
 
 
 
 
 
 

RHODIUM(I) CATALYZED [2+2+2] CYCLOADDITION 
REACTIONS: EXPERIMENTAL AND THEORETICAL 

STUDIES 
 
  
 
 

Anna DACHS SOLER 
 
 
 

Dipòsit legal: GI-114-2011 
           http://hdl.handle.net/10803/52981 

 
 
 
 
ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a l’acceptació de les següents 
condicions d'ús: La difusió d’aquesta tesi per mitjà del servei TDX ha estat autoritzada pels titulars dels 
drets de propietat intel·lectual únicament per a usos privats emmarcats en activitats d’investigació i 
docència. No s’autoritza la seva reproducció amb finalitats de lucre ni la seva difusió i posada a 
disposició des d’un lloc aliè al servei TDX. No s’autoritza la presentació del seu contingut en una 
finestra o marc aliè a TDX (framing). Aquesta reserva de drets afecta tant al resum de presentació de la 
tesi com als seus continguts. En la utilització o cita de parts de la tesi és obligat indicar el nom de la 
persona autora. 
 
ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptación de las siguientes 
condiciones de uso: La difusión de esta tesis por medio del servicio TDR ha sido autorizada por los 
titulares de los derechos de propiedad intelectual únicamente para usos privados enmarcados en 
actividades de investigación y docencia. No se autoriza su reproducción con finalidades de lucro ni su 
difusión y puesta a disposición desde un sitio ajeno al servicio TDR. No se autoriza la presentación de su 
contenido en una ventana o marco ajeno a TDR (framing). Esta reserva de derechos afecta tanto al 
resumen de presentación de la tesis como a sus contenidos. En la utilización o cita de partes de la tesis 
es obligado indicar el nombre de la persona autora. 
 
WARNING. On having consulted this thesis you’re accepting the following use conditions:  Spreading 
this thesis by the TDX service has been authorized by the titular of the intellectual property rights only 
for private uses placed in investigation and teaching activities. Reproduction with lucrative aims is not 
authorized neither its spreading and availability from a site foreign to the TDX service. Introducing its 
content in a window or frame foreign to the TDX service is not authorized (framing). This rights affect 
to the presentation summary of the thesis as well as to its contents. In the using or citation of parts of 
the thesis it’s obliged to indicate the name of the author. 
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D1#%0(.,'20#'#0%39$%#('/<.20#&1#3'&&1$#4.%#%3#91,'%/#,1/"$>#

#

A#9%$#"*"5"$7#31&(600'3%0#<$B*'%0#"# (.7# A0""*>#S%$# &"# (%8"#9"*';/*'"# '# *139$%/0'+>#

S%&0# B/'30# '# 9%$# &"# &&'5%$("(# 4.%# 3-C"0# ,1/"(># S%$# %0("$# 0%39$%# 4."/# %(#

/%*%00'("8"7#(1(#'#%&0#313%/(0#320#,.$0>#E1#0"907#1'j#

#

J#(1(0#810"&($%07#31&(%0#<$B*'%0>#

!

!

!
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!

!

!

!

!
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!

!

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

0122#34!!------------------------------------------------------------------------------------------------------------------------------------!!.5!

61%%!78,+!'(!91$%8:#+8'*,!!----------------------------------------------------------------------------------------------------------!!;<!

=%',,#34!'(!>$$3&?8#+8'*,!!-----------------------------------------------------------------------------------------------------!!//!

&

)-./!01&23&4%*%5"$&6*+5'789+:'*&!--------------------------------------------------------------------------!!/<&

.-.- "3#*,8+8'*@2&+#%! :#+#%4,+,! +A#+! A#?&! $&&*! 2'3&! :'22'*%4! 1,&B! ('3! +A&!

C;D;D;E!:4:%'#BB8+8'*!3&#:+8'*,!!--------------------------------------------------------------------!!F.!!!!!

!"!"!" #$%&'(%)%*+,-%./01.2%3,'(%)%*+,-%.4%/+56%(!!-------------------------------!!FF.

!"!"7" 80/0+,'(%)%*+,-%.4%/+56%(.!---------------------------------------------------------------!!GH.

!"!"9" :/6+,*,;/+,03.50(/+56/+%1.(5<(+6/+%(.!--------------------------------------------!!G/.

!"!"=" >$%.;'(+5)/+%1.&%*$/0,(&.!------------------------------------------------------------!!IJ.

.-;- )'2K1+#+8'*#%!)A&28,+34!!-------------------------------------------------------------------------------!!5<!

!"7"!" >$%.?/6+6%%@4'*A./;;6'B,&/+,'0!!--------------------------------------------------!!J..

!"7"7" >$%.C%0(,+D.450*+,'0/).>$%'6D!!------------------------------------------------------!!J5.

!"7"9" #'&;5+/+,'0/).C%+/,)(.!--------------------------------------------------------------------!!<I.

!"7"=" #'&;5+/+,'0/).#$%&,(+6D.,0.+$%.)/<!!---------------------------------------------!!<J.

!

)-./!01&;3&<#=%9+:>%,&!-----------------------------------------------------------------------------------------------!!.H<!

&

)-./!01& ?3& L&*,8+4! 61*:+8'*#%! 0+1B4! '(! +A&! C;D;D;E! )4:%'+382&38M#+8'*! '(!

>:&+4%&*&!)#+#%4M&B!$4!N8%O8*,'*P,!)#+#%4,+Q!RA)%S99A/T/!!---------------------------------------!!..<!

&

)-./!01&@-! RA'B812SUT@)#+#%4M&B! U*+3#2'%&:1%#3! C;D;D;E!)4:%'+382&38M#+8'*,!'(!

.G@Q! ;H@Q! #*B! ;G@V&2$&3&B! >M#2#:3':4:%&,-! WXK&382&*+#%! #*B! "A&'3&+8:#%!

V&:A#*8,+8:!0+1B8&,!!----------------------------------------------------------------------------------------------------------------!.;<&

&

&
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!"#$%#$&'

!

!

)-./!01&A3&R#+&,!#*B!V&:A#*8,2!'(!RA'B812@)#+#%4M&B!C;D;D;E!)4:%'#BB8+8'*!'(!

Y8,#%O4*&,!#*B!#!V'*'#%O4*&!!----------------------------------------------------------------------------------------------!.F/!

&

)-./!01&B3&!RA)%S99A/T/@)#+#%4M&B!U*+3#2'%&:1%#3!)4:%'#BB8+8'*!'(!W*&B84*&,Z!+A&!

[#+13&!'(!+A&!"&+A&3!#*B!01$,+8+1&*+,!)'*+3'%!+A&!R&#:+8'*!V&:A#*8,2!!-------------!.G/!

&

)-./!01&C3&U*+3#2'%&:1%#3!C;D;D;E!)4:%'#BB8+8'*,!'(!E0%@D0%@%0%!#*B!E0%@%0%@D0%!

&*&B84*&,!)#+#%4M&B!$4!RASUTZ!WXK&382&*+#%!#*B!"A&'3&+8:#%!V&:A#*8,+8:!0+1B8&,!-------!

!------------------------------------------------------------------------------------------------------------------------------------------------------!.IG!

!

)-./!01&D3!W*&!3&#:+8'*,!$&+\&&*!+\'!#%O4*&,]!L''3,!'K&*!+'!+A&32#%%4!8*B1:&B!

:4:%'8,'2&38M#+8'*!'(!2#:3':4:%8:!+384*&,!#*B!&*&B84*&,!!------------------------------------------!!;H/!

&

)-./!01&E3&10FGH!F&"*7&I6F)GFF6<J&!-------------------------------------------------------!!;H<!

&

)-./!01&2K3&)<J)HGF6<JF&!------------------------------------------------------------------------------!!;FG!

!

01KK%&2&*+#34!L#+#!!-------------------------------------------------------------------------------------------------------------!!;G/!

!

Y8$%8'^3#KA4!!----------------------------------------------------------------------------------------------------------------------------!!;GG&

!

!

!

!

!

!

!

!
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!

!

!

!"##$%&!'
!

!

"#$! %&'&'&(! )*)+,-../0/,1! 2$-)0/,1! /13,+3$4! 0#$! 5,26-0/,1! ,5! 0#2$$! )-27,18)-27,1!

7,1.4! /1! ,1$! 4/19+$! 40$:! ;4/19! -+<*1$4=! -+<$1$4=! 1/02/+$4=! )-27,1*+4! -1.! ,0#$2!

;14-0;2-0$.! 2$-9$104! -4! 2$-)0-104>!"#/4! /4! ,1$!,5! 0#$!6,40! $+$9-10!6$0#,.4! 5,2! 0#$!

),1402;)0/,1! ,5! :,+*)*)+/)! -2,6-0/)! ),6:,;1.4! -1.! #$0$2,-2,6-0/)=! ?#/)#! #-3$!

/6:,20-10!-)-.$6/)!-1.!/1.;402/-+!;4$4>!!

!

@/1)$!A$::$!$0!-+>!.$4)2/7$.!0#$!5/240!1/)<$+8)-0-+*B$.!%&'&'&(!)*)+,-../0/,1!0,!,70-/1!

4;740/0;0$.! 7$1B$1$! .$2/3-0/3$4! /1! CDEF=! -+<*1$! )*)+,-../0/,1! 2$-)0/,14! )-0-+*B$.! 7*!

02-14/0/,186$0-+4! #-3$! 7$),6$! ,1$! ,5! 0#$! 6,40! ?/.$+*! ;4$.! 6$0#,.4! 0,! ,70-/1!

:,+*4;740/0;0$.!7$1B$1$4>!!

!

G3$2!0#$!+-40!.$)-.$=!0#/4!2$-)0/,1=!?#/)#!,2/9/1-++*!2$H;/2$.!40,/)#/,6$02/)!-6,;104!

,5! 02-14/0/,1! 6$0-+! -1.! .2-40/)! 2$-)0/,1! ),1./0/,14=! #-4! 7$),6$! -! #/9#+*! $55/)/$10!

)-0-+*0/)! :2,)$44>! "#$! -::+/)-0/,14! ,5! %&'&'&(! )*)+,-../0/,14! 2-19$! 52,6! 0#$!

:2$:-2-0/,1!,5!./55$2$10!,29-1/)!),6:,;1.4!0,!0#$!4*10#$4/4!,5!1-0;2-+!:2,.;)04!4;)#!

-4!-10/)-1)$2!.2;94!-1.!1$;2,:2,0$)0/3$!-9$104>!

!

"#$!0#$4/4!/4!./3/.$.!/10,!0$1!)#-:0$24!/1)+;./19!4/I!2$+-0$.!:;7+/)-0/,14>!"#$!5/240!40;.*!

7-4$.!,1!0#$!J/+</14,1K4!)-0-+*40=!A#L+MNN#OPO=!),6:-2$4!0#$!2$-)0/,1!6$)#-1/46!,5!

0#$! %&'&'&(! )*)+,-../0/,1! :2,)$44! ,5! -)$0*+$1$!?/0#! 0#$! )*)+,-../0/,1! ,70-/1$.! 5,2!

0#$!6,.$+!,5!0#$!),6:+$I=!A#L+MNQOPO>!R1!-1!-00$6:0!0,!2$.;)$!),6:;0-0/,1-+!),404!/1!

ST"!40;./$4=!0#/4!2$4$-2)#!:2,U$)0!-/6$.!0,!4;740/0;0$!NN#O!+/9-1.4!5,2!NQO=!.$4:/0$!0#$!

$+$)02,1/)! -1.! 40$2/)! $55$)04! :2,.;)$.! 7*! NN#O! +/9-1.4! 7$/19! 4/91/5/)-10+*! ./55$2$10! 0,!

0#,4$! )2$-0$.! 7*! NQO! ,1$4>! R1! 0#/4! 5/240! 40;.*=! .$0-/+$.! 0#$,2$0/)-+! )-+);+-0/,14!?$2$!

:$25,26$.!0,!.$0$26/1$!0#$!2$-)0/,1!6$)#-1/46!,5!0#$!0?,!),6:+$I$4>!S$4:/0$!4,6$!

./55$2$1)$4! 7$/19! .$0$)0$.=! /0! ?-4! 5,;1.! 0#-0!6,.$++/19! NN#O! 7*! NQO! /1! 0#$! )-0-+*40!

#$+:4!0,!2$.;)$!0#$!),6:;0-0/,1-+!),40!4/91/5/)-10+*!?#/+$!-0!0#$!4-6$!0/6$!:2,3/./19!

H;-+/0-0/3$+*!-))$:0-7+$!2$4;+04>!

17



!

!

!

"-</19! /10,! -)),;10! 0#$! 2$4;+04! ,70-/1$.! /1! 0#/4! $-2+/$2! 40;.*=! 0#$! 6,.$+! ,5! 0#$!

J/+</14,1K4!)-0-+*40=!A#L+MNQOPO=!?-4!-::+/$.!0,!40;.*!./55$2$10!%&'&'&(!)*)+,-../0/,1!

2$-)0/,14!?/0#!;14-0;2-0$.!4*40$64!),1.;)0$.!/1!0#$!+-7,2-0,2*>!G;2!2$4$-2)#!92,;:!

5,;1.! 0#-0! /1! 0#$! )-4$! ,5! 0,0-++*! )+,4$.! 4*40$64=! 4:$)/5/)-++*! CV8! -1.! &V86$67$2$.!

-B-6-)2,)*)+$4!)-1!-55,2.!7$1B$1/)!),6:,;1.4=!$I)$:0! /1!0#$!)-4$!,5!&W86$67$2$.!

-B-6-)2,)*)+$! M&W8XYYP! ?#/)#! ?-4! /1-)0/3$! ?/0#! 0#$! J/+</14,1K4! )-0-+*40>! R1! 0#/4!

40;.*=! 0#$,2$0/)-+! )-+);+-0/,14! -++,?$.! 0,! .$0$26/1$! 0#$! ,2/9/1! ,5! 0#$! ./55$2$10!

2$-)0/3/0*! ,5! 0#$! &W8XYY=! ?#$2$! /0! ?-4! 5,;1.! 0#-0! 0#$! -)0/3-0/,1! 7-22/$2! ,5! 0#$!

,I/.-0/3$! -../0/,1!,5! 0?,! -+<*1$4! /4! #/9#$2! 0#-1! 0#,4$!,70-/1$.! 5,2! 0#$!CV8! -1.! &V8

6$67$2$.! 6-)2,)*)+$4>! "#/4! 7-22/$2! ?-4! -002/7;0$.! :2/6-2/+*! 0,! 0#$! /10$2-)0/,1!

$1$29*=! ?#/)#! ),22$4:,1.4! 0,! 0#$! $1$29*! 0#-0! /4! 2$+$-4$.!?#$1! 0#$! 0?,! .$5,26$.!

2$-9$104! /10$2-)0! /1! 0#$! 02-14/0/,1! 40-0$>! "#$!6-/1! 5-)0,2! 0#-0! #$+:$.! 0,! :2,3/.$! -1!

$I:+-1-0/,1! 0,! 0#$! ./55$2$10! 2$-)0/3/0*! ,74$23$.! ?-4! 0#-0! 0#$! &W8XYY! #-.! -! 6,2$!

40-7+$! -1.! .$+,)-+/B$.!QGXG!,27/0-+! /1! 0#$! ,I/.-0/3$! -../0/,1! 40$:>!X,2$,3$2=! ?$!

,74$23$.!0#-0!0#$!5,26-0/,1!,5!-!402-/1$.!0$186$67$2$.!2/19!.;2/19!0#$!)*)+,-../0/,1!

,5!&W8XYY!:2$4$104!4/91/5/)-10!40$2/)!#/1.2-1)$>!

!

T;20#$26,2$=!/1!!"#$%&'()=!-1!$+$)02,)#$6/)-+!40;.*!/4!:2$4$10$.!/1!),++-7,2-0/,1!?/0#!

N2,5>! Y11*! Z;0-1.! 52,6! N-2/4>! "#/4! ?,2<! -++,?$.! 40;.*/19! 0#$! 6-/1! 40$:4! ,5! 0#$!

)-0-+*0/)! )*)+$! ,5! 0#$! %&'&'&(! )*)+,-../0/,1! 2$-)0/,1! 7$0?$$1! ./*1$4! ?/0#! -!

6,1,-+<*1$>! T/240! </1$0/)! .-0-!?$2$! ,70-/1$.! ,5! 0#$! %&'&'&(! )*)+,-../0/,1! :2,)$44!

)-0-+*B$.!7*!0#$!J/+</14,1K4!)-0-+*40=!?#$2$!/0!?-4!,74$23$.!0#-0!0#$!2-0$8.$0$26/1/19!

40$:!,5!0#$!2$-)0/,1!)-1!)#-19$!.$:$1./19!,1!0#$!402;)0;2$!,5!0#$!40-20/19!2$-9$104>!

!

R1!0#$!)-4$!,5!0#$!%&'&'&(!)*)+,-../0/,1!2$-)0/,1!/13,+3/19!0?,!-+<*1$4!-1.!,1$!-+<$1$!

/1! 0#$! 4-6$!6,+$);+$! M$1$./*1$4P=! /0! /4!?$++! <1,?1! 0#-0! 0#$! ,I/.-0/3$! ),;:+/19!6-*!

,));2! 7$0?$$1! 0?,! -+<*1$4! 9/3/19! 0#$! ),22$4:,1./19! 6$0-++-)*)+,:$10-./$1$=! ,2!

7$0?$$1! ,1$! -+<*1$! -1.! 0#$! -+<$1$! -55,2./19! 0#$! 6$0-++-)*)+,:$10$1$! ),6:+$I>!

J/+</14,1K4!6,.$+!?-4!;4$.! /1!ST"!)-+);+-0/,14!0,!-1-+*B$!0#$!./55$2$10! 5-)0,24!0#-0!

6-*! /15+;$1)$! /1! 0#$! 2$-)0/,1! 6$)#-1/46>! Q$2$! /0! ?-4! ,74$23$.! 0#-0! 0#$! )*)+/)!

$1$./*1$4! -+?-*4!:2$5$2! 0#$!,I/.-0/3$! ),;:+/19!7$0?$$1! 0?,!-+<*1$4!6,/$0/$4=!?#/+$!
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!

!

!

0#$! -)*)+/)! )-4$4! #-3$! ./55$2$10! :2$5$2$1)$4! .$:$1./19! ,1! 0#$! *+,-&'! -1.! 0#$!

4;740/0;$104!;4$.!/1!0#$!-+<*1$4>!

!

X,2$,3$2=! 0#$! J/+</14,1K4! 6,.$+! ?-4! ;4$.! 0,! $I:+-/1! 0#$! $I:$2/6$10-+! 2$4;+04!

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

40;./$.! 3-2*/19! 0#$! :,4/0/,1! ,5! 0#$! .,;7+$! 7,1.! /1! 0#$! 40-20/19! 2$-9$10>! R0! ?-4!

,74$23$.! 0#-0! $1$./*1$4! 0*:$! /,&0&,&0/,&! :2$5$22$.! 0#$! 40-1.-2.! %&'&'&(!

)*)+,-../0/,1!2$-)0/,1=!?#/+$!$1$./*1$4!0*:$!/,&0/,&0&,&!4;55$2$.!!8#*.2/.$!$+/6/1-0/,1!

5,++,?$.! -! 2$.;)0/3$! $+/6/1-0/,1! ,5! J/+</14,1K4! )-0-+*40! 9/3/19! )*)+,#$I-./$1$!

),6:,;1.4=!?#/)#!-2$!/4,6$24!52,6!0#,4$!0#-0!?,;+.!7$!,70-/1$.!0#2,;9#!40-1.-2.!

%&'&'&(!)*)+,-../0/,1!2$-)0/,14>!

!

T/1-++*=! 0#$! +-40! )#-:0$2! ,5! 0#/4! 0#$4/4! /4! 7-4$.! ,1! 0#$! ;4$! ,5! ST"! )-+);+-0/,14! 0,!

.$0$26/1$!0#$!2$-)0/,1!6$)#-1/46!?#$1!0#$!6-)2,)*)+$4!-2$!02$-0$.!?/0#!02-14/0/,1!

6$0-+4!0#-0!-2$!/1-)0/3$!0,!0#$!%&'&'&(!)*)+,-../0/,1!2$-)0/,1=!7;0!?#/)#!-2$!0#$26-++*!

-)0/3$! +$-./19! 0,!1$?!:,+*)*)+/)! ),6:,;1.4>!"#;4=! -! .,6/1,!:2,)$44!?-4!.$4)2/7$.!

),67/1/19!-1!&,&(2$-)0/,1!-1.!-!S/$+48Y+.$2!)*)+,-../0/,1>!

!

!

!

!

!

!

!
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!

!
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!

!

!
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!

!

!

()*"#'
!

[-!2$-))/\!.$!)/)+,-../)/\!),14/40$/I!$1! +-! 5,26-)/\!.$! 02$4!$1++-],4!)-27,1/8)-27,1/!

$1!;1!^1/)!:-4!.$!2$-))/\!,1!:,.$1!$40-2!/13,+;)2-04!-+H;/14=!-+H;$14=!1/02/+4=!)-27,1/+4!

/!-+02$4!),6:,40,4!/14-0;2-04>!_4!;1!.$+4!6`0,.$4!6a4!$+$9-104!:$2!-!+-!),1402;))/\!.$!

),6:,40,4! -2,6b0/)4! /! #$0$2,-2,6-0/)4! :,+/)c)+/)4! -67! /6:,20-104! ;4,4! -)-.`6/)4! /!

/1.;402/-+4>!!

!

S$4:2a4! H;$! A$::$! $0! -+>! .$4)2/9;a4! +-! :2/6$2-! 3$24/\! )-0-+/0B-.-! :$2! 1cH;$+! :$2! -!

,70$1/2! .$2/3-04! 7$1B`1/)4! 4;740/0;d04! $1! $+! CDEF=! +$4! 2$-))/,14! .$! )/)+,-../)/\!

.K-+H;/14!)-0-+/0B-.$4!:$2!6$0-++4!.$!02-14/)/\!#-!$4.$3/19;0!$1!;1!.$+4!6`0,.$4!6a4!

;0/+/0B-04!:$2!,70$1/2!7$1B$14!:,+/4;740/0;d04>!

!

e1! +K^+0/6-! .`)-.-=! -H;$40-! 2$-))/\=! H;$! $1! ;1! :2/1)/:/! 2$H;$2/-! H;-10/0-04!

$40$H;/,6`02/H;$4! .$! 6$0-++4! .$! 02-14/)/\! /! ),1./)/,14! .2b40/H;$4! .$! 2$-))/\=! 4K#-!

),13$20/0!$1!;1!:2,)a4!)-0-+c0/)!.K-+0-!$5/)/`1)/->![$4!4$3$4!-:+/)-)/,14!-7-40$1!;1!2-19!

-6:+/!.$!2$-))/,14!H;$!3-1!.$4!.$!+-!:2$:-2-)/\!.$!./5$2$104!),6:,40,4!,29b1/)4=!5/14!

-! +-! 4c10$4/! .$! :2,.;)0$4! 1-0;2-+4! ),6! 6$./)-6$104! ),102-! $+! )b1)$2! /! -9$104!

1$;2,:2,0$)0,24>!

!

[-! 0$4/! $4! ./3/.$/I! $1! .$;! )-:c0,+4! H;$! ),10$1$1! 4/4! :;7+/)-)/,14! 2$+-)/,1-.$4>! e+!

:2/6$2!$40;./!$4!7-4-!$1!$+!)-0-+/0B-.,2!.$!J/+</14,1=!A#L+MNN#OPO=!,1!$4!),6:-2-!$+!

6$)-1/46$!.$!2$-))/\!.$+!:2,)a4!.$!)/)+,-../)/\!.K-)$0/+`!:$+!H;$!4K,70a!-67!$+!6,.$+!

.$+! ),6:+$I=! A#L+MNQOPO>! YH;$40! :2,U$)0$! .$! 2$)$2)-! 3-! 4$2! /1/)/-0! :$2! $40;./-2! +-!

4;740/0;)/\!.$! ++/9-1.4!NN#O!:$2!NQO!$1!$+4!$40;./4!.$!ST"=!H;$!4K-:+/)-!#-7/0;-+6$10!

:$2!2$.;/2!$+!),40!),6:;0-)/,1-+=! 0,0! /!H;$!$+4!$5$)0$4!$+$)02f1/)4! /!$40`2/)4!:2,.;d04!

:$+4! ++/9-1.4!NN#O!4\1!6,+0!./5$2$104!.$+4!)2$-04!:$2!NQO>!X-+92-0!-+9;1$4!./5$2`1)/$4!

,74$23-.$4=!$4!3-!),140-0-2!H;$!+-!4;740/0;)/\!.$!NN#O!:$2!NQO!$1!$+!)-0-+/0B-.,2!:,0!

4$2!;0/+/0B-.-!:$2!2$.;/2!$+!),40!),6:;0-)/,1-+!.$!6-1$2-!4/91/5/)-0/3-!/!-!+K#,2-!,70$1/2!

2$4;+0-04!H;-+/0-0/3-6$10!-))$:0-7+$4>!

!
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!

!

g1! ),:!,70/19;04! $+4! 2$4;+0-04! -10$2/,24=! $4! 3-! ;0/+/0B-2! $+!6,.$+! .$+! )-0-+/0B-.,2! .$!

J/+</14,1=!A#L+MNQOPO=!:$2!+K$40;./!0$f2/)!.$!./5$2$104!2$-))/,14!.$!)/)+,-../)/\!-67!

4/40$6$4!/14-0;2-04!.;04!-!0$26$!-+!+-7,2-0,2/>!e1!$+!92;:!.$!2$)$2)-!$4!3-!02,7-2!H;$!

$1! $+! )-4! .$! 4/40$6$4! 0,0-+6$10! 0-1)-04=! ),1)2$0-6$10! $+4! 6-)2,)/)+$4! .$! CV! /! &V!

7-;+$4=!:,.$1!.,1-2!4/40$6$4!7$1B`1/)4!:,+/)c)+/)4!$I)$:0$!$1!$+!)-4!.$+!6-)2,)/)+$!.$!

&W!7-;+$4=!H;$!3-!2$4;+0-2!/1-)0/;!3$24!$+!)-0-+/0B-.,2!.$!J/+</14,1>!e1!-H;$40!$40;./=!+-!

2$-+/0B-)/\!.$!)b+);+4!0$f2/)4!3-!:$26$02$!.$0$26/1-2!+K,2/9$1!.$!+-!./5$2$10!2$-)0/3/0-0!

.$+!6-)2,)/)+$! .$! &W! 7-;+$4=! ,1! $4! 3-! 02,7-2! H;$! +-! 7-22$2-! .K-)0/3-)/\! .$! +K-../)/\!

,I/.-0/3-!$102$!.,4!-+H;/14!a4!6,+0!6a4!-+0-!H;$!+$4!H;$!$4!3-1!,70$1/2!:$+!6-)2,)/)+$!

.$!CV!/!&V!7-;+$4>!YH;$40-!7-22$2-!$4!3-!-02/7;/2!7b4/)-6$10!-!+K$1$29/-!.K/10$2-))/\=!+-!

H;-+!),22$4:,1!-!+K$1$29/-!H;$!4K-++/7$2-!H;-1!$+4!.,4!2$-)0/;4!.$5,26-04!/10$2-))/,1$1!

$1! +K$40-0!.$!02-14/)/\>!L,1)2$0-6$10!$+!:2/1)/:-+! 5-)0,2!H;$!#/!),102/7;$/I!a4!H;$!$+!

6-)2,)/)+$! .$! &W! 7-;+$4! :2$4$10-! 6a4! $40-7/+/0-0! /! 6a4! .$4+,)-+/0B-)/\! .$! +K,27/0-+!

QGXG!$1!$+!:-4!.K-../)/\!,I/.-0/3->!Y!6a4! -!6a4=! $4! 3-!,74$23-2!H;$! +-! 5,26-)/\!

.K-1$++4! .$! CW! 7-;+$4! .;2-10! +-! )/)+,-../)/\! .$+! 6-)2,)/)+$! .$! &W! 7-;+$4! :2$4$10-!

/6:$./6$104!$40`2/)4!/6:,20-104>!

!

N$2! -+02-! 7-1.-=! $1! $+! !#$1%2*( )( $4! :2$4$10$1! $40;./4! $+$)02,H;c6/)4! 2$-+/0B-04! $1!

),+h+-7,2-)/\! -67! +-! N2,5>! Y11*! Z;0-1.! .$! N-2c4=! H;$! 3-1! :$26$02$! $40;./-2! $+! )/)+$!

)-0-+c0/)!.$!+-!2$-))/\!.$!)/)+,-./)/\!$102$!;1!./c!/!;1!6,1,-+H;c>!e4!3-1!,70$1/2!-/Ic!+$4!

:2/6$2$4!.-.$4!)/1`0/H;$4!.$+4!.,4!:2/1)/:-+4!:-44,4!.$+!)/)+$!)-0-+c0/)!-67!$+!),6:+$I!

.$!J/+</14,1=!,1!$4!3-!,74$23-2!H;$!$+!:-4!.$0$26/1-10!.$! +-! 2$-))/\!:,0!3-2/-2!$1!

5;1)/\!.$!+K$402;)0;2-!.$+4!2$-)0/;4!.$!:-20/.->!

!

e1!$+!)-4!$1!H;`!$1!+-!2$-))/\!.$!)/)+,-../)/\!:-20/)/:/1!.,4!02/:+$4!/!;1!.,7+$!$1++-]!$1!

+-!6-0$/I-!6,+`);+-! M$1.//14P=! a4! ),1$9;0! H;$! +K-../)/\!,I/.-0/3-! :,0! .,1-284$! $102$!

.,4! 02/:+$4! $1++-],4! ,! ;1! 02/:+$! /! ;1! .,7+$! $1++-]>! e+! 6,.$+! .$+! )-0-+/0B-.,2! .$!

J/+</14,1!3-!4$2!;0/+/0B-0!6/0U-1]-10!)b+);+4!ST"!:$2!-1-+/0B-2!$+4!./5$2$104!5-)0,24!H;$!

:,.$1!/15+;/2!$1!$+!6$)-1/46$!.$!2$-))/\>!YH;c!$4!3-!,74$23-2!H;$!$+4!$1.//14!)c)+/)4!

4$6:2$!:2$5$2$/I$1! +K-../)/\!,I/.-0/3-!$102$!$+4!.,4! 02/:+$4!$1++-],4=!6$102$!H;$!$+4!

-)c)+/)4! 0$1$1!./5$2$10!:2$5$2`1)/-!$1! 5;1)/\!.$+! *+,-&'! /!.$+4! 4;740/0;$104!:2$4$104!$1!

$+4!02/:+$4!$1++-],4>!!
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!

!

!

!

