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,.+D/$+!*+$0%!*%!*!%'.(+/!'1!#:0('=/,!5',0$,=!$,-/(*+-$',%!5/-&//,!+'24D/2/,-*(:!5*%/!4*$(%!

-'! %-*5$D$\/! -#/! *,-$4*(*DD/D! 0.4D/E! %-(.+-.(/! '1! 4'D:,.+D/'-$0/! +#*$,%! RGVK! *,0! PVKSC!

"(*,%$-$',!2/-*D!+''(0$,*-$',!+#/2$%-(:!'1! -#/!4.($,/!5*%/%!#*%!5/+'2/!'1! $,-/(/%-!*1-/(! -#/!

0$%+'A/(:!'1! -#/!*,-$+*,+/(!*+-$A$-:!'1!cisW4D*-$,e6`iC!"#$%!+'24D/E!%#'&%!$-%!*+-$A$-:!-#('.=#!

-#/!$,#$5$-$',!'1!+/DD!0$A$%$',!5:!+('%%WD$,)$,=!'1!-#/!4'D:,.+D/'-$0/!+#*$,%C!"#/!+('%%WD$,)$,=!

$,A'DA/%!2/-*D!+''(0$,*-$',!-#('.=#!-#/!,/.-(*D!Vb!,$-('=/,!0','(!'1!-#/!=.*,$,/!5*%/C!K1-/(!

-#$%! 0$%+'A/(:?! -#/!2/-*DW4.($,/! 5*%/! +''(0$,*-$',! +#/2$%-(:!&*%! 5''%-/0! 1'(! -#/! %/*(+#! '1!

5/--/(!&*-/(W%'D.5D/!+:-'-'E$+!2/-*D!0(.=%C!"#/!2'0/%!'1!2/-*D!+''(0$,*-$',!5:!,.+D/'5*%/%!

#*A/!5//,!(/A$/&/0!5:!NC!M$44/(-e6aiC!"#$%!(/A$/&!$,+D.0/%!A*($'.%!4'%%$5D/!5$,0$,=!2'0/%!'1!

4.($,/!5*%/%?!/A$0/,+/0!-#('.=#!+(:%-*D!%-(.+-.(/!0/-/(2$,*-$',C!B.*,$,/!RQ$=.(/!;C6S?!',/!'1!

-#/!1$A/!+D*%%$+*D!,.+D/'5*%/%?!#*%!*--(*+-/0!(/+/,-!*--/,-$',!1'(!-#/!1'(2*-$',!'1!-/-(*2/(%!$,!

-/D'2/(/%C!j*,-#$,/! RQ$=.(/!;C6S?! *D%'! *! 4.($,/!5*%/?! $%! 1'.,0! $,!2'%-!#.2*,!5'0:! -$%%./%?!

1D.$0%!*,0!$,!'-#/(!'(=*,$%2%C!
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*+,-'&()./.!"#/!4.($,/!5*%/%!=.*,$,/!*,0!E*,-#$,/C!
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<%'D*-$',! '1! (*0$+*D! +'44/(! +'24D/E/%! *,0! -#/$(! %4/+-('%+'4$+! %-.0$/%! $%! (/D/A*,-! -'!

.,0/(%-*,0$,=! -#/! ('D/! '1! +'44/(! /,\:2/! *,0! +.44('4('-/$,%! *%! -#/:! *D%'! 4('0.+/! (*0$+*D!

$,-/(2/0$*-/%!$,!-#/!5$'D'=$+*D!%:%-/2%e6biC!"#/!+''(0$,*-$',!+#/2$%-(:!'1!-#/!*\'!D$=*,0%!*5+4!

*,0!*54:! RQ$=.(/!;C]S! $%!&/DD!),'&,! 1'(! -#/! 1'(2*-$',!'1! (*0$+*D!5($0=/0!2/-*D!+'24D/E/%?!

2/-*DW2/-*D!$,-/(*+-$',%!*-!*!%#'(-/(!0$%-*,+/?!D',=W&*A/D/,=-#!+#*(=/!-(*,%1/(!-(*,%$-$',%?!*,0!

-#/!%-.0:!'1!-#/!2$E/0!A*D/,-!$,-/(2/0$*-/%e68W];iC!!
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*+,-'&().0.("#/!*54:!RD/1-S!*,0!*5+4!R($=#-S!D$=*,0%C!
!
"#/%/!D$=*,0%!.,0/(='!-&'W%-/4!(/0.+-$',!4('+/%%/%?!$,A'DA$,=!*\'!*,$',!(*0$+*D!RKKPS!*,0!

0$*,$',$+!#:0(*\$0'!1'(2%?!0.($,=!/D/+-('+#/2$+*D!4('+/%%/%C!J/-*D!+'24D/E/%!'1! -#/%/! -&'!

D$=*,0%!+*,!5/!$%'D*-/0!/$-#/(!$,!-#/!(*0$+*D!1'(2!'(!$,!-#/!0$*2*=,/-$+!1'(2!0/4/,0$,=!',!-#/!

/D/+-(',$+!4('4/(-:!'1! -#/!2/-*D! $',%C!"#/! (*0$+*D! $,-/(2/0$*-/%! *(/! +#*(*+-/($\/0!5:!+#*(=/!

-(*,%1/(!-(*,%$-$',%!$,!-#/!@cWc$%WV<P!%4/+-(.2C!"#/!2/-*D!+''(0$,*-$',!-'!-#/!*\'!D$=*,0!$%!
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*D%'! $,0$+*-/0! 5:! *,! $,+(/*%/! '1! *\'! 5',0! D/,=-#! *,0! 2/-*DW! -'! WD$=*,0! +#*(=/! -(*,%1/(!

-(*,%$-$',%C!!

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

4-/($0$,/!*,0!4.($,/!#/-/('+:+D/%C!>'44/(!+'24D/E/%!&$-#!5$'2'D/+.D/%!#*A/!5//,!%-.0$/0!1'(!

-#/! $,A/%-$=*-$',! '1! %-(.+-.(*D! *%4/+-%! *,0! -'! .,0/(%-*,0! -#/! ('D/! '1! 2/-*D! $',%! $,! A*($'.%!

5$'D'=$+*D!1.,+-$',%C!"#/!4('4/(!+#'$+/!'1!D$=*,0!%:%-/2%!*,0!-#/!,/+/%%*(:!2'0$1$+*-$',%!*(/!

-#/!)/:! -'!2/-*DW+'24D/E!%:,-#/%$%C!KDD! 5$'2'D/+.D/%!#*A/!5//,!2'0$1$/0! *,0! -#/,! (/*+-/0!

&$-#! '(=*,'2/-*DD$+! 1(*=2/,-%?! e>.R0'41Sil?! $,! *4('-$+! 2/0$*! R0'41! m! ;?;nW5$%R0$'(=*,'W

4#'%4#$,'S1/(('+/,/SC!"&'!-:4/%!'1!5$'2'D/+.D/%!&/(/!%-.0$/0!$,!-#/!+'.(%/!'1!-#$%!0'+-'(*D!

&'()C!F.($,/!,.+D/'5*%/%!%.+#!*%!=.*,$,/!'(!E*,-#$,/!RQ$=.(/!;C6S!*,0!4-/($0$,/!#/-/('+:+D/%!

%.+#! *%! D.2*\$,/?! *DD'E*\$,/! '(! 4-/($,! RQ$=.(/! ;C;S!&/(/!2'0$1$/0! *,0! -#/$(! 5$,0$,=! -'!>.<!

+/,-(/%!&*%!%-.0$/0C!"#/!%-(.+-.(*D!1/*-.(/%!#*A/!5//,!*,*D:\/0!*,0!%-.0$/0!%4/+-('%+'4$+*DD:?!

&#/(/A/(! 4'%%$5D/C! "#/! D*5$D/! +''(0$,*-$',! '1! 5$'2'D/+.D/%! *,0! -#/$(! /k.$D$5($*! $,! %'D.-$',!

&/(/! *D%'! $,A/%-$=*-/0C! "#/! #/-/(',.+D/*(! 2/-*D! +'24D/E/%! '1! -#/! ,',W$,,'+/,-! 5($0=$,=!

D$=*,0%!*54:!*,0!*5+4!RQ$=.(/!;C]S!#*A/!*D%'!5//,!%:,-#/%$\/0!-'!%-.0:!-#/!0$*2*=,/-$+!*,0!

4*(*2*=,/-$+! 1'(2%C! "'! /,*5D/! -#/! $%'D*-$',! '1! -#/! +'24D/E/%?! <! #*A/! .-$D$\/0! A*($'.%!

'(=*,'2/-*DD$+! 0$4#'%4#$,/%! *%! %+*11'D0$,=! +#/D*-/%! RQ$=.(/! ;C^S! &#$+#! ,'-! ',D:! %-*5$D$\/!

+'44/(R<S!5.-!*D%'!4('A$0/%!*,!/E-(*!(/0'EW*+-$A/!.,$-e]6?]]iC!
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*+,-'&().1.("#/!0$4#'%4#$,/!D$=*,0%!0441!RD/1-S?!0$441!R2$00D/S!*,0!0+#41!R($=#-SC(
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!"#$%&'( /! 0/%+($5/%( -#/( +'44/(! +''(0$,*-$',! -'! 4-/($0$,/W(/D*-/0! #/-/('+:+D/%! ;?]W

0$2/-#:DD.2*\$,/! RGJMS?! ;?]W0$2/-#:D*DD'E*\$,/! RGJKS?! ;?]?b?8W-/-(*2/-#:D*DD'E*\$,/!

R"JKS! *,0! 6W4$A*D':D4-/($,! RFFSC! <,1(*(/0! %4/+-('%+'4$+! 2/*%.(/2/,-%?! 4*(-$+.D*(D:! $,! -#/!

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

+(:%-*DD'=(*4#$+! +#*(*+-/($\*-$',! '1! -#/! +'24D/E/%! &*%! +*(($/0! '.-! -'! /%-*5D$%#! -#/! V?X!

+#/D*-$',!'1! -#/%/!5$'2'D/+.D/%C!"#/!(/A/(%$5D/!/D/+-(',!.4-*)/!4('4/(-:!'1! -#/%/!+'24D/E/%!

&*%!%-.0$/0!5:!+:+D$+!A'D-*22/-(:!.,0/(!A*($'.%!/E4/($2/,-*D!+',0$-$',%?!4'D*('=(*4#:?!5.D)!

/D/+-('D:%$%?!*C+C!+:+D$+!A'D-*22/-(:?!*,0!LFP!%4/+-('%+'4:C!34/+-('/D/+-('+#/2$+*D!2/-#'0%!
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>"#$%&'(0!0/*D%!&$-#!e>.R0'41Sil!5$,0$,=!-'!-#/!%.5%-$-.-/0!4.($,/!,.+D/'5*%/%!V6W4$A*D':DW

_W2/-#:D=.*,$,/! RFW_JBS! *,0! ;?]?_W-($2/-#:DE*,-#$,/! R"JjSC! "#/! 0$%+(/-/! *,0! +D.%-/(!

+'24D/E/%!'1!FW_JB!*,0!"Jj!&/(/!%:,-#/%$\/0!*,0!+#*(*+-/($\/0!5:!$,1(*(/0!%4/+-('%+'4$+!

2/*%.(/2/,-%C!"#/! -#(//!'(=*,'2/-*DD$+!0$4#'%4#$,/%! R0441?!0$441!*,0!0+#41S!&/(/!.%/0! -'!

1$,/W-.,/!-#/!A*($*5D/!5$,0$,=!4('4/(-:!'1!"Jj!-'&*(0%!-#/!>.<!+/,-(/C!3$,=D/!+(:%-*D!jW(*:!

%-(.+-.(/!0/-/(2$,*-$',!&*%! +*(($/0!'.-! -'! $,A/%-$=*-/! -#/!4'%%$5D/!5$,0$,=!4*--/(,%! $,! -#/%/!

4.($,/!+'24D/E/%C!"#/!1*+-'(%!='A/(,$,=!-#/!2/-*D!5$,0$,=!4('4/(-:!'1!A*($'.%!5$'2'D/+.D/%!

#*A/!5//,!/%-*5D$%#/0!$,!-#$%!+#*4-/(C!<,!*00$-$',!-'!-#/!%-(.+-.(*D!%-.0$/%?!+:+D$+!A'D-*22/-(:!

*,0!@cWc$%!%4/+-('%+'4:!#*%!5//,!4/(1'(2/0C!
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*+,-'&().3.!J'D/+.D*(!1'(2.D*/!'1!-#/!>.<Q/<<WRFW_JBS!*,0!>.<Q/<<W"Jj!+'24D/E!+*-$',%C!
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!"#$%&'(1!0/%+($5/%!-#/!%:,-#/%$%!*,0!%-(.+-.(*D!+#*(*+-/($\*-$',!'1!,',W$,,'+/,-!(*0$+*D!*,0!

,',W(*0$+*D!5($0=/0!#/-/(',.+D/*(!>.<Q/<<!+'24D/E/%!RQ$=.(/!;CbSC!"#/!*5+4!*,0!*54:!D$=*,0%!

RQ$=.(/! ;C]S!&/(/! .%/0! *%! 5$%W+#/D*-$,=?! �W/D/+-(',! 0/1$+$/,-! 5($0=/%! 1'(! %'1-!2/-*D! +/,-(/%C!
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"#/!%4/+-('%+'4$+!$,A/%-$=*-$',%!$,+D.0/!+:+D$+!A'D-*22/-(:?!5.D)!/D/+-('D:%$%?!4'D*('=(*4#:!
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*+,-'&( ).4.!J'D/+.D*(! 1'(2.D*/! '1! -#/! +'24D/E! +*-$',%! eR�W*5+4Sf>.R0441Sg6i
,l! R,! m! 6?! ;S!

R($=#-S!*,0!!eR�W*54:Sf>.R0441Sgil!R($=#-SC!
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"#/! -#/%$%! *D%'! 0$%+.%%/%! 2/-*DW2/-*D! $,-/(*+-$',%! A$*! �W0','(! *,0o'(! �W*++/4-'(! 5($0=$,=!
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">VN!m!;?6?^?`W-/-(*+:*,'5/,\/,/S!D$=*,0!%:%-/2%!*(/!1*2'.%!1'(!-#/$(!+*4*5$D$-:!$,!5($0=$,=!

2/-*D! +/,-(/%?! 1'(! -#/! $%'D*-$',! '1! (*0$+*D! +'24D/E/%?! %-*5$D$\*-$',! '1! 2$E/0WA*D/,-!

$,-/(2/0$*-/%?!*,0!-#/!%-.0:!'1!.,.%.*D!/D/+-(',$+!*,0!2*=,/-$+!4('4/(-$/%e]^?]`iC!"#/%/!D$=*,0%!

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

/D/+-(',!-(*,%1/(!1('2!-#/!2/-*D%!-'!-#/!D$=*,0!$,!=('.,0!%-*-/?!D/*0$,=!-'!*25$=.'.%!'E$0*-$',!

%-*-/%! 1'(! 2/-*D%! *,0! D$=*,0%C! "#/! -(*,%$-$',! 2/-*DW">Vj! +#/2$%-(:! '1! (.-#/,$.2e]aW]bi?!

'%2$.2e]_i?! (#/,$.2e^7W^6i?! 2*,=*,/%/e^]i?! $(',e^^?^`i?! +'44/(e^aW`6i! *,0! A*,*0$.2e`]i! #*%! 5//,!

$,A/%-$=*-/0! 1'(! -#/$(! $,-/(/%-$,=! 2*=,/-$+! 4('4/(-$/%?! *,$%'-('4$+! /D/+-($+*D! +',0.+-$A$-$/%?!

1/(('2*=,/-$%2?! V<P! *5%'(4-$',! *,0! ,',WD$,/*(! '4-$+*D! 5/#*A$'.(C! "#/! ">Vj! D$=*,0%!

">VhQ^!*,0!">VN!RQ$=.(/!;C8S!*(/!-#/!D/%%!/24D':/0!%:%-/2%!$,!-#$%!*(/*C!
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K\'0$+*(5'E:D$+! /%-/(%! *,0! -#/$(! *,$',%! *,0!0$*,$',%! *%!&/DD! *%! (/D*-/0!2'D/+.D*(! $',%! ! *(/!

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

5/#*A$'.(?!*!π!+',O.=*-/0!5$%W+#/D*-/!1.,+-$',?!*!%2*DD!a!π!+/,-/(!%:%-/2!'1!&#$+#!^!+/,-/(%!

*(/! +''(0$,*-$,=?! *! (*0$+*D! $,-/(2/0$*-/! %-*5D/! *=*$,%-! 0$%4('4'(-$',*-$',?! (/%',*,+/!

%-*5$D$\*-$',!'1!-#/!0$*,$',$+!1'(2?!*,!p3!1(*2/q!+',1'(2*-$',!s-cisoLos-cis!&#$+#!*DD'&%!1'(!*!

(*-#/(! %#'(-!2/-*DW2/-*D! 0$%-*,+/! 0/%4$-/!2'D/+.D/! 5($0=$,=?! *! -.,$,=! 4'-/,-$*D! -#('.=#! -#/!

%.5%-$-./,-%! P! *-! -#/! ,',W+''(0$,*-$,=! +*(5',! π! +/,-/(%?! *,0! -#/! 4'%%$5$D$-:! -'! $,-('0.+/!

*00$-$',*DD:!+''(0$,*-$,=!=('.4%!P?!D/*0$,=!-'!5$%W-($0/,-*-/!,',W$,,'+/,-!D$=*,0%C!"#'.=#!-#/!

A*($'.%!0$,.+D/*(!+'24D/E/%!'1!%.+#! D$=*,0!%:%-/2%!#*A/!5//,!0/2',%-(*-/0! $,! D$-/(*-.(/e`^W

`bi?!+'24D/E/%!+',-*$,$,=!/D/+-(',!0/1$+$/,-!5($0=$,=!0','(!#*0!,'-!:/-!5//,!$,A/%-$=*-/0C!
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*+,-'&().6.((J'D/+.D*(!1'(2.D*!'1!-#/!;?6W5$%R-($1D.'('*+/-:DSW#:0(*\$,/!RT6*0+>Q]S!D$=*,0C(

!

"#/! 'D$=',.+D/*(! (.-#/,$.2! *,0! +'44/(W$(',! +'24D/E/%! +',-*$,$,=! -#/! %-(',=! �W*++/4-'(!

">VhQ^! RQ$=.(/! ;C8S! '(! -#/! &/*)! �W*++/4-'(! ">VN! RQ$=.(/! ;C8S! '(! -#/! T6*0+>Q]! D$=*,0!

RQ$=.(/! ;C_S! #*A/! 5//,! %-.0$/0! $,! -#$%! -#/%$%C! "#/! 2/-*DW2/-*D! $,-/(*+-$',%! *,0! -#/! D$=#-!

*5%'(4-$',! 4('4/(-$/%! &/(/! $,A/%-$=*-/0! 5:! %4/+-('%+'4$+! 2/-#'0%! %.+#! *%! LFP! $,!

/D/+-('+#/2$+*DD:! =/,/(*-/0! 1'(2%?! @cWc$%WV<PW<P! %4/+-('/D/+-('+#/2$%-(:?! *,0! 5:! %$,=D/!

+(:%-*D!jW(*:!0$11(*+-$',!2/*%.(/2/,-%C!!

(

!"#$%&'(2!0/*D%!&$-#!-#/!V<P!*,0!<P!*5%'(5$,=!4('4/(-$/%!'1!(*0$+*D?!,',W(*0$+*D!*,0!2$E/0W

A*D/,-!$,-/(2/0$*-/!%4/+$/%!'1!-#/!+'24D/E!+*-$',!feP.RVT]S`i^Rr^W">VhQ^Sg
,l!+',-*$,$,=!�W

/D/+-(',! 0/1$+$/,-! 5($0=$,=! D$=*,0C!"#/! +'24D/E!&*%!2*0/! -'! %-.0:! -#/! (/A/(%$5D:! '5-*$,/0!

'E$0$\/0! *,0! (/0.+/0! %4/+$/%! $,! %'D.-$',?! (/%.D-$,=! $,! D',=W&*A/D/,=-#! *5%'(5$,=!

$,-/(2/0$*-/%C!"#/!,',W$,,'+/,-!5/#*A$'.(!'1! -#/!">VhQ^! D$=*,0!#*%!5//,!%-.0$/0!5:!LFP!

%4/+-('%+'4:C! "#/! ,$-($D/! %-(/-+#$,=! A$5(*-$',%! *,0! @cWc$%WV<P! *5%'(4-$',%! '1! -#/!

/D/+-('+#/2$+*DD:!=/,/(*-/0!%4/+$/%!&/(/!0/-/+-/0!5:!%4/+-('/D/+-('+#/2$%-(:C!!

(

!"#$%&'(3!0/*D%!&$-#!-#/!/E4D'(*-$',!'1!A*($'.%!+''(0$,*-$',!2'0/%!$,!'D$=',.+D/*(!>.<Q/<<W

">VN! +'24D/E/%C! G$%+(/-/! *,0! 4'D:2/($+! +'24D/E/%! +',-*$,$,=! -#/! '(=*,'2/-*DD$+!

1(*=2/,-%! /$-#/(! e>.R0441Sil! '(! e>.R0+#41Sil! &/(/! $,A/%-$=*-/0! 1'(! ">VN! 5$,0$,=! 2'0/!

0/-/(2$,*-$',!5:!%$,=D/!+(:%-*D%!jW(*:!%-(.+-.(/!*,*D:%$%C!"#/!,$-($D/!A$5(*-$',%!&/(/!%-.0$/0!

F

F
F

N
H

O
H
N

O

F

F
F



!"#$%&'()(

!

b!

b!

5:! <PW%4/+-('/D/+-('+#/2$%-(:C!"#/!%-.0:!*D%'! $,+D.0/%!@cWc$%!%4/+-('/D/+-('+#/2$%-(:!*,0!

LFP!%4/+-('%+'4:C!

!

!"#$%&'( 4! 0/%+($5/%! -#/! %4/+-('%+'4$+! +#*(*+-/($\*-$',! '1! (/0'EW$,-/(2/0$*-/%! 1('2! -#/!

+'24D/E! +*-$',! eRµW*0+W>Q]SfP.R54:S6g6i
6l! $,+D.0$,=! -#/! ,*-$A/! P.<<P.<<! %4/+$/%C! "#/!

$,A'DA/0! -/+#,$k./%! &/(/! +:+D$+! A'D-*22/-(:?! @cWc$%WV<P! %4/+-('/D/+-('+#/2$%-(:?! LFP!

%4/+-('%+'4:! *,0! -#/! %$,=D/! +(:%-*D! jW(*:! %-(.+-.(/! 0/-/(2$,*-$',C! <,-/(WA*D/,+/! +#*(=/!

-(*,%1/(!4('+/%%/%!A$*!�W*0+W>Q]!5($0=/!#*A/!5//,!%-.0$/0C!
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F-/($0$,/?!5/*($,=!1.%/0!4:($2$0$,/!*,0!4:(*\$,/!($,=%?! 1'(2%!*!=('.4!'1!5$'(/D/A*,-!

#/-/('+:+D$+!+'24'.,0%!+',-*$,$,=!*!A*($/-:!'1!%.5%-$-.-$',%!',!-#$%!%-(.+-.(/C!M.2*\$,/!R6?^W

0$'E'WR;H?]HS4-/($0$,/S?! *DD'E*\$,/! R6?^W0$'E'WR;H?]HS5/,\'4-/($0$,/S?! 1D*A$,! Rb?8W

0$2/-#:D$%'*DD'E*\$,/S! *,0! 4-/($,! R6W*2$,'W^W'E'WR]HS4-/($0$,/S! *(/! %.+#! %.5%-$-.-/0! 1'(2%!

'1! 4-/($0$,/C! "#/! 4(/%/,+/! '1! D.2*\$,/! $,! ,*-.(*D! 4('0.+-%! &*%! (/4'(-/0! $,! ;_8`e`8iC! "#/!

*DD'E*\$,/!#/-/('+:+D/!(/D*-/0!-'!1D*A$,!+'/,\:2/%!$,!/D/+-(',!-(*,%1/(!4('-/$,%!*(/!1*2'.%!1'(!

-#/! (/0'E! %&$-+#$,=! 5/#*A$'(! in vivo
e`_?a7iC! QD*A$,! +'1*+-'(%?!&#/,! $,+'(4'(*-/0! $,! *! 4('-/$,!

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

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

%$=,*D$,=!4('+/%%/%ea;Wa]iC! !KDD'E*\$,/?!#*A$,=!*! D'&!D:$,=!�s!2'D/+.D*(!'(5$-*D?!+*,!.,0/(='!

(/A/(%$5D/! (/0.+-$',! A$*! *! %-*5$D$\/0! (*0$+*D! 1'(2ea^WaaiC! <,! *! 2/-*D! +'24D/E?! *DD'E*\$,/! +*,!

4(/1/(!-&'!0$11/(/,-!(/0'E!%-*-/%?!0/4/,0$,=!',!-#/!-:4/!'1!2/-*D!1(*=2/,-%C!H$-#!D'&WA*D/,-!

R%'1-S!2/-*D! 1(*=2/,-%?! -#/!+'24D/E/%!2*:!5/!%-*5$D$\/0! $,! -#/!,',W(/0.+/0!%-*-/?!5.-!&$-#W

#$=#!A*D/,-?!#*(0!2/-*D!1(*=2/,-%! -#/!(*0$+*D!1'(2!+*,!5/!$%'D*-/0e6^?abiC!F-/($,%!*(/!1'.,0!$,!

'E'2'D:50'/,\:2/%!*%!*,!*+-$A/!'(=*,$+!(/0'E!.,$-! e;?a8iC(F-/($,%!*,0!-#/$(!4*(-$*DD:!(/0.+/0!

1'(2%! R#:0('4-/($,%S! ! *(/! /%%/,-$*D! '(=*,$+! (/0'E! +'24',/,-%! $,! 'E'W-(*,%1/(%! /,\:2/%!

R2'D:50'4-/($,?! -.,=%-'4-/($,S! 1'(! *2$,'! *+$0! 5$'%:,-#/%$%! R4#/,:D*D*,$,/?! -:('%:D!

#:0('E:D*%/S! '(!VX!2/-*5'D$%2! RVX! %:,-#*%/Se`?a?;aW;8?;_iC!K,'-#/(! 4-/($,! 0/($A*-$A/! $%! 1'D$+!

*+$0! RA$-*2$,! N_S?! ),'&,! *%! *,! /%%/,-$*D! ,.-($/,-C! "#/! 2'0$1$+*-$',%! '1! -#/! 4-/($0$,/!

#/-/('+:+D/! +*(($/0!'.-!#/(/!&/(/! 1'(! -#/!5/--/(! %'D.5$D$-:! $,! *4('-$+! %'DA/,-%C!"#/!2'0$1$/0!

4-/($0$,/!*,0!5/,\'4-/($0$,/!D$=*,0%!*(/!D$%-/0!$,!Q$=.(/!6C;C;C!!

!

!
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4-/($0$,/!

6?^W0$'E'WR;H?]HS4-/($0$,/! ! ;?]W0$2/-#:DD.2*\$,/!!!!!!!!!!!!;?]?a?bW-/-(*2/-#:DD.2*\$,/!
RM.2*\$,/S! ! ! ! !!!!!!RGJMS!R<=! ! ! !!!!!!!!!R"JMS!

!

!

!

6W*2$,'W^W'E'!R]HS4-/($0$,/!!!!!!!!!!!!!!!!!!!!!!!!!!!6W4$A*D':D4-/($,! ! ! ! !
RF-/($,S!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!RFFS!!R>S!

!

!

5/,\'4-/($0$,/!

!

!

6?^W0$'E'WR;H?;7HS5/,\'4-/($0$,/!!!!!!!!!!!!!!!!!!!!6?^W0$'E'WR;H?;7MeS5/,\'4-/($0$,/!!!!!
R$%'*DD'E*\$,/S!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!R;7W2/-#:D$%'*DD'E*\$,/S!

