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&?;,<>*;A*R#P'2227*J<*1DX0.*YZ:#'*!"7*%&7*6,:'B-"#@*>"#*9G9';>)B?#)BH&>B;<*;A*&'(G<#-*

9&>&'GH#@*:G*R#U0W*>;*GB#'@*6;'G-,:->B>,>#@**&);?&>B9*)B<C*-G->#?-287*S"B-*)#&9>B;<*B-*

:&-#@*;<*>"#*K#66#*-G<>"#-B-*B<F;'FB<C*&9#>G'#<#-*&<@*B);<*6#<>&9&):;<G'2M7*J<*'&>#)*

G#&)-.* >"#* F#)-&>B'B>G* ;A* B);<* &-* &* 9&>&'G->* "&-* :##<* @#?;<->)&>#@* >");,C"* B>-*

&66'B9&>B;<* B<* &* F&)B#>G* ;A* )#&9>B;<-7* J<* 1D[/.* R#B* &<@* P"&<* ,>B'BH#@* ';%* 9&>&'G->*

';&@B<C* ;A* B);<UJJJW* U07D* ?;'VW* ;<* 6;'G?#)=&<9";)#@* B);<* &9#>G'&9#>;<&>#-* A;)*
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&99:;:<=*)#&>;:<=-*<?*!@9:(#;<=#-*&=9*!@=:;)<-;A)#=#-2B7*C)<=*>&=*&>;*&-*&*5#%:-*&>:9*

&=9*:;*"&-*D##=*,;:':E#9*&-*&*5#%:-*&>:9*:=*<)F&=:>*)#&>;:<=-7*C)<=*-,66<);#9*<=*-:':>&.*

6)<G:9:=F* &=* #&-A* ;<* "&=9'#* >&;&'A-;.* >&=* <6#=* #6<H:9#* ):=F-*%:;"* ;"#* )#F:<@* &=9*

-;#)#<@-#'#>;:G:;A*,-:=F*&*G&):#;A*<?*=,>'#<6":'#-*-,>"*&-*%&;#).*&>#;&;#.*"&':9#-*&=9*

=:;)&;#-2I7*J*-;<:>":<K#;):>*L,&=;:;A*<?*M4NOJ*%:;"*&*>&;&'A;:>*&K<,=;*<?*P#Q'2* R8*

K<'ST*)#&>;-*%:;"*U/7/71V@*&=9*U27/71V<H&D:>A>':>*&'(#=#-*;<*A:#'9*2@>A>'<"#H#=@1@<'*

<)*2@>A>'<"#6;#=@1@<'*:=*F<<9*A:#'9-*R/W*;<*X/ST*&=9*%:;"*":F"*)#F:<@*&=9*><K6'#;#*

-;#)#<@-#'#>;:G:;A2Y7* 4<)#* )#>#=;'A.*Z":;#* !"7* #$7* -"<%#9* ;"#* &66':>&;:<=* <?* &* =<=@

"#K#* :)<=* >&;&'A-;* :=* )#F:<@-#'#>;:G#* <H:9&;:<=* <?* K#;":=#* F)<,6-2X7* J''* <?* ;"#-#*

)#6<);-*9#K<=-;)&;#*;"#*>&;&'A;:>*#??#>;:G#=#--*&=9*G#)-&;:':;A*<?*:)<=*&-*&*>&;&'A-;7*

*

!"#$%&'()*$*+,+-./0+)1$(11+0/12* *

M"#* >&;&'A;:>* #??:>:#=>A* &=9* -#'#>;:G:;A* >&=* D#* F)#&;'A* G&):#9* %:;"* ;"#*

&--:-;&=>#*<?*':F&=9-*<=*:)<=.*%":>"*K&A*>"&=F#*;"#*)#&>;:<=*><,)-#*<)*6&;"%&A*&=9*

;"#* =&;,)#* <?* ;"#* )#&F#=;* &;;&>(* <=* ;"#* -,D-;)&;#7* +':#;(#)* !"%& #$%* -"<%#9* 6)<9,>;*

9#6#=9#=>A* <=* ;"#* ':F&=9-* ,-#9* :=* :)<=@>&;&'AE#9* &''A':>* -,D-;:;,;:<=* )#&>;:<=-.*

%":>"* >&=*6)<>##9* ;")<,F"* &*[@&''A'* <)*\@&''A'*K#>"&=:-KW07*O:??#)#=;* ':F&=9-* >&=*

"&G#*#'#>;)<=:>*&-*%#''*&-*-;#):>*#??#>;-*<=*;"#*K#;&'*>#=;#).*%":>"*K&A*>"&=F#*;"#*

6&;"%&A-* &=9* ;"#* )#&F#=;* &;;&>(:=F* ;"#* -,D-;)&;#.* <G#)&''* ><=;)<'':=F* ;"#* 6)<9,>;*

<,;><K#7*3=9#)-;&=9:=F*;"#*#??#>;-*<?*#'#>;)<=:>*&=9*-;#):>*6)<6#);:#-*<?*;"#*':F&=9-*

<=* K#;&'* ><K6'#H#-* &=9* ;"#:)* &>;:G:;A* ;<%&)9-* <)F&=:>* )#&>;:<=-* "&-* D##=* &=*

<=F<:=F* )#-#&)>"* :=;#)#-;* :=* <,)* F)<,6W1.W/7* Z#* #H6&=9#9* <,)* (=<%'#9F#* <?* ;"#*

-A=;"#-:-* <?* ':F&=9-* ;,=#9* ?<)* ;"#:)* #'#>;)<=:>* &=9* -;#):>* 6)<6#);:#-7* M"#*
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9::);<=&><=?*&>:@*6'&A-*&*B<>&'*):'#*<=*;#>#)@<=<=?*>"#*:B#)&''*C#"&B<:)*:D*>"#*'<?&=;*

&=;*<>-*9:))#-6:=;<=?*@#>&'*9:@6'#E7*F"&=?<=?*>"#*9::);<=&><=?*&>:@.* <=*>#)@-*:D*

#'#9>):=<9* &=;* ->#)<9* 6):6#)><#-.* 9&=* &'>#)* >"#* 9&>&'A><9* C#"&B<:)* :D* >"#* @#>&'7*

G=<><&''A.* :,)* )#-#&)9"* D:9,-#;* :=* <):=* 9&>&'A-<-* ,-<=?* ;<DD#)#=>.* >,=#;* '<?&=;-7*

H99:);<=?'A.*%#*-A=>"#-<I#;*=#%*'<?&=;-*9:=>&<=<=?*6":-6":),-*&-*>"#*9::);<=&><=?*

&>:@.*&=;* >"#*:EA?#=* <=*6":-6":)&@<;<>#* '<?&=;-*J!"!#$K<?7$ !"!L*%#)#*)#6'&9#;*CA*

-,'D,)*D:)*#'#9>):=<9*>,=<=?7*M"<-*9'&--*:D* '<?&=;-*<-*9&''#;*6":-6":)&@<;:;<>"<:<>#-*

J!"%.* K<?7* !"!L.* &=;* %"#=* >"#* -,'D,)* &>:@-* &)#* <=B:'B#;* <=* D<B#* @#@C#)#;* )<=?*

-A->#@-.*>"#A*&)#*9&''#;*&@<=:;<>"<&6":-6":'&=#-*J!"&.*K<?7*!"!L7**

*

*

'()"$ !"!* +":-6":)&@<;<>#-* J!"!L.* 6":-6":)&@<;:;<>"<:<>#-* J!"%L* &=;*

&@<=:;<>"<&6":-6":'&=#-*J!"&L*&=;*6":-6"<=#-*J!"*L*

*

* M"#* ->#)<9* &=;* #'#9>):=<9* 6):6#)><#-* &=;* >"#* >::'-* ,><'<I#;* D:)* <=B#-><?&><=?*

>"#-#*6):6#)><#-*&)#*;<-9,--#;*<=*F"&6>#)*/*:D*>"<-*>"#-<-7* G>*%&-*:C-#)B#;*>"&>*>"#*

=#%* '<?&=;-* !"%* &=;* !"&* JK<?7* !"!L* &)#* @:)#* #'#9>):=N;:=&><=?* >"&=* >"#<)*

6":-6":)&@<;<>#*9:,=>#)N6&)>-*J!"!L7*O:%#B#).*>"#A*&)#*'#--*#'#9>):=*;:=&><=?*>"&=*

>"#<)*6":-6"<=#*9:,=>#)6&)>-*J!"*.*K<?7*!"!L7*P,)*<=<><&'*?:&'*%&-*>:*,-#*>"#-#*=#%'A*

D:)@#;*'<?&=;*-A->#@-*<=*<):=N9&>&'AI#;*)#&9><:=-.*":%#B#).*>"#*>"<:6"<'<9<>A*:D*<):=*

P
O

O
N

R1
R2

R3

R4
P

S

S
N

R1
R2

R3

R4
P N

R3

R4

S

S

R1

R2
1.1 1.2 1.3

P
R1 R2

R3

1.4
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9&,-#:* ;"#* '<=&>:-* ;?* :#9?@6?-#* :,)<>=* 9??):<>&;<?>* &>:* "#>9#* %#* :#9<:#:* ;?*

@?A#*?>*;?*?;"#)*'<=&>:-*-B-;#@-7**

C>?;"#)* ?66?);,><;B* ?D* '<=&>:* :#A#'?6@#>;* %&-* <:#>;<D<#:* <>* ;"#* D<#':* ?D*

?E<:&;<?>*9"#@<-;)B7*F)?>*G&-#:*9&;&'B-;*-B-;#@-*D?)*?E<:&;<?>*?D*&'(&>#-*&)#*(>?%>*

<>*>&;,)#*H#7=*44I*H4#;"&>#*@?>??EB=#>&-#J.*K+LMN0*H9B;?9")?@#*+LMN0JJM2.MM7*F>*

#DD?);-* ?D* @<@<9(<>=* -,9"* >&;,)#* <>-6<)#:* -B-;#@.* '<=&>:* :#9?@6?-<;<?>* %&-*

<:#>;<D<#:*&-*?>#*?D*;"#*6?--<G<'<;<#-*D?)*9&;&'B-;*:#&9;<A&;<?>.*'?%#)<>=*;"#*B<#':-*<>*

9?))#-6?>:<>=* &66'<9&;<?>-MN7* O"<-* '#&:*@#* ;?* -#&)9"* D?)*@?)#* ?E<:&;<?>* )#-<-;&>;*

'<=&>:* -B-;#@-* ;"&;* 9&>* G#* #@6'?B#:.* %"#>* 9?@G<>#:* %<;"* &>* <)?>* -?,)9#.* <>*

?E<:&;<?>*9"#@<-;)B7**

*

!"#$%&'($)*+*,-./0$'120*+2'($)3/425+&-* *

F)?>*9&;&'BP#:*?E<:&;<?>*)#&9;<?>-*&)#*(>?%>*<>*>&;,)#*&>:*)#-#&)9"#)-*"&A#*

G##>* ;)B<>=* ;?*@<@<9* -,9"* -B-;#@-* <>* '&G?)&;?)B7*Q>PB@#-* -,9"*&-*K+LMN0.*%"<9"*

G#'?>=-*;?*;"#*9'&--*?D*@?>??EB=#>&-#*#>PB@#-*&>:*&9;-*<>*;"#*@#;&G?'<-@*?D*:),=-*

&>:*:#=)&:&;<?>*?D*A&)<?,-*-;#)?<:-.*&)#*6)#-#>;* <>*;"#* '<A<>=*-B-;#@-*?D*",@&>-MR*

HQS,&;<?>* !"!J7* T)?@* &* 9"#@<-;U-* 6?<>;* ?D* A<#%.* ;"<-* #>PB@#* <-* 6&);<9,'&)'B*

<>;#)#-;<>=*&-*<;*G)<>=-*&G?,;*;"#*?E<:&;<?>*?D*)#'&;<A#'B*<>#);*?)=&><9*-,G-;)&;#-*H#7=7*

"B:)?9&)G?>-J*;?*;"#<)*9?))#-6?>:<>=*&'9?"?'-*,;<'<P<>=*@?'#9,'&)*?EB=#>M87*

*

*

678*+2'($!"!*IE<:&;<?>*?D*"B:)?9&)G?>-*%<;"*:<?EB=#>*;?*9?))#-6?>:<>=*&'9?"?'*GB*

K+LMN07**

R-H + O2 + NAD(P)H + H+ R-O-H + H2O + NAD(P)+CP-450
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9"#*:&;&'<;=:*>?=@&;=>A*=-*#BB#:;#@*=A*C+DEF0*&;*;"#*"#G#*-=;#.*"&H=AI*=)>A*&-*

G#;&'* :>)#* -,))>,A@#@* J<* &* 6>)6"<)=A* -<-;#G* KL=I7*!"#M7* N#G#* -<-;#G-* &)#* H#)<*

%#''* (A>%A* &A@* -;,@=#@* B>)* ;"#=)* >?=@&;=>A* :"#G=-;)<E8.* &A@* ;"#=)* ;,A=AI* =-* &'->*

6>--=J'#EO7*N>%#H#).*;,A=AI*#BB>);-*>A*;"#*"#G#*&)#*)#-;)=:;#@*@,#*;>*;"#*-;),:;,)&'*

'=G=;&;=>A-*>B* ;"#*6>)6"<)=A*G>=#;<7*4>)#>H#).* &* :>A-=@#)&J'#*&G>,A;*>B* )#-#&):"*

>A* ;"#* -;),:;,)&'* G>@=B=:&;=>A-* >A* 6)>6"<)=A* )=AI* -<-;#G-* "&-* &')#&@<* J##A*

6#)B>)G#@* ;")>,I">,;* ;"#* 6&-;* ;")##* @#:&@#-F0.F1.F/7* C>A-=@#)=AI* ;"#* 6)>J'#G-*

&-->:=&;#@*%=;"*;"#* =->'&;=>A*>B*;#G6#)&;,)#*-#A-=;=H#*#AP<G#-.*&A@*;"#* '>%*<=#'@-*

>B*#AP<G#-*6)>@,:#@*=A*A&;,)#*&-*%#''*&-*6)>J'#G-*&-->:=&;#@*%=;"*;"#*=->'&;=>A*>B*

#AP<G#-.* ;"#* &66'=:&;=>A* >B* -,:"* -<-;#G-* B>)* =A@,-;)=&'* 6,)6>-#-* =-* :,))#A;'<* A>;*

B#&-=J'#7*

*

*

$%&"'!"#*QD)&<*:)<-;&'*-;),:;,)#*K-#:>A@&)<*-;),:;,)#M*>B*C+DEF0:&GER7*

* *

S?=@&;=>A* )#&:;=>A-* &;* &A* =A@,-;)=&'* -:&'#* &)#* =A* H#)<* "=I"* @#G&A@7* 4&A<*

>)I&A=:*:>G6>,A@-*K%"#;"#)*,-#@*=A*)#-#&):".*=A@,-;)<*>)*B>)*">,-#">'@*6,)6>-#-M*
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&)#*9):;:<&=#>* ?)9@*6#=)9'#,@.*%":A"*&)#* '9<;*A"&:<*"B>)9A&)C9<-*9)*9<#*9?* ="#:)*

9D:>:E#>* ?9)@-7* F"#)#?9)#.* &* -B-=#@* ="&=* :-* -:@6'#* =9* 6)#6&)#.* C,=* #??#A=:G#* =9* C#*

,-#>*&=*'&);#*-A&'#*:-*<##>#>*=9*C):<;*&C9,=*9D:>&=:9<*)#&A=:9<-7*H'-9.*="#-#*-B-=#@-*

-"9,'>* C#* ?#&-:C'#* &<>* #<G:)9<@#<=&''B* ?):#<>'B7* H<* #&)'B* &==#@6=* =9* 9D:>:E#*

)#'&=:G#'B* :<#)=* IJK* C9<>-* -#'#A=:G#'B* %&-* >#@9<-=)&=#>* CB* 4,))&B* :<* 18LMN27*

4,))&B* #@6'9B#>* -=9:A":9@#=):A* &@9,<=-* 9?*O4OP* QO:@#="B'* >:9D:)&<#R* Q!"#R* =9*

9D:>:E#* !"#$%J1./J>:@#="B'ABA'9"#D&<#* Q!"$R% =9* ="#* A9))#-69<>:<;* !"#$%& @9<9*

&'A9"9'* -#'#A=:G#'B* &=* ="#* =#)=:&)B* A&)C9<* &=9@* %:="* SPK* C#:<;* #T,&=9):&'* Q!"&R*

Q!A"#@#*!"!R7*K9%#G#).*="#*,-#*9?*&*'&);#*#DA#--*9?*O4OP*Q!"#R*%&-*="#*>)&%C&A(*

:<*=":-*-B-=#@7*

*

**

'()*+*% !"!* !=#)#9-#'#A=:G#* 9D:>&=:9<* 9?* !"#$%J1./J>:@#="B'ABA'9"#D&<#* ,-:<;*

O4OP*&-*9D:>&<=N27*

*

* 5&=#).* :<* 188M.* U,#* &<>* A9%9)(#)-* -"9%#>* ="#* &66':A&=:9<* 9?* :)9<QVVVR*

A&=&'BE#>* WX#QF+HRY2Z* QF+H[* !"'%QQ/J6B):>B'@#="B'R&@:<#R* :<* "B>)9DB'&=:9<-* 9?*

ABA'9&'(&<#-* &=* )99@* =#@6#)&=,)#* ,-:<;* F\K+* Q!("!J\,=B'"B>)96#)9D:>#R* &-*

9D:>&<=N]7* H'="9,;"* ="#* B:#'>-* %#)#* <9=* G#)B* ":;".* ="#* )#&A=:9<* -"9%#>* -':;"=*

-#'#A=:G:=B* =9%&)>-* &'A9"9'* 6)9>,A=-* 9G#)* (#=9<#* 6)9>,A=-.* %":A"* &)#* ="#*

CH3

H
H

CH3
1.5

O O

H3C CH3
CH3

OH
H

CH3
1.6 1.7

rt, 18h

>80%
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89#)8:;<;=#<*6)8<,>?-* @8)A#<* @)8A*&'>8"8'-7* B);?89-#(* &C<* >8%8)(#)-* )#68)?#<* &*

-#);#-* 8@* 6,D';>&?;8C-* ,?;';=;CE* C8CF"#A#* ;)8C* >8A6'#:#-* GH;E7* !"#I* ;C* 8:;<&?;8C*

)#&>?;8C-7* J'?"8,E"* ;C;?;&'* -?,<;#-* -"8%#<* C8?* &* ";E"* -#'#>?;9;?K* 8@* ?"#* >&?&'K-?*

-K-?#A.*#:"&,-?;9#*-?,<;#-*)#9#&'#<*;C@8)A&?;8C*?"&?*E&9#*A#>"&C;-?;>*;C-;E"?*;C*?"#*

8:;<&?;8C* )#&>?;8C-*&-*%#''* &-* -8A#*D&-;>* ),'#-* ?"&?*"#'6#<* ;C* ?"#*<#9#'86A#C?*8@*

A8)#*-#'#>?;9#*-K-?#A-LM.MM.MN.MO7*

*P#>#C?'K.* Q";?#* !"#$ %&#* -"8%#<* ?"#* &66';>&?;8C-* 8@* ;)8C* >8A6'#:#-* ;C* ?"#*

)#E;8-#'#>?;9#*8:;<&?;8C*8@*>8A6'#:*8)E&C;>*A8'#>,'#-2R7*48)#*)#>#C?'K.*S8-?&-*&C<*

>8%8)(#)-* %#)#* 6,??;CE* ?"#;)* #@@8)?-* ;C* #',>;<&?;CE* A#>"&C;-?;>* &-6#>?-* 8@* ;)8C*

>&?&'K=#<* 8:;<&?;8C* )#&>?;8C-* "&9;CE* '()F'&D;'#* #:>"&CE#&D'#* ';E&C<-MT.* &* >8C>#6?*

6)868-#<*DK*B);?89-#(LM7*

*

$%&"'!"#*U)8CGUUI*>8A6'#:#-*#A6'8K#<*DK*B);?89-#(LM7*

* **

* V",-.* ;?* ;-* >'#&)* @)8A* ?"#* &D89#* <;->,--;8C* ?"&?* ?"#)#* ;-* &* '8?* 8@* ;C?#)#-?* ;C*

<#9#'86;CE* &C* #@@;>;#C?* >&?&'K-?* -K-?#A* @8)* 8:;<&?;8C* )#&>?;8C-* ?"&?* ;-* C8?* 8C'K*

-#'#>?;9#*D,?*&'-8*)8D,-?*&C<*#@@#>?;9#*#C8,E"*?8*D#*-KC?"#?;>&''K*9;&D'#7*V",-.*;C*8,)*

Fe
N

N X

X

N

N

[Fe(TPA)X2]
X= OTf
1.8

Fe
N

N X

X

N

N

[Fe(BPMEN)X2]
X= OTf
1.9

Fe
N

N X

X

N

N

[Fe(1.10)X2]
X= OTf
1.11

1.10 = (S,N2E,N2'E)-6,6'-dimethyl-N2,N2'-bis(pyridin-2-ylmethylene)biphenyl-2,2'-diamine
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'&89)&:9);.*<*%&-*=>:#)#-:#?*=>*?#@#'96=>A*=)9>*B&:&';C#?*9D=?&:=9>*-;-:#E-*:"&:*&)#*

E9)#* )98,-:*&>?*-#'#B:=@#* =>* :"#*9D=?&:=9>*9F*&'(&>#-*B9E6&)#?* :9*9:"#)* B&:&';-:-*

(>9%>*F)9E*:"#*'=:#)&:,)#7**

*

!"#$%&'($)*+*,-./0$123*4-*5*$&/*)+4'(6*

* <>* 9,)* '&89)&:9);.* %#* &)#* &'-9* =>:#)#-:#?* =>* &?@&>B=>A* :"#* (>9%'#?A#* 9F*

B&:&';:=B* &66'=B&:=9>-* 9F* =)9>* &-* &* 5#%=-* &B=?* =>* B&)89>GB&)89>* 89>?* F9)E=>A*

)#&B:=9>-*:")9,A"*4,(&=;&E&*&'?9'*&??=:=9>*)#&B:=9>-7*

* H"#*4,(&=;&E&* &'?9'* )#&B:=9>* =-* &* >,B'#96"='=B* &??=:=9>* )#&B:=9>* 9F* &* -=';'*

#>9'* #:"#)* :9* &* B&)89>;'* B&)89>.* %"=B"* =-* B&:&';C#?* 8;* 5#%=-* &B=?-7* <>* 1IJ2.*

4,(&=;&E&*&>?*B9%9)(#)-*?=-B9@#)#?*:"#*)#&B:=9>*9F*&'?9'*&??=:=9>.*,:='=C=>A*H=K'L*

&-* &* 5#%=-* &B=?MI7* H"#* #D6#?=#>B;* 9F* :"#* )#&B:=9>* %&-* N,=B(';* )#&'=C#?* =>* :"#*

B"#E=-:);* B9EE,>=:;.* %"=B"* %&-* )#F'#B:#?* =>* :#)E-* 9F* &* A)9%=>A* >,E8#)* 9F*

6,8'=B&:=9>-*=>*&*-"9):*6#)=9?*9F*:=E#O0.O1.O/7*H"#)#*"&-*8##>*&>*=E6)9@#E#>:*=>*:"#*

(>9%'#?A#* &>?* &66'=B&:=9>* 9F* :"#* )#&B:=9>* =>* :#)E-* 9F* 6)&B:=B&'=:;* 9@#)* :=E#7*

P=FF#)#>:* )#-#&)B"#)-* =>@#-:=A&:#?* &* @&)=#:;*9F* B9>?=:=9>-* :9* &FF#B:* :"#*4,(&=;&E&*

&'?9'* )#&B:=9>.* #7A7* :"#* #E6'9;E#>:* 9F* Q)* #>9'&:#- O2 .* 5#%=-* 8&-#* B&:&';C#?*

4,(&=;&E&*&'?9'*)#&B:=9>-OL.*#>&>:=9-#'#B:=@#*&'?9'*)#&B:=9>-OM*&>?*9:"#)*&-6#B:-OO7**

* R''* :"#* )#-#&)B"* =-* 8&-#?*9>* :"#* B9EE9>*,>?#)-:&>?=>A* 9F* &* -=E6'#*

E#B"&>=-:=B* 6&:"%&;* ST=A7* !"7U7* <>* :;6=B&'* 5#%=-* &B=?* B&:&';C#?* 4,(&=;&E&*

)#&B:=9>-.* :"#*5#%=-*&B=?* =-*8#'=#@#?* :9*B99)?=>&:#* :9* :"#*B&)89>;'*9D;A#>.*E&(=>A*

:"#* B&)89>;'* B&)89>* E9)#* -,-B#6:=8'#* F9)* >,B'#96"='=B* &::&B(7* H"#* >,B'#96"='#.*
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%">?"*>-*=@6>?&''@*&*->'@'*#:;'*#="#).*="#:*&==&?(-*="#*?&)D;:@'*?&)D;:*H!?"#<#*!"2K.*

=;*@>#'B*="#*)#T,>)#B*&'B;'*&BB>=>;:*6);B,?=YZ7*

*

*

C.&"# !"D* !,99#-=#B* ?&=&'@=>?* ?@?'#* A;)* ="#* 4,(&>@&<&* &'B;'* )#&?=>;:* H5S* m* 5#%>-*

&?>BK7*

*

M/H+*+#!"2*8)>9>:*;A*B>&-=#)#;-#'#?=>;:*>:*4,(&>@&<&*&'B;'*)#&?=>;:-7*

* **

* C"#* >:=#)#-=>:9* A#&=,)#* ;A* =">-* )#&?=>;:* >-* ="#* 9#:#)&=>;:* ;A* &* :#%* ?">)&'*

?#:=#)* >:* ="#* 6);B,?=7*4;)#;E#).* >A.* >:* ="#* :,?'#;6">'#* H!"!A.* !?"#<#*!"AK# a^*n* G.*

="#:* =%;* ?">)&'* ?#:=#)-* &)#* 9#:#)&=#B.* '#&B>:9* =;* ="#* A;)<&=>;:* ;A* &* 6&>)* ;A*

R2

O
LA

R2

O

O

R1

Si

!

R2

O
LA

R1

O
Si

!
R2

O O

R1

Me3Si

LA
H

H

H Me

t-Bu OTMS

Ph

O+

M-

H Me

t-Bu OTMS

O+

PhH

-M

H Me

t-Bu OTMS

O+
M-

H

Ph
anti

H Me

t-Bu OTMS

H

O+

-M

H Me

t-Bu OTMS

O+

HPh

M-

H Me

t-Bu OTMS

O+

M-

Ph

H

H

Ph
syn
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#8&89:;<#)-* &8=* &* 6&:)* ;>* =:&-9#)#;<#)-7* ?",-.* @A* :8B;'B:8C* D":)&'* &,E:':&):#-* ;)*

D":)&'*<#9&'*D;<6'#E#-.*;8#*D&8*:8=,D#*D":)&':9A*:8*9"#*6);=,D9.*%":D"*:-*#E9)#<#'A*

,-#>,'*:8*9"#*-A89"#-:-*;>*8&9,)&'*6);=,D9-*&-*%#''*&-*D":)&'*=),C-7*?&(:8C*&=B&89&C#*

;>* 9":-* >&D9.* B&):;,-* C);,6-* "&B#* 6);B#=* 9":-* D;8D#69* &8=* =#B#';6#=*

=:&-9#)#;-#'#D9:B#* &8=F;)* #8&89:;-#'#D9:B#* B#)-:;8-* ;>*4,(&:A&<&* &'=;'* )#&D9:;8-7*

G&<&<;9;* &8=* D;%;)(#)-* "&B#* -";%8* &* -:'B#)* D&9&'AH#=* &-A<<#9):D*4,(&:A&<&*

)#&D9:;8* ,-:8C* D":)&'* I!JKLMNO+* &-* &* ':C&8=PQ7* M8* /00R.* S;@&A&-":* =:-D;B#)#=* &*

@:-<,9"*D&9&'AH#=*4,(&:A&<&*&'=;'*)#&D9:;8*,-:8C*D":)&'*@:6A):=:8#*D;<6'#E#-*9"&9*

%#)#*%&9#)KD;<6&9:@'#PT7*

*

*

!"#$%$&'()*L:-<,9"*D&9&'AH#=*4,(&:A&<&*&'=;'*)#&D9:;8*)#6;)9#=*@A*S;@&A&-":PT7*

*

* ?"#* 9")##* D;<6;8#89-* ;>* &* 9A6:D&'* &'=;'* )#&D9:;8* &)#U* 1J* 9"#* #'#D9);6":':D*

D#89#).*/J*9"#*8,D'#;6":'#.*&8=*2J*9"#*5#%:-*&D:=*I:8*9"#*D&-#*;>*5#%:-*&D:=*D&9&'AH#=*

4,(&:A&<&*&'=;'*)#&D9:;8-J7**

* V#* "&B#* 8;9#=* 9"&9* :8* 9A6:D&'* 4,(&:A&<&* &'=;'* )#&D9:;8-* C#8#)&''A* "#$"K

@,9A'I1K<#9";EAB:8A';EAJ=:<#9"A'-:'&8#* I'('*.* W:C7* '(*J* :-* ,-#=* &-* &* 8,D'#;6":'#7*

X8#* ;>* 9"#* )#&-;8-* >;)* 9"#* %:=#-6)#&=* #<6';A<#89* ;>* '('*& D;,'=* @#* 9"&9* 9"#*

8,D'#;6":':D* D&)@;8* :-* -9#):D&''A* ,8":8=#)#=* &-* %#''* &-* 9"#* @,'(A* ?LY4!* C);,6.*

HCHO R

OSiMe3

R"

R'

1 mol% Bi(OTf)3
3 mol% L
5 mol% bipy
DME/H2O (9:1)
0 oC, 9-70 h

!

O

R"

R'

R

HO

1.12 1.13 1.14

L =

N N

OHOH

59-93%R = Me, Bn R'' = Ar, napht.
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%"9:"*:&;*<9=)&>#*>?*>"#*:&)@?;A'*:&)@?;*#&-9'A*?B#)*>"#*:?,)-#*?C*>"#*)#&:>9?;*DE9=7*

!"#F7*4?)#?B#).* #->#)* G#)9B#G* -9'A'* #;?'* #>"#)-* &)#*<?)#* ;,:'#?6"9'9:* G,#* >?* >"#9)*

#'#:>)?;* G?;&>9;=* &'(?HA* D9;* >"9-* :&-#.* <#>"?HAF* =)?,6-7* 4?)#* :"&''#;=9;=*

;,:'#?6"9'9:* -,@->)&>#-* -,:"* &-* !"!$* &;G* !"!%* &)#* ;?>* B#)A* %9G#'A* ,-#G* 9;*

-A;>"#-9-I0.I17*

4?)#?B#).*9;*>"#*9)?;*:&>&'AJ#G*B#)-9?;-*?C*>"#*4,(&9A&<&*&'G?'*)#&:>9?;-.*9>*

9-*-##;*>"&>*>"#*,-#*?C*-9'&;#*!"!&*DE9=7*!"&F*9-*<,:"*<?)#*6)#B&'#;>*>"&;*!"!$'&;G*

!"!%* %"9:"* &)#* ->#)9:&''A* <?)#* :"&''#;=9;=7* K?'?<@?* -"?%#G* >"#* &66'9:&>9?;* ?C*

LE#M)K6DKNF/O* &-* >"#* :&>&'A->* 6)#:,)-?)* C?)* 4,(&9A&<&* )#&:>9?;-I/.* %"#)#&-* >"#*

:?))#-6?;G9;=*:&>9?;9:*-6#:9#-*!"!(* D!:"#<#*!"#F*-"?%#G*"9="#)*&:>9B9>A* 9;*>#)<-*

?C*'?%#)*)#&:>9?;*>9<#.*C?)*>"#*-&<#*)#&:>9?;I27*P#:#;>'A.*:"9)&'*6A@?H**D6A)9G9;#Q@9-Q

?H&J?'9;#F*'9=&;G-*%#)#*#<6'?A#G*@A*4'A;&)-(9*>?*&CC#:>*->#)#?-#'#:>9B#*4,(&9A&<&*

&'G?'* )#&:>9?;-* ,>9'9J9;=* >"#* )#'&>9B#'A* :"&''#;=9;=.* ->#)9:&''A* G#<&;G9;=* -9'&;#*

:A:'?"#H#;A'?HA>)9<#>"A'-9'&;#.*"?%#B#)*>"#*)#&:>9?;*>9<#*%#)#*C?,;G*>?*@#*/0*"I87**

*

''

)*+"'!"&'R9CC#)#;>*-9'A'*#;?'*#>"#)*>"&>*:&;*@#*&66'9#G*9;*4,(&9A&<&*&'G?'*)#&:>9?;-7*

*

R2

OTMS

R1

R2

OTBDMS

R1
R2

OTBDMS

OMe

R2 = H R1,R2 = H R1,R2 = H
1.15 1.16 1.17
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*

!"#$%$&'()&9):;*<&=&'>?#@*A#)-B:;*:C*4,(&B>&D&*&'@:'*)#&<=B:;7*

*

* E",-.*C):D*="#*&F:A#*@B-<,--B:;.*B=*<&;*F#*<:;<',@#@*="&=*&=*="#*<,))#;=*-=&G#.*

="#)#* &)#* ;:=* D&;>* B):;* <&=&'>?#@* 4,(&B>&D&* &'@:'* )#&<=B:;-* (;:%;* &;@* :,=* :C*

=":-#*%"B<"*&)#*<&=&'>?#@*F>*B):;*&-*&*5#%B-*&<B@.*="#*-,F-=)&=#*-<:6#*&=*="B-*6:B;=*:C*

=BD#* B-*A#)>* 'BDB=#@*&;@*;:=*D&;>*#H&D6'#-*&)#*(;:%;I0.I1.I2.IJ7*E"#)#* B-*)::D*C:)*

BD6):A#D#;=*B;*=#)D-*:C*@#<)#&-B;G*="#*)#&<=B:;*=BD#*&-*%#''*&-*@#D:;-=)&=B;G*="#*

&66'B<&=B:;*:C*B):;*&-*&*5#%B-*&<B@*B;*&*A&)B#=>*:C*-,F-=)&=#-7*

*

'(*&+,-$"./0$*

* E"#*:F$#<=BA#-*:C*="#*<,))#;=*@B--#)=&=B:;*&)#*&-*C:'':%-K**

1L M#A#':6D#;=*:C*B):;*<&=&'>?#@*->-=#D-*C:)*="#*:HB@&=B:;*:C*)#'&=BA#'>*):F,-=*

NOP* F:;@-7* QCC:)=-*%#)#*D&@#* =:* ->;="#-B?#* &;@* =,;#* ="#* 'BG&;@-* =:*D&(#*

="#D* ):F,-=* ,;@#)* :HB@&=B:;* <:;@B=B:;-7* R'-:.* #CC:)=-* %#)#* @#A:=#@* B;*

,;@#)-=&;@B;G* ="#* -=),<=,)#O&<=BAB=>* )#'&=B:;-"B6* :C* ="#* 'BG&;@-* &;@* ="#B)*

<:D6'#H#-* B;* :HB@&=B:;* )#&<=B:;-7* S:)* ="#* :HB@&=B:;* )#&<=B:;-.* #CC:)=-*%#)#*

D&@#*=:*(##6*="#*)#&<=B:;-*D:)#*C#&-BF'#*&;@*6)&<=B<&'*C:)*6:--BF'#*B;@,-=)B&'*

-<&'#*,67*9;*="B-*<:;=#H=.*6&)&D#=#)-*'B(#*)#&<=B:;*=BD#.*<&=&'>-=*':&@B;G.*#&-#*

:C*"&;@'B;G*)#&G#;=-.*&;@*G)##;#)*:HB@&;=-*%:,'@*F#*:C*BD6:)=&;<#7**

Fe+

Ph2P
PPh2

O Me3SiO

OMe 1.18 (2 mol%)

CH2Cl2, -20 oC, 
18 h, 90%

PhCHO

Ph

TMSO

O

OMe
X-

X- = BF4
-,PF6

-

1.18
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/9 !#:;<='>.*&-*&*6);;?*;?*:;<:#6@.*A);<*:;B6'#C#-*&-*5#%A-*&:A=-*A<*4,(&A>&B&*

&'=;'* )#&:@A;<-* @;* D#* ,-#=* %A@"* -@#)A:&''>* =#B&<=A<E* -A'&<#-* %#)#*

#-@&D'A-"#=7*FE&A<.* G*(#6@* @"#*)#&:@A;<*:;<=A@A;<-*&-*6)&:@A:&'*&-*6;--AD'#*D>*

:&))>A<E*;,@*@"#*)#&:@A;<*&@*);;B*@#B6#)&@,)#.*%A@"*-@;A:"A;B#@)A:*&B;,<@-*

;?*@"#*-A'&<#-.*';%#)*:&@&'>-@*';&=A<E.*&<=*';%#)*)#&:@A;<*@AB#7*
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!"#$%&'&(&)*&+$

********************************************************
1*97:7*!;"#;"<#).*!"##$.*,--..*%%&.*2=/87*

/*>7*!&??@AB@.*'()*+,-).+,/#012#"+.*!//0.*3.*/C87*

2*%%%7&)-7,-D&7EAF*&BD*)#G#)#B;#-*<"#)#@B*GA)*<"#*@H6A)<&B;#*AG*@BD@F@D,&'*H#<&'-7*

I *J,)A6#&B* 4#D@;@B#-* 9E#B;K.* 5ABDAB.* L&B,&)K* /008.* MA;* N#G7*

O+4+P!Q+PRQ+PIIICPAA*;A))7*S>,@D#'@B#*AB*<"#*-6#;@G@;&<@AB*'@H@<-*GA)*)#-@D,#-*

AG*H#<&'*;&<&'K-<-T*

U*V7W57*X,BE.*+7WO7*Q,.*O7W!7*5@,.*V7*O"@.*L7WY7*V,.*V7WZ7*Z,.*+7WX7*O"A,.*!7W47*+#BE.*>7WZ7*

5##.*V7*X&A.*97L7*O&)<K.*O7W[7*!",.*[7W57*Q,.*45678#*)97""12..*,--0.*%:.*28IU7*

C*47*4\''#).*!7*Z#)H#-.*Y7*Y]"'#).*47Q7J7*F&B*D#B*^#)E.*47*4,"'#).*N797*[@-;"#).*'()*+,

;79)5+.*,--..*&<.*IU8C7*

8*4757*M#D&.*47*>"#D@B@.*_7*9@#''A.*X7*+,E'@#-#.*[7*^&)@E#''#<<@.*>7*9;;A)-@.*=+,45678#*)9+,

'()*+.*,--1.*>?<.*`U87*

`*Z7*!;",'a.*@AA"1)$,'79+,@b,B)8)57".*!///.*%C>.*27*

=*L797*c-?A)B.*[7Z7*L&)D@B#.*L7[7*VA,BE.*>7*Q@'(@B-AB.*=+,'()*+,D#2+,@.*!/22.*18117*

10*Y7L7* [)&,B"AGG#).* :7* +)&?&E&)&B.* 57J7* !@)A@-.* 47O7*Q"@<#.* =+, @*+, '()*+, D#2+.*,--2.*

%&C.*=02/7*

11*!^7*X7*:E,K#B.*57Y7* LA"B-AB.*N7Z7*>),??-.* L7Q7*d@''#).* =+,@*+,'()*+,D#2+.*!//,.*%%E.*

2=8I7*

1/*Q7*Q&BE.*>7^7*Z&HHABD.*^7*e,.*=+,@*+,'()*+,D#2+.*,-!,.*%FE.*UC=87*

12*X7J7*^&)D#).*!7M7*Q&'(#).*L7N7*4&)<@B#''@.*!757*^,;"%&'D.*=+,@*+,'()*+,D#2+.*,--1.*%&3.*

IC`U7**

1I*"<<6bPP%%%7#6&7EAFPE)##B;"#H@-<)KP@BD#f7"<H'*
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*********************************************************************************************************************************************************************
19 *:;&-<&-.* +7* =7>* ?&);#).* @7* A7* B)##;* A"#CD-<)EF* ="#G)E* &;H* +)&I<DI#.* JKLG)H*