Y!6a4!-!6a4=!$+!6-0$/I!6,.$+!.$!J/+</14,1!$4!3-!;0/+/0B-2!:$2!$I:+/)-2!$+4!2$4;+0-04!

$I:$2/6$10-+4!2$-+/0B-04!$1!$+!!#$1%2*!i!,1!4K$40;./-!+-!2$-))/\!.$!)/)+,-../)/\!.K$1.//14!

3-2/-10! +-! :,4/)/\! .$+! .,7+$! $1++-]! $1! $+! 2$-)0/;! .$! :-20/.->! e4! 3-! ,74$23-2! H;$! $+4!

4/40$6$4! +,0&,0+,! :2$5$2/$1! +-! )/)+,-../)/\! ),13$1)/,1-+! .,1-10! $+! :2,.;)0$!

)/)+,#$I-./$1/)! $4:$2-0=! 6$102$! H;$! $+4! 4/40$6$4! +,0+,0&,! :-0/$1! ;1-! !8$+/6/1-)/\!

4$9;/.-! .K;1-! $+/6/1-)/\! 2$.;)0/3-! .$+! )-0-+/0B-.,2! .$!J/+</14,1! /! .,1-10=! 5/1-+6$10=!

:2,.;)0$4!)/)+,#$I-./`1/)4!$+4!H;-+4!4\1!/4f6$24!.$+4!H;$!4K,70/1.2/$1!6/0U-1]-10!;1-!

)/)+,-../)/\!),13$1)/,1-+>!

!

T/1-+6$10=!+K^+0/6!)-:c0,+!.K-H;$40-!0$4/!$4!7-4-!$1!+K^4!.$!)b+);+4!ST"!:$2!.$0$26/1-2!

$+!6$)-1/46$!.$! 2$-))/\!H;-1!$+4!6-)2,)/)+$4! 4\1! 02-)0-04! -67!6$0-++4!.$! 02-14/)/\!

/1-)0/;4!:$2!.,1-2! +-! 2$-))/\!.$!)/)+,-../)/\=!:$2f! 2$-))/,1$1! 0`26/)-6$10!,70$1/10!

1,;4!),6:,40,4!:,+/)c)+/)4>!Y/Ic!$4!3-!.$4)2/;2$!;1!:2,)a4!.f6/1,!,1!$4!),67/1-!;1-!

2$-))/\!&,&!4$9;/.-!.K;1-!)/)+,-../)/\!.$!S/$+48Y+.$2>!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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!

!
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!
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!

!

!

()*"#)+'
!

[-!2$-))/\1!.$!)/)+,-./)/\1!),14/40$!$1!+-!5,26-)/\1!.$!02$4!$1+-)$4!)-27,1,8)-27,1,!

$1! ;1! ^1/),! :-4,! .$! 2$-))/\1! -! :-20/2! .$! -+H;/1,4=! -+H;$1,4=! 1/02/+,4=! )-27,1/+,4! *!

,02,4! ),6:;$40,4! /140-;2-.,4>! e4! ;1,! .$! +,4! 6a0,.,4! 6j4! $+$9-10$4! :-2-! +-!

),1402;))/\1! .$! ),6:;$40,4! -2,6j0/),4! *! #$0$2,-2,6j0/),4! :,+/)c)+/),4! ),1!

/6:,20-10$4!;4,4!-)-.a6/),4!$!/1.;402/-+$4>!!

!

S$4:;a4! H;$! A$::$! $0! -+>! .$4)2/7/$2-! +-! :2/6$2-! 3$24/\1! )-0-+/B-.-! :,2! 1cH;$+! :-2-!

,70$1$2!.$2/3-.,4!7$1)a1/),4! 4;40/0;/.,4!$7!$<!CDEF=! +-4! 2$-))/,1$4! .$!)/)+,-./)/\1!

)-0-+/B-.-4! :,2!6$0-+$4! .$! 02-14/)/\1! 4$! #-! ),13$20/.,! $1! ;1,! .$! +,4!6a0,.,4!6j4!

;0/+/B-.,4!:-2-!,70$1$2!7$1)$1,4!:,+/4;40/0;/.,4>!!

!

e1! +-! ^+0/6-! .a)-.-=! $40-! 2$-))/\1! H;$! $1! ;1! :2/1)/:/,! 2$H;$2c-! )-10/.-.$4!

$40$H;/,6a02/)-4!.$!6$0-+$4!.$!02-14/)/\1!*!),1./)/,1$4!.2j40/)-4!.$!2$-))/\1=!4$!#-!

),13$20/.,! $1! ;1! :2,)$4,! )-0-+c0/),! .$! -+0-! $5/)/$1)/->! @;4! -:+/)-)/,1$4! -7-2)-1! ;1-!

2-19,!-6:+/,!:-2-! +-!:2$:-2-)/\1!.$!./5$2$10$4! ),6:;$40,4!,29j1/),4=! -.$6j4!.$! +-!

4c10$4/4! .$! :2,.;)0,4! 1-0;2-+$4! ),6,! 6$./)-6$10,4! ),102-! $+! )j1)$2! *! -9$10$4!

1$;2,:2,0$)0,2$4>!

!

[-! 0$4/4! 4$!./3/.$!$1!./$B! )-:c0;+,4!H;$!),10/$1$1! 4$/4!:;7+/)-)/,1$4! 2$+-)/,1-.-4>! e+!

:2/6$2!$40;./,!4$!7-4-!$1!$+!)-0-+/B-.,2!.$!J/+</14,1=!A#L+MNN#OPO=!*!$1!a+!4$!),6:-2-!

$+! 6$)-1/46,! .$! 2$-))/\1! .$+! :2,)$4,! .$! )/)+,-./)/\1! .$! -)$0/+$1,! ),1! $+! H;$! 4$!

,70/$1$! ),1! $+!6,.$+,! .$+! ),6:+$U,=! A#L+MNQOPO>! e40$! :2,*$)0,! .$! /13$40/9-)/\1! 4$!

2$-+/B\!),1!$+!,7U$0/3,!.$!-3$2/9;-2!$+!$5$)0,!.$!4;40/0;)/\1!.$!+,4! +/9-1.,4!NN#O!:,2!

NQO! $1! +,4! $40;./,4! 0$\2/),4! ST">! e40-! 4;40/0;)/\1! 4$! -:+/)-! #-7/0;-+6$10$! :-2-!

2$.;)/2!$+!),40$!),6:;0-)/,1-+!-;1H;$!+,4!$5$)0,4!$+$)02\1/),4!*!$40a2/),4!:2,.;)/.,4!

:,2! +/9-1.,4! NN#O! 4,1!6;*! ./5$2$10$4! .$! +,4! )2$-.,4! :,2! NQO>! Y! :$4-2! .$! -+9;1-4!

./5$2$1)/-4! ,74$23-.-4=! 4$! ),140-0\! H;$! +-! 4;40/0;)/\1! .$! NN#O! :,2! NQO! $1! $+!

)-0-+/B-.,2! :;$.$! 4$2! ;0/+/B-.-! :-2-! 2$.;)/2! $+! ),40$! ),6:;0-)/,1-+! .$! 6-1$2-!

4/91/5/)-0/3-!*!-.$6j4!,70$1$2!2$4;+0-.,4!);-+/0-0/3-6$10$!-)$:0-7+$4>!
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!

!

!

g1-! 3$B! ,70$1/.,4! +,4! 2$4;+0-.,4! -10$2/,2$4=! 4$! -:+/)\! $+! 6,.$+,! .$! J/+</14,1=!

A#L+MNQOPO=! :-2-! $+! $40;./,! 0$\2/),! .$! ./5$2$10$4! 2$-))/,1$4! .$! )/)+,-./)/\1! .$!

4/40$6-4!/14-0;2-.,4!++$3-.,4!-!)-7,!$1!$+!+-7,2-0,2/,>!e1!$+!92;:,!.$!/13$40/9-)/\1!4$!

$1),102\! H;$! $1! $+! )-4,! .$! 4/40$6-4! 0,0-+6$10$! )$22-.,4=! ),1)2$0-6$10$! +,4!

6-)2,)/)+,4!.$!CV!*!&V!$4+-7,1$4=!4$!:;$.$1!,70$1$2!4/40$6-4!7$1)a1/),4!:,+/)c)+/),4!

$I)$:0,! :-2-! $+! )-4,! .$+! 6-)2,)/)+,! .$! &W! $4+-7,1$4=! H;$! 2$4;+0\! /1-)0/3,! ),1! $+!

)-0-+/B-.,2!.$!J/+</14,1>!e1!$40$!$40;./,=!+-!2$-+/B-)/\1!.$!)j+);+,4!0$\2/),4!:$26/0/\!

.$0$26/1-2!$+!,2/9$1!.$!+-!./5$2$10$!2$-)0/3/.-.!.$+!6-)2,)/)+,!.$!&W!$4+-7,1$4=!.-.,!

H;$!4$!$1),102\!H;$!+-!7-22$2-!.$!-)0/3-)/\1!.$!+-!-./)/\1!,I/.-0/3-!$102$!.,4!-+H;/1,4!

$4!6;)#,!6j4!-+0-!H;$!+-4!H;$!4$!,70/$1$1!:,2!+,4!6-)2,)/)+,4!.$!CV!*!&V!$4+-7,1$4>!

e40-!7-22$2-!4$!-02/7;*\!7j4/)-6$10$!-!+-!$1$29c-!.$!/10$2-))/\1=!+-!H;$!),22$4:,1.$!-!

+-! $1$29c-! H;$! 4$! +/7$2-! );-1.,! +,4! .,4! 2$-)0/3,4! .$5,26-.,4! /10$2-))/,1-1! $1! $+!

$40-.,! .$! 02-14/)/\1>! L,1)2$0-6$10$! $+! :2/1)/:-+! 5-)0,2! H;$! ),102/7;*\! 5;$! H;$! $+!

6-)2,)/)+,! .$! &W! $4+-7,1$4! :2$4$10-7-! 6j4! $40-7/+/.-.! *! 6j4! .$4+,)-+/B-)/\1! .$+!

,27/0-+!QGXG!$1!+-!-./)/\1!,I/.-0/3->!Y.$6j4=!4$!,74$23\!H;$!+-!5,26-)/\1!.$!-1/++,4!

.$! CW! $4+-7,1$4! .;2-10$! +-! )/)+,-./)/\1! .$+! 6-)2,)/)+,! .$! &W! $4+-7,1$4! :2$4$10-!

/6:$./6$10,4!$40a2/),4!/6:,20-10$4>!

!

N,2!,02-!:-20$=!$1!$+!!#$1%3*2()! 4$!:2$4$10-1!$40;./,4!$+$)02,H;c6/),4!2$-+/B-.,4!$1!

),+-7,2-)/\1! ),1! +-! N2,5>! Y11*! Z;0-1.! .$! N-2c4=! H;$! :$26/0/$2,1! $40;./-2! $+! )/)+,!

)-0-+c0/),! .$! +-! 2$-))/\1! .$! )/)+,-./)/\1! $102$! ;1! ./c1,! *! ;1! 6,1,-+H;/1,>! @$!

,70;3/$2,1!-4c=!+,4!:2/6$2,4!.-0,4!)/1a0/),4!),1!$+!),6:+$U,!.$!J/+</14,1!2$5$2$10$!-!

+,4!.,4!:2/1)/:-+$4!:-4,4!.$+!)/)+,!)-0-+c0/),>!@$!,74$23\!H;$!$+!:-4,!.$0$26/1-10$!.$!

+-!2$-))/\1!:;$.$!3-2/-2!$1!5;1)/\1!.$!+-!$402;)0;2-!.$!+,4!2$-)0/3,4!.$!:-20/.->!

!

e1! $+! )-4,! $1! H;$! :-20/)/:$1! .,4! 02/:+$4! *! ;1! .,7+$! $1+-)$! $1! +-! 6/46-! 6,+a);+-!

M$1$./c1,P=!$4!),1,)/.,!H;$!+-!-./)/\1!,I/.-0/3-!:;$.$!.-24$!$102$!.,4!02/:+$4!$1+-)$4!

,! ;1! 02/:+$! *! ;1! .,7+$! $1+-)$>! e+!6,.$+,! .$+! )-0-+/B-.,2! .$!J/+</14,1! 5;$! ;0/+/B-.,!

6$./-10$! )j+);+,4!ST"!:-2-! -1-+/B-2! +,4!./5$2$10$4! 5-)0,2$4!H;$!:;$.$1! /15+;/2! $1!$+!

6$)-1/46,!.$!2$-))/\1>!YH;c!4$!,74$23-!H;$!+,4!$1$./c1,4!)c)+/),4!4/$6:2$!:2$5/$2$1!
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!

!

!

+-!-./)/\1!,I/.-0/3-!$102$!+,4!.,4!02/:+$4!$1+-)$4=!6/$102-4!+,4!-)c)+/),4!0/$1$1!./5$2$10$!

:2$5$2$1)/-!$1!5;1)/\1!.$+!*+,-&'!*!+,4!4;40/0;*$10$4!:2$4$10$4!$1!+,4!02/:+$4!$1+-)$4>!

Y.$6j4=! $+! 6/46,! 6,.$+,! 4$! ;0/+/B\! :-2-! $I:+/)-2! +,4! 2$4;+0-.,4! $I:$2/6$10-+$4!

,70$1/.,4!$1!$+!!#$1%3*2(.!.,1.$!4$!$40;./-! +-! 2$-))/\1!.$!)/)+,-./)/\1!.$!$1$./c1,4!

3-2/-1.,! +-! :,4/)/\1! .$+! .,7+$! $1+-)$! $1! $+! 2$-)0/3,! .$! :-20/.->! @$! ,74$23\! H;$! +,4!

4/40$6-4! +,20&,20+,2! :2$5/$2$1! +-! )/)+,-./)/\1! ),13$1)/,1-+! .-1.,! $+! :2,.;)0,!

)/)+,#$I-./a1/),! $4:$2-.,=! 6/$102-4! H;$! +,4! 4/40$6-4! +,20+,20&,2! 4;52$1! ;1-! !8

$+/6/1-)/\1!4$9;/.-!.$!;1-!$+/6/1-)/\1!2$.;)0/3-!.$+!)-0-+/B-.,2!.$!J/+</14,1!*!.-1.,=!

5/1-+6$10$=! :2,.;)0,4! )/)+,#$I-./a1/),4! +,4! );-+$4! 4,1! /4\6$2,4! H;$! 4$! ,70$1.2c-1!

6$./-10$!;1-!)/)+,-./)/\1!),13$1)/,1-+>!

!

T/1-+6$10$=! $+! ^+0/6,! )-:c0;+,! .$! $40-! 0$4/4! 4$! 7-4-! $1! $+! ;4,! .$! )j+);+,4!ST"! :-2-!

.$0$26/1-2! $+! 6$)-1/46,! .$! 2$-))/\1! );-1.,! +,4! 6-)2,)/)+,4! 4,1! 02-0-.,4! ),1!

6$0-+$4!.$!02-14/)/\1!H;$!2$4;+0-1!/1-)0/3,4!:-2-!.-2!+-!2$-))/\1!.$!)/)+,-./)/\1=!:$2,!

4,1! -)0/3,4! 0a26/)-6$10$! ,70$1/a1.,4$! 1;$3,4! ),6:;$40,4! :,+/)c)+/),4>! YH;c! 4$!

.$4)2/7/\! ;1! :2,)$4,! .,6/1,! H;$! ),67/1-! ;1-! 2$-))/\1! &,&! 4$9;/.-! .$! ;1-!

)/)+,-./)/\1!.$!S/$+48Y+.$2>!

!

'

'

'

'

'

'
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'

'

'

'

'

'

'
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!

!

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

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

!

5#)1%$6!74!

!

89 :)3#&;!<9=!>&2,);!?9=!@+0.),&;!<9=!?+.A9!B9=!:$,&'%C!D2,3%'+,).!?%2*C!+-!%#$!

EFGFGFH!5C3.+%6'I$6'J)%'+,!+-!<3$%C.$,$!5)%).CJ$*!(C!K'.L',&+,M&!5)%).C&%;!

@#5.NOO#7P79!!"#$%&'()$**+,-!!"#";!./;!QRF9!

!

5#)1%$6!S4!

!

F9!!:)3#&;! <9=! "+66$,%;! <9=! @+0.),&;! <9=! O)6$..);! "9=! >&2,);! ?9=! ?+.A9! B9=!

@#+*'2INTPU5)%).C&$*!T,%6)I+.$32.)6!EFGFGFH!5C3.+%6'I$6'&)%'+,&!+-!8QU;!FVU!

),*! FQUB$I($6$*! <J)I)36+3C3.$&9! WX1$6'I$,%).! ),*! "#$+6$%'3).!

B$3#),'&%'3!?%2*'$&9!01('2345"2362!!""$;!78;!QFYZ9!

!

5#)1%$6!Q4!

!

79!!:)3#&;! <9=! "+66$,%;! <9=! O.)U[2',%),);! <9=! @+0.),&;! <9=! \2%),*9! <9=! @)%$&! ),*!

B$3#),'&I!+-!@#+*'2IU5)%).CJ$*!EFGFGFH!5C3.+)**'%'+,!+-!]'&).LC,$&!),*!)!

B+,+).LC,$9!!"#$%&'()$**+,-!!""$;!.9;!RV7R9!

!

5#)1%$6!R4!

!

S9! :)3#&;! <9=! @+0.),&;! <9=! ?+.A9! B9=! @#5.NOO#7P7U5)%).CJ$*! T,%6)I+.$32.)6!

5C3.+)**'%'+,! +-! W,$*'C,$&4! "#$! ^)%26$! +-! %#$! "$%#$6! ),*! ?2(&%'%2$,%&!

5+,%6+.!%#$!@$)3%'+,!B$3#),'&I9!!"#$%&'()$**+,-;%!"##;!:;;!78Q89!

!

!
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!

!

!

5#)1%$6!_4!

!

Q9!!:)3#&;!<9=!O.)U[2',%),);!<9=! O)6$..);!"9=!?+.A;!B9=!@+0.),&;!<9=! T,%6)I+.$32.)6!

EFGFGFH!3C3.+)**'%'+,&!+-!<%(=<%(=(%(!),*!<%(=(%(=<%(!$,$*'C,$&!3)%).CJ$*!(C!

@#NTP4! $X1$6'I$,%).! ),*! %#$+6$%'3).! I$3#),'&%'3! &%2*'$&9! 01('23 45"23 62!

&2(I'%%$*!-+6!12(.'3)%'+,9!

!

5#)1%$6!Y4!

!

R9!!`+,Ja.$J;! T9=! O.)U[2',%),);! <9=! @+0.),&;! <9=! :)3#&;! <9=! ?+.A;! B9=! O)6$..);! "9=!

D)6b)&;! \9=! @+26);! O9=! c.+d$6)&;! e9=! e'*).U`),3$*+;! \9=! W,$! 6$)3%'+,&! ($%/$$,!

%/+! ).LC,$&f! :++6&! +1$,! %+! %#$6I)..C! ',*23$*! 3C3.+'&+I$6'J)%'+,! +-!

I)36+3C3.'3!%6'C,$&!),*!$,$*'C,$&9!01('230&''5%2!!"#";!>?;!FZSS9!

!

O2(.'3)%'+,&!,+%!',3.2*$*!',!%#'&!%#$&'&4!

_9!! O.)U[2',%),);! <9=! "+66$,%;! <9=! :)3#&;! <9=! O.$'X)%&;! @9=! B+6$,+UB)g)&;! B9=!

O)6$..);! "9=! ]$,$%U]23##+.J;! ]9=! @+0.),&;! <9=! 5#'6).! ),*! ?%)(.$! O)..)*'2INVP!

5+I1.$X$&! +-! O+.C2,&)%26)%$*! <J)UI)36+3C3.'3! c'0),*&4! ?C,%#$&'&! ),*!

?%623%26).!<,).C&'&9!!"#$%&'()$**+,-!!""&;!.8;!QR8F9!

!

Y9!! ]62,;! ?9=! `)63');! c9=! `+,Ja.$J;! T9=! "+66$,%;! <9=! :)3#&;! <9=! O.)U[2',%),);! <9=!

O)6$..);!"9=!@+0.),&;!<9=!D2&$*!"$%6)3C3.$&!/'%#!)!]$,J$,$!+6!5C3.+#$X)*'$,$!

5+6$4! EFGFGFH! 5C3.+)**'%'+,&! +,! B)36+3C3.'3! ?C&%$I&9! 01('23 0&''5%2!

!""';!SS7Z9!

!

Z9! !:)3#&;!<9=!B)&..+6$,&;! \9=! O.)U[2',%),);!<9=!D)6b)&;! \9=!O)6$..);!"9=!@+0.),&;!<9=!

?%623%26).!:'--$6$,3$&!($%/$$,!>1$,U5#)',!),*!B)36+3C3.'3!"6'$,$!c'0),*&4!

T,-.2$,3$!+,!%#$!?%)('.'%C!),*!5)%).C%'3).!O6+1$6%'$&93!"#$%&'()$**+,-!!""';!.@;!

Q_RY9!

!

8V9! :)3#&;! <9=! `2$66)UD+,%&$3);! 59=! ]'3L$.#)21%9! D9B9=! T&! %#$! ?^F! 6$)3%'+,!

1+&&'(.$!-+6!%#$!3+I1.$X!^'N5>PSf!N',!16$1)6)%'+,P9!
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!

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

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

! 4563789! 4563,-,:;<#=>?.#$#!

! @AB! @//>,<#?!A);/;$!B#0/!

! @)! @)-:!

! @B&! @//#$+>/#?!B;/>:!&#C)>,/>$,#!

! D%E@A! F5FG3H.0"?.I<#$-:I<;0I<.$;'3454G3H.$>I</<-:!

! DJ7! !"#!3D+/-:;=-,>)H;$-:!

! D+! D+/-:!

! D$! D#$K-:!

! DA.$!! D;)-:!A.$>,;:>/#!

! 7I! 7-,:;I#$/>?.#$#!

! ,;?! 45L37-,:;;,/>?.#$#!

! 7>/M! 7>/>:-0/!

! 97N! 45F3?.,<:;);#/<-:#$#!

! 9OPJ! 9.2#/<-:!0+:C;=.?#!

! 9P7!! 9.CC#)#$/.>:!P,>$$.$Q!7>:;).2#/)-!

! 9RA8JP! 9.I<;0I<.$#!:.Q>$?!

! N@! N:#2#$/>:!@$>:-0.0!

! N/! N/<-:!

! N/FJ! 9.#/<-:!#/<#)!!

! N/J@,! N/<-:!>,#/>/#!

! #/!>:M! 7;::>H;)>/;)0!

! #*M! N*+>/.;$!

! #*+.SM! N*+.S>:#$/!

! ##! N$>$/.;2#).,!#=,#00!

! NP%3OP! N:#,/);PI)>-!%;$./K>/.;$!O>00!PI#,/);2#/)-!

! T73OP! T>0!7<);2>/;Q)>I<-!U./<! !O>00! PI#,/);2#/)-!
?#/#,/.;$!
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!

!

!

! <! <;+)0!

! 8&OP! 8.Q<!&#0;:+/.;$!O>00!PI#,/);2#/)-!

! 8PV7! 8#/#);$+,:#>)!P.$Q:#3V+>$/+2!7;))#:>/.;$!

! $A)! $%&3I);I-:!

! %&! %$C)>)#?!PI#,/);0,;I-!

! WX! 7<.)>:!:.Q>$?!

! O@W9%3BJ(! O>/).=! @00.0/#?! W>0#)! 9#0;)I/.;$! %;$./K>/.;$3!

B.2#!;C!(:.Q</!

! O#J8! O#/<>$;:!

! O#! O#/<-:!

! O0! O#00-:!! !

! 2MIM! 2#:/.$Q!I;.$/!!

! OY! O;:#,+:>)!Y#.Q</!! !

! EJN! E+,:#>)!JS#)<>+0#)!NCC#,/!

! EJNPZ! E+,:#>)!JS#)<>+0#)!PI#,/);0,;I-!

! J&BNA! J>[! &.?Q#! B<#)2>:! N::.I0;.?! A:;/! A);Q)>2! C;)!

7)-0/>:!P/)+,/+)#!%::+0/)>/.;$0!

! A<! A<#$-:!

! )M/M! );;2!/#2I#)>/+)#!

! B! B#2I#)>/+)#!!

! /D+! !"#!3D+/-:!

! B(@! B).C:+;);>,#/.,!@,.?!

! B8(! B#/)><-?);C+)>$!

! BW7!! B<.$!W>-#)!7<);2>/;Q)>I<-!!

! BO! B)>$0./.;$!O#/>:!

! R\! R:/)>S.;:#/!PI#,/);0,;I-!

!

!

!

!

!

!
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!

!

!""#$%&'(&)*+,-+$.,&*,/-01$'#,2'3*$(&0,4$+)*'*0$,5/2467,

! !

! "! 7<#2.,>:!0<.C/!"+$./01!II2'!

! 4]73EO&! E+,:#>)!O>Q$#/.,!&#0;$>$,#!;C!,>)H;$!"4]'!
! 483EO&! E+,:#>)!O>Q$#/.,!&#0;$>$,#!;C!I);/;$!
! ]4A3EO&! E+,:#>)! O>Q$#/.,! &#0;$>$,#! ;C! I<;0I<;);+0!

"]4'!!

! 49! O;$;?.2#$0.;$>:!

! F9! D.?.2#$0.;$>:!

! >H0M! @H0;)I/.;$!

! >IM! >II>)#$/!

! 7JPZ! 7;))#:>/.;$!PI#,/);0,;I-!

! ?! 9;+H:#/!

! ??! 9;+H:#!?;+H:#/!

! ?/! 9;+H:#!/).I:#/!!

! 8OD7! 8#/#);$+,:#>)!O+:/.I:#!D;$?!7;))#:>/.;$!

' (' 7;+I:.$Q!,;$0/>$/!

' 2! O+:/.I:#/!

! 0! P.$Q:#/!

! 0#I/! P#I/+I:#/!

! /! B).I:#/!

! //! B).I:#!/).I:#/!

!

!

!

!

!

!

!

!

!

!
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!

!

!

!""#$%&'(&)*+,-+$.,&*,(8$)#$(&0'1,+(-.&$+7,

!

! D]WZA! ! ! !!!D#,[#5!/<)##!I>)>2#/#)5!W##3Z>$Q3A>))!

DJ! ! ! !!!D;)$3JII#$<#.2#)!

?#QM! ! ! !!!?#Q)##!

9(B! ! ! !!!!9#$0./-!(+$,/.;$>:!B<#;)-!

! N7A! ! ! !!!NCC#,/.S#!7;)#!A;/#$/.>:!

! TT@! ! ! !!!T#$#)>:.K#?!T)>?.#$/!@II);=.2>/.;$!

TBJ! ! ! !!!T>+00.>$!B-I#!J)H./>:0!

! 8(! ! ! !!!8>)/)##3(;,[!

! 8^! ! ! !!!8;<#$H#)Q!>$?!^;<$!

%&7! ! ! !!!!%$/).$0.,!&#>,/.;$!7;;)?.$>/#0!

! ^! ! ! !!!!^#:S.$!

! ^P! ! ! !!!^;<$3P<>2!

! W7@J3OJ! ! !!!W.$#>)!7;2H.$>/.;$!;C!@/;2.,!J)H./>:0!

W9@! ! ! !!!W;,>:!9#$0./-!@II);=.2>/.;$!

WPB! ! ! !!!W.$#>)!P-$,<);$;+0!B)>$0./!

OJ! ! ! !!!O;:#,+:>)!J)H./>:0!

! ANP! ! ! !!!A;/#$/.>:!N$#)Q-!P+)C>,#!

! VPB! ! ! !!!V+>?)>/.,!P-$,<);$;+0!B)>$0./!

! P7(!! ! ! !!!P#:C37;$0.0/#$/!(.#:?!

PBJ! ! ! !!!P:>/#)!B-I#!J)H./>:0!

BP! ! ! !!!B)>$0./.;$!P/>/#!

!

!

!

!!

!

!

!

!
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!

!

!

!

!

!

!

!

!

!

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

($)%*+,-)(*$!
!

!

!

!

"#$%! &#'()*+! *,(-'$.%! )#*! +')$/.'-*! 0*#$.1! )#*! +*%*'+&#! (+*%*.)*1! $.! )#$%! )#*%$%! '.1!

'$2%! )/! /+$*.)')*! )#*! +*'1*+! 3$)#! +*4'+1%! )/! 2*&#'.$%)$&! '%(*&)%! /5! 6787879!

&:&-/'11$)$/.! +*'&)$/.%;! </)#! 4*.*+'-! '%(*&)%! '.1! +*&*.)! '1='.&*%! $.! )#$%! >$.1! /5!

+*'&)$/.! '+*! 1$%&?%%*1;! 6787879! @:&-/'11$)$/.! +*'&)$/.%! 5$.1! )#*$+! '((-$&')$/.%! $.!

/+4'.$&!&#*2$%)+:!'%!'!>*:!%)*(!$.!)#*!%:.)#*%$%!/5!2'.:!.')?+'-!(+/1?&)%;!A$=*.!)#$%B!

)#*$+! +*-*='.&*! '%! '.! *55$&$*.)! +*'&)$/.! )/! /0)'$.! (/-:%?0%)$)?)*1! 0*.C*.*%! /+!

&:&-/#*,'1$*.*%!$%!1*%&+$0*1;!

!

!

!



!

!

!

!

!

!

!

!

!

!

!

!

!
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!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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+&,&'#-(.,%'/012%3/,(

!

!

././ )01234546278951:! ;151:<353! 5=15! =1>9! ?992!
8609! ;68862:<! @39A! B60! 5=9! CDEDEDF!

;<;:61AA45462!091;54623!

!

"#*!1*=*-/(2*.)!/5!./=*-!+*'&)$/.%B!?%*5?-!+*'4*.)%B!'.1!*55$&$*.)!&')'-:%)%!)/!*.'0-*!

)#*! 5/+2')$/.!/5! &'+0/.D&'+0/.!0/.1%! $%! '.! '+*'!/5! &/.%$1*+'0-*! $.)*+*%)! $.!/+4'.$&!

&#*2$%)+:;! E*'&)$/.%! 5/+2$.4! 2?-)$(-*! 0/.1%B! +$.4%! '.1F/+! %)*+*/&*.)+*%! '+*!

('+)$&?-'+-:! $2(/+)'.)! )//-%! 5/+! )#*! *55$&$*.)! '%%*20-:! /5! &/2(-*,! 2/-*&?-'+!

%)+?&)?+*%;! G.! )#$%! +*%(*&)B! &:&-/'11$)$/.! +*'&)$/.%! '+*! &/.%$1*+*1! )/! 0*! ('+)$&?-'+-:!