(

(

(

6?^W0$'E'WR;H?]HS5/,\'4-/($0$,/!!!!!!;?]W0$2/-#:D*DD'E*\$,/!!!!;?]?b?8W-/-(*2/-#:D*DD'E*\$,/!

R*DD'E*\$,/S!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!RGJKS! R!S!!!!!!!!!!!!!!!!!!!!!!!!!!!!R"JKS!!!!R?S!

*+,-'&(/.).).(R5/,\'S4-/($0$,/!*,0!$-%!0/($A*-$A/%!R<?!>?!!!*,0!?!D$=*,0%!#*A/!5//,!.%/0!$,!

-#$%!&'()SC!

!
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H
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H
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J/-*D! +''(0$,*-$',! -'! -#/! 5$'+#/2$+*DD:! (/D/A*,-! %.5%-$-.-/0! 4-/($0$,/! #/-/('+:+D/%! $%! '1!

$24'(-*,+/! $,! .,0/(%-*,0$,=! -#/! in vivo 1.,+-$',%! '1! /D/+-(',! -(*,%1/(! /,\:2/%C! J'%-!

+'22',D:?! *,! X^?V`! +#/D*-$',! -'! -(*,%$-$',! 2/-*D%! $%! 1'.,0! $,! *D2'%-! *DD! 5$'2'D/+.D/%!

+',-*$,$,=!-#/!�W$2$,')/-'!1.,+-$',e6^iC!3'1-!2/-*D!+/,-/(%!*(/!1'.,0!-'!5/!%-(',=D:!V`!5',0/0!

*,0!+'24*(*-$A/D:!&/*)D:!X^!5',0/0!$,!1$A/W2/25/(/0!+#/D*-/!1.,+-$',?!&#/(/*%!#*(0!2/-*D!

+/,-/(%!5$,0!%-(',=D:!-'!X^!*,0!&/*)/(!-'!V`!e6^iC!KD-#'.=#!A*($'.%!5$,0$,=!2'0/%!'1!4-/($,%!

*(/! 1'.,0! $,! -#/! D$-/(*-.(/?! *DD! 4'%%$5D/! 5$,0$,=!2'0/%! '1! 4-/($,%! *(/! ,'-! 1'.,0! $,! *! %$,=D/!

+'24D/Ee6^?a_Wb^iC! <,! -#$%! &'()?! <! #*A/! +#*(*+-/($\/0! *,! 'D$='2/($+! >.<Q/<<W4-/($,! +'24D/E!

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

'E:=/,! 0','(! *-'2! 1('2! -#/! %.5%-$-.-/0! 4$A*D':D! =('.4C! "#/! %-(.+-.(*D! 1/*-.(/%! '1! -#/!

+'24D/E! *(/! 5/$,=! 0$%+.%%/0! $,! 0/-*$DC! "#'.=#! (/4'(-%! ',! -#/! +(:%-*D! %-(.+-.(/%! '1! >.<W

D.2*\$,/! +'24D/E/%! *(/! 1'.,0! $,! -#/! D$-/(*-.(/?! -#/! /D/+-('+#/2$+*D! *,0!

%4/+-('/D/+-('+#/2$+*D! %-.0$/%! #*A/! ,'-! 5//,! 0$%+.%%/0! $,! 0/-*$D! %'! 1*(ea_?b;?b`Wb8iC! "#/!

D.2*\$,/%! *(/! ),'&,! -'! 5/! 5$'+#/2$+*DD:! D/%%! $24'(-*,-! 0./! -'! -#/$(! $((/A/(%$5D/! /D/+-(',!

-(*,%1/(! 4('+/%%?! #'&/A/(?! -#/! (/A/(%$5D/! -&'W%-/4! /D/+-('+#/2$+*D! (/0.+-$',! 4('+/%%! '1!

D.2*\$,/!+'24D/E/%!$%!0$%+.%%/0!$,!-#$%!&'()e6^iC!<PW%4/+-('/D/+-('+#/2$%-(:!&*%!2/*%.(/0!-'!

$,A/%-$=*-/! -#/! +*(5',:D! %-(/-+#$,=! 1(/k./,+$/%! $,! -#/! (/0.+/0! *,0! .,(/0.+/0! %-*-/C! "#/!

(/A/(%$5D/!/D/+-(',!.4-*)/!4('4/(-:!'1!-#/!*DD'E*\$,/!+'24D/E/%!&*%!.-$D$\/0!-'!%-.0:!-#/!@cW

c$%!*,0!<P!%4/+-('/D/+-('+#/2$+*D!5/#*A$'.(!$,!-#/!,*-$A/!*,0!-#/!(/0.+/0!1'(2%C!!

! K%!-#/!&/*)!�W0','(!'(=*,'2/-*DD$+!1(*=2/,-!e>.R0441Sil!&*%!1'.,0!-'!

%-*5$D$\/! +'24D/E/%! &$-#! A/(:! %-(',=! �W*++/4-'(%! $,! -#/! .,W(/0.+/0! %-*-/?! <! #*A/! 4('5/0!

A*($'.%!%'1-!+'44/(R<S!+'24D/E!1(*=2/,-%!%+*11'D0/0!5:!*D):DW!*,0!*(:DW1/(('+/,:D0$4#'%4#$,/!

D$=*,0%! 1'(! -#/! %-*5$D$\*-$',! '1! -#/%/! 5$'2'D/+.D/! +'24D/E/%! $,! -#/! .,W(/0.+/0! %-*-/C! "#/!

2/-*D!4(/+.(%'(%?!&#$+#!#*A/!5//,!.%/0!$,!-#$%!&'()?!*(/!%#'&,!$,!Q$=.(/!6C;C6C!!

P!m!F#?!;?;nW5$%R0$4#/,:D4#'%4#$,'S1/(('+/,/!R0441S��� �����������

P!m!$F(?!;?;nW5$%R0$W$%'4('4:D4#'%4#$,'S!1/(('+/,/!R0$441SC�

!

P!m!F#?!e>.R0441SR>T]>VS6iRNQ^S?! ! ! ! ! !!!

P!m!$F(?!e>.R0$441SR>T]>VS6iRNQ^S!*,0!e>.R0$441SR>T]>VS6i!RFQaSC!

(

*+,-'&(/.)./.(>'WD$=*,0%!R-'4S!*,0!+'44/(R<S!4(/+.(%'(!+'24D/E/%!5'--'2SC!

PR2

PR2

FeFe

P

P

R

R

R

R

Fe

R2

P

P
R2

Cu

NCMe

NCMe

+
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/./.(@A8%"&B+B(#8:(;"#'#;%&'+C#%+98(9D(!-
7
*&
77
(;9E$F&G&B!

"#/! '(=*,$+! %'DA/,-W%'D.5D/! 4-/($0$,/! D$=*,0%! ;?]W0$2/-#:DD.2*\$,/! RGJMSeb_i?! ;?]W

0$2/-#:D*DD'E*\$,/! !RGJKSe87i?! !;?]?b?8W-/-(*2/-#:D*DD'E*\$,/!R"JKSe87i!*,0!6W4$A*D':D4-/($,!

RFFSe8;i!&/(/!%:,-#/%$\/0!*++'(0$,=!-'!-#/!(/4'(-/0!D$-/(*-.(/!4('+/0.(/%C!"#/!%'D$0!4(/+.(%'(!

+'24D/E! e>.R0441SR>T]>VS6iRNQ^S! &*%! *D(/*0:! (/4'(-/0! $,! -#/! D$-/(*-.(/
e86i! *,0! -#/!

e>.R0$441SR>T]>VS6iRNQ^S!4(/+.(%'(!+'24D/E!&*%!,/&D:!%:,-#/%$\/0!-'!$,-('0.+/!*!0$11/(/,-!

+'D$=*,0C!"#/!4(/+.(%'(!+'24D/E!+',-*$,$,=!FQa
W!*%!*!+'.,-/(!*,$',!&*%!*D%'!%:,-#/%$\/0!-'!

'5-*$,! -#/! %'D$0! 1'(2C! P/0! D.2*\$,/! +'24D/E/%! e>.RGJMSR0441SiRNQ^S! *,0!

e>.RGJMSR0$441SiRNQ^S!&/(/!'5-*$,/0!5:!%-$(($,=!*!0$+#D'('2/-#*,/!%'D.-$',!'1!*,!/k.$2'D*(!

2$E-.(/!'1!GJM!*,0!-#/!2/-*D!4(/+.(%'(%!*-!(''2!-/24/(*-.(/!.,0/(!*(=',!*-2'%4#/(/C!"#/!

:/DD'&! +'D'.(! '1! -#/! 4(/+.(%'(! +'24D/E! *,0! -#/! D$=*,0! -.(,/0! -'! *! 0//4! (/0! .4',! -#/!

$22/0$*-/!*00$-$',!'1!0$+#D'('2/-#*,/!-'!-#/!(/*+-$',!2$E-.(/C!!

N

N N

N

O

O

Me

Me

N

N N

N

O

O

Me

Me
CH2Cl2 / RT

Fe

R2
P

P
R2

Cu

NCMe

NCMe

+
Overnight

Fe

PR2
R2P

Cu

R = Ph, (1)

R = iPr, (2)

(BF4)
(BF4)

*+,-'&(/./.).!3:,-#/%$%!'1!>.<Q/<<WGJM!+'24D/E/%C!

"#/!2/-*D!+#/D*-$',!5:!-#/!D.2*\$,/!($,=!$%!$,0$+*-/0!5:!0'&,1$/D0!%#$1-%!'1!-#/!D.2*\$,/!($,=!

4('-',!VJP!%$=,*D%C!"#/!%$=,*D%!*-!]C^6!R%?!]T?!VW>T]S?!]Cb;!R%?!]T?!VWJ/S?!8C86!R%?!5(?!;T?!

GJMS?!*,0!_C7_!R%?!5(?!;T?!GJMS!442!*(/!1'.,0!+'((/%4',0$,=!-'!-#/!D.2*\$,/!($,=!*,0!-#/!

%$=,*D%!*-!^C]^!R%?!^T?!>4S?!^C^6!R%?!^T?!>4S!*,0!bC]a!R2?!5(?!67T?!F#S!442!*(/!1'.,0!1'(!-#/!

e>.R0441Sil!2'$/-:!4(/%/,-!$,!-#/!+'24D/E!e>.RGJMSR0441SiRNQ^SC!K!%$=,*D!*-!W_C88!442!$%!

1'.,0!$,!-#/!];F!VJP!%4/+-(.2C!K!2'D/+.D*(!$',!4/*)!+/,-/(/0!*-!2o\!m!87_C;7!$%!*D%'!1'.,0!

$,! -#/! 2*%%! %4/+-(.2! +'((/%4',0$,=! -'! e>.R0441SRGJMSilC! 3*-$%1*+-'(:! /D/2/,-*D! *,*D:%$%!

*D%'! %.44'(-%! -#/! 1'(2.D*-$',! '1! -#/%/! +'24D/E/%C! "#/! 0/-*$D/0! +#*(*+-/($\*-$',! '1! 5'-#!

D.2*\$,/!+'24D/E/%!$%!4('A$0/0!$,!-#/!LE4/($2/,-*D!3/+-$',C!!

KDD'E*\$,/! +'24D/E/%! e>.RGJKSR0441SiRNQ^S?! e>.RGJKSR0$441SiRNQ^S! *,0!

e>.R"JKSR0441SiRNQ^S! &/(/! %:,-#/%$\/0! 1'DD'&$,=! *! %$2$D*(! 2/-#'0! *%! 1'(! -#/! D.2*\$,/!
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+'24D/E/%C!3$2$D*(D:?!-#/!2/-*D!5$,0$,=!5:!-#/!*DD'E*\$,/!($,=!$%!$,0$+*-/0!5:!-#/!*44/*(*,+/!

'1! *! (/0W5('&,!+'D'.(!0.($,=! -#/! (/*+-$',C!KDD! +'24D/E/%! %#'&! -#/! /E4/+-/0!VJP!%$=,*D%?!

%*-$%1*+-'(:!/D/2/,-*D!*,*D:%/%!*,0!2'D/+.D*(! $',!4/*)%!$,!-#/$(!2*%%!%4/+-(*C!K1-/(!,//01.D!

2*,$4.D*-$',%!*DD!,/&!+'24D/E/%!&/(/!$,A/%-$=*-/0!5:!Q"<P!%4/+-('%+'4:C!!

N

N N

N

O

O

Me

Me

N

N N

N

O

O

Me

Me
CH2Cl2 / RT

+

Fe

R2
P

P
R2

Cu

NCMe

NCMe

+

+
Overnight

R´

R´

R = Ph, R´= H, (3)

R = iPr, R´= H, (4)

R = Ph, R´= Me, (5)

R´

R´

Fe

PR2
R2P

Cu

(BF4
-)

(BF4
-)

�

*+,-'&(/././.!3:,-#/%$%!'1!>.<Q/<<WGJK!*,0!>.<Q/<<W"JK!+'24D/E/%C!

!

"#/! V`?X^! +#/D*-/0! 5('&,! 4-/($,! +'24D/E/%! e>.R0441SRFFSiRNQ^S! R3S! *,0!

e>.R0$441SRFFSiRNQ^S!R4S!&/(/!'5-*$,/0!1('2!;t;!(/*+-$',%!'1!FF!&$-#!-#/!2/-*D!4(/+.(%'(%!$,!

0$+#D'('2/-#*,/C! N'-#! +'24D/E/%! =*A/! 2'D/+.D*(! $',! 4/*)%! *-! 2o\! m! 8a^C;^! *,0! 2o\! m!

b68C67! $,! -#/! 2*%%! %4/+-(*! 1'(! -#/! +'24D/E! +*-$',%! e>.R0441SRFFSil! *,0! e>.R0441SRFFSil?!

(/%4/+-$A/D:C!"#/%/!-&'!+'24D/E/%!&/(/!*D%'!+#*(*+-/($\/0!5:!-#/$(!VJP!%4/+-(*?!/D/2/,-*D!

*,*D:%/%!/-+C!X,!+(:%-*DD$\*-$',!'1!e>.R0441SRFFSiRNQ^S!1('2!*!#/E*,/!0$+#D'('2/-#*,/!R;t;S!

2$E-.(/?! -#/! +'24D/E! 0$%%'+$*-/0! -'! *! ,/&! +'24'.,0! #*A$,=! -#/! 2'D/+.D*(! 1'(2.D*!

ef>.R0441Sg6RFFSiRNQ^S6! R5S?! *%! $,0$+*-/0! 1('2! -#/! 4*(-$*DD:! %'DA/0! %$,=D/! +(:%-*D! jW(*:!

%-(.+-.(/C! Q('2! -#$%! $,0$+*-$',?! <! =*A/! *,! /11'(-! -'!2*)/! -#/!2*-/($*D! 1(/%#! 5:! (/*+-$,=! -&'!

/k.$A*D/,-%! '1! 2/-*D! 4(/+.(%'(! &$-#! ',/! /k.$A*D/,-! '1! 4-/($,! .,0/(! $0/,-$+*D! (/*+-$',!

+',0$-$',%! *%! 1'(! -#/! e>.R0441SRFFSiRNQ^SC!"#/!#/-/('-/-(*,.+D/*(! +'24D/E?!5',0/0! -#('.=#!

V`?X^!*,0!V;?XR4$A*D':DS!+#/D*-$',?!&*%!+#*(*+-/($\/0!5:!$-%!2'D/+.D*(!$',!4/*)!*-!;^87C;a!$,!

-#/! 2*%%! %4/+-(.2C! "#/! +#*(*+-/($\*-$',! '1! *DD! +'24D/E/%! $%! 4('A$0/0! $,! -#/! LE4/($2/,-*D!

3/+-$',C!"#/!-/,0/,+:!-'!.%/!-#/!2*E$2.2!'1!4'%%$5D/!+''(0$,*-$',!%$-/%!&*%!*=*$,!'5%/(A/0!

&#/,! -#/! +'24D/E! ef>.R0441Sg6RFFSiRNQ^S6! &*%! 0$%%'+$*-/0! $,! #/E*,/o0$+#D'('2/-#*,/!

%'D.-$',! R0.($,=! +(:%-*DD$\*-$',S! -'! :$/D0! -#/! %-*5D/! 'D$='2/($+! +'24D/E! e>.]R0441SR�6W

0441SRFFSRFFWSi6RNQ^S^( R6S! +',-*$,$,=! 4*(-D:! 0/4('-',*-/0! 4-/($,! D$=*,0%! RFF
WSC! "#/!

+''(0$,*-$',!4*--/(,!'1!-#$%!'D$='2/($+!+'24D/E!+'.D0!5/!$0/,-$1$/0!1('2!-#/!+(:%-*D!%-(.+-.(/!
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/.0.(!'AB%#F(B%'-;%-'&B�

/.0.).(!'AB%#F(B%'-;%-'&B(9D(%"&(!-
7
*&
77
H?IJ(;9E$F&G&B! K!-L:$$D=L?IJ=ML>*1=(L)=(#8:(

K!-L:+$$D=L?IJ=ML>*1=(L/=.!

P/0!%$,=D/!+(:%-*D%!'1!+'24D/E/%()!*,0!/(&/(/!'5-*$,/0!5:!%D'&!+(:%-*DD$\*-$',!'1!%*-.(*-/0!

0$+#D'('2/-#*,/!%'D.-$',%!'1!-#/!+'24D/E/%!*-!D'&!-/24/(*-.(/C!>'24D/E!)!&*%!+(:%-*DD$\/0!

$,!P� *,0!+'24D/E!/!&*%!+(:%-*DD$\/0!$,!P2�/n %4*+/!=('.4C!"#/!+(:%-*D!%-(.+-.(/!*,*D:%/%!'1!)!

*,0! /! (/A/*D/0! -#/! /E4/+-/0e6^i! X^?V`! +#/D*-$',! '1! GJM! -'! -#/! >.<! +/,-(/?! 1'(2$,=! *! `W

2/25/(/0!4D*,*(! ($,=!%:%-/2!RQ$=.(/!6C]C;C;!*,0!Q$=.(/!6C]C;C6SC!"#/!%'1-!2/-*D! 1(*=2/,-%!

e>.R0'41Sil! *(/! 5',0/0! %-(',=D:! -'! -#/! V`! R6C76bR^S! *,0! 6C7^;R6S! uS! ! *,0! &/*)D:! -'! X^!!

R6C6]aR]S!*,0!6C6a;!R6S!uSC!"#/!,/=*-$A/!�!A*D./!R0>.WVW0>.WXS?!+*D+.D*-/0!*-!W7C67_!u!*,0!W

7C667!u!1'(!-#/!%-(.+-.(/%!'1!)!*,0!/N!(/%4/+-$A/D:?!$DD.%-(*-/!-#/!%-(',=/(!V`!5$,0$,=e6^iC!"#/!

#$=#/(!,/=*-$A/!A*D./!1'(!+'24D/E!/!&*%!'5%/(A/0!*%!-#/!e>.R0$441Sil! 1(*=2/,-!5$,0%!-'!V`!

2'(/! %-(',=D:! *%! +'24*(/0! -'! e>.R0441SilC!X,/! %2*DD! +#/D*-$,=! *,=D/! *-! -#/! D.2*\$,/! ($,=!

RX;W>.;WV;!m!b8CbbR;^Sv!*,0!b8C^^R8SvS!*,0!*,'-#/(! D*(=/!+#/D*-$,=!*,=D/!*-! -#/!0'41!.,$-!

RF;W>.WF6!m!;;^Cb_RaSv!*,0!;;bCa;R]Sv!S!%#'&!-#/!0$%-'(-/0!-/-(*#/0(*D!=/'2/-(:!*('.,0!-#/!

>.<!+/,-/(C!!

!

!

!

!

!

!

!

*+,-'&(/.0.).).!3$,=D/! +(:%-*D!jW(*:!2'D/+.D*(! %-(.+-.(/!'1! -#/! +'24D/E!2','+*-$',( e)il! $,!

-#/!+(:%-*D!'1!e>.R0441SRGJMSiRNQ^SC!"#/!NQ^
W!+'.,-/(!*,$',!$%!'2$--/0!1'(!+D*($-:C!

"#/!+*(5',:D!5',0!D/,=-#%?!;C66aRaS!*,0!;C6;;RaS!u!$,!+'24D/E!)!and!;C668R]S!*,0!;C6;^R]S!

u!$,!+'24D/E!/N!+',1$(2!-#/!4(/%/,+/!'1!.,W(/0.+/0!+*(5',:D!=('.4%!$,!-#/!+'24D/E/%C!"#/!

0$11/(/,+/%!$,!+*(5',:D!5',0!D/,=-#%!R>^WX^!*,0!>6WX6S!*(/!7C7;`!*,0!7C7;^!u!1'(!+'24D/E/%!

)!*,0!/?!(/%4/+-$A/D:C!K!%2*DD!+#*,=/!'1!-#/!+*(5',:D!5',0!D/,=-#%!&*%!'5%/(A/0!1'(!-#/!&/*)!
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2/-*D! 5$,0$,=! -'! -#/! X^! 0','(! %$-/C! "#/! $24'(-*,-! 5',0! D/,=-#%! *,0! *,=D/%! '1! -&'! +(:%-*D!

%-(.+-.(/%!*(/!=$A/,!$,!"*5D/!6C]C6C;!1'(!+'24*($%',C!

!

!
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!

*+,-'&(/.0.)./.!3$,=D/! +(:%-*D!jW(*:!2'D/+.D*(! %-(.+-.(/!'1! -#/!+'24D/E!2','+*-$',( e/il! $,!

-#/! +(:%-*D! '1! e>.R0$441SRGJMSiRNQ^S! O(>T6>D6C! "#/! NQ^
W! +'.,-/(! *,$',! *,0! -#/! >T6>D6!

2'D/+.D/!R%'DA/,-!'1!+(:%-*DD$\*-$',S!&/(/!'2$--/0!1'(!+D*($-:C!

/.0./.(!'AB%#F(B%'-;%-'&(9D(%"&(#FF9G#C+8&(;9E$F&G(K!-L:$$D=LPI<=ML>*1=(

3$,=D/!+(:%-*D%!'1!+'24D/E/%!0!*,0!1!+'.D0!,'-!5/!=('&,!/A/,!*1-/(!.%$,=!A*($'.%!%'DA/,-!

+'25$,*-$',%!*,0!1'DD'&$,=!0$11/(/,-!2/-#'0%C!>'24D/E!2(+(:%-*DD$\/0!A/(:!/*%$D:!1('2!

#/E*,/!o!0$+#D'('2/-#*,/!2$E-.(/!R]t;S!*-!W^v>C!(

(
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(

(

*+,-'&(/.0./.).!3$,=D/! +(:%-*D!jW(*:!2'D/+.D*(! %-(.+-.(/!'1! -#/!+'24D/E!2','+*-$',( e2il! $,!

-#/! +(:%-*D! '1! e>.R0441SR"JKSiRNQ^S! O( >T6>D6C! "#/! NQ^
W! +'.,-/(! *,$',! *,0! -#/! >T6>D6!

2'D/+.D/!R%'DA/,-!'1!+(:%-*DD$\*-$',S!&/(/!'2$--/0!1'(!+D*($-:C!!
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P#QF&( /.0./.).( 3/D/+-/0! 5',0! 0$%-*,+/%! RuS! *,0! *,=D/%! RvS! '1! e>.R0441SRGJMSiRNQ^S?! )?!

e>.R0$441SRGJMSiRNQ^S?!/!*,0!e>.R0441SR"JKSiRNQ^S?!2C!
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"#/! (/0! %$,=D/! +(:%-*D%! '1! +'24D/E! 2! &/(/! *,*D:\/0! $,! %4*+/! =('.4! P�C! "#/! �W$2$,')/-'!

1.,+-$',!'1!-#/!*DD'E*\$,/!.,$-!&*%!$,A'DA/0!$,!*!`W2/25/(/0!+#/D*-$',!-'!-#/!+'44/(R<S!+/,-(/!

RQ$=.(/!6C]C6C;SC!"#/!>.WV!*,0!>.WX!0$%-*,+/%!&/(/!1'.,0!*-!6C7]6R6S!*,0!6C6^]R6S!uC!"#/!�!

A*D./!RW7C6;;!uS!&*%!1'.,0!-'!5/!$,!5/-&//,!-#*-!'1!-#/!-&'!D.2*\$,/!+'24D/E/%!)(*,0!/C!"#/!

5$,0$,=!'1!-#/!e>.R0441Sil!.,$-!-'!-#/!*DD'E*\$,/!($,=!$%!A/(:!%$2$D*(!*%!&$-#!-#/!D.2*\$,/!($,=C!

N',0%! )( /( 2(

>.WV! 6C76bR^S! 6C7^;R6S! 6C7]6R6S!

>.WX! 6C6]aR]S! 6C6a;R6S! 6C6^]R6S!

>^WX!! >bWX;!

;C66aRaS!

>bWX;!

;C668R]S!

>8WX;!

;C668R]S!

>6WX!! >`WX6!

;C6;;RaS!

>`WX6!

;C6;^R]S!

>aWX6!

;C6;7R]S!

>.WF! 6C667R6S!

!6C6`7R6S!

6C6^]R;S!

6C6^bR;S!

6C6]^R;S!

6C6`8R;S!

XW>.WV! b8CbbR;^S! b8C^^R8S! bbC_^RbS!

FW>.WF! ;;^Cb_RaS! ;;bCa;R]S! ;;]Cb;R6S!

>.WVW>! >.;WV;W>;!

;]7C7R]S!

>.;WV;W>8!!

;;]C;R]S!

>.;WV;W>;!

!;6_C_R6S!

>.;WV;W>8!!

;;]C_R6S!

>.;WV;W>;!

;6bCb6R;aS!

>.WV;W>^!

;;aCbR6S!

>WVW>! >;WV;W>8!!

;;aC7R^S!

>;WV;W>8!

;;aC6R6S!

>;WV;W>^!

;;aCbR6S!

VW>W>! V;W>8W>b!

;;aCbR^S!

V;W>8W>b!

;;bC;R6S!

V;W>^W>8!

;;aC]R6S!

XW>W>! X;W>bW>8!

;66C6!R^S!

X;W>bW>8!

;66C6R6S!

X;W>8W>^!

;6;C`R6S!
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"#/!2/-*D!+''(0$,*-$',!',!-#/!*DD'E*\$,/!($,=!0$0!,'-!*11/+-!-#/!4D*,*($-:!'1!-#/!#/-/('+:+D$+!

($,=!%:%-/2C!"#/!+*(5',:D!5',0!0$%-*,+/%!>8WX;!!m!;C668R]S!*,0!>aWX6!m!;C6;7R]S!u!4('A/0!

-#/! /E$%-/,+/! '1! -#/! ,',W(/0.+/0! +*(5',:D! =('.4%?! *%! $%! +',1$(2/0! 5:! -#/! %4/+-('%+'4$+!

2/*%.(/2/,-%!R$,,'+/,-!5/#*A$'.(!'1!"JK!0/%4$-/!-#/!D/%%!,/=*-$A/!(/0.+-$',!4'-/,-$*DSC!"#/!

-&'! +#/D*-/! *,=D/%! *-! -#/! 0$%-'(-/0! -/-(*#/0(*D! >.F6VX! +''(0$,*-$',! *(/! F;W>.WF6! m!

;;]Cb;R6Sv! *,0! X;W>.WV;! m! bbC_^RbSvC! KDD! '-#/(! %-(.+-.(*D! 1/*-.(/%! *(/! A/(:! 2.+#!

+'24*(*5D/!-'!-#*-!'1!-#/!D.2*\$,/!+'24D/E/%!)!*,0!/!0$%+.%%/0!5/1'(/C!

