chemical Formula: C13H12Cl2O
Molecular Weight: 255,14

Cl
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!"#$%&$%&'()*+!,$!)-+./01!*+.*02!%*32(0*4!&5-3'-3(0-+!66781!8/94/&01!'*2*02&-0!2&/*5!

8:;#!/&0!(0<!8=;#!/&0;!!

!

'()*+,-./01-1.2345'567*+89,(4(2,+&:";<=!

!!

!
!!

!!
'!&&>?@&&:466&&?!AB&&$C$.4=%!>!?!#;=@!A21!8B1!1?!:;C!BD1!$BE1!8;F#!A/1!8B1!$B"E1!";##!A/1!

8B1!$B"E1!";F6!A<1!8B1!1?!8C;=!BD1!$B"E1!";=@!A<1!8B1!1?!8C;=!BD1!$B"E1!";C@!A<</1!8B1!1?!@;G!

BD1!1?!86;"!BD1!$B"E1!";6@!A</1!8B1!1?!8C;=!BD1!$B"E1!G;"8!A/1!"B1!H%E1!G;"C!A/1!8B1!H%E1!

G;F:!A/1!"B1!H%E;!!

!!
'4$&>?@&:<D&?!AB&$C$.4=%!>!?!"";#!A$BE1!"F;"!A$B"E1!"G;C!A$E1!:";F!A$B"E1!:@;G!A$B"E1!

8"@;6!AH%E1!8"=;8!AH%E1!8"C;=!AH%E1!8:F;8!A$E;!!

!!

?E&:FEG=%&/4D?!"88;8!IJK9&KJ*LBMK;!!

!!

!"#$%&$%&'()*+!NOPB!)-+./01!*+.*02!%*32(0*4!&5-3'-3(0-+!66781!8/94/&01!'*2*02&-0!

2&/*5!:;#!/&0!(0<!@;#!/&0;!!
  

'(:4BH(I01*.2J2)*+,-.=(D()*+,-./01-1.2345'567*+89,(4(2,+&:";K=!

!!

!
!!

!!
'!&&>?@&&:466&&?!AB&&$C$.4=%!>!?!#;CG!A<1!8B1!1?!G;@!BD1!$B"E1!";#F!A/1!8B1!$B"E1!";G=!A<1!

8B1!1?!86;"!BD1!$B"E1!";GC!A<1!8B1!1?!86;"!BD1!$B"E1!F;8PF;"!A/1!"B1!$B"E1!=;C=!A<<1!8B1!1?!

";:!BD1!1?!C;:!BD1!N'E1!G;8PG;F!A/1!GB1!N'E;!!

!!
'4$&>?@&:<D&?!AB&$C$.4=%!>!?!":;G!A$B"E1!"6;G!A$E1!F:;=!A$E1!:C;=!A$B"E1!:6;F!A$B"E1!GG;"!

A$E1!8"=;6!AN'E1!8"G;@!AN'E1!8"C;:!AN'E1!8"C;=!AN'E1!8F#;8!AN'E1!8F#;"!AN'E1!"8F;@!A$E;!!

!!

?E&:L"$G=%&/4D?!"8G;#!IJMK;!!

!!

!"#$%&$%&'()*+! ,N!)-+./01!*+.*02!%*32(0*4!Q2LB!66781!8/94/&01! '*2*02&-0! 2&/*5!8:;#!

/&0!(0<!8G;#!/&0;&!

!!

!

O

Ph

Chemical Formula: C12H12O
Molecular Weight: 172,22

O

Ph
Cl

Chemical Formula: C18H14Cl2O
Molecular Weight: 317,21

Cl
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!

! ""#

!"#$%&'()*+,-&.+.,/012!234()56*$1$/*)789:;<!

!!

!
7

!=77>?@77813377?=A"77BCB,1<D!$!%!"&'"!()*!#+*!1%!,&-!+.*!/+0*!"&-"!(1*!#+*!1%!,&-!+.*!/+0*!

"&2#!()*!#+*!1%!#3&'!+.*!/+"0*!"&43!(5*!"+*!/+"0*!6&'#!()))*!#+*!1%!#&-!+.*!1%!2&'!+.*!1%!#3&'!

+.*!/+"0*!2&46!(5*!"+*!780*!9&##!(5*!4+*!780&!!

!!
!1B7>?@78EF7?=A"7BCB,1<D! $! %!"-&4! (/+0*! 69&,! (/0*! 64&6! (/+0*! ,"&2! (/+"0*! ,4&3! (/+"0*!

#"-&3!(780*!#"2&-!(780*!#"9&4!(780*!#"4&#!(780*!#"3&'!(780*!#69&"!(/0&!!

!!

?G78HGI<D75:.%!"93&#!;<=+><?@+A>&!!

!!

=9JBD7/8BCDE?F!G/!EHFI5J*!?FI?J1!8?K1DJ?:!BLHKCHKDJHF!33M#*!#5N:5BJ*!C?1?J1BHJ!1B5?L!

#,&'!5BJ!DJ)!"#&'!5BJ&!!
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O

Chemical Formula: C18H16O
Molecular Weight: 248,32

Ph

Ph
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!

! """

!"#$%&'(')*+),-./)0#1),-2/1(&#"#&')

)

!"#$%&'()*+"#%&*,-*.-&/0"12('
!

!
!

#$!%!&$'()*$+!$,! !-./01+2'./3$/*$+*4!%4*5!6788!9:;!-<="99$';!>!1?@! *+!AB-AC!*&!%5515!

DEF!68<7!9G;!-<="99$';!>!1?@! )01+!H1+I2'!H3$9*51! 68<=7!9G;!-<JK99$';!>;>!1?@<!#01!

31%4)*$++%'!9*L)(31!*&!&)*3315!"0-8!%)!3)!)01+!5*'()15!M*)0!M%)13!6-;=!9G@<!#01!%?(%$(&!

'%213!*&!1L)3%4)15!M*)0!N)"O;!)01!$3:%+*4!'%213!M%&015!M*)0!M%)13!%+5!53*15!$P13!Q:RO=<!

#01!&$'P%+)!*&!319$P15!(+513!315(415!/31&(31<!

#01! /3$5(4)! *&! $H)%*+15! %,)13! 4$'(9+! 403$9%)$:3%/02! $+! &*'*4%! M*)0! %! 9*L)(31! $,!

01/)%+1SN)"O!6,3$9!TTS>!)$!T7S7;!U,!V!8<->@!%&!1'(1+)<!W!M0*)1!&$'*5! *&!$H)%*+15!6X>"!

9:@!M*)0!%!?(%+)*)%)*P!2*1'5<!

!
13'456'7(8853$9':;:&(<'=!!!7<"J!6&;!"B;!A3"@;!J<"K.J<=J!69;!XB;!W3@;!J<7K.J<K8!69;!"B;!

W3@<!!

!
1(:'456'72>'53?9':;:&(<'=!!!KJ<J!6:B"@;!>>T<K!6A?@;!>"X<K!6W3@;!>-8<J!6W3@;!>--<8!6W3@;!

>-=<T!6A?@;!>7-<T!6A?@<!

!

345@'7A@B<=!4%'4<!,$3!A>KB>"O"C%Y!"7T;8J-7<!,$(+5Y!"7T<8J-7<!!

!

B4=!-8K-<8!6AVAB%3@;!-8-><"!6AVAB%3@;!>J8><X!6AVO@;!>=T8<"!6AVA!%3@;!>=7=<-!6AVA!%3@;!

>==7<J!6AVA!%3@;!>>XT<J!6A.O@;!>>KT<"!6A.O@<!!

!

!"#$%&'!C0)D)%#-/0"'

!

!
!

#$! %! &$'()*$+!$,! ! -.91)02'./3$/*$+*4! %4*5! 6>! :;! >><T!99$';! >! 1?@! *+!AB-AC! 6>"!9G@! *&!

%5515!DEF!6><X!9G;!>><T!99$';!>!1?@!)01+!H1+I2'!H3$9*51!6><K!9G;!>-<>!99$';!>;>!1?@<!

#01!31%4)*$++%'!9*L)(31!*&!&)*3315!=0!%)!3)!)01+!5*'()15!M*)0!M%)13!6>"!9G@<!#01!%?(%$(&!

'%213!*&!1L)3%4)15!M*)0!N)"O;!)01!$3:%+*4!'%213!M%&015!M*)0!M%)13!%+5!53*15!$P13!Q:RO=<!

#01! &$'P%+)! *&! 319$P15!(+513! 315(415!/31&(31<!#01!/3$5(4)! *&! $H)%*+15!%,)13! 4$'(9+!

403$9%)$:3%/02!$+!&*'*4%!M*)0!%!9*L)(31!$,!01/)%+1SN)"O!6T7S7;!U,!V!8<-8@!%&!1'(1+)<!W!

4$'$3'1&&!$*'!*&!$H)%*+15!6><T!:@!Y!T8Z!2*1'5<!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
>J-!A<![(+5(!U%$;!1%2*(&3,4%$#*%*)&5(6,*(7,4%53$78%$6,0()9,1EF8;!:;;!""7<!

!

OBn

O

Chemical Formula: C16H12O2

Molecular Weight: 236,27

OBn

O

Chemical Formula: C11H10O2

Molecular Weight: 174,20
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!"#$%&#'())%"*+#,-,.(/#0!!!$%&&!'()!#*)!+,-)!.%"/!'()!"*)!0""-)!1%#231%4$!'5)!.*)!67-%!!

!
!(,#$%&'12#%"3+#,-,.(/#8!#%9!'+,-)!21%4!',*"-)!1"%#!'0:-)!92%/!'0:-)!$"9%.!'67-)!$"9%2!

'67-)!$#.%/!'0:-)!$.#%.!'0:-%!

!

"$%4#'546/0!;<=;%!>?7!0$$*$/@"A<8!$&1%/.19!>?BCD8!$&1%/414%!!

!

6$0!#/#4).!'0E0*-)!$1/#)2!'0E@-)!$4&1)4!'0E0-)!$4.4)9!'0E0-)!$"#&)9!'03@-%!

!

78'9:;<=.;>:=<=./:;9>?8!+@8AB;<878C.!17#

!

!
!

F,CGH=!#3IJ,CH=I7?IK?=<L,!'"//!5M)!/%9.!55?=)!$!,:-!K(!DK(?=N,D!KC!O*P!'#!5Q-!<L!/R0%!

6==H=5<MC,(KB5!S7?5KD,!'$+!KC!TL"@)!"%.!5Q)!"%.4!55?=)!#!,:-! K(!<DD,!D7?IUK(,!LJ,C!

LJ,! (?=BLK?C! K(! (LK77,D! "/!5KC%! 6! (<LB7<L,D! (?=BLK?C! ?>! A*40=<:! K(! <DD,D%! OJ,! <:B<?B(!

=<H,7!K(!,VL7<;L,D!UKLJ!TL"@!LJ,C!U<(J,D!UKLJ!A<0=<:!<CD!D7K,D!?N,7!+MW@4%!OJ,!(?=N,CL!

K(! 7,5?N,D! BCD,7! 7,DB;,D! I7,(B7,%! OJ,! I7?DB;L! K(! ?SL<KC,D! <>L,7! ;?=B5C!

;J7?5<L?M7<IJH! ?C! (K=K;<! UKLJ! <! 5KVLB7,! ?>! J,IL<C,XTL"@! '>7?5! &.X.! L?! &/X$/-! <(!

,=B,CL%!6!;?=?7=,((!=K:BKD!K(!?SL<KC,D!'$&$!5M-!UKLJ!<!:B<CLKL<LKN!HK,=D%!

!

!"# $%&#'())%"*+# ,-,.(/#8! "%##! '()! $*)! @*-)! "%49! 'DDL)! "*)! 1LE$%"*G)! 1DE1%9*G)!

1DE$#%.*G)! 0""-)! "%.&! 'DDL)! "*)! 1LE$%"*G)! 1DE2%2*G)! 1DE$#%9*G)! 0""-)! .%"$! 'D5)! "*)!

1DE1%"*G)!0""E-)!.%"2!'DD)!"*)!1DE/%&)!0""E-)!2%/.!'5)!"*)!0"E-)!1%#"!'5)!#*)!67-)!1%4"!'5)!

"*)!67-%!

!
!(,#$%&#'12#%"3+#,-,.(/#0!!!42%#!',*"-)!2&%2!'0:-)!9.%1!'0:-)!&$%$!'0:-)!$$&%.!',*"E-)!

$""%2!'0:-)!$"9%#!',*<7-)!$"9%4!'67-)!$#$%1!'67-)!$##%"!',*E-%!

!

"$%4#'546/0!;<=;%!>?7!0$.*$2@A<8!"#.%$/&&!>?BCD8!"#.%$$/"%!!

!

6$0!#4$#%&!'@*-)!#/12%4'0E0<7-)!#/#$)"!'0E0<7-)!$2#&)&!'0E0-)!$.&1)4!'0E0-)!$499).!

'0E0-%!

!

!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
$14!W%3*%!YK5)!Z%![%!\B,7;J,7)!A%!F%!F?UD,C)!]%!*%!^7BSS()!,12,3%42,./$'2,!DD@)!56)!$/1#%!

!

OH

Chemical Formula: C15H16O
Molecular Weight: 212,29
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!

!"#$%&'()&*%('()+','-"./0"12&'"!",)3

!

!
!

#$%&'('$)$%*+,-,!."/0!(12!""/3!(('42!#!,5/6! 78!9::,:!+'!9!8*8;,-87'-!'<!=>!.?3#!(>2!

"3/@! (('42! @! ,5/6! 7-! :&A! BCD! .#E! (16! 9+! &+/! BF,! (7G+*&,! 78! 8+7&&,:! #E! (7-! +F,-!

+&9-8<,&&,:!H79!9!I9--*49!+'!9!8'4*+7'-!'<!%,-JA4!0$;F,-A4;&';7'49+,!7-!BCD!."E!(16!9+!

EKL/!BF,!8'4*+7'-!78!8+7&,:!)F!+F,-!5*,-IF!%A!9::7+7'-!'<!MC#L495!.)EE!(16/!BF,!95*9'*8!

49A,&!78!,G+&9I+,:!N7+F!O+"P!."!G!@E!(16!+F,-!+F,!'&>9-7I!49A,&!78!N98F,:!N7+F!M9L495!."!G!

)EE! (162! :&7,:! 'H,&! =>QP#! 9-:! I'-I,-+&9+,:/! R<+,&! I'4*(-! IF&'(9+'>&9;FA! .8747I92!

F,;+SO+"P!<&'(!T@S@!+'!TES)E2!U<!V!E/)3!F,;+SO+"P!3ES"E6!+F,!;&':*I+!78!'%+97-,:!."30!
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OH

Ph

Chemical Formula: C17H20O
Molecular Weight: 240,34

OH

Chemical Formula: C17H20O
Molecular Weight: 240,34
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OH

Chemical Formula: C10H14O
Molecular Weight: 150,22

OH

Chemical Formula: C12H18O
Molecular Weight: 178,27
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OAc

Chemical Formula: C17H18O2

Molecular Weight: 254,32

OAc

Ph

Chemical Formula: C19H22O2

Molecular Weight: 282,38
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OAc

Chemical Formula: C19H22O2

Molecular Weight: 282,38
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OAc

Chemical Formula: C14H20O2

Molecular Weight: 220,31

OAc

Chemical Formula: C12H16O2

Molecular Weight: 192,25
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?G!GP-D!;!(><CGH>D!>=!5H(GH<<-5!-GPR<!=>?1;G-!'$%8!1J)!"/!11><)!$!-9%.!HD!K+L!'$/!1J.!H(!