3;DM#)-D<E*+)#--F*N#%*OG)(.*1PP8.*67207*

1Q*R;* !"!# $%&'())*# )+# !,-./0123# %&'# 4,30/50* S89* #H7T7* UGI&* V&<G;.* W'G)DH&F* AVA*

+)#--7*

1X *+)DI#-* <&(#;* L)GC* !DYC&Z:'H)DI"* %#[-D<#* LG)* IGC6&)D-G;7* ="#* 6)DI#-* &)#*

IGC6&)#H*<G*C#<&'-*'D(#*D)G;.*\D;I*G)*;DI(#'7*

18*V#I#;<* ]-<DC&<#-* GL* <"#* &[,;H&;I#-* GL* <"#* #'#C#;<-* D;* <"#* ]&)<"^-* I),-<.* 47*

W'#D-I"#).*B#G'GYDI&'*!,)M#E*AD)I,'&)*/89.*3;D<#H*!<&<#-*_#6&)<C#;<*GL*<"#*R;<#)DG)*

S_G,Y'&-*4I`&E.*!#I)#<&)ET*S?7]7*?)&<"#).*_D)#I<G)T7*

1P*B&))#<<.*A7*]7.*+)&-&H.*`7**6'78#93&1,8#!%1%:8*!""#.*2aQ.*88P7*

/0*U7*4G)#&,.*@7O7*?,.*=7*VD<<#).*;2<8#=-118.*!""$.*22X.*22P7*

/1*47*N&(&;D-"D.*A7*UG'C.*6'78#93&1,8#!%1%:8.*!""%.*2aP.8Q17*

//*b7*O&;Y.*b7*O&;.*+7*!,;.*O7*!",.*57*5,.*_7*5D,.*B7*VG;Y.* @7*4&G.*>2--&#!,-.8.*!"&'.*

%0%?8*

/2*@7]747N7*`'#D;.*U7*+'D#<(#).*;2<8#@/).):8#!,-.8.*!"&'.*11.*1/X17*

/a*:7V7*b&$D6G,).*B7*:\D\D.*>2--&#!,-.8.*!"&'.*AB.*10207*

/9*_757*b,[#).*9.%::.*!""(.*B.*a8/7*

/Q*!7*c"G,.*47*@G";-G;.*@7B7A7*d#D;G<.*!,-.8#!)..C&8.*!"&".*DE.*/a117*

/X*A7*?&;Y.*b7*5D,.*c7*!,;.*F&18#G8#)+#4,)1)-&-2<3.*!"&!.**

/8*=7*:Y)&%&'.*!7+7*AGG(.*;2<8#=-118.*!"&'.*AB.*PQ7*

/P*!7A7* B"G-".* @7!7O7* NYD&C.* A75757* A"&D.* :747* !#&E&H.* =7=7* _&;Y.* :7* A"#;.*6'78# 93&1,8#

!%1%:8.*!"&!.*HBD.*1a0X7*

20*V7*VG"'C&;;.*=7*!<G6(&.*b7*VDI"<#).*J7B7*4&;I"#eG.*G8#;2<8#!,-.8.*!"&'.*&-&67*



!"#$%&'(&)*+,-"(&).*/012.*34!5.*67*
*
18*

*********************************************************************************************************************************************************************
21*97*:"&;<.*=7*>?&;.*!7*@,.*@7*A,.*B7*@,.*!"#$%&'(($.*!"#$.*&-&67*

2/*C7*D&E;&,F.*C7A7*G,.*>7*D?HH#).*)*#'+$%,-'.$%/*($%01$.*!"#!.*23.*11I0J7*

22*47!7*K"&)&-L".*+7M7*>&%;#E.*4$%).$%,-'.$%567$.*#%&#.*89.*/20I7*

2N*G7*=OP#'.*Q7*=RR<S&;F.*,-'.$%:'"$.*#%'".*;9.*1027*

2J*G7*D#66#7*=7*T#HH#).*4<=(<=%&>'?>#=%)**$%,-'.$.*#%($.*2@A.*1227*

2U*Q7+7*V#?.*>7=7*Q"&;.*5B*(-'=>=.*#%)!.*NUW7*

2W*X7*Y)&;6RR).*>7*>&))?&;.*:7*4RZ&"#F?.*5B*(-'=>=.*#%%'.*1NW27*
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OG&<;E+:#&).+ <%;+:#AP='+@);-6.+ 'B(#+!"5G!"#*+ &)#+E;)#+"=>);'=.B.+&A>+&'C;";'=.B.+

)#.B.<&A<7+N;%#?#)*+ ;A'=+ 'B@&A>.+!"5G!"#+ I!C"#E#+!"!J+ C;-'>+ :#+ B.;'&<#>1Q7+ 9<"#).*+

<";-@"+D;)E#>*+%#)#+#B<"#)+A;<+ B.;'&:'#+;)+>#C;E6;.#>+>-)BA@+<"#+%;)(-6+#DD;)<.+

<;%&)>.+ <"#B)+ 6-)BDBC&<B;A7+ F"#+ <#<)&E#<"='6B6#)B>BA#+ >#)B?&<B?#+ I!"8*+ RB@7+ !"#J*+

%"#)#+ <"#+ AB<);@#A+ B.+ .<#)BC&''=+ S6);<#C<#>T+ :=+ &'(='+ @);-6.*+ %&.+ >#<#C<#>+ BA+ <"#+

P
Cl

Cl

Cl R2NH, Et3N

CH2Cl2, 0 oC
1 h

P
N

Cl

Cl

R

R

R1SH, Et3N

CH2Cl2, rt, 0.5 h
P

N

S

S

R

R

R1

R1
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9)-:#+ )#&9;<=>+?<@;-)#7+ A=%#B#)*+ ?-';<6'#+ #CC=);.+ ;=+ <.='&;#+ ;"#+ 9=?6=->:+ C&<'#:+

&>:+)#.-';#:+<>+:#9=?6=.<;<=>7+

+

+

!"#$%$& '('& !D>;"#.<.+ =C+ &?<>=E:<;"<&6"=.6"='&>#+ &>:+ 6"=.6"=)&?<:=:<;"<=<;#.+

'<F&>:.17+

G=)+ 9=?6&)<.=>*+ ;"#+ .;)-9;-)&''D+ )#'&;#:+ 6"=.6"=)&?<:<;#+ '<F&>:+ '()+ %&.+

&'.=+ .D>;"#.<H#:+ <>+ I1J+ D<#':+ KD+ C=''=%<>F+ ;"#+ .;&>:&):+ 6)=9#:-)#+ ?#>;<=>#:+

&K=B#+ &>:+ ;"#>+ 9"&)&9;#)<H#:+KD+ 1A*+ 12LM1AN*+ 21,M1AN+O4P*+ QP*+?&..+ .6#9;)=?#;)D+

&>:+#'#?#>;&'+&>&'D.<.+R!9"#?#+'(*S7+

+

+

!"#$%$&'(*+&+!D>;"#.<.+=C+&+>#%+6"=.6"=)&?<:<;#+'<F&>:+C=)+9=?6&)<.=>+.;-:<#.7+

+

S
P

S
N

P
Cl

Cl

Cl (PhCH2)2NH, Et3N

CH2Cl2, 0 oC
1h

P N
Cl

Cl CH2Ph

CH2Ph CH2Cl2, rt, 0.5 h
S

P
S

N

 Et3N

P N
S

S

O

O

2.1

(rac)-2.2

2.3

SH

SH

SH

SH

O

SH

2.2

P
Cl

Cl

Cl (PhCH2)2NH, Et3N

CH2Cl2, 0 oC
1 h

P N

Cl

Cl
CH2Ph

CH2Ph CH2Cl2, rt, 0.5 h
            61%

O

HO

P N
O

O

O

O
2.4
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+ 9':;<+%=>"+>"#+;#%+'=<&;?.*+%#+&'.:+?#@=?#?+>:+.A;>"#.=B#+C#>&'+@:C6'#D#.+

:E+>"#+(;:%;+6":.6":)&C=?=>#+'=<&;?.+!"#$&;?$!"%1F$G!"#$%"&'()H7+I"#.#+'=<&;?.+@&;+

J#+ ->='=B#?+ >:+ @:C6&)#+ >"#+ 6):6#)>=#.+ :E+ >"#+ ;#%+ >"=:+ &;&':<-#.+ >:+ K.>&;?&)?L+

6":.6":)&C=?=>#+'=<&;?.7+

+

+

&'()*+$!",$M>"#)+6":.6":)&C=?=>#+&;?+6":.6":)&C=?:?=>"=:=>#.+-.#?+E:)+>"#+.>-?A7+

N#+-.#?+>"#+'=>#)&>-)#+O&'-#+E:)+>"#+@:))#.6:;?=;<+21,P1QR+@"#C=@&'+."=E>+O&'-#.+:E+

>)=6"#;A'6":.6"=;#+&;?+>)=6"#;A'6":.6"=>#+&.+.>&;?&)?./07+I"#+#D>)#C#+=;.>&J='=>A+

:E+ >"#+ .-'E-)+ &;&':<-#+ :E+!"#+ >:%&)?.+ .:'O:'A.=.+ 6):C6>#?+ -.+ >:+ .A;>"#.=B#+C:)#+

.>&J'#+ ?#)=O&>=O#.+ ->='=B=;<+ >"#+ @:CC#)@=&''A+ &O&='&J'#+ J#;B#;#S1*/S?=>"=:'7+

T:'':%=;<+&+'=>#)&>-)#+6):@#?-)#+%#+.A;>"#.=B#?+'=<&;?+!"-1U7++

+ 9.+.":%;+=;+!@"#C#$!"!*+%#+E=).>+.A;>"#.=B#?+'=<&;?+!"./+JA+>)#&>=;<+?=J#;BA'+

&C=;#+%=>"+,V'2+=;+VQ/V'/+&>+0+°V+=;+>"#+6)#.#;@#+:E+&+.'=<">+#D@#..+:E+>)=#>"A'&C=;#7+

I"=.+6):@#?-)#+<#;#)&>#?+V'/,WXGVQ/,"HY+ "&%*"+,7+I"#+)#&@>=:;+%&.+Z-#;@"#?+%=>"+

#>"&;#?=>"=:'+ >:+ A=#'?+ !".+ &.+ @:':)'#..+ %"=>#+ @)A.>&'.+ =;+ :O#)&''+ 8/[+ A=#'?187+ \;+ &+

.=C='&)+ %&A+ %#+ .A;>"#.=B#?+ *012!"!+ JA+ >)#&>=;<+ )&@#C=@+ +()&*S@A@':"#D&;#S1*/S

?=>"=:'+ %=>"+ ?=@"':):6":.6":)&C=?=>#7+ 5=<&;?+ *012!"!$ %&.+ :J>&=;#?+ &.+ %"=>#+

@)A.>&'.+ =;+ 8][+ A=#'?7+ \;+ :)?#)+ >:+ C&(#+ >"#+ '=<&;?.+ C:)#+ ):J-.>+ >:%&)?.+

O
O P

N
O
O P N

2.5 2.6

S

S
P N

2.7

O

O

S
S P N

2.8
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9-:'#;6"<'<:+ &==&:(+ >?+ 9-:'#;6"<'#.+ '<(#+%&=#)+ ;)+ &':;";'*+%#+ 6)#6&)#@+ '<A&9@+!"#+

B!:"#C#+!"#D7+E#+=";-A"=+="&=+&9+<9:)#&.#@+#'#:=);9+@#9.<=?+;9+.-'F-)+%;-'@+C&(#+

="#+ 6";.6";)-.+ C;)#+ #'#:=);9+ )<:"*+ %"<:"+ <9+ =-)9+ %;-'@+ "&C6#)+ &+ 9-:'#;6"<'<:+

&==&:(+;9+6";.6";)-.7+G;)+ ="<.+6-)6;.#*+%#+-.#@+!HC#=";I?="<;6"#9;'+ =;+6)#6&)#+

'<A&9@+!"#$&.+&+:;';)'#..+;<'+<9+JKL+;M#)&''+?<#'@1J7+N9+;)@#)+=;+.?9="#.<O#+&+.=#)<:&''?+

C;)#+ @#C&9@<9A+ 6";.6";)&C<@<=#*+ %#+ .?9="#.<O#@+ ="#+ /*/*P*PH

=#=)&C#="?'6<6#)<@<9#+ @#)<M&=<M#+!"%*+ -.<9A+ !HC#=";I?="<;6"#9;'+ <9+ K0L+ <.;'&=#@+

?<#'@+&.+&+:;';)'#..+;<'+BG<A-)#+!"%D7+

+ Q"#+9#%+'<A&9@.+%#)#+:"&)&:=#)<O#@+>?+#'#C#9=&'+&9&'?.<.*+R4S+B1T*+12UV1TW*+

21,V1TWD*+NS*+&9@+4!BGXYD7++Q"#+21,V1TW+:"#C<:&'+."<F=.+F;)+&''+9#%+'<A&9@.+$

&'()*$!"+$Q"#+21,V1TW+:"#C<:&'+."<F=.+F;)+&''+9#%+'<A&9@.$

,-.'/0$
#+12+34$56*7-5')$86-9:$

;<<7=$

+!#+1>??@*$;3A=$

5BC<)-/.$5B/8:'/:8+

!"+$ 10J7J+ JZ1+

!"!$ 10/70+ J2[+

!"#$ 1227/+ JKJ+

!"D$ 1287J+ H+

!"E$ 1ZJ7[+ 8[11PA+

!"F$ 1Z87Z+ H+

!"?$ JJ70+ JP/+

!"%$ 1227/+ J2/+

,B,"\D2+ 1/[7K/0+ 10/K/0+

,B4#\D2+ 1287J/0+ 8KZ/0+

,,"2+ H[7Z/0+ [2K1P&+

+
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8#9:;<9#=+&><?#+&)#+';.:#=+;9+!"#$%&'()+;9@'-=;9A+:"#+21,BCC!#+@<-6';9A+@<9.:&9:.+

<D+:"#;)+.#'#9;=#.+E!"#$%"&'()F7+

G9+ A#9#)&'*+ 8<.:+ <D+ :"#+ 9#%+ ';A&9=.+ ."<%+ 21,H1IJ+ @"#8;@&'+ .";D:.+ )&9A;9A+

D)<8+ KK70+ :<+ 1227/+ 6687+ L#'&:;<9.";6.+ >#:%##9+ @"#8;@&'+ .";D:+ ?&'-#.+ &9=+ :"#+

#'#@:)<9+=#9.;:M+&:+:"#+&:<8+>#@<8#.+@<86'#N+D<)+"#&?;#)+&:<8.+';(#+6"<.6"<)-./17+

O";.+ @&9+ >#+ #N6'&;9#=+ =-#+ :<+ :"#+ '&)A#+ ;9D'-#9@#+ <D+ 6&)&8&A9#:;@+ .";#'=;9A+

@<86<9#9:.+ <9+ :"#+ @"#8;@&'+ .";D://7+ O"-.*+ D<)+ :"#+ A;?#9+ .#:+ <D+ ';A&9=.*+ &+ =;)#@:+

@<))#'&:;<9+>#:%##9+:"#+@"#8;@&'+.";D:+&9=+#'#@:)<9+=#9.;:M+&:+:"#+6"<.6"<)-.+&:<8+

@&99<:+>#+#.:&>';."#=+#&.;'M7+I<%#?#)*+:"#+@<-6';9A+@<9.:&9:.+<D+8&A9#:;@&''M+&@:;?#+

9-@'#;+><9=#=+:<+:"#+6"<.6"<)-.+%#)#+."<%9+:<+@<))#'&:#+8-@"+>#::#)/27+,)#?;<-.'M*+

;9+ <-)+ A)<-6+ %#+ "&?#+ .-@@#..D-''M+ -:;';P#=+ :"#+ @<-6';9A+ @<9.:&9:.+ >#:%##9+

8&A9#:;@&''M+ &@:;?#+ !#CC+ &9=+ 6"<.6"<)-.+ ;9+ :"#+ ';A&9=17+ O"#+ !#CC+ ;.<:<6#+ ;.+

8&A9#:;@&''M+ &@:;?#+ %;:"+ &+ .6;9+ ?&'-#+ <D+ Q7+ O"-.*+ !#CC*+ %"#9+ @<<)=;9&:#=+ :<+ &+

6"<.6"<)-.+ &:<8+ @&9+ .6';:+ :"#+ 6"<.6"<)-.+ .;A9&'.+ ;9:<+ &+ =<->'#:+ :"&:+ A;?#.+

@"&)&@:#);.:;@+!#CCB21,+@<-6';9A+@<9.:&9:.7+O"#.#+@<-6';9A+@<9.:&9:.+&)#+."<%9+:<+>#+

8<)#+ )#';&>'#+ :<+ &..#..+ :"#+ #'#@:)<9+ =#9.;:M+ &:+ :"#+8#:&'+ :"&9+ $-.:+ @"#8;@&'+ .";D:+

?&'-#./27+O"#+=#@)#&.#+;9+>&.;@;:M+<D+:"#+6"<.6"<)-.+@<86<-9=+@&-.#.+&9+;9@)#&.#+

;9+ 1*!#B,+ @<-6';9A+ @<9.:&9:+ <D+ ;:.+ )#.6#@:;?#+ .#'#9;=#/27+ R@@<)=;9A'M*+ S4L+ :->#+

#N6#);8#9:.+%#)#+@&));#=+<-:+:<+.M9:"#.;P#+.#'#9;=#+=#);?&:;?#.+<D+:"#+';A&9=.+'()*&

'('*&'(*&>M+:)#&:8#9:+%;:"+.#'#9;-8+6<%=#)+;9+TUT'2+D<)+1+"+&:+V0W+T17++

O"#+9#%+=;:";&6"<.6"<'&9#+ ';A&9=.*+%"#)#+ :"#+<NMA#9+&:<8+ ;.+ )#6'&@#=+>M+

.-'D-)*+%#)#+ #N6#@:#=+ :<+ >#+8<)#+ >&.;@+ =-#+ :<+ ;9@)#&.#+ ;9+ #'#@:)<9+ =#9.;:M+ &:+ :"#+

6"<.6"<)-.+ &:<87+ O"#+ ';A&9=+ '(++ %&.+ D<-9=+ :<+ >#+ :"#+ 8<.:+ >&.;@+ >&.#=+ <9+ :"#+
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89-6':;<+=&'-#.+>9)+?"#+)#'&?#@+.#'#;:-A+@#):=&?:=#+B1!!#C,+D+E2/+FGH+&;@+?"#+':<&;@+

!"#+I#:;<+?"#+'#&.?+#'#8?)9;+@9;&?:;<+B1!!#C,+D+EJ/+FGH+&A9;<.?+?"#+':<&;@.+?"&?+%#)#+

.K;?"#.:G#@1J7+L;+<#;#)&'*+@:?":&6"9.6"9'&;#.+B!"$C!"%H+%#)#+>9-;@+?9+I#+'#..+I&.:8+

?"&;+,,"2+B1!!#C,+D+M2N+FGH+I-?+A9)#+I&.:8+?"&;+6"9.6"9)&A:@:?#.+B!"&C!"'H+B1!!#C,+D+

OM1+FGH+&;@+6"9.6":?#.+B1!!#C,+D+ONPC10/N+FGH7+

L;+ ?":.+ 8"&6?#)*+ %#+ #Q?)&69'&?#@+ ?":.+ 6"#;9A#;9;+ ?9+ &;9?"#)+A&<;#?:8&''K+

&8?:=#+ A#?&'*+ )"9@:-A+ B102R"H7+ S"#+ 899)@:;&?:9;+ 8"#A:.?)K+ 9>+ ;#%+

@:?":&6"9.6"9'&;#.+%#)#+-;(;9%;+&?+?"#+?:A#+%#+.?&)?#@+?"#+6)9$#8?+&;@+%#+%#)#+

:;?#)#.?#@+ :;+ >:;@:;<+ 9-?+ ?"#+ 899)@:;&?:9;+ I#"&=:9)+ 9>+ ?"#+ ;#%+ ':<&;@.+ &;@+ ?"#:)+

&66':8&I:':?K+&.+ 8&?&'K.?.+ :;+9)<&;:8+ ?)&;.>9)A&?:9;.7+ L;+ ?":.+ 89;?#Q?+%#+@#8:@#@+ ?9+

-.#+102R"+>9)+899)@:;&?:9;+.?-@:#.*+&.+:?+%:''+;9?+9;'K+&8?+&.+A#?&'+8#;?#)*+I-?+&'.9+&+

A&<;#?:8&''K+ &8?:=#+ ;-8'#-.*+ <:=:;<+ -.+ &+ 6)9I#+ ?9+ &..#..+ ?"#+ #>>#8?+ 9>+ ?"#+ #'#8?)9;+

@9;&?:;<+ &I:':?:#.+ 9>+ ?"#+;#%+ ':<&;@.+9;+ ?"#+A#?&'7+ +T6&)?+ >)9A+ 1!102R"C21,+ 89-6':;<+

89;.?&;?.*+%#+&'.9+-.#@+&;9?"#)+6)9I#+>9)+#.?&I':.":;<+':<&;@+I&.:8:?K+?)#;@.*+?"#+UV+

.?)#?8":;<+ >)#W-#;8K+=&'-#.+ :;+ ?"#+ :;>)&)#@+.6#8?)&+ BLRH*+%":8"+89))#'&?#.+%:?"+ ?"#+

#'#8?)9;+@#;.:?K+&?+?"#+A#?&'/P7+

!"&()*+,-./0/(1+2(/,320./(45(6.,17(84697.:./;((

+ T>?#)+"&=:;<+&''+?"#+':<&;@.+.K;?"#.:G#@+&;@+8"&)&8?#):G#@*+%#+?-);#@+?9+?"#+

.K;?"#.:.+9>+A#?&'+89A6'#Q#.+9>+?"#+':<&;@.7+S"#+A#?&'+89A6'#Q+.K;?"#.#.+"&@+?%9+

9I$#8?:=#.7+

1H T.+ @:.8-..#@+ #&)':#)*+ ?"#+ ;#%+ 6"9.6"9)&A:@9@:?":9:?#+ &;@+ &A:;9C

@:?":&6"9.6"9'&;#+ ':<&;@.+%#)#+ I&)#'K+ .?-@:#@+ :;+ ?"#+ 6&.?+ &;@+ ;9?":;<+
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%&.+ (89%8+ &:9-;+ ;"#<)+ =99)><8&;<98+ ="#?<.;)@+ %"#8+ %#+ .;&);#>+

<8A#.;<B&;<8B+;"#+.@.;#?.7+

/C D#+ .;<''+ 8##>#>+ 9;"#)+ 6)9:#.+ ;9+ #.;&:'<."+ &8+ #'#=;)98+ >98&;<98+ ;)#8>+

&?98B.;+;"#+'<B&8>.7++

E"#+=99)><8&;<98+="#?<.;)@+9F+;"#+8#%+'<B&8>.+%&.+.;-><#>+:@+-;<'<G<8B+;"#?+<8+;"#+

.@8;"#.<.+ 9F+ &+ A&)<#;@+ 9F+ ?#;&'+ =9?6'#H#.7+ E"#)#+ &)#+ ?&8@+ ?#;&'+ 6)#=-).9).+

&A&<'&:'#+F9)+.-="+&+.;->@I+"9%#A#)*+)"9><-?+&8>+<)<><-?+%#)#+="9.#8+&.+;"#+=#8;)&'+

?#;&'.7+E"#+="9<=#+%&.+:&.#>+98+.#A#)&'+F&=;9).7+E"#+?#;&'+6)#=-).9).+%#)#+)#&><'@+

&A&<'&:'#+ <8+9-)+ '&:9)&;9)@*+ &8>+&'.9+ =9??#)=<&''@+ &A&<'&:'#7+E"#+6)#=-).9)+"&.+ ;9+

.#)A#+ ;"#+ 6-)69.#+ 9F+ 89;+ 98'@+ 6)9A<><8B+ ;"#+ =#8;)&'+ ?#;&'+ F9)+ =99)><8&;<98+

="#?<.;)@*+ :-;+ &'.9+ ;9+ 6)9A<>#+ ?#;&'+ =9?6'#H#.+ ;"&;+ =&8+ :#+ .6#=;)9.=96<=&''@+

="&)&=;#)<G#>7+ J8<;<&''@*+ %#+ =98.<>#)#>+ <)98+ 6)#=-).9).+ &.+ %#''7+ K9%#A#)*+ ;"#+

#H;)#?#+ ;"<96"<'<=<;@+ 9F+ <)98+ )#8>#)#>+ ;"#+ .@8;"#.<.+ 9F+ =9))#.698><8B+ <)98+

=9?6'#H#.+ #H;)#?#'@+ ><FF<=-';*+ )#.-';<8B+ <8+ =98.;&8;+ >#=9?69.<;<98+ 9F+ ;"#+ '<B&8>.7+

,&)&?&B8#;<=+<)98+.6#=<#.+:)9&>#8.+;"#+6#&(+."&6#.+&8>+6&)&?&B8#;<=+."<F;.+%9-'>+

:#+ &89;"#)+ 6)9:'#?*+ %"<="+ F9)=#>+ -.+ ;9+ '99(+ F9)+ 9;"#)+ &';#)8&;<A#.7+ L?98B.;+ ;"#+

&A&<'&:'#+?#;&'+6)#=-).9).*+%#+="9.#+;%9+)"9><-?+6)#=-).9).+MN"O'POQRCS/+POQRT+

1*UV=@='99=;&><#8#C+&8>+MN"O'POQC/S/+&8>+;%9+<)<><-?+6)#=-).9).+MJ)O'/O6WS/+PO6WT+

1*/*2*X*UV6#8;&?#;"@'=@='96#8;&><#8@'C+ &8>+ MJ)O'POQRCS/7+ YH=#6;+ F9)+ MJ)O'/O6WS/*+

%"<="+%&.+ .@8;"#.<G#>+ =98A#8<#8;'@+ &==9)><8B+ ;9+ &+ '<;#)&;-)#+ 6)9=#>-)#/U*+ &''+ ;"#+

?#;&'+6)#=-).9).+%#)#+=9??#)=<&''@+&A&<'&:'#7+E"#+?#;&'+6)#=-).9).+&)#+&''+:)<>B#>+

><?#).*+ %"<="*+ -698+ &>><;<98+ 9F+ '<B&8>*+ =&8+ B<A#+ ?989?#)<=+ .6#=<#.+ %<;"+ 98#+

=99)><8&;<98+.<;#+;&(#8+-6+:@+;"#+'<B&8>.7+E"<.+6)9=#..+<.+.9?#;<?#.+)#F#))#>+;9+&.+&+
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89):;<#+ .6':==:><?+ )#&@=:A>/B7+ CA="+ )"A;:-D+ ;:D#).+ #E":9:=+ &+ F"GHI+ AE:;&=:A>+ .=&=#+

&>;+ &)#+ (>A%>+ =A+ JA)D+ .K-&)#+ 6'&>&)+ @AD6'#E#.+ %"#>+ &+ DA>A;#>=&=#+ ':<&>;+ :.+

&;;#;/L+ G!@"#D#+!"#I7+ M"#+ ;:D#)+ NH)O'/O6PQ/+ :.+ (>A%>+ =A+ <:R#+ &+ 6:&>AS.=AA'+ =T6#+

<#AD#=)T+&=+="#+D#=&'+@#>=#)+%"#>+&+DA>A;#>=&=#+':<&>;+:.+&;;#;/U+G!@"#D#+!"$I7+

M"#+@AD6'#E+NH)O'GOVWIQ/+&'.A+<:R#.+.K-&)#+6'&>&)+<#AD#=):#.+%"#>+&+DA>A;#>=&=#+

':<&>;+:.+&;;#;/X+G!@"#D#+!"$I7+

M"#+.T>="#.:.+AJ+="#+@AD6'#E#.+6)A@##;#;+.DAA="'T+ :>+.A'R#>=.+ ':(#+OY/O'/*+

=A'-#>#+A)+MYZ+G!@"#D#+!"#%&>;+!"$*%M&9'#+!"!I7+YA%#R#)*+>-@'#A6":':@+.A'R#>=.*+&.+

#E6#@=#;*+%#)#+ JA->;+ =A+;#@AD6A.#+ ="#+ ':<&>;.7+Y#>@#*+ .A'R#>=.+ ':(#+4#VY*+[=VY*+

&>;+ %&=#)+ %#)#+ @AD6'#=#'T+ &RA:;#;+ ;-):><+ ="#+ %A)(-6+ &>;+ "&>;':><+ AJ+ ="#+

@AD6'#E#.7+ \''+ ="#+ )#&@=:A>.+ %#)#+ @&)):#;+ A-=+ ->;#)+ :>#)=+ @A>;:=:A>.7+ M"#+ >#&=+

@AD6'#E#.*+"A%#R#)*+%#)#+JA->;+=A+9#+.=&9'#+JA)+.#R#)&'+%##(.+:>+@&66#;+9A=='#.7+H>+

@&.#+AJ+="#+NF"O'GOVI/Q/+;:D#)*+="#+&;;:=:A>+AJ+="#+':<&>;+:.+-.-&''T+JA''A%#;+9T+="#+

#RA'-=:A>+AJ+="#+OV+<&.*+:>;:@&=:><+="#+JA)D&=:A>+AJ+&+>#%+@AD6'#E7+M"#+@A'A)+AJ+="#+

.A'-=:A>+ &'.A+ @"&><#;+ :>.=&>=&>#A-.'T7+ H>+ DA.=+ AJ+ ="#+ @&.#.*+ ="#+ )#&@=:A>.+ %#)#+

@AD6'#=#+ :>+10S1]+D:>7+YA%#R#)*+ ="#+ )#&@=:A>.+%#)#+ .=:))#;+&=+ )AAD+ =#D6#)&=-)#+

JA)+ &9A-=+ 1+ ")+ =A+ #>.-)#+ @AD6'#=#+ =)&>.JA)D&=:A>7+ M"#+ @AD6'#E#.+ %#)#+ DA.='T+

6)#@:6:=&=#;+ A-=+ AJ+ ="#:)+ )#&@=:A>+D:E=-)#+ &=+ )AAD+ =#D6#)&=-)#*+ &.+ T#''A%+ .A':;.7+

YA%#R#)*+ @A>@#>=)&=:><+ ="#+ )#&@=:A>+ D:E=-)#+ &>;+ ="#>+ 6)#@:6:=&=:><+ ="#+ 6)A;-@=+

-.:><+ "#E&>#.*+ 6#>=&>#*+ A)+ ;:#="T'+ #="#)+%#)#+ JA->;+ =A+ 9#+ "#'6J-'+ =A+ :>@)#&.#+ ="#+

T:#';+AJ+="#+6)A;-@=+%:="A-=+@AD6)AD:.:><+="#+6-):=T7+W#@&>=:><+="#+DA="#)+':K-A)+

&>;+ %&.":><+ ="#+ .A':;+ )#.:;-#+ %:="+ >A>S6A'&)+ .A'R#>=.+ ':(#+ 6#>=&>#+ T:#';#;+

.6#@=)A.@A6:@&''T+ 6-)#+ @AD6'#E#.*+ &.+ &..#..#;+ 9T+ ^4F7+ H>+ ="#+ @&.#.+ %"#)#+ ="#+
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9:;6'#<#.+ )#;&=>#?+ .:'-@'#*+ A"#+ )#&9A=:>+;=<A-)#+%&.+ B=).A+ 9:>9#>A)&A#?+ !"# $%&'(+

&>?+ A"#>+ '&C#)#?+%=A"+ &+ >:>D6:'&)+ .:'E#>A+ '=(#+6#>A&>#+:)+ #A"#)+ A:+ 9)C.A&''=F#+ A"#+

9:;6'#<#.+:-A+:B+.:'-A=:>7+G"#+9:;6'#<#.+%#)#+A"#>+?)=#?+->?#)+E&9--;+&>?+%#)#+

B:->?+ A:+ @#+ .6#9A):.9:6=9&''C+ 6-)#*+ &.+ &..#..#?+ @C+ H4I7+ !:;#+ :B+ A"#+ 9:;6'#<#.+

.":%#?+ .'=J"A'C+ ':%+ E&'-#.+ :>+ 9&)@:>+ =>+ A"#=)+ #'#;#>A&'+ &>&'C.=.7+ G"=.+ %&.+

&AA)=@-A#?+ A:+ )#.=?-&'+ ;#A&'+ =;6-)=A=#.+ =>+ A"#+ 9:;6'#<#.7+ KAA#;6A.+ A:+ 6-)=BC+ A"#+

9:;6'#<#.+ @C+ 9:'-;>+ 9"):;&A:J)&6"C+ -.=>J+ .='=9&+ J#'+ )#.-'A#?+ =>+ A"#+ 9:>.A&>A+

?#9:;6:.=A=:>+ :B+ A"#+ '=J&>?+ &A+ A"#+;#A&'.+ )#.-'A=>J+ =>+ A"#+ 9:))#.6:>?=>J+ &;=>#.7+

K'-;=>&+ =.+ &>:A"#)+ .:'=?+ .-66:)A+ A"&A+ 9&>+@#+-A='=F#?+ B:)+ 6-)=B=9&A=:>7+L:%#E#)*+ =A+

%&.+>:A+B:->?+A:+@#+>#9#..&)C+B:)+A"#+.9:6#+:B+A"=.+9"&6A#)7+

+

!"#$%$&'()&M#>#)&'+;#A":?.+ B:)+ A"#+.C>A"#.=.+:B+ )":?=-;+9:;6'#<#.+@C+&+@)=?J#+

.6'=AA=>J+)#&9A=:>1N7+

+

!"#$%$& '(*& M#>#)&'+ ;#A":?.+ B:)+ .C>A"#.=.+ :B+ =)=?=-;+ 9:;6'#<#.+ @C+ &+ @)=?J#+

.6'=AA=>J+)#&9A=:>1N7+

2 L
Toluene

1 h, rt
Rh

Cl
L CO

L

2 L
1 h, rt

Rh
Cl

L CH2Cl2

Rh
Cl

OC
C

C
Rh

O

O

Cl

CO
-CO

Rh
ClRh
Cl

2

2

L = 2.1 - 2.6

L = 2.1 - 2.4

Ir
Cl

Cl

L

CH2Cl2
2 L

2 L [IrCl(COD)]2
1 h, rt

Ir
Cl

LTHF

Ir
Cl Cl

Cl
Ir

Cl

2

2

L = 2.2, 2.4

L = 2.3
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+ 9:+ ;#:#)&'*+ <"#+ =">9?+ .@-&)#A6'&:&)+ BCD6'#E#.+ F="G'>GH?!/I+ %#)#+

.J:<"#.KL#M+NJ+MK..C'OK:;+ + F="G'>GH?/I/+ K:+ <C'-#:#+ PC''C%#M+NJ+ <"#+&MMK<KC:+CP+ <"#+

)#.6#B<KO#+ 'K;&:M+ K:+Q0ARST+ K.C'&<#M+JK#'M+&.+J#''C%+ <C+C)&:;#+ .C'KM.+ >"#$%&'()(?7+

U"#+#OC'-<KC:+CP+GH+;&.+P)CD+<"#+)#&B<KC:+DKE<-)#+%&.+-.-&''J+CN.#)O#M+NJ+N-NN'K:;+

&:M+ <"#+ BC'C)+ CP+ <"#+ )#&B<KC:+ DKE<-)#+ B"&:;#M+ P)CD+ C)&:;#+ <C+ J#''C%+ &'DC.<+

K:.<&:<&:#C-.'J7+U"#+)#&B<KC:+DKE<-)#+%&.+.<K))#M+&<+)CCD+<#D6#)&<-)#+PC)+1+"+&P<#)+

%"KB"+&+J#''C%+BC'C)#M+.C'KM+6)#BK6K<&<#M+K:+.CD#+B&.#.7+V'<#):&<KO#'J*+PC)+)&BA()*+*+

()*(*+ ()*,*+ <"#+ )#&B<KC:+ DKE<-)#+ %&.+ BC:B#:<)&<#M+ NJ+ .C'O#:<+ #O&6C)&<KC:+ -:M#)+

O&B--D+ &:M+ <"#:+ <"#+ BCD6'#E+%&.+ 6)#BK6K<&<#M+ NJ+ '&J#)K:;+%K<"+ MK#<"J'+ #<"#)+ C)+

6#:<&:#+&<+A1S+WG+CO#):K;"<7++

+ !KDK'&)'J*+BCD6'#E#.+CP+;#:#)&'+PC)D-'&+F=">GHX?G'>!?I+%#)#+CN<&K:#M+K:+//A

S2T+ K.C'&<#M+JK#'M+&.+&+J#''C%+.C'KM+6C%M#)+NJ+ )#&B<KC:+CP+ F="G'>GHX?I/+%K<"+ <"#+

'K;&:M.+ ()*Y()-+ >U&N'#+ ()(?7+ U"#+ BCD6'#E#.+ 9)G'/G6Z>!?+ %#)#+ CN<&K:#M+ K:+ S[T+

>()*.?+&:M+[QT+>()(+?+K.C'&<#M+JK#'M+&.+&:+C)&:;#+6C%M#)+NJ+)#&B<KC:+%K<"+'K;&:M.+

()(+&:M+()-+>U&N'#+()/?7++

+ U"#+BCD6'#E*+F9)G'>GHX?>()/?I+>()(*?+%&.+CN<&K:#M+K:+8RT+K.C'&<#M+JK#'M+&.+&+

J#''C%+.C'KM+PC''C%K:;+<"#+.&D#+6)CB#M-)#+D#:<KC:#M+&NCO#+PC)+F="G'>GHX?!I+-.K:;+

U\]+&.+<"#+.C'O#:<+>U&N'#+()/?7+^&)KC-.+&<<#D6<.+<C+.J:<"#.KL#+BCD6'#E#.+BC:<&K:K:;+

<"#+ 'K;&:M+ ()0*+ K7#7+ <"#+ <#<)&D#<"J'6K6#)KMK:#+ M#)KO&<KO#*+ P&K'#M+ <C+ JK#'M+ ="+ C)+ 9)+

BCD6'#E#.7+ H:'J+ 'K;&:M+ M#BCD6C.K<KC:+ 6)CM-B<.+ %#)#+ CN.#)O#M+ NJ+ D&..+

.6#B<)CD#<)J7+ 9+ "J6C<"#.KL#+ <"&<+ <"#+ PC-)+ D#<"J'+ ;)C-6.+ :#E<+ <C+ <"#+ :K<)C;#:+

;#:#)&<#.+ "K;"+ .<#)KB+ BC:;#.<KC:+ &)C-:M+ <"#+ BCC)MK:&<K:;+ 6"C.6"C)-.+ B#:<#)*+
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9:"9;9<9:=+ >??)@9:&<9?:7+ A"#+ >?))#.6?:@9:=+ >?B6'#C+ DE)F'GFHIJG!"#JK+ "&.+ ;##:+

6)#L9?-.'M+.M:<"#.9N#@+9:+?-)+'&;?)&<?)M17++

+ O&)9?-.+ )#>)M.<&''9N&<9?:+ &<<#B6<.+ <?+ 6-)9PM+ .?B#+ ?P+ <"#+ >?B6'#C#.+ '#&@+ <?+

'9=&:@+ @#>?B6?.9<9?:7+ QB9:#+ "M@)?>"'?)9@#.+ %#)#+ @#<#><#@+ 9:+ .?B#+ >&.#.+

G>?:P9)B#@+;M+RS)&M+ >)M.<&''?=)&6"M+ &:@+B&..+ .6#><)?B#<)MJ+ <"&<+ &66#&)#@+ <?+ ;#+

"M@)?'M.9.+6)?@-><.+?P+<"#+,ST+;?:@.+?P+<"#+'9=&:@.7++

$%&'()!"!)E.?'&<#@+M9#'@.+?P+<"#+)"?@9-B+>?B6'#C#.+

) ) ) )

*+,'-,./-0/!) ) ) *+,'-,.1/0) ) )

,234'(5) 067%89)

:;2'%<(9)

=6('9)

->/)

,234'(5) 067%89)

:;2'%<(9)

=6('9)

->/)

!"?) !"@) UV+ !"@A) !"@) V2+

!"@B) !"!) UU+ !"@C) !"!) //+

!"@@) !"D) WV+ !"@#) !"D) UW+

!"@!) !"E) X2+ !"@F) !"E) Y1+

!"@D) !"A) X2+ ) ) )

!"@E) !"C) W0+ ) ) )

Rh
Cl

L
CO

L
2.9-2.14

Rh
Cl

L

2.15-2.18
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!"#$%&'()&9.:'&;#<+=>#'<.+:?+;"#+>)><>-@+A:@6'#B#.+

&& & &

*+,$',-./01& & & *+,$/,2310& & &

,45-$%6& 078"9:&

*;4$"<%:&

=7%$:&

/>1&

,45-$%6& 078"9:&

*;4$"<%:&

=7%$:&

/>1&

'(?@& '('& CD+ '('?& '()& EF+

'('A& '(B& DG+ & & &

&

'(B(?&,C"+"D<%+7E"<749&4F&<C%&D45-$%6%;&"9:&;-%D<+4;D4-7D&7:%9<7F7D"<749G&&

+ H"#+I#%+@#;&'+A:@6'#B#.+%#)#+&I&'=J#<+K=+@-';>I-A'#&)+L4M+N1O*+12PQ1OR*+

21,Q1ORS*+ 9M*+@&..+ .6#A;):@#;)=+ N>IA'-<>IT+OM4!S+&I<+#'#@#I;&'+ &I&'=.>.7+U''+VUW+

NLWU+@&;)>BS+@&..+ .6#A;)&+ .":%#<+ ;"#+ A:))#.6:I<>IT+@:'#A-'&)+ >:I+ 6#&(.+ &I<+ &+

<>&TI:.;>A+?)&T@#I;&;>:I+6&;;#)I+<-#+;:+':..+:?+P'+&I<X:)+PY+'>T&I<+%&.+:K.#)Z#<7+

'(B(?(?&H9"$I;7;&4F&*9F+"+%:&;-%D<+J5&/*K1&;<+%<DC798&F+%LJ%9D7%;G&

& &9I?)&)#<+.6#A;):.A:6=+:?+PY+A:@6'#B#.+>.+&I+>@6:);&I;+<>&TI:.;>A+;::'+&.+;"#+

.;)#;A">IT+?)#[-#IA>#.+:?+;"#+PY+'>T&I<+&66#&).+&;+1800\/100+A@\1*+&+)#T>:I+;"&;+>.+

-.-&''=+?)##+:?+:;"#)+'>T&I<+.;)#;A">IT+?)#[-#IA>#.207+H"#+>I;#I.>;=+:?+;"#+Z>K)&;>:I+>.+

-.-&''=+ ">T"+ <-#+ ;:+ ">T"+ 6:'&)>;=+ :?+ ;"#+ PY+ -I>;7+ L:;+ :I'=+ <:#.+ ;"#+ PY+ .;)#;A">IT+

Ir
Cl

Cl

L

2.19-2.20

Ir
Cl

L

2.21
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9)#:-#;<=+>?@#+?;9A)B&C?A;+&DA-C+<AA)E?;&C?A;+A9+'?>&;E+CA+C"#+B#C&'*+D-C+&'.A+"#'6.+