/.0.0.(!'AB%#F(B%'-;%-'&(9D(%"&($%&'+8(;9E$F&G(K!-0L:$$D=L�/H:$$D=LRR=LRR
H
=M/L>*1=1(

<,! -#/! +(:%-*D! %-(.+-.(/! '1! *! >.<W4-/($,! *==(/=*-/! Re>.]R0441SR�6W0441SRFFSRFF
WSi6RNQ^S^?! 6SN(

1'(2/0! $,! -#/! %'D.-$',! /k.$D$5($.2! RQ$=.(/! 6C6C]S?! -#/! /E4/+-/0! X^?V`! +#/D*-$',! -'! -#/!

e>.R0441Sil!1(*=2/,-!$%!1'.,0!$,!*00$-$',!-'!2/-*D!5$,0$,=!-#('.=#!V;?!V]!*,0!V8!0','(!%$-/%C!

KD%'?! -#/! 4$A*D':D!X! *-'2! $%! 5',0/0! -'!>.<! -'! 1'(2!aW2/25/(/0!X?V! +#/D*-/C!K! -#(//1'D0!

2/-*D!+''(0$,*-$',!-#('.=#!V;?!V]?!V`?!V8?!X^!*,0!X6!$%!1'.,0!1'(!-#/!0/4('-',*-/0!4-/($,!FFW!

*,0!*!-&'1'D0!2/-*D!+''(0$,*-$',!-#('.=#!V`!*,0!V8!$%!'5%/(A/0!1'(!-#/!,/.-(*D!4-/($,!D$=*,0!

FF!RQ$=.(/!6C]C]C;SC!"#/!*,$',$+!FFW!D$=*,0!$%!1'(2/0!0./!-'!2','W0/4('-',*-$',!$,!%'D.-$',!

0.($,=! -#/! +(:%-*DD$\*-$',! 4('+/%%?! 4'%%$5D:! $,A'DA$,=! *,'-#/(! 4-/($,! *%! 5*%/! RQ$=.(/! 6C6C]SC!

"#/!0/4('-',*-/0!4-/($,! $%! $,A'DA/0! $,! $,-/(2'D/+.D*(!#:0('=/,!5',0$,=! RX]WT;7;!m!6C6`a!

u?!X]WV`! m! 6C_86!uS! -'! *! ,/.-(*D! 4-/($,C!KD%'! $,! -#/! ,/.-(*D! 4-/($,?! %-(',=! $,-(*2'D/+.D*(!

#:0('=/,!5',0$,=!-#('.=#!aW2/25/(/0!($,=!1'(2*-$',!$%!1'.,0!RX^WT;7]!m!6C778!u?!X^WV_!

m!6C`8_!uS!5/-&//,!-#/!4$A*D':D!X^!*,0!-#/!($,=!VWT!4('-',C!"#$%!%-(.+-.(/!$%!*!1$(%-!/E*24D/!

&#/(/! *DD! 4-/($,W#/-/('*-'2%! *(/! $,A'DA/0! $,! 2/-*DW+''(0$,*-$',! -'! %-*5$D$\/! *! 0$2/($+!

%-(.+-.(/C!"#/!%-(.+-.(/!+',-*$,%!6!FF!o6!FFW!oa!>.<!o6!0441!o6!r6W0441C!N$,0$,=!'1!>.
<!-'!-#/!

,',W(/0.+/0!4-/($,!$%!+',1$(2/0!5:!-#/!+*(5',:D!5',0!D/,=-#%C!"#/!X^!RX;S!*-'2!5($0=/%!-&'!

>.<! +/,-/(%! &$-#! A/(:! 0$11/(/,-! >.WX! 0$%-*,+/%! '1! >.]WX;! m! 6CaabR;S! u! *,0! >.;WX;! m!

6C;86R6S!uC!"#/!*,=D/!*+('%%! -#$%!5($0=/! $%!>.]WX;W>.;m!;abC]_^R6Sw?! $,0$+*-$,=!*,!*D2'%-!

D$,/*(!-:4/!'1!5($0=$,=C!"#/!1$A/W+''(0$,*-/0!>.<!+/,-(/!>.]!*0'4-%!*!%k.*(/!4:(*2$0*D!R>^cS!

-:4/! =/'2/-(:! &$-#! &/*)! 5',0$,=! $,-/(*+-$',! -'! X^! RX;SC! "#(//! 0$11/(/,-! +''(0$,*-$',!

%4#/(/%?!>.FV6X!1'(!>.;?!>.FV6X6!1'(!>.]!*,0!>.F6VX!1'(!>.6!RQ$=.(/!6C]C]C;S!*(/!1'.,0!

$,!-#/!+(:%-*D!%-(.+-.(/C!"#/!%-(.+-.(/!+',-*$,%!5'-#!+#/D*-$,=!RF]?!F^S!*,0!5($0=$,=!0441!.,$-%!

RF;?! F6SC!"'(%$',*D! +',1'(2*-$',%! '1! -#/!>4! ($,=%! *(/! *D%'! 0$11/(/,-! 1'(! -#/%/! -&'! -:4/%! '1!

0441C!"#/!+#/D*-$,=!0441!$%!1'.,0!-'!5/!$,!*!%:,+D$,*D!%-*==/(/0!+',1'(2*-$',!*,0!-#/!5($0=$,=!

�6W0441! $%! '5%/(A/0! $,! -#/! *,-$+D$,*D! %-*==/(/0! +',1'(2*-$',C! "#/! �6W0441! $%! $,A'DA/0! $,!

%-*5$D$\$,=!-#/!>.]WX;W>.;!5($0=/!*,0!-#/!+#/D*-$,=!0441!.,$-!$%!$,A'DA/0!$,!-#/!1'(2*-$',!'1!
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%-*5D/! 1$A/W2/25/(/0! +#/D*-/%C! "#/! 5($0=$,=! 2'0/! $%! $DD.%-(*-/0! $,! -#/! %$24D$1$/0! Q$=.(/!

6C]C]C6C!

!

!

!

!

!

!

!

!

!

(

*+,-'&( /.0.0.).! 3$,=D/! +(:%-*D! jW(*:! 2'D/+.D*(! %-(.+-.(/! '1! -#/! +'24D/E! e>.]R0441SR�6W

0441SRFFSRFFWSi6RNQ^S^! x! `! >T6>D6?! 6.! "#/! NQ^
W! +'.,-/(! *,$',%?! 0441! *,0! ',/! >T6>D6!

2'D/+.D/%!&/(/!'2$--/0!1'(!+D*($-:C!

(

(

(

(

(

(

(

*+,-'&(/.0.0./.(N($0=$,=!'1!0441!.,$-!RF;?!F6S!-'!-&'!>.!+/,-/(%!R>.;?!>.6S!1'(2$,=!*!>.WXW

>.!5($0=/!R%$24D$1$/0!A$/&!*1-/(!'2$--$,=!+/(-*$,!*-'2%SC!!
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P#QF&(/.0.0.).!3/D/+-/0!5',0!D/,=-#%!RuS!*,0!*,=D/%!RvS!'1!-#/!+'24D/E!e>.]R0441SR�6W

0441SRFFSRFFWSi6RNQ^S^N(6C(

>.WV! >WX! >.WX! >.WF! XXWW>>..WWVV! FFWW>>..WWFF!

>.;WV;!

6C78]R]S!!

>;7WX;!

;C6`6R^S!

>.;WX;!

6C;86R6S!!

>.;WF;!

6C;b8R;S!!

87C`bR;7S!!

!

>.;WVb!

6C7]]R]S!

>66WX]!

;C6]6R^S!

>.6WX6!

6C;`6R]S!

>.6WF]!

6C66^R;S!!

8`C6]R;;S!!

>.6WV]!

6C7^7R]S!

>`WX6!

;C6;_R^S!

>.]WX]!

6C]b7R6S!

>.6WF^!

6C6]6R;S!

bbCa6R;7S!

!

>.]WVa!

6C7;7R]S!

>.]WV^!

6C766R]S!

>;aWX^!

;C6]`R`S!

>.]WX;!

6CaabR;S!

>.]WF6!

6C;a;R;S!

``Cba!R;S!

;;aCabR^S!

(

/.1.(78D'#'&:(B$&;%'9B;9$A(

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

%-(/-+#$,=!5*,0%!$,!-#/!1(//!D$=*,0%!*,0!-#/!2/-*D!+'24D/E/%C!"&'!%#*(4!+#*(*+-/($%-$+!5*,0%!

$,!-#/!+*(5',:D!(/=$',!&/(/!1'.,0!1'(!GJM?!GJK?!"JK!*,0!FF!$,!-#/!(*,=/!'1!;a;6W;b;8!

+2W;C!"#/!5*,0!*-!D'&/(!/,/(=:!&*%!*%%$=,/0!-'!-#/!>^WX!+*(5',:D!=('.4!'1!-#/!�W$2$,$)/-'!

1.,+-$',! &#$D/! -#/! 5*,0! *-! #$=#/(! /,/(=:! &*%! *%%$=,/0! -'! >6WX! %-(/-+#$,=C! <,! -#/! 2/-*D!

+'24D/E/%?!�R>^WXS!&*%! 1'.,0! $,! -#/! (*,=/! ;a;6W;a`6! +2W;! *,0! �R>6WXS!&*%! 1'.,0! $,! -#/!

(*,=/! '1! ;aa7W;b;8! +2W;C!X,!2/-*D! +''(0$,*-$',! -#('.=#!X^?V`! +#/D*-$',?! *! +'24*(*-$A/D:!

D*(=/! %#$1-! Ry! Wa7! +2W;S!&*%! 1'.,0! 1'(! -#/!>^WX!+*(5',:D! 1.,+-$',%!&#/(/*%! %#$1-%! 1'(!>6WX!

&*%! %2*DD/(! Ry! W;;! +2W;SC! "#/! %-(/-+#$,=! 1(/k./,+:! '1! 5'-#! +*(5',:D%! $%! %#$1-/0! -'! D'&/(!

/,/(=:! ',!2/-*D! +''(0$,*-$',C! "#/! %-(/-+#$,=! 1(/k./,+$/%! '1! 1(//! D$=*,0%?!2/-*D! +'24D/E/%!

*,0!-#/!+'((/%4',0$,=!%#$1-%!*(/!=$A/,!$,!"*5D/!6C^C;!1'(!+'24*($%',C!T'&/A/(?!*%!-#/!%'1-!>.<!

2/-*D!1(*=2/,-!5$,0%!-'!X^!(*-#/(!&/*)D:?!*!D*(=/!%#$1-!'1!+*(5',:D!%-(/-+#$,=!$%!,'-!/E4/+-/0!

$,!/$-#/(!+*%/C!<,!-#/!2/-*D!+'24D/E/%!'1!GJM?!GJK!*,0!"JK?!$-!&*%!'5%/(A/0!-#*-!-#/!��!

R>^WXS!$%!$,!-#/!(*,=/!'1!W;;!-'!W]7!+2W;!*,0!��!R>
6WXS!$%!$,!-#/!(*,=/!'1!7!-'!W`!+2W;C!M*(=/(!

%#$1-%!'1!�!R>
^WXS!&*%!1'.,0!1'(!-#/!4-/($,!+'24D/E/%!RW`b!*,0!W`_!+2W;S?!$,0$+*-$,=!*!%-(',=/(!
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5$,0$,=! -'!X!'1! -#/!2/-*D! +/,-(/! +'24*(/0! -'! -#/! D.2*\$,/! *,0! *DD'E*\$,/! +'24D/E/%C!"#/!

*,*D:%/%!*,0!*%%$=,2/,-%!'1!-#/!+*(5',:D!5*,0%!*(/!=$A/,!$,!"*5D/!6C^C;C!

P#QF&(/.1.)(<P!%-(/-+#$,=!1(/k./,+:!0*-**!'1!D$=*,0%!*,0!-#/$(!2/-*D!+'24D/E/%(

�>mX!R$,!+2
W;S! ��>mX!',!2/-*D*-$',!R+2

W;S5!>'24'.,0%!

R>6WXS! R>^WXS! ��!R>
6WXS! ��!R>

^WXS!

GJM! ;b;6R%S! ;a`8RA%S! ,C*C! ,C*C!

GJK! ;b;8R%S! ;aabRA%S! ,C*C! ,C*C!

"JK! ;b;bR%S! ;ab;RA%S! ,C*C! ,C*C!

FF! ;ab`RA%S! ;ab;RA%S! ,C*C! ,C*C!

e>.R0441SRGJMSiRNQ^S
!!!!!!)( ;b;6R%S! ;a^]RA%S! 7! W;`!

e>.R0$441SRGJMSiRNQ^S
!!!!!/( ;b7bR%S! ;a^bRA%S! W`! W;;!

e>.R0441SRGJKSiRNQ^S
!!!!!!0( ;b;`R%S! ;a^^RA%S! W]! W6]!

e>.R0$441SRGJKSiRNQ^S
!!!!!1( ;b;8R%S! ;a`6RA%S! 7! W;`!

e>.R0441SR"JKSiRNQ^S
!!!!!!!2( ;b;]R%S! ;a^;RA%S! W^! W]7!

e>.R0441SRFFSiRNQ^S
!!!!!!!!!!!3! ;aa7R&S+! ;a;^R%S! W;`+! W`b!

e>.R0$441SRFFSiRNQ^S
!!!!!!!!!(4! ;aa^R%S+! ;a;6R%S! W;;+! W`_!

*<P!0*-*!1('2!2/*%.(/2/,-%!$,!-#/!%'D$0!%-*-/C!5��>mX(',!2/-*D*-$',!R+2
W;S!$%!-#/!0$11/(/,+/!'1!

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

+'24D/EC!!V/=*-$A/!%$=,!$,0$+*-/%!-#/!0/+(/*%/!'1!%-(/-+#$,=!1(/k./,+:!',!2/-*D*-$',C!+R>6WXS!

$%!-#/!+*(5',:D!=('.4!$,!-#/!4$A*D':D!%.5%-$-./,-C!

(

(

(

(

(

(

(
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/.2.(SF&;%'9;"&E+B%'A(

/.2.).(!A;F+;(T9F%#EE&%'A!

"'!%-.0:!/D/+-('+#/2$+*D!4('+/%%/%?!+:+D$+!A'D-*22'=(*2%!'1!*DD!+'24D/E/%!&/(/!2/*%.(/0!

$,!>T6>D6! o! 7C;!J!N.^VFQa!&$-#!;77!2co%/+!%+*,! (*-/! $,! *(=',!*-2'%4#/(/C!"#/!'5-*$,/0!

/D/+-('+#/2$+*D!0*-*!*D',=!&$-#!-#/!4'-/,-$*D%!'1!1(//!D$=*,0%!*,0!(/4'(-/0!2/-*D!+'24D/E/%!

*(/! 4('A$0/0! $,! "*5D/! 6C`C;C;C! "#/! +:+D$+! A'D-*22'=(*2%! '1! -#/! +'24D/E/%! A/(%.%!

1/(('+/,/o1/(('+/,$.2!$,!0$+#D'('2/-#*,/!+*,!5/!1'.,0!$,!Q$=.(/!6C`C;C;C!J/-*D!+'24D/E/%!'1!

D.2*\$,/! *(/! ),'&,! -'! .,0/(='! ',/W/D/+-(',! $((/A/(%$5D/! (/0.+-$',! 4('+/%%eb8iC! Q'(! -#/! 1(//!

GJM! D$=*,0! ',D:! ',/! $((/A/(%$5D/! (/0.+-$',! 4('+/%%! $%! 1'.,0! *-! W;C_8! c! A%C!

1/(('+/,$.2o1/(('+/,/eb8iC! N/%$0/%! -#/! /E4/+-/0! 1/(('+/,/W5*%/0! ',/W/D/+-(',! 'E$0*-$',?! *!

%//2$,=D:! (/A/(%$5D/! -&'W%-/4! (/0.+-$',!&*%!'5%/(A/0! 1'(! -#/! D.2*\$,/! +'24D/E/%!)! *,0!/C!

"#/!1$(%-!(/0.+-$',!D/*0%!-'!-#/!1'(2*-$',!'1!*!4:(*\$,/W5*%/0!(*0$+*D!+'24D/E!&#$+#!&*%!D*-/(!

+',1$(2/0!5:!*,!$%'-('4$+!=!A*D./!1'(!-#/!LFP!%$=,*D!R3/+-$',!6C8SC!K!k.*%$!(/A/(%$5D/!%/+',0!

(/0.+-$',! *-! 2'(/! ,/=*-$A/! 4'-/,-$*D! &$-#! %2*DD/(! +*-#'0$+! *,0! *,'0$+! 4/*)! +.((/,-%! &*%!

,'-$+/0!$,!-#/%/!+'24D/E/%C!"#$%!%/+',0!(/0.+-$',!+*,!,'-!5/!+',%$0/(/0!*%!-#/!1'(2*-$',!'1!*!

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

0$11/(! 5:! *! D*(=/! *2'.,-C! K%! -#/! '($=$,! '1! %/+',0! (/0.+-$',! &*A/! &*%! .,+D/*(! 1('2! -#/!

2/*%.(/0! +:+D$+! A'D-*22'=(*2?! *! A*($/-:! '1! /D/+-('+#/2$+*D! /E4/($2/,-%! %.+#! *%! +:+D$+!

A'D-*22'=(*2! .,0/(! A*($'.%! +',0$-$',%?! 4'D*('=(*4#:?! 5.D)! /D/+-('D:%$%?! 4#*%/! %/,%$-$A/!

KC>C! +:+D$+! A'D-*22/-(:! &$-#! +'24D/E! e>.R0$441SRGJMSiRFQaS! R/S! &*%! 4/(1'(2/0! $,!

+'DD*5'(*-$',!&$-#!G(C!9*,!Q$/0D/(!*-!-#/!9C!T/:('A%)z!<,%-$-.-/!'1!F#:%$+*D!>#/2$%-(:?!ACAC$C?!

K+*0/2:!'1!3+$/,+/%!'1! -#/!>\/+#!P/4.5D$+?!F(*=./?!>\/+#!P/4.5D$+C!"#/!'5-*$,/0!(/%.D-%!

*(/! 0$%+.%%/0! %/4*(*-/D:! D*-/(! $,! %/+-$',! 6C`C6W6C`CaC! "#/! 5/#*A$'.(! '1! +'24D/E! )!&*%! A/(:!

%$2$D*(! -'! /! $,! -#/! /D/+-('+#/2$+*D! /E4/($2/,-%C! N'-#! (/0.+-$',! &*A/%! &/(/! 1'.,0! *-!

%'2/&#*-!D/%%!,/=*-$A/!4'-/,-$*D%?!W;C^`!*,0!W;C_6!cC!"#/!/*%$/(!(/0.+-$',!'1!-#/!F#!*,*D'=./!

+*,! 5/! /E4D*$,/0! 5:! -*)$,=! $,-'! +',%$0/(*-$',! -#/! /D/+-(',$+! /11/+-! '1! 0441! A%C! 0$441! RF#!

*++/4-'(! A%C! $F(! 0','(SC!>:+D$+! A'D-*22'=(*2%!2/*%.(/0! *-! ;77!2co%! %+*,! (*-/?! %#'&/0! *!

A/(:!%2*DD!R*D2'%-!,/=D$=$5D/S!%/+',0!(/0.+-$',!&*A/!1'(!)(&#$+#!$%!*--($5.-/0!-'!-#/(#$=#/(!

%-*5$D$-:!'1!-#/!+'24D/E!*%!+'24*(/0!-'!-#/!0$441!0/($A*-$A/!/.!
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L)=(( ( ( ( ( ( ( ( L/=(

L0=(( ( ( ( ( ( ( ( L1=(

L2=( ( ( ( ( ( ( ( ( L4=(

(

*+,-'&( /.2.).).! >:+D$+! A'D-*22'=(*2%! '1! e>.R0441SRGJMSiRNQ^S! R-'4! D/1-S?!

e>.R0$441SRGJMSiRNQ^S
! R-'4! ($=#-S?! e>.R0441SRGJKSiRNQ^S! R2$00D/! D/1-S?!

e>.R$0441SRGJKSiRNQ^S! R2$00D/! ($=#-S?! e>.R0441SR"JKSiRNQ^S
! R5'--'2! D/1-S?!

e>.R0$441SRFFSiRNQ^S
! R5'--'2! ($=#-S! $,!>T6>D6! o! N.^VFQa! ',! =D*%%:! +*(5',! /D/+-('0/?! %+*,!

(*-/!;77!2co%?!+*D$5(*-/0!&$-#!(/%4/+-!-'!1/(('+/,/o1/(('+/,$.2C(

(

(
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P#QF&(/.2.).).(P/0'E!4'-/,-$*D%*S!1('2!+:+D$+!A'D-*22/-(:C!

>'24'.,0! L;o6R'ESoc!!

R�L!o!2cS!

L;o6!R(/0!;Soc!!

R�L!o!2cS!

L;o6!R(/0!6Soc!

R�L!o!2cS!

3'DA/,-! P/1/(/,+/!

GJM! ,C0C! W;C_8!R$(S5! ,C'C! "TQ! b8!

GJK! ,C0C! W;Ca8! W6C]]!R$(S5!!!!!!!!!!!!!!"TQ! b8!

FF! ,C0C! W;C8]!R$(S5! ,C'C! "TQ! b7!

e>.RFF#]S6RGJMSiRNQ^S! W! W;C^]R$(S5! W! G>L! 8]!

e>.R0441SRGJMSiRNQ^S
!!!!)( 7C];R;77S! W;C^`Ra7S! W;C_6R;`7S! >T6>D6! "#$%!&'()!

e>.R0$441SRGJMSiRNQ^S!!!/
(
(( 7C;_R87S! W;C^_R_7S! W6C77Rb7S! >T6>D6! "#$%!&'()!

e>.RFF#]S6RGJKSiRNQ^S!! ! W;C77! W;C8b5! "TQ! 8^!

e>.R0441SRGJKSiRNQ^S
!!!!!
0! 7C7aR;]7S! W;C^`!R_7S! W;C8aR;]7S! >T6>D6! "#$%!&'()!

e>.R0$441SRGJKSiRNQ^S!!1! 7C6;R6b7S! W;C6;R;b7S! W6C6]R677S! >T6>D6!!!!!!!!!!!!!!!!!!!!!!!!!"#$%!&'()!

e>.R0441SR"JKSiRNQ^S
!!!!!!
2(! 7C;_R;67S! W;C^6R87S! ,C0C! >T6>D6! "#$%!&'()!

e>.RFF#]S6RFFSiRNQ^S!! 7C8;!R$(S5! W;C6]!R$(S5! ,C0C! "TQ! 8`!

e>.R0441SRFFSiRNQ^S
!!!!!!!!!3! 7C;8R;;7S! W;C];R$(S5! W6C76R$(S5! >T6>D6! "#$%!&'()!

e>.R0$441SRFFSiRNQ^S
!!!!!!!!!!!

4(
! 7C;`R;77S! W;C^8R$(S5! W;C_8R$(S5! >T6>D6! "#$%!&'()!

ef>.R0441SRFFSg6iRNQ^S6!!5
(
(! 7C;aR;^7S

+! W;C6`R$(S5! W6C7bR$(S5! >T6>D6! "#$%!&'()!

*SF'-/,-$*D%! RcS! A%C! 1/(('+/,$.2o1/(('+/,/C! T*D1W&*A/! 4'-/,-$*D%?! .,D/%%! ,'-/0! '-#/(&$%/t!

Rk(Stk.*%$W(/A/(%$5D/?! R$St! $((/A/(%$5D/! R4/*)! 4'-/,-$*D! =$A/,SC! 5SF/*)! 4'-/,-$*D%! 1'(! -#/!

+'((/%4',0$,=!4('+/%%C!+S!"&'W/D/+-(',!5('*0!&*A/!1'(!Q/!'E$0*-$',C!

!

<,!-#/!*DD'E*\$,/!+'24D/E/%!0?!1!*,0!2N!-#/!/E4/+-/0!',/W/D/+-(',!(/A/(%$5D/!(/0.+-$',%!

&/(/!1'.,0!*-!D/%%!,/=*-$A/!4'-/,-$*D%!+'24*(/0!-'!-#/!1(//!GJK!'(!"JK!D$=*,0C!"#/!%/+',0!

$((/A/(%$5D/! (/0.+-$',%! &/(/! 1'.,0! $,! +'24D/E/%! 0( *,0( 1( RQ$=.(/! 6C`C;C;SC( "#/! +:+D$+!

A'D-*22'=(*2! '1! +'24D/E! 2! &*%! ',D:! 2/*%.(/0! .4! -'! -#/! 1$(%-! ',/W/D/+-(',! (/A/(%$5D/!

(/0.+-$',C!!

F-/($,!*,0!$-%!0/($A*-$A/%!.,0/(='!',D:!$((/A/(%$5D/!(/0.+-$',!4('+/%%/%!*++'24*,:$,=!

4('-',!-(*,%1/(!(/*+-$',%!0.($,=!-#/!/D/+-('+#/2$+*D!4('+/%%C!"#/!4-/($,!+'24D/E/%!3?!4!*,0!5!

%#'&/0!/E4/+-/0!$((/A/(%$5D/!(/0.+-$',%!*-!*!D/%%!,/=*-$A/!4'-/,-$*D!-#*,!-#/!1(//!FF!D$=*,0!*%!

&/DD!*%!',/!1/(('+/,/!5*%/0!(/A/(%$5D/!'E$0*-$',C!!
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/.2./.(!A;F+;(T9F%#EE&%'A(9D(K!-L:+$$D=L?IJ=MLR*3=(L/=!

"#/!+:+D$+!A'D-*22'=(*2!RQ$=.(/!6C`C6C;S!&*%!'5-*$,/0!&#/,!2/*%.(/0!&$-#!+*(/1.DD:!0($/0!

/D/+-('D:-/! *,0! %'DA/,-! *44D:$,=! *! %+*,! (*-/! '1! 677!2co%C! <-! &*%! '5%/(A/0! -#*-! -#/! %/+',0!

+*-#'0$+!4/*)! +.((/,-! $%! 0/4/,0/,-!',! -#/! /D/+-('0/! *,0!',! -#/!0/D*:! -$2/! $,! %'D.-$',C!"#/!

4/*)! +.((/,-! (*-$'! $4*o$4+! y! ;! 1'(! -#/! 1$(%-! (/0.+-$',! %-/4! $,0$+*-/0! *! (/*+-$',! 1'DD'&$,=! -#/!

+#*(=/!-(*,%1/(!'(o*,0!*,!$,#$5$-$',!5:!*,!*0%'(5/0!R0/+'24'%$-$',S!4('0.+-!',!-#/!/D/+-('0/!

%.(1*+/C!H#/,!-#/!+:+D$+!A'D-*22'=(*2!&*%!1.(-#/(!2/*%.(/0!&$-#!*!#$=#/(!%+*,!(*-/!'1!6`!

co%/+! RQ$=.(/!6C`C6C]S?! $4*o$4+!m!;! 1'(! -#/! 1$(%-! (/0.+-$',! %-/4!5.-! -#/! %/+',0! %2*DD! 4/*)! %-$DD!

*44/*(/0C! <-! -#/(/1'(/! %//2%! -'! 5/D',=! -'! *! %/+',0! %4/+$/%! $,! %'D.-$',?! ,'-! 1'(2/0! ',! -#/!

/D/+-('0/C!"#/!%2*DD!4/*)!0'/%!,'-!%#'&!*0%'(4-$',!+#*(*+-/(C!"#/(/! $%!*D%'!*!4'%%$5$D$-:!'1!

-&'!+',-(*0$+-'(:!/11/+-%t!$,+(/*%/!'1!4/*)!&$-#!%+*,!(*-/!0./!-'!*0%'(4-$',!*,0!0/+(/*%/!0./!

-'!D$2$-/0!(/A/(%$5$D$-:!'(!(*-/!'1!1'(2*-$',C(

��� (

*+,-'&(/.2./.).!>:+D$+!A'D-*22'=(*2!'1!e>.R0$441SRGJMSiRFQaS!R/S!$,!>T6>D6!o!N.^VFQa!*-!

*!=D*%%:!+*(5',!/D/+-('0/?!%+*,!(*-/!677!2co%C!�
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*+,-'&(/.2././.!>:+D$+!A'D-*22'=(*2!'1!e>.R0$441SRGJMSiRFQaS!R/S!$,!*+/-',/!o!N.^VFQa!*-!

*!=D*%%:!+*(5',!/D/+-('0/?!%+*,!(*-/!677!2co%C!!

