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",#5#="#-1&/7:)3"#",#(0#%"2$1%0,1&3#'%03+810("#+8">#("#%"?.13#<@#

="2#-&334"2#.,1("2#A#(0#%42&(.,1&3#-.#$%&'()*"#2&3,#B&.%31"2#A#(0#B13#-"#(943&3+4#C$0:"2#DEF#DG#",#DHI@#

%

Synthèse totale de l’aigialomycine D 

%

!"#$%$#&'()*$+,- .- /0$%12,-345- 1+- (#*2'&$6,- 278'2*$+'&$91,- :- 3;- *<#$+'+85- #- 7=7- $8'&7- :- >#2=$2- 61-

*<#(>$%+'+-6,-(#+%2'?,-J1:10(.2#$0%K.2@-A,- *'(>'87- B#$=- >#2=$,- 6"1+,-%2#+6,- B#($&&,- 6,->2'61$=8-

+#=12,&8-91$->'88C6,+=-1+,-8=21*=12,-6,-(#*2'&$6,-:-3;-*<#D+'+8-B18$'++7,-:-1+,-1+$=7-E,+F7+'G6,@-!,8-

(#*2'&$6,8-278'2*$+'&$91,8->278,+=,+=-1+-B'2=->'=,+=$,&-=<72#>,1=$91,@-H#2-,I,(>&,5-$&-#-7=7-('+=27-91,-

&"#$%$#&'()*$+,-.->'8876#$=-1+,-=2C8-B'2=,-#*=$?$=7-#+=$>#&16$91,-/JA!"-K-L5L-µ%M(!-*'+=2,-L(02*&-1.*#

B0(+1$0%.*4-#$+8$-91N1+,-*)='='I$*$=7-$(>'2=#+=,-*'+=2,-&,-*#2*$+'(,-7>$6,2('G6,-<1(#$+-/JA!"-K-O5P-

µ%M(!-*'+=2,-&,8-*,&&1&,8-QR4@--

%

!"#$%&'()'6,%.+,.%"#-"#(M01:10(&*7+13"#;@#

A,8->2'>2$7=78-E$'&'%$91,8-$+=72,88#+=,8-'+=-8=$(1&7-&,8-=2#?#1I-6,-8)+=<C8,-'2$,+=78-?,28-&,8-(#*2'&$6,8-

278'2*$+'&$91,8-,=-&,128-#+#&'%1,8@-S+,-8)+=<C8,-6,-&N#$%$#&'()*$+,-.-/0$%12,-345->1E&$7,->#2-&,-%2'1>,-

6,-.#+$8<,B8T)-,+-UPP;5-1=$&$8,-*'((,->2'61$=-6,-67>#2=-&,-UV678'I)V.V2$E'>)2#+'8,-/!4@#-A,-*'(>'87-

,I$8=,- ,+- 8'&1=$'+- #91,18,- 8'18- =2'$8- B'2(,8- 6$BB72,+=,8- /W*<7(#-34- K- &#- B'2(,- '1?,2=,- ($+'2$=#$2,-

/,+?$2'+-3-X45-,=-6,1I-B'2(,8-*)*&$91,8-*'(>'2=#+=-2,8>,*=$?,(,+=-1+-*)*&,-:-L-#='(,8-/,+?$2'+-YZ-X4-

,=-1+-*)*&,-:-Z-#='(,8-/,+?$2'+-U;-X4@-

%

!"#$%&'()"*+,-"#$."#$./001("*+"#$0&(2"#$#&*+$.&**1#$3$45$678$

*+,-./'(@#;1BB4%"3,"2#B&%*"2#-.#2.'2,%0,#-"#-4$0%,#(#"3#2&(.,1&3#0?.".2"@#

%

"!#! [,>278,+=,2- ='18- &,8- 8=727'$8'(C2,8- 61- UV678'I)V.V2$E'8,- /B'2(,- '1?,2=,4- ,=- 6'++,2- &,8-

2,&#=$'+8-6,-8=727'$8'(72$,-,+=2,-*<#91,->#$2,-6,-8=21*=12,8@-

"$#! [,>278,+=,2-&#-B'2(,-*)*&$91,-:-Z-#='(,8-#>>,&7,-UV678'I)V.V2$E'B12#+'8,5-,+-$+6$91#+=-8#+8-

#(E$%\$=7- &#- >'8$=$'+- 6,8- 6$BB72,+=8- %2'1>,(,+=8- >#2- 2#>>'2=- #1- >&#+- 61- *)*&,@- A'(E$,+- 6,-

8=727'$8'(C2,8-61-UV678'I)V.V2$E'B12#+'8,-,I$8=,V=V$&-,+-8'&1=$'+-]-

%
!$98$:"*-;$<8$=8$>,*/#?"0#@A;$!"#$%&'(($$!""#;$);$BCDEBCF8$
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"%#! ^1,&&,-27#*=$'+->,2(,=-6,->#88,2-6,-&#-B'2(,-&$+7#$2,-:-&#-B'2(,-UV678'I)V.V2$E'>)2#+'8,-]-

H2'>'8,2-1+-(7*#+$8(,-,+-($&$,1-#*$6,->'12-*,==,-=2#+8B'2(#=$'+@-

!N#&*)+,-&5-1+->27*128,12-6,-&"#$%$#&'()*$+,-.5-#-7=7->27>#27-:->#2=$2-61-UV678'I)V.V2$E'>)2#+'8,-/!4@-

W#-8)+=<C8,-67E1=,->#2-6,1I-27#*=$'+8-91$-*'+61$8,+=-81**,88$?,(,+=-#1I-*'(>'878-%-,=-'-/W*<7(#-U4@--

%

*+,-./'0@#673,8)2"#-.#$%4+.%2".%#1#-"#(901:10(&*7+13"#;@#

-

"'#! H2'>'8,2- 6,8- 27#*=$B8- /+'=78- 27#*=$B8- $4- ,=- 6,8- *'+6$=$'+8- 27#*=$'++,&&,8- >'12- >27>#2,2-

,BB$*#*,(,+=-&,-*'(>'87-%-:->#2=$2-61-*'(>'87-!@-

!,-*'(>'87-'5-($8-,+->278,+*,-6,-*<&'212,-6,->$?#&')&,-/H$?A&-'1-*<&'212,-6,-U5UV6$(7=<)&>2'>#+')&,4-

#?,*- 6,- &#- =2$7=<)&#($+,- ,=- 6,- &#-NFNO6$(7=<)&>)2$6$+V;V#($+,- /._`H4- 6#+8- &,- 6$*<&'2'(7=<#+,5-

*'+61$=- :- &#- B'2(#=$'+- 61- *'(>'87-(@-A,- 6,2+$,2- 81E$=- 1+,- 8791,+*,- <)62'E'2#=$'+V'I)6#=$'+- >'12-

6'++,2-&,-*'(>'87-)*/W*<7(#-U4@--

"(#! .'++,2-&#-8=21*=12,-61-*'(>'87-(-,=->2'>'8,2-1+-(7*#+$8(,-a18=$B$#+=-8#-B'2(#=$'+-:->#2=$2-61-

*'(>'87-'-/8#+8-B#$2,-$+=,2?,+$2-&#-._`H-6#+8-&,-(7*#+$8(,4@-

")#! .'++,2-&#-8=21*=12,-61-*'(>'87-)-,=->27*$8,2-&N,+8,(E&,-6,8-27#*=$B8-+7*,88#$2,8-:-&N'E=,+=$'+-

6,-*,-6,2+$,2-:->#2=$2-61-*'(>'87-(@-b18=$B$,2-&#-27%$'87&,*=$?$=7-6,-&#-27#*=$'+@--