;55-5!;G!/S3%!F=G-?!"P!;G! ?G)! GP-!?-;:GH>D! H(!9C-D:P!NHGP!A+23<;9%!KP-!;9C;>C(! <;R-?! H(!

-QG?;:G-5! NHGP! TG"@%! KP-! >?O;DH:! <;R-?! H(! N;(P-5! NHGP! A;3<;9)! 5?H-5! >U-?! ,OV@2! ;D5!

:>D:-DG?;G-5!CD5-?!?-5C:-5!M?-(C?-%!KP-!M?>5C:G!H(!C(-5!HD!GP-!D-QG!(G-M!NHGP>CG!;DR!

=C?GP-?!MC?H=H:;GH>D!'"%&!O)!9C;DGHG;GHU!RH-<5.%!!
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$00!^%!^?-HG)!]%!^?-CDHDO-?)!12,3'2,./$'2,4562,@))F)!79:)!$/"22E$/"24%!

!

!

OH

Chemical Formula: C9H16O
Molecular Weight: 140,22

OH

Chemical Formula: C9H16O
Molecular Weight: 140,22



!"#$%&'$()*+,#*%),-,./*#)$%,000,

!

! "#$

%&'()(*+,(-.! -.! *-/&0.! *1'-0+,-2'+%13! 45(/(*+6! 7/&8.,!9! 18:+.8;<=>?! )'-0! @A;"! ,-!
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+,!'E,EE!=18!'7+*,(-..8/!0(:,&'8!(5!I(/&,8I!V(,1!V+,8'!,18.!)(/,'+,8IE!=18!+Q+-&5!-'2+.(*!(5!
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!
!"#$%&#'9))%"*+#,-,.(/#0!!!D!#EB$!4I6!NM6! 1!D!K!MX6!OM"G6!JE$J!4II6!NM6! 1,D!B$!MX6! 1,D!
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BKA!_EPOE!S828+36!`E!S8V(56!CE!UE![,-*a0+.6!./$'2,.3''4(2,A));6!""$KP""$@E!

!

!

O

Chemical Formula: C9H14O
Molecular Weight: 138,21

O

Chemical Formula: C7H10O
Molecular Weight: 110,15

O

Chemical Formula: C9H14O
Molecular Weight: 138,21
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&L+',-42!98!;/!6,4)2!X!P"Z=:#

!
!"#$%&#'/))%"*+#,-,./0#1!!!O!R:$P!9(/!PN/!%@W=/!Q$:DQ!93/!8N/!?N"=/!":"Q!93/!8N/!?N"=/!
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!

!

OH

TMS

Chemical Formula: C14H24OSi
Molecular Weight: 236,43

OH

TMS

Chemical Formula: C12H20OSi
Molecular Weight: 208,37
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C!1;64! +,!$<=!.C#!084!+'!&??1?6!$21!/1&5*+%,!+'!;)1,521?!M3!&??+*+%,!%-!N<KI(&;6!O-*1/!!
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OH

�M 

Chemical Formula: C14H24O i
Molecular Weight: 23!,43

OH

Chemical Formula: C11H16O
Molecular Weight: 164,24
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>=9<=?!&2'!)(.@*,&!+6!.A&-+/'@!5"<<!137!4+'0@!8!BBC?D!

!
!"#$%&#'())#%"*+#,-,./0#1!!!E!<DFG!5&7!BH7!1!E!GDI!HJ7!KH"?7!"D<<!567!<H7!;H?7!"D#I!517!
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!
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!

OH

Chemical Formula: C11H16O
Molecular Weight: 164,24

OAc

Chemical Formula: C13H18O2

Molecular Weight: 206,28
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OPNB

Chemical Formula: C18H19NO4

Molecular Weight: 313,35

OPNB

Chemical Formula: C16H15NO4

Molecular Weight: 285,29
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OAc

Chemical Formula: C13H18O2

Molecular Weight: 206,28

OPNB

Chemical Formula: C18H19NO4

Molecular Weight: 313,35
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1*2$'&2,#%32$45%$-,6789:,,;<=>,,'7?,,<=<<@,,''3+A,,*(4,,$(B($,(,;<=C>,,''3+?,,&(,,C=D,,'E,,
F.GA,,H$%$,,*44$4,,I$J5$()&*++B,,)3,,*,,I3+5)&3(,,3K,65.+;LL/@A,;<=<<@,''3+?,,M,,'3+NA,,&(,,
F.G,,;<=D,,'EA,,5(4$%,,*%73(=,,O/$,,'&")5%$,,H*I,,I)&%%$4,,*),%=)=,K3%,P/=,,O/$,,I3+Q$(),,H*I,,
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OAc

Chemical Formula: C17H18O2

Molecular Weight: 254,32

Ph

OAc

Chemical Formula: C19H22O2

Molecular Weight: 282,38
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OAc

Chemical Formula: C13"18O2

Molecular Weight: 20#,28
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OPNB

Chemical Formula: C18H19NO4

Molecular Weight: 313,35

OPNB

Chemical Formula: C16H15NO4

Molecular Weight: 285,29
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OAc

Chemical Formula: C13H18O2

Molecular Weight: 206,28

OPNB

Chemical Formula: C18H19NO4

Molecular Weight: 313,35
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Chemical Formula: C17H23FeNO
Molecular Weight: 313,22

Fe

N

OMe

Chemical Formula: C17H22FeINO
Molecular Weight: 439,11
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Chemical Formula: C23H26ClFeNO
Molecular Weight: 423,76
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Chemical Formula: C23H26BrFeNO
Molecular Weight: 468,21

Fe

Cl

Chemical Formula: C19H17ClFeO2

Molecular Weight: 368,64

AcO
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Chemical Formula: C19H17BrFeO2

Molecular Weight: 413,09

AcO



!"#$%&'$()*+,#*%),-,./*#)$%,01,

! !

! "##

!!"#$%&'()*+#,!-#!"#./010&'()*+"2(//03()#4#*+"51(6'*+&'07&'%)(8.0/9)(8!:;."8

!

!
!

$%! &! '%()*+%,! %-! .2/010."0.3023%4%567,8(/-733%97,0108(/47*68(! &97*&*7! .:1! 4;<! =>""!

44%(<!1!7?>/! +,!@7;&A7@!BCDBEEC!.1!4F/! +'!&@@7@!GCG6"! .#H!IF<!=>"J!44%(<!1>"!7?>/>!

$67!4+K*)37!+'!67&*7@!&*!L=MB!-%3!"6>!$67!'%(N&,*!+'!7(+4+,&*7@!O,@73!37@)97@!537'')37>!

$67,!*67!93)@7!56%'56+,7!+'!@+()*7@!+,!@7;&A7@!$CP!.">"!4F/!&,@!QCD>RS7"!."S!+,!$CP<!

=>DD!4F<!=>HH!44%(<!D!7?>/! +'!&@@7@>!$67!4+K*)37! +'!'*3+37@!#L!4+,!*67,!*67!'%(N&,*! +'!

374%N7@>!T-*73!9%()4,!963%4&*%;3&568!.'+(+9&<!7()&,*!U!675*VW*ET9!:LVL/!&,!%3&,;7!'%(+!

@+'!%2*&+,7@!.1:!4;<!8+7(@!X!1LY/>!!

!
<4=8>?@8!4-48?ABC8DED+<"F8Z!X!1J>1!.23%&@/>!

!
4A8>?@8!<GG8?ABC8DED+<"F!Z!X!D>D#!.@@<!1!C<!4!X![>1!CA<!4,X!1L!CA<!BC"/<!D>D#!.@@<!1!C<!4!X!

1">:!CA<!4,X!1L!CA<!BC"/<!#>=H!.'<!L!C<!BCP7/<!!#>1D!.*<!1!C<!4,X!">J!CA<!BCP7/<!!#>"1!.*<!1!C<!4,X!

1>L!CA<!BCP7/<!#>#"!.@@<!1!C<!4,X!1>"!CA<!4,X!">#!CA<!BCP7/<!J>=#!.@*<!1!C<,45!X!1>L!CA<!4)!X!J>[!

CA<!T3/<!J>1#!.@*<!"!C<,45!X!">#!CA<!4)!X!J>[!CA<!T3/<!J>"0J>#!.4<!:C<!T3/<!!J>[J!.@@<!1!C<,4!X!1>L!

CA<!4!X!J>L!CA<!T3/>!

!

84<D8>?@8!DED+<C8HI8?AB"F!Z!X!"H>[!.@<!4!X!D1>J!CA<!BC"/<!HH>L!.BCP7/<!H:>:!.BCP7/<!J=>#!

.BCP7/<! J=>H! .BCP7/<! [=>1! .B/<! [[>#! .B/<! 1"H>H! .T3/<! 1"[>"! .T3/<! 1"[>#! .T3/<! 1"[>H! .T3/<!

1"[>J! .T3/<!1D=>[! .T3/<!1D1>"! .T3/<1D1>[! .T3/<!1D1>:! .T3/<!1DD>=! .T3/<!1DD>1! .T3/<!1DD>D!

.T3/<!1DD>[!.T3/<!!.B/<!!.B/>!

!

A@?J8!KJL"F89&(9>!-%3!B":C"JQQ3P7!U!LL">=#JH>!P%),@U!LL">=#JL>!!

!

,M5E!X!1LH!.9!X!=>D<!BCB(D/>!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

Fe

Br

Chemical Formula: C29H2$BBrFeP
Molecular Weight: 553,06
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Chemical Formula: C25H46I4N6Pt2
Molecular Weight: 1328,46
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Chemical Formula: C27H50I4N6Pt2
Molecular Weight: 1356,51
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Chemical Formula: C29H54I4N6Pt2
Molecular Weight: 1384,57
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Chemical Formula: C30H56I4N6Pt2
Molecular Weight: 1398,59
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Chemical Formula: C27H32F6I4N6Pt2
Molecular Weight: 1452,36
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Chemical Formula: C29H36F6I4N6Pt2
Molecular Weight: 1480,41

F3C CF3
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Chemical Formula: C31H40F6I4N6Pt2
Molecular Weight: 1508,47
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Chemical Formula: C32H60I4N6O3Pt2
Molecular Weight: 1474,64
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Chemical Formula: C32H4&I4N&Pt2
Molecular Weight: 1412,53
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Chemical Formula: C46H64I4N6Pt2
Molecular Weight: 1598,83
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!
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& .&@GB& '&!
& +&@GB& '&!
& >&@GB& '&!

H;/)*"&/I$1& ! 3&"<='/001!
I0&IJ& ! 3;!0!

'./%2&2"$E:-6&@JKLF$1& ! 0=3<#!
1+E4&%;"##:%:"$-&@**KLB& ! 3=$"&!

<@MMMB& ! 0<$(!
'!6E-./&E:N"&@**B& ! &=0%!M!&=0(!M!&=0$!FF!

O&!.$>"&#;!&2.-.&%;//"%-G&@GB& ! 0=%%!:>!"#=$#!

P:*:-:$>&:$2:%"E& !
20$NEN0$!
2"&N@N"&!
2"(N+N"(!

,"#/"%-G&%;//"%-"2&Q&)$:O)"& ! $'%3&!L!<$3$!
,@:$-B& ! &=&(3(!

';*9/"-"$"EE&-;&O&*.R&&&&@SB& ! 0&&!
1+E;!9-:;$&%;!!"%-:;$& !

T.R4&.$2&*:$4&?!.$E*:EE:;$& ! &=#<!A.O!&=#$!

P-Q,.-F-.:!F-:E>O! !

! ! RSTUUVU!
CA:A!L!D-?:DA,.:?!L!

BADAF-:-D?!
! <$3$!L!&!L!3&"!

W>>O.-??2>Q2Q,:!>.!<"! ! 0=&30!
<:$./&,&:$2:%"E& ,L& &=&$<&!
UVWXE@VBY& =,X& &=&<(#!
,&:$2:%"E& ,L& &=&#$3!
@.//&2.-.B& =,X& &=&%"3!
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!
A*(B)B$#"'82)*;"#' ! >$)!?$&!@!A"!B!B-!
!2)*;"#'C+B?1,' ! 479'7)!
D+*(+)#,;)+'3E7' ! "49("*!

:B88)#$,2*+,+)' !
A1/.C<%D5EE5>>F!

!
F#G+"+/?,1'357' ! &'78&7!

9)HI,#"'IHI,+*' ! G;-H1;H1IJ.0!
J(#$+'?)2;(' ! B!"8!"8!"8!

K/B,'$+""'':B*+/IB2/I' #'(K*' 8&')&L(9*!
' <'(K*' 88')L"(9*!

' $'(K*' 98'L84(L*!
' #'3L7' 4&!
' <'3L7' 4&!
' ?'3L7' 4&!

M2";*+'(K9*' ! 94$9'8(8L*!
NO'NP' ! $M!8!

9#"$0'0+/IB,H'3NOPI9*' ! 8')$&!
Q<I4'$2+88B$B+/,'3**R&7' ! $'$8)!

!3SSS7' ! 84&$!

#

#

#
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!"#$%&'($)*+(,--.( ! $%"&!'!$%()!'!$%$*!

/("&01+(23"(4&%&(53''+5%6(,6.( ! "%(*!+,!"#%)-!

7)-)%)01()04)5+$( !

.("/0/("!

.(-/1/(-!

.)&/2/)&!

8+2'+5%6(53''+5%+4(9(:0)/:+( ! -)#-3!4!5(5#!

8,)0%.( ! $%$*&5!

!3-;'+%+0+$$(%3(/(-&<((((,=.( ! 33%3!

>?$3";%)30(53""+5%)30( !
6789.78:9;9<=2!>;,8!?@A9B=27C+D!

!

@&<A(&04(-)0A(B"&0$-)$$)30( !
$%5*!=CE!$%*$!

F7>9C787C+!87+0,E! ! GA22.8=+;9'!27=D+.D@A=;7D!,C!C!"!

!

! ! !

H=+=!4!;7D+;=9C+D!4!

:=;=87+7;D!
!

5(5"!4!&&!4!-*"!

I,,EC7DD.,>.>9+!,C!C"! ! (%$5$!

C)0&'(8()04)5+$( 8D( $%$-)$!

EFGH$,F.I( J8H( $%$&-"!

8()04)5+$( 8D( $%$5*$!

,&''(4&%&.( J8H( $%$3##!

C'&5KD(;&"&-+%+"( ! .$%$($J&K!

L'+9C<+9,C!<,7>>9<97C+( ! .!

L-&<(;+&K(&04(M3'+(,+A(NO.( !
$%&"#!=CE!

.$%53&!

!

!

!

"+2+"+05+( ! !"!

P-;)")5&'(23"-:'&( ! M--!N-#!O!P)!Q-!R!R+!

C3"-:'&(J+)1M%( ! ($)"%53!

B+-;+"&%:"+(,Q.( ! (3)J"K!

R)22"&5%3-+%+"( !
F9S=1A!88$$5!

F=:9E!OO!

S&T+'+01%M(,N.( ! (%#-(&5!
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!"#$%&'($#$%)*( ! %&'()&()*+,-!
+,&-)(."/0,( ! .!"/!"/!"/!

123%(-)''((43*)2$3/2$( &(012( /34#5//0"2!
( 5(012( /64/566032!

( -(012( "3437#50/$2!
( &(678( 85!
( 5(678( 85!
( .(678( 85!

9/'0*)(0132( ! #9594$072!
:;(:<( ! 7:!/!

!&'-=(=)2$3%#(6;<=*32( ! /4"5"!
>5$?(-/)@@3-3)2%(6**AB8( ! 84395!

C6DDD8( ! "53"!
!"#$%&'($3E)(6**8( ! >!

F("&2.)(@/"(=&%&(-/'')-%7(678( ! 3458!')!$64"3!