(

*+,-'&(/.2./.0.!>:+$+!A'D-*22'=(*2!'1!e>.R0$41SRGJMSi!RFQaS!R/S
!!$,!>T6>D6!o!N.^VFQa!*-!*!

=D*%%:!+*(5',!/D/+-('0/?!%+*,!(*-/!6`!co%C!

(
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/.2.0.(R9F#'9,'#$"A(9D(K!-L:+$$D=L?IJ=MLR*3=(L/=!

F'D*('=(*4#:! &*%! 2/*%.(/0! &$-#! *! T*,=$,=! J/(+.(:! G('4! LD/+-('0/! RTJGLS?! 5'-#! $,!

0$+#D'('2/-#*,/! *,0! *+/-',/! %'D.-$',%!'1! -#/! +'24D/E?!.%$,=!N.^VFQa�*%! *,! /D/+-('D:-/C�K!

4'D*('=(*4#$+!2*E$2.2! R+*.%/0! 5:! $,+(/*%/0!2*%%! -(*,%4'(-! 0./! -'! +',A/+-$',! *('.,0! -#/!

=('&$,=!2/(+.(:!0('4S!&*%!'5%/(A/0!*-!-#/!%/+',0!%2*DD!&*A/!&#$+#!$,0$+*-/%!*!+#*,=/!',!

-#/!/D/+-('0/!%.(1*+/!R0'.5D/WD*:/(S!*,0!*!+#*,=/!'1!%.(1*+/!-/,%$',!0./!-'!1'(2$,=!*!D*:/(!',!

-#/!/D/+-('0/C!"#/!4'D*('=(*2!2/*%.(/0!$,!0$+#D'('2/-#*,/!$%!(/4(/%/,-/0!$,!Q$=.(/!6C`C]C;!

*,0! 4'D*('=(*2! $,! *+/-',/! $%! $,!Q$=.(/! 6C`C]C6C! "#/! 4'D*('=(*4#$+!2*E$2.2!*-! -#/! %/+',0!

%2*DD!&*A/!&*%!1'.,0!-'!5/!D*(=/(!$,!*+/-',/!-#*,!$,!0$+#D'('2/-#*,/C!

(

!

�

*+,-'&(/.2.0.).!F'D*('=(*4#:!'1!e>.R0$441SRGJMSiRFQaS!R/S!$,!>T6>D6!o!N.^VFQa��
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.,4*$(/0! /D/+-(',! $,! -#/! D.2*\$,/! ($,=?! $,#$5$-$,=! -#/! +#*(=/! -(*,%1/(! 4('+/%%C! <,! -#/! ',/W

/D/+-(',!(/0.+/0!%4/+$/%!',D:!*!%#'.D0/(!&*%!1'.,0!1'(! -#/!$,-(*D$=*,0!-(*,%$-$',!$,!-#/!,/*(!

.D-(*WA$'D/-!(/=$',!RQ$=.(/!6CbC6SC!

!

!

!

!



!"#$%&'(/(

�

��

!

!

!

!

!

!

!

!

*+,-'&( /.4./.! @cWc$%! %4/+-('/D/+-('+#/2$+*D! +#*,=/! 0.($,=! -#/! (/0.+-$',! '1!

e>.R0441SRGJMSil!-'!e>.R0441SRGJMCWSi!!$,!>T6>D6!o!N.^VFQaC!

!

<,!-#/!1(//!GJK!D$=*,0?!-#/!$,-(*D$=*,0!-(*,%$-$',%!*(/!'5%/(A/0!5/-&//,!];_!*,0!]_]!,2e8^iC!

H#/,!-#/!@cWc$%!%4/+-(.2!&*%!2/*%.(/0!1'(!e>.R0441SRGJKSil!$,!*,!/D/+-('+#/2$+*D!+/DD?!

*!5*,0! !*-!`6b!,2!Rε!m!`6b7! !JW;+2W;! S?! +'((/%4',0$,=! -'! *,!JM>"?!&*%!'5%/(A/0C! <,! -#/!

(/4'(-/0!+'24D/E!e>.RFF#]S6RGJKSi
l?!-#/!5*,0!&*%!1'.,0!*-!*!D'&/(!&*A/D/,=-#!*-!^b7!,2C!

"#/!+#*,=/!'1!-#/!+'WD$=*,0!#*%!%#$1-/0!-#/!JM>"!-(*,%$-$',!5:!`b!,2C!X,!'E$0*-$',!RQ$=.(/!

6CbC]S?! -#/! 5*,0! +'((/%4',0$,=! -'! 1/(('+/,$.2! &*%! '5%/(A/0! *-! bb8! ,2! *,0! 5D./! %#$1-/0!

JM>"!5*,0!*-!^a6!,2C!J'(/!5*,0%!&/(/!1'.,0!*-!^;_!*,0!]``!,2!&#$+#!&/(/!*%%$=,/0!*%!

$,-(*D$=*,0!5*,0%C! <,! -#/!(/A/(%$5D:!',/W/D/+-(',! (/0.+/0!%4/+$/%?!*!%#'.D0/(!*-!`7`!,2!&*%!

1'.,0?!4'%%$5D:!1'(! -#/!%#$1-/0!JM>"!-(*,%$-$',C!N*,0%!*-!^b8!*,0!]b_!,2!&/(/!*D%'!1'.,0!

1'(! -#/! $,-(*D$=*,0! -(*,%$-$',%C! @cWc$%! %4/+-('/D/+-('+#/2$+*D! 0*-*! '1! -#/! +'24D/E/%! *(/!

%.22*($\/0!*,0!+'24*(/0!&$-#!*A*$D*5D/!D$-/(*-.(/!0*-*!$,!"*5D/!6CbC;C!

!

!
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*+,-'&( /.4.0.! @cWc$%! %4/+-('/D/+-('+#/2$+*D! +#*,=/! 0.($,=! -#/! 'E$0*-$',! '1!

e>.R0441SRGJKSil!-'!e>.R0441SRGJKSi6l!!$,!>T6>D6!o!N.^VFQaC!
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(

*+,-'&( /.4.1.! @cWc$%! %4/+-('/D/+-('+#/2$+*D! +#*,=/! 0.($,=! -#/! (/0.+-$',! '1!

e>.R0441SRGJKSil!-'!e>.R0441SRGJKCWSi!!$,!>T6>D6!o!N.^VFQaC!

(

(

(
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P#QF&(/.4.).(G*-*!1('2!@cWc$%!%4/+-('/D/+-('+#/2$%-(:*!(

>'24D/E!$',( λ2*E!o!,2!Rε!o!;7
W]!JW;+2W;S( P/1/(/,+/o!!

%'DA/,-!

GJM! ]^^R%#S?!]]7R^C76S?!]67R%#S! e4Zi?>T6>D6!

GJK! ]_]R%#S?!]b8R^C7]S?!]a^R%#S?!];_R]C_aS! e4Zi?!"TQ!

)
/W
(

)
W
(

)
(

8^`!R%#S?!^6b!R%#S?!]^_!RbC]bS!

^a`!R]C;bS?!]^b!R`CaaS?!

68b!R%#S!

"#$%!&'()!

>T6>D6!

/
/W
(

/W(

/(

868!R%#S?!^];!R%#S?!]^a!R^C]bS?!68^!RbC]^S!

^b7!R6C^aS?!]^b!R]C;;S!

6_;!R%#S!

"#$%!&'()!

>T6>D6!

e>.RFF#]S6RGJKSi
l!

e>.RFF#]S6RGJK
CWSi(

^b7R]Ca6S?!^67R%#S?!^7^R]C_6S?!]`6R^C77S!

aa`R6C`aS?!^b7R]C^^S?!]87R^C;bS?!]6]R^C7]S!

e51i?!>T6>D6!

0
6l!

0
l!

0(

bb8R%#S?!^a6R%#S?!^;_RbC;`S?!]``R8Cb;S!

`6bR]Cb^S?!^7^R`C]aS?!]`6RaC^^S!

`7`R%#S?!^b8R]C^]S?!]b_R_C7`S!

"#$%!&'()!

>T6>D6!

1
6l!

1
l!

1(

87]R%#S?!^87R%#S?!^;6R^C^`S?!]`;R`C6bS!

`6`R]C^;S?!^76R`C6aS?!]^bR`C68S?!]];R`C]bS!

^_bR%#S?!^b8R]C6_S?!]b8RaC8`S!

"#$%!&'()!

>T6>D6!

2
6l!

2
l!

2(

b86R%#S?!^aaR%#S?!^]^R%#S?!^78R%#S?!]a_R;;C6;S!

`;;R]CbaS?!^]]R%#S?!^78R`C]aS?!]abR8C^]S!

`7_R%#S?!^86R]C68S?!]8aR_Cb8S!

"#$%!&'()!

>T6>D6!

#
(Q('2!%4/+-('/D/+-('+#/2$%-(:!$,!*,!X""ML!+/DD!$,!>T6>D6!o!7C;!J!N.^VFQa!*-!6_8!IC(

(

(

(

(
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/.5.((SR[(B$&;%'9B;9$A(

KDD! -#/! +'24D/E/%! *(/! 0$*2*=,/-$+! $,! -#/! ,*-$A/! %-*-/C! K%! -#/! D.2*\$,/! *,0! *DD'E*\$,/!

+'24D/E/%!.,0/(='!(/A/(%$5D/!',/W/D/+-(',!(/0.+-$',?!-#/!LFP!*+-$A/!(*0$+*D!%4/+$/%!+'.D0!5/!

=/,/(*-/0!5:!/D/+-('D:%$%C!LFP!%4/+-(*!&/(/!2/*%.(/0!-'!D'+*-/!-#/!.,4*$(/0!/D/+-(',!$,!',/W

/D/+-(',! (/0.+/0! %4/+$/%! '1! *DD! 1$A/! +'24D/E/%C! "#/! (/0.+/0! 4*(*2*=,/-$+! %4/+$/%! &/(/!

=/,/(*-/0! $,! %$-.! 5:! /D/+-('D:%$%! $,! 0$+#D'('2/-#*,/! .%$,=! N.^VFQa! *%! *,! /D/+-('D:-/C! KDD!

2/*%.(/0!%4/+-(*!1'(!/D/+-('=/,/(*-/0!e>.R0441SRGJMSCWi!!R-'4!D/1-S?!e>.R0$441SRGJMSCWi!!R-'4!

($=#-S?! e>.R0441SRGJKSCWi! R2$00D/! D/1-S?! e>.R0$441SRGJKSCWi! R2$00D/! ($=#-S! *,0!

e>.R0441SR"JKSCWi! ! R5'--'2! D/1-S! $,! %'D.-$',! *(/! =$A/,! $,! Q$=.(/! 6C8C;C! ! "#/! =! A*D./%!

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

D$=*,0!+/,-(/0!%4$,C!<-!$%!+D/*(!-#*-!-#/!1$(%-!(/0.+-$',!'1!-#/!+'24D/E/%!$%!*++'24*,$/0!5:!-#/!

*00$-$',!'1!*,!/D/+-(',! -'! -#/!�s!2'D/+.D*(!'(5$-*D!'1! -#/!4-/($0$,/!#/-/('+:+D/C!"#/!%4/+-(*!

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

+'24D/E/%C! "#/! =! A*D./%! '1! -#/! 2/*%.(/0! *,0! (/4'(-/0! +'24D/E/%! *(/! 4(/%/,-/0! $,! "*5D/!

6C8C;C(

P#QF&(/.5.).((LFP!0*-*!'1!(/0.+/0!%4/+$/%*!

!

!

!

!

!

!

!

!

!

!

!

*Q('2!$,!%$-.!/D/+-('D:%$%!$,!7C;!J!N.^VFQa!%'D.-$',%C
LD/+-('D:%$%!*,0!LFP!2/*%.(/2/,-%!*-!6_8!IC!

!

!

>'24'.,0%! =! 3'DA/,-! P/1/(/,+/!

GJKCW! ! 6C77]`! "TQ! 51(

e>.RFF#]S6RGJKS
CWi!! 6C77]8! "TQ! 51!

e>.R0441SRGJMSCWi!!!)\H( 6C77^_!! >T6>D6! "#$%!&'()!

e>.R0$441SRGJMSCWi!!/\H( 6C77^6! >T6>D6! "#$%!&'()!

e>.R0441SRGJKSCWi!!0\H( 6C77^^! >T6>D6! "#$%!&'()!

e>.R0$441SRGJKSCWi!1\H( 6C77`a! >T6>D6! "#$%!&'()!

e>.R0441SR"JKSCWi!!2\H( 6C77^]! >T6>D6! "#$%!&'()!
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*+,-'&( /.5.).! jW5*,0! LFP! %4/+-(*! '1! /D/+-('W=/,/(*-/0! e>.R0441SRGJMSCWi! ! R-'4! D/1-S?!

e>.R0$441SRGJMSCWi!R-'4!($=#-S?!e>.R0441SRGJKSCWi!R2$00D/!D/1-S?!e>.R0$441SRGJKSCWi!R2$00D/!

($=#-S!*,0!e>.R0441SR"JKSCWi!!R5'--'2!D/1-S!*-!6_8!I!$,!>T6>D6o7C;!J!N.^VFQa!%'D.-$',C(
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K! 0/-*$D! %-(.+-.(*D! *,0! %4/+-('%+'4$+! *,*D:%/%! '1! +'44/(W4-/($0$,/! $,-/(*+-$',%! #*A/! 5//,!

0/2',%-(*-/0!$,!-#$%!+#*4-/(C!"#/!%-*5D/!'(=*,'2/-*DD$+!1(*=2/,-?!e>.R0'41Sil?!&*%!4('5/0!1'(!

%-.0:$,=!+'44/(R<SW4-/($0$,/!$,-/(*+-$',C!"#/!.,$k./!X^?V`!.,%:22/-($+*D!4D*,*(!+#/D*-$',!-'!

0;7! e>.R0'41Sil! 2/-*D! 1(*=2/,-%! &*%! /%-*5D$%#/0! 5:! %$,=D/! +(:%-*D! jW(*:! %-(.+-.(/!

0/-/(2$,*-$',C!<,!*00$-$',!-'!-#/!/E4/+-/0!X^?V`!+#/D*-$',?!-#/!A*($'.%!4'%%$5D/!+''(0$,*-$',!

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

'D$='2/($+! >.<Q/<<W4-/($,! +'24D/EC! "#/! (/A/(%$5D/! /D/+-('+#/2$%-(:! *,0!

%4/+-('/D/+-('+#/2$%-(:! '1! D.2*\$,/! +'24D/E/%! &*%! $,A/%-$=*-/0! -'! .,0/(%-*,0! -#/! (/0'E!

4('4/(-:!'1! -#/%/! +'24D/E/%C!"#/!+*(5',:D!5*,0%! $,! in situ!=/,/(*-/0!'E$0$\/0!*,0! (/0.+/0!

%4/+$/%!&/(/!%-.0$/0!&$-#!-#/!*$0!'1!<PW%4/+-('/D/+-('+#/2$%-(:C!LFP!%4/+-(*!&/(/!2/*%.(/0!

-'!/,%.(/!-#/!D$=*,0!+/,-/(/0!%4$,!$,!',/W/D/+-(',!(/0.+/0!%4/+$/%!'1!-#/!4-/($0$,/!+'24D/E/%C!(
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0.).(78%'9:-;%+98(

"#/! %:%-/2*-$+! %-.0:! '1! 2/-*DW,.+D/'5*%/! $,-/(*+-$',%! $%! *! A/(:! $24'(-*,-! 1$/D0! $,!

5$'$,'(=*,$+! +#/2$%-(:C! J/-*D! $',%! *(/! 4(/%/,-! $,! -#/! +/DD.D*(! /,A$(',2/,-! -'! ,/.-(*D$\/! -#/!

/E$%-$,=! ,/=*-$A/! +#*(=/! '1! ,.+D/$+! *+$0%! 5:! 5$,0$,=! /$-#/(! -'! -#/! *,$',$+! 4#'%4#'0$/%-/(!

D$,)*=/!'(! -'! -#/!#/-/('+:+D$+!,.+D/'5*%/%e8a?8biC!"#.%?! -#/!.,0/(%-*,0$,=!'1!2/-*DW,.+D/'5*%/!

$,-/(*+-$',%!#*%!5/+'2/!*!A/(:!$24'(-*,-!*(/*!$,!5$'$,'(=*,$+!+#/2$%-(:C!"#/!-(*,%$-$',!2/-*DW

,.+D/'5*%/!$,-/(*+-$',!#*%!5/+'2/!$24'(-*,-!*1-/(!-#/!0$%+'A/(:!'1!+$%4D*-$,!cisWeF-RVT]S6>D6i?!

%#'&$,=! -#/! /11/+-! '1! $,#$5$-$',! '1! +*,+/(! +/DD! 0$A$%$',! 5:! +('%%! D$,)$,=! 4'D:,.+D/'-$0/!

+#*$,%e6`iC!"#/! $,#$5$-$',!4('+/%%!2*:!*D%'! -*)/!4D*+/! $,!4(/%/,+/!'1!2/-*D! $',%!&$-#'.-!+('%%!

D$,)$,=C! "#/! 1$(%-! jW(*:! +(:%-*D! %-(.+-.(/! '1! *! 2/-*DW,.+D/'5*%/! +'24D/E! &*%! 1'.,0! $,! *!

0$,.+D/*(!>.<<! +'24D/E!+',-*$,$,=! 1'.(!5($0=$,=!,/=*-$A/D:!+#*(=/0!*0/,$,/! D$=*,0%!R-#('.=#!

V]!*,0!V_S!*,0!-&'!&*-/(!2'D/+.D/%!*-!-#/!*E$*D!4'%$-$',e88iC!B.*,$,/?!',/!'1!-#/!1$A/!+D*%%$+*D!

,.+D/'5*%/%?! #*%! (/+/$A/0! (/+/,-! $,-/(/%-! 0./! -'! $-%! 1'(2*-$',! '1! -/-(*2/(%! RB^S! &#$+#! *(/!

$,A'DA/0!$,!-/D'2/(*%/!*+-$A$-:!R677_!V'5/D!F($\/!$,!J/0$+$,/SC!"#/!$2$,/WVb!*-'2!5'-#!$,!-#/!

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

+'24D/E! 1(*=2/,-%?! 2'%-! 1*2'.%D:! 1'(! -#/! 4D*-$,.2R<<S! 2/-*5'D$-/%! 1'(2/0! 1('2! +:-'%-*-$+!

4D*-$,.2! 0(.=%e6aiC! K4*(-! 1('2! F-?! '-#/(! -(*,%$-$',!2/-*D! +'24D/E/%! '1! P.?! P/?!J'?! P#! /-+C!

%#'&!%$2$D*(!5$,0$,=!-'!-#/!Vb!#/-/('!*-'2?!/E#$5$-$,=!*,-$-.2'.(!*+-$A$-:!$,!4('-$+!2/0$*e8_W_]iC!

"#/! /E+D.%$A/!Vb! 5$,0$,=?! $,! -#/! *5%/,+/! '1! /E+/%%!2/-*D! $',%?! $%! 1*A'.(/0! 5:! *! ,.25/(! '1!

1*+-'(%C!"#/!/*%:!*++/%%$5$D$-:!$,!-#/!GVK!2*O'(!=(''A/?!$-%!,',W$,A'DA/2/,-!$,!5*%/!4*$($,=?!

-#/!#$=#/(!5*%$+$-:!'1!Vb!*,0!1*A'.(*5D/!/D/+-('%-*-$+!$,-/(*+-$',%!0$(/+-!2/-*D!1(*=2/,-%!-'!5$,0!

&$-#!-#/!Vb!*-'2e_^W_aiC!

N

N

O

H2N

H

N
H

N N

N

O

H2N
N
H

NDeprotonation

Reprotonation

7 7

9 9

1
1

6 6

!

*+,-'&(0.).).(G/4('-',*-$',!'1!=.*,$,/!-'!*!2','*,$',$+!%4/+$/%C!
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K-!4#:%$'D'=$+*D!4T!-#/!Vb!2/-*D*-/0!=.*,$,/!(/%$0./!$%!,/.-(*D!*,0!$,!-#/!0/4('-',*-/0!1'(2?!

-#/!,/=*-$A/!+#*(=/!',!V!*-'2!$%!*D%'!0/D'+*D$\/0!-'!-#/!Xa!0','(!%$-/C!"#/!$,+(/*%/0!/D/+-(',!

0/,%$-:!',!V;!*,0!Xa!#/D4%! -'!.,0/(%-*,0!A*($'.%!5$,0$,=!4*--/(,!'-#/(! -#*,! -#/!Vb!2'0/C! <,!

-#$%!&'()!&$-#!*!D$4'4#$D$+!=.*,$,/!0/($A*-$A/!RFW_JBS!RQ$=.(/!]C;C6S?!-#/!5$,0$,=!-#('.=#!Vb!

&*%! 1'.,0! $,!*! %$,=D/! +(:%-*D!jW(*:!%-(.+-.(/!'1! *!#/-/('0$,.+D/*(!>.<Q/<<! +'24D/EC!j*,-#$,/!

R]?bW0$#:0('W4.($,/W6?aW0$',/S! $%! *D%'! *! 2'0$1$/0! 4.($,/! 5*%/! 1'.,0! $,! 2'%-! #.2*,! 5'0:!

-$%%./%!*,0!1D.$0%!*,0!$,!'-#/(!'(=*,$%2%!*%!',/!'1!-#/!+',%-$-./,-%!$,!PVKC!<-!$%!*D%'!1'.,0!*%!

*,! $,-/(2/0$*-/! $,! -#/! 4.($,/! 0/=(*0*-$',! 4*-#&*:! -'! .($+! *+$0?! +*-*D:\/0! 5:! *!J'! *,0! Q/!

+',-*$,$,=! /,\:2/?! E*,-#$,/! 'E$0*%/e_biC!3/A/(*D! %-.0$/%! ',! -#/!2/-*D! +'24D/E/%! '1! E*,-#$,/!

#*A/!*44/*(/0!$,!-#/!D$-/(*-.(/!1'(!-#/!.,0/(%-*,0$,=!'1!2/-*DWE*,-#$,/!5$,0$,=e_8W;7biC!!

<!#*A/!+',%$0/(/0!=.*,$,/!*,0!E*,-#$,/!*%!5$'W$,%4$(/0!D$=*,0!%:%-/2%!*,0!%:,-#/%$\/0!

+'24D/E/%!&$-#! e>.R0'41Sil! RQ$=.(/! ]C;C6S?! 0'41! m! ;?;nW5$%R0$'(=*,'4#'%4#$,'S1/(('+/,/?! *,!

'(=*,'2/-*DD$+!1(*=2/,-?!-'!%-.0:!-#/!%-(.+-.(*D!1/*-.(/%C!>'44/(R<S!$%!$24'(-*,-!-'!%-.0:!&$-#!

5$'2'D/+.D/%!*%!$-!#*%!�!0','(!4('4/(-$/%!*,0!0'/%!,'-!*DD'&!-#/!5$'2'D/+.D/!-'!=/-!'E$0$\/0C!

>.<!=/-%!%-*5$D$\/0!/A/,!&$-#!/E+D.%$A/!%$=2*!0','(!D$=*,0!%:%-/2%!5/+*.%/!'1!-#/!0W�!2$E$,=!

*DD'&$,=!%'2/!/E-/,-!'1!�!5*+)W5',0$,=!-'!-#/!%$=2*!0','(!D$=*,0e;78iC!"#/%/!%-.0$/%!-#.%!#/D4!

-'! $,A/%-$=*-/! -#/! 2/-*DW4.($,/! $,-/(*+-$',! 2*$,-*$,$,=! -#/! 5*%$+! %-(.+-.(/! *,0! /D/+-(',$+!

4('4/(-$/%!'1! -#/!,*-$A/!4.($,/!5*%/%C!"#/!0'41!.,$-!&*%!.%/0!-'!%-*5$D$\/!-#/!>.<!%-*-/!*,0!-'!

2*)/! -#/! %:%-/2! 2'(/! #:0('4#'5$+! +',%$0/($,=! -#/! /11/+-! ',! 4/,/-(*-$',! -#('.=#! +/DD!

2/25(*,/%C!"#/!$,-/(2'D/+.D*(!TW5',0$,=!/11/+-!&*%!/D$2$,*-/0!5:!4/(1'(2$,=!-#/!(/*+-$',%!

*,0!+(:%-*DD$\*-$',!-/+#,$k./%!$,!'(=*,$+!2/0$.2(

! ;?]?_W"($2/-#:DE*,-#$,/!RQ$=.(/!]C;C6S!$%!),'&,!1'(!$-%!+'22/(+$*D!*A*$D*5$D$-:!*,0!D'&!

-'E$+$-:C!c*($*5D/!5/#*A$'.(!'1!2/-*D!5$,0$,=!&*%!'5%/(A/0!1('2!-#/!+(:%-*D!%-(.+-.(/!*,*D:%$%C!

LD/+-(',$+! *,0! %-/($+! 1*+-'(%! '1! -#/! +'D$=*,0%! #*A/! 5//,! 2'0.D*-/0! $,! '(0/(! -'! %-.0:! -#/!

%-(.+-.(*D! A*($*-$',! '1! -#/%/! +'24D/E/%C! "'! %-.0:! -#/! 2/-*DWE*,-#$,/! $,-/(*+-$',! &/! #*A/!

+',%$0/(/0!+'22/(+$*DD:!*A*$D*5D/!*,0!'(=*,$+!%'DA/,-!%'D.5D/!-($2/-#:DE*,-#$,/!R"JjS!*%!*!

4'-/,-$*D! D$=*,0! 1'(! 2/-*D*-$',! (/*+-$',C! "#(//! 0$11/(/,-! 2/-*D! 1(*=2/,-%! e>.R0441Sil?!

e>.R0$441Sil! *,0! e>.R0+#41il!&/(/! .-$D$\/0! 1'(! -#/!2/-*D*-$',! 4.(4'%/C! ! "#/! $2$,/! *,0! )/-'!

=('.4%!*(/!-#/!',D:!4'%%$5D/!+''(0$,*-$',!%$-/%!$,!"JjC!"#/!�W$2$,')/-'!1.,+-$',!'1!-#/!4.($,/!

5*%/!#*%!*D%'!-#/!4'%%$5$D$-:!-'!*+-!*%!*!+#/D*-$,=!D$=*,0e;;7iC!"#/!4.($,/!5*%/%?!-#/$(!D$4'4#$D$+!

0/($A*-$A/%!*,0!-#/!2/-*D!4(/+.(%'(!+'24D/E/%!#*A/!5//,!%#'&,!5/D'&C(
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;?]?_W"($2/-#:DE*,-#$,/
R"JjS !

Fe

R2
P

P
R2

Cu

NCMe

NCMe

P m F#? e>.R0441SR>T]>VS6iRNQ^S
P m $F(? e>.R0$441SR>T]>VS6iRFQaS

Fe

R2
P

P
R2

Cu NCMe

P m >#? e>.R0+#41SR>T]>VSiRFQaS

!

(

*+,-'&(0.)./.(B.*,$,/?!E*,-#$,/!*,0!-#/$(!0/($A*-$A/%!R-'4SC!J/-*D!4(/+.(%'(%!R5'--'2S?!0441!m!

;?;nW5$%R0$4#/,:D4#'%4#$,'S1/(('+/,/?!0$441!m!;?;nW5$%R0$W$%'4('4:D4#'%4#$,'S1/(('+/,/?!0+#41!

m!;?;nW5$%R0$+:+D'#/E:D4#'%4#$,'S1/(('+/,/C!

!

0./.(@A8%"&B+B(#8:(;"#'#;%&'+C#%+98((

(

0./.).(@A8%"&B+B(#8:(;"#'#;%&'+C#%+98(9D(%"&(!-
7
*&
77
H,-#8+8&(;9E$F&G&B(

!

B.*,$,/?! 6W*2$,'W;HW4.($,WaR_HSW',/?! #*A$,=! ^! #/-/('+:+D$+! 4.($,/! V! *-'2%?! ',/!