!,-*'(>'87-)-,8=-#&'28-'I)67-,+-#&67<)6,-+-?$#-1+,-27#*=$'+-6,-H#2$T<V.',2$+%!-/W*<7(#-U4@-

"+#! .'++,2-&#-8=21*=12,-6,-&N#&67<)6,-+@-

!,-=2#$=,(,+=-61-*'(>'87-+->#2-1+-'2%#+'F$+*$91,5-1+-'2%#+'(7=#&&$91,-6'+=-&#-27#*=$?$=7-,8=-#+#&'%1,-

:-*,&&,-6N1+-'2%#+'(#%+78$,+-($I=,5- ='1=-,+-7=#+=-('$+8-+1*&7'><$&,-,=-('$+8-E#8$91,5-*'+61$=-:- &#-

B'2(#=$'+-6,-&N#&*)+,-?2#$-&-#>2C8-<)62'&)8,-/W*<7(#-U4@-

"&#! .'++,2- 6,1I- 2#$8'+8- >'12- &,891,&&,8- $&- +N,8=- >#8- >'88$E&,- 6N1=$&$8,2- &N#+#&'%1,-

'2%#+'(#%+78$,+-/cA!AAc$_%R24-6,-&N'2%#+'F$+*$91,-$(>&$917-6#+8-*,==,-=2#+8B'2(#=$'+-/&,"#$!-

%
"$=8$G8$H,(/@?;$I8$J8$>&"(/*-;$*$%+,$%-.',$%/01$%$%&';$23;$55K58$
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6N1+-#&*)+,-?2#$-,8=-6,-&N'262,-6,-UZ4@-H#2-#+#&'%$,-#?,*-&#-27#*=$?$=7-6,8-'2%#+'(#%+78$,+8-($I=,85-

>2'>'8,2-1+-(7*#+$8(,-2,+6#+=-*'(>=,-6,-&#-=2#+8B'2(#=$'+-6,-&N#&67<)6,-+*,+-#&*)+,-&@-

!N#&*)+,- &- ,8=- ,+81$=,- =2#+8B'2(7- ,+- &N#*$6,- *#2E'I)&$91,- !,- ,+- >&18$,128- 7=#>,85- #?,*- &N'E=,+=$'+-

$+=,2(76$#$2,-61-*'(>'87---/W*<7(#-O4@-

%

*+,-./'2@#P&%*0,1&3#-"#(90+1-"#+0%'&/7(1?."#(3#A#$0%,1%#-"#(90(+73"#1@#

%

"-#! `?,*-&N#$6,-61-.'*1(,+=-35->2'>'8,2-1+-,+*<#$+,(,+=-6,->&18$,128-27#*=$'+8-#B$+-6N'E=,+$2-

&,-*'(>'87---:->#2=$2-6,- &N#&*)+,-&@-d+-a18=$B$,2#- &N'262,-6,8-27#*=$'+8-,=- &,8-7?,+=1,&8->2'E&C(,8-

2,+*'+=278@-!,8-27#*=$B8->2$+*$>#1I-#$+8$-91,-&#-8=21*=12,-6,8-*'(>'878-$+=,2(76$#$2,(,+=-'E=,+18-

8,2'+=->27*$878-8#+8-6'++,2-&,8-(7*#+$8(,8-6,8-6$BB72,+=,8-=2#+8B'2(#=$'+8@-

%

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

.#+8- 1+,- 8)+=<C8,5- &,8- %2'1>,(,+=8- <)62'I)&,8- 8'+=5- &#- >&1>#2=- 61- =,(>85- >2'=7%78@- H#2($- &,8-

%2'1>,(,+=8->2'=,*=,128-*'12#((,+=-1=$&$8785-'+-2,+*'+=2,-&,8-7=<,28-8$&)&78-/[edW$[#[$[%4-91$-8'+=-

B'2(78-?$#-6,8-27#*=$'+8-6,-81E8=$=1=$'+@-

-

!,8- 7=<,28- 8$&)&78- 8'+=- 2,=$278- ,+- >278,+*,- 6N$'+8- B&1'212,- /*'((,- R1&f045- #B$+- 6,- 27%7+72,2- &#-

B'+*=$'+-#&*''&@-H#2($-&,8-7=<,28-8$&)&78-*'12#+=8-'+-2,+*'+=2,-&,-,"%,VE1=)&6$(7=<)&8$&)&,-/[#-g#,R15-

[$-g-[%-g-_,4-#E27%7-hRW5-&,-=2$7=<)&8$&)&,-/[#-g-[$-g-[%-g-i=4-#E27%7-hiW-'1-&,-=2$(7=<)&8$&)&,-/[#-

g-[$-g-[%-g-_,4-#E27%7-h_W@-

!,- %2'1>,(,+=- _d_- /(7=<'I)(7=<)&,4- ,8=- 7%#&,(,+=- 1+- %2'1>,(,+=- >2'=,*=,12- =2C8- 1=$&,- ,+-
8)+=<C8,@-!#-B'+*=$'+-#&*''&-,8=->2'=7%7,-,+->278,+*,-6,-_d_A&-,+-($&$,1-E#8$91,-/i=%f45-,=-*,-

%2'1>,(,+=->2'=,*=,12->,1=-j=2,-2,=$27-,+-($&$,1-#*$6,-#91,1I@-

%

%

"!,#! H2'>'8,2-6,8-*'+6$=$'+8-/27#*=$B8-,=-8'&?#+=84->'12-B'2(,2-&N#*$6,-!,-:->#2=$2-61-*'(>'87--@-

^1,&91,8-7=#>,85-+'+-67*2$=,8-$*$5-'+=-,+81$=,->,2($8-6N'E=,+$2-&,-6$C+,-!!-:->#2=$2-6,-&N#*$6,-!,@-H#2-

27#*=$'+-6,-(7=#=<C8,-*)*&$8#+=,-,+-1=$&$8#+=-&,-*#=#&)8,12-6,-k21EE8-6,-8,*'+6,-%7+72#=$'+5-&,-6$C+,-!!-

#-*'+61$=-#1-(#*2'&$6,-:-3;-#='(,8-!$-/W*<7(#-;4@-
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O
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O
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O
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%

*+,-./'4@#Q',"3,1&3#-.#*0+%&(1-"#(0#$0%#*4,0,8)2"#+7+(1203,"@#

%
"!!#! W,1&- &,- 8=727'$8'(C2,-6,- *'+B$%12#=$'+-R- 61- *'(>'87-!$- ,8=- 'E=,+1- &'28-6,- *,==,- 27#*=$'+@-

^1,&&,-(7=<'6,-,I>72$(,+=#&,-#->,2($8-6,-*'+B$2(,2-&#-*'+B$%12#=$'+-R-6,-&#-6'1E&,-&$#$8'+-B'2(7,-

]-b18=$B$,2-?'=2,-27>'+8,@--

.#+8-&#->1E&$*#=$'+-67*2$?#+=-*,==,-8)+=<C8,5#-&,8-#1=,128-$+6$91,+=-91,-&,-*'(>'87-!$-,8=-1+-(7&#+%,-

6,-6,1I-8=727'$8'(C2,85-+'=78-!$.-,=-!$/5->'12-&,891,&8-&,8-?#&,128-81$?#+=,8-8'+=-2#>>'2=7,8-6#+8-&#-

>#2=$,-,I>72$(,+=#&,-K--

!$.-K-%l&!
"#-g-e3U;5L-/+-P53Y5-AcA&%4-,=-!$/-K-%l&!

"#-g-e3YO5O-/+-P5;35-AcA&%4-

"!$#!m-91,&&,-%2#+6,12-*'22,8>'+6,+=-*,8-2781&=#=8-]-A'((,+=,2-&,8-?#&,128-'E=,+1,8@-!#->278,+*,-

6,-6,1I-8=727'$8'(C2,8->'8,V=V,&&,-1+->2'E&C(,->'12-&#-81$=,-6,-&#-8)+=<C8,-]-

!#-27#*=$'+-6,-B,2(,=12,-#E'1=$88#+=-#1-891,&,==,-(#*2'*)*&$91,-:-3;-#='(,8-6,- &"#$%$#&'()*$+,-.-#-

*'+8=$=17-1+-?2#$-67B$-8)+=<7=$91,5-,=-6,-+'(E2,1I-%2'1>,8-6,-2,*<,2*<,8-8,-8'+=-#==,&78-:-*,==,-=n*<,@-

d1=2,- &#- (7=<'6,- 6,- (7=#=<C8,- *)*&$8#+=,- 1=$&$87,- >#2- &,- %2'1>,- 6,- .#+$8<,B8T)5#- 1+,- (7=<'6,-