G3*3%32.(32=3-)$( !
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H)@')-%7(-/'')-%)=(I(023F0)( ! #9/"8!=!/537/!
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CD*,?D*E,&,-FB!G&)*!HIJ,KFBDL'M!

!
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EF&F*D'D&M!

!
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!
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! "#$

!"#$%#&'(" "!)" %!

*+,,"%+-+." /!0"
&'$($!)*+!
%&'",-!

1,+&2)"3+4+5'-'4" ! !
./01*2013*!234551214*0" ! !
65+7"3'+2"+$%"89,'"*':";<." ! !

!

!

!'='4'$&'"

!

P1 

>>?>"$@5A'4"
!'='4'$&'"

!

800938 
Jullien et al, (2011) Adv. Synth. Catal. 

353, 1109-1124 

B53#4#&+,"=945@,+" ! C19 H19 N O2 S 

1945@,+"/'#C8-" ! 325.41 
D'53'4+-@4'"*E." ! 200(2) 

?#==4+&-95'-'4"
! Rigaku mm007 

Rapid II 

F+G','$C-8"*;." ! 1.54187 

>4H(-+,"(H(-'5" ! Monoclinic 

I3+&'"C49@3" ! P 21 

J$#-"&',,""?#5'$(#9$(" +"678" 15.5808(15) 

" A"678" 7.8120(4) 

" &"678" 15.7953(9) 

" +"*K." 118.909(10) 

" A"*K." 1683.0(2) 

" C"*K." 4, 2 

L9,@5'"6798" ! 1.284 
MN"MO" ! 1.776 



! "#"

!"#$%&%'()*+,&-$%&'()& ! 688 

./)0&$1'22*$*'(+&-33456& ! 0.48 x 0.34 x 0.22 

7-8886&& ! 6.53 to 68.18 

!9,)+"#&)*:'&-336&
! -18!h!18 

-5!k!9 
-18!l!19 

;&9"(<'&219&%"+"&$1##'$+=&-=6& ! 17934 / 4906 

>*3*+*(<&*(%*$')& ! 0.0358 

?'2#'$+=&$1##'$+'%&@&A(*;A'& ! 98.6  

?-*(+6& ! Semi-empirical from equivalents 

!13B#'+'('))&+1&;&3"C&&&&-D6& ! 1.000 and 0.747 

./)19B+*1(&$199'$+*1(& ! Full-matrix least-squares on F 2 

E"C0&"(%&3*(0&F9"()3*))*1(&
!

4906 / 1 / 418 

*+,-.+'+./!'+/012!

!

1.116 

! ! 0.0347 
34/4! &! 5+6/54-./6! &!

7454'+/+56!

!

0.0924 

8112.+6691,9,-/!1.!7"! ! 0.0423 

7*("#&?&*(%*$')&& &?5& 0.1140 

GHIJ)-H6K& L?J& 0.02(2) 
?&*(%*$')& &?5& 0.0022(3) 

-"##&%"+"6& L?J&
0.320 and  

-0.429 
7#"$M5&B"9"3'+'9& ! !

:;/-.</-1.!<1+,,-<-+./& ! !

N3"C&B'"M&"(%&O1#'&-'0&PQ6& ! !

!

!

!

!

!
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!"#"$"%&"'

!
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(()('%*+,"$'
!"#"$"%&"'

!

800939 
Jullien et al, (2011) Adv. Synth. Catal. 

353, 1109-1124 

-+./$/&01'#2$+*10' ! C22 H23 N O3 S 

32$+*10'4"/567' ! 381.47 
8"+."$07*$"'9:;' ! 293(2) 

)/##$0&72+"7"$'
! Rigaku mm007 

Rapid II 

<0="1"%576'9>;' ! 1.54187 

($?@701'@?@7"+' ! Monoclinic 

A.0&"'5$2*.' ! P 21 

B%/7'&"11'')/+"%@/2%@' 0'%&'' 10.4318(6) 

' ,'%&'' 8.2032(4) 

' &'%&'' 11.5928(8) 

' 0'9C;' 92.266(7) 

' ,'9C;' 991.27(10) 

' 5'9C;' 2, 1 

D21*+"'%&$'' ! 1.278 
EF'EG' ! 1.624 

(01&H'H"%@/7?'9()*+$'' ! 404 

I,@J'&2"##/&/"%7'9++KL;' ! 0.60 x 0.24 x 0.12 

39MMM;'' ! 6.61 to 68.20 

($?@701'@/N"'9++;'
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This review illustrates enantioselective transition-metal promoted skeletal rearrangements of

polyunsaturated substrates possessing olefin, alkyne or allene functions. These processes are

classified according to the number of carbon atoms involved in the cyclization, from (1C+1C) to

(2C+2C+2C) or (2C+5C) cyclizations. Thus, for instance, (1C+1C) processes are typified

notably by Alder-ene type reactions taking place mainly under palladium and rhodium catalysis,

in the presence of chiral phosphorus ligands. Also, rhodium, platinum, and gold promoted

insertions of unsaturated carbon–carbon bonds into C–H bonds belong to this class. For each

class of reactions or substrate type the best ligand–metal pairs are highlighted. Unfortunately,

unlike other transition metal promoted reactions, the mechanisms of chiral induction and

stereochemical pathways have not been established so far in any of these reactions. In only a few

instances, qualitative heuristic models have been tentatively proposed. Although the available

stereochemical information is systematically given here, the paper focuses mainly on synthetic

aspects of enantioselective cycloisomerizations.

Introduction

The subject of this review are transition metal catalysed cyclo-

isomerizations of enynes, dienes, allenynes and analogous

unsaturated substrates. Cycloisomerizations are intended as

rearrangements of polyunsaturated substrates by which C–C

bonds are formed and at least one degree of unsaturation is

consumed to make a cyclic product and no formal loss or gain of

any atom takes place. Such rearrangements have been demon-

strated to provide atom-economic, efficient approaches to cyclic

or bicyclic compounds from readily available starting materials.

Most notably, transition metal catalysis enables inactivated

polyunsaturated substrates to participate in C–C bond forming

reactions usually under mild conditions. Many recent reviews

have been devoted to cycloisomerizations and definitely demon-

strate their wide synthetic potential, as well as their versatility

which results from a variety of mechanistic pathways.1–11

This paper will focus specifically on enantioselective

reactions of this class, by highlighting the most successful

catalytic systems known to date. With respect to the myriad of

synthetic and theoretical studies and reviews devoted to

catalytic cycloisomerization, comparatively few examples of

asymmetric reactions have been reported to date. With the

only exception of a book chapter from our group focused on

enyne cycloisomerizations,12 enantioselective cycloisomerizations

have not been specifically reviewed since 2004,13 although they
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are occasionally mentioned in more general reviews.14–18 This

account is intended therefore to fill this gap by providing a

concise overview of the field. Metal promoted rearrangements

involving C–C bond formation from unsaturated substrates,

but also concomitant C–heteroatom bond formation19,20 are

outside its scope. Also, we do not intend to focus on mecha-

nistic issues, since they have been discussed extensively in most

reviews dealing with cycloisomerization reactions, and specia-

lized accounts have appeared recently.9,21

Cycloisomerization reactions are classified hereafter as a

function of the number of atoms that are directly involved in

the formation of the cyclic unit. The (mC+nC) convention

is used to designate the number of atoms involved in each

process.

(1C+1C) Cyclizations

This first section will summarize enantioselective rearrange-

ments of polyunsaturated substrates in which a cyclic unit is

created by formation of only one C–C bond. From a historical

perspective, reactions of this class, namely the so-called

‘‘Alder-ene’’ type cyclizations disclosed in the nineties by Trost

and Zhang, are the first known enantioselective cycloisomeri-

zation reactions.

Alder-ene type cyclizations of enynes

The term ‘‘Alder-ene type cyclizations’’ usually indicates

cycloisomerization processes where a 1,6- or 1,7-enyne or

diene displaying an allylic hydrogen atom rearranges into a

vinyl-substituted cyclic moiety under transition metal catalysis,

as shown in Scheme 1. The development of appropriate

catalytic systems has been reported initially by Trost22,23

who first noticed the process during investigations on palladium

catalysed alkylation reactions.

Alder-ene type reactions generate a tetrahedral stereogenic

centre from the olefinic sp2 carbon of enynes, and two conti-

guous stereogenic centres from dienic substrates. Asymmetric

variants of these reactions allow the stereochemical control

of such intracyclic carbon centres, by taking advantage of

mainly palladium and rhodium complexes suitably modified

by chiral ligands.

Also, related rearrangements have been reported that

involve formal migration of a leaving group, typically a

halogen or an acetate group, instead of hydrogen.24,25 In this

series, asymmetric variants have been carried out mainly under

palladium catalysis.

Palladium catalysts. The very first examples of asymmetric

induction in cycloisomerization reactions of this class have

been reported in the late eighties.26 A catalyst obtained

by combining Pd2(dba)3!CHCl3, triphenylphosphine and

(S)-binaphthoic acid as the chiral additive promoted the

rearrangement of a 1,6-enyne into the corresponding Alder-ene

type product in 33% enantiomeric excess (Scheme 2a).

Although moderate, the enantioselectivity level demonstrated

the feasibility of enantioselective variants and opened the way

to further improvements that have been operated then by

means of chiral phosphorus ligands.

Thus, first the Trost group made use of a chiral bidentate

phosphine27 to convert the 1,7-enyne shown in Scheme 2b into

the corresponding methylene-cyclohexene in a moderate

42% ee.

Then, the first examples of highly enantioselective ene-type

cyclizations under palladium catalysis could be implemented

by Ito in 1996, with a catalyst generated from Pd2(dba)3!

CHCl3 and the trans-coordinating ligand TRAP (2,200-bis-

[1-(diarylphosphino)ethyl]-1,100-biferrocene) (Scheme 3).28

Enynes bearing sulfonamide functions in the tethering chains

were converted into mixtures of the regioisomeric 1,4- and

1,3-dienes A and B, with moderate to good regioselectivities

(A : B ratios from 3 : 1 to > 98 : 2) and enantiomeric excesses

peaking at 95% ee, for R = CH2SiMe3. Unfortunately this

highly enantioselective cycloisomerization took place with low

Scheme 1

Scheme 2
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regioselectivity and this might explain why the scope of the

reaction was not expanded further.

More extended studies on palladium-promoted Alder-ene

type reactions focused then on catalysts made from

palladium(II) and atropisomeric phosphorus ligands. Preferred

substrates were 1,6-enynes bearing either sulfonamide or ether

functions in the tethering chains, while carbon tethers have

been seldom considered.

Thus, Mikami et al. designed some of the so far most

successful auxiliaries, i.e. tol-BINAP, H8-Xyl-BINAP,

Segphos29 and a series of atropisomeric phosphine-oxazolines

(Scheme 4).30,31 Segphos and modified BINAP derivatives

achieved quantitative yields and virtually complete enantio-

selectivity in the cycloisomerization of the oxygen tethered

enyne as shown in Scheme 4, but the scope of these catalysts

could not be expanded to other substrates. On the other hand,

the phosphine-oxazoline ligands based on a chiral binaphthyl

scaffold shown in Scheme 430,31 proved to be equally efficient

in the cycloisomerizations of both ether, tosylamide and

carbon tethered enynes of the same class. In order to design

optimal catalysts, comparative studies have been conducted on

this series of phosphine-oxazolines containing chiral (R1 or R2 =

H or But) and achiral oxazoline units (R1 = R2 = H or Me).

This demonstrated that the stereogenic center of the oxazoline

does not play any significant role in stereochemical control,

which is mainly induced by the atropisomeric binaphthyl

moiety. However, catalytic tests as well as X-ray analysis of

the corresponding PdCl2 complexes suggested that steric hindrance

at the C4 oxazoline carbon was essential. Therefore, the simpli-

fied ligand displaying an achiral gem-dimethyl substituted

oxazoline ring (R1 = R2 = Me) could be developed.

In these cyclizations, (Sax)-configured phosphine-oxazolines

afforded (S)-configured cyclized products in 88–93% ee. A

tentative rational for the sense of chiral induction has been

proposed, based on ONIOM calculations. Having demon-

strated that the catalytic cycle goes through palladium

hydrides and involves alkyne insertions in the Pd–H bond,

the favoured transition state for the C–C bond forming step is

assumed to be as shown in Scheme 5. It involvesp-coordination

of the olefinic function trans-to-P and a trans-to-N coordination

of the s-vinyl ligand. Steric repulsion between the methyl

substituent of the olefin and the oxazoline is expected to drive

this methyl group to the upper-right quadrant. From this

arrangement, the carbopalladation step will produce the

observed (S)-configured cyclopentane ring.

The same palladium/phosphine-oxazoline catalysts also

displayed high efficiency in the enantioselective cycloisomeri-

zation of the allyl propargyl ethers and sulfonamides shown in

Scheme 6, where the alkene function is embedded into a cyclic

unit.30,32 The reactions produced the expected spirocyclic

derivatives A, together with the isomeric spirocycles B, which

result from olefin migration under palladium catalysis. The

product selectivity markedly depends on the ring size of the

cyclic olefin: starting from cyclopentene derivatives (n = 1)

Scheme 3

Scheme 4

Scheme 5

Scheme 6
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and 15-membered olefins (n = 11) the corresponding spiro-

cyclic compounds A were obtained as the major products

(A/B ratios > 9 : 1), while cycloheptene (n = 3) and cyclo-

octene (n = 4) derivatives are converted mainly into the

isomerized products B, with moderate selectivity. Compounds

A were obtained in uniformly high enantiomeric excesses

(84–95% ee), irrespective of the ring size. On the other hand,

the enantiomeric excesses ofB proved to be markedly dependent

on the ring size, with about 35% ees for six-membered rings

and 80–95% ees for seven or eight-membered rings.

Unlike the 1,6-enynes above, 1,7-enynes proved to be

challenging substrates for enantioselective ene-type cyclizations,

likely due to the increased difficulty of forming six-atom rings,

as compared to five-atom rings. Under palladium catalysis, the

only suitable substrates proved to be enynes with ortho-

substituted benzene scaffolds and a tosylamide function in

the tethering chain.33 A representative example is shown in

Scheme 7. A BINAP based catalyst allowed the quantitative

conversion of these 1,7-enynes displaying dihydropyran units,

into spiro-quinolines, with almost perfect stereochemical control

of the quaternary stereogenic center at the ring junction.

In the same work, related enynes displaying either acyclic

olefins or five- to fifteen-membered cyclic olefin moieties have

been subjected to cycloisomerization. These reactions afforded

the desired spirocyclic derivatives in very high enantiomeric

excesses when starting from either acyclic or 15-membered

cyclic olefins (99% and 86% ees respectively), while the enantio-

selectivity levels decreased significantly when five- or six-

membered cyclic olefins were used (71% and 44% ee respectively).

In these last instances, migration of the olefin function is assumed

to induce partial racemization of the final product.

In summary, the few selected examples above typify the use

of chiral palladium complexes in ene-type cyclizations and

suggest that these catalysts mainly apply to 1,6-enynes dis-

playing heteroatom (N or O) containing linkers, terminal and

ester functionalized alkyne units, as well as both cyclic and

acyclic olefinic moieties.