*2$,'!=('.4!*-!-#/!>6!4'%$-$',!*,0!',/!)/-'!1.,+-$',!*-!>a?!$%!#$=#D:!4'D*(!*,0!',D:!%'D.5D/!$,!

4('-$+! %'DA/,-%C! <,! -#$%!&'()?! <! #*A/! +#'%/,! +'22/(+$*DD:! *A*$D*5D/! _W2/-#:D=.*,$,/! R_JBS!

RQ$=.(/!]C6C;C;S!*%! *! %-*(-$,=!2*-/($*D! -'!#*A/!*!5$'D'=$+*DD:!2'(/! (/D/A*,-! %:%-/2?!*%! -#/!V_!

4'%$-$',!$%!*D%'!%.5%-$-.-/0!$,!,.+D/'-$0/%e6aiC!J'(/'A/(?! -#/!5D'+)/0!V_!4'%$-$',!$,+(/*%/%!-#/!

4'%%$5$D$-:!'1!+''(0$,*-$',!-#('.=#!-#/!Vb!0','(!*-'2C!K%!D'&WA*D/,-!+'44/(!1(*=2/,-%!#*A/!*!

-/,0/,+:! -'! =/-! 'E$0$\/0! -'!>.<<?! $-!&*%! ,/+/%%*(:! -'! 4/(1'(2! -#/!2/-*D*-$',! (/*+-$',%! $,! *,!

'(=*,$+!%'DA/,-C!"#*-!$%!&#:!1/&!'(=*,$+!%:,-#/-$+!('.-/%!&/(/!1'DD'&/0!-'!D$4'4#$D$\/!_JB!1'(!

5/--/(! %'D.5$D$-:! $,! *4('-$+! 2/0$*C! "#/! *--/24-/0! %.5%-$-.-$',! '1! -#/! ($,=! VT! 1.,+-$',! 5:! *!

%.$-*5D/! *D):D! =('.4! /,0/0! &$-#! .,(/*+-/0! 2*-/($*D%! *,0! 0/+'24'%/0! 4('0.+-%C! "#/! V6WT!

1.,+-$',! &*%! -#/,! %.5%-$-.-/0! &$-#! *! 4$A*D':D! %.5%-$-./,-C! "#/! (/*+-$',! &*%! +*(($/0! '.-!

1'DD'&$,=!*!(/4'(-/0!D$-/(*-.(/!4('+/0.(/!1'(!-#/!D$4#'4#$D$\*-$',!'1!4-/($,e8;iC!
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(tBuCO)2O

9-Methylguanine
(9MG)

N2-pivaloyl,9-methylguanine
(P-9MG)

DMAP, ref lux

!

*+,-'&(0./.).).(M$4'4#$D$\*-$',!'1!_W2/-#:D=.*,$,/!R_JBSC!

!

P/*+-$',!'1!_JB!&$-#!-($2/-#:D*+/-$+!*,#:0($0/!$,!-#/!4(/%/,+/!'1!*!M/&$%!5*%/!RV?VW

0$2/-#:D*2$,'4:($0$,/?! GJKFS! 1'DD'&/0! 5:! +#('2*-'=(*4#$+! %/4*(*-$',! :$/D0/0! b]{! '1!

+'D'.(D/%%!0/%$(/0!4('0.+-!V6W4$A*D':D?_W2/-#:D=.*,$,/!RFW_JBSC!F_JB!&*%!1'.,0!-'!5/!&/DD!

%'D.5D/!$,!'(=*,$+!%'DA/,-%!%.+#!*%!0$+#D'('2/-#*,/?!+#D'('1'(2!/-+C!"#'.=#!FW_JB!+',-*$,%!

-#/!%*2/!�W$2$,')/-'!1.,+-$',!1'(!2/-*D!+#/D*-$',?!-#/!#:0('=/,!5',0!0','(!4('4/(-:!'1!-#/!6W

*2$,'!=('.4!&*%!(/A/(%/0!*%!-#/!V6W4$A*D':D!=('.4!+*,!,'&!*+-!*%!TW5',0!*++/4-'(C!!"#/!T!

*-'2!',!V;!&*%!%-$DD!*++/%%$5D/!1'(!$,-(*W!*,0!$,-/(2'D/+.D*(!TW5',0$,=C!>#*(*+-/($\*-$',!'1!FW

_JB!&*%!0',/!5:! ;T!VJP!%4/+-(.2C! <0/,-$-:!'1! -#/!4.($,/! ($,=!&*%!+',1$(2/0!1('2!VJP!

%$=,*D%!*-!]Cab!R%?!]T?!>T]S?!bCa^!R5%?!;T?!WVT?!FW_JBS?!8C7;!R%?!;T?!W>T?!FW_JBS!*,0!;;C_^!

R5%?!;T?!WVT?!FW_JBS!442C!F(/%/,+/!'1!4$A*D':D!=('.4!&*%!+',1$(2/0!1('2!*!%$=,*D!*-!;C]]!

R2?!_T?!-N.S!442C!<,-/=(*-$',!(*-$'%!'1!-#/!;T!VJP!%$=,*D%!+D/*(D:!%.==/%-/0!-#/!1'(2*-$',!'1!

0/%$(/0!4('0.+-C!"#/!Q"<P!%$=,*D%!2/*%.(/0!$,!%'D$0!%-*-/!*-!;b^7R&S?!;aa6R%S!*,0!;`_aR%S!+2W;!

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

',!-#/!4$A*D':D!%.5%-$-./,-C!"#$%!D$=*,0!*D%'!/E#$5$-/0!%*-$%1*+-'(:!/D/2/,-*D!*,*D:%$%C!

! "#/!:/DD'&!>.<W4(/+.(%'(!+'24D/E!e>.R0441SR>T]>VS6iRNQ^S!&*%!(/*+-/0!&$-#!FW_JB!

$,! ;t;!2'D*(! (*-$'! $,! 0(:! *,0! 0/W'E:=/,*-/0! 0$+#D'('2/-#*,/! *-! (''2! -/24/(*-.(/! 1'(! ;6! #C!

>'D'.(!+#*,=/!&*%!,'-!'5%/(A/0!/A/,!*1-/(!-#/!+'24D/-$',!'1!(/*+-$',C!"#/!0'&,1$/D0!%#$1-/0!

VWT!*,0!($,=!>WT!4('-',!VJP!%$=,*D%!$,0$+*-/0!2/-*DW=.*,$,/!5$,0$,=C!3$=,*D!$,-/,%$-:!(*-$'!

'1!>4!4('-',%!-'!-#/!4('-',%!'1!FW_JB!e^C]b!R%?!^T?!>4S?!^C^`!R%?!^T?!>4S?!8C;;!R%?!;T?!WVWTS?!

8C`]!R%?!;T?! W>WTS?!;6C;b!R%?!;T?! WVWTSi!*D%'!%.==/%-/0! -#/! 1'(2*-$',!'1!;t;!2/-*D!+'24D/EC!

>#*,=/!$,!+*(5',:D!A$5(*-$',!',!+'24D/E*-$',!&*%!*D%'!'5%/(A/0!$,!-#/$(!%-(/-+#$,=!1(/k./,+:!

1('2! ;b^7R&S?! ;aa6R%S! *,0! ;`_aR%S! -'! ;b7;R&S?! ;ab]R%S?! ;aa6R%S?! ;a7aR%S! +2W;C! Q$,*DD:?! -#/!

2'D/+.D*(!$',!4/*)!$,!-#/!2*%%!%4/+-(.2!+/,-/(/0!*-!2o\!m!8aaC;`!&*%!'5%/(A/0!+'((/%4',0$,=!

-'!e>.R0441SRFW_JBSilC!
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24 h stirring
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Fe

R2
P
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Cu

NCMe

NCMe

R = Ph

Fe

PR2
R2P

Cu

(BF4)
(BF4)

!

*+,-'&(0./.)./.(3:,-#/%$%!'1!*!0$%+(/-/!>.<Q/<<W=.*,$,/!+'24D/EC!

(

"'! /E4D'(/! 1.(-#/(! 5$,0$,=! 2'0/%! '1! FW_JB?! <! (/4/*-/0! -#/! %*2/! (/*+-$',! 5.-! &$-#! -&'!

/k.$A*D/,-%! '1! -#/! 2/-*D! 4(/+.(%'(! *,0! ',/! /k.$A*D/,-! '1! FW_JBC! ;T! *,0! ];F! VJP! %$=,*D!

*,*D:%/%!$,0$+*-/0!-#/!1'(2*-$',!'1!*!,/&!+'24D/E!&$-#!6t;!2/-*DWD$=*,0!(*-$'C!;T!VJP!%$=,*D!

R>G6>D6S!*-!;C]a!R%?!_T?!-N.S?!]C8`!R%?!]T?!J/S?!8C;a!R%?!;T?!>T?!FW_JBS?!8Caa!R%?!;T?!VTS?!

;6C6;!R%?!5(?!;T?!VTS!442!$,0$+*-/!-#/!4(/%/,+/!'1!FW_JB!D$=*,0!*,0!%$=,*D%!*-!^C6_!R%?!8T?!

>4S?! ^C^`! R%?! 8T?! >4S?! bC^`! R2?! ^7T?! F#S! 4('A/! -#/! 4(/%/,+/! '1! -&'! e>.R0441Sil! R4'%%$5D:!

5$,0$,=!-#('.=#!Vb?!V]!*,0!4$A*D':D!X!*-'2%SC!K!%$=,*D!*-!W;]C];!442!$,!];F!VJP!%4/+-(.2!

*D%'!$,0$+*-/%!-#/!1'(2*-$',!'1!*!,/&!+'24D/EC!"#/!+'24D/E!%#'&%!<P!R%'D$0S!%$=,*D%!*-!;b]8!

R&S?!;b7^!RA&S?!;aa8!R%S!*,0!;a7`!R%S!+2W;?! $,0$+*-$,=!-#/!4(/%/,+/!'1!.,W(/0.+/0!+*(5',:D%C!

X,! +(:%-*DD$\*-$',! '1! -#/! +'24D/E?! *! ,/&! +'24D/E! *==(/=*-/?! e>.]RFW_JB
WS6R0441Si6RNQ^S6?!

&*%!1'(2/0!$,!%'D.-$',!&#$+#!#*%!5//,!$,A/%-$=*-/0!5:!%$,=D/!+(:%-*D!jW(*:!%-(.+-.(/!*,*D:%$%!

R3/+-$',!]C]C6SC!

!

0././.(@A8%"&B+B(#8:(;"#'#;%&'+C#%+98(9D(%"&(!-
7
*&
77
HG#8%"+8&(;9E$F&G&B(

!

"#/!(/*+-$',!'1!"Jj!&$-#!2/-*D!4(/+.(%'(!+'24D/E/%!RQ$=.(/!]C;C6S!&*%!4/(1'(2/0!5:!

1'DD'&$,=! %$2$D*(! 4('+/0.(/%! *%! 1'(! FW_JB! +'24D/E/%C! "#(//! '(=*,'2/-*DD$+! 4(/+.(%'(!

+'24D/E/%! e>.R0441SR>T]>VS6iRNQ^S?! e>.R0$441SR>T]>VS6iRFQaS! *,0!

e>.R0+#41SR>T]>VSiRFQaS!&/(/!(/*+-/0!%/4*(*-/D:!&$-#!"Jj!$,!;t;!(*-$'!$,!0$+#D'('2/-#*,/!

-'! 1'(2! -#/! 0$%+(/-/! +'24D/E/%C! P/4/*-/0! (/+(:%-*D$\*-$',! 1('2! #/E*,/! o! 0$+#D'('2/-#*,/!

%'D.-$',! *-! W^w>! :$/D0/0! -#/! 4.(/! 4('0.+-%C! "#/! +'24D/E/%!&/(/! +#*(*+-/($\/0! 5:! 0'&,1$/D0!

%#$1-/0!%$,=D/-!;T!VJP!%$=,*D%!'1!($,=!*,0!J/!4('-',%!$,!"JjC!"#/!;T!*,0!];F!VJP!%$=,*D%!

1'(! *DD! +'24D/E/%! #*A/! 5//,! $,-/(4(/-/0! *,0! *(/! 4(/%/,-/0! $,! -#/! LE4/($2/,-*D! 3/+-$',C!

3*-$%1*+-'(:!/D/2/,-*D!*,*D:%/%!&/(/!'5-*$,/0!*1-/(! $,+D.0$,=!*44('4($*-/!*2'.,-%!'1! %'DA/,-!

2'D/+.D/%C! "#/! $0/,-$-:! '1! -#/! +'24D/E! e>.R0$441SR"JjSiRFQaS! &*%! *D%'! 1'.,0! 1('2! *!

2'D/+.D*(! $',! 4/*)! $,! -#/! 2*%%! %4/+-(.2! +/,-/(/0! *-! 2o\! m! ab`C;b! 1'(! -#/! +*-$',!



!"#$%&'(0(

!

^_!

!

e>.R0$441SR"JjSilC! "#/! 2'D/+.D*(! 1'(2.D*/! '1! -#/! -#(//! +'24D/E/%! *(/! =$A/,! $,! Q$=.(/!

]C6C6C;C!

(

*+,-'&(0././.).(J'D/+.D*(!1'(2.D*/!'1!>.<Q/<<W"Jj!+'24D/E/%C(

(

<,1(*(/0! %4/+-('%+'4:! $,! -#/! +*(5',:D! %-(/-+#$,=! (/=$',! $%! *! A/(:! .%/1.D! -''D! -'! 0$%-$,=.$%#!

5/-&//,!*! 1(//! D$=*,0!*,0! $-%!2/-*D! +'24D/E/%C!>*(/1.D! *,*D:%$%!'1! %-(/-+#$,=!5*,0%!#/D4%! -'!

(/+'=,$\/! 2/-*D! +''(0$,*-$',! %$-/%! $,! *! +'24D/E! +',-*$,$,=! +*(5',:D! 1.,+-$',%C! >*(5',:D!

%-(/-+#$,=%! *(/! *D%'! $,0$+*-$A/! 1'(! +'24D/-$',! '1! *! (/*+-$',! 1('2! -#/! +'24*($%',! &$-#! 1(//!

D$=*,0C!3'D$0!%-*-/!<P!%$=,*D%!&/(/!2/*%.(/0!5'-#!1'(!-#/!"Jj!D$=*,0!*,0!$-%!2/-*D!+'24D/E/%C!

X5-*$,/0!(/%.D-%!*(/!%.22*($\/0!$,!"*5D/!]C6C6C;C!<-!&*%!'5%/(A/0!-#*-!-#/!+*(5',:D!1.,+-$',%!

(/2*$,!,',W(/0.+/0!/A/,!*1-/(!2/-*D*-$',C!T$=#!/,/(=:!%#$1-!'1!�>^WX!*,0! D'&!/,/(=:!%#$1-!'1!!

�>6WX!&*%!1'.,0!$,!*DD!"Jj!+'24D/E/%C!K%!-#/!e>.R0'41Si
l!1(*=2/,-%!$,-/(*+-!A/(:!&/*)D:!&$-#!

+*(5',:D!1.,+-$',%?!��>mX!A*D./%(',!2/-*D*-$',!R+2
W;S!&/(/!1'.,0!-'!5/!A/(:!%2*DD!R$,!-#/!(*,=/!

'1!l`!-'!l;7!+2W;SC!

(

P#QF&(0././.).(<P!R%'D$0S!+*(5',:D!%-(/-+#$,=!1(/k./,+$/%!'1!>.<Q/<<W"Jj!+'24D/E/%!

(

�>mX!R$,!+2
W;S! ��>mX!',!2/-*DD*-$',!R+2

W;S!M$=*,0!*,0!$-%!2/-*D!+'24D/E/%!

>6WX!! >^WX!! ��!>
6WX! ��!>

^WX!

"Jj!

e>.R0441SR"JjSiRNQ^S!

e>.R0$441SR"JjSiRFQaS!

e>.R0+#41SR"JjSiRFQaS!

;b;aR&S!

;b7^R%S!

;b7aR%S!

;b7bR%S!

;a`6R%S!

;a`bRA%S!

;aa7RA%S!

;aa6RA%S!

,C*!

W;6!

W;7!

W_!

,C*!

l`!

l8!

l;7!

(

(

(



!"#$%&'(0(

!

`7!

!

0.0.(!'AB%#F(B%'-;%-'&B(

0.0.)(!'AB%#F(B%'-;%-'&(9D(K!-L:$$D=LRH6I]=ML>*1=(

"#/!5D'+)W:/DD'&!%$,=D/!+(:%-*D%!'1!-#/!+'24D/E!e>.R0441SRFW_JBSiRNQ^S!&/(/!=('&,!

5:! D*:/(/0WD$k.$0! 4#*%/! 0$11.%$',! '1! #/E*,/! $,-'! *! 0$+#D'('2/-#*,/! %'D.-$',! '1! -#/! +'24D/E!

$,%$0/!-#$,!=D*%%!-.5/%C!"#/!+'24D/E!&*%!+(:%-*DD$\/0!$,!-#/!2','+D$,$+!%4*+/!=('.4!C2/c!&$-#!

|!2'D/+.D/!'1!0$+#D'('2/-#*,/!$,!/*+#!.,$-!+/DDC!3-(.+-.(*D!*,*D:%$%!%#'&/0!VbW2','0/,-*-/!

5$,0$,=!-'!-#/!+'44/(!+/,-(/!'1!-#/!'(=*,'2/-*DD$+!e>.R0441Sil!1(*=2/,-C!R"#/!+(:%-*DD'=(*4#$+!

,.25/($,=! '1! *-'2%! $,! Q$=.(/! ]C]C;C;! &*%! 0',/! $,! *! 0$11/(/,-! &*:! 1('2! -#/! ,.25/($,=!
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>;;W>]! ;C]baRaS! >.WV;W>;! ;6bC;R]S!
>]WV]! ;C]`7RaS! >.WV;W>;;! ;6aC;R]S!
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*,*D:%$%! (/A/*D/0! -#*-! -#/! +D.%-/(! +'24D/E! +',-*$,%! a! >.<! $',%?! 6! r6W0441! .,$-! *,0! ^!
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5',0$,=!$,!%-*5$D$\$,=!-#/!%-(.+-.(/C!"#/!+(:%-*DD'=(*4#$+!%-.0:!&*%!1.(-#/(!/E-/,0/0!-'!/E4D'(/!

*DD! '-#/(! 4'%%$5D/! +''(0$,*-$',! 2'0/%! 5:! *--/24-%! *-! %:,-#/%$\$,=! >.W=.*,$,/! +D.%-/(!

+'24D/E/%! #*A$,=! #$=#/(!2/-*D! +',-/,-%C! <,! -#/! 4(/%/,+/! '1! /E+/%%!2/-*D?! -#/! 0/4('-',*-$',!

4('+/%%!&*%!1*A'.(/0!/A/,!$,!'(=*,$+!%'DA/,-%C!"#/!+(:%-*DD$\*-$',!'1!-#/!+'24D/E!1'DD'&/0!5:!

%$,=D/!+(:%-*D!jW(*:!0$11(*+-$',!(/A/*D/0!*!+D.%-/(!+'24D/E!/E#$5$-$,=!2.D-$W+''(0$,*-$',!2'0/%!

'1!-#/!=.*,$,/!0/($A*-$A/C!"#/!5($0=$,=!2'0/!'1!0441!(/%.D-/0!$,!0;7W0;7!2/-*DW2/-*D!$,-/(*+-$',!

*-! *! %#'(-/(! 0$%-*,+/! -#*,! -#/! %.2! '1! A*,W0/(WH**D%! (*0$$C! "#/! A*($*5D/! 5$,0$,=! 2'0/%! '1!

-($2/-#:DE*,-#$,/!&/(/!*D%'!%-.0$/0!$,!*!%/($/%!'1!+'44/(!+'24D/E/%!+',-*$,$,=!-#(//!0$11/(/,-!

1/(('+/,:D0$4#'%4#$,/!+#/D*-$,=!D$=*,0%C!"#/!A*($'.%!/11/+-%!',!2/-*D!5$,0$,=!&/(/!/E4D*$,/0!

1('2!-#/!%-(.+-.(*D!4*(*2/-/(%C!P/A/(%$5D/!1/(('+/,/!5*%/0!',/W/D/+-(',!'E$0*-$',!4('+/%%!*,0!

-#/!@cWc$%!*5%'(4-$',!4('4/(-:!&/(/! $,A/%-$=*-/0C!"#/%/!%-.0$/%!4('A$0/!.%/1.D! $,1'(2*-$',%!

',!-#/!2/-*D!5$,0$,=!-'!4.($,/!5*%/%!*,0!/E4D'(/!-#/!A*($'.%!/11/+-%!$,!0/-/(2$,$,=!-#/!5$,0$,=!

4('4/(-:!'1!-#/%/!,.+D/'5*%/%C!
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1.).(78%'9:-;%+98(

N$%W+#/D*-$,=!�W/D/+-(',!0/1$+$/,-!*\'!D$=*,0%!#*A/!*!%4/+$*D!$,-/(/%-!$,!+''(0$,*-$',!+#/2$%-(:!

1'(! %-.0:$,=!2/-*DW2/-*D! $,-/(*+-$',! *-! *! %#'(-/(! 0$%-*,+/! '1! *5'.-! `! u! A$*! D'&WD:$,=! *\'W

+/,-/(/0!�s!2'D/+.D*(! '(5$-*D%e6bW];iC!"#/! *\'! D$=*,0%! *(/! 1*2'.%! 1'(! #*A$,=! /*%:! *++/%%$5D/!

(/0'E!%-*-/%!$,!(/%4/+-$A/!+'24D/E/%?!%-*5$D$\$,=!(*0$+*D!$,-/(2/0$*-/%?!2/-*DW2/-*D!$,-/(*+-$',!

*-! %#'(-/(! 0$%-*,+/?! *,0! 2/-*DW! -'! WD$=*,0! +#*(=/! -(*,%1/(! *5%'(4-$',! $,! -#/! @cWc$%WV<P!

(/=$',e6b?]7iC!"#/!,',W(/0.+/0!*\'!1'(2!#*%!-#/!/D/+-(',$+!+',1$=.(*-$',!�6�6�s?!$,!-#/!4*(-$*DD:!

(/0.+/0! 1'(2! $-! $%! �6�6�s;?! *,0! $,! -#/! #:0(*\$0'! 1'(2! �6�6�s6! e;6]iC!JM>"! -(*,%$-$',%! +*,!

'++.(! $,! -#/!,/*(! $,1(*(/0!(/=$',!*,0!*(/!*--($5.-/0! -'! -#/!+#*(=/! -(*,%1/(! 1('2!/D/+-(',!($+#!

-(*,%$-$',!2/-*D! 1(*=2/,-%?! 02�JM,?! -'! -#/!A*+*,-!�s!'1! -#/! /D/+-(',$+! +',1$=.(*-$',?! /$-#/(!

�
6
�
6
�s!'(!�6�6�s;!e6b?68iC!"#/!VWV!5',0!D/,=-#!$%!('.=#D:!;C6`!u!&#/,!-#/!5',0!'(0/(!$%!6!5.-!

$-! $,+(/*%/%!-'!;C]]!u!&#/,!$,!-#/!*\'!*,$',!(*0$+*D!RKKPS!1'(2?!#*A$,=!5',0!'(0/(!'1!;C`?!

*,0!1.(-#/(!-'!;C^`!u!$,!-#/!#:0(*\$0'R6WS!1'(2C!K!4D'-!'1!5',0!'(0/(!A%C!5',0!D/,=-#!RQ$=.(/!

^C;C;S!#*%!5//,!(/4('0.+/0!1('2!-#/!D$-/(*-.(/!-'!0/4$+-!-#/!A*($*-$',e;6]iC!

!

!

!

!

�

!

*+,-'&(1.).)C!K!4D'-!'1!5',0!'(0/(!A/(%.%!5',0!D/,=-#!RuSC!

!

K2',=!A*($'.%!%.5%-$-.-/0!D$=*,0%!$,!-#/!*\'!1*2$D:?!*5+4!R6?6nW*\'5$%R`W+#D'('4:($2$0$,/SS!

#*%! +/(-*$,! *0A*,-*=/%! 'A/(! -#/! '-#/(%C! "#/! 4(/%/,+/! '1! -&'! /D/+-(',!&$-#0(*&$,=! +#D'($,/!

*-'2%!*-!>`!4'%$-$',!*,0!1'.(!V!*-'2%!$,!-#/!4:($2$0$,/!($,=!2*)/!$-!*!5/--/(!�W*++/4-'(!*,0!



!"#$%&'(1(

�

a^!

/*%:!(/0.+$5D/!*-!D/%%!,/=*-$A/!4'-/,-$*DC!"#/!D$=*,0!+*,!5/!4(/4*(/0!5:!+#D'($,*-$,=!'E$0*-$A/!

+'.4D$,=!'1!6W*2$,'4:($2$0$,/!*,0!&*%!1$(%-!$,-('0.+/0!5:!I*$2!/-!*De68iC!

!

K5+4! ! ! ! ! *5+4�W! ! ! ! ! *5+46W!

K\'! ! ! ! ! K\'!K,$',!P*0$+*D!RKKPS! ! T:0(*\$0'!

�
6
�
6
�s!! ! ! ! �

6
�
6
�s;! ! ! !

�
6
�
6
�s6!

0eVWVi!m!;C6]7R6S!u! ! ! 0eVWVi!�;C]`!u!! ! !!!!!!!!!!!0eVWVi�;C^`!u!

*+,-'&( 1.)./C! "&'! %-/4! ',/W/D/+-(',! (/0.+-$',! 4('+/%%/%! %#'&$,=! /D/+-(',$+! +',1$=.(*-$',%!

*,0!VWV!0$%-*,+/%!$,!0$11/(/,-!(/0'E!%-*-/%C!

"#/! *\'! D$=*,0%! *(/! +*4*5D/! '1! .,0/(='$,=! -&'W%-/4! ',/W/D/+-(',! (/0.+-$',! 4('+/%%/%?!

*++'24*,:$,=!-#/!/E-/(,*DD:!*00/0!/D/+-(',%!-'!-#/!�s!2'D/+.D*(!'(5$-*D!RQ$=.(/!^C;C6SC!J/-*D!

+'24D/E/%! +',-*$,$,=! -#/! *5'A/! 1'(2%! '1! -#/! D$=*,0! *(/! +#*(*+-/($\/0! 5:! -#/$(! D'&! /,/(=:!

2/-*DW!-'!WD$=*,0!+#*(=/!-(*,%1/(!5*,0%C!"#/!/11/+-!'1!2/-*D!+''(0$,*-$',!$%!*D%'!1'.,0!$,!-#/!

+'((/%4',0$,=! *\'! 5',0! D/,=-#%C!XA/(! A*($'.%! 4'%%$5D/! 5$,0$,=! 2'0/%?! -#/! 1'DD'&$,=! -&'!

RQ$=.(/! ^C;C]S! *(/! 2'(/! 1*A'(*5D/! 1'(! -#/! 1'(2*-$',! '1! *! 1$A/W2/25/(/0! +#/D*-/! ($,=! $,!

2',',.+D/*(! +'24D/E/%! *,0! -&'! +'22',! /0=/! %#*($,=! `W2/25/(/0! +#/D*-/%! $,! 0$,.+D/*(!

+'24D/E/%C! "#/! 0$,.+D/*(! >.<! +'24D/E/%! &$-#! 5'-#! .,W(/0.+/0! *,0! ',/W/D/+-(',! (/0.+/0!

*54:!D$=*,0!*(/!1'.,0!-'!5/!%-*5$D$\/0!5:!+#/D*-$,=!0$4#'4#$,/%e;6^iC!

!

!

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

"#'.=#!D$-/(*-.(/! (/4'(-%!*(/! 1'.,0!1'(!%-(.+-.(*D!*,0!%4/+-('%+'4$+!/A$0/,+/!'1!*\'W5($0=/0!

2','W!*,0!0$,.+D/*(!>.?!P.!*,0!F-!+'24D/E/%?!-#/!%-(.+-.(*D!/A$0/,+/!1'(!5'-#!*\'!*,0!*\'!