?%*5?-!3#*.!2/+*!)#'.!/.*!&'+0/.D&'+0/.!/+!&'+0/.D#*)*+/')/2!0/.1!$%!5/+2*1;!

!

6787879! @:&-/'11$)$/.! +*'&)$/.%! $.=/-=$.4! '->:.*%B! $.! 3#$&#! )#+**! &'+0/.D&'+0/.!

0/.1%! '+*! 5/+2*1! $.! /.*! %)*(B! $%! /.*! /5! )#*! 2/%)! *-*4'.)! 2*)#/1%! 5/+! )#*!

&/.%)+?&)$/.! /5! (/-:&:&-$&! '+/2')$&%B! 3#$&#! #'=*! $2(/+)'.)! '&'1*2$&! '.1! $.1?%)+$'-!

?%*%;!G.!HIJKB!E*((*!*)!'-;H!1*%&+$0*1!)#*!5$+%)!)+'.%$)$/.!2*)'-!&')'-:C*1!=*+%$/.!/5!)#$%!

)+'.%5/+2')$/.! ?.1*+! .$&>*-! &')'-:%$%! )/! /0)'$.! %?0%)$)?)*1! 0*.C*.*! 1*+$=')$=*%!

LM&#*2*!H;HN;!

!

R1

R2

R6

R5

R4R3

"Ni" R2,R1 R5,R6

R3,R4
!

!

M&#*2*!H;H;!6787879!'->:.*!&:&-/'11$)$/.!+*'&)$/.!&')'-:C*1!0:!O$!

P5)*+! )#$%!1$%&/=*+:B! )#*! '->:.*!&:&-/'11$)$/.! +*'&)$/.!&')'-:C*1!0:! )+'.%$)$/.D2*)'-%!

0*&'2*!/.*!/5!)#*!2/%)!?%*1!2*)#/1%!)/!/0)'$.!%?0%)$)?)*1!0*.C*.*%;7!Q=*+!)#*!-'%)!

1*&'1*B! )#$%! +*'&)$/.B!3#$&#! /+$4$.'--:! +*R?$+*1! %)/$&#$/2*)+$&! '2/?.)%!/5! )+'.%$)$/.!

2*)'-!'.1!1+'%)$&!+*'&)$/.!&/.1$)$/.%B!#'%!0*&/2*!'!#$4#-:!*55$&$*.)!&')'-:)$&!(+/&*%%;!

S,'2(-*%!/5! $)%! '((-$&')$/.%! '+*! )#*! %:.)#*%$%!/5!.')?+'-! (+/1?&)%! %?&#! '%! '.)$&'.&*+!
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!"#$%&'()(

!

!

1+?4%B!'.1!)#*!1*=*-/(2*.)!/5!.*?+/(+/)*&)$=*!'4*.)%;T!"#*!>*:!%)*(!/5!)#*!%:.)#*%$%!

/5! )#*%*! 2/-*&?-*%! $%! '! )+'.%$)$/.! 2*)'-D&')'-:C*1! $.)+'2/-*&?-'+! 6787879!

&:&-/'11$)$/.!5+/2!)#*!&/++*%(/.1$.4!)+$:.*!LM&#*2*!H;7N;!

!

G45@:3H4!95!1:/T'!

H3C
O

TsO
O

H

H

CH3H3C

OH

H
"Rh"

O
O

H3C
OH

CH3

CH3

H

ONO2

H

Alcyopterosin M
(Illudalane sesquiterpenoid) !!

"065=!95!1:/T1!

OR1

OTBS
R2

"Co"

OR1

R2

R1 = CH3, MOM
R2 = H, OTBS

Angucyclinare
derivatives

!

+945903!95!1:/T&!

O

O
"Ru"

O
O

H3C CH3 OPMB

H3C CH3

OPMBH3C

Cryptoacetalide

!

!

M&#*2*!H;7;!!M:.)#*%$%!/5!1$55*+*.)!.')?+'-!(+/1?&)%!0:!6787879!&:&-/'11$)$/.!+*'&)$/.!

!

!

"#*%*!'((-$&')$/.%!&/.)$.?*!)/!4+/3!3$)#!)#*!1*=*-/(2*.)!/5!.*3!&')'-:)$&!%:%)*2%;!P!

%$4.$5$&'.)!.?20*+!/5!+*(/+)%!#'=*!+*&*.)-:!5/&?%*1!/.!)#*!'((-$&')$/.!/5!&:&-/'11$)$/.!

5/+! )#*! &/.%)+?&)$/.! /5! .*3! &'+0/D! '.1! #*)*+/&:&-$&! 5+'2*3/+>%! 3#*+*! .?2*+/?%!

)+'.%$)$/.!2*)'-%!LU$4?+*!H;HN!#'=*!0**.!5/?.1!)/!(+/2/)*!)#*%*!(+/&*%%*%;!!
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!

!

!!

U$4?+*!H;H;!"+'.%$)$/.D2*)'-!&')'-:%)!2/+*!&/22/.!

!

"#*+*! '+*!2'.:! 1$55*+*.)! '%(*&)%! /5! )#$%! ):(*! /5! (+/&*%%*%! )#')! '+*! %)?1$*1! 3#*+*!

?.%')?+')*1!%?0%)+')*%!'+*!$.=/-=*1B!'%!)#*!#$4#!'&)$=$):!&')'-:)$&!%:%)*2%B!&#*2/D!'.1!

+*4$/%*-*&)$=$):B! *.'.)$/%*-*&)$=$):! 3#*.! (/%%$0-*B! '.1! '-%/! 2*&#'.$%)$&! %)?1$*%!

4/=*+.$.4!)#*%*!)+'.%5/+2')$/.%;!

!

M$.&*! )#$%! )#*%$%! 3$--! 5/&?%! /.! )#*! ('+)$&?-'+! &'%*! /5! E#D&')'-:C*1! 6787879!

&:&-/'11$)$/.!+*'&)$/.%B!)#*!(+*&*1*.)%!1*%&+$0*1!3$--!2'$.-:!&/.&*.)+')*!/.!)#$%!>$.1!

/5!&')'-:)$&!%:%)*2%;!!

!

A+$44!*)!'-;J!3*+*!)#*!5$+%)!)/!1*%&+$0*!)#*!$.)+'2/-*&?-'+!&:&-/'11$)$/.!/5!'!%*+$*%!/5!

)+$:.*%! &')'-:C*1! 0:! +#/1$?2B! $.! ('+)$&?-'+! 0:! )#*!V$->$.%/.W%! &')'-:%)! LE#@-LXX#TNTN!

LM&#*2*!H;TN;!"#*:!/0%*+=*1! )#')! )#*!&:&-$C')$/.!/5!HBYD)+$:.*%! L3#*.!.ZHN! $%!2?&#!

5'%)*+! '.1! &-*'.*+! &/2('+*1! )/! )+$:.*%! 3#*.! .Z7B! 3#$&#! +*R?$+*%! #'+1*+! +*'&)$/.!

&/.1$)$/.%!)/!*55*&)!1*!&:&-$C')$/.;!
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!

!

H
O

O
H n

n = 1, 2

2 mol% 
RhCl(PPh3)3

EtOH, r.t
O

O
n

Yield: 74% (n=1)
          38% (n=2) !

M&#*2*!H;T;!G.)+'2/-*&?-'+!6787879!&:&-/'11$)$/.!+*'&)$/.!/5!)+$:.*%!

!

"#*!V$->$.%/.W%!&/2(-*,B!E#@-LXX#TNTB!#'%!0**.!*,)*.%$=*-:!*2(-/:*1!?.)$-!./3'1':%B!

'.1! '-%/! &/20$.')$/.%! /5! &')$/.$&! &/2(-*,*%! /5! E#! L'%! *,'2(-*B! E#L&/1N7<UJN! 3$)#!

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

%*&)$/.%;!

!

H;H;H; -=98639:9;54>9!12A!%9I4639:9;54>9!J915@093!

!

[*(*.1$.4! /.! )#*! %)'+)$.4! ('))*+.B! +*'&)$/.%! &'.! 0*! &')*4/+$C*1! '%! $.)*+2/-*&?-'+B!

('+)$'--:!$.)+'2/-*&?-'+!/+!$.)+'2/-*&?-'+;!

!

[?*!)/!)#*!')/2!*55$&$*.)!'.1!&/.=*+4*.)!.')?+*!/5!)#*!&:&-/'11$)$/.!'((+/'&#B!)#$%!

(+/&*%%! $%! &/.%$1*+*1! )/! #'=*! '1='.)'4*%! $.! )#*! &/.%)+?&)$/.! /5! #$4#-:! %?0%)$)?)*1!

0*.C*.*! +$.4%! /=*+! &/.=*.)$/.'-! %)+')*4$*%! 0'%*1! /.! *-*&)+/(#$-$&! '+/2')$&!

%?0%)$)?)$/.%!/+!!"#$!D2*)'-')$/.!+*'&)$/.%;!!

!

G.! )#*! $.)*+2/-*&?-'+! '((+/'&#B! 1*%($)*! %?&#! %:.)#*)$&! (/)*.)$'-B! )#*! 1$55$&?-):! $.!

&/.)+/--$.4!&#*2/D!'.1!+*4$/%*-*&)$=$):!1$2$.$%#*%!$)%!?)$-$):!$.!/+4'.$&!%:.)#*%$%;!!

!

Q=*+!)#*!-'%)!5*3!:*'+%B!(+/2$%$.4!.*3!'((+/'&#*%!)/!%?0%)$)?)*1!'+*.*%!5+/2!)#+**!

'->:.*%! #'=*! 0**.! +*(/+)*1! ?%$.4! %)/$&#$/2*)+$&! '2/?.)%! /5! )+'.%$)$/.D2*)'-!

&/2(-*,*%;7+B\BY! ]/3*=*+B! +*&*.)-:B! ]$+/%#$! "'.'>'! *)! '-;^'B0! (*+5/+2*1! '!

E#@-T;T]7QF'2$.*D&')'-:C*1! &:&-$C')$/.! /5! '->:.*%B! 3#$&#! &'.! 0*! ?%*1! 5/+! ='+$/?%!

2/./D! '.1! 1$%?0%)$)?)*1! '&*):-*.*%! '.1! (+/=$1*%! )+$D! /+! #*,'! %?0%)$)?)*1! 0*.C*.*%!

+*4$/%*-*&)$=$):!$.!#$4#!:$*-1%!LM&#*2*!H;JN;!
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!

!

!

R1

R2

R1

R2

R2

R1

R2

R1

R1

R2

R1

R2

R1

R2
+

RhCl3.3H2O (8 mol%)

iPr2NEt (30 mol%)

toluene, reflux

Yield: 46-91%  

(ratio:  67:33 to 99:<1)

R1 = Me, Ph, Pr, CO2Me, Hexane
R2 = H, Me ,Ph, Pr, CO2Me !

!

M&#*2*!H;J;!@:&-/:)+$2*+$C')$/.!/5!='+$/?%!'->:.*%!

!

_*.! "'.'>'! *)! '-;K! +*(/+)*1! %*-*&)$=*! )+$2*+$C')$/.%! /5! )#+**! 1$55*+*.)! '->:.*!

&/2(/.*.)%!'))*2()$.4!)/!%/-=*!)#*!-$.4*+$.4!(+/0-*2!/5!&#*2/D!'.1!+*4$/%*-*&)$=$):!

$.! )#*! $.)*+2/-*&?-'+! 6787879!&:&-/'11$)$/.!+*'&)$/.! $.! )#*!%:.)#*%$%!/5!'+*.*%;!"#*!

?%*! /5! '->:.*%! %?++/4')*%! -*'1%! )/! 2/+*! '1='.&*%! $.! 6787879! &:&-/'11$)$/.%! )/!

(/-:%?0%)$)?)*1! 0*.C*./$1! %:%)*2%! LM&#*2*! H;\N;! "#?%B! %$4.$5$&'.)! &#'--*.4*%! %)$--!

+*2'$.;!

E E

R1

+
AcO R2

10 mol%
[Rh(cod)2]BF4 /

rac-BINAP

CH2Cl2,  r.t.

E
R2

E
R1

E= CO2Me or CO2tBu

R1 = alkyl, CH2Ph, Ph, TMS

R2 = H or Me

single regioisomer

Yield: 41-84%

!
!

M&#*2*!H;\;!E#D&')'-:C*1!&:&-/'11$)$/.!?%$.4!*./-!'&*)')*%!'%!'->:.*!%?++/4')*%!

!

!

Q.! )#*! /)#*+! #'.1B! )#*! $.)+'2/-*&?-'+! +*'&)$/.! $%! #$4#-:! '))+'&)$=*! '%! $)! 4$=*%!

2?-)$&:&-$&! &/2(/?.1%! 5+/2! '&:&-$&! %?0%)+')*%! $.! /.*! (/);! "#*! $.)+'2/-*&?-'+!

&:&-/'11$)$/.! 5'--%! $.)/!)3/!1$%)$.&)!&')*4/+$*%!'%!%#/3.! $.!M&#*2*!H;Y;!"#*!('+)$'--:!

$.)+'2/-*&?-'+! '((+/'&#! =$'! )#*! &:&-/'11$)$/.! /5! '! 1$:.*!3$)#! '!2/./'->:.*! L*R;! HN!

'.1!)#*!&/2(-*)*-:!$.)+'2/-*&?-'+!&:&-$C')$/.!/5!'!)+:$.*!L*R;!7!'.1!TN;!
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!

!

R2

TM

TM

R1

R2

R3

R4

R1
R3

R4
R2

R2
R3

R4
R1Diyne

Triyne

Monoalkyne

(eq. 1)

(eq. 2)

TM

R1
R1 R2

(eq. 3)

Cyclic triyne

TM = Transition Metal
!

M&#*2*!H;Y;!X'+)$'--:!$.)+'2/-*&?-'+!&:&-/'11$)$/.!+*'&)$/.%!L*R;HN!'.1!$.)+'2/-*&?-'+!

&:&-/'11$)$/.!+*'&)$/.%!L*R;7!'.1!TN!

!

V#$-*! )#*! ('+)$'--:! $.)+'2/-*&?-'+! 2*)#/1%! #'=*! )#*! '1='.)'4*! /5! ?%$.4! +*'1$-:!

'&&*%%$0-*! 1$:.*%! '.1! 2/./'->:.*%B! )#*! 1$2*+$C')$/.! /5! )#*! 1$:.*! &/2(/.*.)! $%! '!

%*+$/?%!1+'30'&>;!"#?%B!'!&/.%$1*+'0-*!*,&*%%!/5!2/./'->:.*!$%!4*.*+'--:!+*R?$+*1!)/!

(+*=*.)!%?&#!'!%$1*!+*'&)$/.;!Q.!)#*!/)#*+!#'.1B!)#*!&:&-$C')$/.!/5!)+$:.*%!'55/+1%!)#*!

1*%$+*1!(+/1?&)%!3$)#!&/2(-*)*!%*-*&)$=$):B!0?)!)#*!(+*('+')$/.!/5!'!)+$:.*!%?0%)+')*!

(/%%*%%$.4! )#*! .*&*%%'+:! %?0%)$)?*.)%! /+! 5?.&)$/.'-! 4+/?(%! ')! )#*! 1*%$+*1! (/%$)$/.%!

/5)*.!.**1%!-*.4)#:!%:.)#*)$&!/(*+')$/.%;!

!

M*=*+'-!*,'2(-*%!/5!('+)$'--:!$.)+'2/-*&?-'+!6787879!&:&-/'11$)$/.!0*)3**.!1$:.*%!'.1!

2/./:.*%!5/+!)#*!%:.)#*%$%!/5!%?0%)$)?)*1!0*.C*.*%!#'=*!0**.!%)?1$*1!?%$.4!1$55*+*.)!

)+'.%$)$/.!2*)'-!&/2(-*,*%!'%!&')'-:%);7BI!

!
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!

!

_;"'.'>'! *)! '-;! 1*%&+$0*1! )#*! &')$/.$&! +#/1$?2LGNF]KD<GOPX! &/2(-*,D&')'-:C*1!

6787879!&:&-/'11$)$/.!/5!HB^D/&)'1$:.*!1*+$=')$=*%!3$)#!2/./:.*%!5/+!)#*!%:.)#*%$%!/5!

5?.&)$/.'-$C*1! )*)+'#:1+/.'(#)'-*.*%B! 3#$&#! '+*! 5/?.1! $.! %*=*+'-! (#'+2'&*?)$&'-!

$.4+*1$*.)%!LM&#*2*!H;^N;I0!

!

R1 , R4 = H, Me, Et, CO2Me
R2 , R3 = H, Me, Ph, CO2Me, CO2Et, CH2OH

+

R2

R3

R1

R4

R1
R2

R3
R4

5 mol% [Rh(cod)2]BF4 /
H8-BINAP

CH2Cl2, r.t.

Yield: 0-98%
!

M&#*2*!H;^;!E#/1$?2D&')'-:C*1!6787879!&:&-/'11$)$/.!/5!HB^D/&)'1$:.*!1*+$=')$=*%!

3$)#!2/./:.*%!

!

P%!#'=*!0**.!+*5*++*1!)/!*'+-$*+B!&/2(-*)*-:!$.)+'2/-*&?-'+!+*'&)$/.%!'+*!('+)$&?-'+-:!

$.)*+*%)$.4!'%!)#*:!(+/=$1*!&/2(-*,!(/-:&:&-$&!%:%)*2%!$.!'!%$.4-*!%:.)#*)$&!/(*+')$/.!

L*R;!7B!M&#*2*!H;YN;H`!U?+)#*+2/+*B!$5!)#*!)#+**!'->:.*%!5/+2!('+)!/5!'!&-/%*1!%:%)*2B!

%&'&!'!2'&+/&:&-*B!5?%*1!)*)+'&:&-*%!2':!*'%$-:!0*!/0)'$.*1!L*R;!TB!M&#*2*!H;YN;!

!

[*%($)*!)#$%!%)+')*4:!0*$.4!%:.)#*)$&'--:!'))+'&)$=*B!#'+1-:!'.:!&:&-/'11$)$/.!+*'&)$/.%!

/5! 2'&+/&:&-$&! %:%)*2%! &/.)'$.$.4! )+$(-*! 0/.1%! #'=*! 0**.! +*(/+)*1;! a/--#'+1)B! $.! '!

('(*+! (?0-$%#*1! $.! HI^YBHH! (+*('+*1! HB\BID&:&-/1/1*&')+$:.*! LU$4?+*! H;7NB! 3#$&#!

(+/=*1! )/! 0*! $.*+)! $.! )#*! (+*%*.&*! /5! -$4#)B! #$4#! (+*%%?+*! '.1! )*2(*+')?+*B! '&$1$&!

&/.1$)$/.%B! '.1! )#*! @(@/L@QN7! &')'-:%)! 1?*! )/! %)+'$.! $.! )#*! )#+**! 5/?+D2*20*+*1!

+$.4%!5/+2*1;!!

!

!!

U$4?+*!H;7;!M)+?&)?+*!/5!HB\BID&:&-/1/1*&')+$:.*!
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!

!

"#*! &:&-/'11$)$/.! /5! &:&-/)+$:.*%! $.)/! )+$&:&-$&! 0*.C*.*! 1*+$=')$=*%! #'%! /.-:! 0**.!

+*(/+)*1! $.! )3/! %$-$&/.D)*)#*+*1!2'&+/&:&-*%!0:!M'>?+'$! *)! '-;H7 $.! -/3!:$*-1%! '.1! $.!

)#*!(+*%*.&*!/5!/)#*+!! *-*&)+/.!%:%)*2%!LM&#*2*!H;KN;!

SiSi
Me2 Me2

XX

Si

Si Me2

Me2

Si

SiMe2

Me2

X

M(CO)6

M(CO)3

Me2
Si

X
Si
Me2

SiMe2
XSi

Si X
SiMe2

Me2

Me2

SiMe2
X

Me2Si

Me2Si
X Si

Me2
Si
Me2

X
SiMe2

Me2
Si

X
Si
Me2

SiMe2

XSi

Si X
SiMe2

Me2

Me2

n-octane

 140ºC

M = Cr
M = Mo
M = W

49.7%
84.7%
18.1%

29.1%
0%
2.0%

X = O

M = Co 6.4%46%X = CH2 0%

0%
0%
0%

!

M&#*2*!H;K;!G.)+'2/-*&?-'+!&:&-$C')$/.!/5!2'&+/&:&-$&!(/-:'&*):-*.*%!)*)#*+*1!0:!

1$%$-/,'.*!'.1!1$%$-2*)#:-*.*!0+$14*%!

!

G.! +*&*.)! :*'+%! /?+! 4+/?(! #'%! 0**.! $.)*+*%)*1! $.! )#*! %:.)#*%$%! '.1! '((-$&')$/.%! /5!

(/-:'->:.*! 'C'2'&+/&:&-$&! %:%)*2%! LU$4?+*! H;TN;HTBHJ! S'+-:! /.! 3*! /0%*+=*1! )#')! )#*!

6787879! &:&-/'11$)$/.! /5! )#*! &-/%*1! 1*+$=')$=*%! &/?-1! *'%$-:! +*%?-)! $.! #$4#-:!

5?.&)$/.'-$C*1! )*)+'&:&-$&! 5?%*1! %)+?&)?+*%! $.! '!/.*D(/)! ')/2D*&/./2$&'-! (+/&*%%;! G.!

'11$)$/.B! %$.&*! /?+! 2'&+/&:&-$&! %:%)*2%! &/.)'$.! .$)+/4*.! ')/2%! $.! )#*! )*)#*+%!

0*)3**.!?.%')?+')$/.%B! )#*$+! 6787879! &:&-/'11$)$/.! +*'&)$/.!/(*.%! )#*! 1//+! )/! )#*!

&/.%)+?&)$/.!/5!(/-:&:&-$&!'C'#*)*+/&:&-*%;!

N

N

N

SO2Ar1

SO2Ar2

Ar3O2S N

N

N

SO2Ar

SO2Ar

ArO2S

Me

N

N

N

SO2Ar

SO2Ar

ArO2S

1a 2 3Ar = 4-MeC6H4- Ar = 2,4,6-(iPr)3C6H2-Ar1 = Ar2 = Ar3 = 4-MeC6H4-
1b
1c
1d
1e

Ar1 = Ar2 = Ar3 = 2,4,6-(iPr)3C6H2-
Ar1 = Ar2 = Ar3 = ferrocenyl-
Ar1 = Ar2 = 4-MeC6H4-  Ar3 = ferrocenyl-
Ar1 = 4-MeC6H4-, Ar2 = ferrocenyl, Ar3 = 4-vinylC6H4- !

U$4?+*!H;T;!"+$'&*):-*.$&!'C'2'&+/&:&-*%!
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!

!

P--! /5! )#*%*! 2'&+/&:&-*%! &'.! 0*! %:.)#*%$C*1! %)*(3$%*! 5+/2! *'%$-:! '='$-'0-*!

'+*.*%?-5/.'2$1*%!'.1!)#*!&/++*%(/.1$.4!HBJD1$#'-/0?):.*!&/2(/?.1%;!Q()$2$C')$/.!

/5! )#*! (+*('+')$/.! /5! >*:! $.)*+2*1$')*%! #'%! 2'1*! $)! (/%%$0-*! )/! %:.)#*%$C*! '! 3$1*!

='+$*):! /5! (/-:?.%')?+')*1! 'C'2'&+/&:&-*%! *55$&$*.)-:;! U/+! '! +*&*.)! +*=$*3! %**!

+*5*+*.&*!6H\9;!

!

Q?+! 4+/?(! %)'+)*1! $.=*%)$4')$.4! 1$55*+*.)! "b! &/2(-*,*%! %?&#! '%! X1LXX#TNJB!

@(@/L@QN7B! LX@:TN7@-7E?Z@]X#! '.1! E#@-LXX#TNTB! )/! )*%)! )#*$+! %?$)'0$-$):! 5/+! )#*!

&:&-/'11$)$/.! /5! 2'&+/&:&-$&! %:%)*2%;! P%! '! +*%?-)! /5! )#*%*! *'+-$*+! %)?1$*%! $)! 3'%!

&/.&-?1*1!)#')!+#/1$?2!4'=*!)#*!0*%)!+*%?-)%;!LM&#*2*!H;IN;HJ0!!

!

N

N

N

SO2Ar

SO2Ar

ArO2S
n

R

N

N

N

SO2Ar

SO2Ar

ArO2S
R

n
10 mol% 

RhCl(PPh3)3

1a (n = 1, R= H)
2 (n = 1, R = Me)
3 (n = 2, R = H)

4 (n = 1, R= H)
5 (n = 1, R = Me)
6 (n = 2, R = H)

Ar = 4-MeC6H4-,  2,4,6-(iPr)3C6H2-

toluene 

r.t. to 90ºC

Yield: 81-99%

!

M&#*2*!H;I;!@:&-/'11$)$/.!+*'&)$/.%!/5!2'&+/&:&-*%!.1B!D!'.1!K!

V$->$.%/.W%! &')'-:%)! 3'%! '-%/! ?%*1! 5/+! )#*! &:&-/'11$)$/.! /5! 7`D! '.1! 7\D2*20*+*1!

'C'2'&+/&:&-*%! LM&#*2*!H;H`N;!V#*.!7`D2*20*+*1!2'&+/&:&-*%!L17;!3*+*! )+*')*1!

3$)#! E#@-LXX#TNT! $.! +*5-?,$.4! )/-?*.*B! ./! +*'&)$/.! )//>! (-'&*;! G.! '--! )#+**! &'%*%B!

%)'+)$.4! 2')*+$'-%! )/4*)#*+! 3$)#! 1*&/2(/%$)$/.! (+/1?&)%! 3*+*! /0)'$.*1;! P!

%)/$&#$/2*)+$&!'2/?.)!/5!@(@/L@QN7!3'%!'-%/!)*%)*1;!"#*!2'&+/&:&-*!3'%!+*5-?,*1!

$.!)/-?*.*!'.1!)#*!%/-?)$/.!3'%!#*')*1!0:!-$4#)!$++'1$')$/.;!]/3*=*+B!)#$%!+*'&)$/.!'-%/!

5'$-*1!'.1!)#*!%)'+)$.4!2'&+/&:&-*!3'%!+*&/=*+*1!LM&#*2*!H;H`N;!!

!

G.! )#*! &'%*!/5! )#*! 7\D2*20*+*1! +$.4!MB! )#*+*! '+*! )3/!(/%%$0-*!3':%!/5! &:&-$C')$/.B!

.'2*-:!&:&-/'11$)$/.!0*)3**.!)#+**!&/.%*&?)$=*!)+$(-*!0/.1%!)/!'55/+1!&/2(/?.1!.N!
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!

!

'.1! &:&-/'11$)$/.! 0*)3**.! ./.D&/.%*&?)$=*! )+$(-*! 0/.1%! )/! '55/+1! &/2(/?.1! ..;!

V#*.!7\D2*20*+*1!2'&+/&:&-*!M!3'%! )+*')*1!3$)#! '! &')'-:)$&! '2/?.)!/5! +#/1$?2!

&/2(-*,B! )#*! &:&-/)+$2*+$C*1! &/2(/?.1! .N! +*%?-)$.4! 5+/2! )#*! +*'&)$/.! /5! )#+**!

&/.)$4?/?%!'->:.*%!3'%!/0)'$.*1!'%!)#*!/.-:!(+/1?&)!/5!)#*!(+/&*%%!LM&#*2*!H;H`N;!

!

N

N

N N

N

SO2

O2S SO2

O2S SO2

Ar

ArAr

Ar

Ar

N N

N N
SO2O2S

O2S SO2Ar2

Ar1

Ar2

Ar2

7a  (Ar1=Ar2=p-tolyl) 
7b  (Ar1=2,4,6-triisopropylphenyl, Ar2=p-tolyl)  
7c  (Ar1=Ar2=2,4,6-triisopropylphenyl)

9 (Ar=p-tolyl)

5 mol%
RhCl(PPh3)3 

toluene, reflux
or

N

N N
O2S SO2

O2S
N

SO2

Ar

Ar

Ar

Ar

8  (not obtained)

5 mol%
RhCl(PPh3)3

toluene, reflux

100 mol%
CpCo(CO)2 

toluene, reflux, h!

N N

N N

N

SO2

SO2

O2S

O2S SO2

Ar

ArAr

Ar

Ar

+

10  (50%)

N

N

N

N

N

SO2

O2S SO2

O2S SO2

Ar

ArAr

Ar Ar

11  (not obtained)

!

M&#*2*!H;H`;!@:&-/'11$)$/.!+*'&)$/.%!/5!7`D!'.1!7\D2*20*+*1!'C'2'&+/&:&-*%!

!

"#*! -'&>! /5! )#*! +*'&)$=$):! /5! )#*! 7`D2*20*+*1! 'C'2'&+/&:&-*! $%! %)?1$*1! 0:! [U"!

&'-&?-')$/.%! $.! )#$%! )#*%$%B! '%!3*--! '%! )#*!&#*2/%*-*&)$=$):! $.! )#*!&:&-/'11$)$/.!/5! )#*!

7\D2*20*+*1!'C'2'&+/&:&-*!)/!/0)'$.!)#*!(+/1?&)!.N!$.!5+/.)!/5!..!L@#'()*+!JN;!

!

H;H;7; #21254639:9;54>9!J915@093!

!

P&)$=*!2/-*&?-*%!/5!2'.:!1+?4%! '+*! %$.4-*!*.'.)$/2*+%!/5! &#$+'-! &/2(/?.1%! '.1B! $.!

%/2*!&'%*%B!)#*!/((/%$)*!*.'.)$/2*+!2':!0*#'=*!'.)'4/.$%)$&'--:!'.1!&'?%*!?.1*%$+*1!

%$1*! *55*&)%;! P%! '! +*%?-)! /5! )#$%B! )#*! 1*=*-/(2*.)! /5! %:.)#*)$&! 2*)#/1%! 5/+! )#*!

(+/1?&)$/.! /5! %$.4-*! *.'.)$/2*+%! /5! &#$+'-! &/2(/?.1%! $%! #$4#-:! ='-?'0-*;! M*=*+'-!

)*&#.$R?*%! '+*! ./3! ?%*1! )/! /0)'$.! *.'.)$/(?+*! 2')*+$'-%c! /()$&'-! +*%/-?)$/.HY! '.1!

'%:22*)+$&!%:.)#*%$%;HYBH^!Q()$&'-!+*%/-?)$/.!%)+')*4$*%!#'=*!)#*!1$%'1='.)'4*!/5!#'-5!/5!
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!

!

)#*! (+/1?&)! 0*$.4! )#*! ?.1*%$+*1! *.'.)$/2*+;! [?*! )/! )#$%! 1+'30'&>B! '%:22*)+$&!