8=727'87&,*=$?,- 6,- *)*&$8#=$'+- /#1- +$?,#1- 6,- &#- 6'1E&,- &$#$8'+- *#2E'+,V*#2E'+,- *277,45- 1=$&$8#+=- 1+,-
*#=#&)8,->#2-1+-*'(>&,I,-61-+$*T,&5-#-7=7-67?,&'>>7,->#2-&,-%2'1>,-6,-_'+=%'(,2)-/W*<7(#-Z4@%--

%

*+,-./'5@#!7+(120,1&3#+0,0(724"#$0%#.3#+&*$("/"#-.#31+S"(@"#

!,-(7*#+$8(,-6,-*,==,-*)*&$8#=$'+-*'(>'2=,-91#=2,-7=#>,8-/1+,->#2=$,-6,8-8=21*=12,8-#-7=7-8$(>&$B$7,-

>'12-+,-&#$88,2-#>>#2,+=8-91,-&,8-%2'1>,8-B'+*=$'++,&8-27#%$88#+=4@-

%
#$78$78$7?(&L/,*;$M8$N*,%%OG"".;$=8$P&*+-&2"(A;$!"#$%&'(($$!""(;$45;$QCCEQCB8$

O

O
O

O

OTBS
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O
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O
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O
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%

*+,-./'6@#T4+0312*"#-"#(0#+7+(120,1&3#+0,0(724"#$0%#.3#+&*$("/"#-.#31+S"(@#

-

"!%#!.'++,2-&,-+'(-6,8-6,1I-7=#>,8-0-,=-1-6,-*,-(7*#+$8(,@--

"!'#!.'++,2-&,8-?#2$#=$'+8-61-+'(E2,-6N'I)6#=$'+-61-(7=#&-+$*T,&-6#+8-*<#*1+,-6,8-91#=2,-7=#>,8@-

!#-81$=,-6,-&#-8)+=<C8,-6,-&N#$%$#&'()*$+,-.-*'+8$8=,-,+-1+,-27#*=$'+-6,-.$,&8V`&6,2-,+=2,-&#-=2$>&,-&$#$8'+-

*#2E'+,V*#2E'+,- 61- *'(>'87- !$5- >27*76,((,+=- 67*2$=- /W*<7(#- ;45- #?,*- &,- 6$C+,- !(@- !,- >2'61$=-

$+=,2(76$#$2,(,+=-B'2(7-!)-/+'+-$8'&74-81E$=5-6#+8-&,8-(j(,8-*'+6$=$'+85-1+,-27#*=$'+-6,-27=2'V.$,&8V

`&6,2->'12-*'+61$2,-#1-*'(>'87-!+-'o- &,8-%2'1>,(,+=8- =2$(7=<)&8$&)&,8- /h_W4-'+=-7=7-p=78- &'28-61-

=2#$=,(,+=-6,-&#-27#*=$'+-/W*<7(#-Y-,=-.'*1(,+=-3->#%,-O4@*

%

*+,-./'7@#P&%*0,1&3#-.#+&*$&24#(7#K10#-"2#%40+,1&32#-"#;1"(2OJ(-"%#",#%4,%&O;1"(2OJ(-"%@#

-

"!(#!.'++,2- &#-8=21*=12,-61-*'(>'87- $+=,2(76$#$2,-!)- B'2(7-,=- a18=$B$,2- &#- 27%$'87&,*=$?$=7-6,- &#-

27#*=$'+-:-&N#$6,-6,8-6'++7,8-61-h#E&,#1-3@-

LnNi(0)

L = PPh3

A

B

C

D

O

O

Ln-2Ni

O

Ln-2Ni
Et3SiH

Et3SiO

Ln-2HNi

Et3SiO

H

2 L2 L

13

14

O
O
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O
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1

2

3

6

5

4

OO
7

OMe

MeO

1

2
3

4
56

7

8

8/9:&/$'(@#!0%0+,4%12,1?."2#-"2#&%'1,0("2#B%&3,0(1)%"2#-"#*&(4+.("2#*&-)("2#-"2#%40+,1B2#(0#",#(5@''

-./01"2$%
! 34$55060$71%89.%2:"14;$%7<%

&% )% *% +% ,% (% =%

>-%?@&AB=%$CD% AB,A% @ABA,% @AB(*% @AB+E% AB*A% AB&A% @ABAE%

FC%?AB&%$CD% AB*G% @AB,,% @AB))% AB((% @AB&E% AB&(% @ABA(%

%

-./01"2$%
34$55060$71%89.%2:"14;$%7<%

&% )% *% +% ,% (% =% G%

>-%?@GB&%$CD% @AB)*% AB+*% AB*E% @AB**% @AB,E% AB&=% @AB&G% AB)+%

FC%?AB(%$CD% AB&(% @AB()% AB**% AB*=% @AB,,% @ABAE% AB&(% AB&+%

%

"!)#!.'++,2-&#-8=21*=12,-61-*'(>'87-'2%#+$91,5->'8876#+=-91#=2,-#='(,8-6,-*#2E'+,5-B'2(7-&'28-6,-

&#-27#*=$'+-6,-27=2'V.$,&8V`&6,2@-

!,-6$C+,-$(>&$917-6#+8-&#-27#*=$'+-6,-.$,&8V`&6,25-&,-Z5ZV6$(7=<)&V35OVE$8/=2$(7=<)&8$&)&'I)4*)*&'<,I#V

35OV6$C+,-!(5-#-7=7->27>#27-,+-91,&91,8-7=#>,8-:->#2=$2-61-*'(>'87-*'((,2*$#&-!&*/W*<7(#-q4@-

%

*+,-./'1@#673,8)2"#-.#GFGO-1*4,87(ODFUO'12C,%1*4,87(21(7(&/7I+7+(&8"/0ODFUO-1)3"#(5@#

!N'I)6,- 6,- (78$=)&,- !-- /;V(7=<)&>,+=VOV7+VUV'+,4- ,8=- 'E=,+1- >#2- *'+6,+8#=$'+- 6N1+- >27*128,12-

'2%#+$91,-:-=2'$8-#='(,8-6,-*#2E'+,-!&-,+-($&$,1-E#8$91,@-J&-,8=-,+81$=,-=2#$=7->#2-&,-(#&'+#=,-6,-6$7=<)&,-

$,-,+->278,+*,-6N7=<#+'&#=,-6,-8'6$1(-6#+8-&N7=<#+'&->'12-*'+61$2,-:-1+->2'61$=-$+=,2(76$#$2,-$!-6,-

B'2(1&,-E21=,-A#%c$$d!-91$-*)*&$8,-2#>$6,(,+=-,+-$$5-6,-B'2(1&,-E21=,-A##c#'d&@-!,-*'(>'87-$$-,8=-

,+81$=,-*<#1BB7-#1-2,B&1I-,+->278,+*,-6N1+,-8'&1=$'+-#91,18,-6N<)62'I)6,-6,->'=#88$1(->'12-*'+61$2,-

#1-*'(>'87-$%-91$-81E$=-1+,-67*#2E'I)&#=$'+-/>,2=,-6N1+,-('&7*1&,-6,-6$'I)6,-6,-*#2E'+,4-,+-($&$,1-

#*$6,-:-*<#16->'12-B'2(,2-&,-*'(>'87-$'@-S+,-6,2+$C2,-7=#>,->,2(,=-6,-B'2(,2-&,-6$C+,-!(-#==,+61@-

"!+#!.'++,2- &#- 8=21*=12,- 61- *'(>'87- '2%#+$91,- !&- /:- =2'$8- #='(,8- 6,- *#2E'+,4- >27*128,12- 6,-

&N'I)6,-6,-(78$=)&,-!-@-`-91,&-=)>,-6,-27#*=$'+-*'22,8>'+6-*,==,-=2#+8B'2(#=$'+-]-

"!&#!.'++,2-&#-8=21*=12,-6,-&N$+=,2(76$#$2,-$!*B'2(7->#2-*'+6,+8#=$'+5-8'18-*'+=2p&,-'2E$=#&#$2,5-61-

6$,8=,2-(#&'+$91,-$,*812-&N'I)6,-6,-(78$=)&,-!-@-iI>&$91,2-&#-27%$'87&,*=$?$=7-6,-&#-B'2(#=$'+-6,-*,-

*'(>'87-:-&N#$6,-6,8-6'++7,8-61-h#E&,#1-U@-

18
HO– O

19

CO2EtEtO2C
20

EtONa, EtOH
2 h, 80 °C

21

C13H22O5

22

C11H16O4

KOH

80 °C
23

HCl aq.