*,$',! (*0$+*D! RKKPS! 1'(2%! 1'(! *! =$A/,! +'24D/E! &*%! ,'-! :/-! (/4'(-/0C! <,! -#$%! &'()! *(/!

4('A$0/0! %-(.+-.(*D! $,1'(2*-$',%! 1'(! *,! *5+4! 5($0=/0! 'D$=',.+D/*(! +'24D/E! $,! 5'-#! (/0'E!

%-*-/%C! ;?;nWN$%R0$4#/,:D4#'%4#$,'S1/(('+/,/?! 0441?! &*%! .%/0! *%! *! +'D$=*,0! -'! %-*5$D$\/! -#/!

+'24D/E/%C!"#/!1$(%-!%-(.+-.(*D!$,1'(2*-$',!',!*!0$,.+D/*(!>.!+'24D/E!&$-#!*5+4!D$=*,0!$,!-#/!

(*0$+*D!1'(2!&*%!1'.,0!$,!*!D$-/(*-.(/!(/4'(-!5:!I*$2!/-!*De68iC!"#'.=#!+(:%-*DD'=(*4#$+!%-.0$/%!

*D',=!&$-#!+*D+.D*-$',%!$-!$%!4'%%$5D/!-'!+'24.-/!-#/!*\'!5',0!D/,=-#!$,!$-%!(/0.+/0!1'(2!5.-!

N
N

N

N
N

N

.- 2-

+e

-eCl
Cl

N
N

N

N
N

N

Cl
Cl N

N

N

N
N

N

Cl
Cl+e

-e

N
N

N

N
N

N

Ln
M

N
N

N

N
N

N

Ln
M

M
Ln

Cl

Cl
ClCl



!"#$%&'(1(

�

a`!

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

/A$0/,+/0!-#/!$%'D*-$',!'1!*!>.<W*54:!+'24D/E!$,!5'-#!1'(2%?!-#/!%-(.+-.(*D!0/-/(2$,*-$',!&*%!

',D:!4'%%$5D/!1'(!-#/!(*0$+*D!%4/+$/%e;6`iC!Q'DD'&$,=!*!=/,/(*D!%:,-#/-$+!('.-/!1'(!-#/!%:,-#/%$%!

'1!>.W*\'!+'24D/E?!$-!&*%!4'%%$5D/!-'!+#*(*+-/($\/!*!#/-/('-/-(*,.+D/*(!>.!+'24D/E!&$-#!*5+4!

*%!*!5($0=$,=!D$=*,0!*,0!0441!*%!*!+'D$=*,0C!"#/!%-(.+-.(*D!0/-/(2$,*-$',!*,0!'-#/(!*,*D:%$%!

(/A/*D/0! *! #/-/('-/-(*,.+D/*(! 0$*2*=,/-$+! +'24D/E?! Q/<<>.<W*5+4W>.<Q/<<! &$-#! .,W(/0.+/0!

*5+4C! "#/! 3$=,$1$+*,-! 0$11/(/,+/! 5/-&//,! -#/! 1$(%-! *,0! %/+',0! (/0.+-$',! 4'-/,-$*D%! '1! -#/!

+'24D/E!*DD'&/0!.%!-'!$%'D*-/!-#/!(*0$+*D!1'(2!'1!-#/!+'24D/E!5:!5.D)!/D/+-('D:%$%C!"#/!jW(*:!

0$11(*+-$',!%-.0:!'1!*!%$,=D/!+(:%-*D!'1! -#/!(*0$+*D! 1'(2!4('A$0/0! -#/!%-(.+-.(*D!0/-*$D%! $,! -#/!

(/0.+/0!1'(2!*%!&/DDC!

Q.(-#/(2'(/?! *! ,/&! *54:W5($0=/0! #/-/('0$,.+D/*(! >.<! +'24D/E! &*%! %:,-#/%$\/0! -'!

$,-('0.+/!*!0$11/(/,-!+'D$=*,0?!;?;nW5$%R0$W$%'4('4:D4#'%4#$,'S1/(('+/,/!R0$441SC!"#/!$0/*!&*%!

-'! %-.0:! ! -#/!/11/+-!'1!+'D$=*,0%!',!*\'!%:%-/2%! 1'(! -#/!4(/1/(/,-$*D! 1'(2*-$',!'1! (*0$+*D!'(!

,',W(*0$+*D! %4/+$/%C!"#/!+'24D/E!#*%!5//,!*,*D:\/0!5'-#! %4/+-('%+'4$+*DD:! *,0!%-(.+-.(*DD:!

1'(!+'24*($,=!&$-#!-#/!(/4'(-/0e;6^i!0441!*,*D'=./C!

1./.(@A8%"&B+B(#8:(;"#'#;%&'+C#%+98(

"#/! *5+4! D$=*,0e68i! *,0! -#/! 2/-*D! 4(/+.(%'(! +'24D/E! e>.R0441SR>T]>VS6iRNQ^S
e86i! &/(/!

%:,-#/%$\/0! *++'(0$,=! -'! D$-/(*-.(/! 4('+/0.(/%C!"#/! 0$*2*=,/-$+! #/-/('-/-(*,.+D/*(! +'24D/E!

&*%! %:,-#/%$\/0! 1('2! *! (/*+-$',! '1! *5+4! *,0! -#/! 2/-*D! 4(/+.(%'(! $,! *! ;t6! 2'D*(! (*-$'! $,!

0$+#D'('2/-#*,/C! "#/! =(//,! 0$*2*=,/-$+! +'24D/E! &*%! +#*(*+-/($\/0! 5:! ;T! *,0! ];F! VJP!

%4/+-('%+'4:C!G/-*$D/0! %:,-#/-$+! 4('+/0.(/%! *,0! +#*(*+-/($\*-$',! *(/! =$A/,! $,!LE4/($2/,-*D!

3/+-$',!"#/! 4/*)! *-!2o\!m! ;^_7C;! $,! -#/!2*%%! %4/+-(.2!&*%! 1'.,0! 1'(! -#/! %4/+$/%?! e)WTil!

R+*D+.D*-/0!2o\!m!;^8_C_^SC!

!

!

!

(

*+,-'&( 1./.).! 3:,-#/%$%! '1! -#/! #/-/('-/-(*,.+D/*(! 0$*2*=,/-$+! +'24D/E! eR�W

*5+4Sf>.R0441Sg6iRNQ^S6?!e)iRNQ^S6C!

N
N
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N
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K!%/D1W*%%/25D:!4('+/%%! $,! -#/!4(/%/,+/!'1! -#/!*\'WD$=*,0?! $,A'DA$,=!+'24('4'(-$',*-$',!'1!

>.7!*,0!>.<<?!$%!=/,/(*DD:!.-$D$\/0!-'!'5-*$,!(*0$+*D!0$,.+D/*(!+'24D/E/%e;6`iC!K!%$2$D*(!(/*+-$',!

4*-#&*:! 1'(! -#/!#/-/('-/-(*,.+D/*(! (*0$+*D!*5+4!+'24D/E!&*%! 1'.,0! -'!5/! $,/11/+-$A/!0./! -'!

-#/!1'(2*-$',!'1!*!2$E-.(/!'1!4('0.+-%!*,0!-#/!$,%-*5$D$-:!*-!#$=#/(!-/24/(*-.(/C!"'!$%'D*-/!-#/!

(*0$+*D!+'24D/E?!&/!#*A/!/24D':/0!*,!/D/+-('+#/2$+*D!/E4/($2/,-!$,!*(=',!*-2'%4#/(/C!"#/!

4*(*2*=,/-$+! +'24D/E!&*%! '5-*$,/0! 1('2! 5.D)! /D/+-('D:%$%! '1! -#/! 0$*2*=,/-$+! +'24D/E! *-!

2/(+.(:!&$-#!-#/!*44('4($*-/!*2'.,-!'1!0+!+.((/,-?!.%$,=!*,!/E+/%%!'1!N.^VNQ^!*%!/D/+-('D:-/!

$,! 0$+#D'('2/-#*,/C!K1-/(! +'24D/-/! /D/+-('D:%$%?! *%! $,0$+*-/0! 5:! -#/! 4'D*('=(*4#$+!2*E$2*!

RQ$=.(/!^C6C]S?!-#/!%'D.-$',!&*%!-*)/,!'.-!1('2!-#/!/D/+-('+#/2$+*D!+/DD?!2*$,-*$,$,=!*,!$,/(-!

*-2'%4#/(/?! *,0! -#/,! 0($/0! .,0/(! (/0.+/0! 4(/%%.(/! -'! :$/D0! *! 5('&,! %'D$0! '1! +'24D/E!

e)iRNQ^SC! "#/! %-*5$D$-:! '1! -#/! 1'(2/0! 4*(*2*=,/-$+! %.5%-*,+/! $,! %'D.-$',! &*%! +#/+)/0! 5:!

2/*%.($,=! 4'D*('=(*4#$+! &*A/%! *1-/(! +/(-*$,! $,-/(A*D%! RQ$=.(/! ^C6C^SC! K%! -#/! +'24D/E! &*%!

1'.,0!-'!5/!+',%$0/(*5D:!%-*5D/!$,!%'D.-$',!.,0/(!*(=',!*-2'%4#/(/?!(/4/*-/0!(/+(:%-*DD$\*-$',!

*-!W^v>!&*%!0',/!-'!(/2'A/!*DD!/E+/%%!'1!/D/+-('D:-/!-'!#*A/!*!4.(/!+(:%-*DD$,/!2*-/($*DC!

�

"#/!!

!

!

!

*+,-'&(1././.!LD/+-('+#/2$+*D!+',A/(%$',!'1!e)iRNQ^S6!-'!e)iRNQ^SC!

"#/! #/-/('-/-(*,.+D/*(! 4*(*2*=,/-$+! +'24D/E! +*-$',!&*%! +#*(*+-/($\/0! 5:! *! 4/*)! *-!2o\! m!

;^88C7`! $,! -#/! 2*%%! %4/+-(.2?! 2/*%.(/0! 5:! -#/! L3<! 2/-#'0! &$-#! 4'%$-$A/! $',! 4'D*($-:!

R+*D+.D*-/0!2o\!m!;^88C7`SC!!"#/!+'24D/E!&*%!+(:%-*DD$\/0!$,!$,/(-!*-2'%4#/(/!5:!D$k.$0!4#*%/!

0$11.%$',!'1!0(:!#/E*,/!-'!*!0$+#D'('2/-#*,/!%'D.-$',!'1!-#/!+'24D/EC!K1-/(!1/&!0*:%?!5('&,!

%$,=D/!+(:%-*D%!#*0!=('&,!$,%$0/!-#$,!=D*%%!-.5/%C!"#/!+/DD!4*(*2/-/(%?!+*D+.D*-/0!1('2!jW(*:!

0$11(*+-$',!0*-*?!&/(/!0$11/(/,-!1('2!-#'%/!'1!-#/!+(:%-*D%!'1!e)iRNQ^S6!*,0!&*%!$0/,-$1$/0!*%!*!

,/&!+(:%-*D!'1!*!0$11/(/,-!2'D/+.D*(!1'(2.D*C!K!0/-*$D/0!%-.0:!'1!-#/!+(:%-*D!%-(.+-.(/!$%!=$A/,!

$,!3/+-$',!^C]C;C!
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"#/!#/-/('0$,.+D/*(!+'24D/E?!eR�W*54:Sf>.R0$41S6giRNQ^S?!e/iRNQ^S!&*%!'5-*$,/0!5:!*!%$2$D*(!

4('+/0.(/%! 1'(! e)iRNQ^S6! 5.-! &$-#! *! ;t;!2$E-.(/! '1! *54:! *,0! -#/!2/-*D! 4(/+.(%'(! +'24D/E!

e>.R0$441SR>T]>VS6iRNQ^S! $,! 0$+#D'('2/-#*,/
e;6`iC! "#/! 0/-*$D/0! +#*(*+-/($\*-$',! $%! 5//,!

4('A$0/0!$,!-#/!LE4/($2/,-*D!3/+-$',C!

(

(

(

(

(

(

(

(

(

(

(

*+,-'&(1./.0.(F'D*('=(*4#:!'1!7C_^!2J!eR�W*5+4Sf>.R0441Sg6iRNQ^S6! e)iRNQ^S6! $,!>T6>D6! o!
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4*(*2*=,/-$+! #/-/('-/-(*,.+D/*(! +'24D/E! fRµW*5+4Se>.R0441S6i6g
Cl?! ! .%$,=! N.^VFQa! *%!

/D/+-('D:-/!$,!0$+#D'('2/-#*,/!*-!6_8!IC!"#/!$%'-('4$+!=!A*D./!2/*%.(/0!*-!6C77_;!$,0$+*-/0!*!

4(/0'2$,*,-D:! D$=*,0! +/,-(/0! LFP! %$=,*DC! K! A/(:! D$--D/! %#$1-! $,! =! A*D./! $%! '5%/(A/0! $,!

+'24*($%',!-'!-#/!(/0.+/0!1(//!*5+4!D$=*,0!R*5+4CW?!=m!6C77^;?!1('2!(/0.+-$',!&$-#!I!$,!"TQ!

%'D.-$',! *-! 6_8! IS! *,0! -#/! (/4'(-/0! 4*(*2*=,/-$+! +'24D/E?! fRµW*5+4Se>.RFF#]S6i6g
Cl! R=! m!

6C77b;SC! !"#$%!4('A/%! -#*-! -#/! 1$(%-!',/!/D/+-(',! (/0.+-$',!+'((/%4',0%! -'! -#/!*00$-$',!'1!*,!

/D/+-(',!$,!�s!2'D/+.D*(!'(5$-*D!'1!-#/!*\'W+/,-(/C!<,%.11$+$/,-!#:4/(1$,/!(/%'D.-$',!(/%-($+-/0!

+'24.-/(!%$2.D*-$',!-'!'5-*$,!$,0$A$0.*D!+'.4D$,=!+',%-*,-%!1('2!LFP!*+-$A/!,.+D/$$C!

!

(

(

(

(

(

*+,-'&(1.3.).(LFP!%4/+-(.2!'1!fRµW*5+4Se>.R0441S6i6g
Cl!$,!>T6>D6!o!7C;!J!N.^VFQaC(

(

1.4.(!98;F-B+98(

Q$(%-! %-(.+-.(*D! +#*(*+-/($\*-$',! '1! 5'-#! -#/! (*0$+*D! *,0! ,',W(*0$+*D! %-*-/%! '1! *! *\'W5($0=/0!

'D$=',.+D/*(! +'24D/E! #*A/! 5//,! (/4'(-/0! $,! -#$%! +#*4-/(C! K,! /D/+-('+#/2$+*D! 2/-#'0! #*%!

/,*5D/0! -#/! %:,-#/%$%! '1! *\'! *,$',! (*0$+*D! $,-/(2/0$*-/! 1('2! -#/! 0$*2*=,/-$+! %4/+$/%C! "#/!

#/-/('-/-(*,.+D/*(!0$*2*=,/-$+!+'24D/E!$%!*,!.,.%.*D!/E*24D/!%#'&$,=!1/(('+/,/!'E$0*-$',%!

*-!0$11/(/,-!4'-/,-$*D%?!#*A$,=!*!I+!A*D./!'1!;aCa!1'(! -#/!Q/
<<Q/<<<!2$E/0!A*D/,-! $,-/(2/0$*-/C!

"#/%/!-&'!%/4*(*-/!'E$0*-$',%!$,0$+*-/!-#*-!-#/!2/-*DW2/-*D!$,-/(*+-$',%!*-!*!D',=/(!0$%-*,+/!R!

�;6!uS! %-*5$D$\/%!Q/<<Q/<<<!2$E/0! A*D/,-! %4/+$/%! 0.($,=! -#/! /D/+-('+#/2$+*D! 4('+/%%C!>#*(=/!

-(*,%1/(!-(*,%$-$',%!$,!-#/!V<P!(/=$',!#*A/!5//,!%-.0$/0!&$-#!-#/!*$0!'1!%4/+-('/D/+-('+#/2$+*D!

/E4/($2/,-%C!"#/!/11/+-!'1!+'D$=*,0!',!*\'W2/-*D!5$,0$,=!$%!1'.,0!-'!5/!A/(:!D/%%!*%!%//,!1('2!

-#/!%-.0$/0!+(:%-*D!%-(.+-.(/?!/D/+-('+#/2$%-(:!*,0!%4/+-('/D/+-('+#/2$%-(:C(

330 335 340 345 350 355 360

B / mT
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��

(

2.).(78%'9:-;%+98(

b?b?8?8?W"/-(*+:*,'WpW5/,\'k.$,'0$2/-#*,/?!">Vh?!*,0!$-%!0/($A*-$A/%!+',-$,./!-'!5/!

*44D$/0! $,! -#/! +',%-(.+-$',! '1! ,/&! 2*-/($*D%! &$-#! %4/+$*D! '4-$+*D?! /D/+-($+*D! *,0! 2*=,/-$+!

4('4/(-$/%e]^W]b?!;6_W;]6iC!<,!*00$-$',!-'!D*:/(/0!%:%-/2%!*,0!+''(0$,*-$',!4'D:2/(%e;6_W;]8i?!-#/(/!

#*A/!*D%'!5//,!(/4'(-%!'1!0$%+(/-/!+'24D/E/%!&$-#!0$11/(/,-!,.+D/*($-:!&#$+#!&/(/!%.5O/+-/0!-'!

4#:%$+*D! +#*(*+-/($\*-$',e]^iC!>''(0$,*-$A/! %*-.(*-$',! $,! -/-(*,.+D/*(! +'24D/E/%! eRr^W">VhS!

RJM,S^i! &*%! 0/%+($5/0! $,! *! 0$+#'-'2'.%! 1*%#$',?! $,A'DA$,=! /$-#/(! D$--D/
e]a?;^7i! '(! /E-/,%$A/!!!

e;^;W;^^i! $,-(*2'D/+.D*(! /D/+-(',! -(*,%1/(?! +'((/%4',0$,=! -'! $,,'+/,-! '(! ,',W$,,'+/,-!

5/#*A$'.(e;^`i! '1! -#/! ">Vh! 5($0=$,=! D$=*,0! -'&*(0%! 0$11/(/,-! )$,0%! '1! 2/-*D! +'24D/E!

1(*=2/,-%?!JM,C!<,!'(0/(!-'!4('5/!%.+#!/11/+-%!$,!2'(/!0/-*$D!1('2!-#/!D$=*,0!%$0/?!<!#*A/!,'&!

4(/4*(/0! *,0! *,*D:\/0! $,! *! +'24*(*-$A/! &*:! -#/! ">VhQ^! *,*D'=./! feRr^W">VhQ^SW

P.RVT]S`i^gRFQaS8! Re)iRFQaS8S!'1! -#/!&/DD! $,A/%-$=*-/0
e]^?]ai!fRr^W">VhS! eP.RVT]S`i^gRFQaS8!

Re/iRFQaS8SC!"#/!$,0.+-$A/!/11/+-%!'1!1'.(!1D.'($,/!%.5%-$-./,-%!2*)/!">VhQ^!*,!/A/,!%-(',=/(!

�!*++/4-'(!-#*,!">Vh?!-#/!4'-/,-$*D%!1'(!-#/!1$(%-!(/0.+-$',!'1!-#/!1(//!D$=*,0%!*(/!7C;]!*,0!W

7C6`! c! A%C! 1/(('+/,$.2o1/(('+/,/C! Q'(! +'24*($%',! &$-#! -#/! ">Vh! 4*(/,-! -#/! ,/&! fRr^W

">VhQ^SeP.RVT]S`i^gRFQaS8! $%! +#*(*+-/($\/0! 5:! +:+D$+! A'D-*22/-(:?! <P?!@cWc<3WV<P! *,0!

LFP!%4/+-('/D/+-('+#/2$%-(:C!!

(

2./.(@A8%"&B+B(#8:(;"#'#;%&'+C#%+98(

"#/! =(//,! 0$%+(/-/! -/-(*,.+D/*(! 0$*2*=,/-$+! +'24D/E?! fRr^W">VhQ^S!

eP.RVT]S`i^gRFQaS8?! &*%! 1'(2/0! 1('2! *! (/*+-$',! '1! 1'.(! /k.$A*D/,-%! 1(/%#D:! 4(/4*(/0!

eP.<<RVT]S`RT6XSi>D6! *,0! ',/! /k.$A*D/,-! ">VhQ^! $,! 0/'E:=/,*-/0!T6X! oK+/-',/!2$E-.(/!

.,0/(!/E+D.%$A/!*(=',!*-2'%4#/(/!RQ$=.(/!`C6C;SC!KDD!-#/!%4/+-('%+'4$+!2/*%.(/2/,-%!'1!-#/!

#$=#D:! *$(W%/,%$-$A/! -/-(*,.+D/*(! +'24D/E! &*%! +*(($/0! '.-! $,! *5%/,+/! '1! 'E:=/,C! "#/!

0$*2*=,/-$+! +'24D/E! &*%! $0/,-$1$/0! 1('2! $-%! ;TW! *,0! ;_QWVJP! %4/+-(*C! "&'! %$,=D/-! D$,/%!
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&/(/!1'.,0!*-!6Cb_!*,0!]C;_!442!$,!-#/!;TWVJP!%4/+-(.2!1'(!-#/!*E$*D!*,0!/k.*-'($*D!VT]!

4('-',%C! "#/! 5('*0! ;_Q! %$=,*D! 1('2! 1'.(! 1D.'($,/! *-'2%! '1! -#/! 6?]?`?aW-/-(*1D.'('Wb?b?8?8W

-/-(*+:*,'WpWk.$,'0$2/-#*,/! R">VhQ^S! .,$-! &*%! '5%/(A/0! *-! W;^bC87! 442! *,0! *! 0'.5D/-!

%$=,*D!&$-#!b;7!T\!+'.4D$,=!+',%-*,-!R1JP-FS!1'(!-#/!+'.,-/(!*,$',%?!FQa?!&*%!1'.,0!*-!Wb;C;;!

442C!!

FF

FF

N

N

N

N

FF

FF

N

N

N

N

Ru(NH3)5

Ru(NH3)5(H3N)5Ru

(H3N)5Ru

(PF6)8

[Ru(NH3)5Cl]Cl2

Zn-Hg in H2O

Stirring 1h, filter

Acetone, NH4PF6

!

*+,-'&(2./.).!3:,-#/%$%!'1!-#/!-/-(*,.+D/*(!+'24D/E!

<,!-#/!<P!%4/+-(.2?!-&'!A$5(*-$',*D!5*,0%!*(/!/E4/+-/0!1'(!-#/!-/-(*,.+D/*(!+'24D/E!1('2!-#/!

0$11/(/,-! 2'0/%! '1! +:*,'! %-(/-+#$,=C! "#/! 2/*%.(/0! <P! %4/+-(.2! $,! >T]>V! %#'&/0! -#/!

/E4/+-/0!5*,0%!*-!6;^_!*,0!67__!+2W;!&$-#!#$=#/(!$,-/,%$-:!1'(!-#/!D'&/(!/,/(=:!5*,0C!K!D',=!

&*A/D/,=-#?!5('*0!5*,0!*-!;766!,2!&*%!'5%/(A/0!$,!-#/!@cWc$%WV<P!%4/+-(.2!R2/*%.(/0!$,!

0/=*%%/0!>T]>VS?!1'(! -#/!0$*2*=,/-$+! -/-(*,.+D/*(!+'24D/EC!"#/!,.25/(!'1!+'.,-/(!*,$',%!

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

2'D/+.D/!$,!-#/!1'(2.D*S!5.-!*D%'!1('2!$-%!%4/+-('%+'4$+!0*-*C!

2.0.(!A;F+;(T9F%#EE&%'A(

( "#/!+:+D$+!A'D-*22'=(*2!2/*%.(/0! $,!>T]>V!o!7C;!J!N.^VFQa! (/A/*D/0! /E4/+-/0!

-&'! (/0.+-$',%! RW7C^`! *,0! W7Caa! cS! *-! D'&/(! 4'-/,-$*D%! +'24*(/0! -'! -#/! ,',W1D.'($,*-/0!

*,*D'=./!RW7C`_?!W7C8^!cSC! <,%-/*0!'1!#*A$,=!-&'!'E$0*-$',!&*A/%!$,!-#/!4(/A$'.%D:!(/4'(-/0!

,',W1D.'($,*-/0! 0/($A*-$A/?! $-! %#'&/0!',D:! ',/! -&'W/D/+-(',! (/A/(%$5D/! 'E$0*-$',!&*A/!&$-#!

(/D*-$A/D:!D'&/(!4'%$-$A/!4'-/,-$*D!RQ$=.(/!`C]C;SC!"#/!',/!%-/4!-&'W/D/+-(',!'E$0*-$',!D/*0%!-'!

-#/! 1'(2*-$',! '1! *! R;7lS! %4/+$/%! *-! l7C7b! cC! N'-#! -#/! 'E$0*-$',! *,0! (/0.+-$',%! *-! *!

+'24*(*-$A/D:! D'&/(! 4'-/,-$*D! +D/*(D:! $,0$+*-/! 1'(! *,! *44(/+$*5D/! *2'.,-! '1! +#*(=/! -(*,%1/(!

1('2! -#/! 1'.(! P.<<! +/,-/(%! -'! -#/! /D/+-(',W0/1$+$/,-! �W+',O.=*-/0! ">VhQ^! 2'$/-:C! "#/!

%.5%-$-.-$',!'1!">Vh!5:!1'.(!%-(',=!/D/+-(',!&$-#0(*&$,=!1D.'($,/!*-'2%?!#*%!0/+(/*%/0!-#/!

0$11/(/,+/!5/-&//,!-#/!'E$0*-$',!*,0!1$(%-!(/0.+-$',!4'-/,-$*D%!5:!7C6a!c?!D/*0$,=!-'!*!%2*DD/(!

+'24('4'(-$',*-$',! +',%-*,-! RKc = aC`x;78S! 1'(! -#/! $%'D*-/0! R8lS! 1'(2C! "#/! /11/+-! '1! -#/!

%.5%-$-.-$',!&*%! 1'.,0! -'!5/!2'(/!4('2$%$,=!',! -#/!'E$0*-$',!*,0! 1$(%-! (/0.+-$',!4('+/%%/%!
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5.-!+'24*(*-$A/D:!D/%%!',!-#/!%/+',0!(/0.+-$',C!"#/!%/+',0!(/0.+-$',!&*%!4'%$-$A/D:!%#$1-/0!

5:!7C;8!c!*,0! -#/!0$11/(/,+/!5/-&//,! 1$(%-! *,0! %/+',0! (/0.+-$',!4'-/,-$*D! 5:!7C6;!cC!K%! *!

(/%.D-?!-#/!+'24('4'(-$',*-$',!+',%-*,-!1'(!-#/!/D/+-('=/,/(*-/0!RblS!1'(2!&*%!1'.,0!D/%%!-#*,!

-#/! ,',W1D.'($,*-/0! *,*D'=./C! KDD! -#/! /D/+-('+#/2$+*D! 0*-*! '1! -#/! '5-*$,/0! -/-(*,.+D/*(!

+'24D/E!#*A/!5//,!=$A/,!$,!+'24*($%',!-'!-#/!,',W1D.'($,*-/0!%4/+$/%!$,!"*5D/!`C`C;C!

(

!

!

!

!

!

!

*+,-'&( 2.0.).( >:+D$+! A'D-*22'=(*2! '1! feP.RVT]S`i^Rr^W">VhQ^SgRFQaS8! 2/*%.(/0! $,!

>T]>V!o!7C;!J!N.^VFQa!*-!(''2!-/24/(*-.(/!&$-#!;77!2co%!%+*,C!

(

(

2.1.(7[(B$&;%'9&F&;%'9;"&E+B%'A!

"#/!+'24D/E! $',! R8lS! /E#$5$-%! $,! -#/! $,1(*(/0!%4/+-(.2!/E4/+-/0! -&'!>WV!%-(/-+#$,=!5*,0%!