%:.)#*%$%B!1*5$.*1!'%!)#*!&/.=*+%$/.!/5!'.!'&#$+'-!%)'+)$.4!2')*+$'-!)/!'!&#$+'-!(+/1?&)!

$.!'!&#$+'-!*.=$+/.2*.)B! $%!&?++*.)-:!)#*!2/%)!(/3*+5?-!'.1!&/22/.-:!?%*1!2*)#/1!

5/+!&#$+'-!2/-*&?-*!(+*('+')$/.;!G.!)#*!-'%)!5*3!:*'+%B!'%:22*)+$&!&')'-:%$%!#'%!0*&/2*!

/.*! /5! )#*! 2/%)! $2(/+)'.)! '+*'%! /5! +*%*'+&#! '.1! 2'd/+! 0+*'>)#+/?4#%! #'=*! 0**.!

'&#$*=*1;H^0!

!

b/%)!'%:22*)+$&!&')'-:%)%!1*=*-/(*1!)/!1')*!'+*!2*)'-!&/2(-*,*%!3$)#!&#$+'-!/+4'.$&!

-$4'.1%;! "#*! &#$+'-! -$4'.1!2/1$5$*%! )#*! +*'&)$=$):! '.1! %*-*&)$=$):! /5! )#*!2*)'-! &*.)+*!

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

5'=/?+*1;! ]/3*=*+B! /5! )#*! )#/?%'.1%! /5! &#$+'-! -$4'.1%! '='$-'0-*B! /.-:! '! 5*3! &'.! 0*!

'((-$*1!)/!'!0+/'1!+'.4*!/5!+*'&)$/.%!'.1!%?0%)+')*%;!

!

G.!)#*!('+)$&?-'+!&'%*!/5!)#*!6787879!&:&-/'11$)$/.!+*'&)$/.!&')'-:C*1!0:!+#/1$?2!LGNB!

)#*! 4+/?(%!/5!"'.'>'7.B%BHKBHI! '.1!M#$0')'7RB7`! '+*! )#/%*! )#')!#'=*!2/%)! &/.)+$0?)*1! )/!

)#$%!4/'-;!"#*!1*=*-/(*1!2*)#/1/-/4:!$.=/-=*%!)#*!?%*!/5!)#*!&')'-:)$&!%:%)*2!5/+2*1!

0:!'!&')$/.$&!E#/1$?2!&/2(-*,! L6E#L&/1N79<UJN!'.1!&#$+'-!1$(#/%(#$.*%!<GOPXD):(*B!

3#$&#!#'=*!*.'0-*1!)#*!(+*('+')$/.!/5!*.'.)$/%*-*&)$=*!&/2(/?.1%!3$)#!',$'-B!(-'.'+!

'.1!&*.)+'-!&#$+'-$):!3$)#!*,&*--*.)!*.'.)$/2*+$&!*,&*%%*%;!!

!

E#/1$?2!$%!/.*!/5!)#*!2/%)!*55$&$*.)!&')'-:%)%!)/!'--/3!)#*!'%:22*)+$&!%:.)#*%$%!1?*!

)/!)#*!'0$-$):!)/!(+/1?&*!%()*%#+!1$55*+*.)!&/2(-*,*%!3$)#!&#$+'-!(#/%(#$.*!-$4'.1%;!P%!'!

+*%?-)! /5! )#$%B! %/2*! *.'.)$/%*-*&)$=*! %)?1$*%! ?%$.4! E#D&#$+'-D&')'-:%)! &'.! 0*! 5/?.1! $.!

)#*!-$)*+')?+*;7.BRBHKD7`!

!

Q.*!/5!)#*!5$+%)!%)?1$*%!+*(/+)*1!0:!"'.'>'!*)!'-;HK'!3'%!)#*!'%:22*)+$&!'%%*20-:!/5!

*.'.)$/*.+$&#*1!TBTD1$%?0%)$)?)*1!(#)'-$1*%!LM&#*2*!H;HHN;!!

!
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!

!

COOMe
Z

R1

Z = O, NTs, CH2
R1 = Me, CO2Me

+

R2

HO
R3

R2 = Ph, Me, CH2OMe, 
H, Me3Si
R3 = Me, Et

5 mol% 
[Rh(cod)2]BF4 /

(R)-Solphos O

Z O

R1

R2
R3

R2

Yield: 53-87%

ee: 48-93%

R2

CH2Cl2, r.t.

!

M&#*2*!H;HH;!E#FL,NDM/-(#/%D&')'-:C*1!*.'.)$/%*-*&)$=*!6787879!&:&-/'11$)$/.!/5!

%:22*)+$&'-!HBYD1$:.*%!3$)#!2/./'->:.*%!

!

"'.'>'! *)! '-;HI'B0! '-%/! 1*%&+$0*1! )#*! *.'.)$/%*-*&)$=*! %:.)#*%$%! /5! (-'.'+D&#$+'-!

2*)'&:&-/(#'.*%! )#+/?4#! &')$/.$&! E#LGNF]KD<GOPXD&')'-:C*1! $.)+'2/-*&?-'+! '->:.*!

&:&-/'11$)$/.!LM&#*2*!H;H7N;!

Me Y
OO

Z

O OMe

O
Y

Me

MeO

O
Z

O

[Rh(cod)2]BF4

(R)-H8-BINAP

5 mol%

CH2Cl2, r.t

Yield: 10-30%

 ee : 88 - 98%
Y = C=O, CH2

Z = CH2, C2H4, C3H6, C4H8, CH2OCH2 !

M&#*2*!H;H7;!S.'.)$/%*-*&)$=*!%:.)#*%$%!/5!(-'.'+D&#$+'-!2*)'&:&-/(#'.*%!

M#$0')'!*)!'-;7`!1*=*-/(*1!'!#$4#-:!*.'.)$/%*-*&)$=*!$.)+'2/-*&?-'+!+*'&)$/.!/5!.$)+/4*.D

0+'.&#*1! )+$:.*%;! P! &')$/.$&! E#Db*D[eX]QM! &/2(-*,! *55$&$*.)-:! &')'-:C*1! )#*!

+*'&)$/.!)/!:$*-1!)+$(/1'-!&'4*!&/2(/?.1%!3$)#!1$55*+*.)!-*.4)#!)*)#*+%!LM&#*2*!H;HTN;!

!

10 mol% 
[Rh(cod)2]BF4

(S,S)-Me-DUPHOS
O

N

n R

R
R = Ph, 4-BrPh, 4-(MeO)Ph, Me
n = 2-4, 8. ee: 98-99%

OMe
N

R

R

OMe

n
O

DCE, 80ºC

Yield: 57-95%

!

M&#*2*!H;HT;!G.)+'2/-*&?-'+!6787879!&:&-/'11$)$/.!/5!0+'.&#*1!)+$:.*%!
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!

!

!

"'.'>'!*)!'-;HI&!#'=*!+*&*.)-:!+*(/+)*1!'.!'%:22*)+$&!%:.)#*%$%!/5!',$'--:!&#$+'-!0$'+:-!

1$(#/%(#$.*! -$4'.1%! 0:! +#/1$?2D&')'-:C*1! *.'.)$/%*-*&)$=*! $.)+'2/-*&?-'+! 1/?0-*!

6787879!&:&-/'11$)$/.!LM&#*2*!H;HJN;!

!

O

O

O

O

Ph2(O)P

P(O)Ph2

O

O

O

O

P(O)Ph2

P(O)Ph2

10 mol%
[Rh(cod)2]BF4 /

(R)-tol-BINAP

CH2Cl2, r.t.

Yield: 55%

ee:  99% !
!

M&#*2*!H;HJ;!M:.)#*%$%!/5!)#*!',$'--:!&#$+'-!0$'+:-!1$(#/%(#$.*!-$4'.1%!

!

!

!

H;H;T; O1054;4P1542I!@2315@0159A!3@?3501;593!

!

G.! +*&*.)! :*'+%! &:&-/'11$)$/.! +*'&)$/.%! #'=*! 0**.! 2/1$5$*1! )/! $.&/+(/+')*!

?.%')?+')$/.%!%?&#!'%!/-*5$.%B7*B2B-!$%/&:'.')*%B7HB77'B0!.$)+$-*%B7$B/B(B77&B1!'.1!&'+0/.:-%B77*B5!)/!

1*-$=*+!?%*5?-!*.1!(+/1?&)%!LM&#*2*!H;H\N;72!
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!

!

+
RR

RR
C NR'

N R'

R
R

R

R

C ON

N O

R
R

R

R

R'

R'

O

R
R

R

R

O

R' R'

R'
R'

O

R
R

R

R O

C OO

C NN
N N

R
R

R

RR'
R'

R'

R'

S

R
R

R

R S

C SS

C SN

N S

R
R

R

R

R'

R' !

M&#*2*!H;H\;!6787879!@:&-/'11$)$/.!0*)3**.!)3/!'->:.*%!'.1!/.*!?.%')?+')*1!

2/$*):!3#$&#!&/.)'$.%!'!#*)*+/')/2!

!

V#*.! '! .$)+$-*!2/-*&?-*! $%! ?%*1B! (:+$1$.$&! (+/1?&)%! &'.! 0*! *'%$-:! /0)'$.*1! LM&#*2*!

H;HYN;7$B(! "#*%*! &/2(/?.1%! '+*! '))+'&)$=*! %$.&*! )#*:! '+*! 5/?.1! $.! 2'.:! .')?+'-!

(+/1?&)%B!3#$-%)!'-%/!&/.%)$)?)$.4!)#*!&/+*!/5!2'.:!&?++*.)-:!'='$-'0-*!(#'+2'&*?)$&'-!

1+?4%;!U+/2!)#*!(/$.)!/5!=$*3!/5!&//+1$.')$/.!&#*2$%)+:B! )#*:!'+*!('+)$&?-'+-:!?%*5?-!

'%!-$4'.1%B!*%(*&$'--:!)#*!0$(:+$1$.*!1*+$=')$=*%;!

!

+
N R

TM N

R

!

M&#*2*!H;HY;!6787879!&:&-/'11$)$/.!+*'&)$/.!3$)#!'!.$)+$-*!4+/?(!

!

Q?+!+*%*'+&#!4+/?(!#'%!&/.)+$0?)*1!)/!)#$%! $.=*%)$4')$/.! $.!%)?1:$.4!)#*!%:.)#*%$%!/5!

(:+$1$.*%!'.1!0$(:+$1$.*%!3$)#!#$4#!5?.&)$/.'-$):!5+/2!&:'./1$:.*%!'.1!?.1*+!+#/1$?2!

&')'-:%$%!?%$.4!2$&+/3'=*!#*')$.4!LM&#*2*!H;H^N;7T!

!
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!

!

!

X

X
N

R

RhI

MW NX

R

X

TsN

NTs
N

NTs

TsN
N

RhI

MW NTsN

Ts
N

N

N
Ts

NTs

R = H, akyl, pyridil

2

2X = NTs, C(CO2Et)2, O

n = 1, 2

n
n

!

!

M&#*2*!H;H^;!M:.)#*%$%!/5!(:+$1$.*%!'.1!0$(:+$1$.*%!5+/2!&:'./1$:.*%!!

!

Q)#*+! $.)*+*%)$.4! ?.%')?+')*1! %?0%)+')*%! 3#$&#! &'.! ('+)$&$(')*! $.! 6787879!

&:&-/'11$)$/.%! '+*! /-*5$.%;! G.! )#$%! &'%*B! (/-:%?0%)$)?)*1! HBTD&:&-/#*,'1$*.*%! &'.! 0*!

/0)'$.*1!LM&#*2*!H;HKNB7*B2B-!3#$&#!'+*!'))+'&)$=*!&/2(/?.1%!5/+!)#*$+!?%*!'%!+*'4*.)%!

$.![$*-%DP-1*+!+*'&)$/.%;!

!

R1

R2

R6

R5

R4R3

R2,R1 R5,R6

R3,R4

TM

!

M&#*2*!H;HK;!6787879!&:&-/'11$)$/.!+*'&)$/.!3$)#!'.!/-*5$.!2/-*&?-*!

!

"#*+*!'+*!%*=*+'-!&'%*%!$.!)#*!-$)*+')?+*!$.=*%)$4')$.4!)#*!&#*2/D!'.1!+*4$/%*-*&)$=$)$*%!

/5!)#*!5/+2')$/.!/5!HBTD&:&-/#*,'1$*.*%!5+/2!)3/!'->:.*%!'.1!/.*!/-*5$.!2/-*&?-*;7J!

G)/#!*)!'-B7\!+*(/+)*1!)#*!5$+%)!('--'1$?2!&:&-/'11$)$/.!/5!)3/!'&*):-*.*%!3$)#!'.!/-*5$.;!

S-*&)+/.D1/.')$.4! /-*5$.%! 3*+*! 5/?.1! )/! %?((+*%%! )#*! &/2(*)$.4! &:&-/'11$)$/.!

+*'&)$/.! /5! )#+**! 2/-*&?-*%! /5! '&*):-*.*! )/! /0)'$.! '! &')'-:)$&! %)*+*/%*-*&)$=*!

(+/1?&)$/.!/5!&:&-/#*,'1$*.*%;!!

!

!
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!

!

G>*1'!*)!'-;7J0!(?0-$%#*1!)#*!5$+%)!+*4$/%*-*&)$=*!&')'-:)$&!&:&-/'11$)$/.!/5!)#+**!1$55*+*.)!

?.%')?+')*1!2/-*&?-*%!0:!+*'&)$.4!/.*!/-*5$.!'.1!'->:.*%!3$)#!1$55*+*.)!%?0%)$)?*.)%!0:!

'!.$&>*-D'-?2$.$?2!&')'-:%)!%:%)*2!LM&#*2*!H;HIN;!

!

!

O

R+

5 mol% Ni(acac)2
Me3Al
PhOH

O R

R

R= Et, Bu, Me, tBu, Me3Si

(1equiv) (2 equiv)

THF, r.t.

O R O

+ +

R

R

R

Yield: 33-83%

(ratio: 99:0:0 to 0:99:0)
!

!

M&#*2*!H;HI;!@')'-:)$&!%*-*&)$=*!&:&-/'11$)$/.!/5!)#+**!1$55*+*.)!?.%')?+')*1!2/-*&?-*%!

!

!

[*%($)*! )#*%*! +*%?-)%B! )#*! &#*2/D! '.1! +*4$/%*-*&)$=$):! /5! )#*! 5/+2')$/.! /5! HBTD

&:&-/#*,'1$*.*! 5+/2! )3/! '->:.*%! '.1! /.*! '->*.*! 2/-*&?-*! $%! )//! %(*&$5$&! '%! )#*:!

1*(*.1!/.!)#*!%?0%)+')*%!'.1!)#*!&')'-:)$&!%:%)*2!?%*1;!"#*!&')'-:)$&!&/.)+/-!/5!0/)#!

&#*2/D!'.1!+*4$/%*-*&)$=$):!$%!)#*+*5/+*!%)$--!'!5/+2$1'0-*!&#'--*.4*;!

!

"#*!$.)+'2/-*&?-'+!'((+/,$2')$/.%!/5!)3/!'->:.*%!'.1!/.*!'->*.*!2'.'4*!)/!+*1?&*!

)#*! &#*2/D! '.1! +*4$/%*-*&)$=$):! '%(*&)%;! "#*! ('+)$'--:! $.)+'2/-*&?-'+! '((+/'&#! 2':!

(+/&**1! =$'! )#*! &:&-/'11$)$/.! /5! '! 1$:.*! 3$)#! '! 2/./'->:.*! L*R;! HN! /+! =$'! )#*!

&:&-/'11$)$/.! /5! '.! *.:.*! 3$)#! '! 2/./'->:.*! L*R;! 7N! '.1! )#*! &/2(-*)*-:!

$.)+'2/-*&?-'+! &:&-$C')$/.! /5! '! *.*1$:.*! /! &:&-/*.*1$:.*! L*R;! T! '.1! JB! +*%(*&)$=*-:N!

LM&#*2*!H;7`N;!

!
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!

!

+
R TM R R

+
TM R

Diyne Olefin Enyne Monoalkyne

R R

R2

TM TM

Enediyne

(eq. 2)

R1
R1 R2

(eq. 3)

Cycloenediyne

TM = Transition Metal

(eq. 1)

(eq. 4)

H H

!

M&#*2*!H;7`;![$55*+*.)!$.)+'2/-*&?-'+!'((+/,$2')$/.%!3$)#!)3/!'->:.*%!'.1!/.*!

'->*.*!

!

Q.*!/5!)#*!5$+%)!*,'2(-*%!/5!'!&/2(-*)*-:!+*4$/&#*2$&'--:!&/.)+/--*1!&:&-/'11$)$/.!/5!

1$:.*%! '.1! '->*.*%! 3'%! +*(/+)*1! 0:! G>*1'! *)! '-;7Y! "#*:! 5/?.1! )#')! '! )*+2$.'--:!

?.%?0%)$)?)*1! 1$:.*! +*'&)*1! 3$)#! *./.*%! )/! 4$=*! '.! '+/2')$C*1! &/2(/?.1B! ! +')#*+!

)#'.! '! HBTD&:&-/#*,'1$*.*B! 3$)#! )#*! &/.&/2$)'.)! $.&/+(/+')$/.! /5! )3/! #:1+/4*.!

')/2%!$.)/!'./)#*+!2/-*&?-*!/5!)#*!%)'+)$.4!*./.*;!Q.!)#*!/)#*+!#'.1B!)#*!+*'&)$/.!/5!

'!)+$2*)#:-%$-:-D%?0%)$)?)*1!1$:.*!3$)#!'.!*R?$2/-'+!'2/?.)!/5!*./.*!+*4$/%(*&$5$&'--:!

4'=*!'!&:&-/#*,'1$*.*!(+/1?&)!LM&#*2*!H;7HN;!

!

O
+ Z Z

ONiCl2/Zn/ZnCl2

CH3CN , refluxn

n = 1, 2

Z = CH2, O, C(CO2Et)2

R1 , R2 = H, SiMe3

R1

R1

R2

R2

+Z

O R1

R2

Enone Diyne

Et3N

Yield > 63% 
when R1 or R2 = SiMe3

n n

Yield > 42%
when R1 and R2 = H

!
!

M&#*2*!H;7H;!@:&-/'11$)$/.!/5!'.!*./.*!3$)#!./.D)*+2$.'-!1$:.*%!

!

57



!"#$%&'()(

!

!

G)/#!*)!'-;7^!3*+*!)#*!5$+%)!)/!/0%*+=*!)#')!)#*!&:&-/'11$)$/.!+*'&)$/.!0*)3**.!'!1$:.*!

3$)#! '.! /-*5$.! 2/-*&?-*! (+/1?&*%! '! +*4$/$%/2*+! /5! )#*! *,(*&)*1! &:&-/#*,'1$*.*B!

3#*+*! )#*! (/%$)$/.!/5! '! (+/)/.!#'%! &#'.4*1! &'?%$.4! '! +*/+4'.$C')$/.!/5! )#*! 1/?0-*!

0/.1%! ')! )#*! *.1! (+/1?&);! "#*:! *,(-'$.*1! )#*! 5/+2')$/.! /5! )#$%! +*4$/$%/2*+! 0:! '!

&/.&/2$)'.)!HB\D]!%#$5)!LM&#*2*!H;77N!'.1!)#*!5$.'-!(+/1?&)!%)+?&)?+*!3'%!1*1?&*1!0:!

ObE!%(*&)+?2!3#*+*!/.-:!/.*!=$.:-!(+/)/.!'0%/+()$/.!3'%!/0%*+=*1!)/4*)#*+!3$)#!

)#*!'0%/+()$/.!/5!)#*!)3/!=$&$.'-!2*)#:-*.*!(+/)/.%!/.!)#*!HBTD&:&-/#*,'1$*.*!+$.4;!

!

!

E

E

E = CO2Me

+ OBn
E

E OBn

1 mol%  
(C7H9)Ru(PPh3)2Cl

DCE, 40ºC

Yield: 94%
!

!

M&#*2*!H;77;!6787879!&:&-/'11$)$/.!/5!'!1$:.*!3$)#!'.!'--:-!0*.C:-!*)#*+!

!

"#$%!(+/&*%%!3'%!%:.)#*)$&'--:!*,(-/$)*1!0:!M'f!*)!'-;! $.!7``Y;!"#$%!4+/?(!?%*1!'!E?D

&')'-:%)! )/! &/?(-*! 1$:.*%! 3$)#! '->*.*%! )/! 4$=*! &:&-/#*,'1$*.$&! (+/1?&)%! LM&#*2*!

H;7TN;7K!

!

Z +
R1

R2

10 mol%
[Ru(CH3CN)3Cp]PF6

Et4NCl Z
R1

R2R2

R1

Z = CH2, O, C(CO2Me)2 Yield: 25-67%

DMF, 80ºC

R1 = CO2Me, CHO, CN, CH2OEt, CH2OH, C5H11, TMS

R2 = H, CO2Me !
!

M&#*2*!H;7T;!E?D&')'-:C*1!6787879!&:&-/'11$)$/.!/5!)*+2$.'-!HBYD1$:.*%!3$)#!'&:&-$&!

'->*.*%!

!
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!

!

P! HB\D]! %#$5)! 3'%! 1$%&'+1*1! %?44*%)$.4! '! !D*-$2$.')$/.B! 5/--/3*1! 0:! '! +*1?&)$=*!

*-$2$.')$/.B! '55/+1$.4! #*,')+$*.*%! '%! $.)*+2*1$')*%B! 3#$&#! ?.1*+4/! '! )#*+2'-!

1$%+/)')/+:! Y*D! g! *-*&)+/&:&-$C')$/.! )/! 4$=*! +*4$/$%/2*+$&! &:&-/#*,'1$*.*%;! "#*!

2*&#'.$%2!(+/(/%*1!3$--!0*!%#/3.!$.!)#*!.*,)!%*&)$/.!LH;H;JN;!

!

P?0*+)B!A'.1/.!*)!'-;7I!+*(/+)*1!)#$%!.*3!):(*!/5!+*'&)$=$):!*,#$0$)*1!0:!6@(@/h79!/.!

)#*!&/0'-)D2*1$')*1!6787879!&:&-/'11$)$/.!/5!1$:.*%!3$)#!'->*.*%!LM&#*2*!H;7JN;!!

!

X
R

R
OY+

 (1 equiv) 
CpCo(C2H4)2

R

R

R

R

or

Y = tBu, Ph

OY

THF

-40ºC to r.t.

R = H, Ph, SiMe3, CO2Et, BPin
X = CH2, NTs, O, C2H4, C3H6, C(CH2OMe)2

Yield: 42-80%
when X = CH2, C2H4,C3H6
and R = CO2Et, Ph, BPin

Yield: 25-91%
when X = CH2, NTs, O, 

C(CH2OMe)2
and R = H, Ph, SiMe3, BPin

M&#*2*!H;7J;!@/D/-$4/2*+$C')$/.!/5!1$:.*%!3$)#!*./-!*)#*+%!

!

"#*:!/0%*+=*1!)#')!)#*!)+$*.$&!&/2(/?.1%!?.1*+4/!Y!D*-*&)+/&:&-$C')$/.!5/--/3*1!0:!

1*#:1+/'->/,:-')$/.! 4$=$.4! +$%*! )/! 0*.C*.*! 1*+$=')$=*%B! 3#$&#! '+$%*! 5+/2! 6787879!

&:&-/'11$)$/.!/5!'->:.*%;!!

!

Q.! )#*! /)#*+! #'.1B! _;"'.'>'! *)! '-;T`! +*(/+)*1! &')$/.$&! E#LGNF]KD<GOPXD&')'-:C*1!

*.'.)$/%*-*&)$=*! ('+)$'--:! $.)+'2/-*&?-'+! 6787879! &:&-/'11$)$/.%! /5! 1$:.*%! 3$)#! #"-(*)

'->*.*%;!"#$%!+*(+*%*.)%!'!=*+%')$-*!.*3!2*)#/1!5/+!)#*!%:.)#*%$%!/5!*.'.)$/*.+$&#*1!

./D%:22*)+$&!&:&-/#*,'1$*.*!1*+$=')$=*%!LM&#*2*!H;7\N;!

!

Z
Me

Me
+
MeO2C

CO2Me

CO2Me

CO2Me

Me

Me

Z

5 mol%
[Rh(cod)2]BF4 /
(R)-H8-BINAP

CH2Cl2, r.t.

Z = O, NTs, C(CO2Me)2 Yield: 35-96%

ee: 82-98% !
M&#*2*!H;7\;!@')$/.$&!E#LGNFLEND]KD<GOPXD&')'-:C*1!*.'.)$/%*-*&)$=*!6787879!

&:&-/'11$)$/.!/5!HBYD1$:.*%!3$)#!1$2*)#:-!5?2'+')*!
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!

!

!

G.!)#*!&'%*!/5!)#*!+*'&)$/.!/5!'.!*.:.*!3$)#!'!2/./'->:.*!L*R;!7! $.!M&#*2*!H;7`NBTH!

S='.%! *)! '-;TH1! *,(-/+*1! )#*!V$->$.%/.W%! &/2(-*,! &')'-:C*1! +*'&)$/.%! /5! HBYD*.:.*%!

3$)#!%:22*)+$&'-!'.1!?.%:22*)+$&'-!'->:.*%!LM&#*2*!H;7YN;!!

!

!

X
R

RhCl(PPh3)3RhCl(PPh3)3

Y Y Y H
X

R
Y

Y

X

R
H

Y

X = NTs, C(CO2Me)2, O
Y = CO2Me, COPh, CONMe2

R = H, Me

Yield: 54-92%

AgOTf
X

R
Y

H
+

Yield: 84%
(ratio: 19:1)

AgOTf

!

M&#*2*!H;7Y;!X'+)$'--:!$.)+'2/-*&?-'+!2*)'-D&')'-:C*1!6787879!&:&-/'11$)$/.%!/5!HBYD

*.:.*%!3$)#!%:22*)+$&'-!'.1!?.%:22*)+$&'-!'->:.*%!

!

"#*:!&/.&-?1*1!)#')!'!)*+2$.'-!'->:.*!$%!&+?&$'-!5/+!&/.)+/--$.4!)#*!+*4$/%*-*&)$=$):!/5!

)#*! (+/&*%%! '.1! )#')! )#*! .')?+*!/5! )#*! HB7D%?0%)$)?)*1! '->:.*! #'%! '.! $2('&)!/.! )#*!

/=*+'--!*55$&$*.&:!/5!)#$%!)+'.%5/+2')$/.;!

!

@/2(-*)*-:! $.)+'2/-*&?-'+! &:&-/'11$)$/.! +*'&)$/.%! L*R;! T! $.! M&#*2*! H;7`N! '55/+1!

&:&-/#*,'1$*.$&!&/2(/?.1%!5+/2!*.*1$:.*%;!a/-#'+1)!*)!'-;7*!*2(-/:*1!%)/$&#$/2*)+$&!

'2/?.)%! /5! @(@/L@QN7! )/! (*+2$)! )#*! &:&-/'11$)$/.! /5! %*=*+'-! *.*1$:.*%! 5/+! )#*!

%:.)#*%$%!/5!(/-:&:&-$&!.')?+'-!(+/1?&)%;!!

!

G.!)#*!&'%*!/5!:.*D*.*D:.*%!'.1!:.*D:.*D*.*%B!5*3!&'%*%!#'=*!0**.!+*(/+)*1;!A+$44!*)!

'-;J0! $.=*%)$4')*1! )#*! 5$+%)! V$->$.%/.W%! &/2(-*,! &')'-:C*1! $.)+'2/-*&?-'+! 6787879!

&:&-/'11$)$/.%! +*'&)$/.%! /5! *.*1$:.*%;! "#*:! /0%*+=*1! )#')! *.*1$:.*%! L0('1'('10('NB!

'-)#/?4#! )#*! '))*2()%! )/! &'++:! /?)! )#*! +*'&)$/.! ')! *-*=')*1! )*2(*+')?+*%B! 5'$-*1! )/!

&:&-$%*! /+! )/! 4$=*! -$.*'+! 1$2*+%;! G.! &/.)+'%)B! )#*! *.*1$:.*! L0('10('1'('N! 4'=*! )#*!

?.?%?'-!0$&:&-$&!)+$*.*!%#/3.!$.!M&#*2*!H;7^;!

!

!
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!

!

!

!

O

O O
O

2 mol%
RhCl(PPh3)3

EtOH, 25ºC

Yield: 56% !
!

M&#*2*!H;7^;!6787879!@:&-/'11$)$/.!+*'&)$/.!/5!*.*1$:.*!L0('10('1'('N!&')'-:C*1!0:!

)#*!V$->$.%/.W%!&')'-:%)!

!

i'2'2/)/! *)! '-;! +*(/+)*1! )#*! X1D&')'-:C*1! +*'&)$/.! /5! '.! /,:4*.D)*)#*+*1! 0('1'('1

0('B!3#$&#!4'=*!'!2$,)?+*!/5!&:&-/#*,'DHBTD!'.1!HBJD1$*.*%;TH0!X1D&')'-:%)!&/?-1!'-%/!0*!

?%*1!$.!)#*!&:&-/'11$)$/.!/5!0('10('1'('*;!!

!

Qd$2'! *)! '-;T7'B0! 1*%&+$0*1! )#*! 5$+%)! *,'2(-*! /5! '! E#D&')'-:C*1! )/)'--:! $.)+'2/-*&?-'+!

6787878H9! &:&-/'11$)$/.! (+/&*%%! /5! *.*1$:.*%B! $.&-?1$.4! @Q! '%! )#*! %$.4-*! &'+0/.!

&/2(/.*.);! O*,)B! )#$%! 4+/?(T7&! (?0-$%#*1! )#*! 5/+2')$/.! /5! 5?%*1! )*)+'&:&-$&!

&/2(/?.1%! 3#*+*! '! HcH! 2$,)?+*! /5! +*4$/$%/2*+%! /5! )#*! *,(*&)*1! (+/1?&)! '.1! $)%!

1$*.*D%#$5)*1!+*4$/$%/2*+%!3*+*!'&#$*=*1!LM&#*2*!H;7KN;!!

!

R
X

Y

O
R

X
CO (1atm)

  60ºC

R = TMS, Me, Ph

X, Y = esters, ethers, O, NTs

R

X

+

5 mol% 
[Rh(cod)Cl]2

Y Y

Yield: 70-92%

(ratio: 90:10 to 100:0)

!
!

M&#*2*!H;7K;!6787878H9!&:&-/'11$)$/.!/5!*.*1$:.*!):(*!0('10('1'('!3$)#!@Q!

!
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!

!

P?0*+)B!A'.1/.! *)! '-;! #'=*! 0**.! ($/.**+%! $.! %)?1:$.4! &/0'-)! &/2(-*,*%! '%! *55$&$*.)!