100 °C
24

24
TMSCl

ZnCl2, Et3N

OTMS

TMSO

15
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O 1

2
3

4

5

6
7

8/9:&/$'0@#!0%0+,4%12,1?."2#-"2#&%'1,0("2#B%&3,0(1)%"2#-.#+&*$&24#(;@#'

-./01"2$%
! 34$55060$71%89.%2:"14;$%7<%

&% )% *% +% ,% (% =%

>-%?@EBE%$CD% AB,)% @AB&A% @AB((% @AB+)% AB)+% AB)+% ABA(%

FC%?AB&%$CD% @AB*=% AB,(% AB&(% @AB((% AB&G% AB&G% HAB&,%

%

"!-#!.'++,2-&#-8=21*=12,-61-*'(>'87-*)*&$91,-$$-#$+8$-91,-&,-(7*#+$8(,-6,-8#-B'2(#=$'+5-8#*<#+=-

91,-&N$+=,2(76$#$2,-$!-/+'+-$8'&74-,=-&,->2'61$=-$$*8'+=-'E=,+18-6#+8-&,8-(j(,-*'+6$=$'+8@-

!,8-6'++7,8-8>,*=2'8*'>$91,8-6,-[_f-#c-61-*'(>'87-$$-8'+=-&,8-81$?#+=,8-K-

[_f-#c-/;PP-_cF5-A.A&%4-K-δ  ;5UU-/95-V#g-q5P-cF5-Uc45-O5LO-/85-Uc45-U5qr-/85-3c45-U5OU-/85-Uc45-35U3-

/=5-V#g-q5P-cF5-Oc45-P5rr-/85-Lc4@-

/2-g-8$+%1&,=-s---g-6'1E&,=-s-,-g-=2$>&,=-s-?-g-91#621>&,=4-
-

"$,#!`==2$E1,2-&,8-8$%+#1I-2,&,?78-812-&,-8>,*=2,-6,-[_f-#c-61-*'(>'87-$$@-

"$!#!^1,&&,8-E#+6,8-*#2#*=72$8=$91,8->,1=V'+-#==,+62,-,+-8>,*=2'8*'>$,-$+B2#2'1%,->'12-*,-*'(>'87*

$$*]-

"$$#!.'++,2-&,8-8=21*=12,8-6,8-*'(>'878-$%-,=-$'@-

!N#$%$#&'()*$+,-.-,8=-B$+#&,(,+=-'E=,+1,-,+-91,&91,8-7=#>,8-/W*<7(#-r4-:->#2=$2-6,-&N$+=,2(76$#$2,-!+-

/W*<7(#-Y4@-!,8-6,1I-%2'1>,(,+=8-<)62'I)&,8-278'2*$+'&$91,8-61-*'(>'87-!+-8'+=-6N#E'26->2'=7%78-

>#2-&,-%2'1>,(,+=-(7=<'I)(7=<)&,-/_d_4->'12-B'2(,2-&,-*'(>'87-$(5-#?#+=-6,-*27,2-&#-6'1E&,-&$#$8'+-

*#2E'+,V*#2E'+,- 6,- =)>,- 8=)2C+,- 61- *'(>'87- $)@- S+,- 6,2+$C2,- 7=#>,- >,2(,=- #&'28- 6N'E=,+$2-

&N#$%$#&'()*$+,-.@--

-

*+,-./';@#P13#-"#(0#273,8)2"#-"#(M01:10(&*1+13"#;@#

-

"$%#! H2'>'8,2-1+-(7*#+$8(,->'12-&#-B'2(#=$'+-6,-$(-:->#2=$2-6,-!+*/.'*1(,+=-3->#%,-O4@-.'++,2-

&,-+'(-6,8-B'+*=$'+8-*277,8-&'28-6,-*,==,-7=#>,@-

"$'#! H2'>'8,2-1+-8*<7(#-27#*=$'++,&5-,+->&18$,128-7=#>,85-,I>&$91#+=-&#-B'2(#=$'+-&,-*'(>'87-$)-:-

>#2=$2-6,-$(@-b18=$B$,2-&#-27%$'87&,*=$?$=7-6,-&#-27#*=$'+-6,-B'2(#=$'+-6,-&#-6'1E&,-&$#$8'+-8=)27+$91,@-

!"#$! H2'>'8,2-6,8-*'+6$=$'+8-27#*=$'++,&&,8->'12-&#-B'2(#=$'+-6,-&N#$%$#&'()*$+,-.-:->#2=$2-6,-$)@%%

17
MOMCl

iPr2NEt

MOMO

MOMO

O

O

25 O
OTBSO

MOMO

MOMO

O

O

26 O
O

aigialomycine D
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Le dioxygène et la respiration branchiale chez le requin 

%

!,-2,91$+-2,8>$2,-%2n*,-:-&#->278,+*,-6,-*$+9-:-8,>=-B,+=,8-E2#+*<$#&,8-812-&,8-*p=78-6,-8#-=j=,@-!'2891N$&-
8,-67>&#*,5-&N,#1-6,-(,2->7+C=2,->#2-8#-E'1*<,5->#88,-812-&,8-E2#+*<$,8-*'+8=$=17,8-6N1+-%2#+6-+'(E2,-
6,-&#(,&&,85->1$8-2,88'2=->#2-8,8-B,+=,8-E2#+*<$#&,8@-!,-6$'I)%C+,-6$88'18-6#+8-&N,#1-6,-(,2-8,-B$I,-#1-
('(,+=- 61- *'+=#*=- #?,*- &,8- *#>$&&#$2,8- 8#+%1$+8- 6,8- E2#+*<$,8@-A,-('6,-6,- 2,8>$2#=$'+- *'+=2#$+=- &,-
2,91$+-6,-<#1=,-(,2-:-+#%,2-,+->,2(#+,+*,->'12-91,-&N,#1-=2#?,28,-,+-*'+=$+1-8,8-E2#+*<$,8@-W$-&,-2,91$+-
8N#22j=,-6,-+#%,25-*N,8=-&N#8><)I$,@-AN,8=->'1291'$-&'2891N1+-2,91$+-,8=->2$8-6#+8-1+-B$&,=-6,->j*<,5-$&-
(,12=-#8><)I$7@-!#-?$=,88,-('),++,-6N1+-2,91$+-,8=-6,-&N'262,-6,-q-T(M<5-(#$8-&,8->&18-2#>$6,8-6N,+=2,-
,1I5-*'((,-&,-2,91$+-_#T'5->,1?,+=-#==,$+62,5-812-6,-*'12=,8-6$8=#+*,85-6,8-?$=,88,8-#&&#+=-a1891N:-YP-
T(!<(#@-

A,- >2'E&C(,- *'(>'2=,- 91#=2,- >#2=$,8@- !,8- =2'$8- >2,($C2,8- #E'26,+=- 6,8- >'$+=8- $(>'2=#+=8- >'12- &#-
('67&$8#=$'+-6,-&#-2,8>$2#=$'+-E2#+*<$#&,-61-2,91$+-=2#$=7,-6#+8-&#-6,2+$C2,->#2=$,@--

!"#$%&#&'()*$)*&"+,-./0)*1/2)#301$)*0)405!