A related class of rearrangements are (1C+1C) cyclizations

of enynes involving formal 1,8-migration of a leaving group

other than hydrogen.34 (On a mechanistic point of view, these

may be stepwise reactions involving addition of external

nucleophiles rather than intramolecular transfer of the leaving

groups.) Enantioselective variants have been applied mainly to

the synthesis of lactone and lactame derivatives under Pd(II)

catalysis. Here, the reactions either do not occur or their rates

decrease dramatically in the presence of phosphine ligands

and, therefore, chiral nitrogen based ligands have been used

instead. Thus, for the cyclization of enynes involving formal

1,8-acetate shifts, the use of chiral pyridine-oxazolines and bis-

oxazolines, combined with palladium acetate, allowed good

asymmetric protocols to be established (Scheme 8).35–37

Enynes displaying ester functions in the tethering chain

(X = O) were converted into g-butyrolactones with enantio-

selectivity levels up to 92%.35 By the same procedure enynes

with amides tethering chains (X = NTs) were converted

into the corresponding g-butyrolactames in only moderate

enantiomeric excesses (up to 65% ee).38

The method has been applied to the total synthesis of

naturally occurring lactones and lactames, i.e. (3S)-A-factor35

and (!)-isocynometrine38 respectively.

Rhodium catalysts. Suitable alternatives to palladium

catalysts for ene-type cyclizations are afforded by rhodium

complexes modified by chiral phosphorus ligands. Effective

rhodium catalysts for Alder-ene cyclizations of 1,6-enynes

with disubstituted (Z)-configured double bonds have been

reported in 2000 by Zhang et al.,39 who also simultaneously

introduced asymmetric variants (Scheme 9).40 The best chiral

pre-catalysts were found to be the [Rh(diphosphine)Cl]2
complexes, with DuPhos and BICP as the diphosphines. The

catalytically active species were generated by addition of a

Scheme 7
Scheme 8

Scheme 9
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silver salt such as AgSbF6.
40 Selected 1,6-enynes with ether

or sulfonamide functions underwent highly enantioselective

cycloisomerizations (ees up to 98%), however the reactions

proved to be highly substrate-dependent and, therefore,

systematic screening and tuning of the ligands was required

for each substrate. For instance, for reactions in Scheme 9, the

use of Me-DuPhos proved to be convenient for the cyclo-

isomerization of aryl substituted alkynes, while the use of

BICP was found to be optimal for alkyl-substituted alkynes.

In these studies Zhang also demonstrated that, depending

on the ligand, the choice of the rhodium precursor may be

crucial to get satisfying catalytic activity. Most notably and

somehow unexpectedly, preformed BINAP–rhodium complexes

proved to be inactive, while catalysts formed in situ from

[Rh(cod)Cl]2, BINAP or analogous biaryl diphosphines

(MeOBIPHEP, Tunaphos) and AgSbF6 displayed excellent

catalytic activity.41 These improved catalytic systems became

the most widely used. They achieved impressively high enantio-

selectivity (ee > 99%) starting from simple enynes as well as

from enynes with functional groups on either the alkyne or the

allylic terminus, as illustrated by the representative examples

in Scheme 10(a).41–45 The method also enabled an enantio-

selective access to a-alkylidene lactames,46 lactones47 and cyclo-

pentanone derivatives48 by cycloisomerization of 1,6-enynes with

amide, ester and keto functions in the tethering chains, respectively

(Scheme 10(b)). Comparison of the optical rotation values with

that of known compounds showed that (R)-configured BINAP

affords (R)-configured lactone and lactame derivatives.

More recently, the use of rhodium–BINAP catalysts in

Alder-ene type cyclizations has been extended to 1,7-enynes

displaying trisubstituted olefin functions.49

Zhang’s procedure does not always apply however to

the cycloisomerization of enynes with terminal alkyne

functions. For this class of substrates, Nicolaou et al.

demonstrated50,51 that optimized conditions involve the use

of a preformed Rh(BINAP)+SbF6
! catalyst, obtained from

[Rh(BINAP)(nbd)]SbF6 under a stream of hydrogen gas.52,53

Thus, it appears that even subtle changes of the phosphine–

rhodium complex used as the pre-catalyst may totally change

the outcome and selectivity of these cycloisomerizations. The

new catalyst performed well with substrates containing a range

of structural motifs linking the two unsaturated functions,

namely 1,1-diesters and sulfones, amides, sulfonamides, ether

linkages and others. Preferred substrates were enynes with

hydroxyl functions at the allylic position, since they generate

potentially reactive aldehyde functionalities in the final

products (Scheme 11).

With the rhodium–BINAP catalysts above, only disubsti-

tuted olefins with (Z)-configuration of the double bond are

cycloisomerized. Trans-olefins do not react.54 In spite of this

limitation, these Rh–BINAP promoted reactions represent

extremely versatile and useful methods to produce tetra-

hydrofurans, pyrrolines, cyclopentanes, lactames, lactones

and cyclopentanones in almost enantiomerically pure form.

Their synthetic potential has been demonstrated notably by

their applications to formal and total synthesis of biologically

active compounds. Relevant examples are the formal synthesis

of (+)-pilocarpine, a leading pharmaceutical in the treatment

of glaucoma,47 as well as the synthesis of dihydrojasmonate48

and 15-deoxy-D12,14-prostaglandin J2 (Scheme 12).55

Also, 3,4,5-trisubstituted lactones, that constitute building

units of many polyketide metabolites such as (+)-blastmycinone,

have been prepared in this way. The stereoselective synthesis

of (+)-blastmycinone requires kinetic resolution of an enyne

Scheme 10

Scheme 11

Scheme 12
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displaying a methyl substituent at the allylic position

(Scheme 12) and subsequent diastereoselective cyclization. In

this case, the (R)-configured BINAP matches the (S)-reactant

and affords the (2S,3R)-trans-lactone as the only product, in

>99% ee, for a 47% yield.56,57

Most notably, the Alder-ene cycloisomerization of 1,6-enynes

was applied by Nicolaou to the synthesis of the polycyclic core of

platensimycin, a natural antibiotic with promising antibacterial

properties against drug resistant bacteria. Starting from a

1,6-enyne with a cyclohexadienone scaffold, the reaction produced

the desired spirodienone structure in excellent enantiomeric excess

(ee > 99%, Scheme 13). This key step allowed then the asym-

metric total synthesis of platensimycin to be achieved.51,58

The remarkable synthetic usefulness and enantioselectivity

levels attained by the Rh–BINAP catalysts have motivated the

recent development of supported, reusable catalysts of this

family. To this end, a rhodium catalyst has been synthesized

by alternating, ring opening co-polymerization between cyclo-

octene and a (R)-5,50-dinorimido-BINAP rhodium complex

(Scheme 14). The resulting polymer displayed excellent

catalytic properties in model Alder-ene cycloisomerizations.

The immobilized catalyst was reused up to seven times, with

catalyst loadings of 1 mol% for each run. It provided total

turnover numbers up to 890, and proved to be at least as

selective as the parent homogeneous catalyst (ees 95–99%).59

As a complement to these studies on BINAP–rhodium

complexes, Mikami considered Alder-ene type processes as

model reactions to demonstrate the concept of ‘‘asymmetric

activation of chirally flexible (tropos) ligands’’, by which atrop-

isomeric, configurationally unstable ligands can be converted

into chiral catalysts by association with chiral activators.60–62

We already mentioned above that the rhodium–BINAP

catalysts apply to the cycloisomerization of disubstituted

(Z)-configured olefins only. Regarding trisubstituted olefins,

Alder-ene type cyclizations could be carried out by using

Skewphos as the chiral ligand in rhodium complexes.

The catalyst introduced by Mikami et al. is the dicationic

dimeric [((S,S)-Skewphos)Rh]2(SbF6)2 complex shown in

Scheme 15.52,63 Complexes of this class being usually unstable

and difficult to isolate, the catalyst was formed in situ from

[(Skewphos)Rh(nbd)]SbF6 by hydrogenation of the norborna-

diene ligand and used directly.

This catalyst efficiently promoted Alder-ene type cycliza-

tions of 1,6-enynes displaying trisubstituted double bonds and

either ether or amide functions in the tethering chain. These

reactions afforded the expected dihydrofurans and pyrrolinesA

with high levels of enantioselectivity (>90% ee, Scheme 15).

Only minor amounts of the isomerized endo-olefin products B

were occasionally isolated. The same catalyst has been applied

also to the synthesis of spirocyclic ethers and tosylamides from

1,6-enynes where the olefin functions are embedded in 6- and

8-membered rings (91–94% and 88% ee, respectively, see

Scheme 6 for analogous reactions).

In the reactions above Skewphos performs better than

BINAP in terms of enantioselectivity levels, even though their

chelated complexes adopt both l and d-conformations, due to

the flexibility of the alkyl chain.

Gold catalysts. The gold complexes (R)-BINAP(AuCl)2 and

[(R)-MOP]AuCl have been investigated as catalysts for the

Alder-ene cycloisomerization of a N-tethered 1,6-enyne. The

catalytic activity was excellent but the ees were disappointingly

low (22% ee).64

Hydrovinylations, hydroarylations and other (1C+1C) cyclizations

In this section we will present mainly enantioselective cycliza-

tion reactions in which a single C–C bond is formed via formal

insertion of an unsaturated unit into an olefinic or aromatic

C–H bond.65 These transformations may proceed via C–H

Scheme 13

Scheme 14

Scheme 15
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activation steps,66 with the additional aim of exerting effective

stereochemical control in the subsequent C–C bond formation.

Hydrovinylations. The intramolecular hydrovinylation of

dienes, i.e. the formal insertion of one olefin into the C–H

bond of a second olefin, is known to be promoted by a

variety of transition metal derivatives including rhodium,67,68

ruthenium,69 titanium70 and nickel complexes.71 Pioneering

studies on enantioselective variants were disclosed in 1979 by

Bogdanovič who demonstrated that a nickel menthyl-

phosphine complex catalyses the asymmetric cyclisations of

either 1,6-heptadiene or diallylether in albeit low enantiomeric

excesses (up to 37%).72

The first successful examples of enantioselective alkene

hydrovinylations have been reported then by Murai et al. in

1997.73 A chiral rhodium catalyst was generated from

[RhCl(cyclooctene)2]2 and the ferrocenic monodentate phosphine

(R,S)-PPFOMe as shown in Scheme 16. This catalyst con-

verted 1,5-dienes bearing heterocyclic substituents (pyridyl or

imidazolyl) on the olefinic unit, into alkylidenecyclopentanes,

in moderate to good enantiomeric excesses (ees up to 82%).

Later, diallylmalonates and diallyltosylamide became the

most common, model substrates for asymmetric reactions

(Scheme 17). Enantioselective exo-cyclizations of these sub-

strates have been attempted initially by using palladium

catalysts generated in situ from (MeCN)2PdCl2, AgBF4 and

either (!)-sparteine or a chiral bis-oxazoline. The enantio-

selectivity levels attained promising values, with ees of about

60%, however conversions and regioselectivity were too low to

be synthetically useful.74 A significantly improved catalytic

system could be developed then by Leitner et al., based

on nickel complexes modified by chiral phosphorus ligands.

The cationic nickel complexes made fromWilke’s azaphospholene

shown in Scheme 17 and [Ni(allyl)(cod)][BARF] (BARF =

B[3,5-(CF3)2–C6H3]4) afforded the most active and stereo-

selective catalysts for the cycloisomerization of symmetrical

1,6-dienes with all-carbon tethers.75,76 The benchmark sub-

strate, dimethyl diallylmalonate, was converted to the desired

cyclopentane selectively (97% product selectivity), with high

turnover frequency (TOF = 182 h!1) and an enantiomeric

excess of 67%.77 Higher ees could be achieved for instance in

the cyclization of tert-butyl diallylmalonate (X = C(CO2tBu)2
in Scheme 17, 88% ee) or the corresponding diol (X =

C(CH2OH)2, 91% ee). The same azaphospholene ligand as

well as the phosphoramidite Quinaphos have been used also

for the cycloisomerization of diallyltosylamide, but the enantio-

selectivity levels were only moderate (33–54% ee, depending on

the pre-catalyst used).78

Overall, although significant ees have been attained in some

cases, the scope of the enantioselective intramolecular hydro-

vinylations of dienes remains rather restricted.

Enantioselective intramolecular hydrovinylations of allenes

have been reported by Gagné to take place under gold

catalysis. These reactions have been applied to the synthesis of

six-membered rings as shown in Scheme 18.79 Preferred pre-

catalysts for these reactions are bimetallic gold(I) complexes of

atropisomeric diphosphines and especially the (R)-(3,5-Xyl-

Binap)(AuCl)2 complex which afforded moderate to good

enantiomeric excesses (6 examples, 45–72% ee). The bimetallic

complex must be activated by addition of an excess of AgOTf.

However, the actual nature of the catalytically active species has

been questioned, since the (R)-(3,5-Xyl-Binap)(AuOTf)2 complex

itself does not catalyse the cycloisomerization. Also, suspecting a

role of silver(I) in the process, mixtures of this gold-triflate and

silver salts have been tested, but they did not afford the same

results as the catalyst generatedin situ.79 So, in the end, the actual

catalytically active species has not been identified so far.

The third class of intramolecular hydrovinylations involves

alkynes as the cyclization partners. Although these reactions

generate sp2–sp2 C–C bonds, they could be adapted to asym-

metric processes by targeting final products with axial chirality.

Thus, the hydrovinylation of alkynes under transition metal

catalysis has been applied by Tanaka et al. to the synthesis of

Scheme 16

Scheme 17 Scheme 18

D
o
w

n
lo

ad
ed

 b
y
 C

N
R

S
 -

 I
C

S
N

 o
n
 1

3
 N

o
v
em

b
er

 2
0
1

2

P
u
b
li

sh
ed

 o
n
 0

6
 J

u
n
e 

2
0
1
2
 o

n
 h

tt
p
:/

/p
u
b
s.

rs
c.

o
rg

 | 
d
o
i:

1
0
.1

0
3
9
/C

2
C

S
3
5
0
2
0
C

View Online

http://dx.doi.org/10.1039/c2cs35020c


This journal is c The Royal Society of Chemistry 2012 Chem. Soc. Rev., 2012, 41, 4884–4908 4891

atropisomeric 4-aryl-2-pyridone derivatives (Scheme 19).80 The

starting materials were acyclic arylethynyl-amides with a vinyl

moiety on nitrogen. They were converted into the corresponding

axially chiral 2-pyridones in the presence ofp-electrophilic chiral

gold(I), silver(I), rhodium(I) and palladium(II) complexes of

atropisomeric diphosphines. Cationic palladium(II)/(R)-Xyl-

Segphos complexes provided the highest yields and enantiomeric

excesses and were applied therefore to the synthesis of a wide

range of axially chiral pyridones.Examples of suitable substrates

include alkynes with naphthyl substituents, as shown in

Scheme 19, but also ortho-disubstituted phenyl, tetrahydro-

naphthyl and benzodioxolyl substituted alkynes. All these alkyne

units can be combined with both cyclic and acyclic olefin units

(10 examples, 51–97% ee).

Hydroarylations. The hydrovinylation strategy shown in

Scheme 19 for the synthesis of axially chiral 4-aryl-2-pyridones

has been extended recently by Tanaka et al. to the intra-

molecular hydroarylation of alkynes.81,82 In this case, the pre-

ferred catalysts were cationic palladium/Xyl-H8-BINAP

complexes. The method provided an efficient access to 4-aryl-

2-quinolinones starting from alkynylamides with various aryl

substituents on nitrogen. It has been applied notably to the

synthesis of the axially chiral 2-quinolinones shown in

Scheme 20 (9 examples, 54–98% ee). In terms of both reactivity

and enantioselectivity levels, the scope of the reaction seems to

be restricted to alkyne with MeO-substituted aryl groups, and

therefore it is assumed that the reaction proceeds via complexa-

tion of this MeO-function to the palladium center.