&')'-:%)%! $.! )#$%! >$.1! /5! (+/&*%%*%;TT! G.! /.*! /5! )#*$+! -'%)! %)?1$*%! )#*:! '.'-:C*1! )#*!

+*(-'&*2*.)! /5! (#/%(#$.*%! /+! &:&-/(*.)'1$*.:-! -$4'.1%! 0:! OD#*)*+/&:&-$&! &'+0*.*%!

LO]@N!5/+!)#*!@/!2*)'-!LM&#*2*!H;7IN;TT4!

!

!

XR2

X
R1

X

X

R2

R1

THF, reflux, 4h

CoI2 (1 equiv.)
Mn(1 equiv.)
IPr (6mol%)

IPr = carbene (NHC)

i-Pr

i-Pr

N N
i-Pr

i-Pr

..

X = C(CO2Et)2, C(CH2OMe)2, NTs, O

R = H, Me, Et, Ph, n-Bu, Br, CO2Me

Yield: 30-84%

!
!

M&#*2*!H;7I;!@:&-$C')$/.!/5!*.*1$:.*%!?%$.4!@/G7Fb.FGX+!

!

!

"#*!?%*!/5!O]@%!3$)#!&/0'-)!%'-)%!$%!*'%$*+!)/!$2(-*2*.)!)#'.!@(@/L@QN7!'.1!2/+*!

*55$&$*.);! b/+*/=*+B! 3#*.! ?%$.4! &'+0*.*! -$4'.1%! )#*! @/! &/2(-*,! &'.! 0*! ?%*1!

&')'-:)$&'--:! '.1! )#*! &#*2/%*-*&)$=$):! /5! )#*! +*'&)$/.! $%! $2(+/=*1! &/2('+*1! )/! )#*!

&/++*%(/.1$.4!XX#TD0'%*1!%:%)*2;!

!

!

G.! )#*! /.4/$.4! (+/d*&)! /5! /?+! 4+/?(! '0/?)! )#*! %:.)#*%$%! /5! (/-:?.%')?+')*1!

'C'2'&+/&:&-*%! L%**! 5/+! $.%)'.&*B! U$4?+*! H;TNB! H\DB! HYD! '.1! H^D2*20*+*1! *.*1$:.*!

2'&+/&:&-*%!3*+*!*55$&$*.)-:!(+*('+*1!LU$4?+*!H;JN;!HJ0B1BH\BTJ!!

!
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!

!

N

N

N

SO2Ar

SO2Ar

ArO2S N

N

N

SO2Ar

SO2Ar

ArO2S

N

N

N

SO2Ar

SO2Ar

ArO2S

13a12a

Ar = 4-MeC6H4-

R
R

N

N

N

SO2Ar

SO2Ar

ArO2S N

N

N

SO2Ar

SO2Ar

ArO2S

14 15 16Ar = 4-MeC6H4- Ar = 4-MeC6H4-

(R = H, Ar = 4-MeC6H4-)

12b
12c

(R = H, Ar = 2,4,6-(iPr)3C6H2-)

(R = Ph, Ar = 4-MeC6H4-)

(R = H, Ar = 4-MeC6H4-)
(R = H, Ar = 2,4,6-(iPr)3C6H2-)

(R = Ph, Ar = 4-MeC6H4-)

13b

13c

!
!

U$4?+*!H;J;!S.*1$:.*!'C'2'&+/&:-*%!

!

@/.%*&?)$=*-:B! 3*! 1*&$1*1! )/! %)?1:! )#*! &:&-/'11$)$/.! (+/&*%%! /5! )#$%! %*+$*%! /5!

'C'2'&+/&:&-$&! *.*1$:.*%! L"'0-*! H;HN;! "#*! 5$+%)! &'%*%! )*%)*1! 3*+*! H\D2*20*+*1!

2'&+/&:&-*%!.D1Q?!'.1!.K1Q?!#'=$.4!'! #"-(*!'.1!'!2%*!/-*5$.!+*%(*&)$=*-:;!e%$.4!'!\j!

2/-'+!/5!E#@-L@QNLXX#TNT!$.!)/-?*.*!')!I`!k@!4'=*!#$4#!:$*-1%!/5!)#*!&:&-/$%/2*+$C*1!

&/2(/?.1%! .L1Q?! '.1! .R1Q?! LS.)+$*%! HDJB! "'0-*! H;HN;! O/! %$1*! +*'&)$/.%! /5! )#*!

&:&-/#*,'1$*.*!%:%)*2!%?&#!'%!'+/2')$C')$/.!/+!5?+)#*+!&:&-/'11$)$/.%!)//>!(-'&*;!!

!

"#*!+*'&)$/.!(+/&**1*1!3$)#!)/)'-!%)*+*/%*-*&)$=$):!'.1!$.$)$'-!%)*+*/&#*2$%)+:!/5!)#*!

2'&+/&:&-$&! 1/?0-*! 0/.1! 3'%! 2'$.)'$.*1! 1?+$.4! )#*! &:&-/'11$)$/.! (+/&*%%;! "#$%!

*,(*+$2*.)'-!5$.1$.4!$%!&/.%$%)*.)!3$)#!)#*!&/22/.!2*&#'.$%2!(+/(/%*1!5/+!)#$%!>$.1!

/5!&:&-/'11$)$/.%!$.!3#$&#!)3/!'->:.*!4+/?(%!?.1*+4/!$.$)$'-!&/?(-$.4!'.1!%?0%*R?*.)!

$.&/+(/+')$/.!/5!)#*!/-*5$.!2':!)#*.!/&&?+!*$)#*+!0:!'.!$.%*+)$/.!(+/&*%%!/+!'![$*-%D

P-1*+!+*'&)$/.;!
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!

!

N

N

N

SO2Ar

SO2Ar

ArO2S R

N

N

N

R

SO2Ar

SO2Ar

ArO2S

cat. A : RhCl(CO)(PPh3)2
cat. B : RhCl(PPh3)3
cat. C : RhCl(iPr)(cod)

toluene

n

m

n

m

12-16 17-21

!

"'0-*!H;H;!@:&-/'11$)$/.!/5!'C'2'&+/&:&-$&!*.*1$:.*%!.DD.S!

!"#$% &'' ()*+#,-".+-"/,#,-"0 1$-/2+# 3,)4/.567

" 89* #$%&'(')*+',-.$/01'23451'678

8:*.5;$.<.=>&)'?@=>7

29

6 89A #$%&'(')*+',-.$/01'23451'678 8:A.5;$.<.9B=B?>5!1$.7C'?@9>7 93

: 8C* #$%&'(')*+',-.$/01'23'451'67'8

8D*.5;$.<.=>&)'?@=>7

;2

7 8CA #$%&'(')*+',-.$/01'23'451'67'8 8DA.5;$.<.9B=B?>5!1$.7C'?@9>7 <9
* 89A #$%&'=')*+',-.$/01'23'451'67'8 8:A.5;$.<.9B=B?>5!1$7C'?@9>7 93
< 89A #$%&'5')*+',-.$/01'*3'451':'> 8:A.5;$.<.9B=B?>5!1$7C'?@9>7 29

; 89+ #$%&'=')*+',-.$/01'/?@.AB1'67'8

8:+

2*

9 8C+ #$%&'=')*+',-.$/01'/?@.AB1'67'8

8D+

;"

2 8= #$%&'=')"3+',-.$/01'93'451'*'8

8E

23

"3 8F #$%&'=')"3+',-.$/01'93'451'*'8

9G

9;

"" 8? #$%&'=')"3+',-.$/01'<3'451'7'8

98

29

N

N

N

H

SO2Ar

SO2Ar

ArO2S
H

N

N

N

H

SO2Ar

SO2Ar

ArO2S
H

N

N

N

H

SO2p-tolyl

SO2p-tolyl

p-tolylO2S
Ph

N

N

N

H

SO2p-tolyl

SO2p-tolyl

p-tolylO2S
Ph

N

N H

SO2p-tolyl

SO2p-tolyl

p-tolylO2S
H

N

N

N H

SO2p-tolyl

SO2p-tolyl

p-tolylO2S
H

N

N H

SO2p-tolyl

SO2p-tolyl

p-tolylO2S H

N

N
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!

!

G.! /+1*+! )/! %**! 3#*)#*+! )#*!V$->$.%/.W%! &')'-:%)! '-%/! (+/2/)*%! )#*! &:&-/'11$)$/.!

(+/&*%%B! 2'&+/&:&-*! .D?!3'%! )+*')*1! 3$)#! \j! 2/-'+! /5! E#@-LXX#TNT! $.! )/-?*.*! ')!

I`k@;!@/2(/?.1!.L?!3'%!/0)'$.*1!$.!'.!K`j!:$*-1B!1*2/.%)+')$.4!)#')!V$->$.%/.W%!

&')'-:%)!*,#$0$)%!'! %$2$-'+!*55$&$*.&:!3$)#!+*%(*&)! )/!E#@-L@QNLXX#TN7! LS.)+:!\B!"'0-*!

H;HN;! b'&+/&:&-*! .D?! 3'%! '-%/! &:&-/$%/2*+$C*1! ?%$.4! )#*! +#/1$?2DOD#*)*+/&:&-$&!

&'+0*.*!&/2(-*,!6E#@-LG%X+NL&/1N9!3#$&#!'5)*+!T!1':%!')!\`!k@!$.!)/-?*.*!4'=*!'!IKj!

:$*-1!/5!.L?!LS.)+:!YB!"'0-*!H;HN;TJ0!!

!

"#*!*55*&)!/5!='+$')$/.%!/.!)#*!2'&+/&:&-*!%&'55/-1B!*$)#*+!%?0%)$)?*.)%!/.!)#*!1/?0-*!

0/.1! /+! -'+4*+! &'=$)$*%B! 3'%! )#*.! )*%)*1! /.! )#*! 6787879! &:&-/'11$)$/.! /5! *.*1$:.*!

2'&+/&:&-*%;! ]'+%#*+! +*'&)$/.! &/.1$)$/.%! 3*+*! +*R?$+*1! )/! &:&-/$%/2*+$C*!

2'&+/&:&-$&!*.*1$:.*%!&/.)'$.$.4!'!(#*.:-! %?0%)$)?*.)!/.!)#*!1/?0-*!0/.1! L.D;!'.1!

.K;N;! E*5-?,$.4! )/-?*.*! 3'%! .*&*%%'+:! 3#*+*'%! I`! k@! 3'%! %?55$&$*.)! 5/+! )#*! ./.D

%?0%)$)?)*1!2'&+/&:&-*%!.D1Q?!'.1!.K1Q?!LS.)+$*%!^!'.1!KB!"'0-*!H;HN;!!

!

G.!/+1*+!)/!%)?1:!)#*!%&/(*!/5!)#*!2*)#/1/-/4:B!3*!&#/%*!1$55*+*.)!2'&+/&:&-*%!L.TB!

.U!'.1!.SN!3#/%*! -')*+!&:&-/$%/2*+$C')$/.T\! -*1!)/!='+$/?%! 5?%*1!)*)+'&:&-*%!%?&#!'%!

\B\BYD! '.1! \BYBYD+$.4! %:%)*2%;! P%! '! 4*.*+'-! )+*.1! 3*! /0%*+=*1! )#')! 5/+! *.*1$:.*!

2'&+/&:&-*%B! )#*! 5/+2')$/.! /5! \BYBYD2*20*+*1! +$.4%! 5?%*1! )/! )#*! &:&-/#*,'1$*.$&!

&/+*!L(+/1?&)!D.N!3'%!2?&#!5'%)*+!)#'.!)#*!5/+2')$/.!/5!\B\BYD+$.4!%:%)*2!L(+/1?&)%!

.M! '.1! DNNB! 3#$&#! $.! )?+.! 3'%! 5'%)*+! )#'.! )#*! 5/+2')$/.! /5! )#*! \B\B\D)*)+'5?%*1!

%)+?&)?+*%! L(+/1?&)%!.L! '.1!.RN! LS.)+$*%! IDHHB! "'0-*! H;HN;HJ1! P-)#/?4#! )#*+*!3'%! '!

&*+)'$.!)*.1*.&:!)/!)#*!5/+2')$/.!/5! -'+4*+!+$.4%B!3#$&#!4'=*!5'%)*+!+*'&)$/.%B!'--!)#*!

2'&+/&:&-*%! '55/+1*1! 5?%*1! )*)+'&:&-*%! ?.-$>*! $.! /)#*+!2*)#/1%! /5! %:.)#*%$%B!3#*+*!

)#*!5'$-?+*!)/!&/.%)+?&)!\B\B\D!#'%!0**.!'))+$0?)*1!)/!+$.4!&/.%)+'$.);TY!!

!

"#*!*.'.)$/%*-*&)$=*!&:&-/'11$)$/.!/5!*.*1$:.*%!?%$.4!&#$+'-!&')'-:%)%!3#$&#!3/?-1!-*'1!

)/! *.'.)$/*.+$&#*1! &:&-/'11?&)%! $%! )#*! .*,)! '%(*&)! )#')! '((*'+%! $.! )#*! -$)*+')?+*;!

"#*+*!'+*!/.-:!)3/!+*(/+)*1!%)?1$*%!/5!*.'.)$/%*-*&)$=*!&:&-/'11$)$/.!/5!/(*.D&#'$.!

*.*1$:.*%! ?%$.4! &#$+'-! &')'-:%)%! )/! '55/+1! *.'.)$/*.+$&#*1! &:&-/#*,'1$*.*%;! "#*! )3/!

%)?1$*%!?%*1!&#$+'-!+#/1$?2!&/2(-*,*%!'.1!)#*!&#/$&*!/5!&#$+'-!-$4'.1%B!'%!3*--!'%!)#*!
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!

!

.')?+*!/5!)#*!)*)#*+!0*)3**.!?.%')?+')$/.%B!3'%!=*+:!$2(/+)'.)!)/!/0)'$.!4//1!:$*-1%!

'.1!#$4#!*.'.)$/2*+$&!*,&*%%*%;T`BT^!

!

_;"'.'>'!*)!'-;T`!*2(-/:*1!'!&')$/.$&!+#/1$?2!LGNFL3ND"/-D<GOPX!&/2(-*,!)/!&')'-:C*!

'.!*.'.)$/%*-*&)$=*!$.)+'2/-*&?-'+!6787879!&:&-/'11$)$/.!/5!'!#"-(*!*.*1$:.*!LM&#*2*!

H;T`N;!

!

!

E
O

O
E

E = H, CO2Me

E

E

O

O

H
H

10 mol%
[Rh(cod)2]BF4 / (S)-Tol-BINAP

CH2Cl2, r.t.

Yield: 12-95%
ee: 17-59 % !

M&#*2*!H;T`;!@')$/.$&!E#LGNFL3ND"/-D<GOPXD&')'-:C*1!*.'.)$/%*-*&)$=*!6787879!

&:&-/'11$)$/.!/5!)+'.%!*.*1$:.*%!

!

M#$0')'! *)! '-;T^! +*(/+)*1! )#')! E#D]KD<GOPX! &/2(-*,! &')'-:C*%! '.! *.'.)$/%*-*&)$=*!

6787879!&:&-/'11$)$/.!/5!%:22*)+$&'-!'.1!?.%:22*)+$&'-!456D*.*1$:.*%!LM&#*2*!H;THNB!

3#*+*! )#*:! &/.&-?1*! )#')! )#*! &#/$&*! /5! %?0%)$)?*.)%! /.! )#*! '->:.*! )*+2$.$! $%! =*+:!

$2(/+)'.)!5/+!#$4#!*.'.)$/%*-*&)$=$):;!!

!

Z
R

Z'
R'

R R'

* *10 mol%
[Rh(H8-BINAP)]BF4

DCM, r.t.

R, R' = H, CO2Me, CH2OBn, Me, Br, Ph
Z, Z' = C(CO2Me)2, C(SO2Ph)2, NTs, O

Yield: 41-81%
 ee: 78-98%

Z Z

!
!

M&#*2*!H;TH;!6787879!@:&-/'11$)$/.!/5!&'+0/.D)*)#*+*1!%:22*)+$&'-!*.*1$:.*%!

!

!
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!

!

!

G.!/?+!4+/?(B!)#*!*.'.)$/%*-*&)$=*!&:&-/'11$)$/.!/5!*.*1$:.*%!.D1B!.K;7.S!LU$4?+*!H;JN!

?%$.4!'!&#$+'-!+#/1$?2!&/2(-*,!3#$&#!3/?-1!-*'1!)/!&#$+'-!&:&-/'11?&)%!3'%!)#*!.*,)!

'%(*&)!)/!0*!*='-?')*1;!"#*!5$+%)!&#$+'-!+#/1$?2!&/2(-*,!)*%)*1!3'%!)#*!&/22*+&$'--:!

'='$-'0-*! L0$&:&-/! 67;7;H9! #*()'D7B\D1$*.*N! 673BT39D0$%L1$(#*.:-(#/%(#$./N0?)'.*!

+#/1$?2LGN! (*+&#-/+')*;! "#*! 0*%)! +*'&)$/.! &/.1$)$/.%! 5/?.1! )/! /0)'$.! '! #$4#! +')$/!

:$*-1F*.'.)$/2*+$&!*,&*%%!3'%!)/-?*.*!'%!'!%/-=*.)!')!Y\k@!5/+!/.*!1':! 5/+!)#*!)3/!

2'&+/&:&-*%!.D1! LS.)+:!HB!"'0-*!H;7N!'.1!.T! LS.)+:!7B!"'0-*!H;7N;! G.! )#*! )3/!&'%*%B!

/.-:!2/1*+')*!*.'.)$/2*+$&!*,&*%%*%!3*+*!/0)'$.*1;!

!

G.! /+1*+! )/! $2(+/=*! )#*%*! +*%?-)%B! '! &#$+'-! 0$1*.)')*! -$4'.1B! 7D(#/%(#$./! #'"#D

0?):-%?-5$.'2$1*! LXOMQN! (+*('+*1! 0:! X+/5;! E$*+'W%! 4+/?(! 3'%! )*%)*1! $.! )#*!

2'&+/&:&-$&!*.*1$:.*%!.D1!'.1!.T!LS.)+:!TB!J!'.1!\B!"'0-*!H;7N;!b'&+/&:&-*!.D1!3'%!

)+*')*1!3$)#!7D(#/%(#$./! #'"#D0?):-%?-5$.'2$1*!+#/1$?2!&/2(-*,! $.!@]7@-7! ')! +//2!

)*2(*+')?+*;!P5)*+! 7K! #! /5! +*'&)$/.! )#*! :$*-1! /5!.L1!3'%! ^^j! '.1! )#*! **!3'! JKj!

LS.)+:! TB! "'0-*! H;7N;! V#*.! )#*! 1$&#-/+/2*)#'.*! 3'%! %?0%)$)?)*1! 5/+! )/-?*.*! )#*!

+*'&)$/.! )$2*!3'%!+*1?&*1!&/.%$1*+'0-:! 5+/2!7K!#! )/!\;\!#!'.1!'!^Ij!:$*-1!/5!.L1!

3$)#!%-$4#)-:!$2(+/=*1!\`j!/5!**!3'%!/0)'$.*1!LS.)+:!JB!"'0-*!H;7N;!"#*!-'))*+!+*'&)$/.!

&/.1$)$/.%!3*+*!'((-$*1!5/+!2'&+/&:&-*!.T;!G.!)#$%!&'%*!'.!*,&*--*.)!:$*-1!/5!IJj!/5!.M!!

3'%! /0)'$.*1! '-)#/?4#! )#*! **! 1+/((*1! )/! ^j! LS.)+:! \B!"'0-*! H;7N;! "#*! *.'.)$/2*+!

5/+2*1!3$)#!)#*!XOMQFE#!&/2(-*,!3'%!)#*!/((/%$)*!/5!)#')!/0)'$.*1!$.!*.)+$*%!H!'.1!

7;!Q)#*+!*,(*+$2*.)%!?%$.4!6E#@-L&/1N97!'.1!%*=*+'-!&#$+'-!(#/%(#$.*%!1$1!./)!-*'1!)/!

0*))*+!&#$+'-$):!$.1?&)$/.!)#'.!)#')!1*%&+$0*1!$.!"'0-*!H;7;!

!

!

!

!

!
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!

!

N

N

N

SO2p-tolyl

SO2p-tolyl

p-tolylO2S

N

N

N
SO2p-tolyl

SO2p-tolyl

p-tolylO2S
n

n

12a (n=1)

14 (n=2)

17a (n=1)

19 (n=2)

H
H

10 mol% Rh(I) / L*

!
!

!

"'0-*!H;7;!S.'.)$/%*-*&)$=*!6787879!&:&-/'11$)$/.!+*'&)$/.!/5!2'&+/&:&-$&!*.*1$:.*%!

.D1!'.1!.T!

!

H;H;J; )=9!P635@:159A!89;=12438!!

!

!

"+'.%$)$/.D2*)'-! &')'-:C*1! '->:.*! &:&-/'11$)$/.%! &'.! 0*! 0+/'1-:! 1$=$1*1! $.)/! )#*!

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

LM&#*2*! H;T7Nc! 'N! 2*)'--'&:&-*! +/?)*l! 0N! %*R?*.)$'-! $.%*+)$/.! +/?)*l! &N! 2*)')#*%$%!

&'%&'1*!+/?)*;!!!

!"#$% &'' '*#*4%0#.58G.6H-47 ()*+#,-".+-"/,#,-"0 1$-/2+# 3,)4/.567 )I).567

" 89* %-.A?C?1'<*451'678 8:* 2* 77

6 8= %-.A?C?1'<*451'678 8E 7< 7"

:$ 89* 5D65.61'/&%&1'698 8:* ;; 79

7$ 89* %-.A?C?1'/&%&1'*&*8 8:* ;2 *3

*$ 8= %-.A?C?1'/&%&1'*&*8 8E 27 ;

$'E8?''?C$C%F-,?/'-G%$FC?>'FC'%8?H?'#$H?H'I$H'%8?'-JJ-HF%?'-@'%8$%'-G%$FC?>'FC'?C%/F?H'"'$C>'6&

Rh
P

P

PhPh

Ph Ph

Me

Me
ClO4

Rh
P

P

PhPh

Ph Ph

Me

Me
ClO4

Rh

TfO

O

P

S
NPh
Ph Ph

Rh

TfO

O

P

S
NPh
Ph Ph

Rh

TfO

O

P

S
NPh
Ph Ph
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!

!

b

b m

b

(V

(

(V?W

b

E?

@( @-

mb

((

b

V

b

E?
@(

@-

m
b

(((

b

V(

b

(((W

E?
@(

@-

V((

m

b

b b

b

m

b m

b
b b

b

V(((
(X

X X(

X((( X(V

XV XV(

b$F/

Y!Z!)Y!Z!)012345462!8951:

[1\!Y951::1;<;:9!%6@59

[?\!]9^@92541:!(23905462!%6@59

[;\!Y9515=9343!-13;1A9!%6@59

VW

E?

((W (V1W

E?
@(

@-

V((

8

L@Q[NE?
@(

@-

@(

@-

L@Q[NE?
@(

@-

8$'()9):),+

V((

V((

Oxidative
Addition

Alkyne insertion 
product

Diels-Alder 
product

Reductive
Elimination

Reductive
Elimination

Oxidative
Addition

Alkyne 
insertion

cis-addition cis-addition

Cyclization "-elimination

Intramolecular 
metathesis

Ring-closing 
olefin metathesis

!

M&#*2*!H;T7;!X/%%$0-*!2*&#'.$%2%!/5!'->:.*!&:&-/'11$)$/.!
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!

!

"#*!2/%)!3$1*-:!'&&*()*1!2*&#'.$%2!$%!)#*!2*)'--'&:&-*!+/?)*B!%#/3.!$.!)#*!4*.*+'-!

M&#*2*!H;T7;75B#B$! G.$)$'--:B! /.*! '->:.*!2/$*):! 1$%(-'&*%! '! -$4'.1!/.! )#*!2*)'-! )/! 5/+2!

'->:.*! &/2(-*,! (B! 5/--/3*1! 0:! '! %*&/.1! '->:.*! &//+1$.')$/.! )/! 5/+2! &/2(/?.1! ((;!

Q,$1')$=*! &/?(-$.4! 2':! /&&?+! )/! 4$=*! )#*! &//+1$.')$=*! ?.%')?+')*1!

2*)'--'&:&-/(*.)'1$*.*! (((B! $.! 3#$&#! )#*!2*)'-! '1/()%! '! 5/+2'-! /,$1')$/.! %)')*! )3/!

?.$)%! #$4#*+! )#'.! $.! $)%! (+*&?+%/+! ((;! @/2(-*,! (((! 2':! )#*.! &//+1$.')*! '! )#$+1!

2/-*&?-*!/5!'->:.*!)/!4$=*!(VB!3#$&#!(+/&**1%!)/!4*.*+')*!*$)#*+!'.!'->:.*D$.%*+)$/.!

)/! 5/+2! )#*! 2*)'--'&:&-/#*()')+$*.*! VB! /+! '! [$*-%DP-1*+! ):(*! '11$)$/.! )/! 5?+.$%#!

0$&:&-$&! &/2(-*,! V(;! U$.'--:B! )#*! 0*.C*.*! +$.4! V((! $%! 5/+2*1! 0:! )#*! +*1?&)$=*!

*-$2$.')$/.! /5! )#*! 2*)'-B! '.1! )#*! &')'-:%)! LbN! $%! +*&/=*+*1;! P! 2:+$'1! /5!

2*)'--'&:&-/(*.)'1$*.*! &/2(-*,*%! +*-*='.)! )/! &:&-/'11$)$/.! #'=*! 0**.! $%/-')*1! )/!

1')*B!'.1!%/2*!/5!)#*2!'&)?'--:!4$=*!'+/2')$&!(+/1?&)%!?(/.!)+*')2*.)!3$)#!'->:.*%;TK!

Q.! )#*!0'%$%!/5![U"!&'-&?-')$/.%!(*+5/+2*1!0:!i'2'2/)/!*)! '-;;H`2! '.1!_$+&#.*+!*)!

'-;TI!'!./=*-!2*&#'.$%2!3'%!(+/(/%*1!5/+!@(E?@-D&')'-:C*1!'->:.*!&:&-/'11$)$/.;!"#*!

+')*D1*)*+2$.$.4! %)*(! $%! )#*! /,$1')$=*! &:&-$C')$/.B! 3#$&#! (+/1?&*%! '! +?)#*.'&:&-*!

$.)*+2*1$')*! L):(*! (((_B! M&#*2*! H;T7N;! "#*! >*:! 5*')?+*! /5! )#$%! 2*&#'.$%2! $%! )#*!

$%/2*+$C')$/.! 5+/2! +?)#*.'&:&-/(*.)'1$*.*L'->:.*N! &/2(-*,! L):(*! (V1_N! )/!

+?)#*.'0$&:&-/6T;7;`9#*()')+$*.*! L(V?_NB!3#$&#! 4$=*%! +$%*! )/! '! %*=*.D2*20*+*1! ):(*!

V_!+?)#*.'&:&-*;!

!

Q.! )#*! /)#*+! #'.1B! '! %*R?*.)$'-! &'+0/2*)'--')$/.! 2*&#'.$%2! /(*+')*%! $.!

&:&-/'11$)$/.%! &')'-:C*1! 0:! )+'.%$)$/.D2*)'-! #:1+$1*%! /+! #'-$1*%! bDmB! %#/3.! $.!

M&#*2*!H;T70;H`'BJ`!G.$)$'--:B!)#*+*!$%!'!2%*D'11$)$/.!/5!)#*!bDm!)/!)#*!'->:.*!)/!5/+2!)#*!

$.)*+2*1$')*!V(((B!5/--/3*1!0:!&/.%*&?)$=*!2%*D'11$)$/.!/5!)#$%!$.)*+2*1$')*!)/!'./)#*+!

)3/! '->:.*%! )/! 5/+2! %(*&$*%! X;! G.)*+2*1$')*! X(! $%! 5/+2*1! '5)*+! &:&-$C')$/.! /5!

&/2(/?.1!X;!<*.C*.*!1*+$=')$=*!V((! $%!/0)'$.*1!'5)*+!"D*-$2$.')$/.!/5!bDm!'.1!)#*!

&')'-:%)!$%!+*&/=*+*1;!

!

G.! '11$)$/.! )/! )#*%*! 3*--D>./3.! (+*&*1*.)%B! '! 2*)')#*%$%! &'%&'1*! ?%$.4! A+?00%W!

+?)#*.$?2! &'+0*.*! &/2(-*,! (+/=*1! )/! 0*! *55*&)$=*! 5/+! )#*! &:&-$C')$/.! /5! )+$:.*%!

LM&#*2*! H;T7&N;JH! "#*! 2*&#'.$%2! (/%)?-')*1! &/.%$%)%! /5! '.! $.$)$'-! $.)*+2/-*&?-'+!

+*'&)$/.B! +?)#*.$?2! &'+0*.*! &/2(-*,! '11%! )/! )#*! )+$(-*! 0/.1! )/! /0)'$.! &/2(/?.1!
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!

!

X(((;!"#$%! $.)*+2*1$')*!?.1*+4/*%!'.! $.)+'2/-*&?-'+!2*)')#*%$%! +*'&)$/.!<%-)X(V! )/!

(+/1?&*! '! &/.d?4')*1! &'+0*.*! &/2(-*,!XV;! "#*! 5$.'-! +$.4D&-/%$.4! /-*5$.!2*)')#*%$%!

%)*(!-*'1%!)/!)#*!5/+2')$/.!/5!)#*!0$&:&-$&!%:%)*2!XV(!3#$&#!*=/-=*%!)/!)#*!'+/2')$&!

%:%)*2!V((B!)#$%!%#/?-1!(+/=$1*!'!%)+/.4!1+$=$.4!5/+&*!5/+!)#*!/=*+'--!+*'&)$/.!&'%&'1*;!

!

"#*! *-?&$1')$/.! /5! )#*! 2*&#'.$%)$&! '%(*&)%! /5! #/2/4*.*/?%! &')'-:%$%! #'%! 0**.! '.!

'20$)$/?%!%&$*.)$5$&!4/'-!%$.&*!)#*!*'+-:!1':%!/5!/+4'./2*)'--$&!&#*2$%)+:;![?*!)/!)#*!

*./+2/?%! (+/4+*%%! $.! &/2(?)')$/.'-! &#*2$%)+:! /=*+! )#*! -'%)! 5*3! :*'+%B! )#*/+*)$&'-!

2*)#/1%!'+*!(-':$.4! '.! $.&+*'%$.4-:! $2(/+)'.)!+/-*! $.! $1*.)$5:$.4!(/%%$0-*!*-*2*.)'+:!