?;+ ?E#;C?9=?;>+ C"#+ ;-BD#)+ &.+ %#''+ &.+ C"#+ 6A.?C?A;+ A9+ FG+ '?>&;E.+ ?;+ C"#+ B#C&'*+ ?7#7+

%"#C"#)+C"#+FG+?.+C#)B?;&'+A)+D)?E>?;>217+H#+C"A->"C+CA+C&(#+&E@&;C&>#+A9+C"?.+9&<C+

?;+<"&)&<C#)?I?;>+A-)+<AB6'#J#.7+K"#+L"+M%"?<"+?.+B&>;#C?<&''=+&<C?@#*+&.+#J6'&?;#E+

D#'A%N+ <&)DA;='+B#C&'+6)#<-).A)+ OL"F'MFGN/P/+ ?.+E?B#)?<*+%"?<"+B#&;.+A;#+A9+ C"#+

<&)DA;='+ '?>&;E.+ D)?E>#.+ C"#+ C%A+ B#C&'+ <#;C#).*+ %"#)#&.+ C"#+ AC"#)+ <&)DA;='+ ?.+

C#)B?;&'7+K"?.+>?@#+)?.#+CA+C%A+.?>;&'.+ ?;+C"#+QL+.6#<C)-B+&C+&)A-;E+/00R+<BS1+&;E+

1RTU+ <BS1*+ DAC"+ A9+ %"?<"+ ."A%+ &+ <"&)&<C#)?.C?<+ 6&CC#);+ E-#+ CA+ .=BB#C)?<+ &;E+

&.=BB#C)?<+ .C)#C<"#.2/7+ 36A;+ <AA)E?;&C?A;+ A9+ C"#+ '?>&;E*+ C"?.+ 6&CC#);+ ."A-'E+ D#+

E#.C)A=#E+&.+A;#+A9+C"#+FG+'?>&;E.+?.+#'?B?;&C#E+&;E+?.+)#6'&<#E+D=+C%A+BA'#<-'#.+A9+

C"#+?;<AB?;>+'?>&;E*+D)#&(?;>+C"#+E?B#)?<+;&C-)#+A9+C"#+6)#<-).A)7+K"?.+6)A@?E#.+&;+

#&.=+CAA'+CA+?E#;C?9=+C"#+6)A>)#..+A9+C"#+)#&<C?A;7+Q;+C"#+6)AE-<C*+A;'=+A;#+FG+'?>&;E+

?.+ '#9C*+ &'A;>S%?C"+ C%A+ E?C"?&6"A.6"A'&;#+ '?>&;E.+ &;E+ A;#+ F'+ '?>&;E7+ K"-.*+ C"#+

6)AE-<C+ ."A%.+ A;'=+ A;#+ ."&)6+ 6#&(+ 9A)+ &+ .?;>'#+ FG+ '?>&;E+ ?;+ C"#+ QL+ .6#<C)-B7+

V-)C"#)BA)#*+?C+"&.+D##;+."A%;+C"&C+C"#+."?9C+?;+C"#+<&)DA;='+.C)#C<"?;>+9)#:-#;<=*+

%"?<"+ )#9'#<C.+ C"#+ #JC#;C+ A9+ C"#+ 6A'&)?I&C?A;+ A9+ C"#+ FG+ '?>&;E*+ E#6#;E.+ A;+ C"#+

D&<(DA;E?;>+A9+#'#<C)A;+E#;.?C=+9)AB+C"#+B#C&'+CA+C"#+!W+&;C?DA;E?;>+A)D?C&'+A9+C"#+

FG+'?>&;E*+%"?<"+?;+C-);+E#6#;E.+A;+C"#+#'#<C)A;+EA;&C?;>+<&6&D?'?C?#.+A9+C"#+AC"#)+

'?>&;E.+ ?;+ C"#+ <AB6'#J207+ 4A)#+ D&.?<+ '?>&;E.+ ?;<)#&.#+ C"#+ #'#<C)A;+ E#;.?C=+ &C+ C"#+

B#C&'+<#;C#)*+ 'A%#)?;>+ C"#+!W+&;C?DA;E?;>+A)D?C&'+A9+ C"#+FG+ '?>&;E207+X'#<C)A;+)?<"+

'?>&;E.+B&(#+ C"#+B#C&'+BA)#+ 6?SD&.?<*+%"?<"+B#&;.+BA)#+ D&<(DA;E?;>+ CA+ C"#+ FG+

'?>&;E7+ K"?.+ D&<(DA;E?;>+%#&(#;.+ C"#+ F"G+ DA;E*+%"?<"+ 'A%#).+ C"#+ FG+ .C)#C<"?;>+

9)#:-#;<?#.*+C"&C+?.*+?C+'A%#).+C"#+%&@#+;-BD#).+A9+&D.A)6C?A;+9A)+C"#+FG+'?>&;E7+
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+ 9::;)<=>?'@*+%#+;A.#)B#<+C;)+;-)+:;D6'#E#.+!"#$+&><+!"#%+!FGH+C)#I-#>:=#.+

&J+/01K+:DL1+&><+/010+:DL1*+)#.6#:J=B#'@*+%"#>+.J&><&)<+6";.6";)&D=<=J#+ '=?&><.+

!"&+ &><+ !"'+ %#)#+ -.#<*+ &.+ :;D6&)#<+ J;+ /020+ :DL1+ &><+ /018+ :DL1+ =>+ J"#+ D#J&'+

6)#:-).;)*+MN"F'OFHP/Q/+OR&A'#+!"%P7+R"#+:;D6'#E#.+!"##(&><+!"#!)+%"#)#+J"#+.;CJ#)+

.-'C-)+:#>J#).+=>+J"#+'=?&><+!"$+&)#+)#6'&:#<+A@+"&)<#)+;E@?#>+:#>J#).+=>+J"#+'=?&><+

!"%*+&'';%#<+C;)+&+<=)#:J+:;D6&)=.;>+;C+J"#+#'#:J);>L<;>&J=>?+&A='=J@+;C+J"#+'=?&><.7+

5;%#)+ #'#:J);>#?&J=B=J@+ &><+ "=?"#)+ 6;'&)=S&A='=J@+ ;C+ J"#+ .-'C-)+ D&@+ =>:)#&.#+ J"#+

#'#:J);>+ <#>.=J@+ &J+ J"#+ D#J&'+ :#>J#)+ &><+ &::;)<=>?'@*+ %#+ ;A.#)B#<+ J"#+ !FGH+

C)#I-#>:@+C;)+J"#+:;D6'#E+!"##+J;+A#+&J+18K/+:DL1*+&A;-J+11+:DL1+';%#)+J"&>+J"&J+C;)+

!"#!*+%"=:"+%&.+;A.#)B#<+&J+18T2+:DL17+9'.;*+J"#+!FGH+C)#I-#>:=#.+C;)+!"*(&><+!"#++

%#)#+ ;A.#)B#<+ &J+ 18T0+ :DL1+ &><+ 18T2+ :DL1+ )#.6#:J=B#'@*+ ';%#)+ J"&>+ J"&J+ C;)+ J"#+

U.J&><&)<V+ 6";.6";)&D=<=J#+ !"#$( &><+ !"#%+ OR&A'#+ !"%P7+ W>+ J"#+ :;D6'#E*+ !"#$%L

MN"F'OFHPX,OH,"P2Y/Q+ %=J"+ J")##+ ;E@?#>+ &J;D.+ &JJ&:"#<+ J;+ 6";.6";)-.+ &J;D*+ &+

"=?"#)+!FGH+.J)#J:"=>?+C)#I-#>:@+%&.+;A.#)B#<+O188T+:DL1P22+J"&>+C;)+:;D6'#E+!"#!+

%=J"+ J%;+ ;E@?#>+ &><+ ;>#+ >=J);?#>+ &J;D+ O18T2+ :DL1P+ OR&A'#+ !"%P7+ F;D6'#E+ !"##+

%"#)#+ J%;+ .-'C-)+ &J;D.+ &><+ ;>#+ >=J);?#>+ &J;D+ &)#+ )#.=<=>?+ ;>+ :;;)<=>&J=>?+

6";.6";)-.+ &J;D+ .";%.+!FGH+ + &J+ 18K/+ :DL17+H>+ J"#+ ;J"#)+ "&><+ MN"F'OFHPO,,"2P/Q(

.";%.+ &+ !FGH+ .=?>&'+ &J+ 18Z0+ :DL1+ &J+ ';%#)+ #>#)?@+ <-#+ J;+ J"#+ D;)#+ A&.=:+ ,,"2+

:;D6&)#<+J;+,OH,"P27+R"-.+J"#+>#%+!L&>&';?-#.+&)#+D;)#+A&.=:+J"&>+,OH6"P2+'=?&><+

A-J+ '#..+ A&.=:+ J"&>+ ,,"2+ A@+ :;D6&)=.;>+ ;C+ J"#=)+ !FGH+ .J)#J:"=>?+ C)#I-#>:@+ B&'-#.+

O[=?7+!"%P7(
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!"#$%&'()&9:+.;)#;<"=>?+@)#A-#><=#.+B@+;"#+<BC6'#D#.+&>E+;"#+'=?&>E.1F7+

5=?&>E+
GBC6'#D+

H:"G'IGJK*/L+

!GMJ+!;)#;<"=>?+@)#A-#><N+

I<CO1KI>#&;K+

'(+& '(,& 1PF0+

'('& '(+-& 1PF2+

'(.& '(++& 1PQ/+

'()& '(+'& 1PF2+I/002&K+

'(/& '(+.& /01Q+I/011&K+

'(0& '(+)& /010+

123456.& 7859$2936:123456.;'<& 1PPF+I/01R&K+

115.& 7859$29362115.6'<& 1PR0+I1PF0&K+

&+!GMJ++=>+GS/G'/+.B'-;=B>+I.B'-;=B>+9:K+

'()(+('&.+1:+=;&>?8&@5"A"@B%ACD"BCEFG+

+ T"#+ <BB)E=>&;=B>+ B@+ ;"#+ &C=>BOE=;"=&6"B.6"B'&>#.+ '(+O'()+ ;B+ ;"#+ <#>;)&'+

C#;&'+&;BC+%&.+U#.;+BU.#)V#E+UN+&+."=@;+B@+;"#+21,W1SX+.=?>&'.+;B+'B%#)+@=#'E+=>+;"#+

.6#<;)&+B@+;"#+<B))#.6B>E=>?+C#;&'+<BC6'#D#.7+9>+?#>#)&'*+<"&>?#.+=>+<"#C=<&'+."=@;+

V&'-#.+%#)#+BU.#)V#E+U#;%##>+1O2072+66C+@B)+;"#+@)##+V.+<BB)E=>&;#E+'=?&>E.7+T"#+

@)##+ &C=>BOE=;"=&6"B.6"B'&>#.+'(+*+'('*+'(.&&>E& '(H+ ."B%#E+ 21,W1SX+Y4:+ .=?>&'.+

U#;%##>+10/70+ &>E+ 1227/+ 66C7+ T"#+ <B))#.6B>E=>?+:"+ <BC6'#D#.+ B@+ ;"#.#+ '=?&>E.+

&66#&)#E+;B+)#.B>&;#+U#;%##>+1/172+&>E+12P71+66C7+T"#+:"+<BC6'#D#.+=>+!<"#C#+

'()+."B%#E+21,W1SX+Y4:+.=?>&'.+U#;%##>+1/Q72+&>E+1887Z+66C+IT&U'#+'(/K7+

+
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+

!9:&.#;+'<=&>;.! ! ?9:&.#;+'<=&>;.!

+,,"2+&.+'<=&>;+@A"#+BC.A+:&.<D+'<=&>;+<>+A"#+.#)<#.E+

"#$%!&%'!FCB6&)<.C>+CG+A"#+HI+.A)#AD"<>=+G)#J-#>D<#.+GC)+DCB6'#K#.+&%(+AC+&%)'7+

!

H>+ DC>A)&.A*+ A"#+ ."<GA.+ GC)+ A"#+ 21,L1MN+ O4I+ .<=>&'.+ CG+ A"#+ H)@HHHE+ DCB6'#K#.+

."<GA#;+ AC+ "<="#)+ G<#';*+ &>;+%<A"+ DCB6'#K#.+&%)(+ AC+&%&)+ )#.C>&A<>=+ G)CB+ P07Q+ AC+

10R7S+ 66B+ @T&:'#+ &%*E7+ T"#+ G)##+ &B<>C9;<A"<&6"C.6"C'&>#.+ &%'+ &>;+ &%&+ ."C%#;+

21,L1MN9O4I+ D"#B<D&'+ ."<GA.+ &A+ 12P7R+ 66B+ &>;+ 10/70+ 66B*+ %"#)#&.+ A"#+

DC))#.6C>;<>=+H)F'/F6U@+E+DCB6'#K#.+&%&,+&>;+&%)(!."C%#;+21,L1MN+D"#B<D&'+."<GA+

&A+QP7S+66B+&>;+P07Q+66B*+)#.6#DA<V#'W+@T&:'#+&%*E7+T"<.+."C%.+A"&A+A"#+D"&>=#.+CG+

A"#+21,L1MN+D"#B<D&'+."<GA.+D&>+:#+&+=CC;+ACC'+AC+6)CV#+A"#+DCC);<>&A<C>+CG+A"#+'<=&>;+

AC+A"#+B#A&'+D#>A#)7+MC%#V#)*+<>+C);#)+AC+#.A&:'<."+A)#>;.+<>+'<=&>;+:&.<D<AW*+&>;*+AC+&+

D#)A&<>+#KA#>A*+A"#+=#CB#A)W+&A+A"#+B#A&'+D#>A#)*+&+BC)#+;#A&<'#;+&>&'W.<.+<.+>##;#;7+
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9"#+102:"+;#<&'+=.+;&>?#<=@&''A+&@<=B#+%=<"+&+?-@'#&)+.6=?+?-;C#)+DE+F7+9"=.+

&''D%.+ED)+102:"+<D+C#+=?B#.<=>&<#G+CA+?-@'#&)+;&>?#<=@+)#.D?&?@#.+HI4:J+&?G+=<+@&?+

@D-6'#+ %=<"+ D<"#)+ ;&>?#<=@&''A+ &@<=B#+ ?-@'#=7+ 9"#+ 102:"+ &C-?G&?@#+ =?+ ?&<-)#+ =.+

100K+ &?G+ <"-.*+ =?+ ."D)<*+ :"+ @&?+ C#"&B#+ '=(#+ &+ 6)D<D?+ =?+ 1L+ I4:*+ %=<"+ .=;='&)+

.6'=<<=?>+6&<<#)?.+&?G*+ <"-.*+&+,+&<D;+%=''+>=B#+&+GD-C'#<+ =E+ =<+ =.+&<<&@"#G+ <D+ <"#+:"+

@#?<#)7+ M@@D)G=?>'A*+ 1!:"N,+ @D-6'=?>+ @D?.<&?<.+ @&?+ C#+ DC.#)B#G+ =?+ <"#+ 21,O1LP+I4:+

.6#@<)&7+9"-.*+Q+=?B#.<=>&<#G+<"#+1!:"N,+@D-6'=?>+@D?.<&?<.7+9"#+#R&@<+?&<-)#+&.+<D+"D%+

<"#+ 6"D.6"D)-.+ &<D;+ @D-6'#.+%=<"+ :"+ =.+ @D;6'=@&<#GS+ "D%#B#)*+ =?+ >#?#)&'*+ =<+ "&.+

C##?+ DC.#)B#G+ ED)+ ;&?A+ HC&.=@J+ 6"D.6"D)-.+ '=>&?G.+ H#7>7+ ,,"2*+ ,HTJ,"2*+ ,4#2*+

,HT4#J2J+ <"&<+ <"#+ ;D)#+ #'#@<)D?+ GD?&<=?>+ <"#+ '=>&?G*+ <"#+ .;&''#)+ =.+ <"#+ 1!:"N,+

@D-6'=?>+@D?.<&?<287+9"=.+6"#?D;#?D?+%&.+DC.#)B#G+=?+D-)+@D;6'#R#.+&.+%#''7+9"#+

@D-6'=?>+@D?.<&?<.+1!:"N,+%#)#+=?+<"#+)&?>#+DE+1U1N1VV+LW+ED)+<"#+?#%+.X-&)#+6'&?&)+

:"+@D;6'#R#.+DE+<"#+@D;6D.=<=D?+"#$%&NY:"Z'HZTJH!J/[+D)+Y:"Z'HZT\JH!J[/]*/V7+

!=?@#+ G=<"=&6"D.6"D'&?#+ '=>&?G.+ &)#+ <"#+ !NG#)=B&<=B#.+ DE+ 6"D.6"D)&;=G=<#+

'=>&?G.*+%#+&..-;#G+ <"&<+ <"#+?#%+G=<"=&6"D.6"D'&?#.+&)#+;D)#+#'#@<)D?NGD?&<=?>+

<"&?+ <"#=)+DRA>#?+@D-?<#)6&)<7+LD%#B#)*+ <"#+ 1!:"N,+ @D-6'=?>+ @D?.<&?<.+&'.D+G#6#?G+

D?+ .<#)=@+ E&@<D).*+ DE<#?+;&(=?>+ =<+ G=EE=@-'<+ <D+ #.<&C'=."+ &+ @'#&)+ <)#?G2^7+ Q<+ "&.+ C##?+

."D%?+ <"&<+ <"#+ 1!:"N,+ @D-6'=?>+ @D?.<&?<.+ =?+ @D;6'#R#.+ DE+ <"#+ ED);-'&*+ "#$%&N

Y:"Z'HZTJH,M)2J/[+G#@)#&.#+%=<"+;D)#+#'#@<)D?NGD?&<=?>+ '=>&?G.*+,M)2287+!=;='&)'A*+

=<+"&.+C##?+."D%?+<"&<+1!M>N,+@D-6'=?>+@D?.<&?<.+ =?+.='B#)+@D;6'#R#.+DE+ <"#+ ED);-'&+

YM>H,_2J2[`+ G#6#?G+ D?+ <"#+ #'#@<)D?#>&<=B=<A+ DE+ <"#+ &<D;+ G=)#@<'A+ CD?G#G+ <D+ <"#+

6"D.6"D)-./07+aD)+#R&;6'#*+ <"#+@D-6'=?>+@D?.<&?<.+ ED)+<"#+,:2*+%"#)#+:+=.+&'(A'*+ =.+
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9:-;<+ =:+>#+ ':%#)+ ="&;+ ="&=+ 9:)+,?@4#/A2+ ="&;+ ="&=+ 9:)+,?BCA2+ D7#7+%"#;+EF+PR3 < 

P(NMe2)3 < P(OR)3 in [Ag(PX3)3]+7++

!"#$%&'()+5D.=+:9+21,G1HI+J"#KDJ&'+."D9=.+9:)+9)##+&;<+K#=&'+J::)<D;&=#<+'DL&;<.7+

5DL&;<+

21,G1HI+M"#KDJ&'+

."D9=+:9+="#+9)##+

'DL&;<+?66KA+

4#=&'+J:K6'#N+

21,G1HI+M"#KDJ&'+."D9=+

:9+="#+K#=&'+J:K6'#N+

?66KA+

'(*& 10O7O+ '(+& 12/7P+

'('& 10/70+ '(*,& 1/17Q*+1/172+

'(-& 1227/+ '(**& 12/70+

'(.& 12R7O+ '(*'& 11/7R+

'()& 18P78+ '(*-& 18/71+

'(/& 18R78+ '(*.& 1887P+

'(*& 10O7O+ '(*)& 12R71+

'('& 10/70+ '(*/& 1/S72+

'(-& 1227/+ '(*0& 12271+

'(.& 12R7O+ '(*1& 11/7R+

'('& 10/70+ '(*+& R07S+

'(.& 12R7O+ '(',& SR7P+

'(-& 1227/+ '('*& 10O7P+

234256-& 12O70+ C"?MBAG,?B,"A2I/M'+ 1127R+

225-& TQ+ C"?MBAG,?B,"A2I/M'+ /R7P+

&

+
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+ 9:+ 6'&;<:-=+ >?=6'#@#.+ ?A+ ;"#+ A?)=-'&+ B,;CDE2FC,GHIFJ<6"?.K
L
*+ ;"#+

1!,;H,+

>?-6'<:M+>?:.;&:;.+J#>)#&.#+%<;"+;"#+<:>)#&.<:M+#'#>;)?:HJ?:&;<:M+>"&)&>;#)+?A+I+<:+

;"#+6&)&+6?.<;<?:+<:+;"#+6G)<J<:#+'<M&:J+<7#7+N4#/+O+4#+O+E+O+DP4#+O+DN
2Q
7+

D?))#.6?:J<:M'G*+ <:+?-)+>?=6'#@#.+%#+&'.?+?R.#)S#J+;"&;+;"#+
1!T"H,+>?-6'<:M+

>?:.;&:;.+A?)+6"?.6"?)&=<J?J<;"<?<;#.+'<M&:J.+&)#+2UH8Q+EV+'?%#)+;"&:+;"&;+?A+;"#+

>?))#.6?:J<:M+ 6"?.6"?)&=<J<;#+ '<M&:J.+ C!"#$%& '()F7+ W<)#>;+ #S<J#:>#+ >&:+ R#+

?R.#)S#J+A?)+;"#+>?=6'#@#.+'(**&CR#&)<:M+;"#+;"<?H'<M&:J+'(+F+&:J+'(*'+CR#&)<:M+;"#+

?@?H'<M&:J+'(,F*+ %"#)#+ ;"#+ >?-6'<:M+ >?:.;&:;+ ?A+'(**+ <.+ XX+EV+ '?%#)+ ;"&:+ ;"&;+ ?A+

'(*'+CY&R'#+'()F7+Z:?;"#)+#S<J#:>#+A?)+;"#+R&.<><;G+?A+;"#+;"<?H&:&'?M.+>&:+R#+.##:+

A)?=+;"#+>?=6'#@#.+'(*-&CR#&)<:M+ ;"#+ ;"<?H'<M&:J+'(+F+&:J+'(*.+ CR#&)<:M+ ;"#+?@?H

'<M&:J+'(,F*+%"#)#+ ;"#+ >?-6'<:M+ >?:.;&:;+?A+'(*-+ <.+8Q+EV+ '?%#)+ ;"&:+ ;"&;+?A+'(*.+

CY&R'#+'()F7+ Y"<.+ >'#&)'G+ ."?%.+ ;"&;+ ?-)+ :#%+J<;"<&6"?.6"?'&:#+ '<M&:J.+ &)#+=?)#+

#'#>;)?:HJ?:&;<:M+ ;"&:+ ;"#+ >?))#.6?:J<:M+ 6"?.6"?)&=<J<;#+ '<M&:J.7+ [#+ &'.?+

>?=6&)#J+ ;"#+ %<J#'G+ -.#J+ 6"?.6"?)&=<J<;#+ '<M&:J.+ '(/& &:J+ '()+ <:+ ;"#+ T"+

>?=6'#@#.+'(*++&:J+'(*,7+E#)#*+%#+?R.#)S#J+;"&;+ ;"#+1!T"H,+>?-6'<:M+>?:.;&:;.+&)#+

1\\+EV+&:J+1\Q+EV*+)#.6#>;<S#'G7+Y"#+'<M&:J.+'(*0'(++C&''+&)#+;"<?H'<M&:J.F+."?%#J+

>?-6'<:M+ >?:.;&:;+ R#;%##:+ 1Q1+ &:J+ 1QQ+EV+ A?)+ ;"#+ >?=6'#@#.+ ?A+ M#:#)&'+ A?)=-'&+

BT"D'/CDPF1K+&:J+1\8H1\X+EV+A?)+>?=6'#@#.+?A+;"#+M#:#)&'+A?)=-'&+BT"D'CDPWF1K7+9:+

;"<.+.#)<#.*+%#+&'.?+>?=6&)#J+;"#+
1!T"H,+>?-6'<:M+>?:.;&:;.+?A+BT"D'CDPF],CP,"F2^/K+

C/10+EVF+ &:J+ BT"CDPFD'C,,"2F/K+ C1/\+EVF
28*2X

7+ Y"<.+ 6'&>#.+ ;"#+R&.<><;G+ ?A+ ?-)+:#%+

J<;"<&6"?.6"?'&:#+ '<M&:J.+ .?=#%"#)#+ <:+ ;"#+ =<JJ'#7+ Y"#G+ &)#+ =?)#+ R&.<>+ ;"&:+

6"?.6"?)&=<J<;#.+&:J+6"?.6"<;#.+R-;+'#..+R&.<>+;"&:+,,"2+C_<M7+'(/F7++

&
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!"#$%&'()&1!:";,+<=-6'>?@+<=?.A&?A.+B=)+A"#+<=C6'#D#.+'(*+;+'(+,+

-./"01& 2345$%6& +!789:&;<=>&
'(+& '(*& 1E1+
'('& '(+?& 1E8+
'(@& '(++& 1EE+
'(A& '(+'& /82+
'(B& '(+@& 1FF+
'()& '(+A& 1FE+
'(+& '(+B& 1F8+
'('& '(+)& 1F8+
'(@& '(+C& 1FG+
'(A& '(+,& /82+

:;D:8>@& 78;2D>E:;D:8>@F'2$& /102G+
::8@& 78;2D>E::8@F'2$& 1/F28+

&

&

+ +

G./(&'(B&H)&6"+=B+:";,+<=-6'>?@+<=?.A&?A.+>?+:"+<=C6'#D#.7+

+!-'B-)+I&.#J+'>@&?J.+ +KDL@#?+I&.#J+'>@&?J.+

,,"2+&.+'>@&?J+MA"#+C=.A+I&.><+'>@&?J+>?+A"#+.#)>#.N+

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

$ :;+ <"=.+ >"&6<#)*+ .<#)=>&''?+ &;@+ #'#><)A;=>&''?+ BA@=C=#@+ &B=;AD

@=<"=&6"A.6"A'&;#+'=E&;@.+"&F#+G##;+.->>#..C-''?+#B6'A?#@+=;+<"#+.?;<"#.=.+AC+<"#=)+

)#.6#><=F#+ :)+ &;@+ H"+ >AB6'#I#.7+ J"#+ '=E&;@.+ &)#+ =;+ E#;#)&'+ "?@)A'?.=.+ '&G='#*+

"A%#F#)*+ >&)#C-'+ #'#><)A;=>+ &;@+ .<#)=>+ BA@=C=>&<=A;.+ &)A-;@+ <"#+ >AA)@=;&<=;E+

6"A.6"A)-.+ &<AB+ >&;+ E#;#)&<#+ .-CC=>=#;<'?+ .<&G'#+ '=E&;@.+ <A+ &;&'?K#+ <"#=)+

.6#><)A.>A6=>+@&<&7+J"#+&;&'?.=.+AC+L4H+&;@+:H+.6#><)A.>A6=>+@&<&+>'#&)'?+."A%#@+

<"&<+<"#+#I>"&;E#+AC+<"#+AI?E#;+&<AB+=;+<"#+6"A.6"A)&B=@=<#+'=E&;@+G?+.-'C-)+"&.+&+

6)ACA-;@+ #CC#><+ A;+ <"#+ .6#><)A.>A6=>+ 6)A6#)<=#.+ AC+ <"#+ '=E&;@+ &;@+ <"#=)+ B#<&'+

>AB6'#I#.7+ :H+ @&<&+ =;+ >A;$-;><=A;+ %=<"+ 1!H"D,+ >A-6'=;E+ >A;.<&;<+ .-EE#.<.+ <"&<+ <"#+

<"=AD@#)=F&<=F#.+ &)#+ BA)#+ #'#><)A;+ @A;&<=;E+ <"&;+ <"#=)+ 6"A.6"A)&B=@=<#+

>A-;<#)6&)<.7+J"-.*+=;>A)6A)&<=;E+.-'C-)+=;+6'&>#+AC+AI?E#;+=.+&;A<"#)+%&?+AC+<-;=;E+

<"#+ '=E&;@+ CA)+ =<.+ #'#><)A;+@A;&<=;E+&G='=<?*+%"=>"+ >&;+G#+-.#C-'+ =;+B#<&'D>&<&'?K#@+

)#&><=A;.+ -<='=K=;E+ <"#+ 6"A.6"A)-.DG&.#@+ '=E&;@.7+ J"#+ C-)<"#)+ -.#+ AC+ <"#+ B#<&'+

>AB6'#I#.+ AC+ <"#+ ;#%+@=<"=&6"A.6"A'&;#+ '=E&;@.+ &.+ >&<&'?.<+ =;+ ;A;D6)A<=>+ .A'F#;<+

>&;+G#+@A;#+=;+C-<-)#7+
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!"#$%&'()*+(,-./$0(1-*2,$

3(,()./$

:"#;<=&'.+%#)#+>)#&>#?+&.+@A''A%.B+:C/:'/*+6#D>&D#.*+?<.><''#?+@)A;+:&C/E+FCG*+

>A'-#D#*+ ?<#>"H'+ #>"#)+ IJ>/KL*+ ?<.><''#?+ @)A;+ M&NO#DPA6"#DAD#7+ F"#+ @A''A%<DQ+

="#;<=&'.+ %#)#+ 6-)="&.#?+ @)A;+ !<Q;&RS'?)<="+ &D?+ %#)#+ -.#?+ &.+ )#=#<T#?B+

,"A.6"A)-.+ >)<="'A)<?#*+ >)<#>"H'&;<D#*+ ?<O#DPH'&;<D#*+ 1*/R#>"&D#?<>"<A'*+

=H='A"#U&D#R1*/R?<>"<A'*+ 8R;#>"AUH>"<A6"#DA'*+ /*/*V*VR>#>)&;#>"H'6<6#)<?<D#*+ 8R

;#>"AUH6"#DA'7+ F"#+ ;#>&'+ =A;6'#U#.+ WX":'I:KL/Y/+ &D?+ W4:'I:KZLY/+ I4[\)*+ X"E+

!>)#;L+%#)#+-.#?+ &.+ )#=#<T#?7+F"#+ '<Q&D?.+!"42]$&D?+!"#2^+ &.+%#''+ &.+ W\):'/:6_Y//`+

%#)#+.HD>"#.<P#?+&==A)?<DQ+>A+>"#+'<>#)&>-)#7+F"#+'<Q&D?+!"5*$!"!*+!"6+%#)#+6)AT<?#?+

OH+!#?<D(<D1]7$M4X+.6#=>)&+%#)#+AO>&<D#?+&>+)AA;+>#;6#)&>-)#+AD+&+a)-(#)+ST&D=#+

A)+&+b&)<&D+3D<>H+,'-.+<D.>)-;#D>+I1CB+200712+4CPE+12:B+9`7`+4CPE+21,B+1/17`+4CP*+

)#@#)#D=#?+ >A+ #U>#)D&'+ C2,K8L+ &D?+ )#@#)#D=#?+ >A+ &+ )#.<?-&'+ .A'T#D>+ .<QD&'E+ &''+

&..<QD;#D>.+ &)#+ >#D>&><T#7+ JU&=>+;&..#.+%#)#+ AO>&<D#?+ AD+ &+ cJK5+4!>&><AD+ Wc4!R

900Y+ 4&..+ !6#=>)A;#>#)7+ 4#'><DQ+ 6A<D>.+ &)#+ -D=A))#=>#?+ &D?+ %#)#+ >&(#D+ AD+ &D+

J'#=>)A>"#);&'+^100+<D.>)-;#D>7+\X+.6#=>)&+%#)#+)#=A)?#?+AD+&+F"#);A+M<=A'#>+2V0+

GFR\X+.6#=>)A;#>#)7+J'#;#D>&'+SD&'H.#.+%#)#+6#)@A);#?+OH+S>'&D><=+4<=)A'&O+\D=7*+
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E7V7B7+ TPPO#).*+ I7E7?7+ I#C^#)=D(e*+ E7A7+ ^#+ S)=#.*+!/D&' 1@"-)&' (?-?8&*+!""**+ 5CG*+

20[7+

9+:&<+E7V7+Z&.(&@Pd*+!7+!6=#..*+>7+AC&JJ*+Q7+T)a^C#)*+B7+ZPJ=CO#)*+A7+I#'JD"#C*+()$*&'

.7>&'0&*+!"'"*+4H*+MM017+

:;<+f7F57+Y-*+?7FT7+5=-*+57FY7+U&=*+!7F57+XP-*+0&'A>#&'()$*&*+!"'"*+<G*+KM187+

:D<+!7+!6=#..*+E7V7+Z&.(&@Pd*+>7+AC&JJ*+Q7+T)a^C#)*+A7+I#'JD"#C*+()$*&'.7>&'0&*+!""%*$
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!"*+1109:7+

;<=+>7?7+@&'ABC'&*+?7+?'#D&(B.*+#$%&'()*+'(,'*+!""#*+!-*+1081E7+

;#=+ !7+ !"#(&)*+ F7+ G)&HIC%*+ ?7+ 5#BIH#)*+ J7@7+ K&)I%BL*+ ,'( .&'( #$%&'( /01'*+!""$*+ !23*+

11::07+

;M=+?7+?'#D&(B.*+N7+?'O)C%*+P7+FB.%&.*+47+<Q?-L-.IBH*+R7+,)B#ICO*+!7+SCC<%&)<*+#$%&'(

#0&&*4'*+!""%*+/9T27+

10+ ;&=+ U7+ VCI"#HO#)L*+ !7>7+ >)-W*+ U7,7@7+ N&H+ !I)B$<CHA(*+ K7J7>7+ KC#M.'CCI*+ .56'( /748$'((((((

#989:'*+!""&*+;-<*+T8:7+

;O=+V7+XYOC.*+?7J7+4BHH&&)<*+F757+@#)BHL&*+=9:804(>+94?'*+!""'*+!@*+/01:7+

11++!7+>C.IBH*+Z7,7+V&I"*+[7F7+F&-#)*+.56'(/748$'(#989:'*+!""#*+;"@*+/T1T7+

1/+!7+>C.IBH*+Z7,7+V&I"*+[7F7+F&-#)*+A40+B'(#$C&'(.189*+!""(*+;<2*+1\2E7+

12+,7+!"#$%&'(&)*+Z7,7+V&I"*+[7F7+F&-#)*+D0:%1*:%?*+!")"*+!"*+/8217+

1T+Z7+@&).A"I.A"B*+]7U7+UC)#H.I#BH*+>%8+9$%5+04(E%88'*+)(##*+2F*+89T27+

1E++;&=+U7,7+4B''#)*+?7,7+!B'^#)Y&H*+[7G7+PCC'*+GC00+B'(D%5'(#$%&'*+!""#*+!<*+E87+

;O=+?7+R()-.W#(*+?7+!B#)WA"&_&*+P757+@#&)CH*+S7J7+!I#A*+,'(H+B'(#$%&'*+)((%*+<@*(8\\97+

;A=+?7+R()-.W#A(*+?7+!B#)WA"&_&*+47+!CA"&A(B*+S7J7+!I#A*+>%8+9$%5+04(E%88'*+)((!*+;;*+

:E9E7+

;<=+Z7+@&).A"I.A"B*+]7U7+UC)#H.I#BH*+>%8+9$%5+04(E%88'*+)(##*+2F*+89T27+

!"#$%&$ '()*+,-./0$1&$2344"0$5&$67+,-.,-0$8&+3"'BL*+?7+`.A"-H(#*+>%8+9$%5+04(E%88'*+

)(#!*+2;*+12TE7+

18+++!7+>C.IBH*+!757+!#<BH(BH*+[7F7+F&-#)*+>%8+9$%5+04(E%88'*+!""(*+"@*+\//7+

1:+J.A. Iggo, NMR Spectroscopy in Inorganic Chemistry; Oxford University Press: New 

York, 1999.+
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19+,7+!"#$%&'(&)*+!757+!#:;<(;<*+=7>7++>&-#)*+!"#$%&'()*+&',-./*+!"##*+/0?7+

1?+ 57@7+ @)<A':*+ B7+ CDEA.*+ @7+ 4&<:A';*+ @7F747+ :#+ G);#.*+ B7+ H&&.I*+ >757+ J#);<K&*+

01.$/212$#"*+!"""*+34*+/98L7+

/0+!747+!AMA'*+N7O7+G#)(&:#*+!"#$%&'()1+&*+#$%&*+56*+2P9Q7+

/1+R7R7+S#)#<M.T<U;*+!"#$%&'()1+&*+#$%#*+57*+88L+

//+R7+@''D&<*+B7O7+OA#'*+(/"&8&()1+&*+#$%!*+47*++Q187+

/2++V&W+B7,7+,;<<#''*+X7@7+4#K#)'#*+!757+4&<&YY*+,7@7+Z)AA<*+8&',+&'()1+&'9#-&*+#$'(*+:3*+

?QQ7+

VEW+B7S7+Z)A."#[.(U*+B7+\#;..*+N7O7+G#)(&:#*+!"#$%&'()1+&*+#$'$*+;<*'P8?7+

VMW+@7+!-])#I*+47@7+4T<:#I^BA$&.*+@7+,;II&<A*+=$%/"#+1./>>*-?*+!""!*+5;*+P8117+

V:W+ !7+ N#-';<*+ !7+ S-6)&Y+ :#+ ,&-'#*+ G7+ B&YA_#'AD&<&<&^G;:&'*+ N7^,7+ O#<`Y*+ H7+

X"&D6;A<*+,7+S#'';.*+,"%1@&'()1+&A'!".&'B2&*+!""&*+C6*+2/07+

V#W+G7+>;'#<(A*+@7+!6&<<#<E#)K*+\7+>&-D&<<*+C7+ZAD&)A_*+@7+>a)<#)*+01.$/)12$#"'

,?D++1.$&*+!"")*+;E*+/09/7+

V[W+ S7N7+ @:&D.*+ N7@7+ >#<<#YY*+ S7+ S-<M&<*+ =7O7+ FA6#*+ N7+ FA6#%#''*+ @747+ !Y-&)Y*+ @7N7+

\#.Y*+F#>D)12$#"*+!""'*+54*+1L0L7+

VKW+!7+=<Y"&'#)*+O7+=))#*+Z7+ N-<K#*+Z7+!M")a:#)*+S7+@::;.*+S7+4;M"&';(*+47+F&6(#*+S7+

B#:(;<*+47+>#''#)*+BG$&'8&'=$%&'()1+&*+!""%*+22L/7+

V"W+O7+=))#*+Z7+N-<K#*+!7+=<Y"&'#)*+S7+@::;.*+S7+4;M"&';(*+@7+!6&<<#<E#)K*+47+>#''#)*+

+()1+&',?*/"'8&*+!""%*+6*+99Q7+

/P+X7@7+RA'D&<*+8&',+&'()1+&'9#-&*+#$'"*+/?L27+

/L+X7+\";Y#*+@7+b&Y#.*+,747+4&;Y';.*+!"#$%&'9D".)&*+#$$!*+//97+

/8+57S7+BA''D&<<*+!"#$%&'()*+&',-./*+#$'!*+4*+12Q7+
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/9+:7;7+4<='#>#)?@*+A7+BC'(CD.ED*+!"#$%&'()"*+&*+!"##*+F*+/1G7+