!,-2,91$+->1$8,-&,-6$'I)%C+,-+7*,88#$2,-:-8#-812?$,-6#+8-8'+-($&$,1-,+?$2'++#+=@-J&-,8=-6'+*-$(>'2=#+=-
6,-*'++#$=2,- &#-*'+*,+=2#=$'+-,+-6$'I)%C+,-6$88'18-6#+8- &N,#1-6,-(,2@-.,8-'E8,2?#=$'+8-'+=-('+=27-
91",&&,-67>,+6-6N1+-%2#+6-+'(E2,-6,->#2#(C=2,85-*'((,-&,8-?#2$#=$'+8-6,- =,(>72#=12,5- &,8-*'12#+=8-
(#2$+85-&#-*'+8'((#=$'+-61-6$'I)%C+,->#2-6,8-E#*=72$,8-#72'E$,85-&#-><'='8)+=<C8,5-&#-8#&$+$=75-&#->&1$,5-
&,- ?,+=t5- (#$8- #188$- 6,- &#- >2,88$'+- #=('8><72$91,@- .#+8- &#- 81$=,- 61- >2'E&C(,5- >#2- 8'1*$- 6,-
8$(>&$B$*#=$'+5-&",#1-6,-(,2-8,2#-#88$($&7,-:-6,-&",#1->12,@-

"$)#!m-&N#$6,-6,8-6'++7,8-B'12+$,8-/#++,I,8->#%,-3;45-67=,2($+,2-&#-*'+*,+=2#=$'+-,+-6$'I)%C+,-
6$88'18-:-&#-812B#*,-6,-&#-(,2-6'+=-&N,#1-,8=-:-UZ-uA-,=-,8=-8'1($8,-:-1+,->2,88$'+-6,-3-E#2@--

"$+#!A'((,+=-?#2$,-&#-8'&1E$&$=7-61-6$'I)%C+,-91#+6-&#-=,(>72#=12,-61-($&$,1-#1%(,+=,-]-b18=$B$,2-
,+-67=#$&&#+=-&,-67>&#*,(,+=-6N791$&$E2,@-i8=$(,2-&#-?#2$#=$'+-2,&#=$?,-/,+->'12*,+=#%,4-6,-&#-8'&1E$&$=7-
61-6$'I)%C+,-8$-&#-=,(>72#=12,-#1%(,+=,-6,-L-uA@--

i+-&#E'2#='$2,5-6,8-7=16,8-*$+7=$91,8-('+=2,+=-91,-&,-=2#+8B,2=-('&7*1&#$2,-61-6$'I)%C+,-6,-&N#$2-?,28-6,-
&N,#1->12,-/*<'$8$,-*'((,-('6C&,->'12-&N#+#&)8,4-81$=-1+,-&'$-61->2,($,2-'262,-6,-&#-B'2(,-81$?#+=,-K--

'(

')
* +,!-. / ."01"""""""""""""""""""""""""""""""""-20-

'o-'(-,8=-&#-91#+=$=7-6,-(#=$C2,-6,-6$'I)%C+,-91$-8,-6$88'1=-6#+8-&N,#1->,+6#+=-&,-=,(>8-')5-1-2,>278,+=,-
&#-812B#*,-6N7*<#+%,5-.-,8=-&#-*'+*,+=2#=$'+-,+-6$'I)%C+,-6$88'18-6#+8-&N,#1-:-1+-$+8=#+=-)5-."-*'22,8>'+6-
:-&#-8'&1E$&$=7-61-6$'I)%C+,-:-&#-=,(>72#=12,-*'+8$6727,-,=-,!-,8=-&,-*',BB$*$,+=-6,-=2#+8B,2=-6,-(#88,@-

"$&#! H27*$8,2-&,-8$%+,-6,-&N,I>2,88$'+-6,-'(3')-,=-&N1+$=7-61-*',BB$*$,+=-,!@-

.,8- (,812,8- ,I>72$(,+=#&,8- 61- *',BB$*$,+=- ,!- '+=- 6'++7- &,8- 2,&,?78- 81$?#+=8- ,+- B'+*=$'+- 6,- &#-
=,(>72#=12,-4-/h#E&,#1-O4@--
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8/9:&/$'2@#!&"BB1+1"3,#5##"3#B&3+,1&3#-"#(0#,"*$4%0,.%"#6@#

!%?<3D% &=% ),% *,% +A% ,A%

""%?IJKJD% +BAL&A!"# +B+L&A!"% +BEL&A!"% ,B&L&A!"% ,B(L&A!"%

W$-&N'+-=2#*,-&#-*'12E,-7(,! * 8-2340"'+-'E=$,+=-1+,-62'$=,-6,->,+=,-erZP-,=-6N'26'++7,-:-&N'2$%$+,-e

;5Z@--

"$-#! i+- 6761$2,- 1+,- ,8=$(#=$'+- 6,- &N7+,2%$,- 6N#*=$?#=$'+- 9$- 6,- &#- 27#*=$'+- 6,- 6$88'&1=$'+- 61-

6$'I)%C+,-%#F,1I-6#+8-&N,#1@--

!#- 8#=12#=$'+-,+-6$'I)%C+,-:- ,8=-67B$+$,-*'((,- &,- 2#>>'2=-6,- &#- *'+*,+=2#=$'+-,+-6$'I)%C+,- 812- 8#-

8'&1E$&$=7@--

"%,#! i8=$(,2- &#-6127,-+7*,88#$2,-:-1+,-,#1-:-3Y-uA-:-rP-X-6,-8#=12#=$'+-812-3P-*,+=$(C=2,8-6,-

>2'B'+6,12->'12-2,=2'1?,2-1+,-8#=12#=$'+-:-6,-rr-X-/&#-*'+*,+=2#=$'+-,+-6$'I)%C+,-8,2#-81>>'87,-

7%#&,-,+-='1=->'$+=-6,-&#-*'1*<,-6",#1-*'+8$6727,4@-A'((,+=,2-*,==,-?#&,12@--

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

A<,F-&,-2,91$+-&N#>>'2=-6,-6$'I)%C+,-#1-+$?,#1-6,8-(18*&,8-,8=-#88127->#2-6,1I->2'=7$+,85-&"<7('%&'E$+,-

,=-&#-()'%&'E$+,@-A,8->2'=7$+,8->,1?,+=-B$I,2-27?,28$E&,(,+=-&,-6$'I)%C+,-,+-&,-*'(>&,I#+=-812-&"#='(,-

6,-B,2-6N1+-%2'1>,(,+=-/#>>,&7-<C(,4-91",&&,8->'2=,+=@-!#-()'%&'E$+,-+,->'88C6,-91N1+-8,1&-<C(,5-

#&'28-91,-&N<7('%&'E$+,-6$8>'8,-6,-91#=2,-<C(,85-*<#*1+-7=#+=-818*,>=$E&,-6,-B$I,2-1+,-('&7*1&,-6,-

6$'I)%C+,@- !N<7('%&'E$+,- ,8=- $(>&$917,- 6#+8- &,- =2#+8>'2=- 61- 6$'I)%C+,5- =#+6$8- 91,- &#-()'%&'E$+,-

$+=,2?$,+=-6#+8-&,8->2'*,8818-6,-8='*T#%,@-d+-*'+8$672,2#-6#+8-*,==,->#2=$,-91,-&"791$&$E2,-6,-6$88'&1=$'+-

61-6$'I)%C+,-67*2$=-,+-67E1=-6,->2'E&C(,5-8N#>>&$91,-,+=2,-&N#$2-,=-&,-($&$,1-E$'&'%$91,@-d+-*'+8$6C2,-

&#-27#*=$'+-6,-*'(>&,I#=$'+-6,- &#-()'%&'E$+,-/_E4-,+-'I)()'%&'E$+,-/_Ed$4-6'+=- &#-*'+8=#+=,-6,-

B'2(#=$'+-,8=-;-K--

-

!,->'12*,+=#%,-6,-8#=12#=$'+-<%&-6,-&#-()'%&'E$+,-,8=-67B$+$-*'((,-&,-2#>>'2=-,+=2,-&#-*'+*,+=2#=$'+-

6N'I)()'%&'E$+,-,=-&#-*'+*,+=2#=$'+-='=#&,-,+-()'%&'E$+,-/&$E2,-,=-*'(>&,I7,->#2-d$4-K--

<%& *
%_Ed"&

%_Ed"& = %_E&
-

"%!#!_'+=2,2-91,-&,->'12*,+=#%,-6,-8#=12#=$'+-<%&->,1=-8N7*2$2,-8'18-&#-B'2(,-K-<%& *
'$%

'$%
('

&'
!
-

iI>2$(,2-&#-*'+8=#+=,->$%

) -,+-B'+*=$'+-6,8-6'++7,8@-^1,-2,>278,+=,->$%

)
"#"

H'12-&N<7('%&'E$+,5-&#-27#*=$'+-6,-*'(>&,I#=$'+-#?,*-&,-6$'I)%C+,5-6,-*'+8=#+=,-6,-B'2(#=$'+-;*5-,8=-

&#-81$?#+=,-K-

-

"%$#!_'+=2,2-91,-&,->'12*,+=#%,-6,-8#=12#=$'+-6,-&N<7('%&'E$+,-<+&->,1=-8N7*2$2,-8'18-&#-B'2(,-K---

<+& *
'$%
"