+*'&)$/.%;!e-)$2')*-:B! )#*! '$2! $%! )/!?.1*+%)'.1! )#*%*! 5?.1'2*.)'-! )+'.%5/+2')$/.%! $.!

/+1*+!)/!2/.$)/+!'.1!)?.*!&#'.4*%!$.!+*'&)$=$):!)/3'+1!'!4$=*.!%:.)#*)$&!(?+(/%*;!G)!$%!

)#*+*5/+*! ?%*5?-! )/! &/20$.*! *,(*+$2*.)'-! 3/+>! 3$)#! )#*/+*)$&'-! %)?1$*%! 0'%*1! /.!

1*.%$):!5?.&)$/.'-!)#*/+:!L[U"N!&'-&?-')$/.%;!

!

E*&*.)!(+/4+*%%!$.!&/2(?)')$/.'-!&#*2$%)+:!#'%!%#/3.!)#')!2'.:!$2(/+)'.)!&#*2$&'-!

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

5+/2! 5$+%)! (+$.&$(-*%! 0:! ='+$/?%! &/2(?)')$/.'-! )*&#.$R?*%;! "#$%! '0$-$):! $%! *%(*&$'--:!

$2(/+)'.)!$.!)#/%*!&'%*%!3#*+*!*,(*+$2*.)'-!+*%?-)%!'+*!1$55$&?-)!)/!/0)'$.;!

!

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

/5)*.! 3$)#! #$4#! -*=*-%! /5! &#*2/DB! +*4$/DB! '.1! %)*+*/%*-*&)$=$):;! P-)#/?4#! )#*!

2*&#'.$%2! /5! )#$%! +*'&)$/.! #'%! 0**.! )#*! %?0d*&)! /5! 2'.:! *,(*+$2*.)'-! '.1!

&/2(?)')$/.'-! %)?1$*%B! $)! #'%! :*)! )/! 0*! 5?--:! *-?&$1')*1;! P5)*+! ($/.**+$.4!

%*2$*2($+$&'-J7!*55/+)%B!'!2/+*!1*)'$-*1![U"!'.'-:%$%!3'%!+*(/+)*1!0:!P-0+$4#)!*)!'-;!$.!

HIII! 3#/! 5$+%)! (+/=$1*1! '! +$4/+/?%! '.1! 1*)'$-*1! &/2(?)')$/.'-! 1*%&+$()$/.! /5! )#*!

3#/-*!2*&#'.$%2!/5!'&*):-*.*!)+$2*+$C')$/.!&')'-:C*1!0:!)#*!@(@/!5+'42*.);JT!e%$.4!

'!-'+4*+!0'%$%!%*)B!_/4'!*)!'-;!)#*/+*)$&'--:!*,(-/+*1!)#*!+*4$/%*-*&)$=$):!/5!)#*!5$+%)!%)*(!

/5!)#*!@(@/D&')'-:C*1!'&*):-*.*!)+$2*+$C')$/.!'.1!+**,'2$.*1!)#*!3/+>!0:!P-0+$4#)B!

'11+*%%$.4!1$55*+*.)!2*&#'.$%)$&!%&#*2*%!$.!0/)#!)#*!%$.4-*)!'.1!)+$(-*)!%)')*JJ!3#*+*!

)#*:!&/.&-?1*1!)#')!)#*+*!$%!'!&#'.4*!$.!%($.!%)')*!'-/.4!)#*!+*'&)$/.!&//+1$.')*;!"#*!

3/+>!)//>!*,(-$&$)!'&&/?.)!/5!)#*!5'&)!)#')!HKD*-*&)+/.!&/0'-)!%(*&$*%!?%?'--:!*,$%)!'%!

%$.4-*)! %)')*%B! 3#*+*'%! )#*$+! HYD*-*&)+/.! &/.4*.*+%! #'=*! )+$(-*)! 4+/?.1! %)')*%;J\!!
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!

!

A'.1/.B!a/--#'+1)!*)!'-;JY'!*,)*.1*1!)#*!'((+/'&#!)/!)#*!&/0'-)D2*1$')*1!%:.)#*%$%!/5!

&:&-/#*,'1$*.*! 5+/2! '&*):-*.*! '.1! *)#:-*.*B! 5$.1$.4! )#')! '->*.*! $.&/+(/+')$/.!

(+/&**1%! =$'! $.%*+)$/.! $.)/! '! @/D@! !D0/.1! %$.&*! '%! )#*! +*%?-)$.4! %*=*.D2*20*+*1!
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• 8$-#)->>"!=%A-#%!(*)-"')@'%(S)A-M'a)8$%2$)-"')*%S(%?%2-(#a!

!

M/2*! &'%*%! +*R?$+*! 2'>$.4! '((+/,$2')$/.%! /5! )#*! +*'-! %)?1$*1! %:%)*2! $.!

/+1*+! )/! +*1?&*! )#*! &/2(?)')$/.'-! &/%);! "#*%*! %$2(-$5$&')$/.%!2':! '--/3! '!

5'%)*+!'.%3*+!/5!)#*!%)?1:!3$)#!#$4#!+*-$'0$-$):!/+!./);!"#?%B!$)!$%!$2(/+)'.)!)/!

#'=*!$.)/!'&&/?.)!$5!)#*!)'>*.!'((+/,$2')$/.%!&'.!'55*&)!)#*!5$.'-!+*%?-)!3$)#!

4+*')!2'4.$)?1*!/+!./);!!

!
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!

!

Q.&*!:/?!#'=*!5$.'--:!'.%3*+*1!'--!/5!)#*%*!R?*%)$/.%B!:/?!'+*!+*'1:!)/!'&)?'--:!1/!'!

&'-&?-')$/.;!O/3! :/?!2?%)! 1*)*+2$.*!3#$&#! $%! )#*! 0*%)! %/5)3'+*! '='$-'0-*! 5/+! :/?+!

&'-&?-')$/.%B!3#')!$)!&/%)%!'.1!#/3!)/!?%*!$);!

!

!

H;7;J;H; "968950<!6P5484d15462!

!

"#*! 4*/2*)+:! /5! )#*! 2/-*&?-*%! 0:! &/2(?)')$/.'-! &'-&?-')$/.%! $%! /0)'$.*1! '5)*+!

'((-:$.4! '! %*+$*%! /5! $)*+')$/.%! 3#$&#! 2/1$5:! )#*! 4*/2*)+:! ?.)$-! )#*! *.*+4:! /5! )#*!

%:%)*2!#'%!+*'&#*1!'!2$.$2?2;!V*!&'.!1$%)$.4?$%#!0*)3**.!2$.$2'!'.1!%'11-*D(/$.)%!

LU$4?+*! H;H`N! 3#/! 1*%&+$0*! )#*! X/)*.)$'-! S.*+4:! M?+5'&*%! LXSMN! /5! )#*! +*'&)$/.!

2*&#'.$%2!%)?1$*1;!!

!

U$4?+*!H;H`;!E*(+*%*.)')$/.!/5!'!X/)*.)$'-!S.*+4:!M?+5'&*!3$)#!2$.$2'!'.1!%'11-*!

(/$.)!!

!

O/)*!)#')!)/!5$.1!)#*!2$.$2'!$.!&/2(?)')$/.'-!&'-&?-')$/.%B!$)!$.=/-=*%!%/-=$.4!)#*!5$+%)!

1*+$=')$=*%!/5!)#*!*.*+4:!+*%(*&)!)/!)#*!@'+)*%$'.!/+!'.:!/)#*+!%:%)*2!/5!&//+1$.')*%B!

&'--*1!)#*!S"-M%'(#;!V#*.!)#*!%-/(*!$%!*R?'-!)/!C*+/B!'!%)')$/.'+:!(/$.)!#'%!0**.!5/?.1;!

G5! )#*! &/2(?)*1! ]*%%$'.! #'%! /.-:! (/%$)$=*! *$4*.='-?*%! )#*.! '! 2$.$2?2! L+*'&)'.)B!

Reactant
Saddle Point

Product

100



+&,&'#-(.,%'/012%3/,(

!

!

(+/1?&)B! /+! $.)*+2*1$')*N! #'%! 0**.! -/&')*1B! 3#$-*! $5! )#*! &/2(?)*1! ]*%%$'.! #'%! '!

?.$R?*! .*4')$=*! *$4*.='-?*! )#*.! $)! #'%! 0**.! -/&')*1! '! )+'.%$)$/.! %)')*;! "#$%! $%! )#*!

(+/&*1?+*!(+$.&$(-*!0*#$.1!)#*!4*/2*)+:!/()$2$C')$/.!/5!&/2(?)')$/.'-!2*)#/1%;!

!

!

9!B'2+B-")S'!A'#"0!&'.!0*!1*%&+$0*1!0:!)#+**!2*'%?+*2*.)%!LU$4?+*!H;HHNc!

!

! 0/.1!-*.4)#!LHNB!?%?'--:!+*(/+)*1!$.!P.4%)+/2%!LHn!Z!H`DH`2!Z!H``!(2N!

! 0/.1!'.4-*!L#NB!2*'%?+*1!$.!1*4+**%;!

! 1$#*1+'-!'.4-*!L$NB!$.!1*4+**%;!

!

!!! !!!!!! !!!
!

U$4?+*!H;HH;!E*(+*%*.)')$/.!/5!)#*!)#+**!2*'%?+*2*.)%c!0/.1!-*.4)#!LHNB!0/.1!'.4-*!

L$N!'.1!1$#*1+'-!'.4-*L%N!

!

<?)! ')/2%! '+*! $.! &/.%)'.)! 2/)$/.B! *=*.! ')! '0%/-?)*! C*+/;! "#*+*5/+*B! #/3! 1/! 3*!

1*5$.*! )#*! 1$%)'.&*! 0*)3**.! )#*2u! LU$4?+*! H;H7N! M*=*+'-! =$0+')$/.'-! '.1! +/)')$/.'-!

%)')*%!'+*!(/(?-')*1!5/+!*'&#!*-*&)+/.$&!%)')*;!"#*!4*/2*)+:!/()$2$C')$/.!1*)*+2$.*%!

)#*!'b+%B%@"%+A!0/.1!-*.4)#;!

C C

H

H

H

H
H

H
l

#
H H

HH H

H
$
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!

!

!

U$4?+*!H;H7;!E*(+*%*.)')$/.!/5!*R?$-$0+$?2!0/.1!-*.4)#!3#*+*!U!L=$0+')$/.'-!%)')*N!'.1!

"!L+/)')$/.'-!%)')*N!'+*!(/(?-')*1!5/+!*'&#!*-*&)+/.$&!%)')*;!

M/! $.! &/2(?)')$/.'-! &'-&?-')$/.%! )#*!2$.$2?2! $%! '.! *R?$-$0+$?2! %)+?&)?+*!/5! /.*!/+!

%*=*+'-!2/-*&?-*%;!

!

Q.! )#*! /)#*+! #'.1B! )#*! $%/-')$/.! /5! "M%! $%! %-$4#)-:! 1$55*+*.)! '%! )#*! -/&'-$C')$/.! /5!

2$.$2'! $.! )#*! (/)*.)$'-! *.*+4:! %?+5'&*;! "#$%! $%! 1*%&+$0*1! '%! '! 2',$2?2! '-/.4! )#*!

+*'&)$/.! &//+1$.')*B! 0?)! '! 2$.$2?2! $.! )#*! /)#*+! /+)#/4/.'-! 1$+*&)$/.%;! P4'$.! )#*!

S"-M%'(#!$%!?%*1!)/!-/&')*!"M!4*/2*)+$*%B!0?)!)#*!%*&/.1!1*+$=')$=*%!L/+!D'**%-(N!/5!)#*!

*.*+4:!'+*!'-%/!+*R?$+*1;!V/+>$.4!3$)#!-'+4*!2/-*&?-*%!.**1%!'((+/'&#*%!%?&#!'%!)#*!

</5$--!?(1')$.4!2*)#/1^I!/+!2*1$')$.4!*$4*.=*&)/+!5/--/3$.4;K`!

!

P!4-/0'-!2*)#/1!./+2'--:!?%*1!5/+!5$.1$.4!"M!$%!'.!$.)*+(/-')$/.!0*)3**.!+*'&)'.)!'.1!

(+/1?&)B! W%('-") 30(2$"!(!+*) Q"-(*%#! LhM"N;! "#$%! '((+/'&#! $%! '! %*'+&#! 5/+! '!2',$2?2!

'-/.4!'!-$.*'+!(')#!0*)3**.!+*'&)'.)%!'.1!(+/1?&)%!LU$4?+*!H;HTN;!

!

!

v1
v2
v3

v0

r0, r1, r2...

Energy

Distance between atoms
eq. bond length

zero point 
energy
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!

!

!
!

U$4?+*!H;HT;!E*(+*%*.)')$/.!/5!-$.*'+!%:.&#+/./?%!)+'.%$)!LhM"N!

!

P.1! )#*+*! $%! './)#*+! '-4/+$)#2! 5/+! 5$.1$.4! "M%! 3#$&#! &'--*1! c+-M"-#%2) 30(2$"!(!+*)

Q"-(*%#) LxM"N;! "#$%! &'%*! &/.%$%)%! %*'+&#$.4! 5/+! '!2',$2?2! '-/.4! '.! '+&! &/..*&)$.4!

+*'&)'.)%!'.1!(+/1?&)%B!'.1!5/+!'!2$.$2?2!$.!'--!1$+*&)$/.%!(*+(*.1$&?-'+!)/!)#*!'+&!

LU$4?+*!H;HJN;!!

!

!

)
)

U$4?+*!H;HJ;!E*(+*%*.)')$/.!/5!R?'1+')$&!%:.&#+/./?%!)+'.%$)!LxM"N!

!
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!

!

!

<?)!#/3!3*!>./3! $5! )#*!"M! 5/?.1! $%! )#*!&/++*&)u! U$+%)!/5! '--B! -//>! ')! )#*! )+'.%$)$/.!

%)')*!*$4*.=*&)/+!)/!2'>*!%?+*!$)W%!)#*!+$4#)!/.*;!"#*.B!3*!&'.!5/--/3!+*'&)$/.!(')#!)/!

0*! %?+*! )#')! )#*! )+'.%$)$/.! %)')*! &/..*&)%! )#*! &/++*&)! +*'&)'.)%! '.1! (+/1?&)%;!

M)**(*%)! 1*%&*.)! (')#! 5+/2! "M! )/! +*'&)'.)%! '.1! (+/1?&)%! $%! )#*! G.)*+.'-! E*'&)$/.!

@//+1$.')*!LGE@N;!

!

"#*+2/1:.'2$&%!'.1!>$.*)$&%!/5!)#*!+*'&)$/.!&'.!0*!/0)'$.*1!5+/2!)#*!*.*+4$*%!5/?.1!

5/+!+*'&)'.)%B!(+/1?&)%!/+!)+'.%$)$/.!%)')*%!LU$4?+*!H;H\N;!!

! !
!

U$4?+*!H;H\;!M&#*2')$&!+*'&)$/.!A$00%!*.*+4:!(+/5$-*!3#*+*!2$.$2'!L+*'&)'.)%B!

(+/1?&)%N!'.1!%'11-*!(/$.)!L)+'.%$)$/.!%)')*N!'+*!+*(+*%*.)*1!'%!3*--!'%!)#*!'&)$=')$/.!

*.*+4:!L&AzN!'.1!+*'&)$/.!*.*+4:!L&A`N!

!

!

"#*!.*,)!*R?')$/.%!LH;7I!'.1!H;T`N!&/++*%(/.1!)/!)#*!'&)$=')$/.!*.*+4:!&Az!'.1!)#*!

+*'&)$/.!*.*+4:!&A`!/5!'!('+)$&?-'+!(+/&*%%;!"#*%*!*,(+*%%$/.%!'+*!='-$1!5/+!*-*&)+/.$&!

*.*+4$*%B!*.)#'-($*%!'.1!A$00%!*.*+4$*%B!0?)!)#*!-'))*+!$%!)#*!0*%)!+*(+*%*.)')$/.!3#*.!

)#*! .?20*+! /5! +*'&)$.4! 2/-*&?-*%! &#'.4*%! '-/.4! )#*! +*'&)$/.! &//+1$.')*! L0*&'?%*!

*.)+/(:!*55*&)%!'+*!$.&-?1*1N;!

!

Reactants

Products

Transition State

Reaction Coordinate

En
er

gy

&G'

&G0
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!

!

‘’a ( ’⁄\ç€‹åêß
a W'’\CèåêèAêß

a !!! ! ! LH;THN!

!

‘’› ( '’ê\èAßSêSçA'ßêèêC
› W'’\CèåêèAêß

a !!! ! LH;T7N!

!

!

!

!

&21:<343!6B!5=9!?42A42I!9290I493!

!

"#*!0/.1$.4!*.*+4:B'‘ãêçêèD B!&'.!0*!1*&/2(/%*1!'-/.4!)#*!+*'&)$/.!&//+1$.')*! $.)/!

)#*!%)+'$.!‘ãßê\èSA!'%%/&$')*1!3$)#!1*5/+2$.4!)#*! $.1$=$1?'-!+*'&)'.)%!(-?%!)#*!'&)?'-!

$.)*+'&)$/.!‘ãSAê!0*)3**.!)#*!1*5/+2*1!+*'&)'.)%;!

!

! ! ‘ãêçêèD ( '‘ãßê\èSA F ‘ãSAê!!! ! ! LH;TTN!

!

"#*!%)+'$. ‘ãßê\èSA!$%!1*)*+2$.*1!0:!)#*!+$4$1$):!/5!)#*!+*'&)'.)%!'.1!/.!)#*!*,)*.)!)/!

3#$&#! 4+/?(%! 2?%)! +*/+4'.$C*! $.! '! ('+)$&?-'+! +*'&)$/.! 2*&#'.$%2B! 3#*+*'%! )#*!

$.)*+'&)$/. ‘ãSAê!0*)3**.!)#*!+*'&)'.)%!1*(*.1%!/.!)#*$+!*-*&)+/.$&!%)+?&)?+*!'.1!/.!

#/3! )#*:! '+*! 2?)?'--:! /+$*.)*1! '%! )#*:! '((+/'&#! *'&#! /)#*+;! G)! $%! )#*! $.)*+(-':!

0*)3**. ‘ãßê\èSA! '.1'‘ãSAê')#')!1*)*+2$.*%! $5! '.1!')!3#$&#!(/$.)!'-/.4! )#*!+*'&)$/.!

&//+1$.')*! '! 0'++$*+! '+$%*%;! "#*! '&)$=')$/.! *.*+4:!/5! '! +*'&)$/.'‘ã›! &/.%$%)%! /5! )#*!

'&)$=')$/.!%)+'$.!‘ãßê\èSA
› '(-?%!)#*!"M!$.)*+'&)$/.'‘ãSAê

› ;!

!

! ! ‘ã› ( '‘ãßê\èSA
› 'F ‘ãSAê

› !! ! ! LH;TJN!

!

"#*! $.)*+'&)$/.'‘ãSAê'0*)3**.! )#*! %)+'$.*1! +*'&)'.)%! $%! 5?+)#*+! '.'-:C*1! $.! )#*!

&/.&*()?'-!5+'2*3/+>!(+/=$1*1!0:!)#*!_/#.DM#'2!2/-*&?-'+!/+0$)'-!L_MDbQN!2/1*-;!

KHDKT!"/!)#$%!*.1B!$)!$%!5?+)#*+!1*&/2(/%*1!$.)/!)#+**!(#:%$&'--:!2*'.$.45?-!)*+2%c!

!

105



!"#$%&'()(

!

!

! ! ‘ãSAê ( '‘fiCDßêèê F'‘?“è‹DS F '‘?çS!! ! LH;T\N!

! !

"#*!)*+2! ‘fiCDßêèê!&/++*%(/.1%!)/!)#*!&-'%%$&'-!*-*&)+/%)')$&!$.)*+'&)$/.!0*)3**.!)#*!

?.(*+)?+0*1!&#'+4*!1$%)+$0?)$/.%!/5! )#*!1*5/+2*1!+*'&)'.)%!'.1! $%!?%?'--:! '))+'&)$=*;!

"#*!X'?-$!+*(?-%$/.!‘?“è‹DS '&/2(+$%*%!)#*!1*%)'0$-$C$.4!$.)*+'&)$/.%!0*)3**.!/&&?($*1!

/+0$)'-%! '.1! $%! +*%(/.%$0-*! 5/+! '.:! %)*+$&! +*(?-%$/.! L%**! E*5;! KT! 5/+! '.! *,#'?%)$=*!

1$%&?%%$/.N;! "#*! /+0$)'-! $.)*+'&)$/. ‘?çS! '&&/?.)%! 5/+! &#'+4*! )+'.%5*+! L$.)*+'&)$/.!

0*)3**.! /&&?($*1! /+0$)'-%! /.! /.*! 2/$*):! 3$)#! ?./&&?($*1! /+0$)'-%! /5! )#*! /)#*+B!

$.&-?1$.4! ]QbQphebQ! $.)*+'&)$/.%N! '.1! (/-'+$C')$/.! L*2():p/&&?($*1! /+0$)'-!

2$,$.4!/.!/.*! 5+'42*.)!1?*!)/!)#*!(+*%*.&*!/5!'./)#*+! 5+'42*.)N;!M$.&*!)#*!_/#.p

M#'2!bQ!2*)#/1!/5!1*.%$):D5?.&)$/.'-!)#*/+:!L[U"N!$.!(+$.&$(-*!:$*-1%!*,'&)!*.*+4$*%!

'.1B! $.! (+'&)$&*B!3$)#! )#*! '='$-'0-*! 1*.%$):! 5?.&)$/.'-%! 5/+! *,&#'.4*! '.1! &/++*-')$/.B!

+')#*+!'&&?+')*B!3*!#'=*!)#*!%(*&$'-!%$)?')$/.!)#')!'!%**2$.4-:!/.*D('+)$&-*!2/1*-!L'.!

bQ!2*)#/1N!$.!(+$.&$(-*!5?--:!'&&/?.)%!5/+!)#*!0/.1$.4!*.*+4:;K7BKT!

!

[*&/2(/%$)$/.!/5!*.*+4:! $%!'.!*55*&)$=*!)//-!)/!?.1*+%)'.1!)#*!0*#'=$/?+!/5!%*=*+'-!

&#*2$&'-! +*'&)$/.%;! G.! )#$%! )#*%$%B! $)! 3$--! 0*! ?%*5?-! )/! 4$=*! '.! *,(-'.')$/.! /5! %/2*!

*,(*+$2*.)'-!+*%?-)%;!

!

!

!

!

!

!

!
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!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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!

!

!

!

!

!

!

!

!

!

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

!

!

!

"#$! %&'(&)*+! +,'-%! ,.! &#)%! &#$%)%! #'/$! 0$$*! 1$/$-,2$1! &'3)*+! )*&,! '44,5*&! &#$!

2($4$1$*&%!,5&-)*$1!)*!!"#$%&'()6!"#$!.,--,7)*+!%&'&$8$*&%!'($!&#$!)*)&)'-%!2(,2,%'-%!,.!

&#)%!7,(36!9,82,5*1!*580$(%!5%$1! )*! &#$!,()+)*'-!250-)4'&),*%!#'/$!0$$*!($.-$4&$1!

#$($!)*!&#)%!4#'2&$(!1$%2)&$!,44'%),*'-!($2$&)&),*%6!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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!

!

!

!

!

!
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!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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!

"'3)*+!)*&,!'44,5*&!&#$!2($4$1$*&%!7#)4#!#'/$!0$$*!1$%4()0$1!)*!9#'2&$(!1:!&#$!8')*!
+,'-!,.!&#$!2($%$*&!&#$%)%!)%!&,!5*1$(%&'*1!&#$!2(,2$(&)$%!'*1!($'4&)/)&;!,.!5*%'&5('&$1!

%50%&('&$%!7)&#!'-3;*$%!'*1!'-3$*$%!8,)$&)$%!&#(,5+#!<=>=>=?!4;4-,'11)&),*%!4'&'-;@$1!

0;!A)-3)*%,*B%!4,82-$C:!D#9-EFF#GHG6!!

!

IC2$()8$*&'-!&$4#*)J5$%!#'/$!0$$*!5%$1!'*1!KL"!'22(,'4#$%!#'/$!0$$*!$82-,;$1!&,!

+)/$! '*! $C2-'*'&),*! ,.! &#$! $C2$()8$*&'-! ($%5-&%! '*1! '-%,! &,! 8'3$! %5++$%&),*%! .,(!

.5(&#$(!$C2$()8$*&'-!7,(36!!

!

",!&#)%!$*1:!7$!#'/$!1$%)+*$1!'!%$()$%!,.!$C2$()8$*&%:!$'4#!,.!&#$8!#'/)*+!&#$)(!,7*!

,0M$4&)/$%6!N*!2'(&)45-'(:!&#$!.,--,7)*+!+,'-%!7$($!$%&'0-)%#$1!.,(!&#)%!&#$%)%O!

!

1'2,&-%(34(

(

P)*4$! 7$! '($! )*&$($%&$1! )*! &#$,($&)4'-! %&51)$%! ,.! <=>=>=?! 4;4-,'11)&),*! ($'4&),*%!

4'&'-;@$1!0;!A)-3)*%,*B%!4,82-$C:!7$!7$($!4,*4$(*$1!)*!&#$!%50%&)&5&),*!,.!FF#G!0;!

FQG! )*! &#$! &#$,($&)4'-! 8,1$-! )*! ,(1$(! &,! ($154$! &#$! 4,825&'&),*'-! 4,%&! ,.! &#$!

%50%$J5$*&!%&51)$%6!

!

"#5%:! 4,82'()%,*! ,.! &#$! ($'4&),*! 8$4#'*)%8%! 4'&'-;@$1! 0;! &#$! D#9-EFF#GHG! '*1!

D#9-EFQGHG! 4,82-$C$%! '*1! &#$! 1)%45%%),*! 7#$&#$(! &#$! %50%&)&5&),*! ,.! FF#G! 0;! FQG!

-$'1%! &,! /$(;! 1)..$($*&! ,(! 4,82'('0-$! $*$(+;! 2(,.)-$%! 7$($! &#$! 8')*! +,'-%! ,.! &#)%!

2(,M$4&6!!

!

L)*'--;:!'%!'!&#)(1!+,'-:!7$!7'*&$1!&,!1)%45%%!&#$!%)8)-'()&)$%!'*1!1)..$($*4$%!0$&7$$*!
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Abstract 

 

 

In this work we report density functional calculations at the B3LYP level of the [2+2+2] 
intermolecular cyclotrimerization of three acetylene molecules catalyzed by Wilkinson’s 
catalyst. This process corresponds to the simplest [2+2+2] cyclotrimerization reaction. The 
results obtained show that this reaction is thermodynamically very favorable and that the 
rate‐determining step is the initial oxidative coupling between two acetylene molecules 
with a relatively low Gibbs free energy barrier of 19.8 kcal∙mol−1. The energy profile derived 
from the real [RhCl(PPh3)3] Wilkinson’s catalyst is compared with that obtained with a 
model of the catalyst in which the PPh3 ligands have been substituted by the smaller and 
computationally less expensive PH3 molecules. Our results show that, at least for this 
reaction, this substitution has little influence on the thermodynamics obtained, while the 
barrier of the rate‐determining step is somewhat increased (about 5 kcal∙mol−1) in the 
model system. These results justify the use of this simplified model of the catalyst in 
theoretical studies of more complex cyclotrimerizations. Finally, we compare the results of 
the [2+2+2] intermolecular cyclotrimerization of three acetylene molecules catalyzed by 
[RhCl(PH3)3] with those of the [2+2+2] intramolecular cyclotrimerization in a 15‐membered 
azamacrocyclic triyne recently reported (Chem.−Eur. J. 2009, 15, 5289). This comparison 
shows that the entropic term changes the preference for the intermolecular 
cyclotrimerization at low temperatures to the intramolecular one at high temperatures. 
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Abstract 

Number of members makes a difference: The [2+2+2] intramolecular cyclotrimerisation of 
a new series of 20‐ and 25‐membered azamacrocycles catalysed by the Wilkinson's catalyst 
are reported (see scheme). The 20‐ and 25‐membered azamacrocycles show different 
reactivity. Why? Theoretical calculations give insight into the reactivity differences observed 
for the 20‐ and 25‐membered macrocycles. 

A new series of 20‐ and 25‐membered polyacetylenic azamacrocycles have been 
satisfactorily prepared and completely characterised by spectroscopic methods. Various 
[2+2+2] cyclotrimerisation processes catalysed by the Wilkinson’s catalyst, [RhCl(PPh3)3], 
were tested in the above‐mentioned macrocycles. The 25‐membered azamacrocycle (like 
the previously synthesised 15‐membered azamacrocyle) led to the expected cyclotrimerised 
compound in contrast to the 20‐membered macrocycle, which is characterised by its lack of 
reactivity. The difference in reactivity of the 15‐, 20‐ and 25‐membered macrocycles has 
been rationalised through density functional theory calculations. 

S′ha sintetitzat i caracteritzat espectroscòpicament una nova sèrie de macrocicles 
nitrogenats poliacetilènics de 20‐ i 25‐membres. Amb aquests macrocicles s’han dut a terme 
les reaccions de ciclotrimerització [2+2+2] catalitzades pel catalitzador de Wilkinson, 
[RhCl(PPh3)3]. El macrocicle nitrogenat de 25‐membres (de la mateixa manera que el 
macrocicle nitrogenat de 15‐membres) permet l′obtenció del compost ciclotrimeritzat. Per 
contra, el macrocicle de 20‐membres es caracteritza per la seva falta de reactivitat. El 
diferent comportament de reactivitat dels macrocicles de 15‐, 20‐, i 25‐membres ha estat 
estudiat mitjançant càlculs teòrics basats en la teoria del funcional de la densitat. 