/F+=7+B"C?#*+;7+H&?#.*+,747+4&C?'C.*+!"#$%&'()"*+&*+!""$*+//F+

/I+ J7K7+ 5&DL&#?&*+47+ ,#)-MMCDC*+ J7+ N#))#)&*+ =7+ OC&D<"CDC*+ K7;7+ !PD<"#MQR#'S&LE*+ ;7T7++++++++++

+ AE#?&*+U7+V&DEWCDC*+,&'-$%."#/0*&'1+0/&*+$%%#*+234*+102I7+

20+K7+=)&W?)##*+5+0'#$%."#/0*.6678'8+0/79*$)'#:' *$."97*7#"'/0*.69*+G?"+#LC?CED*+BC'#@*+

/00X7+

21+U7;7+=E??ED*+:747+Y)E-6*+,&';/&'1+0/&'(#8&*+!"&'*+1/227+

2/+;7:7+RCZED*+47B7+A#E)S#*+=7+N-S"#.*+47+,E'C&(E[[*+:7:7+Y-)D#)*+,&';<'1+0/&'(#8&*+!""$*+

44=*+191I7+

22+,7+!#)6*+47+N#)D&DL#M*+O7+KC<"&)L*+,7+\&'<(*+>?$&',&'!"#$%&'1+0/&*+$%%!*+/2/97+

2G+!7+]??E*+!7^7+4M&_&D#*+;7+KEEL?*+;8*.'1$)9*.66#%$&*+1III*+!#<?7+=+XX*+897+

2X+=7;7+YE'_&D*+1+0/&'@0A&*+!"&&*+BB*+2127+

28+N7=7+='&)(*+=7K7+4C'D#*+1."&',&'1+0/&*+!"&"*+CB*+IXF7+

29+\7^7+A&>)C'E>*+J7^7+Y.&)#>*+!7`7+\ED(CD*+!7T7+5@-WC_E>*+;7;7+\E)'@-(E>*+47H7+;D?C6CD*+

J7;7+R&>&D(E>*+>?$&',&'!"#$%&'1+0/&*+$%%(*+22117+

2F+K7+N-'.?*+^7\7+L#+J)C#.*+O757+U#)CDS&*+50*$.+0D$#"E';9)//0*$)*+!""'*+C*+8II7+

2I+;7+R--)._&*+:7QA7+OEC?#&-*+57+5#[E)?*+:7;7U7+OEES#).*+;7N747+L#+J)C#.*+:7A7+L#+

+++++J)C#.*+;7:7+4CDD&&)L*+O757+U#)CDS&*+,&'-$%&'1+0/&*+$%%'*+23*+F0GX7+

G0+Y"#+_aM+>&'-#+bCD?#D.C?@+CD+cd+[E)+?"#+_E.?+CD?#D.#+6#&(+E[+?"#+C.E?E6#+#D>#'E6#++++

+ C.+SC>#D7+

G1+Y"#+1N+^4K+.6#<?)-_+."E%#L+?"#+6)#.#D<#+E[+&WE-?+1G+_E'c+LCW#DM@'&_CD#7+
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9/+ :"#+ #'#;#<=&'+ &<&'>.#.+ ?@)+ ="#+ A@;6'#B#.+ %#)#+ @??*+ "@%#C#)*+ ="#+ A@;6'#B#.+

."@%#D+"EF"+.6#A=)@.A@6EA+6-)E=>+&.+&..#..#D+G>+1H+I4J7+:"#+I4J+.6#A=)&+K1H+&<D+

12LM+?@)+.-A"+A@;6'#B#.+&)#+&')#&D>+6-G'E."#D+E<+="#+A@))#.6@<DE<F+6-G'EA&=E@<7+

92+N-#+ =@+ ="#+)&A#;EA+<&=-)#+@?+ ="#+ 'EF&<D*+&+A&7+1O1+;EB=-)#+@?+DE&.=#)#@;#).+%&.+

@G=&E<#D*+&.+.##<+E<+="#+21,P1HQ+I4J+.6#A=)-;*+%"EA"+#B"EGE=#D+=%@+D@-G'#=.+@?+

#R-&'+E<=#<.E=>7+
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:66';<&=;>?+>@+?#%+6">.6">)&A;B;=#+<>A6'#C#.+>@+;)>?+;?+<&=&'D=;<+

>C;B&=;>?+>@+&<=;E&=#B+FGH+I>?B+>C;B&=;>?7+

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

+ ,;&?>+.=>>'+=D6#+<>A6'#C#.+>@+;)>?+&)#+)#'&=;E#'D+%#''G.=-B;#B*+<"#A;<&''D+

)>I-.=+ A#=&'+ &)<";=#<=-)#.+ @)#J-#?='D+ -.#B+ ;?+ <&=&'D.;.1*/*2*9 7+ H>%#E#)*+ ;)>?+

6">.6">)&A;B;=#+<>A6'#C#.+%#)#+?>=+(?>%?*+-?=;'+%#+.=&)=#B+;?E#.=;K&=;?K+="#;)+

&66';<&=;>?+&.+<&=&'D.=+6)#<-).>).7+F&)I>?D'+<>A6'#C#.+>@+ ;)>?+<&?+I#+&<=;E&=#B+

ID+B;@@#)#?=+<"#A;<&'+>)+6"D.;<&'+A#=">B.+.-<"+&.+3L+';K"=*+>)+ID+>C;B&=;>?+-.;?K+

&+ .&<);@;<;&'+ >C;B&?=+ =>+ >6#?+ &+ <>>)B;?&=;>?+ .;=#+ @>)+ <&=&'D.;.7+ M";.+ <"&6=#)+

B;.<-..#.+="#+.D?="#.;.+&?B+&66';<&=;>?+>@+6;&?>+.=>>'+=D6#+;)>?+6">.6">)&A;B;=#+

<&)I>?D'+<>A6'#C#.+;?+<&=&'D=;<+>C;B&=;>?+)#&<=;>?.+>@+&<=;E&=#B+I#?ND';<+K)>-6.+

=>+="#+<>))#.6>?B;?K+(#=>?#.+-=;';N;?K+!GO-PPH+&.+&?+>C;B&?=7+

+

)*2(34%'/561%-/4(

+ + ,">.6">)&A;B;=#.+ &)#+ 6">.6">)-.G<>?=&;?;?K+ A>?>B#?=&=#+

';K&?B.+="&=+<>>)B;?&=#+=")>-K"+6">.6">)-.+="&=+;.+&==&<"#B+=>+=%>+>CDK#?+&?B+

>?#+?;=)>K#?+&=>A+Q)*++R;K7+)*+S7+M"#D+&)#+#&.D+=>+.D?="#.;N#+&?B+<>A6&)&=;E#'D+

A>)#+ .=&I'#+ ="&?+ ="#;)+ 6">.6";?#+ <>-?=#)6&)=.*+ #.6#<;&''D+ =>%&)B.+ &;) T 7+

,)#E;>-.'D*+ %#+ "&E#+ .-<<#..@-''D+ -.#B+ 6">.6">)&A;B;=#+ ';K&?B.+ ;?+ ="#+

)-="#?;-AG<&=&'DN#B+<>?E#).;>?+>@+6)>6&)KD';<+ &'<>">'.+ =>+!G>C>+#.=#).8+&?B+ ;?+

4-(&;D&A&+)#&<=;>?.U7+:.+B;.<-..#B+;?+.#<=;>?+2*2+="#+6">.6">)&A;B;=#+';K&?B.+

"&E#+I##?+#C=#?.;E#'D+-.#B+&.+';K&?B+;?+>)K&?>A#=&'';<+<&=&'D.;.7++

+
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!"#$

+ + + + :;<+=*+:<>=2*+?!@A!"#%$$

$$$ $ $ $ :;<+=*+:<>=/,"*+?!@A!"#&$

+ + + + :;<+=*+:<"A,)*+?!@A!"#'$

()*"$!"#$,"B.6"B)&CDEDF#+5DG&HE.+

=B%#I#)*+ &.+ J&)+ &.+ K+ (HB%*+ 6"B.6"B)&CDEDF#+ LBC6'#M#.+ BJ+ D)BH*+ "&I#+

H#I#)+N##H+.OHF"#.DP#E+&HE+#C6'BO#E+DH+BMDE&FDBH+)#&LFDBH.+6)DB)+FB+F"D.+.F-EO7+

=B%#I#)*+ D)BH+ N&.#E+ &)L"DF#LF-)#.+ N#&)DHG+ 6"B.6"B)-.+ LBHF&DHDHG+ 'DG&HE.+

)#CDHD.L#HF+BJ+F"B.#+DH+QDG7+!"#+"&I#+N##H+E#.L)DN#E+6)#IDB-.'O+DH+F"#+'DF#)&F-)#7+

QB)+ #M&C6'#*+ 6"B.6"B)&CDEDF#+ 'DG&HE+ LBB)EDH&F#E+ FB+ D)BH+ %#)#+ BNF&DH#E+ NO+

)#&))&HG#C#HF+BJ+6"B.6"B)&HDE#+LBC6'#M#.+BJ+D)BH7R*S+T)N-PBIA'D(#+E#&'(O'&FDBH+

)#&LFDBH.+ BJ+ &LOL'DL+ ED&CDHBBMO6"B.6"DH#+ D)BH+ LBC6'#M#.+ G&I#+ &CDHBA

.-N.FDF-F#E+ BMB6"B.6"B)&H#.710+4&HO+ BJ+ F"#.#+ LBC6'#M#.+ %#)#+ HBF+ F"#)C&''O+

.F&N'#+&HE+F"#O+"&I#+HBF+N##H+&66'D#E+&.+L&F&'O.F.7+

+ U#+%#)#+ DHF#)#.F#E+ DH+ #C6'BODHG+ F"#+ LBCCBH'O+ -.#E+ 6"B.6"B)&CDEDF#+

'DG&HE.*+."B%H+DH+QDG7+!"#*+ DH+F"#+.OHF"#.D.+BJ+ D)BH+LBC6'#M#.+&HE+FB+DHI#.FDG&F#+

F"#D)+ L&F&'OFDL+ &66'DL&FDBH.7+ K)BH+ L&F&'OP#E+ BMDE&FDBH+ )#&LFDBH.+ BJ+ &'(&H#.+%#)#+

6&)FDL-'&)'O+&FF)&LF#E+FB+-.+JB)+I&)DB-.+)#&.BH.11*1/*127+T'(&H#.+&)#+)#'&FDI#'O+DH#)F*+

&HE+ .F)-LF-)&'+ LBC6'#MDFO+ DHL)#&.#.+ F"#D)+ BMDE&FDBH7+ =#HL#*+ -.-&''O+ C-'FD.F#6+

O

O
P N

R

R

R'

R'
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)#&9:;<=.+)<-:#.+&)#+-.#>+?<)+:"#;)+@<>;?;9&:;<=7+A"#+<B;>&:;<=+<?+;=#):+&'(&=#.+:<+

:"#+ 9<))#.6<=>;=C+ &'9<"<'.+ <)+ (#:<=#.+ %<-'>+ :"#)#?<)#+ D#+ 6&):;9-'&)'E+

;=:#)#.:;=C+ &.+ ;:+ %;''+ 6)<F;>#+ &+ >;)#9:+ )<-:#+ :<+ :"#;)+ .E=:"#.;.*+ )&:"#)+ :"&=+

@-':;6'#+.:#6.*+.<@#+<?+%";9"+@&E+)#G-;)#+:"#+-:;';H&:;<=+<?+:<B;9+9"#@;9&'.1I7++

+ A"#+ .:->E+ "#)#;=+ ."<%.+ :"#+ .E=:"#.;.+ &=>+ 9"&)&9:#);H&:;<=+ <?+ ;)<=+

9<@6'#B#.+ <?+ :"#+ C#=#)&'+ ?<)@-'&+ JK#L6MNOMLPOM!"#OQ+ %"#)#+ NRS)*+ T7+ A"#.#+

9<@6'#B#.+ %#)#+ :"#=+ #@6'<E#>+ &.+ 9&:&'E.:.+ ;=+ :"#+ <B;>&:;<=+ <?+ &9:;F&:#>+

@#:"E'#=#+C)<-6.+:<+:"#+9<))#.6<=>;=C+(#:<=#.*+%";9"+%&.+#??#9:#>+DE+!US-PPV+

M!"#!UD-:E'+"E>)<6#)<B;>#O+&.+:"#+<B;>&=:7+

!"!$%&'()*+,+$-.$/-012*3*+$-.$(&1*$45*6718967:86;8<+

+ A"#+';C&=>+.E=:"#.;.+?<)+:";.+.:->E+%&.+9&));#>+<-:+?<''<%;=C+:"#+@#:"<>.+

>#F#'<6#>+DE+K#);=C&1W*18+&=>+-.#>+6)#F;<-.'E+;=+<-)+'&D<)&:<)E87+T=+C#=#)&'*+:"#+

@#:"<>+;=9'->#.+:"#+)#&9:;<=+<?+,L'2+%;:"+STXP5+:<+C#=#)&:#+&+9"'<)<6"<.6";:#+

;=:#)@#>;&:#*+ %";9"+ ;.+ :"#=+ )#&9:#>+ %;:"+ :"#+ &66)<6);&:#+ &@;=#+ :<+ <D:&;=+ :"#+

9<))#.6<=>;=C+6"<.6"<)&@;>;:#.+!"#=*+!"#>+&=>+!"#/+MK;C7+!"#O7++

+ X#B:+ %#+ #@6'<E#>+ :"#.#+ ';C&=>.+ ;=+ @#:&'+ 9<@6'#B+ .E=:"#.#.7+ A"#+

6)#9-).<)+?<)+:";.+.:->E+%&.+9<@@#)9;&''E+&F&;'&D'#+;=+<-)+'&D<)&:<)E+;=+:"#+?<)@+

<?+JK#L6MLPO/Q/+ML6+>;@#)O7+A"#+;)<=+;=+:"#+L6+>;@#)+;.+;=+;:.+Y1+<B;>&:;<=+.:&:#+

&=>+9&=+D#+<B;>;H#>+DE+S)/+&=>+T/+:<+C;F#+JK#S)L6MLPO/Q+M!"?O1Z+&=>+JK#L6TMLPO/Q+

M!"@O1[*+ )#.6#9:;F#'E7+ A"#+ ;)<=+ 9&)D<=E'+ 9<@6'#B+ JK#S)L6MLPO/Q+ ;.+ (=<%=+ :<+

-=>#)C<+:"#)@&'+>;.6'&9#@#=:+)#&9:;<=.+<?+S)\+DE+&+=#-:)&'+';C&=>+;+:<+C;F#+;<=;9+

9<@6'#B#.+ <?+ C#=#)&'+ ?<)@-'&+ JK#L6MLPO/;QS) 1] +<)+ :<+ -=>#)C<+ LP+ ';C&=>+

>;.6'&9#@#=:+ )#&9:;<=+ :<+ C;F#+ =#-:)&'+ 9<@6'#B#.+ <?+ C#=#)&'+ ?<)@-'&+

JK#S)L6MLPO;Q[7+ T:+ %&.+ <D.#)F#>+ :"&:+ :"#+ >;.6'&9#@#=:+ <?+ :"#+ LP+ ';C&=>+ ;.+

:);CC#)#>+DE+3^+)&>;&:;<=/07+,"<.6";:#+&=>+6"<.6"<=;:#+.-D.:;:-:;<=+<?+LP+"&F#+
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:##;+ )#6<)=#>+ ?;+ '?=#)&=-)#/17+ @&'?>#+ #AB"&;C#+ ?.+ -.-&''D+ &+ 6)#E#))#>+ )#&B=?<;+

%"#;+ &;?<;?B+ ;-B'#<6"?'#.+ .-B"+ &.+ &B#=D'?>#.+ &)#+ #F6'<D#>*+ %"?B"+ C#;#)&=#.+

;#-=)&'+?)<;+B<F6'#A#.//*/2+G!B"#F#+!"#H7+I"#+B<))#.6<;>?;C+?<><+B<F6'#A#.+&)#+

&'.<+ (;<%;+ =<+ -;>#)C<+ '?C&;>+ >?.6'&B#F#;=+ )#&B=?<;.+ =<+ C?J#+ ;#-=)&'+ <)+ ?<;?B+

B<F6'#A#.+ #7C7*+ KL#M6GMNH/5OP+ <)+ KL#M6PGMNH5O+ G%"#)#+ 5+ Q+ ,,"2H1R*/S+G!B"#F#+

!"$H+:D+F?B)<%&J#+GTUH+?))&>?&=?<;7+I"#.#+)#&B=?<;.+B&;+:#+B&=&'DV#>+:D+4#2WN*+

<)+KL#M6GMNH/O//X7+

+

+
%&'()(*!"#+Y;?<;+.-:.=?=-=?<;+<E+:)<F?>#+?;+KL#Z)M6GMNH/O+=<+D?#'>+="#+;#-=)&'+

B<F6'#A+!"!//7+

+

+
%&'()(* !"$+ ,"<.6"?;#+ .-:.=?=-=?<;+ <E+ MN+ ?;+ KL#M6PGMNH/O+ =<+ D?#'>+ ="#+ ;#-=)&'+

B<F6'#A+!"+/S7+

+ P;+C#;#)&'*+ ="#+B<F6'#A#.+>#.B)?:#>+ ?;+ ="?.+B"&6=#)+%#)#+.D;="#.?V#>+:D+

B<F:?;?;C+ KL#M6GMNH/[O+ %?="+ ="#+ B<))#.6<;>?;C+ '?C&;>+ !"#+ &=+ #'#J&=#>+

Fe

OC CO

Br LiHC CHSiMe3

-70 oC - 25 oC

THF, 2 h, -LiBr Fe

OC CO

C
H

C
H

SiMe3

3.2 3.3

Fe

OC CO

I

PPh3, µW

20 min, 90 oC Fe

OC PPh3

I

3.4 3.5
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:#;6#)&:-)#.+<=0+>?@7!AB6CD&''B+E&.+#FG'-:CGH+%&.+GI.#)F#J+J-)CHE+:"#+)#&D:CGH+

%"#H+:"#+'CE&HJ+%&.+&JJ#J+:G+:"#+;#:&'+6)#D-).G)*+%"CD"+%&.+DGH.CJ#)#J+:G+I#+

:"#+ #FG'-:CGH+ GK+ ?L+ 'CE&HJ+ K)G;+ :"#+;#:&'+ 6)#D-).G)7+ A"#+ DG'G)+ GK+ :"#+ .G'-:CGH+

:B6CD&''B+J&)(#H.+J-)CHE+:"#+6)GE)#..+GK+:"#+)#&D:CGH+K)G;+'CE":+)#J+:G+J&)(+)#J7+

M#;GF&'+ GK+ :"#+ .G'F#H:+ BC#'J#J+ &+ .G'CJ+ :"&:+ %&.+ 6-)CKC#J+ IB+ D)B.:&''CN&:CGH7+

?"'G)GKG);+G)+JCD"'G)G;#:"&H#+%&.+-.#J+&.+ :"#+ .G'F#H:+ KG)+JC..G'-:CGH*+%"CD"+

%&.+ '&B#)#J+ %C:"+ 6#H:&H#+ G)+ "#O&H#.*+ K)G;+ %"CD"+ :"#+ D)B.:&''CN#J+ 6)GJ-D:+

6)#DC6C:&:#J7++

PDDG)JCHE'B*+ %"#H+ :"#+ DG;6'#O+ QR#S)<?6@<?L@/T+ <"#$@+ %&.+ "#&:#J+ %C:"+

GH#+#U-CF&'#H:+GK+:"#+6"G.6"G)&;CJC:#+'CE&HJ+<!@V"#%&+<RCE7+271@+CH+:G'-#H#+KG)+2+

"+ &:+ =0+ >?*+ :"#+ DG;6'#O+ QR#S)<?6@<?L@<"#%&@T+ %&.+ C.G'&:#J+ CH+ 2WX+ BC#'J+ &.+ &+

E)##HC."+ .G'CJ+ &.+ &+ ;CO:-)#+ GK+ JC&.:#)#G;#).+ <!D"#;#+ "#"@7+ 3HJ#)+ CJ#H:CD&'+

DGHJC:CGH.*+ :"#+ 'CE&HJ+ <!@V"#%'+ E&F#+ :"#+ DG;6'#O+ QR#S)?6<?L@<"#%'@T+ CH+ 8YX+

C.G'&:#J+ BC#'J+ &.+ &+ ;CO:-)#+ GK+ JC&.:#)#G;#).7+ ZG%#F#)*+ .#F#)&'+ &::#;6:.+ :G+

#;6'GB+ :"#+ "V,)+ 'CE&HJ+ <!@V"#%(+ :G+ .BH:"#.CN#+ :"#+ DG))#.6GHJCHE+ DG;6'#O+

QR#S)?6<?L@<"#%(@T+ K&C'#J7+ A"#+ D)-J#+ )#&D:CGH+ ;CO:-)#+ DGH:&CH#J+ :"#+

DG))#.6GHJCHE+ C)GH+DG;6'#O*+&.+ CHJCD&:#J+IB+4!+&HJ+[4M+J&:&7+P+#$%+F&'-#+GK+

8WW+%&.+GI.#)F#J+&:+ &+YX+)#'&:CF#+ &I-HJ&HD#*+%C:"+ :"#+ KG''G%CHE+ 'G..+GK+ &+?L+

'CE&HJ+&:+#$%+81Y+I#CHE+:"#+;G.:+&I-HJ&H:+6#&(+CH+:"#+;&..+.6#D:)-;7++A"#+1Z+

[4M+ .6#D:)-;+ &'.G+ )#F#&'#J+ :"#+ D"&)&D:#)C.:CD+ ?6+ 6)G:GH.*+%"CD"+ &66#&)#J+ &:+

W7=\+66;+&HJ+:"#+?&+6)G:GH.+GK+:"#+"V,)+E)G-6.+&66#&)#J+&:+W788+66;+&'GHE+%C:"+

W0X+GK+:"#+K)##+'CE&HJ7+P;GHE+:"#+'CE&HJ.+-.#J+KG)+:"C.+.:-JB*+<!@V"#%(+C.+:"#+GH'B+

GH#+ I#&)CHE+ &+ .#DGHJ&)B+ D&)IGH+ &:G;+ GH+ :"#+ HC:)GE#H7+ A"-.*+ 6)GI&I'B*+ C:+

E#H#)&:#.+ .:#)CD+ DGHE#.:CGH+ &)G-HJ+ :"#+ C)GH+ D#H:#)*+ )#.-':CHE+ CH+ &H+ -H.:&I'#+

DG;6'#O7++
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+ !:;:'&)'<*+ ="#+ :>?>+@>;6'#A+ BC#DE6FGDEHF/I+ D!"#F+%&.+"#&=#?+%:="+ ':J&K?+

D!FL!"$%+ :K+ ="#+6)#.#K@#+>M+ &+ @&=&'<=:@+ &;>-K=+>M+ BC#DE6FDEHF/I/+ D!@"#;#+!"#F*+

%":@"+J&N#+="#+K#-=)&'+@>;6'#A+!"&%+:K+O1P+<:#'?+&.+&+;:A=-)#+>M+?:&.=#)#>;#).7+

GK=#)#.=:KJ'<*+-K?#)+="#+.&;#+@>K?:=:>K.*+':J&K?.+D!FL!"$'(&K?+D!FL!"$)+M&:'#?+=>+

<:#'?+.=&Q'#+@>;6'#A#.+="&=+@>-'?+Q#+:.>'&=#?7+R"#+)#&@=:>K.+%#)#+:K@>;6'#=#+&K?+

)#.-'=#?+:K+&K+:K.#6&)&Q'#+;:A=-)#+>M+@>;6>-K?.7+5:J&K?+D!FL!"$)+6>..#.+Q-'(<+

"#,)+ J)>-6.+ >K+ ="#+ SL&=>;7+ R":.+ ;&<+ :K@)#&.#+ ="#+ .=#):@+ Q-'(+ &)>-K?+ ="#+

@>>)?:K&=:KJ+,L&=>;*+6)#N#K=:KJ+:=+M)>;+;&(:KJ+&+.=&Q'#+@>;6'#A7++

+

+

+ *)+,-,(!"!(T#K#)&'+.<K="#.:.+>M+@>;6'#A#.+BC#DE6FU)DEHF.I7+&;:A=-)#+>M+

?:&.=#)#>;#).+ Q?#=#@=#?+ :K+ ="#+ @)-?#+ )#&@=:>K+ ;:A=-)#*+ Q-=+ K>=+ :.>'&Q'#+ :K+

&K&'<=:@&'+6-):=<*+>K'<+>K#+.:KJ'#+?:&.=#)#>;#)7+

(

(

(( *)+,-,(!"#(T#K#)&'+.<K="#.:.+>M+@>;6'#A+BC#DE6FGDEHF5I+D5V!"$%F+

&;:A=-)#+>M+?:&.=#)#>;#).+

+

Fe
OC

Br

CO
Fe

Br

COO
O P

N
R R

ligand (R)-3.1

toluene, 90 oC, 3 h

3.2 3.6
!" #$%& !"#$& %'(& ))*+%,
!"#$+-.&/!"#%&/01(&/23*43,//
!"/!5-6&//////!"#&7

Fe
OC

I
CO

Fe

I
COO

O P
N

cat. [Fe(Cp)(CO)2]2
hexanes, 30 min,
reflux

3.4 81%, 3.7b 73:27a

ligand (R)-3.1b
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!"#$%&'(')*+(,-'*,./$.0$*&+$).123+4+5$

$ 9"#+ :#%+ ;)<:+ =<>6'#?#.+ %#)#+ ="&)&=@#);A#B+ CD+ E&);<-.+ ;:.@)->#:@&'+

>#@"<B.+;:='-B;:F+>-'@;:-='#&)+G4H*+IH*+4!+JKLMN*+&:B+#'#>#:@&'+&:&'D.;.7$

!"#"6$78)3+'($9':/+*,)$;+5./'/)+$<79;=$5*8>,+5"$

$ L.+ B;.=-..#B+ ;:+ O"&6@#)+ /*+ @"#+ =<<)B;:&@;<:+ <P+ @"#+ ';F&:B+ @<+ @"#+ >#@&'+

=#:@#)+ =&:+ C#+ C#.@+ <C.#)E#B+CD+ 1Q+G4H+&:B+ 21,R1QS+G4H+ .6#=@)<.=<6D+ <P+ @"#+

=<>6'#?#.7+L==<)B;:F'D*+@"#+=<))#.6<:B;:F+1Q+G4H+&:B+21,R1QS+G4H+.6#=@)&+<P+

@"#+ =<>6'#?#.+ %#)#+ )#=<)B#B7+ K<)+ =<>6&);.<:*+ @"#+ 1Q+ G4H+ &:B+ 21,R1QS+ G4H+

.6#=@)&+<P+@"#+P)##+';F&:B.+%#)#+&'.<+)#=<)B#B7++

!"#"6"6$?/'3@5,5$.0$).123+4+5$85,/:$6A$79;$52+)*(.5).2@$

+ 9"#+ ="&)&=@#);A&@;<:+ <P+ @"#+ =<>6'#?#.+ -.;:F+ 1Q+G4H+ .6#=@)<.=<6D+%&.+

&==<>6';."#B+-.;:F+@%<+;>6<)@&:@+6)<C#.7++

1N 9"#+6)<@<:+="#>;=&'+.";P@+<P+@"#+O6+);:F+

/N 9"#+6)<@<:+="#>;=&'+.";P@+<P+@"#+"DB)<F#:+&@<>.+!+@<+:;@)<F#:+<P+@"#++

6"<.6"<)&>;B;@#7+

9"#+O6+);:F+"&.+P;E#+6)<@<:.+;:+@"#+);:F+.D.@#>+&:B+;.+&)<>&@;A#B7+Q#:=#+

&''+@"#+6)<@<:.+&)#+;.<@)<6;=+&:B+."<%+&+.;:F'#@+)#.<:&:=#+&@+&)<-:B+T7U8+66>+;:+

@"#+1Q+G4H+.6#=@)->7+36<:+=<<)B;:&@;<:+<P+@"#+';F&:B*+J!NV!"6'*+@"#+)#.<:&:=#+

<P+ @"#+ 6)<@<:.+ .";P@.+ -6P;#'B+ @<+ T788+ 66>7+ K-)@"#)*+ -6<:+ =)D.@&'';A&@;<:+ -.;:F+

OQ/O'/+&:B+"#?&:#.*+@%<+B;&.@#)#<>#).+@"&@+%#)#+<C@&;:#B+%#)#+P<-:B+@<+."<%+

@%<+B;PP#)#:@+6#&(.+P<)+@"#+#&="+<P+@"#+@%<+>#@"D'+F)<-6.+<:+@"#+:;@)<F#:+&@<>7+

9";.+=&:+C#+#?6'&;:#B+CD+=<:.;B#);:F+@"#+)#.@);=@#B+)<@&@;<:+<P+@"#+,VG+C<:B+B-#+

@<+&+6&)@;&'+B<-C'#+C<:B+="&)&=@#)*+%";="+;:+@-):+=&:+.@&C;';A#+@"#+6&)@;&'+6<.;@;E#+

="&)F#+<:+@"#+=<<)B;:&@#B+6"<.6"<)-.+JK;F+!"BN7+9"#+)#.@);=@#B+)<@&@;<:+)#:B#).+
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9"#+9%:+;#9"<'+=):-6.+>?&.9#)#:9:6?@*+=?A?B=+)?.#+ 9:+ 9%:+.?=B&'.+ ?B+ 9"#+1C+D4E+

.6#@9)-;7+

+

+

!"#$%&'$,:..?F'#+)#.9)?@9#>+):9&9?:B+:G+DHIC2J/+&):-B>+9"#+,KD+F:B>+?B+%&()7+

$

I:))#.6:B>?B='<*+ ?B+ @:;6'#L+ %&(**+ 9"#+ )#.:B&B@#.+ G:)+ 9"#+ I6+ 6):9:B.+

%#)#+G:-B>+9:+."?G9+9:+M7N8+HG:)+9"#+;&$:)+?.:;#)J+&B>+M78O+66;+HG:)+9"#+;?B:)+

?.:;#)J7+P"#+@"#;?@&'+."?G9.+:G+9"#+I6+)?B=+G:)+@:;6'#L+%&+*+%&.+G:-B>+9:+F#+M7Q8+

66;7+P"#+@:;6'#L+%&(,+%&.+B:9+ ?.:'&F'#+ ?B+&B&'<9?@&'+6-)?9<+F<+9"#+6-)?G?@&9?:B+

;#9":>+ >#.@)?F#>+ &F:A#7+ C:%#A#)*+ ?G+ %#+ #L9)&6:'&9#+ 9"#.#+ )#.-'9.*+ %#+ @&B+

#.9&F'?."+9"#+G:);&9?:B+:G+9"#+@:;6'#L+!"#$!%&*+%"?@"+.":%#>+&+)#.:B&B@#+G:)+9"#+

I6+)?B=+&9+M7Q8+66;7+

+ P"#+6):9:B+ @"#;?@&'+ ."?G9.+ G:)+ 9"#+"<>):=#B+&9:;.+!+ 9:+ 9"#+B?9):=#B+ ?B+

9"#+6":.6":)&;?>?9#+'?=&B>.+&'.:+.":%#>+>?.9?B@9+@"#;?@&'+."?G9.7+RB+9"#+@&.#+:G+

@:;6'#L+%&()*+9"#+;#9"<'+)#.:B&B@#.+%#)#+:F.#)A#>+&9+/7Q1+66;+&B>+/7N8+66;*+

%"#)#&.+?B+9"#+G)##+6":.6":)&;?>?9#+9"#+I'2+)#.:B&B@#.+%#)#+G:-B>+&9+/7OQ+&B>+

/7S1+66;7+4:)#:A#)+9"#+@::)>?B&9?:B+:G+9"#+'?=&B>+9:+9"#+;#9&'+@#B9#)+;&(#.+9"#+

DI'2+;&=B#9?@&''<+B:BK#T-?A&'#B9+H&.+#L6'&?B#>+&F:A#*+U?=7+%&'J+&B>+9"#+9%:+IC2+

=):-6.+.":%#>+>?GG#)#B9+@"#;?@&'+."?G9.7+P"#+6&)9?&'+>:-F'#+F:B>+@"&)&@9#)+>-#+

9:+ )#.:B&B@#+ #GG#@9.+ %&.+ &'.:+ B:9?@#>+ ?B+ 9"#+ .:'?>+ .9&9#7+ !?B='#+ @)<.9&'+ VK)&<+

Fe

Br

OC O
OP

N
CH3H3C

Fe

Br

OC O
OP

N
CH3H3C
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9:;;)&<=:>?+ &?&'@.:.+ A!"#$% "&'()B+ .">%#9+ ="&=+ ="#+ ,+ &?9+C+ &=>D.+ &.+%#''+ &.+ ="#+

<&)E>?+>;+="#+D#="@'+F)>-6.+&)#+&'D>.=+:?+="#+.&D#+6'&?#*+<>?;:)D:?F+="#+9>-E'#+

E>?9+ <"&)&<=#)+ >;+ ="#+ ,GC+ $-?<=:>?7+ H"#+ .">)=#)+ E>?9+ '#?F="+ >;+ 17I8JA18B+ K+

E#=%##?+="#+,+&?9+C+&=>D.+&'.>+:?9:<&=#.+="#+6&)=:&'+9>-E'#+E>?9+<"&)&<=#)7+H"#+

<>D6'#L#.+ !"#$% &?9+ !"&$+ &'.>+ .">%#9+ <"&)&<=#):.=:<+ 9>%?;:#'9+ .":;=.+ >;+ ="#+

D#="@'#?#+6)>=>?.+AM*/B+:?+="#+1N+C4O+.6#<=)&+;)>D+P711+66D+&?9+272I+66D+=>+

I712GI702+66D*+:?9:<&=:?F+="#+<>>)9:?&=:>?+>;+="#+':F&?9+=>+="#+D#=&'+<#?=#)7++

+ Q?+ <>D6'#L+!"#'*+ ="#+ <>>)9:?&=:>?+ >;+ ="#+ ':F&?9+%&.+ &'.>+ >E.#)R#9+ E@+ &+

<"&?F#+>;+ ="#+<"#D:<&'+.":;=+R&'-#.+ :?+ ="#+C4O+.6#<=)&7+H"#+)#&<=:>?*+">%#R#)*+

.##D#9+ =>+ E#+ )#R#).:E'#+ &?9+ %>)(-6+ #;;>)=.+ )#.-'=#9+ :?+ <>?.=&?=+ )#R#).:E'#+

)#&<=:>?+=>+F#?#)&=#+="#+.=&)=:?F+D&=#):&'.7+H"#+)#&<=:>?+.">%#9+)>-F"'@+P0S+>;+

="#+ ;)##+ ':F&?9+ &?9+ T0S+>;+ <>>)9:?&=#9+ ':F&?9+ =>+ ="#+D#=&'+ A<>D6'#L+!"#'B+ &.+

&..#..#9+E@+1N+C4O+.6#<=)>.<>6@7+N#?<#*+="#+<>D6'#L+<>-'9+?>=+E#+:.>'&=#9+&.+&+

.>':9+ :?+&?&'@=:<&''@+6-)#+;>)D7+H"#+M*2+6)>=>?.+>;+="#+ "G,)+F)>-6+:?+ ':F&?9+A+BG

!"('+)#.>?&=#9+&=+17TJ+66D+%"#?+<>>)9:?&=#9+=>+="#+:)>?+<>D6&)#9+=>+17//+66D+

:?+="#+;)##+':F&?97+

+

!")"("*%+,-./010%23%'245.6760%801,9%!(:;(<=%>?@%056'AB20'25/%

+ 21,U1NV+ C4O+ .6#<=)>.<>6@+ 6)>R:9#.+ &+ W-:<(+ &?9+ <>?R#?:#?=+ =>>'+ ;>)+

#.=&E':.":?F+="#+<>>)9:?&=:>?+>;+="#+':F&?9.+=>+="#+D#=&'+<#?=#).+:?+="#+#L&D6'#.+

9#.<):E#9+ "#)#:?7+ H"#+ 9>%?;:#'9+ .":;=+ >;+ ="#+ 6">.6">)-.+ .:F?&'+ :?+

6">.6">)&D:9:=#+ ':F&?9.+ -6>?+ <>>)9:?&=:>?+ "&.+ &')#&9@+ E##?+ 9:.<-..#9+ :?+

M"&6=#)+ //T7+ H"#+ ;)##+ ':F&?9.+ .">%#9+ 21,U1NV+ C4O+ .:F?&'.+ &)>-?9+ 1I0+ 66D+

%"#)#&.+ ="#+ <>>)9:?&=#9+ ':F&?9.+&66#&)#9+9>%?;:#'9*+ &=+ &)>-?9+1X0G/00+66D7+

H"#+':F&?9.+.=-9:#9+"#)#:?+&)#+<":)&'7+4>)#>R#)*+="#+D#=&'+<#?=#)+:.+&==&<"#9+=>+
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9:-)+;:;<#=->?&'#;@+A):-6.*+B&(>;A+@"#+C:B6'#D#.+!"#+C">)&'+&@+@"#+B#@&'+C#;@#)7+

E"-.*+ @"#)#+ &)#+ 9:-)+ .@#)#:>.:B#).+ 6:..>F'#+ 9:)+ @"#+ C:B6'#D#.+ %>@"+ A#;#)&'+

9:)B-'&+ GH#IJ6KLJMN$IO+ LI+ P+ C">)&'+ C#;@#).N7+ Q:%#?#)*+ -.>;A+ #;&;@>:B#)>C&''R+

6-)#+'>A&;S.+L!N<!"%+)#S-C#.+@"#+;-BF#)+:9+.@#)#:>.:B#).7+E"-.+@"#+C:B6'#D+!"#+

A&?#+@%:+:6@>C&''R+6-)#+S>&.@#)#:B#).7++

+

+

&'()!"!) ,:..>F'#+.@#)#:>.:B#)>.B+>;+C:B6'#D+!"#+

+

++ E"#+9)##+'>A&;S+L!N<!"%*+A&?#+&+C"#B>C&'+.">9@+:9+1TU78+66B+>;+@"#+21,V1QW+

X4Y+.6#C@)-B+%"#)#&.+@"#+C:))#.6:;S>;A+C:B6'#D+!"#*+)#.:;&@#S+&@+1ZU7[+&;S+

/007T+ 66B7+ E"#+ 6):@:;<C:-6'#S+ &;S+ <S#C:-6'#S+ 21,+ X4Y+ .6#C@)&+ .":%#S+ @%:+

6#&(.+ >;S>C&@>;A+ @"#+ 6)#.#;C#+ :9+ @%:+ S>&.@#)#:B#).+ &.+ #D6#C@#S7+ E"#+

S>&.@#)#:B#)>C+ )&@>:.+ %#)#+ S#@#)B>;#S+ @:+ F#+ &66):D>B&@#'R+ 88\/2*+ C&'C-'&@#S+

9):B+@"#+21,V1QW+6#&(+>;@#;.>@>#.7+,-)>9>C&@>:;+FR+.':%+#?&6:)&@>:;+:9+.:'-@>:;.+:9+

C)-S#+ )#&C@>:;+ B>D@-)#.+ &99:)S#S+ .'>A"@'R+ F#@@#)+ )&@>:.+ LU[\1[N*+ &@+ @"#+ C:.@+ :9+

':%#)+R>#'S7++++

+ ];+ @"#+ .&B#+%&R*+ @"#+ C::)S>;&@#S+ '>A&;S+ L!N<!"%++ .":%#S+ 21,V1QW+X4Y+

C"#B>C&'+.">9@.+&@+1Z^72+66B+>;+@"#+C:B6'#D+!"#+7+E"#+S>&.@#)#:B#)>C+)&@>:+%&.+

S#@#)B>;#S+ @:+ F#+ &66):D>B&@#'R+ Z0\107+ E"#+ C:B6'#D+ !"#,+ .":%#S+ :;'R+ :;#+

S>&.@#)#:B#)+ >;+ @"#+ 21,V1QW+ X4Y+ .6#C@)&*+ >;+ .:'-@>:;+ %>@"+ &+ C"#B>C&'+ .">9@+ :9+

1ZZ7Z+66B7+Q:%#?#)*+&.+B#;@>:;#S+#&)'>#)*+>@+C:-'S+;:@+F#+>.:'&@#S+>;+&;&'R@>C&''R+
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6-)#+:;)<7+=;<6'#>+!"#$+%&.+&'.;+&?&'@A#B+C@+21,D1EF+G4H+.6#IJ);.I;6@*+%"KI"+

.";%#B+ I"#<KI&'+ ."K:J.+ &J+ /017L+ 66<+ &?B+ /027/+ 66<+ %KJ"+ &?+ &66);>K<&J#+

BK&.J#)#;<#)KI+ )&JK;+;:+82M/87+N"#+BK&.J#)#;<#)KI+ )&JK;.+%#)#+&'.;+B#J#)<K?#B+

C@+1E+G4H+.6#IJ);.I;6@+&?B+J"#@+%#)#+K?+&II;)B&?I#+%KJ"+J"#+B&J&+;CJ&K?#B+C@+

21,D1EF+G4H7+

+

!"%"&'()*+,-.-'/0'1/23+454-'6-.)7'8)09*94:'-341;9/-1/3,'