Rc$5(*-$',*D!2'0/%!N;.?!N6.! $,!G6#!%:22/-(:S
e;^a?;^bi!*-!6;a6!R2S!*,0!67_6!R%S!+2W;! RQ$=.(/!

`C^C;SC! 3$2$D*(! %4/+-(.2! R5*,0%! 2*E$2*! 6;``?! 67__! +2W;S! &*%! 1'.,0! 1'(! -#/! 1D.'($0/W

.,%.5%-$-.-/0!*,*D'=./e]aiC!X,/W/D/+-(',!(/0.+-$',!'1!-#/!+'24D/E!D/*0%!-'!*!%D$=#-!%#$1-!'1!-#/!

5*,0%!2*E$2*!-'!D'&/(!&*A/!,.25/(%?!6;^b!*,0!678]!+2W;!RQ$=.(/!`C^C;SC!V'-$+/*5D/!$%!-#*-!

-#/! $,-/,%$-$/%! '1! -#/! 5*,0%! *(/! $,A/(-/0! ',! (/0.+-$',C! "#/! D*(=/! $,-/,%$-:! '1! -#/! 5*,0! *-!

6;^b!+2W;! $,0$+*-/%! *! #$=#/(! 0$4'D/!2'2/,-! +#*,=/! $,! -#/! \W*E$%! R2'0/!N;.S! *,0! *! 4*(-$*D!

+#*,=/0!=/'2/-(:!$,!-#/!(/0.+/0!%-*-/C!K!2'(/!$,-/,%/!#$=#/(W1(/k./,+:!5*,0!&*%!'5%/(A/0!

/$-#/(!$,!-#/!/D/+-('+#/2$+*DD:!=/,/(*-/0!*,$',!">VhW!'(!$,!*!%'D.-$',!'1!M$">Vhe;^ai!-''C!

!!
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!

*+,-'&( 2.1.).( <P! %4/+-('/D/+-('+#/2$%-(:! 1'(! -#/! 1$(%-! (/0.+-$',! 4('+/%%! $,!>T]>V! o! 7C;!J!

N.^VFQa!*-!6_8!I!

"#/! %/+',0! (/0.+-$',! R-'! al! %-*-/?! Q$=.(/! `C^C6S! (/%.D-%! $,! *! %-(',=! 0/+(/*%/! '1! -#/! 5*,0%!

$,-/,%$-$/%! *,0! $,! *! %#$1-! -'! #$=#/(! 1(/k./,+$/%?! 6;8a! *,0! 6;`]! +2W;C! "#/! '5A$'.%!

%-(/,=-#/,$,=! '1! -#/! >WV! 5',0%! +*,! 5/! /E4D*$,/0! 5:! *! 0/+(/*%/0! '(! *5%/,-! 0/D'+*D$\*-$',!

*2',=!2/-*D%!*,0!D$=*,0%!$,!-#/!0'.5D/W(/0.+/0!%-*-/e]aiC!

!

!

!

!

!

!

(

(

(

*+,-'&(2.1./.(<P!%4/+-('/D/+-('+#/2$+*D!%/+',0!(/0.+-$',!$,!>T]>V!o!7C;!J!N.^VFQa!*-!6_8!

IC!
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"#/! $,1(*(/0! %4/+-(.2! RQ$=.(/! `C^C]S! '5-*$,/0! ',! *! -&'! /D/+-(',! 'E$0*-$',! '1! -#/! +'24D/E!

%#'&%!*!5*0!(/%4',%/!+',%$%-$,=!1('2!A$5(*-$',*D!5*,0%!*,0!*,!$,+(/*%/0!*5%'(4-$',!'A/(!-#/!

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

0/D'+*D$\/0! %:%-/2C!J/(=$,=! '1! -#/! /D/+-(',W-(*,%1/(! 5*,0%! *,0! A$5(*-$',*D! 5*,0%!2*)/! -#/!

/E*+-!0/-/(2$,*-$',!'1!-#/!5*,0%!2*E$2*!0$11$+.D-C!K44*(/,-D:!'A/(D*44$,=!5*,0%!'++.(!$,!-#/!

>WV! %-(/-+#$,=! (/=$',! *('.,0! 6;77! +2W;}! $,! +'24*($%',?! *! &/*)! 5*,0! 67aa! +2W;! *,0! *!

%#'.D0/(! 6;^6! +2W;! &*%! 0/-/+-/0! 1'(! -#/! -&'! /D/+-(',! 'E$0$\/0! ">Vh! *,*D'=./C! "#/! <P!

%4/+-('/D/+-('+#/2$+*D! 0*-*! '1! -#/! +'24D/E! $%! =$A/,! $,! "*5D/! `C`C6! $,! +'24*($%',! -'! -#/!

1D.'($,/!.,%.5%-$-.-/0!*,*D'=./C!

!

!

!

!

!

!

(

*+,-'&(2.1.0.(<P!%4/+-('/D/+-('+#/2$+*D!-&'W/D/+-(',!'E$0*-$',!$,!>T]>V!o!7C;!J!N.^VFQa!*-!

6_8!IC!

(

2.2.(XYHY+BH_7[(B$&;%'9&F&;%'9;"&E+B%'A(

@cWc$%WV<P!%4/+-('/D/+-('+#/2$%-(:!&*%!4/(1'(2/0!1'(!-#/!-/-(*,.+D/*(!+'24D/E!$,!>T]>V!o!

7C;!J! N.^VFQa! *-! (''2! -/24/(*-.(/C! "#/! +'24D/E! $,! R8lS! 1'(2! %#'&/0! ',/! 5('*0?! A/(:!

$,-/,%/!5*,0!RQ$=.(/!`C`C;S!$,!-#/!V<P!(/=$',!*-!;;7]!,2!R�!m!^^^77!02]!2'DW;!+2W;SC!<,!-#/!

*,*D'='.%! feP.RVT]S`i^Rr^W">VhSgRFQaS8! +'24D/E
e]ai?! -#/! +'((/%4',0$,=! V<P! 5*,0! &*%!

1'.,0!*-!_]`!,2C!"#/!5*-#'+#('2$+!%#$1-!'1!-#/!V<P!5*,0!5:!;a8!,2!#*%!'++.((/0!0./!-'!-#/!

4(/%/,+/! '1! /D/+-(',! 0/1$+$/,-! ">VhQ^C! "#/! ',/W/D/+-(',! (/0.+-$',! -'! RblS! %4/+$/%! &*%!

+#*(*+-/($\/0! 5:! *! ,/&!V<P! 5*,0! *-! ;866! ,2! RQ$=.(/! `C`C;SC! "#/! $,-/,%$-:! '1! -#/! 5*,0! *-!

;;7]!,2!$,!-#/!R8lS!1'(2!&*%!0/+(/*%/0!*,0!%4D$--/0!-'!-&'!%#'.D0/(%!*-!;^a6!*,0!;;_;!,2C!
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J'%-!D$)/D:?!-#/%/!-&'!%#'.D0/(%!*44/*(/0!0./!-'!-#/!A$5(*-$',*D!%4D$--$,=!'1!-#/!4*(/,-!5*,0C!

"#/!%4/+-(.2!'1!-#/!',/!/D/+-(',!(/0.+/0!%4/+$/%!RblS!RQ$=.(/!`C`C;S!%#'&/0!-#/!0/+(/*%/!$,!

$,-/,%$-:! *,0! -#/! %#$1-! '1! -#/! D',=W&*A/D/,=-#! +#*(=/! -(*,%1/(! 5*,0%! -'&*(0%! -#/! #$=#/(!

&*A/D/,=-#C!

!

�

�

�

�

�

�

(

*+,-'&(2.2.).(@cWc$%WV<P!%4/+-('/D/+-('+#/2$%-(:! !1'(!-#/!1$(%-!(/0.+-$',!$,!>T]>V!o!7C;!J!

N.^VFQaC(

X,! %/+',0! (/0.+-$',! -'! RalS! 1'(2?! -#/! D',=! &*A/D/,=-#! +#*(=/! -(*,%1/(! 5*,0%! 0$%*44/*(/0!

+'24D/-/D:! RQ$=.(/! `C`C6SC! "#/! %$2$D*(! '5%/(A*-$',! &*%! *D%'! 1'.,0! 1'(! -#/! ,',W1D.'($,*-/0!

*,*D'=./%C!(

�

�

�

�

�

(

(

*+,-'&(2.2./.(@cWc$%WV<P!%4/+-('/D/+-('+#/2$%-(:!1'(!-#/!%/+',0!(/0.+-$',!$,!>T]>V!o!7C;!J!

N.^VFQaC!
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�

8b!

X,! -&'W/D/+-(',! 'E$0*-$',! -'! -#/! R;7lS! %4/+$/%?! -#/! +#*(=/! -(*,%1/(! 5*,0! $%! %#$1-/0!

#:4%'+#('2$+*DD:!-'!887!,2!*,0!-#/!$,-/,%$-:!'1!-#/!+#*(=/!-(*,%1/(!-(*,%$-$',!$%!*D%'!D'&/(/0!

RQ$=.(/!`C`C]SC!"#/!'E$0*-$',!'1!-#/!,',W1D.'($,*-/0!+'24D/E!+*.%/%!-#/!$,-/,%$-:!0/+(/*%/!'1!

-#/!4*(/,-!5*,0!*-!_]`!,2!*,0!*!,/&!5*,0!*($%/%!*-!;;b7!,2C!KDD!%4/+-('%+'4$+!0*-*!'1!-#/!

,*-$A/! 0$*2*=,/-$+! %4/+$/%! *,0! *D%'! '1! -#/! /D/+-('=/,/(*-/0! 'E$0$\/0! *,0! (/0.+/0! %4/+$/%!

#*A/!5//,!4('A$0/0!R"*5D/!`C`C;S!1'(!-#/!+'24*($%',!&$-#!-#/!1D.'($,/W.,%.5%-$-.-/0!%4/+$/%C!

C!

!

�

�

�

�

�

�

�

(

*+,-'&(2.2.0.(@cWc$%WV<P! %4/+-('/D/+-('+#/2$%-(:! 1'(! -#/! -&'!/D/+-(',! 'E$0*-$',!4('+/%%! $,!

>T]>V!o!7C;!J!N.^VFQaC!

(

(

(

(

(

(

(

(
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P#QF&(2.2.).(>'24*($%',!'1!/D/+-('+#/2$+*D!*,0!%4/+-('%+'4$+!0*-*C(

( e)iRFQaS8! e/iRFQaS8
e]ai!

L;o6!R'E!;S!oc!R�L!o!2AS!
*! l7C7b!R;68S! l7C;_!Ra7S!

L;o6!R'E!6S!oc!R�L!o!2AS!
*! ,C'C! l7Ca^!R;;7S!

L;o6!R(/0!;S!oc!R�L!o!2AS!
*! W7C^`!R;aaS! W7C`_!R;7`S!

L;o6!R(/0!6S!oc!R�L!o!2AS!
*! W7Caa!R;;8S! W7C8^!R87S(

�>V!o!+2
W;!5! ! !

P.^">Vj
;7l! 6;a6!R&S?!67__!R&S! 6;^6!R%#S?!67aa!

P.^">Vj
8l! 6;a6!R2S?!67_6!R%S! 6;``!R%S?!67__!RA%S(

P.^">Vj
bl! 6;^b!RA%S?!678]!R%S! 6;`^!R2S?!67__!R&S!

P.^">Vj
al! 6;`]!R&S?!6;8aRA&S! 6;b^!R&S?!6;]6!R&S!

�!o!,2!5!

R�!$,!;7W]02]!2'DW;!+2W;S!

! (

P.^">Vj
;7l! 887!R6]C78S?!68a!R6_C77S! ;;b7!R68C8^S?!_]`!R66C]_S?!^`^!

R`Ca6S?!6bb!R66C]_S(

P.^">Vj
8l! ;;7]!R^^C^7}!��|!^7]7!+2

W;!+S?

]8]!R8Cb8S?!6b]!R]]C_8S!

_]`!R`7C;6}!��|!]6a7!+2
W;!+S?!

]a7!R;7C_aS?!6ab!R]`C^8S(

P.^">Vj
bl! ;866!R6]C^8S?!;^a6!R%#S?!

;;_;!R%#S?!^8]!R;;C87S?!

;`a;!R6;C88S?!;];`!R;]C;8S?!_;8!

R;aC_8S?!^a7!R;7C^bS?!^67!

P.^">Vj
al! a^;!R%#}!6C]^S?!^_7!R]C]]S?!

]a_!R6bCa7S?!6a;!R^aCaaS!

a;7!RaC_6S?!]`7!R;`C;^S?!6`8!

R]bC;`S(

I+!RblS?!I+!R8lS! ]Ca!x!;7]?!aC`!x!;78! 6!x!;7^?!;Cb!x!;7;]!

=!RblS! 6C7^b!0! =!m!6C7;_!/!

*Q('2! +:+D$+! A'D-*22/-(:! $,! 7C;! J! N.^VFQa! %'D.-$',! *-! ;77! 2c! o%C!
5Q('2!

%4/+-('/D/+-('+#/2$%-(:!$,!*+/-',$-($D/!o7CD!J!N.^VFQa.(
+
��|t!N*,0!&$0-#!*-!#*D1!#/$=#-C!

0LFP!
0*-*!1'(!efP.RVT]S`g^R�^W">VhQ^Si

bl!$,!*+/-',$-($D/!o7C;!J!N.^VFQa!%'D.-$',!*-!;;7!IC!
/LFP!

0*-*!1'(!efP.RVT]S`g^R�^W">VhSi
bl!$,!!*+/-',$-($D/!%'D.-$',!5/-&//,!]!*,0!^!IC!
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�

8_!

2.3.(SR[(B$&;%'9B;9$A!

LFP! %$=,*D! &*%! ,'-! 0/-/+-/0! 1'(! R8lS! %4/+$/%! $,! >T]>V! %'D.-$',! *-! ;;7! I! 0./! -'! $-%!

0$*2*=,/-$+!,*-.(/C!"#/!LFP!%4/+-(.2!&*%!2/*%.(/0! 1'(! -#/! insitu!=/,/(*-/0!',/W/D/+-(',!

(/0.+/0!%4/+$/%C!"#/!RblS!%4/+$/%!=*A/!*!5('*0!LFP!%$=,*D!&$-#!6C7`!2"!4/*)W!-'!W4/*)!D$,/!

&$0-#C!M*(=/(!/E-/,-!2$E$,=!'1!-#/!P.<<!+/,-(/0!TXJX!-'!-#/!M@JX!R">VhQ^S!#*%!,'-!',D:!

5//,! (/1D/+-/0! $,! -#/$(! (/0'E! 4'-/,-$*D%! 5.-! *D%'! $,! -#/! =! A*D./! 0/-/(2$,/0! 1'(! -#/!

/D/+-('+#/2$+*DD:! =/,/(*-/0! RblS! %4/+$/%C! "#/! LFP! %$=,*D! 2/*%.(/0! $,! >T]>V! o! 7C;! J!

N.^VFQa! *-! ;;7I! %#'&/0! -#/! =! A*D./! *-! 6C7^b! &#/(/*%! $-! &*%! 1'.,0! *-! 6C7;_! 1'(! -#/!

4(/A$'.%D:!(/4'(-/0!">Vh!*,*D'=./e]aiC!3'!$-!$%!+D/*(!-#*-!-#/!1D.'($,*-/0!0/($A*-$A/!#*%!2'(/!

2/-*D! +',-($5.-$',! -'! -#/! %$,=D:! '++.4$/0! JX! R3XJXS! +'24*(/0! -'! -#/! ,',W1D.'($,*-/0!

%4/+$/%C!!

!

!

!

!

*+,-'(2.3.).(jW5*,0(LFP!%4/+-(*!'1!efP.RVT]S`g^R�^W">VhQ^Si
bl!$,!>T]>V!o!7C;!J!N.^VFQa!

*-!;;7!IC!

2.4.(!98;F-B+98!

"#/! -/-(*(.-#/,$.2! +'24D/E! feP.RVT]S`i^Rr^W">VhQ^SgRFQaS8?! ">VhQ^! m! 6?]?`?aW

-/-(*1D.'('Wb?b?8?8?W-/-(*+:*,'WpW5/,\'k.$,'0$2/-#*,/?! &*%! '5-*$,/0! *,0! %-.0$/0! 5:! +:+D$+!

A'D-*22/-(:?! <P?! @cWc<3WV<P! *,0! LFP! %4/+-('/D/+-('+#/2$%-(:C! LE4/+-/0D:?! -#/! 5/--/(! �!

*++/4-'(! k.*D$-$/%! '1! ">VhQ^! $,! +'24*($%',! -'!">Vh! +*.%/!2'(/! *++/%%$5D/! (/0.+-$',! -'!

4('0.+/! feP.RVT]S`i^Rr^W">VhQ^Sg
bl! &$-#! /,#*,+/0! 2/-*D! +',-($5.-$',! -'! -#/! %$,=D:!

'++.4$/0! JX! *,0! D'&W/,/(=:! %#$1-/0! <P! A$5(*-$',*D! *,0! V<P! /D/+-(',$+! *5%'(4-$',%C!

T'&/A/(?!-#/!-&'W/D/+-(',!'E$0*-$',!-'!-#/!R;7lS!$',!$%!*D%'!1*+$D$-*-/0C!"#/!(/*%',!$%!%//,!$,!

*! 2'(/! 2/-*D! +/,-/(/0! 'E$0*-$',! 1'(! -#/! ">VhQ^! +'24D/E! &#$D/! -#/! 4(/A$'.%D:! %-.0$/0!

">Vh!*,*D'=./!$%!*%%.2/0!-'!.,0/(='!*!#$=#/(!0/=(//!'1!'E$0*-$',!*-!-#/!5($0=$,=!D$=*,0C!K%!

*!(/%.D-?!-#/!-$-D/!%4/+$/%!#*%!*!(/0'E!4'-/,-$*D!(*,=/!'1!',D:!7C`;!c?!$,0$+*-$,=!*!%$=,$1$+*,-D:!

0$2$,$%#/0!TXJXWM@JX!0$11/(/,+/C(
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��������	�


�������� ������� ���������� ����� �� �������������

����� ��� ��������� ���� ��������� ��������� �������� � !�

����������"��������������������������������������

(

3.).(78%'9:-;%+98(

(

"#/! �W+',O.=*-/0! -/-(*+:*,'! %:%-/2%! ">Vj! R">VL! m! -/-(*+:*,'/-#/,/?! ">Vh! m!

b?b?8?8W-/-(*+:*,'k.$,'0$2/-#*,/?! ">VN! m! ;?6?^?`W-/-(*+:*,'5/,\/,/S! *(/! A/(:! .%/1.D! *,0!

A/(%*-$D/! D$=*,0%! $,! +''(0$,*-$',! +#/2$%-(:! 1'(!�o�W! -:4/! +''(0$,*-$',?! 1'(! -#/$(! -/,0/,+:! -'!

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

*,0! 2*=,/-$+! 4('4/(-$/%e]^?^^?^a?;]_?;^;?;^`?;^8?;^_iC! P$+#! /D/+-(',$+! *,0! 2*=,/-$+! 4('4/(-$/%! '1!

">Vj! +'24D/E/%! *($%/! 0./! -'! 1*+$D/! (/0.+-$',! '1! ">Vj! %:%-/2! -'! (*0$+*D! R">Vj�WS! '(!

0$*,$',$+! R">Vj6WS! 1'(2%C! L*+#! %$,=D/! ">Vj! 2'D/+.D/! +*,! 5($0=/! .4! -'! 1'.(! 2/-*D!

1(*=2/,-%! -#('.=#! �W0','(! +:*,'W,$-('=/,%! '(! �! /D/+-(',! 0/,%$-:! R�;?! �6! �]?! �^! *,0! �
6SC!

"(*,%$-$',!2/-*D!+#/2$%-(:!&$-#!">VL!*,0!">Vh!$%!5/$,=!2'%-!$24'(-*,-!0./!-'!-#/!%-(',=!

�W4'D*($\*-$',! /11/+-! *,0! -#/! �W5*+)! 0',*-$',! 4('4/(-:! '1! 0W/D/+-(',! ($+#! -(*,%$-$',! 2/-*D!

+/,-/(%! *,0! -#/! 1*+$D/! /D/+-(',!.4-*)/!5:!">VL!*,0!">Vh!$,! -#/$(! D'&! D:$,=!�s!2'D/+.D*(!

'(5$-*DC!X1-/,?!/D/+-(',W($+#!2/-*D!1(*=2/,-%!$,A'DA/!/D/+-(',!-(*,%1/(!4('+/%%!&#/,!5'.,0!-'!

">Vj! %:%-/2?! (/%.D-$,=! $,! $,-/(/%-$,=! 2*=,/-$+! *,0! /D/+-(',$+! 5/#*A$'.(C! K('2*-$+! *,0!

&/*)/(! �! *++/4-$,=! ">VN! %/(A/%! *%! *! 4'-/,-$*D! +*,0$0*-/! 1'(! -#/! %-*5$D$\*-$',! '1! 2/-*D!

+'24D/E/%! #*A$,=! ,',W(/0.+/0! Rp$,,'+/,-qS! ">VN?! *DD'&$,=! -#/! %-.0$/%! '1! 2/-*DW">VN!

$,-/(*+-$',%! $,! -#/! 0/%$(/0! (/0'E! %-*-/e;`7i! C! ">VN! $%! *D%'!&$0/D:! .%/0! *%! *! 4%/.0'W%k.*(/W

4D*,*(!5.$D0$,=!5D'+)!1'(! -#/!+',%-(.+-$',!'1!%/D1W*%%/25D/0!,/-&'()!%-(.+-.(/%e^b?^8iC!X,D:!*!

1/&!(/4'(-%!',!%-(.+-.(*D!$,A/%-$=*-$',%!'1!-(*,%$-$',!2/-*DW">VN!+'24D/E/%!*(/!1'.,0!$,!-#/!

D$-/(*-.(/e^b?^8?;`;iC!

!

!

!!!!!!!!

"/-(*+:*,'/-#/,/! b?b?8?8W-/-(*+:*,'WpWk.$,'0$2/-#*,/! ;?6?^?`W-/-(*+:*,'5/,\/,/!

R">VLS! ! ! ! R">VhS! ! ! ! R">VNS!

!

N

NN

N

1

2
3

4

5
6N

N

N

N

N

N

N

N
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!

_;!

">VN! +*,! #*A/! A*($'.%! �W5($0=$,=! 2'0/%! R�;W^S! -'! 2/-*D! +/,-/(%C! "'! -#/! 5/%-! '1! '.(!

),'&D/0=/!-#/(/!*(/!,'!(/4'(-%!',!*!�W5',0/0!2/-*D!+'24D/EC!K2',=!-#/!5$,0$,=!2'0/%?!�;?!

�]?!�^!*,0!�
a!+*,!#*A/!',D:!',/!-:4/!'1!+''(0$,*-$',!-'!-#/!2/-*D!+/,-/(%!&#/(/*%!�6!+*,!#*A/!

-#(//!0$11/(/,-! +''(0$,*-$',!�6! R;?6S?!�6! R;?]S?!�6! R;?^S?! 0/4/,0$,=!',! -#/!2/-*D! 4'%$-$',%!'1!

+''(0$,*-$,=!�W0','(!*-'2%C!!

!

!

!

!�)! ! ! ! �/(L)N/S! ! ! ! �/(L)N0=!

0V;WV6!�!^!u! ! ! ! 0V;WV`!�!b!u!

!

!

�/(L)N1=! ! ! ! �0!! ! ! ! ! �1!

0V;WV^!�!8!u!

CN

CN

NC

CN

MLn

(

�HQ+8:+8,(E9:&(

(

*+,-'&(3.).).!F'%%$5D/!5$,0$,=!2'0/%!*,0!0$%-*,+/%!5/-&//,!�W0','(!*-'2%!'1!">VN!

!

G$%-*,+/%! 5/-&//,! +''(0$,*-$,=! +:*,'W,$-('=/,! *-'2%! ='A/(,! -#/! +#*(*+-/($%-$+%! '1! -#/!

*%%/25D/0!%-(.+-.(/%C!"#/%/!-#(//!-:4/%!'1!�6!5$,0$,=!$,!+'25$,*-$',!-'!�;?!�]?!�^!*,0!�
a!2*:!

D/*0! -'! -#/! 1'(2*-$',!'1!A*($'.%!%/D1W*%%/25D/0!,/-&'()!2*-/($*D%C!P/4'(-%!*(/! 1'.,0!1'(!�6!

R;?6Se^bi?!�6!R;?]S
e^bi?!�]!*,0!�^!5$,0$,=!$,!4'D:2/($+!2*-/($*D%

e^8i!and!�6!R;?^S!#*%!(/+/,-D:!5//,!

(/4'(-/0!$,!*!0$2/($+!�5<<<!+'24D/E!e;`;iC!

"#/!%-*5D/!'(=*,'2/-*DD$+!1(*=2/,-!e>.R0441Sil?!0441!m!;?;nW5$%R0$4#/,:D4#'%4#$,'SW!

1/(('+/,/?! $%! 1'.,0! ! -'! %-*5$D$\/! +'24D/E/%! &$-#! .,(/0.+/0! %-(',=! *++/4-'(%! %.+#! *%! �W

*\'$2$,/%!'(!oWk.$,',/%e;`6W;``iC!"#$%!),'&D/0=/!4('24-/0!.%!-'!/E4D'(/!-#/!+''(0$,*-$',!'1!

eR0441S>.il! &$-#! ">VNC! <,! *00$-$',! -'! e>.R0441Sil?! &/! #*A/! %:,-#/%$\/0! *! ,/&! +'44/(R<S!

N

NN

N
[MLn] N

NN

N
[MLn]

[MLn]

N

NN

N
[MLn][LnM]

N

NN

N
[MLn]

[LnM]

N

NN

N
[MLn]

[LnM] [MLn]

N

NN

N
[MLn]

[LnM] [MLn]

[LnM]
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1(*=2/,-?! e>.R0+#41Sil?!0+#41!m!;?;nW5$%R0$+:+D'#/E:D4#'%4#$,'S1/(('+/,/! 1'(! -#/! 1'(2*-$',!

'1!>.W">VN!2*-/($*D%C!"#/!4(/+.(%'(! +'24D/E! e>.R0441SR>T]>VS6i
l! +',-*$,$,=! -&'! D*5$D/!

*+/-',$-($D/%?! &*%! (/*+-/0! -'! 4('0.+/! *! +:+D$+! 0$,.+D/*(! 4('0.+-?! fe>.R0441SR�6W

">VNSiRNQ^Sg6!)?!&#/(/*%!e>.R0+#41SR>T]>VSi
l!&*%!(/*+-/0!-'!$%'D*-/!*!#/-/('W'+-*,.+D/*(!

+'24D/E!'1!-#/!1'(2.D*!ef>.R0+#41Sg^R�^W">VNSiRNQ^S^?!/C!!

P

P

Fe Cu N CH3

+

P

P

Fe Cu

PhPh

Ph Ph
N

CH3

N

CH3

+

!

*+,-'&(3.)./.!>.<W!4(/+.(%'(!+'24D/E/%!&$-#!+#/D*-$,=!0$W4#'%4#$,/!D$=*,0%C!

!

"#/!'(=*,'2/-*DD$+!1(*=2/,-%!#*A/!5//,!+',%$0/(/0!#/(/!',!-#/!5*%$%!'1! -#/$(!(/*+-$A$-:!*,0!

%-/($+! 1*+-'(%! -'! /,*5D/! -#/! $%'D*-$',! *,0! +#*(*+-/($\*-$',! '1! >.<W">VN! +'24D/E/%! $,! 5'-#!

0$%+(/-/! *,0! 4'D:2/($+! 1'(2%C! "#/;?]! R�6WS! +''(0$,*-$',! -'! e>.R0441Si
l! (/%.D-/0! $,! -#/!

1'(2*-$',!'1!*!+:+D$+!0$2/(!)( RQ$=.(/!aC6C;S!&#/(/*%!�^W+''(0$,*-$',! -'! e>.R0+#41Si
l! D/0! -'!