Keywords 

 cyclotrimerization; 
 density functional calculations; 
 macrocycles; 
 reaction mechanisms; 
 rhodium 
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Abstract 

 
 

The mechanism of RhCl(PPh3)3‐catalyzed [2+2+2] cycloaddition of alkynes is 
investigated in the case of the reaction of symmetrical diynes 1a and 1b with the 
monoalkyne 3 (HOCH2−C≡C−CH2OH), leading to highly substituted benzene 
derivatives in dichloromethane at 25 °C. The two main steps of the catalytic cycle are 
characterized. The intermediate rhodacyclopentadiene RhIII complexes 2a and 2b 
(formed by oxidative coupling after the coordination of the diynes 1a and 1b to 
RhCl(PPh3)2) are characterized by cyclic voltammetry, conductivity measurements, 
31P NMR, and ESI‐MS. The formation of complexes 2a and 2b (step A) and their 
further reactions with the monoalkyne 3, which deliver RhCl(PPh3)3 and the final 
product (step B), are followed by means of electrochemical techniques that deliver 
kinetic data for the two successive separately investigated steps. From the relative 
values of the half‐reaction times of step A (tA1/2 = 650 and 75 s for 1a and 1b, 
respectively) and step B (tB1/2 = 130 and 680 s for 2a and 2b, respectively) 
determined under stoichiometric conditions, it emerges that step A (coordination of 
the two C≡C bonds of 1, followed by oxidative coupling) is rate‐determining in the 
reaction involving 2a, whereas step B (reaction of the intermediate complexes 2 with 
the monoalkyne 3) is rate‐determining in the reaction involving 1b. Kinetic data for 
the catalytic cycle of a RhCl(PPh3)3‐catalyzed [2+2+2] cycloaddition of alkynes are 
thus presented for the first time. 
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Abstract 

 

 

 

In this study we analyze a series of intramolecular [2+2+2] cycloadditions of enediynes 
catalyzed by the Wilkinson’s complex with the B3LYP method. We are interested in the 
changes observed in the rate‐determining oxidative coupling step of acyclic and cyclic 
enediynes as a function of the type of enediyne tether and the substituents present in the 
alkyne moieties in the case of acyclic systems. Our results show that the oxidative coupling 
step occurs between the two alkyne groups when the active catalyst is the RhClPH3 species, 
irrespective of the tether, the substituents of the alkyne groups, and the cyclic or acyclic 
nature of the enediynes. The same alkyne–alkyne coupling is favored in the cycloaddition of 
cyclic enediynes catalyzed by RhCl(PH3)2 as the active catalyst. With this catalyst, however, 
the preferred coupling in acyclic enediynes depends on the nature of the tether and 
substituents. Carbon‐, oxygen‐, and nitrogen‐tethered enediynes with terminal alkynes 
favor the alkyne–alkyne oxidative coupling, whereas when the alkynes have an alkyl 
substituent, the enyne coupling is favored. 
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1 

Intramolecular [2+2+2] Cycloadditions of Yne-ene-yne
and Yne-yne-ene Enediynes Catalyzed by Rh(I): 
Experimental and Theoretical Mechanistic Studies†

Anna Dachs,a,b Anna Pla-Quintana,a Teodor Parella,c  

Miquel Solà*a,b and Anna Roglans*a 

a Department of Chemistry, Universitat de Girona, Campus de Montilivi, s/n. E-17071-Girona, Spain 

b Institut de Química Computacional, Universitat de Girona, Campus de Montilivi, s/n. E-17071-Girona, Spain 

c Servei de RMN, Universitat Autònoma de Barcelona, 08193- Cerdanyola, Barcelona, Spain 

anna.roglans@udg.edu, miquel.sola@udg.edu

Abstract

N-Tosyl linked open-chained yne-ene-yne enediynes 1 and 2 and yne-yne-ene 

enediynes 3 and 4 were satisfactorily prepared. The [2+2+2] cycloaddition process 

catalyzed by the Wilkinson’s catalyst (RhCl(PPh3)3) was tested in the above-mentioned 

substrates resulting in the production of high yields of the cycloadducts. Enediynes 1 

and 2 gave standard [2+2+2] cycloaddition reactions whereas enediynes 3 and 4 

suffered !-hydride elimination followed by a reductive elimination of the Wilkinson’s 

catalyst giving cycloadducts 14 and 15 that are isomers from those that would be 

obtained through standard [2+2+2] cycloaddition reactions. The different reactivity of 

these two types of enediynes was rationalised through density functional theoretical 

calculations.

KEYWORDS [2+2+2] Intramolecular Cycloadditions · Wilkinson’s Catalyst · 

Enediynes · Density Functional Theory · Reaction Mechanisms 

† Dedicated to the memory of Prof. Rafael Suau (1945-2010) in recognition of his 
outstanding contribution to the field of organic chemistry. 
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Ene reactions between two alkynes? Doors open to thermally induced
cycloisomerization of macrocyclic triynes and enediynesw

Iván González,a Anna Pla-Quintana,a Anna Roglans,*a Anna Dachs,ab Miquel Solà,ab

Teodor Parella,c Jordi Farjas,d Pere Roura,d Vega Lloverase and José Vidal-Gancedoe

Received (in Cambridge, UK) 15th December 2009, Accepted 12th February 2010

First published as an Advance Article on the web 9th March 2010

DOI: 10.1039/b926497c

A domino process is described combining an ene reaction

between two alkynes and a Diels–Alder cycloaddition of the

vinylallene formed. The process accounts for the thermally

induced cycloisomerization of macrocyclic triynes and enediynes

to give fused tetracycles in a stereoselective manner.

A highly efficient way of constructing complex organic

molecules consists in the use of domino reactions.1 When

pericyclic transformations, endowed with complete atom

economy and regio- and stereochemical control, are linked

in a domino process, this as a whole will share these

characteristics, achieving highly efficient chemical processes.

In this communication we present a domino process consisting

of two pericyclic steps: an unprecedented ene reaction between

alkynes and a Diels–Alder cycloaddition.

Triaza macrocyclic scaffolds of type 1 have previously been

transformed by a rhodium catalyzed [2+2+2] cycloaddition

into tetrafused structures of type 2 (Scheme 1).2 A moderate

yield of a new product, 3a, was obtained when the catalytic

system tested was unable to promote the [2+2+2] cyclo-

isomerization of 1a. The new isomer featured a pyrrole ring

fused to a central cyclohexene ring with its double bond

conjugated to those of the pyrrole. The process was stereo-

selective since the saturated azacyclopentyl ring had a cis ring

fusion (Ha, Hb in Scheme 1). Macrocycle 1a was then treated

without any catalyst and product 3a was isolated from

decomposition products and some starting material with a

32% yield (Entry 1, Table 1). Remarkably, the formation of

compound 2a was not detected in any case so excluding the

possibility of both a thermal [2+2+2] cycloaddition process

and an isomerization of 3a to 2a.

To check the generality of this reaction, macrocyclic

enediyne 1b was submitted to the same conditions (Entry 2,

Table 1). Again the cyclohexadiene tetrafused product 2b

obtained in the metal-catalyzed process was not isolated but

rather a 45% yield of a much more asymmetrical isomer 3b

was obtained in a stereoselective manner (Scheme 1). Almost

half of the starting material decomposed during the prolonged

heating time, but no isomer 2b was detected in the NMR

spectra of the crude reaction mixture.

On excluding metal catalysis, the possibility of there being a

radical mechanism proposed for thermally induced intra-

molecular cycloisomerization of open-chain triynes3 was

examined. Since radical species were engaged as intermediates

for the formation of the isomerized products, the effect of an

excess of 1,4-cyclohexadiene (1,4-CHD) added to the reaction

mixture was evaluated. An increase in the yield of the cyclo-

isomerized products 3a and 3b was obtained (entries 3–4,

Table 1) although no formal addition of H occurred in the

overall reaction.

To further understand the scope of the reaction, cyclo-

addition of macrocycle 1c, bearing a phenyl substituent on

the double bond, was studied. Two isomeric products with an

overall 81% yield were obtained, which after isolation were

assigned to structures 3c and 3c0 (Scheme 2). The reaction was

again stereoselective.

To further study yield enhancement by 1,4-CHD, we

conducted an EPR study (Table 2). The use of a spin trap,

Scheme 1 Metal-catalyzed vs. thermally-induced cycloisomerizations.

Table 1 Thermal cycloadditions of 1a and 1ba

Entry Substrate Additiveb Reaction time Product/Yield (%)

1 1a — 30 h 3a/32
2 1b — 6 days 3b/45
3 1a 1,4-CHD 60 h 3a/77
4 1b 1,4-CHD 6 days 3b/78

a Reactions were run in toluene at 110 1C. b 20 equiv.

aDept. de Quı́mica, Universitat de Girona (UdG),
Campus de Montilivi, s/n, E-17071-Girona, Spain.
E-mail: anna.roglans@udg.edu; Fax: +34972418150;
Tel: +34972418275

b Institut de Quı́mica Computacional, UdG
c Servei de RMN, Universitat Autònoma de Barcelona (UAB),
Cerdanyola, E-08193-Barcelona, Spain

dDept. de Fı́sica, UdG, Campus de Montilivi, s/n, E-17071-Girona,
Spain

e Institut de Ciència de Materials de Barcelona (CSIC),
Campus de la UAB, Cerdanyola, E-08193-Barcelona, Spain
w Electronic supplementary information (ESI) available: Experimental
procedures, NMR and EPR spectra, B3LYP/cc-pVDZ xyz Cartesian
coordinates and DSC thermograms. See DOI: 10.1039/b926497c
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either 2-methylnitrosopropane (MNP) or a-phenyl-N-tert-butyl

nitrone (PBN), was necessary as no radical was detected when

the EPR experiment was recorded for the macrocycle alone

(Entry 1). The addition of an excess of MNP allowed two

radical adducts to be detected which were centred at the same

position. These were ascribed to species A and B (Entry 2,

Fig. S36w). The former is an adduct of the spin trap MNP and

a tert-butyl radical resulting from its own decomposition. The

blank experiment excluding macrocycle 1 (Entry 3) showed

the formation of A to be independent of the presence of the

substrate. However, species B originates from the reaction of

MNP and a benzyl radical formed during the process. The

formation of benzyl radicals was confirmed by the use of the

more thermally stable PBN allowing the detection of spin

adduct C (Entry 4), which was not formed in a blank experi-

ment without macrocycle 1a (Entry 5, Fig. S37w). Hence, the

EPR experiments did not detect any radical species in 1a but

showed that benzyl radicals were formed in the reaction

media, presumably due to H abstraction from toluene via

homolytic cleavage. At this point, a deuteration experiment

was undertaken. Macrocycle 1a was heated at 110 1C in

toluene-d8 but no incorporation of deuterium was observed

either by NMR or ESI-MS.

Once a radical mechanism was discarded, the role of the

radicals needed to be understood (Table 3). First, the reaction

medium was switched to chlorobenzene, which is less prone to

radical homolytic cleavage, and the yield for both 3a and 3b

was substantially increased (compare Entries 1–2, Table 3 with

Entries 1–2, Table 1). Then, benzoyl peroxide was added to the

reaction mixture and complete decomposition of the starting

material was observed by TLC and NMR after 24 h of

reaction (Entries 3–4). The experiments confirm the detrimental

behavior of radicals, which decompose the starting material.

This hypothesis was reinforced by DFT calculations,4 which

showed that the reaction of toluene with 1a to yield the benzyl

radical plus [1a-H] (formed by reaction of one of the N atoms in

the macrocycle 1a with a H) is endergonic by 38.4 kcal mol"1

suggesting that such a transformation is feasible at the reaction

temperature. Therefore, the addition of 1,4-CHD increases the

yield by neutralizing the radicals generated in the reaction

media and so it effectively acts as a radical scavenger.

Given the lack of radical involvement, a mechanistic

proposal was made for the reaction based on a domino

process composed of an unprecedented intramolecular ene

reaction between two alkynes5 followed by a Diels–Alder

reaction (Scheme 3). To the best of our knowledge, such

an ene reaction has not been previously described, although

acetylenic enophiles as well as acetylenic ‘‘enes’’ have been shown

to participate in intramolecular ene-reactions,6 and more recently

an ene reaction of arynes with alkynes has been published.7 This

ene reaction affords a vinylallene intermediate 4 which may

undergo a Diels–Alder reaction with the third unsaturation. If

this is a triple bond (4a), the Diels–Alder reaction gives

a 1,4-cyclohexadiene (5a) which undergoes a hydrogen

rearrangement to yield 3a. If the third unsaturation is a double

bond (4b), the Diels–Alder reaction directly yields 3b. In the

case of macrocycle 1c, the same mechanism accounts for both

3c and 3c0, each arising from one of the two non-equivalent

alkynes participating as the ene or enophile in the reaction.

We then performed DFT calculations4 to evaluate the

feasibility of the mechanism. The energy profile is presented

in Scheme 4. We analyzed whether the reaction occurs

both with and without a water molecule (blue/green profile,

respectively). As a single water molecule was found to be

needed to assist the final hydrogen transfer, only data related

to this profile will be discussed. The overall reaction

is exergonic by ca. 120 kcal mol"1. Initially, two triple

bonds approach each other so that the distance between the

propargylic hydrogen and the enophilic alkyne is suitable

(bond lengths of C6–C9 and C10–H are 2.077 and 1.682 Å,

Scheme 2 Thermally-induced cycloaddition of macrocycle 1c.

Table 2 Radicals detected in the spin-trapping experiments

Entry Mixture g factor
LW
(Gauss)

hfcc
(Gauss)

Detected radical
adduct structure

1 1a — — — —

2 1a + MNP 2.0062 1.1 aN 15.2

2.0062 0.9 aN 15.2
aH 7.4

3 MNP 2.0061 1.0 aN 15.3

4 1a + PBN 2.0061 1.2 aN 14.5
aH 2.7

5 PBN — — — —

Table 3 Effect of the radicals on the cycloisomerization reactiona

Entry Substrate Solvent/Additive
React.
time Prod./Yield

1 1a Chlorobenzene/none 30 h 3a/62%
2 1b Chlorobenzene/none 60 h 3b/60%
3 1a Toluene/benzoyl peroxideb 24 h Decomposes
4 1b Toluene/benzoyl peroxideb 24 h Decomposes

a Reactions were run at 110 1C. b A steady supply of radicals was
generated by adding benzoyl peroxide at fixed time intervals.

Scheme 3 Mechanistic proposal for the thermally induced process.

This journal is !c The Royal Society of Chemistry 2010 Chem. Commun., 2010, 46, 2944–2946 | 2945

D
o
w

n
lo

ad
ed

 b
y
 U

N
IV

E
R

S
ID

A
D

 D
E

 G
IR

O
N

A
 o

n
 2

3
 M

ar
ch

 2
0
1
1

P
u
b
li

sh
ed

 o
n
 0

9
 M

ar
ch

 2
0
1
0
 o

n
 h

tt
p
:/

/p
u
b
s.

rs
c.

o
rg

 | 
d
o
i:

1
0
.1

0
3
9
/B

9
2
6
4
9
7
C

View Online

206



respectively, Fig. 1) to permit the six-electron pericyclic

process, with suprafacial orbital interaction. The Gibbs free

activation barrier of this process is 26.8 kcal mol"1, which is

the rate-determining step. The process from 1a through the

TS(1a,4a) gives the vinylallene species 4a, from which the

second pericyclic process takes place.

The transformation from 4aH2O
into 5aH2O

has a barrier of

16.3 kcal mol"1 and is exergonic by 65.1 kcal mol"1. Finally,

a hydrogen rearrangement is required. A thermal [1,3]-H

sigmatropic rearrangement through TS(5a,3a) with a supra-

facial orbital interaction with a high barrier (67.7 kcal mol"1)

due to the extremely strained four-membered ring formed in

the TS was rejected. However, when a water molecule was

added to the theoretical model to assist the H rearrangement

via TSH2O
(5a,3a) (Fig. 2), the barrier was much lower

(23.1 kcal mol"1). We also studied the possibility of forming

product 6 with a trans ring fusion. In this case the energy

barrier TSH2O
(5a,6) (Fig. 2) is 31.2 kcal mol"1, 8.1 kcal mol"1

higher compared to TSH2O
(5a,3a), thus explaining the

formation of only 3a, which is thermodynamically and

kinetically favoured with respect to 6.8

The assistance of a water molecule was experimentally

supported by conducting the reaction of 1a in anhydrous

chlorobenzene with added D2O. The product showed

quantitative deuterium incorporation in Ha (Scheme 1) as

observed both in NMR and ESI-MS spectroscopies (see SIw).

Experimental support for the proposed mechanism was also

obtained from DSC measurements. As expected for thermally

activated processes, the peak temperature TP of the first

process increases with the heating rate (Fig. S39w). For 1a

the Kissinger plot9 of TP exhibits the characteristic linear

dependence related to processes governed by an Arrhenius-

type rate constant k(T), (k(T) = Aexp("EA/RT)) where EA is

the activation energy and A the preexponential term. An

activation energy of 30.4 kcal mol"1 was obtained from the

fit to the Kissinger plot, which is in reasonable agreement with

DFT calculations that yield 25.0 kcal mol"1 for this activation

energy obtained from the calculated enthalpy barrier DHz plus

the RT term calculated at 298 K. A reaction enthalpy of

120.8 kcal mol"1 for the complete transformation was

determined by integrating the heat released, which agrees quite

well with the DFT enthalpy of 118.3 kcal mol"1.
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was also examined. It presents a large barrier (TSH2O

(5a,2a),
Fig. S38w) of 46.9 kcal mol"1, 23.8 kcal mol"1 higher in comparison
with TSH2O

(5a,3a). So, 2aH2O
is the most stable product (is more stable

than 3aH2O
by 3.3 kcal mol"1) but it is not kinetically accessible.

9 H. E. Kissinger, Anal. Chem., 1957, 29, 1702–1706.

Scheme 4 Reaction Gibbs free energy profile (green: without water

molecule/blue: with one water molecule) for the domino ene/Diels–Alder

reaction. All energies in kcal mol"1 are referred to 1a or 1a + H2O.

Fig. 1 Optimized structure (B3LYP/cc-pVDZ) for TSH2O
(1a,4a).

Fig. 2 Optimized structure (B3LYP/cc-pVDZ) for (a) TSH2O
(5a,3a)

and (b) TSH2O
(5a,6).
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3c  (Ar1=Ar2=2,4,6-triisopropylphenyl)

4 (Ar=p-tolyl)

NSO2Ar

N

N SO2

SO2

Ar

Ar

1a (Ar=p-tolyl)

!

H3#*&$!E9C9!I+&*@+*&$!)-!+.$!FX6O!C]6!'%2!CX6'>';'@&)@=@($1!

!

"-+$&! 0&$0'&3%#! +.$! ;'@&)@=@($1O! +.$! %$?+! 1+$0! /'1! +)! 1+*2=! .)/! +)! )<+'3%! -*1$2!

+$+&'@=@($1!<=!@=@()'223+3)%!&$'@+3)%19!:.$&$!31!)%$!0)113<($!/'=!-)&!;'@&)@=@($1!0!+)!
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!

!

!

@=@(31$! +)! '--)&2! '! -*1$2! <$%>$%$! 2$&38'+38$! B0&)2*@+! 20! 3%! I@.$;$! E95DO! <*+! +.$!

&$'@+3)%! 232! %)+! +',$! 0('@$! /.$%! 3+! /'1! +&$'+$2! /3+.! +.$! M3(,3%1)%N1! @'+'(=1+9!

S)/$8$&O! 3%! +.$! @'1$! )-! +.$! CX6;$;<$&$2! &3%#O!1O! +.$&$! '&$! +/)! 0)113<($!/'=1! )-!

@=@(3>'+3)%f! +.'+! 31! @=@()'223+3)%! <$+/$$%! +.&$$! @)%1$@*+38$! +&30($! <)%21! +)! '--)&2!

@);0)*%2! 21! BI@.$;$! E95D! )&! <$+/$$%! %)%6@)%1$@*+38$! +&30($! <)%21! +)! '--)&2!

@);0)*%2! 23! BI@.$;$! E95D9! c?0$&3;$%+'((=O! 0&)2*@+! 21! /'1! )<+'3%$2! '1! +.$! )%(=!

0&)2*@+!)-!+.$!0&)@$119!

N

N NSO2 SO2

SO2
N SO2

Ar2

Ar2

Ar1

Ar2

13  (not obtained)

N N

N N

N

SO2

SO2

SO2

SO2 SO2

Ar

ArAr

Ar

Ar

+

14  (50%)

N

N

N

N

N

SO2

SO2 SO2

SO2 SO2

Ar

ArAr

Ar Ar

15  (not obtained)

N

N

N

SO2

SO2

Ar

Ar

Ar

SO2

2a (Ar=p-tolyl)

13a  (Ar1=Ar2=p-tolyl) 
13b  (Ar1=2,4,6-triisopropylphenyl, Ar2=p-tolyl)  
13c  (Ar1=Ar2=2,4,6-triisopropylphenyl)

 (Ar=p-tolyl)
!

I@.$;$!E959!H*1$2!+$+&'@=@($!0&)2*@+1!

!

:.$&$-)&$O! $?0$&3;$%+'((=! /$! )<1$&8$2! +.'+! +.$! XOXOFX6-*1$2! @)&$! B21D! 31! ;)&$!

-'8)*&'<($! +.'%! +.$! XOF]OF]6-*1$2! 1=1+$;! B23D9! H)&! +.31! &$'1)%O! /$! %)+$2! +.'+! +.$!

-)&;'+3)%!)-! '! 1+&'3%$2! +$%6;$;<$&$2! &3%#!2*&3%#! +.$!@=@()'223+3)%O! -)&!$?';0($! 3%!

@);0)*%21!20"'%2!23O!;3#.+!231-'8)*&!+.$!0&)@$119!

!

GH:! @'(@*('+3)%1! &$8$'($2! +.$! /.)($! &$'@+3)%! ;$@.'%31;! )-! +.$! FX6O! C]6! '%2! CX6

;$;<$&$2! '>';'@&)@=@($1! Bb""D9! "1! &$0)&+$2! 3%! 0&$83)*1! 1+*23$1O! /$! '(1)! -)*%2!

+.'+! +.$! &'+$62$+$&;3%3%#! 1+$0! 3%! +.$! JCKCKCL! @=@()'223+3)%! )-! ;'@&)@=@($1! 31! +.$!
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(

!

3%3+3'(! )?32'+38$! @)*0(3%#! +)! =3$(2! +.$! &.)2'@=@()0$%+'23$%$! 3%+$&;$23'+$9! :.$!U3<<1!

$%$&#=!<'&&3$&1!)<+'3%$2!-)&!+.31!0&)@$11!3%!+.$!FX6O!C]6!'%2!CX6b""!'&$!@'(@*('+$2!+)!

<$!CF97O!5]9E!'%2!79E!,@'(Y;)(!/3+.!&$10$@+!+)!1$0'&'+$2!&$'@+'%+1!BI@.$;$!E9WD9!:.$!

8'(*$1! )<+'3%$2! /$&$! 3%! (3%$! /3+.! +.$! $?0$&3;$%+'(! )<1$&8'+3)%1O! /.$&$! +.$! C]6

;$;<$&$2!;'@&)@=@($!.'1! @($'&(=! ('&#$&!8'(*$1! +.'%!+.)1$! -)*%2! -)&! +.$!1';$!&'+$6

2$+$&;3%3%#!1+$0!3%!+.$!FX6!'%2!CX6b""9!

!

!

!

!

!

I@.$;$!E9W9!P$0&$1$%+'+3)%!)-!+.$!)?32'+38$!@)*0(3%#!1+$0!<'&&3$&1!-)&!+.$!FX6O!C]6!

'%2!CX6;$;<$&$2!'>';'@&)@=@($1!B$%$&#=!<'&&3$&1!3%!,@'(Y;)(D!

!

!

R+!/'1!3%+$&$1+3%#!+)!231@*11!+.$!&$1*(+1!)<+'3%$2!<=!+.$)&$+3@'(!@'(@*('+3)%1!'1!+)!+.$!

+/)!0)113<($!0&)2*@+1!@);3%#! -&);!+.$!CX6b""9!:.$&;)2=%';3@'((=O!0&)2*@+!21! 31!

;)&$! 1+'<($! +.'%!23! B<=!CC97!,@'(Y;)(D9! H*&+.$&;)&$O! +.$!0&)@$11! +.'+! ($'21! +)! +.$!
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!"#$%&'()(

!

!

!

0&)2*@+!)<+'3%$2!B21DO!/.3@.!3;0(3$1!+.$!@=@()'223+3)%!)-!+.&$$!@)%1$@*+38$!'(,=%$1O!31!

,3%$+3@'((=!0&$-$&&$29!

!

:)! 3%8$1+3#'+$! +.$!)&3#3%!)-! +.$! <'&&3$&1O!/$!2$@);0)1$2! +.$! $%$&#=! <'&&3$&!)-! +.$!

&'+$! 2$+$&;3%3%#! 1+$0! 3%+)! 2$-)&;'+3)%! $%$&#=! '%2! 3%+$&'@+3)%! $%$&#=! B!"#$% &

'!"()*D9!:.$!2$-)&;'+3)%!$%$&#=!3%!+.$!:I!/'1!%)+!+.$!)&3#3%!)-!+.$!('&#$&!<'&&3$&!-)&!

+.$! C]6:IB"CO"5D9! S)/$8$&O! +.$! 3%+$&'@+3)%! $%$&#=! -)&! +.$! C]6! '%2! CX6:IB"CO"5D!

/$&$!T*3+$!23--$&$%+!<$+/$$%!+.$!+/)!@'1$1O!6dC9W!'%2!6EX9\!,@'(Y;)(O!&$10$@+38$(=9!I)!

/.$%!+.$!;'3%!3%+$&'@+3)%!3%!+.$!:IB"CO"5D!/'1!-)*%2!+)!<$!<$+/$$%!+.$!ghb_!)-!

+.$!@'+'(=1+!'%2!+.$!S_b_!)-!+.$!;'@&)@=@($O!+.$!S_b_6ghb_!)8$&('01!+.'+!/$&$!

2$+$@+$2!/$&$!-'3&(=!13;3('&!3%!<)+.!@'1$19!:.*1O!+.$!S_b_!3%!+.$!2$-)&;$2!C]6b""!

1.)/$2! '! .3#.$&! $($@+&)%62$()@'(3>'+3)%! 3%! @);0'&31)%! /3+.! +.$! S_b_! 3%! +.$!

2$-)&;$2! CX6b""! BH3#*&$! E95DO! /.3@.! '00'&$%+(=! /'1! &$10)%13<($! -)&! 3+1! #&$'+$&!

1+'<3(3>'+3)%!'%2O!'1!'!@)%1$T*$%@$O!3+1!()/$&!&$'@+383+=9!

!

H3#*&$!E959!5G6&$0&$1$%+'+3)%!)-!+.$!S_b_1!-)&!+.$!C]6B($-+D!'%2!CX6b""!B&3#.+D!'+!

+.$!#$);$+&=!)-!+.$!;'@&)@=@($1!.'8$!3%!+.$!C]6!'%2!CX6:IB"CO"5D9!R1)1*&-'@$!8'(*$1!

'&$!i]9FEC!'%2!i]9F\C!'*O!&$10$@+38$(=9!

!
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*&+,-%+(#./(01+2,++13.(

(

!

E959! P'+$1! '%2! b$@.'%31;! )-! P.)23*;64'+'(=>$2! JCKCKCL!

4=@()'223+3)%!)-![31'(,=%$1!'%2!'!b)%)'(,=%$!

!

h%+3(! %)/O! 1$8$&'(! JCKCKCL! @=@()'223+3)%! 0&)@$11$1! .'8$! <$$%! @'&&3$2! )*+! +)! 1+*2=!

+.$! &$'@+3)%! ;$@.'%31;! /3+.! 23--$&$%+! $?0$&3;$%+'(! +$@.%3T*$1! '%2! '(1)! /3+.! GH:!

@'(@*('+3)%1O! <*+! %)! $($@+&)@.$;3@'(! 2'+'! '00$'&1! 3%! +.$! (3+$&'+*&$9! M$! +.$&$-)&$!

'00(3$2!+.31!+$@.%3T*$!3%!@)(('<)&'+3)%!/3+.!Q&)-9!"%%=!j*+'%2!-&);!Q'&319!

!

M$! 1+*23$2! +.$! +/)! ;'3%! 1+$01! )-! +.$! @'+'(=+3@! @=@($! )-! +.$! P.4(BQQ.5D56@'+'(=>$2!

JCKCKCL!@=@()'223+3)%!)-!+.$!1=;;$+&3@'(!23=%$1!1)"'%2!14!/3+.!+.$!;)%)'(,=%$!0"3%!
23@.()&);$+.'%$!'+!&));!+$;0$&'+*&$9!:.$!&$'@+3)%1!)-! +.$!23=%$1!1)! '%2!14!/3+.!
P.4(BQQ.5D5! /$&$! -)(()/$2! <=! @=@(3@! 8)(+';;$+&=O!

5FQ! ^bPO! '%2! cIR6bI! B1+$0! "O!

I@.$;$! E9XD9! :.$! &.)2'@=@()0$%+'23$%$! @);0($?$1! 5)! '%2! 54" -)&;$2! 3%! +.$1$!

&$'@+3)%1!/$&$!@.'&'@+$&3>$2!<=!+.$!1';$!+$@.%3T*$19!!

!

!

ArO2S N

N

N

R
SO2Ar

R
SO2Ar

A

RhCl(PPh3)2NArO2S

N

N
R

R

ArO2S

ArO2S

OHHO

B

NArO2S
CH2OH

CH2OH

N

N

R

R
SO2Ar

SO2Ar

1a  (R = BOC, Ar = 2,4,6-triisopropylphenyl)
1b  (R = H, Ar = 2,4,6-triisopropylphenyl)

3

4a  (R = BOC, Ar = 2,4,6-triisopropylphenyl)
4b  (R = H, Ar = 2,4,6-triisopropylphenyl)

kA
kB

2a  (R = BOC, Ar = 2,4,6-triisopropylphenyl)
2b  (R = H, Ar = 2,4,6-triisopropylphenyl)

PPh3

RhCl(PPh3)3

PPh3

RhCl(PPh3)3

+

+

!

!

I@.$;$!E9X9!JCKCKCL!4=@()'223+3)%!&$'@+3)%1!1+*23$2!<=!4kO!5FQ!^bPO!'%2!cIR6bI!

!
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!

!

!

:.$!&$'@+3)%!)-!@);0($?$1!5)!'%2!54!/3+.!+.$!;)%)'(,=%$!0O!/.3@.!2$(38$&1!+.$!-3%'(!

0&)2*@+! +)#$+.$&! /3+.! P.4(BQQ.5D5! B1+$0! [O! I@.$;$! E9XDO! /'1! -)(()/$2! <=!

$($@+&)@.$;3@'(!+$@.%3T*$19!!

!

:.$! &$2)?! @.$;31+&=! )-! +.$! P.4(BQQ.5D5! /'1! @.'&'@+$&3>$29! H3&1+O! +.$! @);0)*%2!

$?.3<3+$2!+/)!1*@@$1138$!3&&$8$&13<($!)?32'+3)%!0$',1!B)O!H3#*&$!E9WD!'+!+.$!1@'%!&'+$!)-!

]9X! k16F9! ! :.$! )?32'+3)%! 0$',! @*&&$%+! )-! +.$!;'A)&! 0$',! Bc0_C! l! K]9d55! k! '&! I4cD!

3%@&$'1$2!'+!+.$!$?0$%1$!)-!+.$!)?32'+3)%!0$',!@*&&$%+!)-!+.$!-3&1+!;3%)&!'%2!<&)'2$&!