+ N"#+=O+'KP&?B+I&?+C#+-.#B+&.+&?+#>I#''#?J+J;;'+:;)+J"#+I"&)&IJ#)KA&JK;?+;:+

J"#+I;<6'#>#.+!"<*='!"<$='!"<1'&?B' !"#$7+Q.+BK.I-..#B+#&)'K#)+K?+="&6J#)+/*+J"#+

#>J#?J+ ;:+ #'#IJ);?+ B#?.KJ@+ ;?+ J"#+ <#J&'+ I&?+ "&R#+ &?+ K<6&IJ+ ;?+ J"#+ I&)C;?@'+

:)#S-#?I@+K?+J"#+TH+.6#IJ)&7+N"#)#:;)#*+J"#+I;;)BK?&JK;?+;:+J"#+'KP&?B+J;+J"#+<#J&'+

I#?J#)+I&?+C#+B#J#IJ#B+C@+:;'';%K?P+J"#+&C.;)6JK;?+:)#S-#?I@+;:+J"#+=O+'KP&?B7++

+ T?+J"#+6)#I-).;)+I;<6'#>.*+!"&'&?B+!"%*+ J"#)#+&)#+J%;+=O+'KP&?B.*+%"KI"+

.";%.+ TH+ &C.;)6JK;?+ :)#S-#?IK#.+ &J+ &);-?B+ U=O+ 1VVW+ I<X1+ &?B+ /09V+ I<X1*+

)#.6#IJKR#'@7+ T?+ J"#+ I;<6'#>#.+ !"<*+ &?B+ !"#$*' %#+ ;C.#)R#B+ ;?'@+ ;?#+ U=O+

.J)#JI"K?P+ :)#S-#?I@+ &J+ 1V81+ I<X1*+ &.+ #>6#IJ#B+ :;)+<;?;I&)C;?@'+ I;<6;-?B.7+

N"#+I;<6'#>#.+!"<$'&?B+!"<1+&'.;+.";%#B+U=O+.J)#JI"#.+&J+1V8L+I<X1+&?B+1V8Y+

I<X1*+)#.6#IJKR#'@*+K?BKI&JK?P+J"#+:;)<&JK;?+;:+<;?;I&)C;?@'+I;<6'#>#.7++

+

!"%"!'()*+,-.-'/0'1/23+454-'6-.)7'>*--'-341;9/24;9,'

+ N"#+ :;)<&JK;?+ ;:+ I;<6'#>#.+ !"<' &?B+ !"#+ %&.+ &'.;+ I;?:K)<#B+ C@+ <&..+

.6#IJ);<#J)@7+N"#+I;<6'#>#.+.";%#B+J@6KI&'+<&..+:)&P<#?J&JK;?+6&JJ#)?.+K?+J"#+

ZQ[X4!+.6#IJ)&*+K?BKI&JK?P+J"#+';..+;:+=O*+)#.-'JK?P+K?+J"#+<;.J+K?J#?.#+6#&(.+K?+

J"#+ .6#IJ)&7+ N"#+ :)&P<#?J.+ :;)+ [)+ ;)+ T+ ';..*+ &.+ %#''+ &.+ J"#+ ';..+ ;:+ J"#+
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6":.6":)&;<=<>#+ '<?&@=.+%#)#+ &'.:+ :A.#)B#=7+ C"#+DE4!+ FGHIJ+ ?&B#+ >"#+ #K&L>+

;&..#.+:M+>"#+L:;6'#K#.+!"#+&@=+!"$+%<>"<@+>"#+&'':%&A'#+#)):)+'<;<>*+&':@?+%<>"+

>"#+6)#=<L>#=+<.:>:6<L+=<.>)<A-><:@+6&>>#)@+M:)+>"#+;:'#L-'&)+<:@+!"#+M)&?;#@>.7++

+ HLL:)=<@?'N*+ L:;6'#K#.+!"#%+ &@=+!"#&+ .":%#=+!"#+ FGHIJ+B&'-#.+:M+O10+

&@=+ 8OP+ M:)+ >"#+ L:))#.6:@=<@?+ Q&R+ &==-L>.+ SG#I)T6FTUJF!"'%JRQ&VR+ &@=+

SG#I)T6FTUJF!"'&JRQ&VR7+ C"#+ L:;6'#K+!"#(+ &@=+!"$&*+ .":%#=+ &+;:'#L-'&)+ <:@+

6#&(+ &>+ !"#$ &>+ OPP+ &@=+ 8WW+ L:))#.6:@=<@?+ >:+ SG#I)T6FTUJF!"'(JVR+ &@=+

SG#T6XFTUJF!"'&JVR+)#.6#L><B#'N7+C"#+>N6<L&'+':..+:M+!"#+:M+/W+M:)+TU+&@=+W0+M:)+

I)+&@=+1/8+M:)+X+%&.+:A.#)B#=+M:)+>"#+L:))#.6:@=<@?+L:;6'#K#.+&.+#K6#L>#=7++

+

!")")* +,%-./0/* 12* (134-565/* 7/0,8* /0,8-5* (9./:%-* ;<9%.* =0229%(:01,*

/45(:9135:9.*

* Y#+%#)#+&A'#+>:+:A>&<@+>"#+Z[)&N+\-&'<>N+L)N.>&'.+:M+>"#+L:;6'#K#.+!"#%*+

!"#&*+&@=+!"$&+AN+.':%+#B&6:)&><:@+:M+TD/T'/+.:'-><:@.+&@=+>"#+L)N.>&'+.>)-L>-)#.+

%#)#+ =#>#);<@#=+ AN+ ,):M7+ Q<?&;+E&>"7+ C"#+;:'#L-'&)+ .>)-L>-)#.+ &)#+ .":%@+ <@+

G<?7+!")*+!">*+&@=+!"#+&@=+>"#+(#N+A:@=+'#@?>"+&@=+A:@=+&@?'#.+&)#+?<B#@+<@+C&A'#+

!"'7+G:)+L:;6&)<.:@*+B&'-#.+:M+.:;#+)#'&>#=+'<>#)&>-)#+(@:%@+L:;6'#K#.+&)#+&'.:+

<@L'-=#=7++

+ C"#+.>)-L>-)#.+L:@M<);+>"#+6<&@:[.>::'+>N6#+?#:;#>)N+&>+>"#+<):@+L#@>#)+<@+

%"<L"+ :@#+ :M+ >"#+ L&)A:@N'+ '<?&@=.+ <@+ >"#+ 6)#L-).:)+ !"?+ <.+ .-A.><>->#=+ AN+ >"#+

6":.6":)&;<=<>#+'<?&@=.+!"'7+X@+L:;6'#K+!"$&*+>"#+A:@=+&@?'#+&>+>"#+<):@+L#@>#)+

%&.+M:-@=+>:+A#+]078OFWJ^+ M:)+>"#+ +TFOJ[G#[,+ '<@(&?#*+%"<L"+L:))#.6:@=.+>:+ >"#+

&@?'#+A#>%##@+>"#+L&)A:@N'+L&)A:@*+>"#+<):@+L#@>#)+&@=+>"#+6":.6":)-.+&>:;+:M+

>"#+6":.6":)&;<=<>#+'<?&@=7+X@+L:;6'#K+!"$&*+&+A:@=+&@?'#+M:)+>"#+TFOJ[G#[X+-@<>*+

%"#)#+ TFOJ+ <.+ >"#+ L&)A:@N'+ L&)A:@*+ G#+ <.+ >"#+ <):@+ L#@>#)*+ %&.+ M:-@=+ >:+ A#+
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:;7;<=<>?+ =@AB7+!"#>7+C"-.*+ D"#+ EFF)GAH&DAFH+B#FI#D)J+&D+ D"#+ A)FH+E#HD#)+ E&H+K#+

K#.D+ G#.E)AK#G+ &.+ .'AB"D'J+ GA.DF)D#G+ FED&"#G)&'7+ C"#+ EFI6'#L+!"$%+ &'.F+ ."F%#G+

D"#+ .&I#+ GA.DF)D#G+ FED&"#G)&'+ B#FI#D)J*+ %AD"+ &+ M=1>N@#NO)+ KFHG+ &HB'#+ FP+

:2718=:>?+%"#)#&.+D"#+M=1>N@#N,=1>+KFHG+&HB'#+%&.+G#D#)IAH#G+DF+K#+:0789=<>?+

=@AB7+!"&>7++

+

'()"*!"#*4F'#E-'&)+.D)-ED-)#+FP+FH#+FP+D"#+GA&.D#)#FI#).+FP*!"+%+=G#6AED#G+%AD"+

9;Q+ 6)FK&KA'ADJ+ #''A6.FAG.*+ RN&DFI.+ &HG+ .F'S#HD.+ &)#+ FIADD#G+ PF)+ E'&)ADJ>7+ C"#+

D%F+B)&6"AE&'+)#6)#.#HD&DAFH.+&)#+$-.D+D%F+GAPP#)#HD+SA#%.+FP+D"#+.&I#+.D)-ED-)#7++

+

+ C"#+&KFS#+KFHG+&HB'#+M=MT>N@#NU+ AH+D"#+6)#E-).F)+!"#+ V@#M6U=MT>/W*+%&.+

)#6F)D#G+DF+K#+<:7X1=:>?/8+AHGAE&DAHB+D"&D+D"#)#+A.+&66)FLAI&D#'J+&+GAPP#)#HE#+FP+

FH'J+071?+K#PF)#+&HG+&PD#)+ D"#+EFF)GAH&DAFH+FP+ D"#+ 'AB&HG7+Y'.F*+ D"#+KFHG+ '#HBD"+

@#NU+%&.+ )#G-E#G+ P)FI+/79092+Z+ DF+ /7;::/=12>+Z+ &HG+ D"#+ @#NM=9>+ KFHG+ '#HBD"+

%&.+)#G-E#G+P)FI+178<;+Z+DF+17880=10>+Z+AHGAE&DAHB+D"&D+KFD"+S&'-#.+&)#+&'IF.D+

AG#HDAE&'+&HG+D"#)#+A.+HF+.ABHAPAE&HD+GAPP#)#HE#+K#D%##H+D"#+D%F7++

+

+
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!"#$%&'()&9):.;&'+<&;&+&=<+.;)->;-)#+)#?@=#A#=;+?B)+>BA6'#C+'(*#+&=<+'(+#+

+

+ +

D"#+AB'#>-'&)+.;)->;-)#.+B?+'(*"*+'(*#*+&=<+'(+#+<B+=B;+."B%+.@E=@?@>&=;+

<@??#)#=>#.+@=+;"#+BF#)&''+E#BA#;):7+GB%#F#)*+;"#+9H1IJK#JL)+MB=<+&=E'#+?B)+'(*#+

B?+N2718HNIO+@.+'&)E#)+;"&=+;"&;+B=#+B?+PN7QH2IO+?B)+;"#+9HRIJK#JS+&=E'#+@=+'(+#7+S=+

;-)=*+;"#+,JK#JL)+&=E'#+?B)+'(*#+@.+N/702H/IO+@.+.A&''#)+;"&=+;"&;+B=#+B?+NQ7QPHPIO+

?B)+;"#+,JK#JS+&=E'#+@=+'(+#7+T#+;"@=(+;"&;+;"#+'&)E#)+@B<B+'@E&=<+@=+'(+#+>&-.#.+&+

'&)E#)+ &=E'#+M#;%##=+ ;"#+ @B<B+ &=<+ ;"#+6"B.6"B)&A@<@;#+ '@E&=<*+%"@>"*+ @=+ ;-)=*+

)#<->#.+;"#+&=E'#+B?+;"#+9HRIJK#JS+'@=(&E#7+

Molecules !"#"! 15" " " """"""""" " " " " " " " """""""""
"

"

!$%&

#$%&'&(!" )*"&+*,-.)+/&+" */&"0$11&0*)')*)&+" 2$("0$34.&5"'(6"7&*,).+"$2" */&"+*(80*8(&"9&*&(3)1,*)$1",19"
4,(,3&*&(+",+"%&..",+",":(,4/)0,."(&4(&+&1*,*)$1"2$("'(",(&":)'&1")1"*/&";844.&3&1*,(<"3,*&(),."=>,-.&"
;?",19"@):8(&";?A6""

)(*+,-#."B(<+*,."9,*,",19"+*(80*8(&"(&2)1&3&1*"2$("'*",19"&*6""

C34)()0,."2$(38.,"" BDE#F?G(@&HIFJ =B#KB.KAK" BDE#F?@&LHIFJ =BM#?DA"
@$(38.,"%&):/*"" N?E6KD" OPF6QQ"

>&34&(,*8(&!"R,'&.&1:*/" ?EE=KA"S!"E6P?EPF"T" ?EE=KA"S!"E6P?EPF"T"

B(<+*,."+<+*&3!";4,0&":($84" I(*/$(/$3-)0!"JK?K?K?" I(*/$(/$3-)0!"JK?K?K?"

U1)*"0&.."9)3&1+)$1+" ,"V"?E6FMEN=QA"T" ,"V"?E6KF??=OA"T"

" -"V"?P6MPEO=OA"T" -"V"?D6N?KD=??A"T"

" 0"V"K?6KOON=?EA"T" 0"V"KM6?EQQ=?NA"T"

" V V "V"NE"W V V "V"NE"W
X$.83&!"Y" FONP6P=FA"TF!"D" FNOK6N=QA"TF!"D"

7&1+)*<"=0,.08.,*&9A" ?6QQ?"Z:[3F" ?6DQP"Z:[3F"
\-+$(4*)$1"0$&22)0)&1*" ?6PMN"33 ?" ?6KFM"33 ?"
B(<+*,."+)]&" E6QP"5"E6?F"5"E6EO"33F" E6F?"5"E6EP"5"E6EM"33F"
>/&*,"(,1:&"2$("9,*,"0$..&0*)$1" ?6QE"*$"KM6POW" K6EP"*$"KD6NNW"
^&2.&0*)$1+"0$..&0*&9" DEKOM" QMMFD"

L19&4&19&1*"(&2.&0*)$1+" OKMO"_^=)1*A"V"E6EQKE`" PE?M"_^=)1*A"V"E6?FEF`"

\-+$(4*)$1"0$((&0*)$1" ;&3)a&34)()0,."2($3"&b8)',.&1*+" ;&3)a&34)()0,."2($3"&b8)',.&1*+"
Z,56",19"3)16"*(,1+3)++)$1" E6OP?D",19"E6DF?M" E6NFDE",19"E6PEDD"
7,*,"["(&+*(,)1*+"["4,(,3&*&(+" OKMO"["E"["DPO" PE?M"["PK"["DPK"
c$$91&++a$2a2)*"$1"@K" ?6EK" ?6EM"
@)1,."^")19)0&+"_LdK+):3,=LA`" ^?"V"E6EFED!"%^K"V"E6EQQQ" ^?"V"E6EQMM!"%^K"V"E6?EQK"
^")19)0&+"=,.."9,*,A" ^?"V"E6EDDD!"%^K"V"E6EQNF" ^?"V"E6ENKK!"%^K"V"E6??PM"
\-+$.8*&"+*(80*8(&"4,(,3&*&(" E6EEF=QA" E6ED=FA"
e,(:&+*"9)226"4&,f",19"/$.&" E6QQF",19"aE6FQF"&6T F" E6NNF",19"aE6NFK"&6T F"

/0123,- !.-Z$.&08.,(" +*(80*8(&" $2" $1&" $2" */&" 9),+*&(&$3&(+" $2" '*" =9&4)0*&9" %)*/" MQg"
4($-,-).)*<"&..)4+$)9+!"#",*$3+!",19"+$.'&1*+",(&"$3)**&9"2$("0.,()*<A6"S&<"-$19".&1:*/+",19"
-$19",1:.&+",(&".)+*&9")1">,-.&"K6"

"
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!"#$%&$'%4:'#;-'&)+.<)-;<-)#+:=+:>#+:=+<"#+?@&.<#)#:A#).+:=%&$()+B?#6@;<#?+%@<"+

9CD+ 6):E&E@'@<F+ #''@6.:@?.*+ GH&<:A.+ &>?+ .:'I#><.+ &)#+ :A@<<#?+ =:)+ ;'&)@<FJ7+ K"#+

<%:+L)&6"@;&'+)#6)#.#><&<@:>.+&)#+$-.<+?@==#)#><+I@#%.+:=+<"#+.&A#+.<)-;<-)#7+

+

+ !<)-;<-)&'+ ;"&)&;<#)@M&<@:>+ :=+ )#'&<#?+ ;:A6'#N#.+ &)#+ )&)#+ &>?+ <"#+ #N&;<+

@>=:)A&<@:>+ &E:-<+ <"#+ L#:A#<)@#.+ &>?+ :<"#)+ 6&)&A#<#).+ =:)+ 6":.6":)&A@?@<#+

;:A6'#N#.+ &)#+ >:<+ (>:%>+ @>+ <"#+ '@<#)&<-)#+ &.+ <"#+ ;:A6'#N#.+ ?#.;)@E#?+ @>+ <"@.+

;"&6<#)+&)#+<"#+=@).<+@):>+6":.6":)&A@?@<#+;:A6'#N#.7+G#>;#*+%#+;:A6&)#?+<"#A+

<:+ <"#+ <")##+ '@<#)&<-)#+(>:%>+;:A6'#N#.+&$*/1*+&$+/9*+ &>?+&$,-/O+BP@L7+&$(J+ <"&<+

;:))#'&<#+ %@<"+ <"#+ L#>#)&'+ =:)A-'&*+ QR6SP#BRTJ.U+ %"#)#+ .+ @.+ &+ 6":.6":)-.+

?:>&<@>L+ '@L&>?+&>?+S+ @.+#@<"#)+V)+:)+ W7+K"#+&I&@'&E'#+.<)-;<-)&'+6&)&A#<#).+&)#+

'@.<#?+@>+K&E'#+&$/7+

+

+ %&$*% % % %%%%&$+% % % % &$,-%

!"#%&$(+!<)-;<-)&''F+)#'&<#?+;:A6'#N#.+%@<"+L#>#)&'+=:)A-'&+QP#R6SBRTJ.U+
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!"#$%& '()+ :"#+(#;+<=>?+ '#>@A".+ &>?+<=>?+ &>@#'.+ =B+ C=D6'#E#.+'(*#+ &>?+'(+#+

&'=>@%FA"+=A"#)+.A)-CA-)&'';+)#'&A#?+C=D6'#E#.7+

+
G=D6'#E+
'(*#&&
HIJK)*+LJ1M+

G=D6'#E+
'(+#&&
HIJN*+LJOM+

'(,&
HIJK)M&

'(-&
HIJK)M+

'(./&
HIJNM+

IPQ#+ /7R299HSM+ /7S99/H12M+ /7R28H0M+ /7R22+ /7O0SH/M+
Q#PGHLM+ 1788TH2M+ 17880H10M+ 178RRH2M+ 178R0+ 178ORHOM+
GHLMPUH1M+ 1711TH2M+ 171R9H10M+ 1712OHRM+ 1719S+ 17108H8M+
Q#P,+ /71S01H8M+ /71S0H2M+ /71O2H1M+ /7/01+ /71R9H/M+
,PV+ 17OR/H/M+ 17O2/H8M+ P+ P+ P+
GHLMPQ#P,+ 9078OHTM+ 9171H2M+ 9S70H1M+ 9S7/0+ 9/79H/M+
GHLMPQ#PI+ 92718H9M+ T97SH2M+ 9O70/+ 917R8+ 9/7TH/M+
,PQ#PI+ 9/702H/M+ 9S7STHTM+ 91782H2M+ 9O7/0+ 9272H1M+
UH1MPGHLMP
Q#+ 18O7SH/M+ 1887TH8M+ 18O70O+ 1807/0+ 18872H8M+
VP,PQ#+ 1/17SRHTM+ 1/170H2M+ P+ P+ P+
UH2MP,PUH/M+ 10072OH9M+ 10070H2M+ 10R72/+ P+ P+

+

+ Q)=D+ A"#+ ?&A&+ 'F.A#?+ F>+ :&<'#+ '()*+ FA+ C&>+ <#+ =<.#)W#?+ A"&A+ A"#+ BFW#+

C=D6'#E#.+?=+>=A+?FBB#)+.F@>FBFC&>A';+F>+A"#F)+.A)-CA-)#+&>?+A"&A+A"#+<=>?+'#>@A"+

&>?+&>@'#.+&)#+.FDF'&)7+X=%#W#)*+ A"#+<=>?+'#>@A".*+Q#P,+ F>+C=D6'#E#.+'(*#+&>?+

'(+#+ &)#+ B=->?+ A=+ <#+ C=>.F?#)&<';+ ."=)A#)+ Y/71S01H8M+ Z+ &>?+ /71S0H2M+ Z*+

)#.6#CAFW#';[+&.+C=D6&)#?+A=+A"#+C=D6'#E+'(-+H/7/01+ZM7+:"F.+C&>+<#+#E6'&F>#?+<;+

C=>.F?#)F>@+ A"#+ "F@"#)+ <&C(+ <=>?F>@+ =B+ A"#+ 6"=.6"=)&DF?FA#+ 'F@&>?.+'(*#+ &>?+

'(+#+&.+C=D6&)#?+A=+,,"/\+F>+ 'F@&>?+'(-7+!A)=>@#)+<&C(+<=>?F>@+B)=D+D#A&'+A=+

'F@&>?.+.A)#>@A"#>.+A"#+<=>?+<#A%##>+A"#D+&>?+&.+&+)#.-'A*+ A"#+<=>?+ '#>@A"+=B+

Q#P,+F>+'(*#+F.+)#?-C#?7++

+

'(0&122$34"5367&68&4692$%:&'(*"&";&"&4"5"$<;5&2=%4>=;6=&37&5?%&6:3@"5367&68&

"453A"5%@&9%5?<$%7%&B=6>2;+

+ ]#+%#)#+>#EA+ F>A#)#.A#?+ A=+ F>W#.AF@&A#+ A"#+&66'FC&<F'FA;+=B+ A"#+>#%+ F)=>+

6"=.6"=)&DF?FA#+ C=D6'#E#.+ F>+ =)@&>FC+ )#&CAF=>.7+ ]#+ =)F@F>&'';+ &FD#?+ B=)+ A"#+
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9:;<&=;9>+9?+)9@-.=+?->A=;9>&'+B)9-6.+.-A"+&.+&'(&>#.*+%";A"+A&>+@#+9:;<;C#<+=9+

&'A9"9'.7+ !;>A#+ .-A"+ &'A9"9'.+ A&>+ @#+ A";)&'*+ %#+ <#A;<#<+ =9+ #D6'9E+ D#=&'+

A9D6'#:#.+ %;="+ A";)&'+ 6"9.6"9)&D;<;=#.7+ !A)##>;>B+ #:6#);D#>=.+ ?9)+ .-A"+

9:;<&=;9>.+&)#+A9D6;'#<+ ;>+F&@'#+!"!7+G9)+.A)##>;>B+6-)69.#.*+%#+#D6'9E#<+&>+

#:6#<;=;9-.+D#="9<+?9)+="#+;<#>=;?;A&=;9>+9?+="#+6)9<-A=.+@E+-.;>B+HI+&><+HIJ4!7+

FE6;A&''E*+="#+<;.&66#&)&>A#+9?+="#+.=&)=;>B+D&=#);&'.+%&.+A9>.;<#)#<+=9+;><;A&=#+

&+)#&A=;9>+ ;>+#&A"+A&.#+&><+%#+&'.9+&>&'EC#<+ ="#+6)9<-A=+6#&(.+@E+HIJ4!7+F"#+

6)9<-A=.+ %#)#+ -.-&''E+ ;.9'&=#<+ &?=#)+ 96=;D;C&=;9>+ 9?+ ="#+ )#&A=;9>+ A9><;=;9>.7+

4#="E'#>#+ B)9-6.+ ;>+ .-@.=)&=#.+ .-A"+ &.+ =#=)&"E<)9>&6"="&'#>#*+ ?'-9)#>#*+

<;6"#>E'D#="&>#+&><+<;"E<)9&>=")&A#>#+A9-'<+@#+9:;<;C#<+=9+="#+A9))#.69><;>B+

(#=9>#.+A&=&'EC#<+@E+;)9>+A9D6'#:+!"#$+-.;>B+!JK-LLM+&.+="#+9:;<&>=7+M9%#N#)*+

'#..+ &A=;N&=#<+ D#="E'#>#+ 9)+ D#="E'+ B)9-6.+ ;>+ .-@.=)&=#.+ .-A"+ &.+ =9'-#>#*+

&<&D&>=&>#+9)+AEA'99A=#>#+%#)#+>9=+9:;<;C#<+-><#)+ ="#+)#&A=;9>+A9><;=;9>.+ ;>+

F&@'#+!"!7+F"#+!JK-LLM+%&.+#D6'9E#<+;>+2J?9'<+#:A#..7+O#:=*+P+.A)##>#<+N&);9-.+

9:;<&>=.+="&=+%#)#+#&.;'E+&AA#..;@'#+;>+9-)+'&@9)&=9)E7+P+#D6'9E#<+9:;<&>=.+.-A"+

&.+ M/L/*+ #="&>#6#)9:9;A+ &A;<+ &><+ 2JA"'9)9@#>C96#)9:9;A+ &A;<+ QDI,KRS7+

3>?9)=->&=#'E*+="#E+B&N#+>9+A9>N#).;9>.+="&=+%#)#+.E>="#=;A&''E+N&'-&@'#7+P>+A&.#+

9?+A;>>&D&'<#"E<#*+="#+9:;<&=;9>+6)9A#<-)#+A&-.#<+="#+<9-@'#+@9><+=9+-><#)B9+

A'#&N&B#+=9+B;N#+@#>C&'<#"E<#*+%";A"+%&.+9@.#)N#<+@E+HIJ4!7+T&);9-.+.9'N#>=.+

%#)#+="#>+=#.=#<+?9)+96=;D;C&=;9>7+P>+A&.#+9?+A;>>&DE'+&'A9"9'*+9:;<&=;9>.+-.;>B+

M/L/+ ;>+IM/I'/+%&.+ ?9-><+ =9+ B;N#+100U+A9>N#).;9>+&.+ #.=&@';."#<+@E+HI7+R'.9*+

IM2IO+ ."9%#<+ 20U+ A9>N#).;9>+ ?9)+ ="#+ .&D#+ .-@.=)&=#7+ M9%#N#)*+

=#=)&"E<)9>&6"="&'#>#+&><+<;6"#>E'D#="&>#+A9-'<+@#+9:;<;C#<+V-&>=;=&=;N#'E+=9+

B;N#+ ="#+ A9))#.69><;>B+ (#=9>#.+ ;>+ 6E);<;>#7+ ,E);<;>#+ %&.+ ?9-><+ =9+ B;N#+ ="#+

";B"#.=+ A9>N#).;9>+%;="+ &+ N&);#=E+ 9?+ .-@.=)&=#.+ &><*+ "#>A#*+%&.+ A"9.#>+ &.+ ="#+
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.9':#;<+9=+>"9?>#7+@"#+96<?A?B&<?9;+)#.-'<.+&)#+<&C-'&<#D+?;+@&C'#+2727+E#+=9-;D+

<"&<+ /+ A9'F+ >&<&'G.<+ '9&D?;H+ H&:#+ #==?>?#;<+ >9;:#).?9;+ %?<"?;+ 2I+ ")+ &;D+

?;>)#&.?;H+<"#+'9&D?;H+<9+J+A9'F+9)+10+A9'F+C&)#'G+"&D+&+69.?<?:#+#==#><+9;+<"#+

<?A#+ )#K-?)#D+ =9)+ <"#+ )#&><?9;+ <9+ H9+ <9+ >9A6'#<?9;7+ L'.9*+ <"#+ )#&><?9;.+ %#)#+

>&))?#D+9-<+&<+)99A+<#A6#)&<-)#*+%"?>"+?.+.G;<"#<?>&''G+)#'#:&;<7++

M+&'.9+)&;+>9;<)9'+)#&><?9;.7+@"#+)#&><?9;+%?<"+;9+?)9;+.9-)>#+."9%#D+;9+

>9;:#).?9;+#N>#6<+=9)+>?;;&AG'+&'>9"9'+OP?;Q5R+O.'9%+&;D+?;>9A6'#<#+9N?D&<?9;R+

&;D+ <#<)&"GD)9;&6"<"&'#;#S1S9'+ O@TUQ5R*+ %"?>"+ H&:#+ >9A6'#<#+ >9;:#).?9;+ <9+

<"#+>9))#.69;D?;H+(#<9;#+ O@TUQUVR7+@"#+A#<&'+6)#>-).9)+ =9)+ +!"#$ &;D+!"%+ ?7#7+

WX#OP6RYOPQR/Z+ -.#D+ =9)+ >9A6'#N+ .G;<"#.?.*+ ."9%#D+A->"+ .'9%#)+ )&<#.+ ?;+ <"#+

9N?D&<?9;+ )#&><?9;.7+@"#+ >&<&'G<?>+6#)=9)A&;>#+9=+ >9A6'#N+!"&'+ &;D+!"('+%#)#+

=9-;D+ <9+ C#+ >9A6&)&C'#*+ C-<+ >9A6'#N+ !"&)+ %&.+ -.#D+ =9)+ 96<?A?B&<?9;.+ &;D+

=-)<"#)+.<-D?#.*+&.+?<.+'?H&;D+O!RS!"*)+?.+.G;<"#<?>&''G+A9)#+#&.?'G+&>>#..?C'#+<"&;+

'?H&;D+O!RS!"*'7++

@"-.*+<")##+#K-?:&'#;<.+9=+"S[-QQT+%?<"+&+>&<&'G.<+ '9&D?;H+9=+/+A9'F+?;+

6G)?D?;#+ &.+ <"#+ .9':#;<+ &<+ )99A+ <#A6#)&<-)#+ =9)+ 2I+ "+ %#)#+ =9-;D+ <9+ C#+ <"#+

96<?A?B#D+>9;D?<?9;.+=9)+<"#+9N?D&<?9;+9=+C#;BG'?>+A#<"G'#;#+H)9-6.7++

+ 3;D#)+<"#.#+96<?A?B#D+>9;D?<?9;.*+>9A6'#N+!"&)$%&.+<"#;+-<?'?B#D+?;+<"#+

9N?D&<?9;+ 9=+ &+ :&)?#<G+ 9=+ .-C.<)&<#.+ O@&C'#+ !"%R7+ \?6"#;G'A#<"&;#*+ ='-9)#;#*+

D?"GD)9&;<")&>#;#*+>?;;&AG'+&'>9"9'+&;D+6"#;G'A#<"&;9'+%#)#+9N?D?B#D+<9+<"#+

>9))#.69;D?;H+&'D#"GD#+9)+(#<9;#.+?;+21S80F+?.9'&<#D+G?#'D.7+X)9A+<"#+<?A#+&;D+

<"#+ >&<&'G.<+ '9&D?;H*+ <"#+ <-);9:#)+ =)#K-#;>?#.+ O@QXR+%#)#+ >&'>-'&<#D+ -.?;H+ <"#+

=9)A-'&+H?:#;+C#'9%+OVK7+!"*R7+

+

+
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8/+

+

!"#$%&'('+!9)##:;:<+=>+9&?&'@.?+&9?;A;?@207+

+

B:?)@+ !-C.?)&?#+ DE;F&:?&+
G;H#I
G#H6+

J&?&'@.?+
5=&F;:<+

!='A#:?+ ,)=F-9?+
K;#'F+
LMNC+

1+ ?='-#:#+ GOP,+
Q8+ "I+
R0+SJ+

/+ H='M+
'()"+ JTPUV+ VW#+ +

/+ 9;::&H&'F#"@F#+ GOP,+
/Q+ "I+
80SJ+

X+ JP2JV+ 9;::&H&'F#"@F#+ 20+

2+ 9;::&H&'F#"@F#+ P/D/+
/Q+ "I+
)?+

10+H='M+
'()"+ JP/J'/+ C#:Y&'F#"@F#+ 100+

Q+ 9;::&H&'F#"@F#& GOP,+
/Q+ "I+
)?+

10+H='M+
'()"+ JTPUV+

9;::&H&'F#"@F#+
C#:Y&'F#"@F#+

80+
Z/0+

U+
?#?)&"@F)=:&6"?"
&'#:#+

GOP,+
18+ "I+
R0SJ+

/+ H='M+
'()"+ JTPUV+

?#?)&"@F)=:&6"?"
&'#:#X1X=:#+

100+

T+
?#?)&"@F)=:&6"?"
&'#:#X1X='+

GOP,+
1T+ "I+
)?+

X+ JTPUV+
?#?)&"@F)=:&6"?"
&'#:#X1X=:#+

100+
+

[+ F;6"#:@'H#?"&:#+ GOP,+
2T+ "+ I+
8/+SJ+

/+ H='M+
'()"+ JTPUV+ C#:Y=6"#:=:#+ 100+

8+ >'-=)#:#+ GOP,+
2T+ "+ I+
)?+

/+ H='M+
'()"+ JTPUV+ >'-=)#:=:#+ 100+

R+ >'-=)#:#+ HJ,O\9+
2T+ "+ I+
)?+

/+ H='M+
'()"+ JTPUV+ >'-=)#:=:#+ G)&9#.+

10+ >'-=)#:#+ ,\\F+
2T+ "+ I+
)?+

/+ H='M+
'()"+ JTPUV+ >'-=)#:=:#+ G)&9#.+

11+ >'-=)#:#+ GOP,+
2T+ "+ I+
)?+

/+ H='M+
'()"+ JTPUV+ >'-=)#:=:#+ 100+

1/+
F;"@F)=X
&:?")&9#:#+

GOP,+
2T+ "+ I+
)?+

/+ H='M+
'()"+ JTPUV+ &:?")&]-;:=:#+ 100+

12+ &F&H&:?&:#+ GOP,+
2T+ "+ I+
)?+

/+ H='M+
'()"+ JTPUV+ VW#+ +

1Q+ &F&H&:?&:#+ GOP,+
2T+ "+ I+
R0+SJ+

/+ H='M+
'()"+ JTPUV+ VW#+ +

1U+ F;6"#:@'H#?"&:#+ P/D/+
2T+ "+ I+
)?+

10+H='M+
'()"+ JP/J'/+ VW#+ +

1T+ 9@9'==9?#:#+ GOP,+
Q/+ "+ I+
)?+

/+ H='M+
'()"+ JTPUV+ VW#+ +

1[+ >'-=)#:#+ GOP,+
2T+ "+ I+
)?+

/+ H='M+
'(*"+ JTPUV+ >'-=)#:=:#+ 20+

18+
F;"@F)=X
&:?")&9#:#+

GOP,+
2T+ "+ I+
)?+

/+ H='M+
'(*"+ JTPUV+ &:?")&]-;:=:#+ R>+

1R+ F;6"#:@'H#?"&:#+ GOP,+
2T+ "+ I+
)?+

/+ H='M+
'(*"+ JTPUV+ C#:Y=6"#:=:#+ /[+

/0+ >'-=)#:#+ GOP,+
2T+ "+ I+
)?+

/+ H='M+
'(+"+ JTPUV+ >'-=)#:=:#+ /1+

&+DE;F&:?.+%#)#+&66';#F+;:+270+>='F+#E9#..7+C+^#?#)H;:#F+C@+_J7++
9+ 2X9"'=)=C#:Y=6#)=E=;9+ &9;F7+ F+ #?"&:#6#)=E=;9+ &9;F+ #+ V=+ )#&9?;=:7+ D:'@+ .?&)?;:<+ H&?#);&'+ %&.+
F#?#9?#F*+&:F+&?+H=.?+?)&9#+]-&:?;?;#.+=>+=E;F&?;=:+6)=F-9?.7+
>+URM+&:?")&9#:#+%&.+F#?#9?#F+C@+_J7+GOP,X+!XC-?@'+"@F)=6#)=E;F#+JTPUV+X+6@);F;:#+

C

R' R
C

R' R

Ocat 3.2, 3.4, 3.6a
H X

X = H, OH
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!"#$%&'()*+,)9:-&;<=>+;=+?&'?-'&;#+;-)>=@#)+A)#:-#>?<#.+

B??=)C<>D'E+ ;"#+ ;-)>=@#)+ A)#:-#>?<#.+ FGHIJ+ %#)#+ ?&'?-'&;#C+ A=)+ ;"#+ =K<C&;<=>+

)#&?;<=>.+;=+)&>D#+A)=L+072M+;=+172N+"O17+

+

*+-)./01$(&2%&0)&(3/2%&4$%&'()'5)%1/)'6&7$%&'()8/$0%&'(2+

+ G=+ A-);"#)+ <>@#.;<D&;#+ ;"#+ L#?"&><.L+ =A+ ;"#+ =K<C&;<=>+ )#&?;<=>.*+

&CC<;<=>&'+ #K6#)<L#>;.+%#)#+ 6#)A=)L#C7+ G"#+ &>;<?<6&;#C+L#?"&><.L.+ A=)+ .-?"+

<)=>+ ?&;&'EP#C+ =K<C&;<=>+ =A+ QOR+ S=>C.+ &)#+ (>=%>+ ;=+ D=+ ;")=-D"+ @&)<=-.+

L#?"&><.;<?+6&;"%&E.7+T>+=)C#)+;=+C#;#)L<>#+;"#+?=-).#+=A+;"#+)#&?;<=>*+T+C#?<C#C+

;=+L=><;=)+;"#+=K<C&;<=>+=A+A'-=)#>#+?&;&'EP#C+SE+*+-$+SE+UQ+A=)+;"#+A<).;+.#@#>+

"=-).7+

I<D+*+9+S#'=%+."=%.+;"#+A=)L&;<=>+=A+6)=C-?;+FA'-=)#>=>#J+&>C+.-S.;)&;#+

FA'-=)#>#J+?=>.-L6;<=>+=@#)+;<L#+F"J+&.+?=L6&)#C+&D&<>.;+&>+<>;#)>&'+.;&>C&)C*+

C#?&>#*+ ;"&;+ %&.+ ;"#+ .='@#>;+ A=)+ ;"#+ =K<C&>;+ !OV-HHR+ -.#C+ <>+ ;"#+ =K<C&;<=>+

)#&?;<=>.+.;-C<#C+"#)#<>7+W#?&>#+->C#)D=#.+&>+=K<C&;<=>+;=+;"#+#K;#>;+=A+=>'E+2O

XY+&??=)C<>D+;=+;"#+UQ7+G"#+=S.#)@#C+)&;#+?=>.;&>;+C#)<@#C+A)=L+;"#+.'=6#+=A+;"#+

'<>#&)+;)#>C+A)=L+;"#+A'-=)#>#+?=>.-L6;<=>+&>C+A'-=)#>=>#+A=)L&;<=>+<>+I<D7+*+:+

%&.+?&'?-'&;#C+;=+S#+071Z+"O17+[=+<>C-?;<=>+6#)<=C+%&.+=S.#)@#C+A=)+;"#+)#&?;<=>7+

+

+

+

Turnover frequency  =
Number of moles of product

Number of moles of catalyst * Reaction time
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!"#$%&'()&:);<+=&>&'?@#A+;BCA&>C;<+)#&=>C;<.20+

&

D<>)?+ !>&)>C<E+F&>#)C&'+ ,);A-=>+ GC#'AH+IJK+ LMN+O+"P1=+
1+ QC6"#<?'F#>"&<#+ R#<@;6"#<;<#+ ST+ 07U8+
/+ N'-;)#<#+ N'-;)#<;<#+ 80+ 1711+
2+ QC"?A);&<>")&=#<#+ V<>")&W-C<;<#+ S9A+ 172X+
9+ YC<<&F?'&'=;";'+ YC<<&F?'+&'=;";'+ 21#+ 072U#+
S+ 6"#<?'F#>"&<;'+ H#<@&'A#"?A#+ 9U#+ 07ST#+

&+ Y;<AC>C;<.Z+ .-H.>)&>#+ I07T0/+FF;'K*+ !PR-MM[+ C<+ A#=&<#+ I178+FF;'K*+ =&>&'?.>+
'(*"+ I/+ F;'JK*+ 2T+ "+ C<+ 6?)CAC<#+ I1+ F5K+ &>+ )>7+ H+ :.;'&>#A+ ?C#'A.+ &\>#)+ =;'-F<+
=");F&>;E)&6"?7+=+L-)<;]#)+\)#W-#<>'?+A#>#)FC<#A+\);F+C.;'&>#A+?C#'A+INCE+'(+K7+
A+ L"#+ 6);A-=>+ =;<>&C<#A+ =&7+ 10J+ &<>")&=#<#+ I&.+ &..#..#A+ H?+ 1[+^4_K7+ #+ ^4_+
?C#'A.+ \);F+ )#&=>C;<.+ )-<+ C<+ 6?)CAC<#P"S`+ C>+ %&.+ <;>+ 6;..CH'#+ >;+ .#6&)&>#+ >"#+
6);A-=>.+\);F+>"#+A#=&<#+I%"C="+C.+>"#+.;']#<>+\;)+>"#+!PR-MM[+#F6';?#A+C<+>"#+
)#&=>C;<K7+L"#+LMN+%&.+=&'=-'&>#A+\);F+>"#+^4_+A&>&7+
+

+

+

,-.&'(/&a)&6"+;\+!-H.>&<=#+A#=&?O6);A-=>+\;)F&>C;<+;]#)+>CF#207+

+

C

R' R
C

R' R

Ocat 3.6aa

t-BuOOH
(3.0 equiv)

H X

X = H, OH
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+ :#;<*+:4=+.<->?#.+%#)#+@&))?#>+A-<+<A+B#<<#)+-C>#).<&C>+<"#+D#@"&C?.<?@+