Other examples of metal promoted hydroarylations involve

olefins and allenes as reaction partners. Thus, the asymmetric

intramolecular hydroarylation of olefins with relatively unacti-

vated C–H bonds has been disclosed in 2004 in parallel studies

by Widenhoefer and Bergman–Ellman on different substrates.

Widenhoefer et al. reported on the platinum-catalyzed

enantioselective hydroarylation of alkenes that are tethered

to the 2-positions of indoles by three- or four-atom chains

(Scheme 21).83,84 (Note: These reactions can be viewed also as

Friedel–Crafts type alkylations of indoles by metal-activated

olefin functions.) These indoles could be converted into tetra-

hydrocarbazoles or hexahydro-cyclohepta[b]indoles, respec-

tively, by exo-cyclization in the presence of PtCl2 complexes

of atropisomeric diphosphines, activated by addition of

AgOTf. The best hydroarylation protocol involves the use of

a MeO-Biphep derivative which displays sterically hindered

substituents on the phosphorus atom, and one equivalent of

the silver salt. The postulated catalytically active species is a

monomeric cationic (diphosphine)PtCl+ complex. It affords

the annulation products with enantiomeric excesses up to 90%

(13 examples, ee 47–90%). Selected examples are shown in

Scheme 21. It has been demonstrated also that the tethering

chain of the substrate must contain two identical R1 groups to

get high enantioselectivity levels. If not, the stereogenic carbon

centre of the substrate tends to control the reaction outcome,

leading to a syn-configured product in almost racemic form.

The scope of these platinum/MeO-Biphep catalysed reactions

is restricted to terminal olefins. However, disubstituted

internal olefins may undergo the same cyclizations when using

as catalysts the chiral, five-membered platinacyclic derivative

shown in Scheme 22(a). This Pt(II) catalyst displays a planar

Scheme 19

Scheme 20

Scheme 21

Scheme 22
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chiral ferrocene as well as chiral imidazoline units. The high

reactivity of these complexes is assigned to their highly

strained and distorted structure, supposedly enhancing their

ability to coordinate the olefin function of the substrate. The

cyclization products were isolated in 45–95% yield, 78–92% ee

(15 examples).85

Also, allenes have been considered as potential substrates

for the same cyclizations, but, in this case, platinum based

catalysts proved to be inefficient. Instead, bimetallic gold

complexes of (3,5-di-t-Bu-4-MeO-C6H2)-MeO-Biphep could

be used successfully after activation with AgBF4 (6 examples,

72–92% ee) (Scheme 22(b)).86

Bergman–Ellman’s method for the intramolecular enantio-

selective coupling of aromatic C–H bonds with alkenes is

based on the rhodium catalysts ([RhCl(cyclooctene)2]2/L*).
87,88

It applies to aromatic imines in which an alkene, meta-tethered

to the imine function, undergoes endo-insertion in the ortho-CH

bond (Scheme 23). In this case, ligand screening focused on

monodentate phosphorus derivatives because both P–P and

P–N chelating phosphines proved to be inefficient. Taddol

base phosphites displayed high catalytic activity but only

moderate enantioselectivity, while Monophos type phosphor-

amidites afforded high enantioselectivity levels with ees up to

96%. As shown in Scheme 23, the enantiomeric excesses could

be modulated by fine tuning of the nitrogen substituents of the

phosphoramidite ligand. Most often the highest ees were

obtained with the modified Monophos L2* which combines

a chiral binaphthyl scaffold and a chiral N-substituent, with

relative (S,R,R)-configurations. The stereoselectivity of these

reactions is controlled by the chiral binaphthyl unit of the

ligand. Diastereomers with opposite configurations of the

N-substituent afforded indeed the same enantiomeric excesses

while displaying different reaction rates.

The substrate scope of these reactions, initially focused

on 1,1-disubstituted olefins (R2 = H), was extended then to

1,2-disubstituted (R1 = H) and 1,1,2-trisubstituted alkenes,

for which H8-Monophos type ligands afforded the best catalysts

(7 examples, 87–93% ee). For 1,2-disubstituted alkenes, both

Z and E isomers gave the same stereoselectivity, likely due to

in situ Z/E isomerization of the substrates, combined with a

faster cyclization of theZ-alkene. On the other hand, trisubstituted

olefins tethered to ether functions afforded the corresponding

disubstituted benzofuranes as the syn-isomers selectively.

Overall these transformations provided a general, stereo-

selective access to a range of dihydrobenzofuranes with

different substitution patterns. Moreover, the method has been

applied to the enantioselective synthesis of a protein kinase C

inhibitor displaying a bicyclic dihydropyrrolo-indole core

scaffold (Scheme 24).89 To this end the imine-directed C–H

activation/cyclization has been carried out on an indole

bearing a suitable allyl chain as the nitrogen substituent. The

rhodium–Monophos complex shown in Scheme 24 catalyzed

the endo-cyclization and afforded the desired pyrrolidine unit

with good stereochemical control of the stereogenic carbon

center (90% ee).

The rhodium catalyzed hydroarylation has been extended

later to analogous intramolecular hydroarylation of olefins with

imidazoles and benzoimidazoles (Scheme 25). After an exten-

sive screening of several chiral monodentate and bidentate

ligands, the bulky diphosphine t-Bu-TangPhos was highlighted

as the best chiral ligand and the reaction was carried out then

successfully on several substrates (9 examples, 71–98% ee).90

Although TangPhos is a potentially chelating ligand, it was

postulated to generate labile complexes and to behave as a

monodentate ligand in the key steps of the catalytic cycle, which

require an additional open coordination site.

Other 1C+1C cyclizations. Finally, among other recent

complements to these C–C bond formation through C–H

Scheme 23

Scheme 24

Scheme 25
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activation, we could mention the cyclization in Scheme 26

where an olefin unit formally inserts into an allylic C–H bond

under rhodium catalysis.91 Phosphoramidites of the Monophos

series, and especially Et-Monophos, proved to be suitable chiral

ligands. The cyclization process generates two adjacent stereo-

genic centres, one of which is a quaternary stereogenic carbon,

with high stereocontrol of their relative configurations

(dr > 19 : 1). The method applies not only to nitrogen tethered

dien–enes, as shown in Scheme 26, but also to dien–enes

connected by alkyl chains and oxygen containing chains. Thus,

it represents an efficient asymmetric approach to tetrahydro-

pyrroles (13 examples, 68–94% ee), tetrahydrofurans (one

example, 64% ee) and cyclopentenes (one example, 81% ee).

Other enantioselective 1C–1C cyclizations have been carried

out on enynes such as allyl propargyl ethers (Scheme 27a)92

and o-(alkynyl)styrenes (Scheme 27b)93 under palladium and

gold catalysis respectively. The bimetallic (S)-3,5-Xyl-MeO-

Biphep/gold catalyst shown in Scheme 27b gives selectively

5-endo-dig-cyclizations of o-alkynylstyrenes via formal insertion

of the alkyne into the vinylic C–H bond. The enantiomeric

excesses are moderate to high, depending on the nature of the

silver salt and the reaction temperature (at 251C: AgSbF6, 41% ee;

AgOTf, 50% ee; AgOTs, 60% ee). At !30 1C the enantiomeric

excesses increase to over 80% (82% ee for R1 =Ph, R2 =Me,

R3 = H), while the reaction times remain overall acceptable

(3–4 days).

Finally, in this section we would like to mention also two

significantly more complex isomerizations of functionalized

enynes. The first one is a 1C–1C cyclization reported by Toste

et al. that involves two consecutive migration processes

(Scheme 28).94 In this case, the substrates display pivalate

substituents which undergo 1,2-migrations, as well as allyl

ether functions which undergo formal 1,4-sigmatropic rearrange-

ments. The enantiodetermining step is assumed to be the

allyl migration step, from an intermediate oxonium cation.

Enantioface control at this step can be exerted efficiently by

using bimetallic gold complexes of (R)-3,5-di-tert-butyl-4-

MeO-Biphep. As in many enantioselective cyclizations, the

choice of the appropriate phosphine aryl substituents is critical

here to obtaining excellent enantioselectivity levels.

The second reaction, also reported by Toste et al.

(Scheme 29),95 involves enynes with an aryl substituent on

the alkyne function and an alkylidene cyclopropane unit.

These substrates are converted into tricyclic derivatives by

several successive rearrangements of cationic gold containing

intermediates. The key steps of the postulated reaction pathway

Scheme 26

Scheme 27

Scheme 28

Scheme 29
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include a ring expansion of the cyclopropane moiety by alkyl

migration, as shown in Scheme 29. An enantioselective variant

of this reaction has been carried out with the bimetallic gold

complexes of (R)-Xyl-SDP which afforded the final product in

82% enantiomeric excess.

(2C+1C) Cyclizations of enynes and dienes

The electrophilic activation of enynes and dienes by p-acid,

carbophilic metal centres is known to induce a variety of skeletal

rearrangements including formal cyclopropanation reactions.5,96–98

A three-membered ring is made by combining the two-carbon

atoms of the olefin with one carbon of the second unsaturated

function, thus leading to bicyclic scaffolds (Scheme 30).

The most common of these cyclizations are endo cyclizations

of 1,6- and 1,5-dienes into bicyclo[4.1.0]heptanes and bicyclo-

[3.1.0]hexanes, respectively, as well as the cyclizations of

1,6-enynes into bicyclo[4.1.0]heptenes. The whole catalytic cycle

of these reactions was postulated to involve a single metal–

substrate bond, alternatively ap- and a s-bond. Therefore metal

complexes with only one vacant coordination site were postu-

lated to afford suitable catalysts for these rearrangements.

According to this hypothesis, Gagné first envisioned the use

of square planar platinum(II) catalysts with tridentate phos-

phines as the ligands for the cycloisomerization of dienic

substrates. These tricoordinated catalysts were also postulated

to prevent possible side reactions from b-elimination path-

ways. This strategy was implemented successfully in racemic

form,99,100 but asymmetric variants were hardly accessible,

because of the difficulty of synthesizing and modulating chiral

tridentate ligands. To circumvent this difficulty, tridentate

ligands were replaced by modular combinations of an achiral

monodentate and a chiral bidentate ligand.101 Thus, cationic

pre-catalysts of the general formula (P2)PtI(P)
+I!, typified in

Scheme 32, were generated by adding a monodentate phos-

phine to a chiral (diphosphine)PtI2 complex. After activation

by addition of AgBF4, these catalysts enabled the cyclo-

isomerizations of 1,5- and 1,6-dienes into bicyclo[3.1.0]hexane

and bicyclo[4.1.0]heptane derivatives respectively (Scheme 31).

After screening of several combinations of commercially

available monodentate phosphines and chiral diphosphines,

such as BINAP, Segphos, Tunaphos, Chiraphos and Quinap,

the bulky (R)-3,5-Xyl-BINAP was highlighted as the most

suitable auxiliary when associated to PMe3. In the absence of

PMe3, the same catalyst led to only moderate yields and

enantioselectivities and inverted the sense of stereoselection.

Under optimized conditions these reactions were found to be

efficient at a low catalyst loading (2–5 mol%) and proved to be

highly chemo- and enantioselective (6 examples, 69–96% ee).

It was established that theR-configured Binap complex affords a

1R,5R-configured azabicyclohexane from theN-tethered enyne.

The observed stereoselection has been tentatively rationalized

based on PM3 calculations of the preferred geometry of the

initial Z2-alkene complex, but the chiral induction pathway

has not been totally elucidated. The tentative stereochemical

model is displayed in Scheme 32.

To the best of our knowledge, the studies of Gagné et al. are

so far the only investigations on asymmetric 2C+1C cycliza-

tions on dienes. More extended studies have been carried out

on the analogous 2C+1C cycloisomerizations of enynes.

Basically, the same approach of using metal complexes with

only one vacant coordination site has been applied. Based on

this strategy, our group has designed the first series of efficient

chiral platinum pre-catalysts for the cycloisomerization of nitrogen

tethered 1,6-enynes. These are well defined square planar com-

plexes combining N-heterocyclic carbenes (NHC), chiral phos-

phorus ligands and an iodide as the labile ligand (Scheme 33).

Complexes of the general formula C1 display a monodentate

NHC and a chelating chiral diphosphine,102,103 while complexes

C2 are six-membered platinacycles bearing a monodentate chiral

phosphine.104,105 In parallel studies Hayashi et al. designed the

in situ generated rhodium complexes C3 which display both a

monodentate phosphine and a chiral cyclic diene ligand,106 or,

again, complexesC4 where a diene–phosphine tridentate ligand

coordinates the rhodium centre (Scheme 33).107Scheme 30

Scheme 31

Scheme 32
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The most common application of these pre-catalysts is

the 6-endo-dig cyclization of 4-tosylamido-1,6-enynes into

3-aza-bicyclo[4.1.0]hept-4-enes (Scheme 34). Also, analogous

substrates with different nitrogen protecting groups have been

considered, including the easily removablep-nitrophenylsulfonyl

group. In these reactions, the catalytically active species are

generated by addition of silver or sodium salts to complexes

C1–C4 (AgBF4 or NaBArF4 [ArF = 3,5-bis(trifluoromethyl)-

phenyl]).

With the platinum complexes C1, an extensive catalytic

screening highlighted (S,S)-Chiraphos as the most effective

chiral diphosphine and demonstrated that suitable modulation

of the NHC ligand allows tuning of the enantioselectivity

levels. Catalyst optimization led to a maximum 74% ee for

the model cyclization ofN-allyl-N-(3-phenylpropargyl)tosylamide

when using C1 for R0 = CH2(1-naphthyl), R00 = C6H11,

diphosphine = Chiraphos.103

Later, the platinum complexes C2 with (S)-Ph-Binepine as

the chiral ligand proved to be more effective, more enantio-

selective and more versatile catalysts, compared to C1 in the

cycloisomerization of the same class of substrates. Selected

examples of cycloisomerizations promoted by the platinum

pre-catalyst C2 are given in Scheme 34.104 The catalytic

reactions took place under mild conditions (60 1C) and the

desired 3-azabicyclo[4.1.0]heptenes were obtained in over 90%

enantiomeric excesses from a range of substrates (6 examples,

88–92% ee). The reaction tolerates various aryl substituents

on the alkyne moiety as well as substituted and cyclic olefin

units. It has been applied also to the cycloisomerization of

1,6-enynes with enantiotopic vinyl groups, of the general

formula Ar–CRC–CH2–N(Ts)CH(CHQCH2)2.
104,105 These

reactions proceeded with total diastereoselectivity and high

enantioselectivity levels (80–95% ee). X-ray crystallographic

analysis and vibrational dichroism studies demonstrated that

(S)-Ph-Binepine complexes afford (1S,6R)-configured bicyclo-

heptenes. Accordingly, a plausible stereochemical model

accounting for the observed stereochemistry has been proposed,

as shown in Scheme 35. From the solid state structure of the

pre-catalyst, it is considered that in the platinum complex the

NHC and phosphine ligands shield significantly the three space

quadrants displayed in Scheme 35. It is assumed that the highest

steric constraints result from the alkyne aryl substituent, which

therefore, in the cyclization step, tends to occupy the less

hindered quadrant, i.e. the bottom-left quadrant. Based on this

hypothesis, the allyl group should approach the alkyne unit as

shown in Scheme 35 to account for the observed (1R,6S)

stereochemistry of the final product.

The platinacyclic catalysts C2, for PR3 = Monophos, have

been reported to also allow the enantioselective cycloisomer-

ization of 1,5-enynes displaying hydroxy, alkoxy or silyloxy

functions on their tethering carbon chain.108 The cycloisomer-

ization of an O-TBS substituted enyne was shown to produce

the expected bicyclo[3.1.0]hex-2-enyl silyl ether which was

converted then into the corresponding ketone with TBAF

(Scheme 36). The enol ether and the ketone have the same

enantiomeric excess (95% total yield, 63% ee).