)?32'+3)%!0$',!Bc0_F!l!K]9W75!kD!*0)%!'223+3)%!)-!P.4(BQQ.5D5!B]9X!$T*389D9!()!/'1!+.$!

)%(=!)?32'+3)%!0$',!)<1$&8$2! 3%!+.$!0&$1$%@$!)-!F]!$T*389!)-!QQ.59!:.31!0&)8$2!+.'+!

P.4(BQQ.5D5!B)?323>$2!'+!_CD!/'1!3%8)(8$2!3%!'%!$T*3(3<&3*;!/3+.!P.4(BQQ.5DC!B)?323>$2!

'+!_FD!'%2!QQ.5`!

!

P.4(BQQ.5D5!+!P.4(BQQ.5DC!K!QQ.5!

!

!

I$@)%2O! +.$! @=@(3@! 8)(+';;$+&=! B4kD! '(()/$2! *1! +)! @.'&'@+$&3>$! +.$! 1+'%2'&2!

)?32'+3)%!0)+$%+3'(!B*+D!)-!+.$!&.)2'@=@()0$%+'23$%$!@);0($?$1!54!BI@.$;$!E9XD!'%2!

3"BI@.$;$!E9dD!'1!'!&$8$&13<($!)?32'+3)%!0$',!B4O!H3#*&$!E9WD9!!

!

RhCl(PPh3)3 HO OH
RhCl(PPh3)2

HO

HO

OH HO3 (2 equiv.)

kA

5

+

!!

!

I@.$;$!E9d9!_?32'+38$!@)*0(3%#!)-!+.$!;)%)'(,=%$!0!1+*23$2!<=!4kO!5FQ6^bPO!'%2!

cIR6bI!

!
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(

!

!

H3#*&$!E9W9!4=@(3@!8)(+';;$+&=!0$&-)&;$2!3%!4SC4(C!@)%+'3%3%#!%[*W^[HW!B]95bD!'+!

1+$'2=!#)(2!231,!$($@+&)2$!B2!l!C!;;D!'+!+.$!1@'%!&'+$!)-!]9X!k16F!'+!CX!m49!)6!BnnnD!
P.4(BQQ.5D5!BF9X!;bD!)?32'+3)%!-3&1+9!B!6666D!P.4(BQQ.5D5!BF9X!;bD!3%!+.$!0&$1$%@$!)-!

2)!BF9X!;bD!'-+$&!FX!;3%9!46!'-+$&!-*((!&$'@+3)%!/3+.!2)!!

"

b)&$)8$&O!+.$!5FQ!^bP!'(()/$2!+)!'11)@3'+$!'!2)*<($+!+)!$'@.!&.)2'@=@()0$%+'23$%$!

B5)7.! '%2!3DO!/.3@.!@)&&$10)%2!+)! +/)!;'#%$+3@'((=!$T*38'($%+!QQ.59!:.$!.3#.$&! ,-./!

@)%1+'%+! -)*%2!/'1! -)&! +.$!@);0($?!5)! B,-./!l!F7XS>DO! '++&3<*+$2! +)! '!23--$&$%@$!)-!

#$);$+&=! 3%2*@$2! <=! +.$! <*(,=! [_4! 0&)+$@+3%#! #&)*019! :.$! &.)2'@=@()0$%+'23$%$!

@);0($?$1! 5)7.! '%2! 3! /$&$! '(1)! @)%-3&;$2! <=! $($@+&)10&'=! 3)%3>'+3)%! ;'11!

10$@+&);$+&=!BcIR6bID9!!

!

!

:.$!,3%$+3@1!)-! +.$! &$'@+3)%!)-! +.$!M3(,3%1)%N1! @'+'(=1+!/3+.!1! 3%!4SC4(C! B1+$0!"! 3%!
I@.$;$!E9XD!/'1!;)%3+)&$2!<=!&$@)&23%#!+.$!2$@'=!)-!+.$!)?32'+3)%!0('+$'*!@*&&$%+!012!

)-! P.4(BQQ.5D5! ;$'1*&$2! '+! '! &)+'+3%#! #)(2! 231,! $($@+&)2$! 0)('&3>$2! '+! K1kO! '-+$&!
'223+3)%!)-!'!1+)3@.3);$+&3@!';)*%+!)- 1 +)!'8)32!-*&+.$&!&$'@+3)%19!
!
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!

!

!

H&);!+.$!8'(*$1!)-!+.$!.'(-6&$'@+3)%!+3;$1!#"FYC!'%2!+[FYC!)-!1+$01!"!'%2![O!&$10$@+38$(=O!

3+! /'1! -)*%2! +.'+! 1+$0! "! B@))&23%'+3)%! )-! +.$! +/)! 4,4! <)%21! )-! 1O! -)(()/$2! <=!
)?32'+38$!@)*0(3%#D!/'1!+.$!&'+$62$+$&;3%3%#!1+$0!-)&!+.$!&$'@+3)%!)-!+.$!<*(,=!1)9!R%!
@)%+&'1+O! 1+$0! [O! &$'@+3)%! )-! 54" B#$%$&'+$2! -&);! +.$! %)%60&)+$@+$2! '%2! +.*1! ($11!

<*(,=!23=%$!14D!/3+.!+.$!;)%)'(,=%$!0"/3+.!1*<1$T*$%+!&$@)8$&=!)-!+.$!M3(,3%1)%N1!
@'+'(=1+O!/'1!+.$!&'+$62$+$&;3%3%#!1+$09!!

!

I)O!/$!%)+$! +.'+! +.$! &$'@+3)%! 31! 1$%13+38$! +)! 1+$&3@! -'@+)&1! '&)*%2! +.$!4,4!<)%21O!

/.3@.! '--$@+! +.$3&! @))&23%'+3)%! +)! +.$! P.BRD! @$%+&$! 0&3)&! +)! )?32'+38$! @)*0(3%#9! R+!

$;$&#$1!+.'+!+.$!-3&1+!1+$0!"!31!'--$@+$2!<=!+.$!1*<1+3+*+3)%!)%!+.$!^!'+);!B^S!8$&1*1!

^[_4D`! +.$! ;)&$! .3%2$&$2O! +.$! ($11! &$'@+38$9! I+$0! [! 31! '(1)! '--$@+$2! <=! +.$!

1*<1+3+*+3)%! )%! +.$! ^! '+);1O! <*+! +.$! ;)&$! 1*<1+3+*+$2! 5)! 31! -)*%2! +)! <$! ;)&$!

&$'@+38$!+.'%!+.$!($11!1*<1+3+*+$2!549!:.31!@'%!<$!$?0('3%$2!<=!+.$!-'@+!+.'+!3%!1+$0![!

+.$!1+$&3@!.3%2&'%@$!;3#.+!<$!<$%$-3@3'(!2*$!+)!+.$!-'8)*&3%#!+.$!&$($'1$!)-!)%$!QQ.5!

<=!1+$&3@!2$@);0&$113)%! +)! -'@3(3+'+$! +.$!@))&23%'+3)%!)-! +.$!4,4!<)%2!)-!0! 3%! +.$!

P.BRRRD!@$%+&$9! R%!)+.$&!/)&21O!)%$!0.)10.3%$!/)*(2!<$!;)&$! ('<3($! 3%! +.$!<*(,=!5)!

+.'%!3%!+.$!($11!<*(,=!549!

!

:.$!,3%$+3@1!)-!+.$!&$'@+3)%!)-!P.4(BQQ.5D5!/3+.!;)%)'(,=%$!0!/'1!'(1)! 3%8$1+3#'+$2!

<=!;$'%1!)-!+.$!$($@+&)@.$;3@'(!+$@.%3T*$1O!'1!0$&-)&;$2!-)&!<31'(,=%$1!19!H&);!+.$!
8'(*$!)-! #"FYC! -)&! +.$! -)&;'+3)%!)-! +.$! &.)2'@=@()0$%+'23$%$! B3DO! 3+! '00$'&1! +.'+! +.$!

)?32'+38$!@)*0(3%#!-&);!+.$!23'(,=%$!1)!/'1!+/3@$!'1!-'1+!'1!+.'+!)-!+.$!;)%)'(,=%$!0!
BdX]!8$&1*1!F5X]!1O!&$10$@+38$(=D9!

!

:.$1$!&$1*(+1!1*##$1+$2!+.'+!+.$!@))&23%'+3)%!)-!23'(,=%$1 1!+)!P.4(BQQ.5D5!/'1!;)&$!
-'8)*&$2!+.'%!+.'+!)-!+.$!;)%)'(,=%$!0!2*$!+)!3%+&';)($@*('&!@))&23%'+3)%9!

!

!

!
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(

!

E9W9! P.4(BQQ.5D564'+'(=>$2! R%+&';)($@*('&! 4=@()'223+3)%! )-!

c%$23=%$1`! +.$! ^'+*&$! )-! +.$! :$+.$&! '%2! I*<1+3+*$%+1!

4)%+&)(1!+.$!P$'@+3)%!b$@.'%31;!
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H3#*&$!E9E9!FS6^bP!BX]]9F5bS>D!10$@+&'!-)&!2$*+$&'+$2!0)6G!B<$()/D!'%2!FS6^bP!

Bd]]9F5bS>D!10$@+&'!-)&!%)%62$*+$&'+$2!0)!B'<)8$D!

!

!

[$132$1! -&);! +.$! 231'00$'&'%@$! )-! +.$! 59d! 00;! 13#%'(O! +.$! ;*(+30(3@3+=! )-! +.$!

%$3#.<)*&3%#!0&)+)%1!'+!59]CO!59F7!'%2!59\W!00;!31!13;0(3-3$29!b)&$)8$&O! +.$!cIR6bI!

10$@+&)1@)0=! @)%-3&;$2! +.$! 0&$1$%@$! )-! +.$! 2$*+$&'+$2! 0&)2*@+!0)! B0)7,D! BH3#*&$!

E9F]D9!

!

!

3a

RN

NR

NRH

H

3a-D

RN

NR

NRH

D

3.03.23.43.63.84.04.24.4 ppm

3.03.23.43.63.84.04.24.4 ppm
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!"#$%&'()(

!

!

!

!

H3#*&$!E9F]9!cIR6bI!10$@+&'!-)&!0)6G!3;0*&3-3$2!/3+.!+&'@$1!)-!*%&$'@+$2!1+'&+3

;'@&)@=@($!

!

!

R%! (3%$! /3+.! )*&! -3%23%#1O! G'%.$31$&! $+! '(9

@=@()'223+3)%!1+&'+$#=!<'1$2!)%!+.$!;$@.'%31;!0)1+*('+$2!'<)8$O!'1!'!@'1@'2$!)-!+/)!

0$&3@=(3@! 0&)@$11$19! :.$=! $1+'<(31.$2! +.$! *+3(3+=! )-! '! <3;)($@*('&! 0&)0'

&$'@+3)%YG3$(16"(2$&! @'1@'2$! '1! '! ;$+.)2! -)&! '@.3$83%#! -)&;'(

@=@()'223+3)%1! ($'23%#!+)! -*%@+3)%'(3>$2!0)(=@=@(3@!@);0)*%219

2$1@&3<$2!<=!G'%.$31$&!$+!'(97\<!-)&!+.$!@)%1+&*

!

!

!

!

!

!

!

!

!

!

!

!

!

G!3;0*&3-3$2!/3+.!+&'@$1!)-!*%&$'@+$2!1+'&+3%#!

;'@&)@=@($!1)!

O! G'%.$31$&! $+! '(97\'! &$0)&+$2! '! ;$+'(6-&$$O! <3;)($@*('&!

@=@()'223+3)%!1+&'+$#=!<'1$2!)%!+.$!;$@.'%31;!0)1+*('+$2!'<)8$O!'1!'!@'1@'2$!)-!+/)!

0$&3@=(3@! 0&)@$11$19! :.$=! $1+'<(31.$2! +.$! *+3(3+=! )-! '! <3;)($@*('&! 0&)0'&#=(3@! $%$!

1! '! ;$+.)2! -)&! '@.3$83%#! -)&;'(! +.$&;'(! JCKCKCL!

@=@()'223+3)%1! ($'23%#!+)! -*%@+3)%'(3>$2!0)(=@=@(3@!@);0)*%219!:.31!1+&'+$#=!/'1!'(1)!

-)&!+.$!@)%1+&*@+3)%!)-!0)(=@=@(3@!0=&323%$!2$&38'+38$19!
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*&+,-%+(#./(01+2,++13.(

(

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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!

!

!

!

!

!

!

!

!

!

!

!

!

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

"

!

"

"#$!%&'(!)%*&+(,-(!.&-./0')&-'!(,1$-!&0(!2+&%!(#$!'(03)$'!&2!(#)'!(#$')'!&-!4565657!

.8./&,33)()&-!+$,.()&-'!9)//!:$!:+)$2/8!'0%%,+);$3!)-!(#)'!.#,*($+<!=&%*&0-3!-0%:$+'!

0'$3! )-! (#$! &+)>)-,/! *0:/).,()&-'! #,?$! :$$-! +$2/$.($3! #$+$! )-! (#)'! .#,*($+! 3$'*)($!

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

"

"

!

!

!

!

!

!

!

!

!

!



"#$%&'(!)*!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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"+,-./01+,0!

!

!

!

!

"#$%&'(!)*!

!

@$!#,?$!2&0-3!(#,(!%&3$//)->!AA#B!:8!ACB!)-!(#$!.,(,/8'(!+$'0/('!)-!%)-&+!.#,->$'!)-!

(#$!(#$+%&38-,%).'!,-3!1)-$().'!,(!DE<!F&(#!(#$!+$,.()&-!$-$+>)$'!,-3!(#$!:,++)$+'!)-!

(#$! +,($G3$($+%)-)->! '($*!3)22$+$3!:8! /$''! (#,-!H!1.,/I%&/!9#$-! (#$!$-(+&*).!$22$.('!

9$+$!-&(!(,1$-!)-(&!,..&0-(<!C&9$?$+J!(#)'!3)22$+$-.$!9,'!,!/)((/$!:)(!#)>#$+!K&2!,:&0(!

L!1.,/I%&/M!9#$-!(#$!N)::'!$-$+>8!9,'!.&-')3$+$3<!O$'*)($!(#$'$!+$'0/('J!9$!(#&0>#(!

(#,(! (#)'! ')%*/)2).,()&-! .&0/3! :$! $P*/&)($3! )-! '0:'$Q0$-(! '(03)$'! (&! +$30.$! (#$!

.&%*0(,()&-,/!.&'(!')>-)2).,-(/8<!!

!

R-! '*)($!&2! (#)'J!9$! '#&0/3!-&($! (#,(! (#$+$!9$+$! '&%$!3)22$+$-.$'!:$(9$$-! (#$! (9&!

+$,.()&-! %$.#,-)'%'S! (#$! )-)(),/! '($*! &2! (#$! +$,.()&-! 9,'! -&(! (#$! ',%$! ,-3! ,-!

,/($+-,()?$! *,(#9,8! 2&+! (#$! ,((,.1! &2! (#$! (#)+3! ,.$(8/$-$! %&/$.0/$! &-! (#$! 2&+%$3!

+#&3,.8./&*$-(,3)$-$!9,'!2&0-3!(&!:$!&*$+,()?$!2&+!(#$!@)/1)-'&-T'!.,(,/8'(!:0(!-&(!

)-!(#$!%&3$//$3!4U#=/KACBMB7!&-$<!!

!

@#$-!(#$!(#$+%&38-,%).!,-3!1)-$().!+$'0/('!&2!(#$!')%*/$'(! )-($+%&/$.0/,+!4565657!

.8./&,33)()&-!&2!(#+$$!,.$(8/$-$!%&/$.0/$'!9$+$!.&%*,+$3!9)(#!(#&'$!&2!&-$!&2!(#$!

')%*/$'(! )-(+,%&/$.0/,+! 4565657! .8./&,33)()&-! )-! ,! HLG%$%:$+$3! ,;,%,.+&.8./).!

(+)8-$J!(#$!N)::'!$-$+>8!:,++)$+!&2!(#$!+,($G3$($+%)-)->!'($*!2&0-3!.&-2)+%$3!(#,(!(#$!

$-(+&*).! ($+%! .#,->$'! (#$! *+$2$+$-.$! 2&+! (#$! )-($+%&/$.0/,+! .8./&,33)()&-! ,(! /&9!

($%*$+,(0+$'!(&!(#$!)-(+,%&/$.0/,+!&-$!,(!#)>#!($%*$+,(0+$'<!

!

"#$%&'(!+*!

!

@$!+$*&+($3!(#$!*+$*,+,()&-!&2!5DG!,-3!5LG%$%:$+$3!,;,%,.+&.8./$'!2$,(0+)->!2&0+!

,-3! 2)?$! (+)*/$! :&-3'J! +$'*$.()?$/8J! ,-3! ,//! -$9! .&%*&0-3'! 9$+$! .&%*/$($/8!

.#,+,.($+);$3!:8!'*$.(+&'.&*).!%$(#&3'<!

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

!

!

!

V&+$&?$+J! ,-!$22).)$-(!U#=/KAA#BMBG.,(,/8;$3! 4565657! .8./&,33)()&-!&2!5LG%$%:$+$3!

*$-(,,.$(8/$-).!,;,%,.+&.8./$!+!,22&+3$3!(#$!.8./&)'&%$+);$3!.&%*&0-3!,+!+$'0/()->!

2+&%!(#$!+$,.()&-!&2!(#+$$!,3W,.$-(!,/18-$'!)-'($,3!&2!(#$!.8./&,33)()&-!:$(9$$-!-&-G

,3W,.$-(! (+)*/$! :&-3'<! "#$!OX"! '(038! .&-2)+%$3! (#)'! .#$%&'$/$.()?)(8! '#&9)->! (#,(!

(#$! +$,.()&-! *,(#9,8! (&! &:(,)-! *+&30.(! ,+" )'! (#$+%&38-,%).,//8! ,-3! 1)-$().,//8!

*+$2$++$3!&?$+!(#,(!8)$/3)->!(#$!*+&30.(!,-<!

!

R-! .&-(+,'(J! (#$! 5DG%$%:$+$3! ($(+,.$(8/$-).! ,;,%,.+&.8./$! .! 3)3! -&(! /$,3! (&! (#$!

$P*$.($3!.8./&)'&%$+);$3! .&%*&0-3<!OX"!.,/.0/,()&-'! ,//&9$3!0'! (&!3$($+%)-$! (#$!

+$,.()&-!%$.#,-)'%! &2! (#$! 5DGVYY<! "#$! +$'0/('! &:(,)-$3! '#&9$3! (#,(! (#$+$!9$+$!

(9&!%,)-!2,.(&+'!(#,(!.&-(+):0($!(&!(#$!/,.1!&2!+$,.()?)(8!&2!(#$!5DGVYYS!

!

,M (#$!5DGVYY!#,'!,!%&+$!'(,:/$!,-3!3$/&.,/);$3!CZVZ!&+:)(,/!!

:M (#$!2&+%,()&-!&2!,!'(+,)-$3!($-G%$%:$+$3!+)->!30+)->!(#$!.8./&,33)()&-!

&2!(#$!5DGVYY<!

!

"#$'$! (9&! 2,.(&+'! )-.+$,'$3! (#$!N)::'!$-$+>8!:,++)$+'!&2! (#$! +,($G3$($+%)-)->! '($*!

,-3!#)-3$+$3!(#$!)-(+,%&/$.0/,+!.8./&,33)()&-!&2!(#$!5DGVYY<!

!

"#$%&'(!,*!

!

"#$! 4565657! .8./&,33)()&-! +$,.()&-! &2! '8%%$(+).,/! 3)8-$'! K,/! ,-3! ,0M! 9)(#! (#$!

%&-&,/18-$! .! 9$+$! 2&//&9$3! :8! $/$.(+&.#$%).,/! ($.#-)Q0$'! ,(! +&&%! ($%*$+,(0+$<!

Z(#$+! '*$.(+&'.&*).! ($.#-)Q0$'! /)1$! BHA! [VU! ,-3! \]RGV]! 9$+$! ,/'&! $%*/&8$3! (&!

&:(,)-!20+(#$+!)-2&+%,()&-<!

!

"9&! %,)-! '($*'! 9$+$! )3$-()2)$3! )-! (#)'! '(038S! 2)+'(J! (#$! 2&+%,()&-! &2! (#$!

+#&3,.8./&*$-(,3)$-$!.&%*/$P$'!1/J!10!,-3!-"K]($*!YMJ!,-3!'$.&-3J!(#$!+$,.()&-!&2!

.&%*/$P$'! 1! 9)(#! (#$! %&-&,/18-$! .! >)?)->! (#$! 2)-,/! *+&30.(! (&>$(#$+! 9)(#!

U#=/KAA#BMB!K]($*!FM<!

!
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"+,-./01+,0!

!

!

E)-$().!3,(,!&-!(#$!(9&!%,)-!'($*'!&2!(#$!.,(,/8().!.8./$! 2&+!,!U#=/KAA#BMBG.,(,/8;$3!

4565657! .8./&,33)()&-! &2! ,/18-$'! 9$+$! (#0'! ,?,)/,:/$! 2&+! (#$! 2)+'(! ()%$<! X+&%! (#$!

+$'0/('!&:(,)-$3J!(#$!#,/2G+$,.()&-!()%$'!(-).+!,-3!(/).+!!&2!'($*'!Y!,-3!FJ!+$'*$.()?$/8J!)(!

9,'!2&0-3!(#,(!'($*!Y!K,/18-$G,/18-$!.&0*/)->!&2!1M!9,'!(#$!+,($G3$($+%)-)->!'($*!2&+!

(#$!:0/18!.&%*&0-3!1/<! R-!.&-(+,'(J! )-!'($*!FJ!(#$!+$,.()&-!&2!10!.&%*/$P!K.&%)->!

2+&%! (#$! /$''! :0/18! 3)8-$! 10M! 9)(#! (#$! %&-&,/18-$! .! (&! 3$/)?$+! (#$! ,+&%,().!

.&%*&0-3!10J!9,'!2&0-3!(&!:$!(#$!+,($G3$($+%)-)->!'($*<!

!

@$!.&-./03$3!(#,(!$)(#$+!(#$!2)+'(!&+!'$.&-3!'($*!%)>#(!:$!(#$!+,($G3$($+%)-)->!'($*!

3$*$-3)->!&-!(#$!'(+0.(0+$!&2!(#$!'(,+()->!+$,>$-('<!

!

"#$%&'(!0*!

!

@#$-!(#$!4565657!.8./&,33)()&-!+$,.()&-!(,1$'!*/,.$! )-!,-!$-$3)8-$!.&%*&0-3J!(#$!

&P)3,()?$!.&0*/)->!.,-!:$!&:'$+?$3!:$(9$$-!(#$!(9&!,/18-$'!K,/18-$G,/18-$!.&0*/)->M!

&+!:$(9$$-!&-$!,/18-$!,-3!(#$!,/1$-$!K$-8-$!.&0*/)->M!&2!(#$!.&%*&0-3<!

!

"#$'$! (9&! +$,.()&-! *,(#9,8'! #,?$! (&! :$! .&-')3$+$3! (&! $P*/,)-! (#$! $P*$+)%$-(,/!

3)22$+$-.$! &2! $-,-()&%$+).! $P.$''$'! 3$($.($3! )-! $-$3)8-).! '8'($%'<! R(! #,'! :$$-!

$'(,:/)'#$3! (#,(! (#$! $-8-$! .&0*/)->! )'! $P*$.($3! (&! *+&30.$! /,+>$+! $-,-()&%$+).!

$P.$''$'!K$$M!(#,-!(#$!,/18-$G,/18-$!&-$J!9#$-!,!.#)+,/!.,(,/8'(!)'!0'$3<!

!

"#0'J! 9$! ,-,/8;$3! 3)22$+$-(! 2,.(&+'! (#,(! %,8! #,?$! ,-! )-2/0$-.$! &-! (#$! *+$2$++$3!

+$,.()&-!*,(#9,8!2&+!(#$!&P)3,()?$!.&0*/)->!)-!(#$!4565657!.8./&,33)()&-!&2!$-$3)8-$'!

.,(,/8;$3!:8!(#$!@)/1)-'&-T'!.,(,/8'(<!

!

R-! (#)'! '(038J! 9$! &:'$+?$3! (#,(! (#$! '0:'()(0()&-! &2!C! :8!=CB! )-.+$,'$'! (#$! $-$+>8!

:,++)$+'J!$'*$.),//8!(#,(!&2!(#$!,/18-$G,/18-$!.&0*/)-><!"#)'!2,.(! )'!'022).)$-(!(&!.#,->$!

(#$! *+$2$++$3! *,(#9,8! 2+&%! ,/18-$G,/18-$! .&0*/)->! 2&+! U^C! (&! $-8-$! .&0*/)->! 2&+!

U^=CB<!

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

!

!

!

@)(#! +$'*$.(! (&! (#$! ($(#$+'!&2! (#$!$-$3)8-$J!9#$-! (#$!*+&.$''! (&&1!*/,.$!9)(#!ZJ!

[C!,-3!=C5!($(#$+'J! /)((/$! )-2/0$-.$!&-!(#$!+$,.()&-!*,(#! 2&//&9$3!9,'!&:'$+?$3<!Y!

>+$,($+!3)22$+$-.$!:$(9$$-!(#$!($(#$+'!'(03)$3!)'!&:'$+?$3!9#$-!(#$!.,'$'!&2![C!,-3!

=C5! ($(#$+'! ,+$! '0:'()(0($3! :8! (#$! :0/1)$+! =CB]Z5[! ,-3! =K=ZZ=CBM5! ($(#$+'J!

9#$+$! (#$! *+$2$++$3! *,(#9,8! )'! .#,->$3! 2+&%! $-8-$! (&! ,/18-$G,/18-$! .&0*/)->! )-!

'0:'()(0($3!,/18-$'<!

!

Z-!(#$!&(#$+!#,-3J!9#$-!(#$!4565657!.8./&,33)()&-!+$,.()&-'!&2!,.8./).!$-$3)8-$'J!2&+!

9#).#! )-! '&%$! .,'$'! (#$! $-8-$! .&0*/)->! 9,'! *+$2$++$3J! 9$+$! .&%*,+$3! 9)(#! (#$!

.8./&,33)()&-!&2! .8./).! $-$3)8-$'J! )(!9,'!&:'$+?$3! (#,(! (#$! /,(($+! ,/9,8'! *+$2$+'! (#$!

,/18-$G,/18-$!.&0*/)->!30$!(&!(#$!/&9$+!3$2&+%,()&-!$-$+>8!+$Q0)+$3<!

!

"#$%&'(!1*!

!

"#$!*,(#!&2!(#$!U#=/KAA#BMBG.,(,/8;$3! )-(+,%&/$.0/,+!4565657!.8./&,33)()&-!+$,.()&-!

&2! $-$3)8-$'! ," (&! +! (&! >)?$! (#$! .&++$'*&-3)->! .8./&#$P,3)$-$'! .#,->$3! 9)(#! (#$!

*&')()&-!&2!(#$!,/1$-$!%&)$(8!)-!(#$!)-)(),/!.&%*&0-3<!

!

OX"! .,/.0/,()&-'! >,?$! ,-! $P*/,-,()&-! &2! (#$! 3)22$+$-(! +$,.()?)(8S! $-$3)8-$'! (8*$! 23&4

&3&423&!*+$2$++$3!(#$!.&-?$-()&-,/!4565657!.8./&,33)()&-!+$,.()&-J!9#$+$,'!$-$3)8-$'!

(8*$!23&423&4&3&!'022$+$3!!G#83+)3$!$/)%)-,()&-!2&//&9$3!:8!,!+$30.()?$!$/)%)-,()&-!&2!

@)/1)-'&-T'!.,(,/8'(!>)?)->!.8./&,330.('!,+!,-3!,-J!9#).#!,+$!)'&%$+'!&2!(#&'$!9#).#!

9&0/3!:$!&:(,)-$3!(#+&0>#!'(,-3,+3!4565657!.8./&,33)()&-!+$,.()&-'<!

!

"#$%&'(!5*!

!

"#$! 2+$$! (+,-')()&-! %$(,/G.,(,/8;$3! *+&.$''$'! ,+$! ,! -&?$/! %$(#&3! (&! &:(,)-! -$9!

*&/8.8./).!.&%*&0-3'<!

!

@#$-!%,.+&.8./$'!1/!,-3!10"9$+$!0-,:/$!(&!.8./&(+)%$+);$!30$!(&!(#$!/&9!,.()?)(8!

&2! (#$! "V! .,(,/8'(! (#$8! +$,.($3! (#$+%,//8J! /$,3)->! (&! )'&%$+'! ./! ,-3! .0<! OX"!

.,/.0/,()&-'! .&-2)+%$3! (#$!%$.#,-)'%! *+&*&'$3! 2&+! (#)'! 1)-3! &2! '8'($%'J! 9#$+$! ,-!

250



"+,-./01+,0!

!

!

$-$!+$,.()&-!:$(9$$-!,-!,/18-$!,-3!,-&(#$+!,/18-$! (,1$!*/,.$J! 2&//&9$3!:8!,!O)$/'G

Y/3$+! +$,.()&-! :$(9$$-! (#$! )-($+%$3),($! 2&+%$3! ,:&?$! K?)-8/,//$-$M! ,-3! (#$! (#)+3!

0-',(0+,()&-!K,/18-$!)-!+/!,-3!,/1$-$!)-!+0M<!Y!9,($+!%&/$.0/$!,'')'()->!(#$!*+&.$''!)'!

+$Q0)+$3!2&+!(#$!HJBGC!(+,-'*&')()&-!(&!>)?$!(#$!2)-,/!*+&30.(J!./<!

!

-6!7!8&3&#79!#&:9&'(;$3<!7:(&#!$=6&#>;38!799!(?&!#&6@9(6!73A!'$3'9@6;$36!B#&>;$@692!&CB$6&A<!;(!;6!

'9&7#! (?7(! (?&! 37(@#&! $:! (?&! ;3;(;79! '$DB$@3A6! E?;'?! '$3(7;36! A;::&#&3(! @367(@#7(;$36! 73A!

6@=6(;(@&3(6!?7>&!7! 6@=6(73(;79! ;3:9@&3'&!$3! (?&! #&7'(;$3!D&'?73;6D<!73A! (?&#&:$#&<!$3! (?&!

:;379!B#$A@'(!$=(7;3&A<!;3!(?&!'76&!$:!(?&!F;9G;36$3H6!'7(7926(I!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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!

!

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"
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!

!

!

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

"#$!%&'$()&*!*)+'$,!-$*./!)+!&''&0#$,!&+!+122*$%$3'&(4!,&'&!.3!'#$!56!)30*1,$,!)3!'#$!
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