?C.?E"<+AF+<"#+A;?>&<?AC+)#&@<?AC.7+G"#+@AD6'#;+!"#$+?.+@AA)>?C&<?H#'I+.&<-)&<#>*+

&C>+&C+A6#C+ @AA)>?C&<?AC+ .?<#+ ?.+ )#J-?)#>+ FA)+ <"#+ @&<&'I<?@+ &@<?H?<I7+G"#+ 1K+&C>+

21,L1KM+:4=+.6#@<)&+AF+<"#+@AD6'#;#.+?C+6I)?>?C#N!9+."A%#>+CA+>#@AD6A.?<?AC+

AF+@AD6'#;+!"#$+&F<#)+/O+"+&<+)AAD+<#D6#)&<-)#*+%"?@"+%&.+<"#+<#D6#)&<-)#+AF+

<"#+@&<&'I<?@+A;?>&<?AC+)#&@<?AC.+>?.@-..#>+&BAH#7+G"?.+6)AH#.+<"&<+ <"#+6I)?>?C#+

.A'H#C<+-.#>+?C+<"#+)#&@<?AC.+?.+CA<+>?.6'&@?CE+<"#+'?E&C>+%"#C+<"#+?)AC+@AD6'#;+

!"#$+?.+>?..A'H#>+?C+?<7+G"#+#;&@<+)A'#+AF+<"#+6I)?>?C#*+"A%#H#)*+?.+CA<+#.<&B'?."#>+

P>-)?CEQ+ <"#+ @&<&'I<?@+ @I@'#7+ R<+ ?.+ 6A..?B'#+ <"&<+ 6I)?>?C#+ ?.+ @AA)>?C&<?CE+ <A+ <"#+

&@<?H&<#>+.6#@?#.7++

+ GA+AB<&?C+&C+?C.?E"<+?C<A+<"#+@&<&'I<?@&''I+&@<?H#+.6#@?#.+E#C#)&<#>+?C+<"#+

)#&@<?AC+D?;<-)#*+ <"#+@&<&'I.<+!"#$+ &C>+&C+#;@#..+AF+ <"#+A;?>&C<+ "NS-TTK+%#)#+

@ADB?C#>+ ?C+ &B.#C@#+ AF+ .-B.<)&<#+ ?C+ 6I)?>?C#N!97+ UF<#)+ /O"+ AF+ ?C@-B&<?AC+ &<+ )<*+

:4=+ V1K*+ 21,L1KMW*+ R=+ &C>+ 4!+ .6#@<)&+ %#)#+ )#@A)>#>+ FA)+ <"#+ )#.?>-#+ &F<#)+

)#DAH&'+AF+<"#+.A'H#C<7+RC+<"#+21,L1KM+:4=+.6#@<)-D*+&+6#&(+&)A-C>+1O+66D+%&.+

AB.#)H#>*+%"?@"+%#+<#C<&<?H#'I+&..?EC#>+<A+<"#+A;?>?X#>+6"A.6"A)&D?>?<#+'?E&C>+

!"%$7+RC+<"#+1K+:4=+.6#@<)-D*+<%A+.?CE'#<.*+&<+/7Y+66D+FA)+<"#+:Z#2+E)A-6.+%#)#+

AB.#)H#>*+ %"?@"+ &)#+ .?EC?F?@&C<'I+ ."?F<#>+ @AD6&)#>+ <A+ <"#?)+ )#.AC&C@#.+ ?C+ <"#+

D#<&'+@AD6'#;+!"#$&V/789+66DW7+G"#+4!+.6#@<)-D+AF+<"#+.&D#+)#.?>-#+."A%#>+&+

6#&(+FA)+<"#+'?E&C>+!"%$&6'-.+A;IE#C7+G"?.+.-EE#.<.+<"#+6A..?B'#+A;?>&<?AC+AF+<"#+

'?E&C>+<A+<"#+@A))#.6AC>?CE+A;?>?X#>+6"A.6"A)&D?>?<#7+++

+ R+ .-EE#.<+ <"&<+ -C>#)+ <"#+ A;?>&<?H#+ @AC>?<?AC.*+ <"#+ @AD6'#;+ -C>#)EA#.+

A;?>&<?H#+ @'#&H&E#+AF+ <"#+ '?E&C>*+%"?@"+ @&C+B#+ @AC.?>#)#>+ &.+ AC#+ .<#6+ <A%&)>.+

<"#+FA)D&<?AC+AF+<"#+@&<&'I<?@&''I+&@<?H#+.6#@?#.+V!@"#D#+!"'W7+G"?.+6"#CAD#CAC+

@A-'>+ &'.A+ #;6'&?C+ <"#+ 'A%+ #FF?@?#C@I+ AF+ 6)#@-).A)+ [\#S)Z6VZTW/]+ V!"(W+ &C>+
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:;#<6=><?@/A+ >!"#@+ BC+ DEBF&GBDC+ )#&HGBDC.7+ I"#.#+ 6)#H-).D).+ FD+ CDG+ HDCG&BC+

'BJ&CF.+ G"&G+ H&C+ #&.B'K+ L#+ )#MDN#F+ LK+ DEBF&GBDC7+ I"B.+ "K6DG"#.B.+ %&.+ O-)G"#)+

.-66D)G#F+ LK+ =P+ &C&'K.B.+ DO+ G"#+ )#.BF-#+ &LDN#7+ Q#+ DL.#)N#F+ CD+ L&CF+ OD)+ &+

G#)MBC&'+<?+'BJ&CF+DO+G"#+HDM6'#E+!"$%7+=C.G#&F*+%#+DL.#)N#F+G"#+OD)M&GBDC+DO+&+

C#%+ L&CF+ &G+ 1R12+ HMS1*+ %"BH"+ %#+ G#CG&GBN#'K+ &..BJC#F+ GD+ &+ H&)LDCK'SL)BFJ#F+

FBM#)BH+B)DC+.6#HB#.+&.+."D%C+BC+;BJ7+!"&7+=G+B.+6D..BL'#+G"&G+G"#+G%D+M#G&'+H#CG#).+

&)#+&GG&H"#F+LK+;#S;#+LDCF7+

T-)BCJ+ D-)+ DEBF&GBDC+ )#&HGBDC.+ DO+ "KF)DH&)LDC.*+ =+ DL.#)N#F+ DC'K+ G"#+

OD)M&GBDC+ DO+ (#GDC#.U+ CD+ &'HD"D'.+ %#)#+ F#G#HG#F+ &.+ G"#+ )#&HGBDC.+ 6)DF-HG.7+ =G+

M&K+L#+6D..BL'#+G"&G+ G"#+#EH#..+DO+DEBF&CG+%#+&FF+H&C+DN#)SDEBFBV#+G"#+&'HD"D'+

BCG#)M#FB&G#+ &CF+ %#+ DC'K+ .##+ G"#+ OBC&'+ 6)DF-HG*+ %"BH"+ &)#+ (#GDC#.7+ ID+ &NDBF+

DN#)DEBF&GBDC*+<D.G&.21+#M6'DK#F+&+'&)J#+#EH#..+DO+G"#+.-L.G)&G#+DN#)+G"#+DEBF&CG+

BC+ G#.G+ )#&HGBDC.+ GD+ #'-HBF&G#+ &+ M#H"&CB.M7+ W+ "BJ"+ &'HD"D'+ GD+ (#GDC#+ )&GBD+

BCFBH&G#.+MD)#+.#'#HGBN#*+M#G&'+H#CG#)#F+DEBF&GBDC+)#&HGBDC.7+

+

'()*+*, !"-, ,D..BL'#+ .G#6.+ GD%&)F.+ G"#+ OD)M&GBDC+ DO+ G"#+ H&G&'KGBH&''K+ &HGBN#+

.6#HB#.+ BC+ G"#+ DEBF&GBDC+ )#&HGBDC.7+ I"#+ )#HG&CJ'#+ )#6)#.#CG.+ &C+ D6#C+

HDD)FBC&GBDC+.BG#",

,

Fe

Br

COO
O P

N
R R

Fe

Br

CO

t-BuOOH

pyridine Fe

Br

CO
O

O

3.11 3.123.6a

t-BuOOH
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!"#$%&$'%,:..;<'#+=&)<:>?'+<);@A#@+@;B#)+:C+;>D#)B#@;&D#+;):>+.6#=;#.7%

%

+ E==:)@;>A'?*+ %#+ 6#)C:)B#@+ &+ )#&=D;:>+ %;D"+ &+ /FGC:'@+ #H=#..+ :C+ D"#+

.-<.D)&D#+ C'-:)#>#+)#'&D;I#+ D:+ D"#+:H;@&>D+!GJ-KKL+;>+ D"#+6)#.#>=#.+:C+ D"#+ ;):>+

=&D&'?.D+&$()%M!="#B#+&$(N7+3>@#)+D"#.#+)#&=D;:>+=:>@;D;:>.*+D"#+&'=:":'+6):@-=D+

%&.+ >:D+ :<.#)I#@+ <?+ OPQ4!7+ R>.D#&@*+ D"#+ "?@):A#>&D#@+ .6#=;#.+ &$*&+ &>@+ D"#+

=:))#.6:>@;>A+(#D:>#*+C'-:)#>:>#*+%#)#+@#D#=D#@+;>+&+S/TF8+)&D;:7+U"#+)&D;:+%&.+

@#D#)B;>#@+ <?+ OPQ4!+ &>@+ "#>=#+ ;.+ D:+ <#+ D)#&D#@+ V-&';D&D;I#'?+ :>'?7+ U"#+

C:)B&D;:>+:C+&$*&+=&>+<#+#H6'&;>#@+<?+=:>.;@#);>A+&+)&@;=&'+;>D#)B#@;&D#+@-);>A+

D"#+=:-).#+:C+)#&=D;:>7+

+

+

+,-./.%&$(%WH6#);B#>D+#B6':?;>A+&>+#H=#..+:C+.-<.D)&D#+:I#)+D"#+:H;@&>D+

+

+ U"#+ B#="&>;.B+ :C+ ;):>+ =&D&'?X#@+ :H;@&D;:>+ )#&=D;:>.+ :C+ &'(&>#.+ ;.+

;>C'-#>=#@+<?+I&);:-.+ C&=D:).*+ .-="+&.+ D"#+ )#&=D;:>.+=:>@;D;:>.*+ D"#+.:'I#>D*+ D"#+

:H;@&>D*+ &>@+ D"#+ )#'&D;I#+ )&D;:+:C+ D"#+ )#&=D&>D.+2/7+ + R>+1YYZ*+ !&%?#)+6):6:.#@+&+

B#="&>;.B+ %";="+ "#+ D#)B#@+ [KH?A#>&D#@+ \#>D:>+ P"#B;.D)?]1/7+ J&)D:>+

Fe

Br

O
C

Fe

Br

C
O

t-BuOOH (10 fold)

250 fold

Complex 3.6a,1 fold

O

3.13, 42% 58%

+ +
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6-9':."#;+&+.#):#.+<=+ :)<>+?&@&'A.@+.A.@#B.+CD:=+E"#B:.@)AF+ =<)+&'(&>#+<G:;&@:<>+

%:@"+6#)<G:;#.12*22+&>;+.<B#+.-HH#.@#;+&+><>I)&;:?&'+B#?"&>:.B7+J"#+;#@&:'.+<=+

@"#.#+B#?"&>:.B.+%:''+9#+;:.?-..#;+:>+E"&6@#)+K+<=+@":.+@"#.:.7+L'@"<-H"+M&):<-.+

&-@"<).+"&M#+.-HH#.@#;+=)##+)&;:?&'+?"#B:.@)A2K+&>;+.<B#+.-HH#.@#;+><>I)&;:?&'+

6&@"%&A.2N7+O)<>+?&@&'AP#;+)#&?@:<>.+-@:':P:>H+!IQ-RRS+&66#&)+@<+=<''<%+&+)&;:?&'+

B#?"&>:.B2/*2K7+J"#+=<)B&@:<>+<=+&>+:)<>+6#)<G<+.6#?:#.+TU#IRR!IQ-V2W*2X+:.+<=@#>+

?<>.:;#)#;+ @<+9#+ @"#+ =:).@+ .@#6+ :>+ @"#+<G:;&@:<>+ )#&?@:<>.+%:@"+ !IQ-RRS*+%":?"+

H:M#.+&+54EJ+C5:H&>;+ @<+4#@&'+E"&)H#+J)&>.=#)F+&9.<)6@:<>+9&>;+9#@%##>+N00+

&>;+W00+>B+:>+3YIY:.+.6#?@)&28*2Z7+J"#+6#)<G<+.6#?:#.+TU#IRR!IQ-V+?&>+->;#)H<+

"<B<'A@:?+9<>;+?'#&M&H#+@<+=<)B+#:@"#)+!IQ-R•+<)+!IQ-RR•+)&;:?&'.+&>;+&>+:)<>+

<G<+.6#?:#.+U#[R*+%":?"+&)#+@"#+&?@-&'+<G:;&>@.287+L??<);:>H'A*+%#+.-9$#?@#;+@"#+

?<B6'#G+!"#$+@<+)#&?@+%:@"+!IQ-RRS+:>+&9.#>?#+<=+@"#+.-9.@)&@#+&>;+)#?<);#;+&>+

3YIY:.+.6#?@)-B7+S<%#M#)*+%#+;:;+><@+<9.#)M#+&>A+9&>;+&)<->;+N00IW00+>B+:>+

@"#+ 3YIY:.+ .6#?@)&7+ L>+ <M#)>:H"@+ )#&?@:<>+ ."<%#;+ @"#+ H#>#)&@:<>+ <=+ &>+

->:;#>@:=:#;+.6#?:#.*+%":?"+.@)<>H'A+&9.<)9.+&)<->;+200+>B*+&>;+@"#+.6#?@)-B+

9#?<B#.+B<)#+ ?<B6'#G+%:@"+ &+ M#)A+":H"+ .:H>&'+ @<+><:.#+ )&@:<7+ J"-.+%#+;<+><@+

"&M#+ &>A+ .6#?@)<.?<6:?+ #M:;#>?#+ =<)+ @"#+ =<)B&@:<>+ <=+ TU#IRR!IQ-V+ ;-):>H+ <-)+

)#&?@:<>.*+&.+6#)=<)B#;+9A+<@"#)+&-@"<).287+\#+.-.6#?@+@"&@+@"#+=<)B&@:<>+<=+@"#+

:>@#)B#;:&@#+TU#IRR!IQ-V+:.+M#)A+.'<%+&.+:>;:?&@#;+9A+.'<%+)#&?@:<>.+&>;+:@+B&A+

:>M<'M#+&?@-&''A+@%<+.@#6.+<=+=:).@+<G:;:P:>H+@"#+':H&>;+=<''<%#;+9A+@"#+=<)B&@:<>+

<=+ @"#+ :>@#)B#;:&@#+ TU#IRR!IQ-V+ C!?"#B#+!"%F7+J"-.+ :@+ &66#&).+ )#&.<>&9'#+ @"&@+

.'<%+<G:;&@:M#+?'#&M&H#+<=+ @"#+6"<.6"<)&B:;:@#+ ':H&>;+?)#&@#.+@"#+.6#?:#.+!"&&+

%:@"+ &>+ <6#>+ ?<<);:>&@:<>+ .:@#+ C!?"#B#+!"%F7+ J":.+ .6#?:#.+ @"#>+ )#&?@.+ =-)@"#)+

%:@"+!IQ-RRS+@<+H#>#)&@#+.6#?:#.+!"&'*+:7#7+@"#+6#)<G<+?<B6'#G+TU#IRR!IQ-V7+R>+

@"#+ ?<>@)&)A*+ :@+ ?<-';+ &'.<+ 9#+ 6<..:9'#+ @"&@+ @"#+ :>@#)B#;:&@#+ TU#IRR!IQ-V+ :.+
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#:;)#<#'=+ ->.;&?'#+ &>@+ ->@#)AB#.+ C-);"#)+ )#&D;EB>*+ %E;"B-;+ ?#E>A+ @#;#D;#@+

->@#)+ ;"#+ )#&D;EB>+ DB>@E;EB>.7+ F&.#@+ B>+ ;"#+ .6#D;)B.DB6ED+ @&;&+ &>@+ GHI4!+

&>&'=.E.+BC+;"#+)#&D;EB>+6)B@-D;.*+E;+E.+@ECCED-';+;B+#.;&?'E."+;"#+#:&D;+>&;-)#+BC+;"#+

E>;#)<#@E&;#7+ J>+.B'-;EB>*+ E;+ E.+6B..E?'#+ ;"&;+ ;"E.+ E>;#)<#@E&;#+<&=+?#+.;&?E'EK#@+

?=+ 6=)E@E>#+ L;"#+ .B'M#>;+ CB)+ ;"#+ )#&D;EB>N*+ B)+ )#&D;.+ ;B+ AEM#+ D&)?B>='+ ?)E@A#@+

@E<#)+ LOEA7+ !"#N7+ H'#&M&A#+ BC+ ;"#+ 6#)B:B+ ?)E@A#+ E>+ !"$%& L!D"#<#+ !"'N+ <EA";+

6)BME@#+ ;"#+ &D;-&'+ B:E@&>;.*+ &>@+ E;.+ .'B%+ CB)<&;EB>+ %B-'@+ #:6'&E>+ ;"#+ 'B>A+

)#&D;EB>+ ;E<#.+ &>@+ ;"#+ (E>#;ED.+ E>+ .-?.;)&;#+ &>@+ 6)B@-D;+ CB)+ ;"#+ B:E@&;EB>+ BC+

C'-B)#>#+LOEA7+!"(N7+

+

!"(&)*+,-./0*+1+

+ P#%+ 6"B.6"B)&<E@E;#+ DB<6'#:#.+ BC+ E)B>+ %#)#+ .=>;"#.EK#@+ &>@+

.;)-D;-)&''=+ D"&)&D;#)EK#@7+ Q#&D;EB>.+ BC+ (>B%>+ D"E)&'+ 6"B.6"B)&<E@E;#+ L2N+

'EA&>@.+ BC+ ;"#+ A#>#)&'+ CB)<-'&+ BC+ LQRN/,PQS/+ LQT?E>&6";"='*+ &>@+ QST+ <#;"='*+

?#>K='+ B)+ !I,)N+ %E;"+ ;"#+ <#;&'+ 6)#D-).B)+ UO#VLH6NLHRN/W+ L%"#)#+ VTF)+ B)+ JN+

=E#'@#@+ DB<6'#:#.+%E;"+ ;"#+ A#>#)&'+ CB)<-'&+ UO#VLH6NLHRN2W+ E>+2XIYZ[+LVTF)N+

&>@+ 81[+ LCB)+ QT?E>&6";='*+ QST?#>K='*+ &>@+ VTJN+ E.B'&;#@+ =E#'@.7+ HB<6'#:#.+!"3&

&>@&!"(+%#)#+B?;&E>#@+&.+&+<E:;-)#+BC+@E&.;#)#B<#).+L\2]/\+;B+90]10N*+.E>D#+?B;"+

;"#+ 'EA&>@.+&.+%#''+&.+ ;"#+<#;&'+ D#>;#)+&)#+.;#)#BA#>ED7+HB<6'#:#.+!"3& &>@+!"(+

%#)#+D"&)&D;#)EK#@+?=+E>.;)-<#>;&'+<#;"B@.+.-D"+&.+1^+P4Q*+21,_1^`+P4Q*+JQ*+

<&..+ .6#D;)B.DB6=*+ .E>A'#+ D)=.;&'+ VI)&=+ @ECC)&D;EB>+ &>@+ #'#<#>;&'+ &>&'=.E.7+ a"#+

<B'#D-'&)+.;)-D;-)#.+)#M#&'#@+&+6.#-@BIBD;&"#@)&'+DBB)@E>&;EB>+A#B<#;)=+&?B-;+

;"#+D#>;)&'+E)B>+<#;&'7+a"#+>#%+DB<6'#:#.+%#)#+CB->@+;B+?#+D&;&'=;ED&''=+&D;EM#+

E>+ ;"#+ B:E@&;EB>+ BC+ ?#>K='ED+ <#;"='#>#+ A)B-6.+ ;B+ ;"#+ DB))#.6B>@E>A+ (#;B>#.*+

-;E'EKE>A+"IF-RR^+&.+B:E@&>;+L/+<B'[+D&;&'=.;*+2Y+"*+)BB<+;#<6#)&;-)#N+;B+AEM#+
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219:0;+<=+>"#+(#><?#7+4#@"&?A.>A@+A?B#.>AC&>A<?.+."<%#D+&+6<..AEA'A>F+<=+)&DA@&'+

G#@"&?A.G7+ 3>A'AH&>A<?+ <=+ B&)A<-.+ A?.>)-G#?>&'+ G#>"<D.+ .-@"+ &.+ G&..+

.6#@>)<G#>)F*+I4J+&?D+KJ+.-CC#.>+&?+<LAD&>AB#+@'#&B&C#+<=+>"#+6"<.6"<)&GADA>#+

'AC&?D*+C#?#)&>A?C+&?+<6#?+@<<)DA?&>A<?+.A>#*+%"A@"+G&F+E#+.>&EA'AH#D+A?+.<'->A<?+

EF+#A>"#)+6F)ADA?#*+>"#+.<'B#?>+=<)+>"#+)#&@>A<?*+<)+EF+>"#+=<)G&>A<?+<=+&+@&)E<?F'+

E)ADC#D+DAG#)7+M"A.+.6#@A#.+G&F+)#&@>+=-)>"#)+%A>"+!9N-OOP+><+C#?#)&>#+&?+A)<?+

6#)<L<+A?>#)G#DA&>#+QR#9OO!9N-S*+%"A@"+G&F+6)<BAD#+>"#+&@>-&'+<LAD&?>+=<)+>"#+

)#&@>A<?7+M"#+C#?#)&>A<?+<=+>"A.+A?>#)G#DA&>#+G&F+E#+B#)F+.'<%*+%"A@"+)#.-'>.+A?+

'<?C#)+)#&@>A<?+>AG#.7+

+ M"-.*+ 6'&@A?C+ &+ 6"<.6"<)&GADA>#+ 'AC&?D+ A?+ >"#+ @<<)DA?&>A<?+ .6"#)#+ <=+ &+

@<G6'#L+ <=+ >"#+ C#?#)&'+ =<)G-'&+ QR#TUV6WUVOW!S+ A.+ &+ .>)&>#CF+ ><+ (##6+ &+ .>#&DF+

.-66'F+ <=+ >"#+ @&>&'F>A@&''F+ &@>AB#+ .6#@A#.+"#$%+ A?+ >"#+ )#&@>A<?+GAL>-)#*+ .'<%A?C+

@&>&'F.>+ &?D+ 6#)<LAD#+ D#@<G6<.A>A<?+ 6&>"%&F.7+ M"-.*+ .'<%+ &DDA>A<?+ <=+ >"#+

<LAD&?>+ U6#)<LAD#+ #.6#@A&''FW+ ><+ >"#+ )#&@>A<?+ GAL>-)#+ A.+ ?<>+ ?##D#D*+ %"A@"+ A.+

-.-&''F+&+.>)&>#CF+><+G&LAGAH#+>"#+#==A@A#?@F+<=+>"#+<LAD&>A<?+)#&@>A<?.7+

+

+

+

+

+

+

+

+

+

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

!"#"$%&+

+ 9"#:;<&'.+%#)#+=)#&=#>+&.+?@''@%.A+&<#=@B;=);'#+&B>+6#B=&B#+%#)#+>;.=;''#>+

?)@:+9&C/7+D@'-#B#+%&.+>;.=;''#>+?)@:+E&FG#BH@6"#B@B#7+I="#)+.@'J#B=.A+9C9'2*+

6K);>;B#*+9C/9'/*+"#L&B#.*+="#+.-G.=)&=#.+?@)+="#+<&=&'K=;<+#L6#);:#B=.+MN'>);<"O*+

&B>+ 'PQ-IIC+ MR7R+4+ ;B+>#<&B#*+ S'-(&O+%#)#+-.#>+&.+ )#<#;J#>7+ TM(OPQUEI5P)*)P

>;:#="K'6"@.6"@)&:;>;=#V+ !"/-1R*0 TM(OPQUEI5P)*)P>;G#BHK'6"@.6"@)&:;>;=#V+

!"/11W*+ TM(OPQUEI5P)*)P>;;.@6)@6K'6"@.6"@)&:;>;=#V+ !"/21W*+ XS#Q)M96OM9IO/Y+

M!"3O1Z+XS#M96OUM9IO/Y+M!"4O1[+%#)#+.KB="#.;H#>+&<<@)>;B\+=@+="#+';=#)&=-)#7+4#=&'+

<@:6'#L+.KB="#.#.+%#)#+<&));#>+@-=+-B>#)+B;=)@\#B+#:6'@K;B\+.=&B>&)>+!<"'#B(+

=#<"B;]-#.7+^@)(-6.+&.+%#''+&.+="#+<&=&'K=;<+#L6#);:#B=.+%#)#+6#)?@):#>+-B>#)+

&#)@G;<+<@B>;=;@B.7+

+ D"#+E4_+.6#<=)&+%#)#+@G=&;B#>+&=+ )@@:+ =#:6#)&=-)#+@B+#;="#)+&+Q)-(#)+

NJ&B<#+ 200+ 4CH+ @)+ &+ `&);&B+ 3B;=K+ ,'-.+ 200+ 4CH+ ;B.=)-:#B=+ &B>+ %#)#+

)#?#)#B<#>+ =@+ &+ )#.;>-&'+ .@'J#B=+ .;\B&'7+ N''+ &..;\B:#B=.+ &)#+ =#B=&=;J#7+ a9F4!+

.6#<=)&+%#)#+)#<@)>#>+@B+&+C#%'#==+,&<(&)>+a9F4!+.K.=#:+:@>#'+R8[[N7+bL&<=+

:&..#.+ %#)#+ &<]-;)#>+ @B+ &+ cbI5+ 4!=&=;@B+ Xc4!PZ00Y+ :&..+ .6#<=)@:#=#)7+ U_+

.6#<=)&+%#)#+)#<@)>#>+@B+&+D"#):@+E;<@'#=+2W0+SDPU_+.6#<=)@:#=#)7+b'#:#B=&'+

&B&'K.#.+%#)#+6#)?@):#>+GK+N='&B=;<+4;<)@'&G+UB<7*+E@)<)@..*+aN*+3!N7+
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K8 H"#+';A&<@+D'&..+;.+#&.?+G=+.?<G"#.;L#+;<+";A"+?;#'@.7+

H"-.*+ ;<+G";.+D"&6G#)*+9+%;''+C#+@;.D-..;<A+G"#+.?<G"#.;.+&<@+D"&)&DG#);L&G;=<+

=E+&+';C)&)?+=E+!>;:;<=6?);@;<#+';A&<@.+&<@+;)=<M998+D=:6'#F#.+G"#)#=E7+N=:6'#F#.+=E+

#'#DG)=<;D&''?+&<@+.G#);D&''?+@;B#).#+;:;<=+6?);@;<#+';A&<@.+=E+;)=<M998+&)#+(<=%<+;<+

';G#)&G-)#KO7+P=%#B#)*+=<'?+&+ E#%+"&B#+C##<+D"&)&DG#);L#@+.G)-DG-)&''?KI*KQ*KR*S07+H"#+

#:6'=?:#<G+ =E+ =E+ <=<;<<=D#<G+ =)+ )#@=F+ &DG;B#+ ';A&<@.+:;A"G+ C#+ =E+ ;<G#)#.GS1*S/+&.+

G"#?+:;A"G+.G&C;';L#+D#)G&;<+=F;@&G;=<+.G&G#.*+&<@+&'.=+&''=%+&DD#..+G=+'=%>B&'#<G+;)=<+

D=:6'#F#.+%;G"+D&G&'?G;D+&DG;B;G?7+

T=)+G"#+:#G&'+6)#D-).=)*+9+@#D;@#@+G=+-.#+;)=<+M998+G);E'&G#+UT#MVHE8/W7+H);E'&G#+

MVHEX*+ V!V/NT2X8+ ;.+ &+ %#&('?+ D==)@;<&G;<A+ ';A&<@+ &<@*+ G"-.*+ %#+ .6#D-'&G#@+ G"&G+

@-);<A+G"#+D&G&'?G;D+D?D'#*+;G+D=-'@+D=:#+Y=<+&<@+=EEZ+B#)?+#&.;'?7+H";.+:&?+"#'6+@-);<A+

G"#+ D&G&'?.;.+ C?+ 6)=B;@;<A+ =6#<+ D==)@;<&G;=<+ .;G#.+ MD&''#@+ Y&DG;B#+ .;G#.Z8*+

D;)D-:B#<G;<A+ &<+ &DG;B&G;=<+ .G#67+ [&);=-.+ ;)=<+ ;:;<=+ 6?);@;<#+ D&G&'?.G.+ -.#@+ E=)+

='#E;<+ 6='?:#);L&G;=< S2 * SK +<##@+ &DG;B&G;=<+ C?+ 4\V+ M:#G"?'&'-:;<==F&<#8+ G"&G+

)#:=B#.+G"#+D"'=);@#+G=+A#<#)&G#+&<+&DG;B#+.;G#+E=)+D&G&'?.;.7+H"-.*+%;G"+G%=+;:;<=>

6?);@;<#+ G?6#+ C;@#<G&G#+ ';A&<@.+ &<@+ G%=+ %#&('?+ D==)@;<&G;<A+ VHE+ ';A&<@.+ ;<+ &<+
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89:&"#;)&'+ <#8=#:)>+ =&>+ 6)8?@;#+ &A+ &9:@?#+ .@:#+ @A+ .8'-:@8A+ &A;+ B)@A<+ &B8-:+ :"#+

9&:&'>:@9+ 8C@;&:@8A.+ 8D+ &'(&A#.7+ !@A9#+ :"#+ .:)-9:-)#+ &9:@?@:>+ )#'&:@8A."@6.+ 8D+ @=@A8+

6>)@;@A#+ @)8A+ 98=6'#C#.+ &)#+ A8:+ .:-;@#;+ :"8)8-<"'>+ %@:"+ )#.6#9:+ :8+ 8C@;&:@8A+

9"#=@.:)>*+ E+"&?#+&'.8+9&))@#;+8-:+?&)@8-.+ @A.:)-=#A:&'+&A&'>.#.+8D+ :"#+98=6'#C#.*+

%"@9"+ )#?#&'#;+ )@9"+ .:)-9:-)&'+ &A;+ <#8=#:)@9&'+ 6)86#):@#.+ 8D+ :"#.#+ 98=6'#C#.7+

F-):"#)*+ :"#.#+ 98=6'#C#.+ %#)#+ &66'@#;+ &.+ 9&:&'>.:+ 6)#9-).8).+ @A+ :"#+ 8C@;&:@8A+ 8D+

B#AG>'@9+=#:">'#A#+<)8-6.7+H"#+A#%+98=6'#C#.+%#)#+D8-A;+:8+B#+9&:&'>:@9&''>+&9:@?#+

@A+ :"#+ 8C@;&:@8A+ 8D+ &9:@?&:#;+ =#:">'#A#+ <)8-6.+ .#'#9:@?#'>+ 6)8;-9@A<+ (#:8A#.+ &.+

6)8;-9:.+ @A+ //IJ1K+ @.8'&:#;+ >@#';7+ H"#+ )#&9:@8A.+ %#)#+ 9&))@#;+ 8-:+ &:+ )88=+

:#=6#)&:-)#+@A+L+"8-).+-:@'@G@A<+!IM-NNO+&.+8C@;&A:+@A+6>)@;@A#+&.+.8'?#A:7++

+ 4#9"&A@.:@9+ @A?#.:@<&:@8A.+ .-<<#.:+ &+ )&;@9&'+ B&.#;+ )#&9:@8A7+ PA+ 3QI?@.+

.6#9:)8.986>+ @A?#.:@<&:@8A+ 6)8?@;#;+ #?@;#A9#+ D8)+ :"#+ 6)#.#A9#+ 8D+ &+ RF#ININI!M-S+

@A:#)=#;@&:#7+ H"#+ '@<&A;+ .:)-9:-)#.+ ."8%#;+ .8=#+ ;#6#A;#A9#+ 8A+ :"#+ 9&:&'>:@9+

&9:@?@:>T+ "8%#?#)*+ A8+ 6&):@9-'&)+ :)#A;+ 98-';+ B#+ #.:&B'@."#;+ B&.#;+ 8A+ :"#+ ;&:&+ E+

8B:&@A#;7+

+

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

!"#"+$,-.*/&'0'$12$!3040.15-6070.&$)089.7'$9.7$061.$:145)&;&'$*/&6&12$

+ P+.#:+8D+.:#)@9&''>+&A;+#'#9:)8A@9&''>+:-A#;+!I@=@A86>)@;@A#+'@<&A;.+!"+<+%&.+

D@).:+ .>A:"#.@G#;+ U!9"#=#+!"=V7+H"#+ .>A:"#.#.+8D+ :"#+ '@<&A;.+%#)#+ .:)&@<":D8)%&);+

&A;+-.-&''>+"@<"+>@#';@A<7+H"#+98A;#A.&:@8A+8D+/I6>)@;@A#9&)B8C&';#">;#+U!">V+&A;+

:"#+ )#.6#9:@?#+ &A@'@A#.+ U!"?V+ &:+ )88=+ :#=6#)&:-)#+ @A+ =#:"&A8'+ &DD8);#;+ :"#+

98))#.68A;@A<+ @=@A#+ @A+"@<"+ @.8'&:#;+>@#';.+UB#:%##A+W1IJWKV+&A;+"@<"+&A&'>:@9&'+



!"#$%&'(&)*+,-."(&)+/012*+34!5*+67++11/+

6-)89:*+ &.+ &..#..#;+<:+ 1=+>4?+ @AB)#+ 9"&C+DEFG7+HI98J&9#;+AB'#I-'&)+ .8#J#.+ @KLG+

%#)#+ -.#;+ &.+ &+ %&9#)+ .I&J#CM#)+ 9"&9+ 8.+ NB)A#;+ &.+ &+ IBC;#C.&98BC+ 6)B;-I97+ O"#+

'8M&C;.+%#)#+-.#;+%89"+CB+&;;898BC&'+%B)(P-6+#QI#69+ NB)+ RN8'9)&98BCS+ 9")B-M"+<&.8I+

&'-A8C&+ 9B+ )#ABJ#+ &C:+ 6B%;#)#;+ AB'#I-'&)+ .8#J#.T+ @-C)#&I9#;+ &C8'8C#.+ -.-&'':+

%#)#+ &'.B+ )#ABJ#;+ &9+ 9"8.+ .9&M#G*+ NB''B%#;+<:+ #J&6B)&98BC+ 9B+ )#ABJ#+ 9"#+ .B'J#C97+

O"#+IBA6B-C;.+%#)#+&C&':U#;+<:+>4?+.6#I9)B.IB6:+@1=*+12VW1=XG+&C;+NB-C;+9B+<#+

.6#I9)B.IB68I&'':+6-)#7+O"#+'8M&C;.+!"#$%EE*+!"#$&EY*+!"#$'EZ+&C;+!"#$(E[+"&J#+<##C+

)#6B)9#;+ 6)#J8B-.':*+ &C;+ 9"#+ :8#';.+ %#)#+ )#6)B;-I8<'#7+ O"#+ '8M&C;.+!"#$)*+!"#$**+

!"#$+*+ &C;+ !"#$,+ %#)#+ C#%+ &C;+ %#)#+ .:C9"#.8U#;+ &IIB);8CM+ 9B+ 9"#+ 6)BI#;-)#+

A#C98BC#;+&<BJ#+&.+;#.I)8<#;+ 8C+;#9&8'+ 8C+ 9"#+#Q6#)8A#C9&'7+O"#+ '8M&C;.+ 9"&9+"&J#+

<##C+.:C9"#.8U#;+"#)#+N#&9-)#+&+)&CM#+BN+.9#)8I+&C;+#'#I9)BC8I+6)B6#)98#.7++

++

+

N
O

NH2

R1

R5
R3

R4

R2

MeOH, rt

molecular sieves (4 !),
24 h, -H2O

N
R1

R5
R3

R4

R2

N

R1 to R5 = H, a
R1= F, R2 to R5 = H, b, (81%)
R1= R2 = Et, R3 to R5 = H, c, (94%)
R1 =R2= iPr, R3 to R5 = H, d
R1 = R2 = H, R3 to R5 = OMe, e, 98%
R1 to R3 = Me, R4 = R5 =H, f,
R1 = tBu, R2 to R5 = H, g, 81%

+

4.8 4.9 4.10
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+ +

+

!"#$%$&'()&!89:9;<6=)9>9;#+'9?&;>.+'(*++&;>+@"#9)+.=;@"#.9.AB7+

C;+@"#+&D<E#+.#@+<F+'9?&;>.*+%#+@)#&@#>+'(*+,+&.+@"#+G6&)#;@+:<'#H-'#I+D#H&-.#+9@+><#.+

;<@+D#&)+&;=+.-D.@9@-#;@.7+J"9.+:#&;.+@"&@+@"#+.@#)9H+&;>+#'#H@)<;9H+6)<6#)@9#.+<F+@"#+

<@"#)+ '9?&;>.+ &)#+ H<:6&)#>+ @<+ @"#+ 6)<6#)@9#.+ <F+ @"9.+ .@)-H@-)#7+ K#&)9;?+ &+ F'-<)<+

.-D.@9@-#;@*+@"#+'9?&;>+'(*+-+."<-'>+D#+#'#H@)<;86<<)7+J"#+)#.@+<F+@"#+'9?&;>.*+'(*+"+

@")<-?"+'(*+#+ ."<-'>+ D#+ #'#H@)<;8)9H"+ H<:6&)#>+ @<+'(*+,7+ L:<;?.@+ @"#:*+'(*+.+

&;>+ '(*+/+ ."<-'>+ D#+ .@#)9H&''=+ :<)#+ >#:&;>9;?+ %9@"+ '(*+.+ D#9;?+ @"#+ :<.@+

>#:&;>9;?+<;#*+.9;H#+9@+"&.+@%<+D-'(=+!"#86)<6='+.-D.@9@-#;@.+9;+<)@"<+6<.9@9<;.+@<+

@"#+H<<)>9;&@9;?+;9@)<?#;+&@<:.7+59?&;>.+'(*+"&&;>+'(*+0+."<-'>+D#+@"#+;#M@+<;#+9;+

@#):.+<F+.@#)9H+>#:&;>7+J"#+'9?&;>+'(*+$+H&;+D#+H<;.9>#)#>+&.+&+"9?"'=+#'#H@)<;8)9H"+

N
N

N
N

F

N
N

MeO
OMe

OMe

4.10a 4.10b, 81%

4.10e, 98%

N
N

N
N

N
N

N
N

4.10c, 94% 4.10d

4.10f 4.10g, 81%

N
N

4.10h



!"#$%&'(&)*+,-."(&)+/012*+34!5*+67++118+

'9:&;<*+&.+ 9=+"&.+=")##*+>#)?+.=)@;:'?+#'#A=)@;+<@;&=9;:+B#="@C?+:)@-6.+@;+="#+&)?'+

)9;:7+ 59:&;<+ !"#$%+ %&.+ .?;="#.9D#<+ =@+ &..#..+ ="#+ #EE#A=+ @E+ &;+ &'96"&=9A+ :)@-6+

A@B6&)#<+ =@+ &)@B&=9A+ )9;:.+ @;+ ="#+ ;9=)@:#;+ @E+ ="#+ @="#)+ '9:&;<.7+ F"#+ !"#!GH-=?'+

:)@-6+A&;+H#+A@;.9<#)#<+&.+.=#)9A&''?+H-'(?7+

+ IE=#)+ .?;="#.9D9;:+ ="#+ '9:&;<.*+ J+ #B6'@?#<+ ="#B+ 9;+ 9)@;KJJL+ A@B6'#C+

.?;="#.#.7+J+9;=#;<#<+=@+A@@)<9;&=#+=%@+'9:&;<.+=@+="#+B#=&'+A#;=#)7+!9;A#+="#+'9:&;<+

9.+ H9<#;=&=#*+ 9=+ %9''+ A@@)<9;&=#+ E@-)+ @-=+ @E+ .9C+ A@@)<9;&=9@;+ .9=#.+ @;+ ="#+ A#;=)&'+

@A=&"#<)&'+ 9)@;KJJL*+ ="-.+ '#&>9;:+ =%@+ .9=#.+ E@)+ '&H9'#+ '9:&;<.+ K9;+ ="9.+ A&.#+ MFEL+ E@)+

A&=&'?.9.7+N#+ .#'#A=#<+ OP#KMFEL/Q+ K9)@;KJJL=)9E'&=#L+ &.+ ="#+B#=&'+ 6)#A-).@)+ @>#)+ ="#+

A@;>#;=9@;&'+P#R'/+E@)+=%@+)#&.@;.7++

1L R"'@)9<#.+&)#+A@B6&)&=9>#'?+.=)@;:#)+'9:&;<.+="&;+MFE+&;<*+="-.*+9;+@)<#)+

=@+ :#;#)&=#+ &A=9>#+ .9=#.*+ ="#+ -.#+ @E+ &;+ &A=9>&=@)+ 9.+ #..#;=9&'7+ F?69A&''?*+

A"'@)9<#+&H.=)&A=@).+'9(#+I:!HPS+@)+T=2M,PS+&)#+-.#<S07+F"#+6)@H'#B+%9="+

-.9;:+.-A"+&;+&A=9>&=@)+9.+="&=+&;+&<<9=9@;&'+.=#6+9.+)#U-9)#<+E@)+&A=9>&=9@;+

&;<+ ="#+ <9EE9A-'=9#.+ ="&=+ &)#+ E&A#<+ %"#;+ -.9;:+ .-A"+ B@9.=-)#+ .#;.9=9>#+

&A=9>&=@).7+

/L R"'@)9<#.+ &)#+ (;@%;+ =@+ H)9<:#+ 9)@;+ A#;=#).+ &;<+ ="-.+ A&;+ 6@..9H'?+

<#&A=9>&=#+="#+&A=9>#+.9=#+K#>#;+="@-:"+=#B6@)&)9'?L+K!A"#B#+!"&LS17+

+

+

'(%)*)+!"&+,@..9H'#+A"'@)@H)9<:#<+<9B#)7++

+

Fe
Cl Cl2

Solvent
Fe

Cl

Solvent

Cl

Cl
Fe

Solvent

Cl
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+ 9"#+:;#<=9>?/@+6)#A-).B)+%&.+.CDE"#.FG#H+FDI"B-.#+JC+KC.#'>+&AAB)HFDL+EB+&+