Although the propargylic stereogenic centre of the substrate

is lost during the cycloisomerization process, it was anticipated

to play a key role in the stereochemical control of these

reactions. Therefore, the degree of chirality transfer from the

substrate to the final product109–111 had to be ascertained here.

By using enantiomerically enriched substrates with opposite

configurations of the carbon centre, it was established that the

stereochemistry of the substrate induces a marked match–

mismatch effect in these reactions. The chiral platinum-

Monophos catalyst C2 is however predominant in stereo-

chemical control: in the presence of (R)-C2, the (R)- and

(S)-configured substrates (>95% ee) afford the same enantiomer

Scheme 34

Scheme 35

Scheme 33

Scheme 36
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of the final product in 35% and 92% ee respectively. The

(R)-configured substrate constitutes a matching pair with the

(R)-Monophos catalyst.

These preliminary experiments highlight the platinacyclic

complexes with Monophos type ligands as promising catalysts

for the [2C+1C] cycloisomerization of 1,5-enynes. Given the

variety of Monophos type ligands that are easily available,

further optimization through extensive ligand screening can be

anticipated.

Overall, complexes C2 are the first known, and so far unique

class of well-defined Pt(II) complexes leading to high enantio-

selectivity in the above (2C+1C) enyne rearrangements.

Concerning the rhodium complexes C3, they were generated

from the corresponding chiral diene complexes [((R,R)-diene)-

RhCl]2 and monodentate phosphines such as PPh3. They gave

good catalytic activity and high enantioselectivity in the cyclo-

isomerization ofN-tethered 1,6-enynes displaying Me-substituted

alkyne and aryl-substituted olefin units (6 examples, 73–95% ee,

Scheme 37). The nature of the phosphorus ligand had a significant

influence on both the catalytic activity and enantioselectivity,

which demonstrate that this ligand coordinates to rhodium in

the key stereodetermining step. The absolute configuration of the

final product, for R1 = Me, R2 = H, R3 = Ph, R4 = H, was

found to be (1S,6R,4R) by X-ray analysis.106

Overall, catalyst C3 displayed a restricted substrate scope

and some drawbacks, including the poor availability of the

chiral benzobarralene ligand. Therefore the analogous

complex C4 displaying a phosphine-tethered diene ligand

was developed later as a more suitable pre-catalyst. Its main

advantages are the strong coordinating power of the tridentate

ligand and its easy availability from natural (R)-a-phellandrene.

The substrate scope of this catalyst was fairly broad, since

nitrogen-bridged enynes with various substitution patterns

could be converted into bicyclic scaffolds with high enantio-

selectivity (18 examples, 76–99% ee).107

In addition to the platinum and rhodium catalysts above,

the asymmetric cycloisomerization of N-tethered 1,6-enynes

into bicyclo[3.1.0]heptenes has been carried out also with

iridium112 and gold complexes with chiral phosphorus

ligands.113,114 Gold complexes have been applied by Teller

and Fürstner114 to the synthesis of GSK1360707F,115 a

serotonin, noradrenaline, dopamine reuptake inhibitor under

development at GlaxoSmithKline. In this case, the most

efficient pre-catalysts are phosphoramidites complexes of the

type L*AuCl, with L* being TADDOL derived phosphor-

amidites. The preferred catalyst shown in Scheme 38 afforded

the bicyclic cycloisomerization product in 88% yield and

95% ee. Then, the target compound was obtained after

removal of the benzoyloxycarbonyl (Cbz) protecting group

and concomitant hydrogenation of the double bond in the

presence of palladium black and Na2CO3.

Although the cycloisomerization of N-tethered 1,6-enynes

into 3-aza-bicyclo[3.1.0]heptenes shown in Schemes 34, 37 and

38, may proceed with very high enantioselectivity, the stereo-

chemical control of these processes is hardly understood.

Moreover, divergent hypotheses have been made on the nature

of the stereodetermining steps (concerted or stepwise formation

of the chiral cyclopropane unit)114 as well as on the structural

units of the substrate that might give the key stereodetermining

steric interactions (alkyne substituents or N-protecting

groups).105,106 Additional experimental and theoretical studies

are needed to enlighten the sterochemical course of these

useful processes.

Finally, Fensterbank et al. have adapted a conceptually

different strategy, i.e. the chiral counterion strategy, to the

design of chiral catalysts for the same cycloisomerization

processes (Scheme 39).116 The iridium based Vaska’s complex,

Scheme 37

Scheme 38

Scheme 39
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IrCl(CO)(PPh3)2, was combined with a chiral silver phosphate

derived from a 3,30-disubstituted binaphthol. The cationic

iridium phosphate obtained after precipitation of silver

chloride was used as catalyst for the cycloisomerization of

N-tethered 1,6-enynes. This catalyst provided higher enantio-

selectivity levels than the classical catalysts made of iridium

complexes of chiral phosphines.112 It afforded the desired

azabicyclo[3.1.0]heptenes in up to 93% ee.

Besides the N-tethered enynes above, a few examples of

carbon- and oxygen-tethered 1,6-enynes have been considered

as substrates in the same kind of enantioselective cyclizations.

Thus, for instance allyl propargyl ethers have been converted

into bicyclic ethers in moderate yields and high enantiomeric

excesses (10 examples, 91–98% ee) by using bimetallic

MeO-Biphep/gold catalysts (Scheme 40).113

Gold catalyzed olefin cyclopropanations also allowed the

enantioselective synthesis of some medium-sized ring com-

pounds.117 These processes however differ from the previous

ones, as far as they involve 1,2-migration of an acetyl (or a

pivaloyl) group and cyclopropanation of the olefin by a gold-

carbene intermediate. Representative examples are shown in

Scheme 41. The cycloisomerizations of propargylic esters into

bicyclic derivatives displaying seven- or eight-membered rings

were successfully accomplished with bimetallic Xyl-Binap gold

catalysts (7 examples 49–92% ee).

(2C+2C) Cyclizations of allen-enes

As already mentioned in the previous sections (Schemes 18

and 22), allenes are suitable substrates for gold(I)-catalyzed

cycloisomerizations.10 Complexation by gold activates the

allenic unit and generates, among others, transient allyl

cations which are able to react then with suitable electrophiles

including olefins. In 2007 Toste et al.118 demonstrated that a

possible outcome of such reactions between allenes and olefins

under gold catalysis is a [2+2] intramolecular cycloaddition119

leading to alkylidene cyclobutane derivatives. Preferred

substrates are 1,6-allenenes with either alkyl- or nitrogen

containing tethering chains, which are converted into bicyclo-

[3.2.0]heptanes or the corresponding bicyclic pyrrolidines,

respectively. These are postulated by Toste et al. to be stepwise

processes120 which produce preferentially the most stable cis

fused rings, with possible substituents in exo positions.

Enantioselective reactions of this class were carried out

initially on alkyl tethered allen-enes by using bimetallic gold

complexes of (R)-DTBM-Segphos. These catalysts provided

the four-membered cycloadducts as single isomers in excellent

enantioselectivity (6 examples, 92–97% ee) from substrates

displaying a trisubstituted allene function and aryl-substituted

olefinic units (Scheme 42).118

For the same formal [2+2] cycloadditions, Fürster designed

later mononuclear gold complexes of chiral phosphoramidites.

Binol derived phosphoramidites failed to give good enantio-

selectivity levels, but TADDOL derivatives (Scheme 42) proved

to be more suitable.121 In order to optimize the catalytic

properties of these TADDOL-based gold complexes, a few

structural parameters have been tuned and some information

on the key parameters have been inferred. Especially, the

X-ray structures showed that the two aryl rings of TADDOL

and one of the phenyl substituents of the amine form a

pocket of approximate C3 symmetry which was assumed

to be a key feature (see Scheme 43). It has been suggested

that structural modifications that either bring the arene

rings into closer contact with the gold center (e.g. electron-

donating aryl substituents on the TADDOL unit of the

phosphoramidites) or give a tighter and more regular

C3-symmetric chiral environment (e.g. TADDOL derivatives

with an acyclic skeleton) will afford outstanding levels of

enantioselectivity.

The TADDOL derivative shown in Scheme 42 represents so

far the best catalyst. It combines a tert-butylphenyl-substituted

Scheme 40

Scheme 41

Scheme 42
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(R,R)-TADDOL scaffold with an (R,R)-configured bis-

(1-phenylethyl)amine unit on phosphorus. This practical

catalyst afforded almost perfect enantioselectivities in the

(2C+2C) cycloadditions of carbon-tethered 1,6-allenenes

(6 examples, 87–98% ee, Scheme 42).

Both catalysts shown in Scheme 42 above did not perform

well in the analogous (2C+2C) cyclizations of N-tethered

allenenes. For this class of substrates, Toste et al. succeeded

in designing highly efficient gold catalysts.120 He carried out an

extensive screening of the modular and easily available

phosphoramidite type ligands, including BINOL, VANOL,

VAPOL and spirobiindane derivatives. Finally, the commercially

available SIPHOS-PE ligand in Scheme 44 which combines an

(R)-configured spirobiindane scaffold with a chiral (R,R)-

bis(1-phenylethyl)amine unit on phosphorus proved to be

ideal. The corresponding gold chloride complex promotes

the formal [2+2] cycloaddition of N-allenyl N-allyl tosyl-

amides into bicyclic pyrrolidines with very high enantio-

selectivity levels. The reaction tolerates both electron-rich

and electron-deficient aryl substituents on the olefin moiety,

in both cis and trans configurations (6 examples, 80–97% ee),

but variations of the allene moiety have not been mentioned.

Overall the SIPHOS-PE derived catalyst shown in

Scheme 44120 displayed a complementary application field

with respect to the bimetallic Segphos–gold complex shown

in Scheme 42.118 The SIPHOS-PE complex compares favour-

ably to the Segphos complex in the [2C+2C] cycloisomeriza-

tion of the nitrogen tethered substrates above, but also

in the cycloisomerization of allen–enes tethered by a

–CH2–C(SO2Ph)2–CH2– chain (85% ee vs. 0% ee), while the

Segphos complex performs better in the enantioselective

cycloisomerization –CH2–C(CO2Me)2–CH2– tethered substrates

(14% ee vs. 95% ee). The stereochemical control in these

cyclizations as well as the subtle substrate effects have not been

rationalized so far.

(4C+2C) Cyclizations of trienes, dien–ynes and

allen–dienes

Transition metal catalysis has expanded the scope of the

classical Diels–Alder type [4+2] cyclizations by allowing a

variety of polyunsaturated substrates, including non-activated

species, to be converted into six-membered rings. Formal

intramolecular Diels–Alder cyclizations have been carried

out on simple trienes, dien–ynes and allen–dienes with conju-

gated dienic units, notably under palladium,122 nickel,123 and

rhodium,124,125 catalysis. These inherently chirogenic cycliza-

tions can be carried out in an asymmetric manner by an

appropriate choice of chiral catalysts for each class of sub-

strates: rhodium catalysts have been envisioned for the [4+2]

cyclizations of trienes and dien–ynes while gold catalysts

proved to be prominent for the enantioselective cyclizations

of allen–dienes. As a general trend only substrates with three

atom chains connecting the unsaturated units have been

successfully subjected to these cycloisomerizations thus leading

to 5,6-fused bicyclic systems.

The first examples of enantioselective reactions of this class

have been reported by Livinghouse in the nineties, who

disclosed rhodium–DIOP complexes as suitable catalysts for

the [4+2] cyclizations of trienes and dien–ynes displaying

conjugated diene units. Representative examples are shown in

Scheme 45. After initial studies on dien–enes (or dien–ynes)

displaying ether type three-atom tethering chains (X = O),126

Livinghouse investigated the cyclizations of analogous tosyl-

amides (X = NTs).127,128 In the latter experiments both the

catalytic activity and enantioselectivity proved to be dependent

on the nature of the rhodium pre-catalyst. The best enantio-

meric excess (86% yield, 79% ee) was attained by using a

rhodium–DIOP complex generated in situ from [(COE)2RhBr]2
(COE = cyclooctene) and DIOP, while the highest yield

was afforded by an analogous Rh–chloride complex (97%

yield, 76% ee).

Scheme 44 Scheme 45

Scheme 43
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Later Gilbertson et al. carried out analogous cycloisome-

rizations of trienes by using BINAP as the chiral auxiliary

(Scheme 45).129 The cationic [(nbd)Rh(BINAP)]SbF6 complex

was activated by hydrogenation before addition of the

substrate. It afforded the bicyclic ether shown in Scheme 45

(X = O) as essentially one enantiomer, in 64% isolated yield.

This Rh–BINAP complex represents so far the best catalyst

for the [4+2] cyclization of trienic ethers of this class. A recent

attempt of using rhodium complexes of unsymmetric phosphine–

phosphite ligands allowed a good but slightly lower ee to

be attained in the cycloisomerization of the same substrate

(X = O, 90% ee) under microwave conditions.130

None of the above catalysts have wide scope and general

applicability. The same holds for rhodium based catalysts for

the analogous Diels–Alder like cyclizations of dien–ynes which

produce bicyclic species with cyclohexadiene subunits. Following

the initial attempts of Livinghouse with rhodium–DIOP

pre-catalysts (one example, 87% ee),126 iridium–BDPP131 and

rhodium–DuPhos complexes129 were investigated (Scheme 46).

The Ir–BDPP catalyst afforded ees in the range 94–98%

(4 examples) in the [4+2] cyclization of ether type and

tosylamide type dien–ynes with substituted alkyne moieties.

The DuPhos–Rh catalyst was applied to the cycloisomeriza-

tion of both ether type and carbon tethered substrates, with

either terminal or substituted alkyne units. Enantiomeric

excesses in the range 88–95% were obtained.

Finally, Mikami et al.132 and Hayashi et al.133 afforded

significant advances in the [4+2] cyclizations of dien–ynes by

disclosing rhodium catalysts with chiral diene ligands. Mikami’s

design of chiral catalysts (Scheme 47) started from the experi-

mental observation that the diene ligand of the usual rhodium

pre-catalysts modulates the chiral induction. He therefore

envisioned catalysts based on a proper combination of a chiral

diene and a chiral bidentate phosphine with appropriate

synergic effects. Notably, combinations of Me- or Et-DuPhos

with the chiral bicyclic diene134 shown in Scheme 47 provided

very effective catalysts. They led to enantiomeric excesses in

the range 88–98% in the cycloisomerization of four ether

tethered dienynes. The chiral diene can be prepared easily

from a commercially available carvone.

Mikami assumed that both the phosphine and the chiral

diene coordinate to rhodium during the catalytic cycle, the

diene should behave however as a monodentate ligand in the

key cyclization step. The postulated key intermediate is shown

in Scheme 48.

In 2009 Hayashi and Shintani afforded a further improve-

ment to these dien–yne cyclizations. They demonstrated by

kinetic studies that phosphine-free rhodium–diene complexes

also display high catalytic activity.133 Consequently they

designed simple diene–rhodium complexes as potentially suitable

catalysts and finally highlighted the (S,S)-Ph-bod diene shown in

Scheme 49 as an appropriate chiral ligand. Dien–ynes, with

either carbon-, nitrogen- or oxygen-containing tethering

chains were converted into fused bicyclic derivatives with high

enantioselectivity levels (8 examples, 83–99% ee, Scheme 49).

The catalyst loading could be decreased to 0.5 mol% for

reactions run at 0 1C: under these conditions the bicyclic ether

(X = O, R1 = Ph, R2 = Me) was isolated in 90% yield with

a 96% enantiomeric excess. The (S,S)-configured ligand

afforded a (3R,6S)-configured bicyclo[4.3.0]nonane.