'
$%

" (,'
('
! -"

-

Mb(aq)  +  O2 (aq) MbO2 (aq)

Hb(aq)  +  n O2 (aq) Hb(O2)n (aq)
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iI>2$(,2-&#-*'+8=#+=,->&%
) -,+-B'+*=$'+-6,8-6'++7,8@--

.,8-(,812,8-,I>72$(,+=#&,8-('+=2,+=-91,-&,-=2#*7-6,-7(
.#$

/0.#$

-,+-B'+*=$'+-6,-7(>'%
-,8=-1+,-62'$=,-6,-

>,+=,-O-,=-91,-&,-=2#*7-6,-7(
.%$

/0.%$

-,+-B'+*=$'+-6,-7(>'%
-,8=-1+,-62'$=,-6,->,+=,-3@-A,8-(,812,8->,2(,==,+=-

7%#&,(,+=-6N'E=,+$2-&,8-?#&,128-6,8-*'+8=#+=,8->&%
) -,=->$%

) 5-2,8>,*=$?,(,+=-7%#&,8-:-OP-,=-Y-(E#2@-

"%%#! !,8- ?#&,128- 6,8- *',BB$*$,+=8- 6$2,*=,128- 6,8- 27%2,88$'+8- &$+7#$2,8- 7=#$,+=V,&&,8- #==,+61,8- ]-

iI>&$91,2@--

!#->2,88$'+-,+-6$'I)%C+,-6$($+1,-&,-&'+%-6,-&#-*$2*1&#=$'+-8#+%1$+,-6,8-#2=C2,8-a1891N#1I-'2%#+,8@-`1-

+$?,#1-6,8-*#>$&&#$2,8-8#+%1$+8-&#->2,88$'+-,+-6$'I)%C+,-,8=-6N,+?$2'+-3OP-(E#2-#&'28-91N,&&,-8,-2761$=-

:-;P-(E#2-#1-+$?,#1-6,8-(18*&,8@--

"%'#! b18=$B$,2-&N$+=72j=-6,8-6,1I-('6,8-6,-=2#+8>'2=-61-6$'I)%C+,-,=->27*$8,2-&N791#=$'+-*<$($91,-

6,-=2#+8B,2=-61-6$'I)%C+,-6,-&N<7('%&'E$+,-?,28-&#-()'%&'E$+,@--

8"'./+(0'$).*)69:$*"-0*)+4*5)6*)"*7/0$)

i+- E$'&'%$,5- &#- 2,8>$2#=$'+- *,&&1&#$2,- >,1=- j=2,- 2,>278,+=7,- >#2- &#- 27#*=$'+- 6N'I)6#=$'+- 61- %&1*'8,-

/A'c#$d') *+,-4- 91$- 8,2=- 6,- *'(E18=$E&,@- !,- 6$'I)%C+,- =2#+8>'2=7- >#2- &N<7('%&'E$+,- '1- 8='*T7- >#2- &#-

()'%&'E$+,-8,2=-6,-*'(E12#+=-:-&#-27#*=$'+@--

"%(#!.7=,2($+,2-&N,+=<#&>$,-8=#+6#26-6,-&#-27#*=$'+-6,-*'(E18=$'+-*'(>&C=,-?1@/
2-61-%&1*'8,-:-Urq-

Q@--

"%)#!A#&*1&,2-&#-*'+8=#+=,-=<,2('6)+#($91,-6,-&#-27#*=$'+-6,-*'(E18=$'+-*'(>&C=,-61-%&1*'8,-:-

Urq-Q@-A'((,+=,2@--

!#-2,8>$2#=$'+-*,&&1&#$2,-+N'I)6,->#8- &,-%&1*'8,-,+-1+,-8,1&,-7=#>,@-W#-67%2#6#=$'+-81$=-1+,-872$,-6,-

27#*=$'+85-*<#*1+,-*#=#&)87,->#2-1+,-,+F)(,@-.,8-#='(,8-6N<)62'%C+,-8'+=-,I=2#$=8-61-%&1*'8,-&'28-6,-

*,2=#$+,8-7=#>,85-(#$8- $&8-+,-8'+=->#8-=2#+8B7278-$((76$#=,(,+=-#1-6$'I)%C+,@-J&8-?'+=->#88,2->#2-1+-

$+=,2(76$#$2,-'2%#+$91,-+'((7-+$*'=$+#($6,-#67+$+,-6$+1*&7'=$6,-'1-f`..-91$-a'1,-&,-2p&,-6,-2,*,?,12-

6N7&,*=2'+8-,=-6,->2'='+8-,+-B'2(#+=-f`.c@-!N,+8,(E&,-61->2'*,8818-E$'*<$($91,-,8=-$+8*2$=-6#+8-1+-

*)*&,- *#=#&)=$91,5- $&- ,8=- 6'+*- +7*,88#$2,- 6,- 27%7+72,2- &,8- #**,>=,128- f`..- 91$- '+=- 7=7- 2761$=8- ,+-

*'(>'878-f`.c@--

"%+#!A'(E$,+-6N7&,*=2'+8-8'+=-+7*,88#$2,8-:-&N'I)6#=$'+-='=#&,-6N1+,-('&7*1&,-6,-%&1*'8,-]-i8=$(,2-

&,->'=,+=$,&-8=#+6#26-61-*'1>&,-%&1*'8,MAd$@-A'(E$,+-6,-('&7*1&,8-6,-f`..-8'+=-#&'28-$(>&$917,8-

6#+8-&,-*)*&,-E$'&'%$91,-8$(>&$B$7-:-*'(>&7=,2-,=-2,>2'61$2,-812-&#-*'>$,-/0$%12,-U4-]--

!"#$%&'0@'!7+("#'1&(&:1?."#21*$(1B14#-9&/7-0,1&3#-.#:(.+&2"@'

!,-E$&#+-7+,2%7=$91,-6,-&N'I)6#=$'+-*'(>&C=,-61-%&1*'8,-B#$=-#>>#2#D=2,-&#-8)+=<C8,-6,-OL-('&7*1&,8-

6N`hH-/$+6$8>,+8#E&,-:-&N,BB'2=-(18*1&#$2,4->#2-><'8><'2)&#=$'+-6N`.H@-!N`hH-,8=-1=$&$87-6#+8-='18-&,8-

C6!12O6
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>2'*,8818-*,&&1&#$2,8-+7*,88$=#+=-6,-&N7+,2%$,@-A,==,-('&7*1&,-8,2=-6,-8='*T#%,-6,-&N7+,2%$,->1$891,-8'+-

<)62'&)8,-&$EC2,-,+?$2'+-OP-Tb!('&(#@--

"%&#! i+-6761$2,- &#-?#&,12-61- 2,+6,(,+=- 7+,2%7=$91,-61-(7*#+$8(,-6,- 2,8>$2#=$'+-*,&&1&#$2,->#2-

'I)6#=$'+-61-%&1*'8,@-A'((,+=,2@--

i+-B#$=-&N#&$(,+=#=$'+-6N1+-2,91$+-,8=->#1?2,-,+-*#2E'<)62#=,8-*'((,-&,-%&1*'8,5-(#$8-2$*<,-,+-#*$6,-

%2#8@-!,8-&$>$6,8-*'+8=$=1,+=-#$+8$-&#->2$+*$>#&,-8'12*,-6N7+,2%$,-(7=#E'&$91,-*<,F-&,8-2,91$+8-,=-&,12-

*'+8'((#=$'+-,8=-7=2'$=,(,+=-&$7,-#1I-*'+6$=$'+8-,+?$2'++,(,+=#&,8-,=-#1I-*)*&,8-E$'&'%$91,85-=,&8-91,-

*,1I-&$78-:-&N#&$(,+=#=$'+5-:-&#-2,>2'61*=$'+-,=-:-&#-($%2#=$'+@-!#-&$>'&)8,-,8=-&#-27#*=$'+-6,-67%2#6#=$'+-

6,8-&$>$6,8-($8,-,+-v1?2,->'12-B'12+$2-6,-&N7+,2%$,-*<,F-&,-2,91$+@-!,8-#*$6,8-%2#8->'88C6,+=-6,-&'+%1,8-