(DB%D+ 'FE#)&E-)#+ 6)BA#H-)# M/ 7+ 9"#+ .CDE"#.F.+ H#.A)FJ#H+ E"#+ >B)K&EFBD+ B>+

:;#<=9>?/@!/NO2NP*+ "B%#Q#)*+ %FE"+ #RE#D.FQ#+ H)CFDL+ &E+ S0+ TN*+ %#+ BJE&FD#H+ E"#+

:;#<=9>?/@+%FE"+DB+#QFH#DA#+>B)+E"#+6)#.#DA#+B>+NO2NP+JC+UV7++

+ !-J.#W-#DE'C*+ E"#+ 'FL&DH.+!"#$+%#)#+.EF))#H+&E+ )BBK+E#K6#)&E-)#+ FD+NO/N'/+

%FE"+ :;#<=9>?/@+ FD+ &+ /X1+ KB'&)+ )&EFB7+ Y+ .K&''+ &KB-DE+ B>+ NO2NP+ %&.+ &HH#H+ EB+

:;#<=9>?/@+ EB+K&(#+ FE+ .B'-J'#+ FD+ NO/N'/*+ >B''B%#H+ JC+ &HHFEFBD+ B>+ &+ .B'-EFBD+ B>+ E"#+

'FL&DH.+ !"#$+ FD+ NO/N'/+ <!A"#K#+ !"!?7+ 9"#+ ABB)HFD&EFBD+ EBB(+ 6'&A#+ &'KB.E+

FD.E&DE&D#B-.'C*+ &.+ .##D+ JC+ &+ AB'B)+ A"&DL#+ B>+ E"#+ AB'B)'#..+ :;#<=9>?/@+ .B'-EFBD+ EB+

J'-#+B)+B)&DL#7+9"#+AB'B)+B>+E"#+.B'-EFBD+%&.+>B-DH+EB+J#+H#6#DH#DE+BD+E"#+ 'FL&DH+

E"&E+%&.+ -.#H+ &DH+ E"#+3ZI+ QF.+ .6#AE)B.AB6C+%&.+ >B-DH+ EB+ J#+ -.#>-'+ FD+ HF.A-..FDL+

.BK#+B>+ E"#+ .6#AE)&'+ 6)B6#)EF#.+ <!"#$% "&'()?7+OB%#Q#)*+ FD+ L#D#)&'*+ E"#+ 'FL&DH.+%FE"+

'#..+ .E#)FA+ J-'(+ FD+ E"#+ B)E"B+ 6B.FEFBD.+ B>+ E"#+ 6"#DC'+ )FDL.+ ."B%#H+ J'-#+ AB'B).*+

%"#)#&.+E"#+BE"#)+E#DH#H+EB+J#+C#''B%+EB+B)&DL#+FD+AB'B)7+9"#+D#%+F)BD+ABK6'#R#.+

%#)#+F.B'&E#H+JC+ABDA#DE)&EFDL+E"#+A)-H#+)#&AEFBD+KFRE-)#.+&DH+E"#D+'&C#)FDL+E"#K+

%FE"+H)C+[E/=7+Y>E#)+&+ >#%+H&C.+&E+ I1\+TN*+6)#AF6FE&E#.+ >B)K#H+%"FA"+%#)#+ F.B'&E#H+

&DH+H)F#H+-DH#)+"FL"+Q&A--K+EB+LFQ#+E"#+ F)BD+ABK6'#R#.+%FE"+E"#+L#D#)&'+ >B)K-'&+

:;#<=9>?/<!"#$?/@+FD+2/]+EB+^\]+F.B'&E#H+CF#'H.7+

+
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+

+

+

!"#$%$&'('&!9:;"#.<.+=>+<)=:+<?<:=69)<@9'+A'())B&C=?6'#D#.7++

+ E"#+:#%+C=?6'#D#.+%#)#+&:&'9F#@+G9+4!*+HI*+JK)&9*+3LK+M<.*+1N+&:@+1OP+Q4I+

.6#C;)=.C=69*+ ?&R:#;<C+ ?#&.-)#?#:;.+ &:@+ #'#?#:;&'+ &:&'9.#.7+ E96<C&''9*+ ;"#+

C==)@<:&;<=:+=>+;"#+<?<:#+;=+;"#+?#;&'+C#:;#)+%&.+G#.;+.##:+G9+&+."<>;+=>+;"#+STQ+HI+

.;)#;C"<:R+ >)#U-#:C<#.+ ;=+ '=%#)+ %&M#:-?G#).+ AC?K1B7+ E"#+ <:@<M<@-&'+ &:&'9;<C&'+

N
N

R

2
[Fe(OTf)2]

CH3CN/CH2Cl2
rt, 15-60 min

Fe
OTfN

N R

OTf
N

NR

4.10 4.11

Fe
OTfN

N R

OTf
N

NR

R = all H, [Fe(OTf)2(4.10a)2], 4.11a, 78%

R = 2-Fluoro, [Fe(OTf)2(4.10b)2], 4.11b, 57%

R = 3,4,5-Trimethoxy, [Fe(OTf)2(4.10e)2], 4.11e, 
Mixture of [Fe(OTf)2(4.10e)2] + [Fe(4.10e)3](OTf)2, 38%

Fe
OTfN

N R

OTf
N

NR

R = 2,6-Diethyl, [Fe(OTf)2(4.10c)2], 4.11c, 57%

R = 2,6-Diisopropyl, [Fe(OTf)2(4.10d)2], 4.11d, 55%

R = 2,4,6-Trimethyl, [Fe(OTf)2(4.10f)2], 4.11f, 48%

R = 2-tert-Butyl, [Fe(OTf)2(4.10g)2], 4.11g, 32%

Fe
OTfN

N

OTf
N

N

[Fe(OTf)2(4.10h)2], 4.11h, 44%
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9#:";<.+&=<+:"#>)+&66'>?&:>;=+>=+#'-?><&:>;=+;@+.:)-?:-)&'+@#&:-)#.+&)#+<>.?-..#<+>=+

<#:&>'+A#';%7+

!"#"$%&'()(*+,)-.(+-/0%/1%-)/02334%-5-0/67)-8-0,%*/569,:,;%

% B"#+ ?"&)&?:#)>C&:>;=+ ;@+ :"#+ =#%+ >);=DEEF+ >9>=;6G)><>=#+ ?;96'#H#.+ AG+

:)&<>:>;=&'+ =-?'#&)+ 9&I=#:>?+ .6#?:);.?;6>?+ 9#:";<.+ %&.+ <>@@>?-':+ &.+ .;9#+ ;@+ :"#+

?;96'#H#.+ %#)#+ @;-=<+ :;+ A#+ 6&)&9&I=#:>?7+ J.+ .";%=+ >=+ K>I7+ !"$*+ :%;+ A><#=:&:#+

'>I&=<.+ ?&=+ ?;;)<>=&:#+ :;+ &=+ ;?:&"#<)&'+ >);=+ ?#=:#)+ >=+ <>@@#)#=:+%&G.7+ E=+ I#=#)&'*+

:"#)#+&)#+#>I":+>.;9#).+6;..>A'#7+E=+K>I7+!"$*+?;96'#H#.+!"<$*%!"<#%&=<+!"<!+@;)9+&+

6&>)+;@+#=&=:>;9#).+%>:"+:"#+ '&A>'#+LB@+ '>I&=<.+A#>=I+!"#+ :;+#&?"+;:"#)*+%"#)#&.+ >=+
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4. Comparison of the 1H NMR spectra of complex 8a and 8e with varying 

synthetic procedures 

 

For the syntheses of the complexes 8, a 2:1 molar ratio of ligand 7 to [Fe(OTf)2] 

was employed. When a 3.5:1 molar ratio of ligand 7a to [Fe(OTf)2] was employed for the 

synthesis of complex 8a, the 1H NMR spectra of the isolated material were identical (see 

below), suggesting that only two ligands 7a coordinate to the iron center.  

 

Fig. S4 Comparison of 1H NMR spectra of isolated material of 8a (top) and of the 

isolated material when a 3.5:1 molar ratio of the ligand 7a and [Fe(OTf)2] was employed 

(bottom). 

Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2011

27M+T+1+:9'&)+)&?;9+9=+';@&<>+%&'()+?9+AB#CDE=F/G+

/T1+:9'&)+)&?;9+9=+';@&<>+%&'()+?9+AB#CDE=F/G+



!"#$%&'(&)*+,-."(&)+/012*+34!5*+67++1/8+

+

!"#$%&'$9:;6&)<.:=+:>+?<>>#)#=@+;:'&)+)&@<:.+:>+ '<A&=?+%&()*+%<@"+BC#DEF>G/H+-.<=A+

1I+J4K+.6#L@):.L:6MNO7+F"#+.@&))#?+.<A=&'.+L:))#.6:=?+@:+BC#D%&()*G2HDEF>G/7+

+

F"#+L:;6'#P+%&((++&66#&)#?+@:+Q#+6&)&;&A=#@<L+&@+)::;+@#;6#)&@-)#+&=?+

#P"<Q<@#?+&+1I+J4K+.6#L@)-;+%<@"+'&)A#+6&)&;&A=#@<L+."<>@.7+F"#+R#>>+S&'-#+:>+87NT+

U4+ %&.+ ?#@#);<=#?+ <=+ @"#+ .:'<?+ .@&@#+ -.<=A+ &+ ;&A=#@<L+ .-.L#6@<Q<'<@M+ Q&'&=L#7+

I:%#S#)*+%"#=+&+.:'-@<:=+:>+@"#+L:;6'#P+%&((++<=+9V29J+%&.+L::'#?+@:+/N2+W*+@"#+

1I+ J4K+ 6&@@#)=+ >:)+ L:;6'#P+%&((+$ L:=S#)@#?+ @:+ @"#+ ?<&;&A=#@<L+ )&=A#+ D0+ @:+ 1/+

66;*+C<A7$%&,G7+

+

10 

For complex 8e, the 1H NMR spectra differed significantly when a 3.5:1 molar ratio of 

ligand 7e and [Fe(OTf)2] was employed. The spectrum on bottom obtained from a 2:1 

molar ratio of ligand to metal contained already signals for the tris-coordinated material 

[Fe(7e)3](OTf)2 (starred in the spectra below). These signals increased when a 3.5:1 

molar ratio of 7e and [Fe(OTf)2] was employed (top).  

 

Figure S5 Comparison of 1H NMR spectra of isolated material of 8e (bottom) and of the 

isolated material when a 3.5:1 molar ratio of the ligand 7e and [Fe(OTf)2] was employed 

(top). Starred (*) are the signals assigned to [Fe(7e)3](OTf)2   
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6. 1H NMR spectra of the complexes 8 

[Fe(OTf)2(7a)2] (8a), 298 K, CD3CN.!

!

[Fe(OTf)2(7b)2] (8b), 243 K, CD3CN. !

!
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R R

Complex 4.11 (3 mol%)

t-BuOOH 70% (aq.)
(4.0 equiv.), pyridine, rt, 4 h

R R
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+ 4-(&:?&@&+&'A;'+)#&=>:;<.+&)#+;)D&<:=+)#&=>:;<.*+%":="+&)#+-.#A+#G>#<.:H#'?+

<;>+;<'?+E;)+>"#:)+6;>#<>:&'+>;+E;)@+=&)C;<I=&)C;<+C;<A.+C->+&'.;+>;+>&(#+&AH&<>&D#+

;E+>"#+6;..:C:':>?+;E+D#<#)&>:<D+<#%+=":)&'+=#<>#).7+B<+1JK2*+4-(&:?&@&+.";%#A+>"#+

&66':=&>:;<+ ;E+ F:L'M+ &.+ &+ )#&D#<>+ >;+ &AA+ .:'?'+ #<;'+ #>"#).+ >;+ &<+ &'A#"?A#N(#>;<#+

E;)@:<D+>"#+=;))#.6;<A:<D+!I"?A);G?+(#>;<#.17+F"#+@#>&'+.&'>*+F:L'M+%&.+-.#A+&.+&+

.>;:=":;@#>):=+)#&D#<>+.:<=#+="';):<#+%&.+E;-<A+>;+C#+';.>+&.+&+.:'?'="';):A#*+@&(:<D+

F:L'M+ :@6)&=>:=&'+ &.+ =&>&'?.>+ &.+ :>+ =;-'A+ <;>+ >;+ C#+ )#=?='#A7+ F"#+ )#&=>:;<+ %&.+

;):D:<&''?+-.#A+&.+ &+ =;@6'#@#<>+ >;+@:G#AI+ &'A;'+ =;<A#<.&>:;<+ )#&=>:;<.*+ ';%#):<D+

>"#+="&<=#.+;E+>"#+E;)@&>:;<+;E+-<%&<>#A+.#'EI+&'A;'+=;<A#<.&>:;<+6);A-=>.*+>"#)#C?+

:<=)#&.:<D+ >"#+ ?:#'A7+O;%#H#)*+ >"#+ )#&=>:;<+ ;):D:<&''?+ ->:':P#A+ #G>)#@#'?+ =;));.:H#+

&<A+@;:.>-)#+ .#<.:>:H#+F:L'M7+4;)#;H#)*+ >"#+ &66':=&>:;<+ ;E+ .>;:=":;@#>):=+ &@;-<>.+

@&A#+ :>+ .?<>"#>:=&''?+ ="&''#<D:<D+ >;+ C#+ -.#A+ ;<+ &+ '&)D#+ .=&'#7+ Q:?;;(&*+ :<+ 1JJ1*+

A#@;<.>)&>#A+ >"#+ -.#+ ;E+ &+ .>;:=":;@#>):=+ &@;-<>+ ;E+ &+ C;);<IC&.#AI5#%:.I&=:A+

Ph

O

H Ph

OTMS
TiCl4, -78 oC

CH2Cl2 Ph

OH

Ph

O

+
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6):;:<#=+ &'=:'+ )#&><?:@/27+ A"#+ )#&><?:@.+ %#)#+ .":%@+ <:+ "&B#+ "?C"+ ##+ B&'-#.+

&'<":-C"+ <"#D+%#)#+@:<+>:;6'#<#'D+#@&@<?:.#'#><?B#+EFGHI8J+##+=#6#@=?@C+:@+ <"#+

&'=#"D=#+&@=+.?'&@#+-.#=K7+L):-@=+<"#+.&;#+<?;#+4-(&?D&;&+#;6':D#=+!@EMANK/+?@+

>:@$-@><?:@+%?<"+O-2!@P+ ?@+ "?C"'D+ #@&@<?:.#'#><?B#+ &'=:'+ )#&><?:@.*+ -<?'?Q?@C+ >"?)&'+

=?&;?@#. /F 7+ 3@=#).<&@=?@C+ <"#+ )#R-?)#;#@<+ :N+ &+ ;:)#+ #>:@:;?>&'+ ;:=#+ :N+

&><?B&<?:@*+ SB&@.+ )#6:)<#=+ >:66#)+ >&<&'DQ#=+4-(&?D&;&+&'=:'+ )#&><?:@.+ ?@+1III/G7+

A"#)#+"&.+T##@+&+':<+:N+?;6):B#;#@<+?@+<#);.+:N+?@>)#&.?@C+<"#+#@&@<?:.#'#><?B?<D+:N+

<"#+ )#&><?:@/U*/97+V:%#B#)*+%?<"+ <"#+ >-))#@<+ )#R-?)#;#@<.+:N+ C)##@#)+ <#>"@:':C?#.*+

<"#+&66'?>&<?:@+:N+;:.<+:N+<"#.#+;#<&'HT&.#=+)#&><?:@.+?.+N&>?@C+>"&''#@C#.7+W@+#NN:)<.+

:N+ ;&(?@C+ <"?.+ )#&><?:@+ ;:)#+ #@B?):@;#@<&''D+ T#@?C@*+ L''#@+ )#>#@<'D+ ?@<):=->#=+

&R-#:-.+>&<&'D<?>+.D.<#;.+-<?'?Q?@C+&@+&'-;?@-;HT&.#=+5#%?.+&>?=/87+

+ A"#+ 6):=-><.+ :N+ 4-(&?D&;&+ &'=:'+ )#&><?:@.*+ ?7#7+ !H"D=):XD>&)T:@D'+

>:;6:-@=.+N?@=+&66'?>&<?:@.+?@+;&@D+N?#'=.+:N+>"#;?.<)D+?@>'-=?@C+@&<-)&'+6):=-><+

.D@<"#.?./I7+ A)&=?<?:@&''D*+ <"#+ )#.#&)>"+ :@+ 4-(&?D&;&+ &'=:'+ )#&><?:@.+ N:>-.#.+ :@+

#@&@<?:.#'#><?B?<D+&@=+?;6):B?@C+<"#+:B#)&''+D?#'=7+A"#+T?CC#.<+=)&%T&>(.+?@+.>&'?@C+

-6+<"#+)#&><?:@.+&)#+<"#+%:)(?@C+>:@=?<?:@.+N:)+<"#+)#&><?:@7+W<+?.+(@:%@+<"&<+':%#)+

)#&><?:@+<#;6#)&<-)#.+"#'6+.<&T?'?Q#+ <"#+<)&@.?<?:@+.<&<#+ <:%&)=.+.#'#><?B#+6):=-><+

N:);&<?:@+&@=*+?@+>&.#+:N+>:;6:-@=.+%?<"+>"?)&'+>#@<#).*+&..?.<.+?@+<"#+N:);&<?:@+:N+

:@#+ ?.:;#)+ 6)#N#)&T'D+ :B#)+ <"#+ :<"#)207+ A"?.*+ ":%#B#)*+ >&@+ >&-.#+ 6):T'#;.+%"#@+

.>&'?@C+-6+<"#+)#&><?:@+<:+&@+ ?@=-.<)?&'+ '#B#'7+L@:<"#)+ ?;6:)<&@<+&.6#><+:N+-<?'?Q?@C+

<"#+)#&><?:@+&<+&@+?@=-.<)?&'+ '#B#'+ ?.+<"#+>":?>#+:N+<"#+;#<&'+>&<&'D.<7+Y&)?:-.+;#<&'+

.&'<.+.->"+&.+!@Z'F*+[@Z'/*+A?Z'F*+&@=+!?Z'F*+#<>7+"&B#+T##@+-.#=+ ?@+4-(&?D&;&+&'=:'+

)#&><?:@.+%?<"+.?'D':XDN-)&@.217+V:%#B#)*+<"#+"?C"+;:?.<-)#+.#@.?<?B?<D+:N+<"#.#+.&'<.+
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&9:+;"#+"<="+>?.;+?@+.?A#+?@+;"#A*+9?;+;?+A#9;<?9+;"#+;?B<><;C+?@+.?A#+?@+;"#+A#;&'.*+

"&A6#)+;"#<)+-.#*+#.6#><&''C+&;+&9+<9:-.;)<&'+'#D#'7++

+ E)?9*+?9+;"#+?;"#)+"&9:*+<.+&+>"#&6+&';#)9&;<D#+;?+A?)#+6)#><?-.+A#;&'.7+E)?9+

"&.+ F##9+ .->>#..@-''C+ -.#:+ &.+ &+ 5#%<.+ &><:+ <9+ D&)<?-.+ )#&>;<?9.1G*18*1H7+ E9+ 1H8H*+

I?'?AF?+ )#6?);#:+ ;"#+ &66'<>&;<?9+ ?@+ JK#I'I6LIMN/O+ L!"#N+ &.+ &+ >&;&'C.;+ @?)+

4-(&<C&A&+&::<;<?9+;C6#+)#&>;<?9.*+-.<9=+20+A?'P+?@+>&;&'C.;+&;+)??A+;#A6#)&;-)#+

<9+Q8+"/0+L!>"#A#+!"$N7+

++

%&'()(*!"$*R66'<>&;<?9+?@+K#I'I6LIMN/+&.+>&;&'C.;+<9+4-(&<C&A&+&':?'+)#&>;<?9"*

*

5&;#)+ <;+ %&.+ ."?%9+ ;"&;+ ;"#+ &66'<>&;<?9+ ?@+ A?9?>&;<?9<>+ .6#><#.+ !"$+ A&:#+ ;"#+

)#&>;<?9+ ;)-'C+>&;&'C;<>*+-;<'<S<9=+?9'C+/+A?'P+?@+ ;"#+>&;&'C.;+&;+ T/0+ UI+%<;"<9+18+"+

L!>"#A#+!"+N1/7++

+

%&'()(*!"+*R66'<>&;<?9+A?9?>&;<?9<>+.6#><#.+<9+4-(&<C&A&+&':?'+)#&>;<?9"*

+

Fe
OC

Cl

CO

5.1

OSiMe3

OEt

5.1 (30 mol%)

CH2Cl2, rt, 
48 h, 88%

PhCHO Ph

OR O

OEt

R = H, Me3Si

Fe+

Ph2P
PPh2

O Me3SiO

OMe 5.2 (2 mol%)

CH2Cl2, -20 oC, 
18 h, 90%

PhCHO

Ph

TMSO

O

OMe
X-

X- = BF4
-,PF6

-

5.2
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:;+ 1998*+ <=>&?&."@*+ ."=%#A+ B"#+ &66'@C&>@'@B?+ =D+ E&)@=-.+ 5#%@.+ &C@A+ .&'B.+ =D+

B"#+F#;#)&'+D=)G-'&+4H;+I4+J+E&)@=-.+G#B&'.+.-C"+&.+K'*+!C*+L)*+4;*+M#*+L=*+N*+,A*+LA+

&;A+ H+ J+ "&'@A#*+ B)@D'&B#+ &;A+ 6#)C"'=)&B#O*+ -;A#)+ &P-#=-.+ C=;A@B@=;.2/7+ K'B"=-F"+

'&;B"&;@A#+ B)@D'&B#.+ %#)#+ D=-;A+ B=+ >#+ B"#+ G=.B+ #DD@C@#;B+ C&B&'?.B.*+ @)=;+ .&'B.+ &'.=+

#Q"@>@B#A+.=G#+&CB@E@B?7+R"#+.B-A?+&'.=+A#G=;.B)&B#A+B"#+#;"&;C#A+&CB@E@B?+=D+M#L'2+

@;+ B"#+ 6)#.#;C#+ =D+ C&B&'?B@C+ &G=-;B.+ =D+ .-)D&CB&;B.+ .-C"+ &.+ .=A@-G+ A=A#C?'+

.-'6"&B#.+=)+.@G@'&)+C=G6=-;A.227+S#)?+)#C#;B'?*+T''#E@#)+."=%#A+B"#+&66'@C&B@=;+=D+

@)=;I::O+ C=G6'#Q#.+ @;+ #;&;B@=.#'#CB@E#+ 4-(&@?&G&+ &'A='+ )#&CB@=;.+ -;A#)+ &P-#=-.+

C=;A@B@=;.*+-.@;F+C"@)&'+>@6?)@A@;#+'@F&;A.2U7++

K'B"=-F"+B"#+&66'@C&B@=;.+=D+@)=;+C&B&'?.B.+@;+4-(&@?&G&+&'A='+)#&CB@=;.+&)#+

(;=%;*+B"#)#+&)#+B%=+G&$=)+@G6)=E#G#;B.+B"&B+&)#+6=..@>'#7++

1O R"#+.->.B)&B#+.C=6#7+

/O R"#+-.#+=D+M#I:::O+.&'B.+C=G6&)#A+B=+B"#+G=)#+C=GG=;'?+-.#A+M#I::O+.&'B.7+

+

:;+F#;#)&'*+B"#)#+&)#+B")##+G&@;+C=G6=;#;B.+=D+&+B?6@C&'+4-(&@?&G&+)#&CB@=;7+

R"#+D@).B+=;#+@.+B"#+C&)>=;?'+C=G6=-;A7+:B+&66#&).+B"&B+&'A#"?A#.+&)#+B"#+.->.B)&B#.+

=D+C"=@C#*+#.6#C@&''?+B"=.#+B"&B+&)#+#'#CB)=;+A#D@C@#;B2V7+R"#+.#C=;A+C=G6=;#;B+@.+B"#+

.@'?'+#;='+#B"#)+;-C'#=6"@'#7+3.-&''?*+B"#+C"=@C#+=D+;-C'#=6"@'#+@.+'@G@B#A+B=+&CB@E&B#A+

.@'?'+ #;='+ #B"#).*+ "&E@;F+ G#B"=Q?+ F)=-6.+ =)+ &;+ #'#CB)=;W)@C"+ .?.B#G+ @;+ B"#+

>&C(>=;#1/*/0+I!C"#G#+!"#O7+

+
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+

!"#$%$&'()&9:;6:<#<=.+:>+&+=?6@A&'+4-(&@?&;&+)#&A=@:<(&

+

+ B<+ ="#+ '@=#)&=-)#*+;:.=+:>+ ="#+5#%@.+&A@C.+"&D#+E##<+-=@'@F#C+ @<+A:;E@<&=@:<+

%@="+ ="#+ .@'?':G?+ #<:'+ #="#)*+ !"#!HE-=?'I1H;#=":G?D@<?':G?JC@;#="?'.@'&<#2K*2L*2M7+

N-#+ =:+ ="#+ #'#A=):<+ C:<&=@<O+ ;#=":G?+ O):-6+ &.+ %#''+ &.+ .=#)@A&''?+ -<"@<C#)#C+

;#="?'#<#+-<@=*+="#+.@'&<#+E?+@=.#'>+@.+D#)?+<-A'#:6"@'@A*+":%#D#)+>:)+="#+.&;#+)#&.:<+

@=+ '@;@=.+ ="#+ #.=&E'@.";#<=+ :>+ >-<A=@:<&'+ O):-6.+ @<+ ="#+ 6):C-A=7+ 5@=#)&=-)#+

6):A#C-)#.+C#;:<.=)&=#C+="#+&66'@A&E@'@=?+:>+&+.@'?'+#<:'+#="#)+%"#)#+P/*+P2+&<C+PQ+

&)#+ &'(?'R&)?'+ O):-6.+ .-A"+ &.+ #="?'*+ 6"#<?'+ #=A7*+;&(@<O+ ="#+ <-A'#:6"@'#+ .=#)@A&''?+

;:)#+ C#;&<C@<O+ I!A"#;#+ '()J/1* 28 7+ S:%#D#)*+ ="#)#+ &)#+ :<'?+ &+ "&<C>-'+ :>+

6-E'@A&=@:<.+&D&@'&E'#+-.@<O+@):<+A&=&'?F#C+D#).@:<.+:>+="#+)#&A=@:<+%"#)#+.-A"+.@'?'+

#<:'+#="#).+"&D#+E##<+#;6':?#C2Q*Q0*Q17+

+ !#A:<C'?*+@=+@.+(<:%<+="&=+="#+&'C:'+6):C-A=+:-=A:;#+A&<+.=):<O'?+C#6#<C+:<+

D&)@:-.+6&)&;#=#).*+@<A'-C@<O+="#+.:'D#<=*+A:H.:'D#<=*+="#+<&=-)#+:>+="#+&<@:<+:>+="#+

5#%@.+&A@C+&<C+="#+:G@C&=@:<+.=&=#+:>+="#+;#=&'+=:+E#+-.#CQ/7+B<+="#+'@=#)&=-)#*+T#9'2+

"&.+ E##<+ #;6':?#C+ &.+ &+ 5#%@.+ &A@C*+ A&=&'?=@A&''?*+ ":%#D#)*+ ="#+ ?@#'C.+ I/1U+

A:<D#).@:<J+ %#)#+ :>+ <:+ .?<="#=@A+ D&'-#2/7+ 9:<.@C#)@<O+ ="#+ ;#A"&<@.=@A+

-<C#).=&<C@<O+IT@O7+*()J*+T#IBBBJ+.":-'C*+@C#&''?*+E#+&+E#==#)+5#%@.+&A@C+="&<+T#IBBJ+&.+

@=+A&<+V&==)&A=W+&<C+A::)C@<&=#+="#+:G?O#<+:>+="#+&'C#"?C#+:)+(#=:<#+E#==#)7+S:%#D#)*+

&66'@A&=@:<+:>+T#IBBBJ+ A:;6'#G#.+&.+&+ A&=&'?.=+ @<+ ="#+4-(&@?&;&+&'C:'+ )#&A=@:<+"&.+

R1 R

O
R3 OSiR3

R4

R2

R1 OSiR3

R3
R

R2
R4

O
* *

Carbonyl
compound

Silylenol
Ether

Lewis Acid/
Base

Solvent

Product
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9:;+<##9+.;-=>#=+>9+?)#&;+=#;&>'.+;"&;+?&@#+.A9;"#;>B&''A+-.#C-'+B:9@#).>:9.7+D9#+:C+

;"#+ )#&.:9.+ B:-'=+ <#+ ;"#+ 6:..><>'>;A+ :C+ ;"#+ C:)E&;>:9+ :C+ B"':):F<)>=?#=+ =>E#).+ :C+

G#H'2+I&.+=>.B-..#=+>9+H"&6;#)+JK+I!B"#E#+!"!KJ27+

+

+ #$%&'&(!"!(,:..><'#+G#H'2+=>E#)+;"):-?"+B"':):F<)>=?>9?"(

L">.+ <)>=?>9?+ E&A+ 6)#@#9;+ ;"#+ B::)=>9&;>:9+ ;:+ ;"#+ &'=#"A=#+ =-#+ ;:+ ;"#+

<)>=?>9?+ B"':)>=#+ &;:E.*+ %">B"+ :BB-6A+ :6#9+ B::)=>9&;>:9+ .>;#.7+ 39'>(#+ ;)>C'&;#.*+

%">B"+ &)#+ %#&(+ '>?&9=.JJ*+ &9=+ "&@#+ <##9+ .":%9+ ;:+ B:E#+ :9F&9=F:CC+ =-)>9?+ ;"#+

)#&B;>:9JM*+B"':)>=#.+&)#+.;):9?#)+'>?&9=.+&9=+;"-.+=>CC>B-';+;:+-9=#)?:+=>..:B>&;>:9+

C):E+;"#+>):9+B#9;#)+;:+:6#9+&+B::)=>9&;>:9+.>;#7++

+

!")(*&+,-.+(

+ H:9.>=#)>9?+ ;"#+ &<:@#+ =>.B-..>:9+ :C+ >):9+ B&;&'AN#=+ 4-(&>A&E&+ &'=:'+

)#&B;>:9.*+ O+ ;":-?";+ ;"&;+ ;"#+ &66'>B&;>:9+ :C+ PG#H6OIHDK/Q+ =#)>@#=+ B:E6'#R#.+

I=>.B-..#=+ >9+H"&6;#)+1+&9=+H"&6;#)+2K+E>?";+<#+6:..><'#+B&9=>=&;#./07+ O:=>=#+ >.+&+

<#;;#)+'#&@>9?+?):-6+;"&9+B"':)>=#*+<#B&-.#+:C+>;.+<>??#)+.>N#JS7+4:)#:@#)*+;:+:6#9+&+

B::)=>9&;>:9+ .>;#*+ .>'@#)+ .&';.+ B&9+ <#+ -.#=+ ;:+ &<.;)&B;+ ;"#+ >:=>=#*+ >C+ 9##=#=7+ L"#+

B&)<:9A'+'>?&9=.+&)#+(9:%9+;:+-9=#)?:+<)>=?>9?+=>E#)>N&;>:9JT7+L">.+B:-'=+6:..><'A+

?>@#+6):<'#E.+=-)>9?+ B&;&'A.>.+ &9=+"#9B#*+ .;)&;#?>B&''A*+%#+=#B>=#=+ ;:+ )#E:@#+ ;"#+

B&)<:9A'.+ <A+ 6":;:F>))&=>&;>:9*+ &.+ 6#)C:)E#=+ <A+ :;"#).+ ;:+ .A9;"#.>N#+ >):9+

B:E6'#R#.+:C+;"#+?#9#)&'+C:)E-'&*+PG#H6I/KUQ*+%"#)#+/+>.+&+<>=#9;&;#+'>?&9=+&9=+U+>.+

Fe
ClCl

Cl

2 Solvent Fe
Cl

Cl

Cl

Cl
Fe

Cl

Cl
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&+ "&'9:#+ '9(#+ ;'+ <)+ =+ >!?"#@#+!"#ABC7+ D"#+ )#&?E9<F.+%#)#+ 6#)G<)@#:+ -.9FH+ I&)9<-.+

.<'I#FE.+.-?"+&.+;J2;K*+DJL+<)+;J/;'/+>?<<):9F&E9FH+&.+%#''+&.+F<FM?<<):9F&E9FHA+9F+

6)#.#F?#+ <G+ N9:#FE&E#+ ,JOP+ >!?"#@#+ !"#A+ <)+ 9@9F#+ '9H&F:.+ -.#:+ 9F+ ;"&6E#)+ B+

>!?"#@#+!"$A7+D"#+)#&?E9<F.+%#)#+?&))9#:+<-E+&E+I&)9<-.+E#@6#)&E-)#.+)&FH9FH+G)<@+

0+Q;+E<+R0+Q;*+&.+%#''+&.+-F:#)+&+.E)#&@+<G+F9E)<H#F+E<+&''<%+G<)+)#@<I&'+<G+E"#+;O+

'9H&F:+-6<F+:9..<?9&E9<F7+J<%#I#)*+.<+G&)+&''+&EE#@6E.+E<+.SFE"#.9T#+E"#+?<@6'#U#.+

!"!%&F:+!"#+%#)#+-F.-??#..G-'7++

+

&'()*)%!"#%VEE#@6E#:+:#?&)N<FS'&E9I#+9))&:9&E9<F+<G+L#;6=>;OA/+%9E"+,JOP%>!"+A%

&F:+=@9F#%>!",A%'9H&F:.7+

+

&'()*)% !"$% VEE#@6E#:+ :#?&)N<FS'&E9I#+ 9))&:9&E9<F+ <G+ L#;6=>;OA/+ %9E"+

9@9F<6S)9:9F#%>,"-.A%'9H&F:.7+

%

+ =F.E#&:*+ =+ G<-F:+ E"&E+ 9))&:9&E9<F+ <G+ WL#;6=>;OA/X+ ?<F.E&FE'S+ ?&-.#:+ E"#+

G<)@&E9<F+<G+G#))<?#F#*+WL#>;6A/X+>!"$A+>!?"#@#+!"/A7+=+6)<6<.#+E"&E+E"9.+?<-':+"&I#+

Fe
OC

I

CO N

O

CH2Cl2/CH3CN/THF
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9"#+:;<#='2+>)&?@#AB+CA+DE@6'#F+!"##+"&.+@&AG+.B)-DB-)&'+BE6E?)&6"C#.+CA+

DE@@EA+%CB"+B"#+HIJEFEKLC.MB)CD"'E)E>#))&B#HNNNKO+PC&ACEA+M<#='2J;J<#='2O/J*+

PC.D-..#P+LG+QC#?"&)PBRR7+9"#+C)EA+CA+B"C.+>)&?@#AB+M<#H/KO+C.+B#B)&"#P)&'+%CB"+B"#+

B")##+D"'E)E+'C?&AP.+'ED&B#P+&B+B"#+DE)A#).+E>+B"#+L&.#+B)C&A?'#+CA+B"#+B#B)&"#P)EA*+

%"C'#+B"#+EFG?#A+C.+'ED&B#P+&B+B"#+&6#F7+9"#+&S#)&?#+<#J='+LEAP+'#A?B"+%&.+>E-AP+BE+

L#+/7/2T+U*+%"CD"+%&.+DE@6&)&L'#+BE+B"#+&S#)&?#+<#J='+LEAP+'#A?B"+E>+/7/1+U+CA+B"#+

HIJEFEKLC.MB)CD"'E)E>#))&B#HNNNKO+PC&ACEARR7+9"#+&S#)&?#+='J<#J='+LEAP+&A?'#+CA+B"#+:

;<#='2+>)&?@#AB+%&.+>E-AP+BE+L#+10V72WX*+%"CD"+C.+.'C?"B'G+.@&''#)+B"&A+B"#+10YX+

)#6E)B#P+LG+QC#?"&)PBRR+&AP+B"#+#F6#DB#P+10W7VX+>E)+&+B#B)&"#P)&'+?#E@#B)G+H<C?7+

!"$K7+9"C.+DE-'P+&'.E+L#+#F6'&CA#P+LG+DEA.CP#)CA?+.B#)CD+#>>#DB.+EA+B"#+:;<#='2+
>)&?@#AB+D&-.#P+LG+B"#+#B"G'+?)E-6.*+D&-.CA?+B"#+='+&BE@.+BE+6-."+&%&G+>)E@+B"#+

EB"#)+C)EA*+#>>#DBCS#'G+)#P-DCA?+B"#+LEAP+&A?'#7+

+
=E@6'#F+!"#%&& & & =E@6'#F+!"##&

'()"&!"$&=E@6&)C.EA+E>+<#J;J<#+LEAP+&A?'#+CA+DE@6'#F+!"##+HD-))#AB+.B-PGK+&AP+

DE@6'#F+!"#%+HLG+9&B.-@CRTK7+
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9"#+:;<=+&<>'#+?#@1ABCB?#@/A+%&.+D;-<=+E;+:#+1FG70@/AH+%"IJ"+%&.+';%#)+

J;K6&)#=+E;+E"#+=I&<I;<+L?#M'2BCB?#M'2N/B+@1O07FHA+=I.J-..#=+:P+QI#>"&)=EGG+;)+

1GR7/H+D;)+E"#+E"I&S;'#+:&.#=+J;K6'#T*+!"#$%)#6;)E#=+:P+9&E.-KIGF+@?I>7+!"&A7++

9"I.+.K&''#)+?#BCB?#+:;<=+&<>'#+I<+J;K6'#T+!"##%K&P+.->>#.E.+E"&E+E"#+

:)I=>I<>+;TP>#<+&E;K+=;#.+<;E+:#';<>+E;+&<+;T;+>);-6+:-E+)&E"#)+E;+"P=);TI=;+

>);-6*+&<=+E"#)#D;)#+E"#+J;K6;-<=+I.+6#)"&6.+&+KIT#=+U&'#<J#+?#VVB?#VVV+J;K6'#T7+

W<&';>;-.+J;K6'#T#.+;D+I);<+%IE"+/*GB=IIKI<;6P)I=I<#+'I>&<=.+"&U#+:##<+)#6;)E#=+

#&)'I#)*+%"IJ"+.";%#=+KIT#=+>#;K#E)I#.+&E+E"#+I);<+J#<E#).GX*GO7++

!"!"'% ()*+*,-.+/0*-/12% 13% -).% 4/5*26% *26% -).% ,1784.9.:% ;:/25% .4.7.2-*4%

*2*4<:/:+

% ?I<&''P*+ E"#+ J;K6;.IEI;<+ ;D+ E"#+ J;K6'#T#.+ %&.+ J;<DI)K#=+ :P+ #'#K#<E&'+

&<&'P.I.+ D;)+ J&):;<+ &<=+ "P=);>#<7+ 9"#+ J;K6'#T+!"=+ >&U#+ &+ J&):;<+ 6#)J#<E&>#+ ;D+

FG7/F+ &<=+ &+ "P=);>#<+ 6#)J#<E&>#+ ;D+ F781+ @E"#+ #T6#JE#=+ U&'-#.+ &)#+ FG7FF+ &<=+ F7O*+

)#.6#JEIU#'PA7+9"#+#'#K#<E&'+J;K6;.IEI;<+;D+J;K6'#T+!"#>+%&.+D;-<=+E;+:#+G/7/R+D;)+

J&):;<+ &<=+ G72F+ D;)+ "P=);>#<+ %IE"+ E"#+ #T6#JE#=+ U&'-#+ ;D+ G270G+ &<=+ G72F*+

)#.6#JEIU#'P7+ 9"#+ J;K6'#T+ !"#>+ .";%#=+ &+ ';%#)+ E"&<+ #T6#JE#=+ U&'-#+ D;)+ J&):;<+

J;<E&I<7+9"I.+J;-'=+:#+:#J&-.#+;D+IK6-)IEI#.+;D+I);<+.&'E.7+?;)+)#'&E#=+I);<+J;K6'#T#.+

I<+E"#+'IE#)&E-)#*+;<'P+K&..+.6#JE);K#E)P+&<=+#'#K#<E&'+&<&'P.I.+"&U#+:##<+-.#=+D;)+

E"#I)+J"&)&JE#)IS&EI;<XF7+?;)+E"#+J;))#.6;<=I<>+;TI=IS#=+D;)K+!"##*+E"#+J&):;<+&<=+

"P=);>#<+U&'-#.+%#)#+D;-<=+E;+:#+X0711+&<=+X708*+)#.6#JEIU#'P7++

%

%

%
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!"#$%&'()+9#:+;<=>+'#=?@".+&=>+;<=>+&=?'#.+A<)+B<C6'#D+'(**7+