For all the cycloisomerization reactions we have mentioned

so far, the stereodetermining process is an enantiofacial

Scheme 46

Scheme 47

Scheme 48

Scheme 49
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selection taking place during the transformation of a sp2 centre

into a sp3 chiral centre. Recently Hashmi et al. have intro-

duced the alternative concept of ‘‘enantiotopos selection’’, that

is the use of substrates which contain two identical and

enantiotopic alkynyl groups connected to a prochiral carbon

centre. From this structural unit, the cycloisomerization

process will create a stereogenic carbon.135 The strategy has

been applied to gold catalyzed cycloisomerizations of

dien–diynes as typified in Scheme 50. The test substrate

combines two propargyl units and a furyl group as the diene

component. Under Au(I) catalysis, the substrate undergoes

a cycloisomerization/ring expansion process leading to a func-

tionalized tetrahydronaphthalene. An ee of only 55% has been

attained, despite an extensive screening of chiral phosphines

(Josiphos and other ferrocene-based phosphines, BINAP,

MeO-Biphep and Monophos type ligands). Nevertheless, these

preliminary experiments highlight enantiotopos selection as a

potential strategy for enantioselective cycloisomerizations.

The last class of enantioselective cyclizations that we will

discuss in this section is the [4C+2C] cyclizations of allen–

dienes. Enantioselective reactions of this class have been

introduced by López, Mascareñas et al. in 2009.136 The

cyclizations take place under gold catalysis and provide a

straightforward access to bicyclic cyclohexenes with alkylidene

substituents (Scheme 51). Mascareñas’s work focused on

N-tosyl-tethered allen–dienes. In these experiments a possible

competitive reaction is a (4C+3C) cyclization (see next section

of this manuscript). The selectivity depends on the catalyst

used (carbophilic gold complexes with electron-withdrawing

ligands favour (4C+2C) cyclizations137) as well as on the

substrate: allene units dialkylated at their distal position give

(4C+2C) cyclizations, while terminal and mono-substituted

allenes tend to either undergo (4C+3C) cyclizations or to

afford complex mixtures. In these reactions, bimetallic gold

complexes of atropisomeric diphosphines as well as phosphor-

amidite gold(I) complexes performed well. Bimetallic com-

plexes did not give significant enantiomeric excesses, but the

highly versatile phosporamidite–gold complexes could be

finely tuned to attain high enantioselectivity levels.

The best chiral ligand proved to be the phosphoramidite

with multiple stereogenic elements shown in Scheme 51(a).

The matching configurations was obtained by merging an

(R)-binaphthyl scaffold with an (R,R)-bis(1-phenylethylamine)

moiety. The binaphthyl skeleton of the ligand bears very bulky

anthracenyl substituents at the 3,30-positions. This gold-

phosphoramidite catalyst provided trans-fused 5,6- and 6,6-

fused rings in excellent yields and enantioselectivity ranging

from 91 to 97%, with only small amounts of the [4C+3C]

cyclization product (4 examples).

According to DFT calculations,135 the enantiodetermining

step of these cyclizations is a concerted [4+3] cycloaddition

involving the allyl-gold cation A shown in Scheme 52. The six-

membered ring would arise then from B through a ring

contraction process (1,2-alkyl migration), which is especially

favoured in the case of gold complexes with electron-

withdrawing ligands. This mechanistic hypothesis is fully

consistent with the fact that [4C+2C] cycloadducts and the

minor [4C+3C] cycloadducts have virtually identical enantio-

meric excesses.

In parallel studies, González and Toste have disclosed the

BINOL derived phosphoramidite shown in Scheme 51(b) as

an alternative ligand for the same cyclizations.138 This ligand

afforded an almost perfect enantioselectivity level (2 examples).

Later on, Fürstner et al. demonstrate the efficiency of a

TADDOL derived phosphoramidite in the same reaction

(1 example, 90% yield, 91% ee).121

Finally, the enantioselective (4C+2C) cyclizations were

extended by González and Toste to allen–dienes with three

carbon tethers.138 Phosphites–AuCl complexes were antici-

pated to promote the isomerization of allene–dienes into fused

cyclohexenes selectively, due to their electron-poor character.

Screening of several phosphites highlighted the H8-BINOL

Scheme 50

Scheme 51 Scheme 52
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derived phosphite shown in Scheme 53 as an excellent ligand.

1,7-Allen–dienes were converted selectively into trans-fused

bicyclo[4.3.0]nonanes in good yields and enantiomeric excesses

of over 80% (6 examples, 82–92% ee). The catalyst is stable

enough to be recovered after the catalytic reaction.

(4C+3C) Cyclizations of allen–dienes

As discussed in the previous section, allen–dienes undergo

intramolecular (4C+2C) cyclizations under gold catalysis.

However small changes in the substitution pattern of the

substrate can change the outcome of these reactions by

favouring (4C+3C) cyclization products (Scheme 54). The

gold promoted reactions provide [4+3] cycloadducts prefer-

entially when starting from allenes monosubstituted at their

terminal carbon. Allen–dienes with both three and four-atom

chains connecting the allenic and dienic units are converted

into fused bicyclic cycloheptadienes. Enantioselective variants

of these reactions have been implemented recently by López

and Mascareñas who disclosed that the same kind of phosphor-

amidite gold catalysts previously used for (4C+2C) cyclizations

also promote highly enantioselective (4C+3C) cyclizations.139

The optimum ligand is the BINOL derived phosphoramidite

shown in Scheme 54. It displays 9-anthracenyl substituents

at the 3,30-positions and a chiral bis(a-phenylethyl)-

amine substituent at phosphorus. The cyclization proceeded

efficiently, with high enantioselectivity levels (12 examples,

87–98% ee).

(5C+2C) Cyclizations involving vinylcyclopropanes

Rhodium(I) catalysts are known to promote the intra-

molecular (5C+2C) cycloadditions between vinylcyclo-

propanes and a variety of p-systems, i.e. alkynes,140 alkenes141

or allenes142 as the 2C components.143 Wender et al. first

addressed the issue of asymmetric variants of the cyclizations

of vinylcyclopropanes with olefins.53,141 Several rhodium

complexes of chiral diphosphines have been evaluated. From

these comparative studies, BINAP emerged as the most effi-

cient ligand (Scheme 55). The cationic [(R)-BINAP)Rh]SbF6

catalyst, generated in situ from [Rh(nbd)Cl]2, (R)-BINAP,

AgSbF6 under a stream of H2, afforded high yields and

moderate to high enantioselectivities, depending on the sub-

strate. Especially, substrates with tosylamide or malondiester

tethering groups gave high ees in these (5C+2C) cyclizations

(4 examples, 95% to >99% ee).

The absolute configuration of the final product has been

established and a stereochemical model has been proposed

based on DFT calculations. The key steps of the catalytic cycle

are shown in Scheme 56. It is assumed that the stereodetermining

step is the C–C bond formation leading from B to C, and also

that the stereochemistry of the final product is determined by

the favored conformation of intermediateB. This conformation

is shown in Scheme 56. It minimizes steric interactions

Scheme 54

Scheme 53

Scheme 55

Scheme 56

D
o
w

n
lo

ad
ed

 b
y
 C

N
R

S
 -

 I
C

S
N

 o
n
 1

3
 N

o
v
em

b
er

 2
0
1

2

P
u
b
li

sh
ed

 o
n
 0

6
 J

u
n
e 

2
0
1
2
 o

n
 h

tt
p
:/

/p
u
b
s.

rs
c.

o
rg

 | 
d
o
i:

1
0
.1

0
3
9
/C

2
C

S
3
5
0
2
0
C

View Online

http://dx.doi.org/10.1039/c2cs35020c


4902 Chem. Soc. Rev., 2012, 41, 4884–4908 This journal is c The Royal Society of Chemistry 2012

between, notably, the R1 substituent of the olefin and the

chiral (R)-BINAP ligand which hinders the upper-left and

bottom-right quadrants of the rhodium complex.

The BINAP–rhodium complex above was ineffective, in

terms of chiral induction, for the analogous intramolecular

(5C+2C) cyclizations of vinylcyclopropanes and alkynes.141

These last reactions could be carried out later by Shintani et al.

who achieved very high enantiomeric excesses by means

of rhodium complexes of chiral phosphoramidites.144 The

BINOL derived phosphoramidite shown in Scheme 57 induced

uniformly high enantioselectivity in the cyclization of enynes

with three-atom tethering chains, largely irrespective of the

nature of this chain (9 examples, 83–99% ee).

In these reactions, the catalytically active species formed in situ

is presumably a Rh/phosphoramidite 1 : 1 complex, since an

excess ligand inhibits the catalytic reaction. Concerning the design

of the chiral ligand, it has been demonstrated that the presence of

chiral substituents on nitrogen is not essential. However the

presence of phenyl groups on these substituents (either two or

four phenyl groups) is necessary. These phenyl groups supposedly

organize the conformation of the rhodium complex so as to create

well defined, sterically distinct quadrants in the environment of the

metal. Finally, a stereochemical model very similar to that in

Scheme 56 has been proposed for these reactions.

(2C+2C+2C) Cyclizations of dien–ynes, en–diynes

and triynes

Under transition metal catalysis, substrates with three non-

conjugated multiple bonds may undergo (2C+2C+2C)

cycloisomerizations leading to six-membered rings, often

included in more complex polycyclic scaffolds.18,145,146 The

six-membered rings are assumed to be formed mainly by

oxidative couplings of two of the p-systems in the coordination

sphere of the metal (Scheme 58), followed by insertion of the

third unsaturated function in the metallacycle.

These reactions are classified hereafter into three separate

sections according to the classes of substrates, i.e. triynes,

dien–ynes and en–diynes respectively.

Triynes. The inter- or intramolecular [2+2+2] cyclo-

addition of triynes represents a well-known, straightforward

protocol for the synthesis of benzene derivatives. It has been

adapted to the enantioselective synthesis of chiral compounds

of three different classes: axially chiral biaryls, planar-chiral

metacyclophanes and helical structures.147–149

Axially chiral biaryls have been obtained by Shibata et al. by

cyclotrimerization of oxygen-bridged 1,6,11-triynes with

naphthyl groups on the external alkynes.150 As shown in

Scheme 59, the final product displays two benzo-fused five

member rings. This reaction was carried out under iridium

catalysis, with a catalyst formed in situ from [IrCl(cod)]2 and

(S,S)-Me-DuPhos. It produced the desired atropisomeric

diarylbenzene as a mixture of DL and meso isomers in a 7 : 1

ratio. The chiral isomer displayed a very high enantiomeric

excess (94% ee).

The same strategy, when applied to hexa-ynes, enables the

synthesis of biaryls via two consecutive [2+2+2] cyclizations

(Scheme 60). In this case, the bulky, atropisomeric ligands

tol-BINAP and Xyl-BINAP gave the best results and afforded

the doubly cyclized products with excellent enantioselectivity.151

Enantiomeric excesses of 96–98% were obtained from hexaynes

with either oxygen or nitrogen containing tethers, displaying

Scheme 57

Scheme 58

Scheme 59

Scheme 60
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either aryl substituents or bulky alkyls (i-Pr) on the external

alkynes.

The metal-catalyzed trimerization of triynes also allows the

asymmetric synthesis of helically chiral molecules. This strategy

has been demonstrated initially by Stará et al. as shown in

Scheme 61a: the central aromatic ring of the hexahelicene has

been created by [2+2+2] cyclization of the corresponding

triyne under nickel catalysis in the presence of (S)-MOP as the

chiral ligand.152 Although a promising 48% enantiomeric

excess had been obtained in this first attempt, the control of

the helical chirality by means of nickel catalysts could not be

improved in further experiments.153

Later, Tanaka succeeded in the construction of helical

chirality by [2+2+2] cyclotrimerization of analogous triynes

by using chiral rhodium catalysts. Under rhodium-Me-

Duphos catalysis, the naphthol derived triynes shown in

Scheme 61b have been converted into the corresponding

heptahelicenes in ee up to 85%.154

The intramolecular cyclotrimerization of triynes also allows

the enantioselective synthesis of planar chiral cyclophanes,

planar chirality is found notably in metacyclophanes with

unsymmetrically substituted aryl rings, provided that the

ansa-chains are short enough to avoid flipping over the plane

of the aromatic rings. This is the case for the ortho-substituted

[7]- to [10]-metacyclophanes shown in Scheme 62. Tanaka et al.

obtained these scaffolds in enantiomerically enriched form

by cyclotrimerization of suitable triynes, under rhodium

catalysis.155,156 As illustrated in Scheme 62, the use of

(R)-H8-BINAP rhodium complexes gave excellent stereo-

chemical control (10 examples, 88% to >98% ee), the isolated

yields were however of only 10–33% due to the competing

cyclization of the substrates into achiral orthocyclophanes.

Triynes bearing an ester-linked 1,6-diyne unit (Y = CO) gave

the corresponding metacyclophanes in higher ees than the

analogous ether-linked diynes (Y = CH2). Other atropisomeric

diphosphines such as SegPhos, BINAP and Xyl-BINAP have

been tested, they gave however slightly or considerably lower

enantiomeric excesses.

An alternative and highly efficient strategy is the intra-

molecular cyclotrimerization of branched triynes reported by

Shibata et al. in 2009 (Scheme 63).157 In the nitrogen-branched

triynes shown in Scheme 63, the ortho-aminophenol tether has

been specifically designed to orient the side chain favorably for

the cyclization reaction. Also, the methoxymethyl function on

the alkyne was especially intended to activate the alkyne moiety.

The best catalysts for these cyclizations, in terms of both

activity and enantioselectivity levels, were cationic rhodium–

(S,S)-Me-DuPhos complexes. They afforded the desired cage

compounds in up to 95% yield and 98% ee (Scheme 63, R =

4-Br–C6H4). Also, an iridium based catalyst generated in situ

from [IrCl(cod)]2 and (S,S)-Me-DuPhos produced the same

cage compounds with high enantioselectivity (88% ee, for

R = Ph), but the reaction required much harsher conditions

(120 1C) to have a significant conversion rate (62% yield).

In the same study,157 the method has been applied also to a

hetero-[2+2+2] cyclotrimerization process which involves a

nitrile function as the third cyclization partner (52% yield,

94% ee). In this case, BINAP has been used instead of DuPhos

as the chiral ligand.

Dien–ynes. Dien–ynes that have been subjected to cyclo-

isomerization include compounds with ‘‘ene–ene–yne’’ and

Scheme 61 Scheme 62

Scheme 63

D
o
w

n
lo

ad
ed

 b
y
 C

N
R

S
 -

 I
C

S
N

 o
n
 1

3
 N

o
v
em

b
er

 2
0
1

2

P
u
b
li

sh
ed

 o
n
 0

6
 J

u
n
e 

2
0
1
2
 o

n
 h

tt
p
:/

/p
u
b
s.

rs
c.

o
rg

 | 
d
o
i:

1
0
.1

0
3
9
/C

2
C

S
3
5
0
2
0
C

View Online

http://dx.doi.org/10.1039/c2cs35020c


4904 Chem. Soc. Rev., 2012, 41, 4884–4908 This journal is c The Royal Society of Chemistry 2012

‘‘ene–yne–ene’’ sequences. Their cycloisomerization gives

distinct outcomes depending on the bond connectivity, as well

as on the substitution pattern and the nature of the tethering

chains.