*<#D+,8-*#2E'+7,8-6'+=-&#-B'2(1&,-E21=,-,8=-#>>2'*<7,-:-/Ac$4/@--

"%-#!.'++,2-&N791#=$'+-6,-&#-27#*=$'+-6,-*'(E18=$'+-*'(>&C=,-6,8-#*$6,8-%2#8-,+-B'+*=$'+-6,-+5-

>1$8-*#&*1&,2-&#-?#&,12-6,-&N,+=<#&>$,-6,-27#*=$'+-?1@3
2-*'22,8>'+6#+=,-,+-B'+*=$'+-6,-+@--

"',#!A'(>#2,2-&,8-7+,2%$,8-&$E727,8->#2-&,8-27#*=$'+8-6,-*'(E18=$'+-61-%&1*'8,-,=-6,8-#*$6,8-%2#85-

,+-8,-2#(,+#+=-:-1+,-('&,-6,-6$'I)%C+,->'12-*<#91,-27#*=$'+@-A'((,+=,2@--

61)7&'0220)*0)*(8#19040/')*$)50:$&/))

.#+8-&,-('6C&,-7=16$7-*$V6,88'185-&,-2,91$+-,8=-#88$($&7-:-1+-('=,12-6$=<,2(,-B'+*=$'++#+=-,+=2,-1+,-

8'12*,-B2'$6,-/&#-(,24-,=-1+,->8,16'-8'12*,-*<#16,-6'+=-&N7+,2%$,-&$E727,->#2-('&,-6,-6$'I)%C+,-A1-,8=-

,8=$(7,- :- P5;-_b!('&0#@- H'12- &,8- #>>&$*#=$'+8- +1(72$91,85- '+- *'+8$6C2,- 1+- 2,91$+- 6,- 3PP- T%- ,=- 1+-

2,+6,(,+=-7+,2%7=$91,-6,-;P-X@--

"'!#! !,8-E,8'$+8-,+-6$'I)%C+,-6N1+-2,91$+-8'+=-*#2#*=72$878->#2-&,-B&1I-('&#$2,-,+-6$'I)%C+,-B-/,+-

('&,w80#4@-iI>2$(,2-B-,+-B'+*=$'+-6,-&#-(#88,-61-2,91$+-C5-6,-8#->1$88#+*,-(#88$91,-D45-6,-A1-,=-

61- 2,+6,(,+=-E- 6,- &#-(#*<$+,- 6$=<,2(,-91,- *'+8=$=1,- &,- 2,91$+5- >1$8- ,+- 6'++,2- 1+,- #>>&$*#=$'+-

+1(72$91,- /&,- 2,+6,(,+=-6"1+-('=,12-6$=<,2(,-,8=- &,- 2#>>'2=-61- =2#?#$&- B'12+$- :- &",I=72$,12-,=-6,-

&"7+,2%$,-=<,2($91,-B'12+$,-#1-8)8=C(,->#2-&#-8'12*,-*<#16,4@--

^1#+6-1+-2,91$+-2,8>$2,5-&,-=2#+8B,2=-61-6$'I)%C+,-6$88'18-6#+8-&",#1-6,-(,2-?,28-&,-8#+%-8",BB,*=1,-#1-

+$?,#1-6,8-(,(E2#+,8-6,8- &#(,&&,8-E2#+*<$#&,8@-i+- 27%$(,-8=#=$'++#$2,5-'+-*'+8$6C2,-1+-('6C&,-6,-

*'+61*=$'+->#2=$*1&#$2,-#I$#&,-8,&'+-&N#I,-F:-:-=2#?,28-&,8-(,(E2#+,8-6,8-&#(,&&,8-6,-812B#*,-1-/0$%12,-

O4@-d+-+'=,-xd$y1-&#-*'+*,+=2#=$'+-,+-6$'I)%C+,-6#+8-&N,#1-6,-(,2-,=-xd$y2-*,&&,-6#+8-&,-8#+%-61-2,91$+@-

%

!"#$%&'2@#T&-)("#21*$(1B14#-"#+&3-.+,1&3#
$0%,1+.(01%"#0.#31K"0.#-"2#'%03+81"2#-.#%"?.13@#

O2 (g)

!

[O2]m

mer la
m

e
lle

[O2]s

sang
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H'12-7=16$,2-*,-('6C&,5-'+-1=$&$8,-&#-&'$-6,-0$*T-/0$%12,-;4-91$-=2#61$=-1+-&$,+-6,->2'>'2=$'++#&$=7-,+=2,-

&#-*#18,-6,-&#-6$BB18$'+-8,&'+-&N#I,-F:-/$+<'('%7+7$=7-6,-&#-*'+*,+=2#=$'+->#2=$*1&#$2,4-,=-&#-*'+8791,+*,-

/B&1I-('&#$2,-B-:-=2#?,28-1+,-812B#*,-14@-.#+8-*,==,-791#=$'+5-.-2,>278,+=,-&#-*'+*,+=2#=$'+-,+->#2=$*1&,8-

,=-G-&,-*',BB$*$,+=-6,-6$BB18$'+5-91$-,8=-*'+8=#+=@-!,-8$%+,-z-{-|-$+6$91,-91,-&,-B&1I-6,->#2=$*1&,8-#-&$,1-

6#+8-&,-8,+8-6,8-*'+*,+=2#=$'+8-67*2'$88#+=,8-/7?'&1=$'+-8>'+=#+7,-6'+*-$227?,28$E&,5-6#+8-&,-8,+8-6,-&#-

=,+6#+*,-:-&N<'('%7+7$8#=$'+4@-

B * /G H
'.

':
1-

!"#$%&'4@#=&1#-"#P1+S@#

-

"'$#! iI>2$(,2-&,-B&1I-('&#$2,-B-,+-6$'I)%C+,-:-=2#?,28-&,8-&#(,&&,8-,+-B'+*=$'+-6,-xd$y25-xd$y15-1-

&#-812B#*,-6,8-&#(,&&,85-I-&N7>#$88,12-6,-&#-(,(E2#+,-6,8-&#(,&&,85-,=-G-&,-*',BB$*$,+=-6,-6$BB18$'+-

61-6$'I)%C+,-6#+8-&,8-&#(,&&,8@--

!#-B$I#=$'+-61-6$'I)%C+,->#2-&N<7('%&'E$+,-61-8#+%-7=#+=-=2C8-,BB$*#*,5-$&-,8=-2#$8'++#E&,-6,-81>>'8,2-

91,-&#-*'+*,+=2#=$'+-,+-6$'I)%C+,-&$E2,-6$88'18-6#+8-&,-8#+%-,8=-+7%&$%,#E&,@--

"'%#! i+-6761$2,-1+,-,I>2,88$'+-6,-B-,+-B'+*=$'+-6,-&#->2,88$'+->#2=$,&&,-,+-6$'I)%C+,-6,-&N#$2@--

d+-*'+8$6C2,-,+->2,($C2,-#>>2'I$(#=$'+-91,-&,-=2#+8>'2=-61-6$'I)%C+,-+7*,88#$2,-:-&#-2,8>$2#=$'+-,8=-

&$($=7->#2-8#-6$BB18$'+-:-=2#?,28-&,8-&#(,&&,8@--

"''#!.'++,2-1+,-,8=$(#=$'+-6,-&#-812B#*,-6,8-&#(,&&,8-6#+8-*,-('6C&,-91$-+,-=$,+=-*'(>=,-91,-6,-

&#-6$BB18$'+-$+=,2+,-6#+8-&,8-&#(,&&,8@--

i+- 27#&$=7- &#- 812B#*,- 6,8- &#(,&&,8- E2#+*<$#&,8- 6N1+- 2,91$+- 6,- 3PP- T%- ,8=- 6N,+?$2'+-1- g- OP-($@- !#-

6$BB72,+*,-'E8,2?7,-#?,*-&,-2781&=#=-61-*#&*1&->27*76,+=-8",I>&$91,->#2-&,-B#$=-91,-&,-('6C&,-8$(>&$B$7-

/0$%12,- O4- +7%&$%,- &,- =2#+8>'2=- ,I=,2+,- *'+?,*=$B- 61- 6$'I)%C+,- 6,- &N,#1- 6,- (,2- ?,28- &,8- &#(,&&,8-

E2#+*<$#&,8@-`188$5-1+-('6C&,->&18-27#&$8=,-6,-&#-*'+61*=$'+-$+=2'61$=-&#-*'+*,+=2#=$'+-,+-6$'I)%C+,-:-

&#-812B#*,-6,8-&#(,&&,8-%d$&5-91$-,8=-6$8=$+*=,-6,-&#-*'+*,+=2#=$'+-,+-6$'I)%C+,-6#+8-&",#1-6,-(,2-xd$y1)