9#:+E<=>+'#=?@".+FGH+ 9#:+E<=>+I=?'#.+FJH+
+

K#F1HLMF1H+ 17NOPF2H+ MF1HLK#F1HLQF/H+ 10178OF1OH+
K#F1HLQF/H+ /710/FRH+ MF1HLK#F1HLQF2H+ 10R7O0F1PH+
K#F1HLQF2H+ /71N/FRH+ QF/HLK#F1HLQF2H+ N2728F1PH+
K#F1HLQF1H+ /7181FRH+ MF1HLK#F1HLQF1H+ 1007RSF1PH+
K#F1HLT'F1H+ /7/1O/F1RH+ QF/HLK#F1HLQF1H+ N/7SRF1PH+
K#F/HLMF1H+ 17NNRF2H+ QF2HLK#F1HLQF1H+ 1R17/8F1PH+
K#F/HLT'F/H+ /7/0//F1OH+ MF1HLK#F1HLT'F1H+ 112710F1/H+
K#F/HLT'F2H+ /7/28FRH+ QF/HLK#F1HLT'F1H+ 1RR78OF11H+
K#F/HLT'FRH+ /7/P1F2H+ QF2HLK#F1HLT'F1H+ 8N700F11H+

+ +
QF1HLK#F1HLT'F1H+ 887S/F1/H+

+ +
MF1HLK#F/HLT'F/H+ 11/721F12H+

+ +
MF1HLK#F/HLT'F2H+ 11/71FRH+

+ +
T'F/HLK#F/HLT'F2H+ 1087RF2H+

+ + MF1HLK#F/HLT'FRH+ 10R7RNF1OH+
+ + T'F/HLK#F/HLT'FRH+ 10/7N2F1/H+
+ + T'F2HLK#F/HLT'FRH+ 11O7OFOH+
+ + K#F1HLMF1HLK#F/H+ 1RP70F/H+

+

+

'(+& ,--$./"0.12& 13& 4%0"$& /14-$%5%6& '(7& "28& '(*9& "6& /"0"$:60& 01;"<86&

=>?".:"4"&"$81$&<%"/0.126(+

+ IA@#)+@"#+.-BB#..A-'+.:=@"#.U.+<A+B<C6'#D+'(7+&=>+'(*9*+V+>#BU>#>+@<+-.#+@"#.#+

B<C6'#D#.+&.+B&@&':.@.+ U=+4-(&U:&C&+&'><'+)#&B@U<=.7+I.+>U.B-..#>+#&)'U#)+ F.#B@U<=+

'(*H*+@<+;#+-.#>+&.+&+B&@&':.@*+@"#+B<C6'#D+C-.@+&B@+&.+5#%U.+&BU>7+V=U@U&'':*+@<+.B)##=+

@"#+)#&B@U<=.*+%#+>#BU>#>+@<+-.#+B:B'<6#=@#=:'<D:@)UC#@":'.U'&=#+FT6MW4!H+F'(*@*+
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8&9'#+!"#:+ &.+ &+;-<'#=6">'#+ ?=)+ @"#+ )#&<@>=;7+8"#+-.#+=?+ &<@>A&@#B+ .-9.@)&@#.+ C#;='+

#.@#)+ B#)>A#B+ ?)=D+ <=))#.6=;B>;E+ #.@#).:+ .-<"+ &.+ !"#!F9-@G'C1F

D#@"=HGA>;G'=HG:B>D#@"G'.>'&;#+C!"$%*+8&9'#+!"&:+%#)#+B#'>9#)&@#'G+&A=>B#B+&@+@">.+

.@#6+&.+@"#G+%#)#+?=-;B+@=+)#&<@+<=D6&)&@>A#'G+#&.G+&;B*+@"-.*+D&(>;E+>@+B>??><-'@+@=+

B#@#)D>;#+@"#+#??><>#;<G+=?+@"#+<&@&'G.@.7++

I;>@>&''G*+ I+ <&))>#B+=-@+ <=;@)='+ )#&<@>=;.*+ &.+B#.<)>9#B+9#'=%7+J=;A#).>=;.+=?+

'#..+@"&;+/0K+&.+B#@#)D>;#B+9G+LJ+-;B#)+@"#+)#&<@>=;+<=;B>@>=;.+%#)#+;=@+?=''=%#B+

-6+?-)@"#)7+M"#;+N#J'2+%&.+-.#B+&.+&+<&@&'G.@+>;+JO/J'/+&.+@"#+.='A#;@*+;=+)#&<@>=;+

%&.+=9.#)A#B+=A#);>E"@+&@+)==D+@#D6#)&@-)#7+I)=;CIII:+<"'=)>B#+>.+;=@+A#)G+.='-9'#+

>;+JO/J'/7+M"#;+<=D6'#H+!"'(%&.+-.#B+&.+&+<&@&'G.@+%>@"=-@+&<@>A&@>=;*+I+=9.#)A#B+

;=+ <=;A#).>=;7+ 8=+ &<@+ &.+ 5#%>.+ &<>B*+ @"#)#+ ."=-'B+ 9#+ &;+ =6#;+ <==)B>;&@>=;+ .>@#+

&A&>'&9'#+ ?=)+ @"#+ &'B#"GB#+ @=+ <==)B>;&@#*+ &;B+ >;+ <=D6'#H+ !"'*+ @"#)#+ &)#+ ;=+ .-<"+

&<@>A#+ .>@#.+ =6#;7+ O#;<#*+ I+ B#<>B#B+ @=+ -.#+ &+ <"'=)>B#+ &9.@)&<@=)+ )#&E#;@7+ I;>@>&''G+++

PEQNR+ %&.+ -.#B*+ "=%#A#)*+ >@+ %&.+ =9.#)A#B+ @"&@+ %>@"+ &<@>A&@>=;+ 9G+ =;#+ =)+ @%=+

#S->A&'#;@.+=?+PEQNR*+@"#+<=;A#).>=;+=?+R0K+CB#@#)D>;#B+9G+LJ:+%&.+=?+;=+.G;@"#@><+

A&'-#7+8">.+<&;+9#+&.<)>9#B+@=+@"#+'=%+.='-9>'>@G+=?+PEQNR+>;+JO/J'/*+%"><"+>.+&'.=+@"#+

.='A#;@+?=)+@"#+<"'=)>B#+&9.@)&<@>=;+)#&<@>=;7+O#;<#*+I+D=A#B+=;+@=+-.#+PE!9NT+&.+&+

<"'=)>B#+&9.@)&<@=)7+!>;E'#+&;B+B=-9'#F<"'=)>B#+&9.@)&<@>=;.+?)=D+<"'=)=+<=D6'#H#.+

&)#+(;=%;+>;+@"#+'>@#)&@-)#UV7+!>'A#)"#H&?'-=)=&;@>D=;&@#+CPE!9NT:+%&.+?=-;B+@=+9#+

&+ 9#@@#)+ <"'=)>B#+ &9.@)&<@=)+ @"&;+ .>'A#)@#@)&?'-=)=9=)&@#+ CPEQNR:7+ 8"-.*+%"#;+ @%=+

<"'=)>B#.+%#)#+ &9.@)&<@#B+9G+PE!9NT+ C!<"#D#+!"$!:*+ @"#+ <&@&'G.@+%&.+ ?=-;B+ @=+9#+

&<@>A#+@=%&)B.+4-(&>G&D&+&'B='+)#&<@>=;.7+

+
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+

!"#$%$& '()'+ ,8..9:'#+ &;<9=&<98>+ 8?+ ;8@6'#A+ '(*& &>B+ '()++ C>8<+ >#;#..&)9'D+

@8>8>-;'#&)E+

+ F"#+3GH=9.+.6#;<)&+8?+<"#+;8@6'#A#.+'(*&&>B+'()++%#)#+)#;8)B#B+:#?8)#+&>B+

&?<#)+;"'8)9B#+&:.<)&;<98>*+&>B+<"#D+%#)#+B9??#)#><+9>B9;&<9>I+<"&<+<"#+;"'8)9B#.+"&=#+

:##>+ &:.<)&;<#B+ CJ9I7+'('E+ 7+ !-;"+ 3GH=9.+ .<-B9#.+ "&=#+ :##>+ 6#)?8)@#B+ 6)#=98-.'D+

%9<"+ 9)8>+B99@9>86D)9B9>#+;8@6'#A#.*+ 9>+%"9;"+<"#+ 9><#>.9<D+8?+ <"#+;"&)I#+<)&>.?#)+

:&>B.+B#;)#&.#B+&?<#)+<"#+;"'8)9B#+&:.<)&;<98>+-.9>I+4KL+&.+&>+&;<9=&<8)MN7+

+

+

+

+

+

+

,-./0$& '('&3GH=9.+ .6#;<)&+ ?8)+ ;8@6'#A+'(*+ C'#?<E+ &>B+ ;8@6'#A+'()++ C)9I"<E+ :#?8)#+

&>B+&?<#)+;"'8)9B#+&:.<)&;<98>7+

+

O<+9.+%8)<"+@#><98>9>I+<"&<+O+;&))9#B+8-<+;8><)8'+)#&;<98>.+&>B+<"#+)#.-'<.+&)#+

.-@@&)9P#B+&.+?8''8%.7+K.+@#><98>#B+&:8=#*+J#Q'2+&>B+;&<&'D.<+'()++&)#+>8<+&;<9=#+

2 AgSbF6

CH2Cl2, rt

N

NN

R

R R

R

Fe

2SbF6
-

N

NN

R

R
R

R

Fe
Cln

Cl Cln-2

2+

R= Et, n = 1 (5.10) or 2 (5.9) = active site
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89+:"#;.#'<#.7+=#>'2*+%"#?+-.#@+A?+BC?$-?B:AC?+%A:"+/+#D-A<&'#?:+CE+FG!8=H*+."C%#@+

GCC@+&B:A<A:9+A?+BC?.-;A?G+:"#+!I:C'-&'@#"9@#+&?@+:"#+.A'9'+#?C'+#:"#)+J!"#$*+K&8'#+

!"%L7+MC%#<#)*+ A:+;-.:+8#+?C:#@+:"&:+:"#+C<#)&''+)#&B:AC?+:A;#+)#D-A)#@+:C+C8:&A?+&+

.AG?AEAB&?:+ BC?<#).AC?*+ &.+ %#''+ &.+ :"#+ 6)C@-B:+ D-&'A:9+ %&.+ .-8C6:A;&'7+ NA:"+ :"#+

;AO:-)#+ CE+ =#>'2+ &?@+ :%C+ #D-A<&'#?:.+ CE+ FG!8=H*+ P+ C8.#)<#@+ ;-':A6'#+ 6)C@-B:.+

A?B'-@A?G+ :"#+ #O6#B:#@+ &'@C'+ 6)C@-B:*+ @#.A'9'&:#@+ 6)C@-B:+ JA7#7+ :"#+ BC))#.6C?@A?G+

&'BC"C'L*+&'(#?#.+E)C;+@#"9@)&:AC?+CE+:"#+&'@C'+6)C@-B:+&?@+.C;#+C:"#)+-?A@#?:AEA#@+

.A@#+ 6)C@-B:.7+ Q?+ :"#+ BC?:)&)9*+ %"#?+ :"#+ &B:A<&:#@+ BC;6'#O+ !"#&+ %&.+ -.#@*+

.-)6)A.A?G'9+P+C8.#)<#@+C?'9+:"#+BC))#.6C?@A?G+&'@C'+6)C@-B:+A?+"AG"+BC?<#).AC?+&?@+

?C+E-):"#)+6-)AEAB&:AC?+.:#6+%&.+)#D-A)#@*+&.+:"#+C?'9+896)C@-B:+:"&:+%&.+C8.#)<#@+

%&.+:"#+@#BC;6C.#@+.A'9'+#?C'+#:"#)+J&+?C?I6C'&)+BC;6C-?@+:"&:+&'%&9.+#'-:#@+%A:"+

:"#+6)C@-B:+&?@+BC-'@+?C:+8#+.#6&)&:#@+%A:"+#O:#?.A<#+BC'-;?+%C)(-6L7+ +

>&))9A?G+C-:+:"#+)#&B:AC?.+&:+'C%#)+:#;6#)&:-)#+JIRH+S>L+G&<#+6)C@-B:.+%A:"+

BC;6&)&8'#+BC?<#).AC?+)&:#.7+K"-.*+E)C;+&+6)&B:AB&'A:9+6CA?:+CE+<A#%*+)#&B:AC?.+%#)#+

:"#?+6#)EC);#@+&:+)CC;+:#;6#)&:-)#7+F6&):+E)C;+>M/>'/*+P+&'.C+A?<#.:AG&:#@+>M2>T+

&.+ :"#+ .C'<#?:7+MC%#<#)*+ :"#+ )#&B:AC?.+%#)#+?C:+ .-BB#..E-'+ A?+>M2>T7+T#O:*+ P+ :)A#@+

-.A?G+<&)AC-.+B&:&'9.:+'C&@A?G.7'

P+EC-?@+:"&:+U+;C'V+CE+B&:&'9.:+'C&@A?G+%&.+.-EEABA#?:+#?C-G"+:C+B&))9+C-:+:"#+

)#&B:AC?+%A:"A?+27U+"C-).7+NA:"+'C%#)+B&:&'9.:+'C&@A?G*+:"#+)#&B:AC?.+%#)#+EC-?@+:C+

8#+A?BC;6'#:#+&?@+:"-.*+EC)+E-):"#)+.:-@A#.*+P+-.#@+U+;C'V+CE+B&:&'9.:+'C&@A?G7'

K"-.*+:"#+C6:A;-;+)#&B:AC?+BC?@A:AC?.+%#)#+EC-?@+:C+8#+B&:&'9.:+'C&@A?G+CE+U+

;C'V+ &B:A<&:#@+ 89+ FG!8=H+ A?+ >M/>'/*+ %"AB"+ 8)A?G.+ &8C-:+ :"#+ BC?<#).AC?+ CE+ :"#+

BC))#.6C?@A?G+&'@#"9@#+:C+:"#+&'@C'+6)C@-B:+A?+27U+"C-).+&:+)CC;+:#;6#)&:-)#7+
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8+ 9:6;<&'+ 6)=<#>-)#+ ?=)+ 9"#+ <&9&':9;<+ )#&<9;=@+ ;@<'->#>+ ?;).9+ >;..='A;@B+ 9"#+

<&9&':.9+ ;@+1+C5+=?+>):+DE/D'/+ ?=)C;@B+&+<='=)#>+.='-9;=@+F?=)+<=C6'#G+!"#$+B)##@+

&@>+?=)+<=C6'#G+!"%+=)&@B#H7+8+.='-9;=@+=?+/+#I-;A&'#@9.+=?+8B!JKL+%;9"+)#.6#<9+9=+

9"#+ <&9&':.9+ ;@+ DE/D'/+ F1+ C5H+ %&.+ &>>#>+ >)=6%;.#+ 9=+ 9";.+ .='-9;=@*+ %"#)#J:+ &@+

;@.9&@9&@#=-.+<='=)+<"&@B#+&@>+9"#+?=)C&9;=@+=?+&+6)#<;6;9&9#+=?+8BD'+%&.+=J.#)A#>7+

M"#+.-.6#@.;=@+%&.+9"#@+?;'9#)#>+9")=-B"+<#';9#+>;)#<9':+;@9=+9"#+?'&.(+<=@9&;@;@B+9"#+

)#I-;)#>+&C=-@9.+=?+&'>#":>#+&@>+.;':'+#@='+#9"#)+%;9"+<=@.9&@9+.9;));@B7+M"#+<='=)+

=?+ 9"#+ )#&<9;=@+ <"&@B#>+ &9+ 9";.+ 6=;@9+ =?+ 9;C#*+ >#6#@>;@B+-6=@+%"&9+ &'>#":>#+%&.+

-.#>+ ?=)+ 9"#+ )#&<9;=@7+ !-<"+ <='=)+ <"&@B#.*+ -6=@+ <"'=);>#+ &J.9)&<9;=@.+ &@>+ >-);@B+

)#&<9;=@.+"&A#+J##@+)#6=)9#>+#&)';#)+?=)+48N+&<9;A&9;=@+=?+)#'&9#>+<=C6'#G#.OP7+

M=+."=%+9"#+B#@#)&';9:+=?+ 9"#+)#&<9;=@.+Q+-.#>+9")##+>;??#)#@9+.;'&@#.+&.+9"#+

@-<'#=6";'#7+M"#+ ?;).9+ .;'&@#+%&.+<:<'=6#@9#@:'=G:9);C#9":'.;'&@#+ FD6NM4!*+!"#&H7+

M";.+ .;'&@#+ %&.+ 6&)9;<-'&)':+ ;@9#)#.9;@B+ ?=)+ 9%=+ )#&.=@.7+ K;).9':*+ ;9+ ;.+ @=9+ A#):+

<=CC=@':+-.#>+;@+4-(&;:&C&+&'>='+)#&<9;=@.7+8C=@B.9+9"#+"&@>?-'+=?+6-J';<&9;=@.+

&A&;'&J'#+?=)+;)=@+<&9&':R#>+4-(&;:&C&+&'>='+)#&<9;=@.*+9";.+%&.+@=9+=J.#)A#>+9=+J#+

9"#+.;'&@#+=?+<"=;<#+ ?=)+C&@:+&-9"=).1S*1T*1P*+6=..;J':+>-#+ 9=+ 9"#+.9#);<.+&)=-@>+9"#+

@-<'#=6";';<+ <&)J=@+ =?+ !"#&*' <&-.;@B+ ;9+ 9=+ )#&<9.+ #;9"#)+ .'=%':+ =)+ @=9+ &9+ &''+ %;9"+

&'>#":>#.7+E=%#A#)*+%;9"+ 9"#+ <&9&':.9+ .:.9#C+-@>#)+ ;@A#.9;B&9;=@+ F!"%' &@>' !"#$H*+

9"#+.-J.9)&9#+)#&<9#>+9=+B;A#+9"#+)#I-;)#>+6)=>-<9.+F!"#!H7+!#<=@>':*+9"#+.;'&@#+!"#&*+

&?9#)+ )#&<9;=@+%;9"+ &@+ &'>#":>#+ =)+ (#9=@#*+%=-'>+ ?=)C+ 9%=+@#%+ .9#)#=<#@9#).7+ Q@+

9";.+6&)9;<-'&)+.9->:*+Q+%&.+;@9#)#.9#>+;@+>#9#)C;@;@B+9"#+>;&.9#)#=.#'#<9;A;9:+>-);@B+

6)=>-<9+?=)C&9;=@7+Q@+9"#+?-9-)#*+;9+C&:+J#+6=..;J'#+9=+;@>-<#+#@&@9;=.#'#<9;A;9:+J:+

-.;@B+<";)&'+';B&@>.7+M"-.*+?)=C+9";.+6=;@9+=?+A;#%*+.-J.9)&9#+!"#&'%&.+?=-@>+9=+J#+=?+
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9)#&:+ ;<:#)#.:7+ 4=)#=>#)*+ ;:+ ;.+ #&.?+ :=+ .?<:"#.;@#+ ;<+ :"#+ '&A=)&:=)?+ -<B#)+ B)?+

C=<B;:;=<.7+

!

"#$%&!'()+!C)##<;<9+#D6#);E#<:.+

+

F<:)?+ !='>#<:+
G)=<+

C=E6'#DH.&':+
IBB;:;>#&+ J;E#+ J#E6#)&:-)#+

K+

C=<>#).;=<A+

1+ LM/L'/+ '(*! /+I9!ANO+ 27P+"+ ):+ 100+

/+ LM2LQ+ '(*! /+I9!ANO+ =H<+ ):+ 20+

2+ LM/L'/+ '(*! R+ =H<+ ):+ QS+

8+ LM/L'/+ R+ I9!ANO+ 27P+"+ ):+ 88C+

P+ LM/L'/+ R+ R+ =H<+ ):+ QS+

O+ LM/L'/+ N#L'2+ R+ =H<+ ):+ QS+

&Q-EA#)+;<B;C&:#.+<-EA#)+=T+#U-;>&'#<C#+%;:"+)#.6#C:+:=+E#:&'+C=E6'#DH.&':++

AK+C=<>#).;=<+%;:"+)#.6#C:+:=+.:&):;<9+E&:#);&'+V!R:='-&'B#"?B#W+&.+B#:#)E;<#B+A?+

XL7+C;.='&:#B+?;#'B+):+Y+)==E+:#E6#)&:-)#+=H<+Y+=>#)<;9":+V&66)=D;E&:#'?+1O+"W7+ +

+ ++ +

+ J"#+ .#C=<B+ .;'&<#+ -.#B+ T=)+ :"#+ .:-B;#.+ %&.+ "#$"RA-:?'B;E#:"?'V1R

6"#<?'>;<?'=D?W.;'&<#+ V'(+'W*+ %";C"+ %&.+ .?<:"#.;@#B+ T=''=%;<9+ &+ ';:#)&:-)#+

6)=C#B-)#+ A?+ )#&C:;=<+ =T+ JZ[4!L'+ V"#$"RA-:?'B;E#:"?'.;'?'C"'=);B#W+ %;:"+

CHO
OTMS iron complex

additives

solvent, temperature

5.14

TMSO

H

H O
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&9#:;6"#<;<#=>7+ ?"@.+ .-A.:)&:#+ %&.+ ;B+ 6&):@9-'&)+ @<:#)#.:+ &C&@<*+ A#9&-.#+ ;B+ :"#+

6;..@A@'@:D+;B+C#<#)&:@<C+;<#+<#%+.:#)#;E9#<:#)+@<+:"#+6);F-9:7+

+ ?"#+ :"@)F+ .@'&<#+ %&.+ 9;GG#)9@&''D+ &H&@'&A'#*+ !"#!EA-:D'I1E

G#:";JDH@<D';JDKF@G#:"D'.@'&<#+I!"#$*+?&A'#+!"$K7+L:+%&.+-.#F+:;+6);H#+:"#+9;<9#6:+

&<F+.-A.:)&:#+H&)@&A@'@:D+&<F+.9;6#7+

M;)+ 9;G6&)@.;<+ 6-)6;.#.*+ L+ 9&))@#F+ ;-:+ :"#+ )#&9:@;<+ ;B+ :"#+ &'F#"DF#+ %@:"+

N6O?4!+ I!"#%*+ ?&A'#+ !"%K+ -.@<C+ 9;G6'#J#.+ !"&' &<F' !"#(7+ L+ %&.+ 6&):@9-'&)'D+

@<:#)#.:#F+@<+B@<F@<C+;-:+:"#+D@#'F+;B+:"#+6);F-9:+&.+%#''+&.+:"#+F@&.:#)#;.#'#9:@H@:D+

B;)+ :"#.#+ :%;+F@BB#)#<:+ 9&:&'D.:.7+ P99;)F@<C'D*+ @.;'&:#F+ D@#'F.+%#)#+F#:#)G@<#F+ B;)+

F@BB#)#<:+&'F#"DF#.+-.@<C+:"#+.@'&<#+I!"#%K+&<F+:"#+F&:&+&)#+9;G6@'#F+@<+?&A'#+!"%7''

Q&.#F+ ;<+ :"#+ @.;'&:#F+ D@#'F.*+ @:+ %&.+ ;A.#)H#F+ :"&:+ :"#+ )#&9:@;<.+ %#<:+ :;+

9;G6'#:@;<+ G-9"+ B&.:#)+ -.@<C+ 9;G6'#J+ !"&+ &.+ 9;G6&)#F+ :;+ 9;G6'#J+ !"#(+ I?&A'#+

!"%K7+?"#+ )#&9:@;<.+ @<+?&A'#+!"%'%#)#+ 9;G6'#:#+%@:"@<+278+";-).+ B;)+ :"#+ &9:@H&:#F+

9;G6'#J+!"&+%"#)#&.+)#&9:@;<.+%@:"+9;G6'#J+!"#('%#)#+)-<+;H#)<@C":7+P'.;*+ B);G+

:"#+ 9;<:);'+ )#&9:@;<.+ @:+%&.+ .##<+ :"&:+ :"#+ 9;GA@<&:@;<+;B+M#N'2+ &<F+PC!AM=+ I/+#RK+

C&H#+&+G@J:-)#+;B+6);F-9:.+&.+&..#..#F+AD+1S+T4U*+%"#)#&.+:"#+)#&9:@;<.+)-<+@<+:"#+

6)#.#<9#+;B+ :"#+9;G6'#J#.+!"&+ &<F+!"#(+6);H@F#F+9'#&<#)+ )#&9:@;<.7+?"@.+ .-CC#.:.+

:"&:+ :"#+ '@C&<F+ "&.+ &+ A#<#B@9@&'+ #BB#9:+ ;<+ :"#+ )#&9:@;<7+ P<;:"#)+ <;:#%;):"D+

;A.#)H&:@;<+ @.+ :"#+ $%&V'&!(+ )&:@;+ @<+ :"#+ 6);F-9:+ !"#!7+ L<+ !"#!*+ :"#)#+ &)#+ :%;+

.:#)#;C#<@9+9#<:#).*+%"@9"+ B;)G+&+6&@)+;B+F@&.:#)#;G#).*+#&9"+;B+%"@9"+#J@.:.+&.+&+

6&@)+;B+#<&<:@;G#).7+?"#+"DF);C#<+&:;G.+&:+ :"#+.:#)#;C#<@9+9#<:#).+9&<+A#+$%&+ ;)+

'&!(+%@:"+)#.6#9:+:;+#&9"+;:"#)+IM@C7+!"$K7+
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+

!"#$%&$'%!"#+&9:+$#%&+;.<=#).+<>+6)<:-?@+&$(&%

A)<=+ @"#+ .;B9&'+ ;9@#9.;@C+ <>+ @"#+ "C:)<B#9+ &@<=+ DE'FG4!H+ ;9+ @"#+ 1I+ J4K+

.6#?@)&*+ ;@+ ;.+ 6<..;L'#+ @<+ :#@#)=;9#+ @"#+ )&@;<.+ <>+ !"#M$#%&+ ;9+ @"#+ 6)<:-?@+ =;N@-)#+

D&..;B9#:+ L&.#:+ <9+ @"#+ ?<-6';9B+ ?<9.@&9@.H7+ G"#+ ?<-6';9B+ ?<9.@&9@.+ ><)+ @"#+ $#%&+

;.<=#).+%#)#+ ><-9:+ @<+L#+B)#&@#)+ D&L<-@+OIPH+%"#)#&.+ @"#+?<-6';9B+?<9.@&9@.+ ><)+

@"#+!"#+;.<=#)+%#)#+><-9:+@<+L#+'<%#)+D&L<-@+1+IPH7+!;9?#+@"#+6)<:-?@+;.+)&?#=;?*+%#+

:#@#)=;9#:+<9'C+:;&.@#)#<=#);?+)&@;<.7+Q9+B#9#)&'*+;@+%&.+<L.#)R#:+@"&@+@"#+&?@;R&@#:+

?<=6'#N+ &$)*+ %";?"+ ;.+ &+ A#E'2+ L&.#:+ ?&@&'C.@*+ %&.+ ><-9:+ @<+ B;R#+ .';B"@'C+ ";B"#)+

!"#M$#%&+)&@;<.+DG&L'#+&$*H+7+

S;@"+ )#.6#?@+ @<+ .-L.@)&@#+ B#9#)&';@C*+ ;@+ %&.+ <L.#)R#:+ @"&@+ #'#?@)<9T

%;@":)&%;9B+B)<-6.*+&.+%#''+&.+#'#?@)<9T:<9&@;9B+B)<-6.+<9+@"#+&':#"C:#+&)C'+);9B+

%<)(#:+%#''+-9:#)+@"#+)#&?@;<9+?<9:;@;<9.+DG&L'#+&$**+#9@)C+O+&9:+UH7+G"#+&':#"C:#+

%;@"+ &+ /T=#@"C'+ .-L.@;@-#9@+ DG&L'#+ &$**+ #9@)C+ /H+ ?&9+ L#+ ?<9.;:#)#:+ &.+ .@#);?&''C+

=<)#+ :#=&9:;9B+ @"&9+ @"#+ <@"#)+ &':#"C:#.+ ;9+ G&L'#+&$*7+ G";.+ 6&)@;?-'&)+ .-L.@)&@#+

B&R#+ &+ '<%#)+ C;#':+ @"&9+ @"#+ <@"#)+ .-L.@)&@#.+ ;9+ G&L'#+ &$*7+ G"-.*+ ;@+ .##=.+ @"&@+

#'#?@)<9;?+ R&);&@;<9.+ :<+ 9<@+ .;B9;>;?&9@'C+ ;=6&;)+ @"#+ C;#':.*+ "<%#R#)*+ .@#);?&''C+

:#=&9:;9B+ &':#"C:#.+ =&C+ 9<@+ %<)(+ &.+ #>>;?;#9@'C+ ><)+ ?<=6'#N+ &$)7+ S;@"+ @"#+

&':#"C:#+ L#&);9B+ &9+ #'#?@)<9+ %;@":)&%;9B+ JF/+ B)<-6+ ;9+ @"#+ ($)$+ 6<.;@;<9*+ @"#+

TMSO

H

HO

R

TMSO

H

HO

R
syn (R,R) 5.15

TMSO

H

HO

R

TMSO

H

HO

R
syn (S,S) 5.15 anti (R,S) 5.15anti (S,R) 5.15
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)#&9:;<=+9<-'>+=<:+?#+ )#6)<>-9#>+.-99#..@-''A+&=>+ B+><+=<:+"&C#+ )&:;<=&'#+ @<)+ :";.+

<?.#)C&:;<=7+

!"#$%& '()& B.<'&:#>+ A;#'>.+ @<)+ :"#+ 4-(&;A&D&+ &'><'+ )#&9:;<=+ -.;=E+

9A9'<6#=:#=A'<FA:);D#:"A'.;'&=#7+

 

G=:)A+ H+

I+B.<'&:#>+

A;#'>+

JK/+L'(*+M+

N;&.:#)#<D#);9+

)&:;<&L.A=O&=:;M+

I+B.<'&:#>+

A;#'>+

JK2+L'(,M+

N;&.:#)#<D#);9+

)&:;<&L.A=O&=:;M+

1+ PQG:"A'+ RR+ S/O2R+ S2+ R2O18+

/+ /Q4#:"A'+ S0+ T0OT0+ TU+ 81O/U+

2+ PQ4#:"A'+ U1+ S/O2R+ TT+ R2O18+

P+ PQV;:)<+ VH+ VW+ RS?+ T0OT0+

T+ PQ4#:"<FA+ 8/+ T0OT0+ S/+ 81O/U+

&+>#:#)D;=#>+@)<D+:"#+QX!YZ4!+.;E=&'+)&:;<+;=+:"#+1[+V4H+.6#9:)&+++VH+\+V<+)#&9:;<=*+<='A+.:&):;=E+

D&:#);&'+)#9<C#)#>*+VW+Q+V<:+&66';9&?'#7+?+H#&9:;<=+;.+=<:+)#6)<>-9;?'#*+;.<'&:#>+A;#'>.+%#)#+<?:&;=#>+

<='A+<=9#+<-:+<@+@<-)+>;@@#)#=:+&::#D6:.7+

+ ++

]-):"#)*+B+#D6'<A#>+.;'&=#+'(*-*+%";9"+"&.+&+.';E":'A+?-'(;#)+6"#=A'+E)<-6+<=+

:"#+9&)?<=+&:<D+:"&:+;.+&::&9"#>+:<+:"#+.;'A'Q6)<:#9:;=E+E)<-67+Y=+:"#+<:"#)+"&=>*+:"#+

&::&9(;=E+=-9'#<6";';9+9&)?<=+;.+&+X[/Q-=;:+9<D6&)#>+:<+'(*.*+%"#)#+;:+;.+&+X[X[/Q

-=;:7+ Z"#+ 6"#=A'+ E)<-6+ ;.+ =<:+ &.+ .:)<=E'A+ #'#9:)<=+ ><=&:;=E+ &.+ :"#+ D#:"<FAQ

CHO

R

OTMS [FeClx(5.8)] (5 mol%)
AgSbF6 (10 mol%)

CH2Cl2, rt
X=2, 5.10, Overnight
X=3, 5.9, 3.5 h

5.13 5.14 5.15

TMSO

H

H O
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.-9.:;:-:#<+.;'&=#+!"#$7+!;=>#*+%#+"&?#+&')#&<@+#.:&9';."#<+:"&:+>AB6'#C+!"%+%A)(.+

.';D":'@+ 9#::#)+ :"&=+ >AB6'#C+ !"#&+ &=<+ :"#+ .:-<;#.+ "#)#;=+ EA>-.#<+ A=+ &+ F#GHHHI+

>&:&'@.:*+ H+<;<+=A:+-.#+>AB6'#C+!"#&+ EA)+E-):"#)+;=?#.:;D&:;A=.7+JAB6'#C+!"%+ :-)=#<+

A-:+ :A+ 9#+ &+ DAA<+ >&:&'@.:+ EA)+ :"#+4-(&;@&B&+ &'<A'+ )#&>:;A=+-.;=D+ .;'&=#+!"#!+ &'.A+

GK&9'#+!"!I7+K"#+@;#'<.+%#)#+BA<#)&:#+:A+DAA<+)&=D;=D+E)AB+L2MNOP+GK&9'#+!"!I7+H:+

;.+%A):"+B#=:;A=;=D+:"&:+:"#+%A)(-6+>A=.;.:#<+AE+E;':)&:;A=+AE+:"#+)#&>:;A=+B;C:-)#+

:")A-D"+&+."A):+6&<+AE+.;';>&+D#'+&=<+=A+E-):"#)+6-);E;>&:;A=+.:#6.+%#)#+)#Q-;)#<+:A+

A9:&;=+";D"+;.A'&:#<+@;#'<.7+K"#+6-);:@+AE+:"#+>)-<#+6)A<->:+%&.+BA)#+:"&=+ROP+;=+

&''+>&.#.*+&.+#.:&9';."#<+9@+1S+T4U+.6#>:)A.>A6@7+K"#+A='@+;B6-);:@+A9.#)?#<+;=+:"#+

>)-<#+ 6)A<->:+B;C:-)#+%&.+ .;'@'+ >A=:&;=;=D+ .;<#+ 6)A<->:.+ &.+ &..#..#<+ 9@+ 1S+T4U+

.6#>:)A.>A6@*+%";>"+."A%#<+6#&(.+EA)+:"#+;B6-);:;#.+&:+07/+:A+M071+66B7+

'

()*+,' !"!+ H.A'&:#<+ @;#'<.+ EA)+4-(&;@&B&+ &'<A'+ )#&>:;A=+ -.;=D+ tert-butyldimethyl(1-

phenylvinyloxy)silane.+

+

V=:)@+ U+ P+;.A'&:#<+@;#'<*+CW2*+G!"%I+

1+ LM+B#:"@'+ NO+

/+ LMB#:"AC@+ L2+

2+ LM#:"@'+ N2+

'

CHO

R
CH2Cl2, rt, 3.5 h

R
5.13 5.16 5.17

OTBS

OTBS

x = 3, 5.9, 3.5 h

[FeClx(5.8)] (5 mol%)
AgSbF6 (10 mol%)
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9.+ #:6#;<#=*+ .>'&?#+ !"#$+ %&.+ @A-?=+ <A+ B#+ C#)D+ )#&;<>C#+ <A%&)=.+ ;&)BA?D'+

E)A-6.+ &?=+ E&C#+ &'FA.<+ G-&?<><&<>C#+ D>#'=.+ A@+ <"#+ ;A))#.6A?=>?E+ 6)A=-;<+ !"#%+

HI&B'#+ !"&J7+ I"#+ 6)A=-;<.+ -.-&''D+ %#)#+ >.A'&<#=+ >?+ FA)#+ <"&?+ 8KL+ 6-)><D+ &.+

#.<&B'>."#=+ BD+ 1M+N4O+ .6#;<)A.;A6D*+ &'<"A-E"+ #@@A)<.+ <A+ .#6&)&<#+ .>'D'P;A?<&>?>?E+

>F6-)><>#.+%#)#+@-<>'#7+Q?+&?+&<<#F6<+<A+AB<&>?+FA)#+6-)#+;AF6A-?=.+-.>?E+.>'>;&+E#'+

;A'-F?+;")AF&<AE)&6"D*+<"#+D>#'=.+=#;)#&.#.+%><"A-<+&;<-&''D+AB<&>?>?E+FA)#+6-)#+

;AF6A-?=.7+ I"#+ .>'D'+ ;A?<&>?>?E+ >F6-)><D+ >.+ B#'>#C#=+ <A+ B#+ <"#+ =>.>'D'+ #<"#)+

RHSM2J2!>PTP!>HSM2J2U+ @A)F#=+BD+=#"D=)&<>A?+A@+ <"#+;A))#.6A?=>?E+.>'&?A'+&?=+ ><+ >.+

?A?P6A'&)+'>(#+<"#+6)A=-;<.7+M#?;#*+<"#+;A'-F?+;")AF&<AE)&6"D+%&.+?A<+@A-?=+<A+B#+

C#)D+#@@#;<>C#+&.+&+6-)>@>;&<>A?+<#;"?>G-#7+

'

()*+,' !"&+ Q.A'&<#=+ D>#'=.+ @A)+ 4-(&>D&F&+ &'=A'+ )#&;<>A?+ -.>?E+ tert-butyl(1-

methoxyvinyloxy)dimethylsilane.+

+

V?<)D+ O+ L+>.A'&<#=+D>#'=*+WX2*+H!"#-J&+

1+ YP+F#<"D'+ G-&?<><&<>C#+

/+ YPF#<"A:D+ G-&?<><&<>C#+

2+ YP#<"D'+ G-&?<><&<>C#+

Y+ /PF#<"D'+ G-&?<><&<>C#+

CHO

R

[FeCl2(5.8)] (5 mol%)
AgSbF6 (10 mol%)

CH2Cl2, rt

5.13 5.18 5.19

MeO OTBS

OTBS

overnight
OMe

O



!"#$%&'(&)*+,-."(&)+/012*+34!5+67++//0+

&+ 8.9'&:#;+<8#';.+%#)#+=-&>:8:&:8?#+ &':"9-@"+ :"#+6)9;-A:.+ A9>:&8>#;+BCDE+9F+ .8'<'+ 8G6-)8:8#.+%"8A"+

A9-';+>9:+H#+)#G9?#;+H<+A9'-G>+A")9G&:9@)&6"<7+++

+

+ I9+ .-GG&)8J#+ :"#+ ;&:&+ 9>+ :"#+ 8.9'&:#;+ <8#';.*+ 8:+ %&.+ F9->;+ :"&:+ K@!HLM+

&A:8?&:#;+ A9G6'#N+ !"#+ 6#)F9)G#;+ :"#+ 4-(&8<&G&+ &';9'+ )#&A:89>.+ F&.:#)+ :"&>+ :"#+

A9G6'#N+!"$%7+I"#+A&:&'<.:+%&.+F9->;+:9+H#+#FF#A:8?#+%8:"+&+?&)8#:<+9F+.8'&>#.+O!"$&*+

!"$'( &>;+ !"$)P+ &.+ :"#+ >-A'#96"8'#7+ I"#.#+ .8'&>#.+ ;8FF#)+ 8>+ :"#8)+ >-A'#96"8'8A+

6)96#):8#.7+L9)+:"#+.8'&>#+!"$&*+:"#+&A:8?&:#;+A9G6'#N+!"#+%&.+F9->;+:9+@8?#+.'8@":'<+

H#::#)+ ;8&.:#)#9.#'#A:89>+ A9G6&)#;+ :9+ :"#+ &A:8?&:#;+ A9G6'#N+ !"$%*+ &':"9-@"+ :"#+

<8#';.+ %#)#+ H#::#)+ F9)+ &A:8?&:#;+ A9G6'#N+!"$%7+ Q'#A:)9>8A+ #FF#A:.+ 9F+ :"#+ .-H.:)&:#+

%#)#+F9->;+:9+H#+8>+&AA9);&>A#+%8:"+:"#+G#A"&>8.G+9F+:"#+)#&A:89>+&.+#'#A:)9>C)8A"+

&';#"<;#.+ %#)#+ F9->;+ :9+ @8?#+ .'8@":'<+ '9%#)+ <8#';.+ :"&>+ #'#A:)9>C;#F8A8#>:+
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