Substrates displaying branched ‘‘ene–ene–yne’’ sequences

have been investigated in depth by Shibata.158,159 The

branched ‘‘ene–ene–ynes’’ in Scheme 64, in the presence of

rhodium complexes, afforded either the tricyclic compounds A

or the bicyclic compounds B, depending on the nature of the

R2 substituent of the diene and the length of the tethering

chain. 1,4-Dien–ynes in which R2 = Me or Ph afforded the

bicyclo[2.2.1]heptane scaffoldsA, while the bicyclic cyclohexadienes

B were formed selectively from 1,4-dien–ynes non-substituted

at the 2-positions (n = 1, R2 = H).

For these transformations, a ligand screening high-

lighted (R)-TolBINAP as the best chiral ligand. The corre-

sponding rhodium complex afforded the polycyclic species A

or B with excellent control of the stereochemistry of their

quaternary stereogenic centres (10 examples, ees in the

range 88–99%). The catalyst shown in Scheme 64 operates

at 60 1C, but the reaction could be run under even milder

conditions (room temperature, 24 h), when using a pre-

catalyst prepared from [Rh(cod)2]BF4 and Tol-BINAP and

pretreated with hydrogen gas to remove the cyclooctadiene

ligand.158

Under the same conditions, starting from non-substituted

1,5-dien–ynes (n= 2, R2 =H) the reactions afforded mixtures

of A and B from which B was isolated with almost perfect

enantioselectivity (Scheme 64). 1,6-Dien–ynes with either

all-carbon or ether tethers between the olefinic units were

converted into the tricyclic species A in very high enantiomeric

excesses (5 examples, 89% to >99% ee).

Moreover, Shibata et al. demonstrated that, under analogous

conditions, branched 1,4-dien–ynes bearing bulky aryl groups

on the alkyne (R1 = o-tolyl, 1-naphthyl, 2-PhC6H4, 9-phen-

anthryl) follow a different reaction pathway leading to the

spirocyclic compounds in Scheme 65a.159 In these rearrange-

ments the cationic Rh-TolBINAP catalyst also afforded

excellent enantioselectivities (5 examples, 92–99% ee >90%).

On the other hand, when branched 1,5-dien–ynes with aryl

groups at the 2-position of the diene (R2=Ph, o-tolyl, 2-PhC6H4)

were subjected to the same conditions, the new chiral

tricyclo[6.3.1.01,8]dodecenes shown in Scheme 65b were isolated

as the major products, with excellent enantiomeric excesses

(4 examples, 99% ee).159

Overall, the protocols shown in Scheme 65 provide multi-

cyclic compounds with very good control of their stereo-

centres, including the quaternary stereogenic centres at the

ring junctions.

Another class of substrates is dien–ynes displaying linear

‘‘ene–yne–ene’’ or ‘‘ene–ene–yne’’ sequences. Under metal

catalysis, ‘‘ene–yne–ene’’ type substrates undergo formal

[2C+2C+2C] cyclizations and generate cyclohexene units

embedded in fused tricyclic structures. The first intramolecular

enantioselective [2+2+2] cyclization of this class was carried

out by Tanaka et al. on the symmetrical, N-tethered dien–yne

shown in Scheme 66a.160 In the presence of rhodium(I) complexes

of atropisomeric diphosphines the reaction led to mixtures of

cis- and trans-fused cyclohexenes with 5,6,6-tricyclic scaffolds.

With H8-BINAP as the chiral ligand, the chiral trans-fused

isomer was obtained with perfect enantioselectivity, it was

produced however in only minor amounts.

Further studies were conducted then on unsymmetrical

dien–ynes since, in this case, both trans-fused and cis-fused

scaffolds would be chiral.161 The best results were obtained in

the [2+2+2] cyclizations of the dienynes combining two

tethers of different nature and lengths typified in Scheme 66a

(for n = 2) and 66b. Excellent stereochemical control was

obtained in these cyclizations by using cationic rhodium

complexes of (R)-H8-BINAP or, alternatively, rhodium com-

plexes of (R)-Segphos. Especially, the phenol-tethered enynes

shown in Scheme 66b were converted selectively into cis-fused

5,6,6-tricyclic derivatives, thanks to the geometrical con-

straints induced by the aromatic linker. The corresponding

tricyclic derivatives were obtained in high yields and very high

enantiomeric excesses (6 examples, 93–99% ee). The absolute

configuration of the final cis-configured tricyclic product

Scheme 64

Scheme 65
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was assigned as (3aR,5aS) by X-ray diffraction studies for

Z = N-Ts and R = H.

Substrates displaying an ‘‘ene–ene–yne’’ sequence undergo

analogous [2+2+2] cyclizations to provide tricyclic cyclo-

hexenes with three stereogenic carbons. Enantioselective

variants of these reactions have been reported by Shibata162

to be promoted efficiently by the same rhodium–H8-BINAP

complexes previously used for the cycloisomerizations of

‘‘ene–yne–ene’’ type substrates. Representative examples are

shown in Scheme 67. Suitable substrates have three atom

tethering chains with at least one tosylamide function, the

second chain being either an heteroatom functionalized or a

simple three-carbon chain. The tethering chain can include an

aromatic ring and the alkyne units bear either a phenyl or a

methyl substituent. These [2+2+2] cyclizations proceed with

high enantioselectivity (5 examples, 73–95% ee).

Notably, the reaction has been extended to a trien–yne

which displays a conjugated diene unit (Scheme 68). The

terminal double bond of the diene has been involved in the

cyclization process which therefore resulted in the construc-

tion of a 5,6,7-tricyclic scaffold, with very high enantiomeric

excess (65% yield, 98% ee). BINAP was used in this last

reaction, instead of H8-BINAP.162

En–diynes. Transition metal promoted [2+2+2] cycliza-

tions have been observed also for en–diynes where two alkyne

moieties are connected to the contiguous carbons of an alkene,

in a linear ‘‘yne–ene–yne’’ type sequence. As for the analogous

cyclizations on dien–ynes, these reactions afford a six-

membered ring embedded in a tricyclic scaffold (Scheme 69).

Asymmetric reactions of this class have been carried out by

Shibata et al.163 and Tanaka et al.160 by using rhodium

complexes of modified BINAPs. The targeted en–diynes have

an E-configured olefinic unit, since E-olefins will produce anti-

fused cycloadducts, that is chiral species, from both symme-

trical and unsymmetrical substrates. Rhodium complexes of

H8-BINAP proved to be efficient chiral promoters with rather

wide scope. They have been used for the cyclization of

en–diynes with three atom tethers into trans-fused 5,6,5-tricyclic

derivatives with a central cyclohexadiene unit. The starting

en–diynes may display either carbon chains, with geminal

ethoxycarbonyl or phenylsulfonyl substituents, or heteroatom

containing chains. The alkyne termini can have alkyl, aryl,

halide or ester groups as the substituents. All these functions

are combined to give both symmetrical and unsymmetrical

substrates. With only a few exceptions, these cyclization

Scheme 66

Scheme 67

Scheme 68

Scheme 69
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processes displayed high enantioselectivity. Selected examples

are illustrated in Scheme 69. X-ray data demonstrate that the

final 5,6,5-tricyclic species (for Z = C(SO2Ph)2, R = R1 =H)

generated by (S)-H8-BINAP has an (R,R) configuration at the

two contiguous stereogenic carbons.

Attempts of using chiralN-phosphino sulfinamide ligands in

the same reactions met with only moderate success.164

Soon after, the rhodium promoted [2+2+2] cyclization of

en–diynes has been applied to the 15- and 16-membered

macrocyclic substrates shown in Scheme 70. These reactions

afforded fused tetracyclic compounds with a cyclohexadiene

core in enantiomerically enriched form. Of the three chiral

ligands tested in these experiments, (S)-BINAP, (S)-(neomenthyl)-

diphenylphosphine and (2S,3S)-2,3-bis(diphenylphosphino)-

butane, only (2S,3S)-2,3-bis(diphenylphosphino)butane afforded

significant enantiomeric excesses (44 and 41% ee for n=1 and

n = 2 respectively).165

Overall, with only a few exceptions, the rhodium complexes

of atropisomeric diphosphines proved to be the privileged

catalysts for the enantioselective [2+2+2] cyclizations of

polyunsaturated en–diynes, dien–ynes as well as of some triyne

substrates. The stereochemical course of these reactions has

not been elucidated so far although detailed mechanistic

studies are available for achiral catalysts.166

Concluding remarks

Undoubtedly, cycloisomerizations of unsaturated substrates have

the potential of being highly useful tools for the enantioselective

synthesis of carbocycles and heterocycles, including core scaffolds

of biologically active natural products. Therefore, enantioselective

variants of these reactions are eagerly sought. This short overview

demonstrates that very high catalyst efficiency and enantio-

selectivity levels can be attained in these reactions by the choice

of appropriate metal–ligand pairs. However, cycloisomerization

reactions that have been subjected to extensive investigations are

still rather limited in number, as well as in terms of substrate

scope. The rhodium promoted Alder-ene reactions are the first

and still the most studied of these reactions. They have attained a

significant, synthetically useful level of development, thanks to the

active contributions of several research teams.

From this literature overview, only a very few guidelines can

be sketched for the design of appropriate catalysts:

– In gold promoted cycloisomerizations, enantioselective

processes largely relate to the availability of relatively

inexpensive phosphoramidite type ligands that can be easily

designed and tuned for each specific reaction.

– Alternatively, bimetallic gold complexes of atropisomeric

diphosphines seem to have quite general applicability.

– In rhodium chemistry, the atropisomeric diphosphines still

play a major role, although chiral dienes are emerging as

successful ligands also.

– Palladium complexes of either atropisomeric diphosphines

or phosphine-oxazolidines are useful mainly for Alder-ene

type reactions.

– In platinum and iridium chemistry specific ligand and

catalyst design has been carried out for single reactions and

therefore general trends cannot be drawn.

Finally, a major drawback that might hamper the rapid

development of this area is that factors that determine the

stereochemical control are largely unknown for all of the

cycloisomerization processes. The few mechanistic pathways

and stereochemical models that have been proposed so far are

mainly speculative and have not been used as predictive

models. An improved theoretical knowledge should contribute

in the near future to appropriate catalyst design for a wider

range of enantioselective cycloisomerization reactions.

Subsequently, a more extensive development of synthetic

applications, including the synthesis of biologically active

compounds, can be easily anticipated.

Note: After submission of this review, additional papers relevant

to enantioselective cycloisomerization have appeared.167,168
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and C. Leslie, Tetrahedron Lett., 1997, 38, 6213–6216.

35 Q. Zhang and X. Lu, J. Am. Chem. Soc., 2000, 122, 7604–7605.
36 Q. Zhang, X. Lu and X. Han, J. Org. Chem., 2001, 66, 7676–7684.
37 C. Muthiah, M. A. Arai, T. Shinohara, T. Arai, S. Takizawa and

H. Sasai, Tetrahedron Lett., 2003, 44, 5201–5204.
38 W. Xu, A. Kong and X. Lu, J. Org. Chem., 2006, 71, 3854–3858.
39 P. Cao, B. Wang and X. Zhang, J. Am. Chem. Soc., 2000, 122,

6490–6491.
40 P. Cao and X. Zhang, Angew. Chem., Int. Ed., 2000, 39,

4104–4106.
41 A. Lei, M. He, S. Wu and X. Zhang, Angew. Chem., Int. Ed.,

2002, 41, 3457–3460.
42 A. S. K. Hashmi, P. Haufe and A. Rivas Nass, Adv. Synth. Catal.,

2003, 345, 1237–1241.
43 A. S. K. Hashmi, P. Haufe, A. Rivas Nass and J. W. Bats, Adv.

Synth. Catal., 2004, 346, 421–424.
44 N. Körber, F. Rominger and T. J. J. Müller, Adv. Synth. Catal.,

2009, 351, 2921–2935.
45 N. Körber, F. Rominger and T. J. J. Müller, Synlett, 2010,

782–786.
46 A. Lei, J. P. Waldkirch, M. He and X. Zhang, Angew. Chem., Int.

Ed., 2002, 41, 4526–4529.
47 A. Lei, M. He and X. Zhang, J. Am. Chem. Soc., 2002, 124,

8198–8199.
48 F. Liu, Q. Liu, M. He, X. Zhang and A. Lei, Org. Biomol. Chem.,

2007, 5, 3531–3534.
49 R. Okamoto, E. Okazaki, K. Noguchi and K. Tanaka,Org. Lett.,

2011, 13, 4894–4897.
50 K. C. Nicolaou, A. Li, S. P. Ellery and D. J. Edmonds, Angew.

Chem., Int. Ed., 2009, 48, 6293–6295.
51 K. C. Nicolaou, A. Li, D. J. Edmonds, G. S. Tria and S. P. Ellery,

J. Am. Chem. Soc., 2009, 131, 16905–16918.
52 K. Mikami, Y. Yusa, M. Hatano, K. Wakabayashi and

K. Aikawa, Tetrahedron, 2004, 60, 4475–4480.
53 P. A. Wender, L. O. Haustedt, J. Lim, J. A. Love, T. J. Williams

and J.-Y. Yoon, J. Am. Chem. Soc., 2006, 128, 6302–6303.
54 P. Cao, B. Wang and X. Zhang, J. Am. Chem. Soc., 2000, 122,

6490–6491.
55 N.-J. Kim, H. Moon, T. Park, H. Yun, J.-W. Jung, D.-J. Chang,

D.-D. Kim and Y.-G. Suh, J. Org. Chem., 2010, 75, 7458–7460.
56 A. Lei, M. He and X. Zhang, J. Am. Chem. Soc., 2003, 125,

11472–11473.
57 M. He, A. Lei and X. Zhang, Tetrahedron Lett., 2005, 46,

1823–1826.
58 K. C. Nicolaou, D. J. Edmonds, A. Li and G. S. Tria, Angew.

Chem., Int. Ed., 2007, 46, 3942–3945.
59 E. G. Corkum,M. J. Hass, A. D. Sullivan and S. H. Bergens,Org.

Lett., 2011, 13, 3522–3525.
60 K. Mikami, S. Kataoka, Y. Yusa and K. Aikawa, Org. Lett.,

2004, 6, 3699–3701.
61 K. Mikami, S. Kataoka and K. Aikawa, Org. Lett., 2005, 7,

5777–5780.
62 K. Mikami, S. Kataoka, K. Wakabayashi and K. Aikawa, Tetra-

hedron Lett., 2006, 47, 6361–6364.
63 K. Mikami, Y. Yusa, M. Hatano, K. Wakabayashi and

K. Aikawa, Chem. Commun., 2004, 98–99.
64 S. I. Lee, S. M. Kim, S. Y. Kim and Y. K. Chung, Synlett, 2006,

2256–2260.

65 T. V. RajanBabu, Chem. Rev., 2003, 103, 2845–2860.
66 R. Giri, B.-F. Shi, K. M. Engle, N. Maugel and J.-Q. Yu, Chem.

Soc. Rev., 2009, 38, 3242–3272.
67 R. Grigg, T. R. B. Mitchell and A. Ramasubbu, J. Chem. Soc.,

Chem. Commun., 1980, 27–28.
68 R. Grigg, J. F. Malone, T. R. B. Mitchell, A. Ramasubbu and

R. M. Scott, J. Chem. Soc., Perkin Trans. 1, 1984, 1745–1754.
69 Y. Yamamoto, N. Ohkoshi, M. Kameda and K. Itoh, J. Org.

Chem., 1999, 64, 2178–2179.
70 S. Okamoto and T. Livinghouse, J. Am. Chem. Soc., 2000, 122,

1223–1224.
71 B. Radetich and T. V. RajanBabu, J. Am. Chem. Soc., 1998, 120,

8007–8008.
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2009, 131, 13020–13030.

137 P. Mauleón, R. M. Zeldin, A. Z. González and F. D. Toste,
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D. Šaman, Tetrahedron Lett., 1999, 40, 1993–1996.
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