/0$%12,-Z4@-

-

!"#$%&'5@#T&-)("#-"#+&3-.+,1&3#$0%,1+.(01%"#
,"303,#+&*$,"#-.#,%032B"%,#+&3K"+,1B#-.#-1&/7:)3"#

*0%13@#

!,-B&1I-('&#$2,-6,- =2#+8B,2=-*'+?,*=$B-61-6$'I)%C+,-(#2$+-?,28- &,8- &#(,&&,85-:- =2#?,28-1+,-812B#*,-1-

8N7*2$=-6,-B#}'+-#+#&'%1,-:-&N791#=$'+-/345->#%,-q-K-

B * +,!-%d"&( / %d$&501-

.#+8- *,==,- 791#=$'+5- &,- *',BB$*$,+=- 6,- =2#+8B,2=- 6,- (#88,-,!- 67>,+6- 61- *',BB$*$,+=- 6,- 6$BB18$'+- 61-

6$'I)%C+,-6#+8-&N,#1-6,-(,2-G45-6,-&#-?$8*'8$=7-*$+7(#=$91,-6,-&N,#1-J5-6,-&#-?$=,88,-61-B&1$6,-K-,=-

6N1+,-&'+%1,12-*#2#*=72$8=$91,-L-/L-,8=-$*$-&#-&'+%1,12-6N1+,-&#(,&&,5-L-~-U-((4-K-

!

[O2]m

mer la
m
e
lle

[O2]s

sang

[O2]✁
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,! *
2

M
G4

367
J
0/68

L
0/63

K
/63-

"'(#! i+-=2#61$8#+=-&#-*'+=$+1$=7-61-B&1I-('&#$2,-6,-6$'I)%C+,5-67=,2($+,2-&#-?$=,88,-($+$(#&,-6,-

+#%,- 6N1+- 2,91$+- 6,- 3PP- T%- &1$- %#2#+=$88#+=- 1+- B&1I- 81BB$8#+=- ,+- 6$'I)%C+,- >'12- 8#- 2,8>$2#=$'+@-

A'((,+=,2@--

Fin de l’épreuve 
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Annexes 

!

<==&>&'(@#!&32,03,"2#.2."(("2#",#0$$%&/1*0,1&3#-"#+0(+.(2@#

A'+8=#+=,-6,-0#2#6#)-K-N-$"3P%"A!('&(#@-

A'+8=#+=,-6,8-%#F->#2B#$=8-O-$"&"'!(!"!)*+!",-

J&-8,2#-*'+8$6727-91,-O47(2P Q-L-Tb!)*+!"":"Urq-Q-s-,#-Q-O-s-7(2P Q"U5O@-

<==&>&'0@';&334"2#,8"%*&-730*1?."2#C+&321-4%4"2#13-4$"3-03,"2#-"#(0#,"*$4%0,.%"I@#

i8>C*,- Ad$)*3-) c$d)*4-) A'c#$d')

*+,-)

/Ac$4/) d$)*3-)

?9@
2-/Tbw('&(#4- eOrP- eUqP- e3OPP- eOP+- P-

14
2 -/bw('&(#wQ(

#4-

U3P- YP- U3P- - U3P-

-

<==&>&'2@#L&,"3,1"(2#2,03-0%-2#-9&/7-&%4-.+,1&3#A##R#W#X#",#A#YZ[#\#C$0%#%0$$&%,#A#R@6@]@I@#

92-c)Mc"*+,-0 *-P5P-�@-

92-d"*+,-Mc"d0 *-35UO-�@-

<==&>&'4@#!&32,03,"2#$8721+&+81*1?."2@#

_#88,8-('&#$2,8-/%!('&(#4-K-A-g-3U-s-d-g-3L-s-c-g-3@-

�$8*'8$=7-*$+7(#=$91,-6,-&N,#1-:-UP-uA-K-J-g-3P('-($!8(#@-

A',BB$*$,+=8-6,-6$BB18$'+-61-6$'I)%C+,-K-

- V-6#+8-&,8-=$8818-61-2,91$+-K-G-g-U5P!-.!#-($!8(#-

- V-6#+8-&N,#1-6,-(,2-K-G4-g--.!#-(
$!8(#-

!#-*'+8=#+=,-=<,2('6)+#($91,-/S+4-#88'*$7,-:-&N791$&$E2,-6,-6$88'&1=$'+-61-6$'I)%C+,-%#F,1I-K-

-

S+-g-35O!-.!$-,=-?:@
2-g-e3U-Tb!)*+!"-:-Urq-Q@"

<==&>&'5@#J.,%"2#-&334"2@#

�-d+-*'+8$6C2,-91,-&N#$2-,8=-*'(>'875-,+-B2#*=$'+8-('&#$2,85-6,-qP-X-6,-6$#F'=,-,=-UP-X-6,-6$'I)%C+,@--

�-!,8-E,8'$+8-7+,2%7=$91,8-/>1$88#+*,-(#88$91,4-6N1+-2,91$+-8'+=-,8=$(78-:-D4-g-P5-L-�!T%
0#@--

�-!,8-E2#+*<$,8-61-2,91$+-8'+=-*'+8=$=17,8-6N1+-%2#+6-+'(E2,-6,-&#(,&&,8-,+=2,-&,891,&&,8-&N,#1-6,-(,2-

*$2*1&,@-i+->2'%2,88#+=-&,-&'+%-6,8-&#(,&&,8-&N,#1-8N#>>#1?2$=-,+-'I)%C+,-#1->2'B$=-61-8#+%-91$-*$2*1&,-:-

*'+=2,V*'12#+=-:-&N$+=72$,12-6,8-&#(,&&,8@-`1-8,$+-6,-*<#91,-&#(,&&,5-&N7>#$88,12-6,-&#-(,(E2#+,-,+=2,-

&N,#1-,=-&,-8#+%-,8=-6N,+?$2'+-I-g-3Z-�(@--

�-!#-?$=,88,-('),++,-6,-+#%,-6,8-2,91$+8-,8=-6,-q-T(M<@-!'2891N$&8-*<#88,+=5-&,8->&18-2#>$6,8-#==,$%+,+=-

6,8-?$=,88,8-#&&#+=-a1891N:-YP-T(M<@--

O2 (g) O2 (aq)
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<==&>&'6@'^TN##]#C:0**"#-"#-4$(0+"*"3,2#+81*1?."2I@!")

!.4147% δ%?MM;D% % !.4147% δ%?MM;D%

%
ABG@&B*% % % *B+@+B)%

%
&B,@)B+% %

%

*BE@,B)%

!

&BE@*B&% !
!

+B,@=B)!

!

&BE@)BG! !

!

(B,@EBA!

%

)B*@)BE% %

%

EBA@&AB,%

%

)B*@*B=% %

%

(@&A%

!

*B*@+B)% !

!

&A@&)!

%

%

%

<==&>&'7@#!&32,03,"2#-"#+&.$(0:"##]_#]#.2."(("2.!!

!.41478%
% %

% %
% %

%

/%?>ND% (@G% G@&)% &*@&G% A@*% (@&A% &@+% A@&%

%

%
$$ J8$ H("#+#)?;$ H8$ MR?S2,**;$ P8$ M,."(+#)?"(;$ /("61(6"'% 7'('",89:(809% 0;%!"#:981% -0,<069=>;$ <%(/*-"(OT"(S,-;$ M"(S/*;$
U"/."SV"(-;$B$".*8$4KKW8%

H
H O

H

R

O

O H

R

O

H

H

H

O

OH H

H

R H

O

H N R

O

R N
H

O

R’

O

H

O

R OH

O

H H H H
H

H H

H
H

H

H

H

H

H
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<==&>&'1@#`0'("#13B%0%&.:"#Ca^I#-"2#3&*'%"2#-9&3-"#-"#?."(?."2#:%&.$"2#B&3+,1&33"(2@!##
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