-#/!1'(2*-$',!'1!*!+''(0$,*-$A/D:!%*-.(*-/0!#/-/('W'+-*,.+D/*(!>.<!+'24D/E?!/(RQ$=.(/!aC6C]SC!

<,!*00$-$',! -'! -#/!0/-*$D/0!%-(.+-.(*D!%-.0$/%!'1! -#/!*5'A/!2*-/($*D%?! $,A/%-$=*-$',%!&/(/!*D%'!

2*0/!',!-#/$(!/D/+-('+#/2$+*D!*,0!%4/+-('%+'4$+!4('4/(-$/%!!

!

3./(@A8%"&B+B(#8:(;"#'#;%&'+C#%+98(

"#/!4(/+.(%'(!+'24D/E/%!e>.R0441SR>T]>VS6iRNQ^S
e86i!*,0!>.R0+#41SR>T]>VSiRNQ^S!

&/(/! 4(/4*(/0! 1('2! *! ;t;! (/*+-$',! '1! e>.R>T]>VS^i
l! &$-#! 0441! '(! 0+#41! $,! *+/-',$-($D/! *-!

(''2! -/24/(*-.(/C! "#/! ,.25/(! '1! *+/-',$-($D/%! 4(/%/,-! $,! -#/! 4(/+.(%'(! +'24D/E! &*%!

+',1$(2/0! 5:! ;T! VJP! %4/+-('%+'4:! *,0! /D/2/,-*D! *,*D:%$%C! "#/! 4(/+.(%'(! +'24D/E!

e>.R0441SR>T]>VS6iRNQ^S! +',-*$,%! -&'! D*5$D/! *+/-',$-($D/%! &#/(/*%! -#/! +'24D/E!

e>.R0+#41SR>T]>VSiRNQ^S! +',-*$,%! ',D:! ',/! ! *+/-',$-($D/C! "#/! (/*+-$',! '1! *,! /k.$2'D*(!

2$E-.(/!'1!e>.R0441SR>T]>VS6iRNQ^S!*,0!">VN!$,!0$+#D'('2/-#*,/!(/%.D-/0!*!0'.5D:!">VN!

5($0=/0!+:+D$+!0$2/($+!+'24D/E?!)!*%!%#'&,!$,!Q$=.(/!aC6C;C!X,/!%#*(4!%$=,*D!*-!W;;C^_!442!

$,!];F!VJP!%4/+-(.2!$,0$+*-/0!-#/!1'(2*-$',!'1!*!,/&!4('0.+-!*,0!-#/!*5%/,+/!'1!-#/!%$=,*D!

*-!W;]C8!442?!+'((/%4',0$,=!-'!-#/!4(/+.(%'(!+'24D/E?! $,0$+*-/0!+'24D/-$',!'1! -#/!(/*+-$',C!

"#/!;t;!VJP!$,-/=(*-$',!(*-$'!'1!e>.R0441Si!.,$-!-'!-#/!">VN!4('-',!e8C67!R%?!^T?!">VNS?!

^C6^! R%?! 8T?! >4S?! ^C^`! R%?! 8T?! >4Si! *,0! -#/! *5%/,+/! '1! -#/! VJP! %$=,*D! 1'(! +''(0$,*-/0!



!"#$%&'(3(

!

_]!

*+/-',$-($D/%! $,!-#/!+'24D/E!$,0$+*-/0!-#/!1'(2*-$',!'1! -#/!4('0.+-C!"#/!$0/,-$-:!&*%!1.(-#/(!

+',1$(2/0!5:!$-%!(/4('0.+$5D/!/D/2/,-*D!*,*D:%$%C!"#/!2*%%!%4/+-(.2!'1!-#/!+'24'.,0!+'.D0!

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

%4/+$/%C!!

NN

N N

NN

NN
Fe

R2

P

P
R2

Cu Fe

R2
P

Cu

P
R2

(BF4)2

R = Ph !

*+,-'&(3./.).!>:+D$+?!0$2/($+!>.<W">VN!+'24D/E!)(&$-#(;aW2/25/(/0!($,=C!

!

"#/!4(/+.(%'(!e>.R0+#41SR>T]>VS6iRNQ^S?!#*A$,=!',/!*+/-',$-($D/?!&*%!(/*+-/0!$,!^t;!(*-$'!$,!

0$+#D'('2/-#*,/! -'! '5-*$,! *! 5('&,?! +''(0$,*-$A/D:! %*-.(*-/0! �^W5($0=/0! ">VN! +'24D/E!

RQ$=.(/! aC6C]SC! "#/! 2/*%.(/0! ];F! VJP! %$=,*D! *-! W6C^a! 442! RW]C;a! 442! 1'(! -#/! 4(/+.(%'(!

+'24D/ES!$,0$+*-/0!-#/!1'(2*-$',!'1!*!,/&!4('0.+-C!"#/!1'(2.D*-$',!&*%!0',/!',!-#/!5*%$%!'1!

-#/!$,-/=(*D!(*-$'!'1!-#/!;T!VJP!%$=,*D!*-!8C`_!R%?!6T?!">VNS!*,0!^C68!R%?!;aT?!>4S?!^C`6!R%?!

;aT?! >4S! 442! R%//! Q$=.(/! aC6C6SC! "#/! 1'(2*-$',! '1! *! #/-/('W'+-*,.+D/*(! +'24D/E! /(

ef>.R0+#41Sg^R�^W">VNSiRNQ^S^!&*%!1.(-#/(!%.44'(-/0!5:!/D/2/,-*D!*,*D:%$%C!!

*+,-'&(3././.!;T!VJP!%4/+-(.2!'1!ef>.R0+#41Sg^R�^W">VNSiRNQ^S^!$,!>G6>D6!*-!6`7!JT\!

Rs!(/4(/%/,-%!%$=,*D!1('2!-#/!%'DA/,-SC!
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!

_^!

"#/! +:+D$+! A'D-*22'=(*2! '1! -#/! +'24D/E! *D%'! %#'&%! *! 1/(('+/,/W5*%/0! 1'.(W/D/+-(',!

'E$0*-$',!&*A/!*,0!*!',/W/D/+-(',!(/0.+-$',!&*A/!',! -#/!">VN!($,=?!%.44'(-$,=! -#/!*5'A/!

1'(2.D*-$',C!X,!+(:%-*DD$\*-$',!*--/24-%?! -#/!^t;!+'24D/E!/! (/W*%%/25D/0!-'!0*()!5D'+)!-:4/!

%$,=D/! +(:%-*D%( 0! &#$+#! &/(/! D*-/(! $0/,-$1$/0! 5:! jW(*:! 0$11(*+-$',! *%! 5/D',=$,=! -'! *! ;t;!

+''(0$,*-$',!4'D:2/(!&$-#!;?^W5($0=$,=!">VNC!

!

NN

N NFe

R2
P

P
R2

Cu Fe

R2
P

Cu

P
R2

R = cyclohexylFe

R2
P

P
R2

Cu Fe

R2
P

Cu

P
R2

Fe

R2
P

P
R2

Cu
+

N

N

N

N

Fe

R2
P

Cu

P
R2

+

N

N

N

N

N
N

N
N

Hexane / DCM

n

(BF4)4

2

(BF4)2

3

*+,-'&(3./.0.(Q'(2*-$',!'1!4'D:2/($+!;t;!+'24D/E!0!1('2!^t;!+'24'.,0!/.!

(

3.0.(!'AB%#F(B%'-;%-'&(

3.0.).(I9F&;-F#'((B%'-;%-'&(9D(`K!-L:$$D=L�/HP!_>=ML>*1=a/!)!

"#/!'(*,=/!5D'+)W%#*4/0!+(:%-*D%!'1!fe>.R0441SR�6W">VNSiRNQ^Sg6!�!]>T6>D6!�!]T6X!

&/(/!=('&,!5:!%D'&!0$11.%$',!'1!#/E*,/! $,-'!*!0$+#D'('2/-#*,/!%'D.-$',!'1! -#/!+'24D/E!*-!

^w>!$,!*,!*(=',!%/*D/0W-.5/C!"#/!+'24D/E!+(:%-*DD$\/0!$,!2','+D$,$+!P2�/n!%4*+/!=('.4C!jW(*:!
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!

_`!

+(:%-*D! %-(.+-.(*D! *,*D:%$%! (/A/*D%! 0/-*$D%! *5'.-! -#/! +''(0$,*-$',! 4*--/(,! '1! ">VN! *,0!

=/'2/-(:!'1!-#/!>.<!+/,-/(%C!"#/(/!/E$%-!',D:!-&'!�6!R;?]S!-:4/!5($0=$,=!'1!-#/!+:*,'!,$-('=/,!

*-'2%!'1!/*+#!">VN?!&#$D/! -#/!'-#/(! -&'!>V!=('.4%!(/2*$,!,',W+''(0$,*-/0C!"&'!�6R;?]S!

">VN!5($0=/!-'!-&'!e>.R0441Sil!.,$-%! -'!+',%-(.+-!*!0$2/($+!%-(.+-.(/!&$-#!*!;aW2/25/(/0!

4D*,*(! ($,=C! "#/! $,-/(/%-$,=! 1/*-.(/! '1! -#/! %-(.+-.(/! $%! -#*-! -&'! ">VN! ($,=%! *(/! $,! 4D*,*(!

'($/,-*-$',! %*-$%1:$,=! -#/! =/'2/-($+*D! (/%-($+-$',! 1'(! -#$%! 4*(-$+.D*(! -:4/! '1! =/'2/-(:C!H#/,!

+'24*(/0! -'! -#/! %$2$D*(! %-(.+-.(/! (/4'(-/0e;`;i! 1'(! -#/! +'24D/E! e>4s6�5fR�W

>VS6R>aT^SR>VS6gi6?!&/!'5%/(A/!-#*-!�6!R;?^S!">VN!$%!5($0=/0!-'!�5
<<<!+/,-(/%!(/%.D-$,=!$,!*!

4*(*DD/D?!,/*(D:!/+D$4%/0!'($/,-*-$',!'1!-#/!">VN!($,=%;b?;8C!"#/!4%/.0'W-/-(*#/0(*D!=/'2/-(:!

*('.,0!-#/!>.<!+/,-(/%!$,!)!$%!1'(2/0!5:!-#/!-&'!F!0','(!*-'2%!1('2!+#/D*-/0!0441!*,0!-&'!V!

*-'2%!1('2!/*+#!'1!-#/!�6R;?]WS!5',0/0!">VNC!!

!

!

(

*+,-'&( 3.0.).(jW(*:! %-(.+-.(/! '1! -#/! 0$+*-$',! $,! -#/! +(:%-*D! '1! )( �]>T6>D6�! ]T6XC! 3'DA/,-!

2'D/+.D/%! R%'DA/,-! '1! +(:%-*DD$\*-$',S! *,0! -&'! +'.,-/(! *,$',%?! NQ^?! *(/! '2$--/0! 1'(! +D*($-:!

R-'4SC! K! 0$11/(/,-! 4/(%4/+-$A/! *1-/(! '2$--$,=! +/(-*$,! *-'2%?! %'DA/,-! 2'D/+.D/%! *,0! +'.,-/(!

*,$',%!R5'--'2SC!
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!

_a!

N',0!D/,=-#%!'1!+''(0$,*-/0!>WV!*(/!>;WV;!m!;C;]`R;7S!u!*,0!>]WV6!m!;C;]]R_S!u!&#/(/*%!

,',W+''(0$,*-/0!>WV!5',0!D/,=-#%!*(/!>aWV]!m!;C;6]R;;S!u!*,0!>_WV^!m!;C;^aR;;S!uC!"#.%!

-#/!�W0','(!4('4/(-:!'1!>.<!+/,-(/%!$%!,'-!(/1D/+-/0!$,!-#/!+''(0$,*-/0!*,0!,',W+''(0$,*-/0!>W

V!5',0!D/,=-#%!0./!-'!-#/!A/(:!&/*)!�W*++/4-$,=!4('4/(-:!'1!">VNC!"#/!>.WV!5',0!D/,=-#%!

>.;WV;!m!6C7;_R8S!u!*,0!>.;WV6!m!6C7]^R8S!u!*(/!+'24*(*-$A/D:!D',=/(!-#*,!-#/!4(/A$'.%D:!

(/4'(-/0e^b?^8i!>.<W">VN!4'D:2/($+!,/-&'()!&$-#!-#/!%$2$D*(!+''(0$,*-$',!2'0/?!$,0$+*-$,=!*!

&/*)/(! +''(0$,*-$',! '1! >.<! -'! -#/! +:*,'W,$-('=/,! *-'2%! '1!�6! R;?]SW">VNC! "#/!>W>! 5',0!

D/,=-#%!'1!-#/!($,=!*(/!$,!-#/!(*,=/!'1!;C]b7R;;SW;C^7_R;;S!u?!5/$,=!=(/*-/(!-#*,!*!>W>!0'.5D/!

5',0!5.-!(/*%',*5D:!%#'(-/(!-#*,!%$,=D/!5',0%C!"#$%!4('A/%!-#*-!-#/!($,=!$%!,',W(/0.+/0C!"#/!

+'24D/E!)! $%! -#/! 1$(%-! /E*24D/! '1! %-(.+-.(*DD:! +#*(*+-/($\/0! 0$%+(/-/! -(*,%$-$',!2/-*DW">VN!

+'24D/EC!<24'(-*,-!5',0!D/,=-#%!*,0!*,=D/%!'1!)!*(/!=$A/,!$,!"*5D/!aC]C;C!

!

P#QF&(3.0.)(3/D/+-/0!5',0!D/,=-#%!RuS!*,0!5',0!*,=D/%!RvS!'1!)\(]>T6>D6!�!]T6XC(

3.0./.(@%'-;%-'&(9D(`KL(�/HP!_>=!-L:$$D=M/L>*1=/a8N(0(\(!b/!F/.(

!

ND'+)W%#*4/0!5D*+)!%$,=D/!+(:%-*D%!'1!-#/!4'D:2/($+!2*-/($*D!&$-#!-#/!+'24'%$-$',!0�>T6>D6!

&/(/!1'.,0!0.($,=!-#/!+(:%-*DD$\*-$',!4('+/%%!'1!+'24'.,0!/!5:!%D'&!0$11.%$',!'1!#/E*,/!',-'!

*! 0$+#D'('2/-#*,/! %'D.-$',! '1! -#/! +'24D/EC! "#/! +#/2$+*D! +#*,=/! 0.($,=! -#/! 4('+/%%! $%!

N',0%( M/,=-#%( N',0%( M/,=-#%(

>.;WV;( 6C7;_R8S( >8W>b( ;C]8]R;6S(

>.;WV6( 6C7]^R8S( >bW>`( ;C]87R;;S(

>.;WF;( 6C6`7R6S( >`W>^( ;C^7_R;6S(

>.;WF6( 6C6`6R]S( >^W>;7( ;C]b7R;;S(

>;WV;( ;C;]`R;7S( N',0%( K,=D/%(

>]WV6( ;C;]]R_S( V;W>.;WV6( _`C;R]S(

>_WV^( ;C;^aR;;S( F;W>.;WF6( ;;]C_7R_S(

>aWV]( ;C;6]R;;S( >;WV;W>.;( ;a8C]RbS(

>;W>6( ;C^]_R;6S( >]WV6W>.;( ;a6C_RbS(

>]W>^( ;C^]`R;;S( >6W>;WV;( ;bbC;R;7S(

>`W>a( ;C^`7R;]S( >^W>]WV6( ;baC;R;7S(

>8W>_( ;C^^`R;]S( >`W>aWV]( ;bbCbR;6S(

>6W>8( ;C^7bR;6S( >8W>_WV^( ;bbC^R;6S(

>;7W>6! ;C]8_R;7S! ! !
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!

_b!

*--($5.-/0! -'! -#/! $,%-*5$D$-:! '1! -#/! #/-/('W'+-*,.+D/*(! +'24D/E! &$-#! -#/! 5.D)$/(! +:+D'#/E:D!

=('.4%!',! -#/!e>.R0+#41Sil! 1(*=2/,-C!G.($,=! -#/!4('+/%%?!">VN!+#*,=/%! -#/!5$,0$,=!2'0/!

1('2 �4 -'!�2R;?^S!-'!(/0.+/!-#/!%-/($+!5.D)!',!-#/!+'24D/EC!"#/!%*2/!'5%/(A*-$',!&*%!2*0/!

&#/,! -#/! +(:%-*DD$\*-$',! 4('+/%%! &*%! (/4/*-/0?! -#.%! $,0$+*-$,=! -#/! (/4('0.+$5$D$-:C! H/!

2/*%.(/0! -#/! %$,=D/! +(:%-*D! jW(*:! 0$11(*+-$',! -'! $0/,-$1:! -#/! 2*-/($*DC! "#/! jW(*:! +(:%-*D!

%-(.+-.(/! *,*D:%$%! (/A/*D%! ',D:! ',/! -:4/! '1! �6! R;?^SW+''(0$,*-$',! $,! -#/! ,/-&'()C! <,! -#/!

+'24D/E!)?!�6R;?]SW+''(0$,*-$',! D/0! -'! -#/! 1'(2*-$',!'1!*!+:+D$+!0$2/(!&#/(/*%! $,! -#$%!+*%/!

�6R;?^SW+''(0$,*-$',!=$A/%!*!6G!4'D:2/($+!,/-&'()C! <,!-#/!*%:22/-($+!.,$-!RQ$=.(/!aC]C6C6S?!

-&'!e>.R0+#41Sil! 1(*=2/,-%!*,0! -&'!">VN!2'D/+.D/!*(/!4(/%/,-!*++'(0$,=! -'!*!2/-*DW! -'! W

">VN! (*-$'!'1!;t;C!"#/! *%:22/-($+!.,$-! +',-*$,%! -&'! e>.R0+#41Sil! 1(*=2/,-%! ?! ',/!">VN!

($,=?! *,0! 6!x!|! ! '1! *,'-#/(!">VN! ($,=C!"#/! +'24D/-/!">VN! ($,=! 5($0=/%! -&'!>.! +/,-/(%!

-#('.=#!$-%!;?^!5($0=$,=!2'0/C!3/D/+-/0!5',0!D/,=-#%!*,0!*,=D/%!*(/!=$A/,!$,!"*5D/!aC]C6C;C!

!

!

!

!

!

!

!

!

!

!

*+,-'&( 3.0./.).! T*D1! 2'D/+.D/! $,! *%:22/-($+! .,$-! '1! 0( \( >T6>D6N( eR6! x! |! �6! R;?^SW!

">VNS!>.R0+#41Si!RNQ^S!x!>T6>D6C!"#/!+'.,-/(!*,$',!NQ^!$%!'2$--/0!1'(!+D*($-:C!

!

!

!

!

!

!

!

!

!

!
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!

_8!

!

!

!

!

!

!

!

!

!

!

!

!

(

*+,-'&( 3.0././.! "#/! *%:22/-($+! .,$-! '1! 0N( eR�6R;?^S">VNSR6!x!|!�6!R;?^S!">VNS!W!

f>.R0+#41S6i! RNQ^S6! x! 6>T6>D6C! >'.,-/(! *,$',%! NQ^! *,0! %'DA/,-! 2'D/+.D/%! >T6>D6! *(/!

'2$--/0!1'(!%$24D$1$+*-$',!'1!-#/!1$=.(/C!

(

P#QF&(3.0./.).(3/D/+-/0!5',0!D/,=-#%!RuS!*,0!5',0!*,=D/%!RvS!'1!0!$,!-#/!+(:%-*D!'1!0C>T6>D6C!

N',0%( M/,=-#%( N',0%( M/,=-#%(

>.;WV;( 6C;7_R]S( >]W>^( ;C]88R`S(

>.;WV6( 6C7`;R^S( >bW>_( ;C]_`RaS(

>.;WF;( 6C6b_R;S( >8W>_( ;C]8bRaS(

>.;WF6( 6C6b^R;S( >bW>8( ;C]8bRaS(

>;WV;( ;C;]_R`S( N',0%( K,=D/%(

>aWV6( ;C;6_R`S( V;W>.;WV6( 8aCb7R;`S(

>`WV]( ;C;6bR`S( F;W>.;WF6( ;;aCaaR^S(

>;7WV^( ;C;]bRaS( >.;WV;W>;( ;a^C^R^S(

>^W>`( ;C^`6RaS( >.;WV6W>a( ;a;C`R^S(

>_W>;7( ;C^]aRaS( >6W>;WV;( ;b^C_R`S(

>aW>b( ;C^];RaS( >bW>aWV6( ;b^C6R`S(

>6W>^( ;C]_7RaS( >^W>`WV]( ;b8C7R`S(

>6W>]( ;C]baRaS( >_W>;7WV^( ;bbC`R`S(

>;W>6! ;C^]aRaS!! ! !
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!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

(

(

(

(

(

(

(

(

(

*+,-'&(3.0./.0.(c$/&!*D',=!0$11/(/,-!*E/%!'1!-#/!6G!4'D:2/($+!,/-&'()!%-(.+-.(/!'1(0($,!-#/!

+(:%-*D!'1!0!�!>T6>D6C(

(
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;77!

3.1.(!A;F+;(T9F%#EE&%'A(

"#/!+:+D$+!A'D-*22'=(*2!'1!)(RQ$=.(/!aC^C;S!%#'&%!',/!k.*%$W(/A/(%$5D/!-&'W/D/+-(',!

'E$0*-$',!&*A/!*-!7C;;!c?!+'((/%4',0$,=!-'!-#/!'E$0*-$',!'1!-#/!1/(('+/,/!2'$/-$/%C!"#/!1$(%-!

*,0!%/+',0!(/0.+-$',%!*(/!,'-!1.DD:!(/A/(%$5D/!*,0!*(/!*%%$=,/0!-'!-#/!*00$-$',!'1!/D/+-(',%!-'!

-#/!�s!2'D/+.D*(!'(5$-*D!'1!-#/!5($0=$,=!">VN!D$=*,0C!"#/!'+-*,.+D/*(!+'24D/E!/!%#'&%!',/!

1'.(W/D/+-(',! 1/(('+/,/W5*%/0! 'E$0*-$',!&*A/! *,0! *! ',/W/D/+-(',! (/0.+-$',! 4('+/%%! RQ$=.(/!

aC^C;SC!"#/!/E4/+-/0!%/+',0!(/0.+-$',!#*%!4'%%$5D:!%#$1-/0!-'!2'(/!,/=*-$A/!4'-/,-$*D!*,0!-#*-!

$%!&#:!$-!&*%!,'-!'5%/(A/0!$,!-#/!%'DA/,-!&$,0'&C!"#/!(/0'E!4'-/,-$*D!'1!5'-#!-#/!+'24D/E/%!

*(/!=$A/,!$,!"*5D/!aC^C;C!

!

!

!

!

!

!

!

!

!

!

!

(

(

(

(

(

*+,-'&(3.1.).!>:+D$+!A'D-*22'=(*2%!'1!)!R-'4S!d!/!R5'--'2S!$,!>T6>D6!o!7C;!J!N.^VFQa!*-!

6_8!I!&$-#!;77!2A!o%/+!%+*,!(*-/C!

P#QF&(3.1.).(LD/+-('+#/2$+*D!0*-**S!1'(!)(d(/.(

( )( /(

L;o6!R'E!;S!oc!R�L!o!2cS!( 7C;;!R6a7S! 7C;7!R;a7S!

L;o6!R(/0!;S!oc!R�L!o!2cS!( W7C_a!R;aaS! W7C__!R;b7S!

L;o6!R(/0!6S!oc!R�L!o!2cS!( W;C];!R;6]S! ,C'!
*SJ/*%.(/2/,-%!$,!>T6>D6!o!7C;!J!N.^VFQaC!

F'-/,-$*D%!$,!c!A%C!Q+lo7?!3+*,!(*-/!;77!2co%C!
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;7;!

3.2.(7[(#8:(XYHY+B(B$&;%'9&F&;%'9;"&E+B%'A(

KD-#'.=#! $,1(*(/0! *5%'(4-$',! +'((/%4',0$,=! -'! -#/! >V! A$5(*-$',! $%! *! .%/1.D! -''D! -'!

%-.0:!-#/!2/-*DW">Vj!$,-/(*+-$',!$,!=('.,0!%-*-/?!-#/!-/+#,$k./!&*%!,'-!2.+#!.%/1.D!$,!-#$%!

+*%/C! "#/! <P! 5*,0! $,! -#/! >V! %-(/-+#$,=! (/=$',! &*%! ,'-! 0/-/+-*5D/! 1'(! +'24D/E! )! &#/,!

2/*%.(/0!$,!-#/!%'D$0!%-*-/!'(!$,!0$+#D'('2/-#*,/!%'D.-$',C!K%!-#/!;%-!(/0.+-$',!$%!',D:!k.*%$W

(/A/(%$5D/!$,!,*-.(/?!-#/!<PW%4/+-('/D/+-('+#/2$+*D!/E4/($2/,-!&*%!,'-!4/(1'(2/0!1'(!1.(-#/(!

%-.0:C!K!%$2$D*(!5/#*A$'.(!&*%!*D%'!'5%/(A/0!1'(!+'24D/E!/C!K!A/(:!&/*)!5('*0!5*,0!*-!�>V!m!

66^^!+2W;!&*%!'5%/(A/0!&#/,!2/*%.(/0!$,!*!IN(!4/DD/-/C!"#/!$,1(*(/0!%4/+-('/D/+-('+#/2$+*D!

/E4/($2/,-! $,!0$+#D'('2/-#*,/!o!7C;!J!N.^VFQa!&*%!+*(($/0!'.-! -'!'5%/(A/!-#/!%#$1-!'1! -#/!

5*,0!*1-/(!',/W/D/+-(',!(/0.+-$',C!"#/!5*,0!*-!66^^!+2W;!$,!-#/!,*-$A/!%-*-/!$%!%#$1-/0!-'!6;a8!

*,0!6;a7!+2W;?!+',1$(2$,=!-#/!(/0.+-$',!',!-#/!">VN!*('2*-$+!($,=e]aiC!

(

(

(

(

(

(

(

(

(

(

*+,-'&(3.2.).!<PW%4/+-('/D/+-('+#/2$+*D!(/0.+-$',!'1!/(2/*%.(/0!*-(6_8!I!$,!>T6>D6!o!7C;!J!

N.^VFQa!%'D.-$',C!

!

X,!@cWc$%!%4/+-('/D/+-('+#/2$+*D!1'.(W/D/+-(',!'E$0*-$',!'1!+'24D/E!/?!*!D'&!/,/(=:!5('*0!

5*,0!*-!b_7!,2!*44/*(%!RQ$=.(/!aC`C6S!&#$+#!$%!*%%$=,/0!-'!-#/!-:4$+*D!1/(('+/,$.2!-(*,%$-$',!

$,!-#/!'E$0$\/0!1'(2!'1!-#/!0441!.,$-C!<,!*00$-$',?!-#/!JM>"!5*,0!1'(!-#/!>.<W">VN!$%!%#$1-/0!

1('2!^^b!,2!-'!^;]!,2!0.($,=!-#/!'E$0*-$',!4('+/%%C!X,!(/0.+-$',?!-#/!,/&!2*E$2*!*-!^_7!

*,0! ]_6! ,2! *44/*(! RQ$=.(/! aC`C6SC! K! &/*)/(! *5%'(4-$',! 5*,0! '++.(%! 1'(! -#/! -/-(*+'44/(!

+'24D/Ee^ai?! fR�^W">VNSe>.RJ/]"K>VSi^gRNQ^S^! *-! ]b6! ,2C! "#/! @cWc$%!

%4/+-('/D/+-('+#/2$+*D!0*-*!*(/!=$A/,!$,!"*5D/!aC`C;C!
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!

*+,-'&(3.2./.!@cWc$%!%4/+-('/D/+-('+#/2$+*D!'E$0*-$',!RD/1-S!*,0!(/0.+-$',!R($=#-S!'1!+'24D/E!

/(2/*%.(/0!*-!6_8!I!$,!>T6>D6o7C;!J!N.^VFQa!%'D.-$',C!

!

!

P#QF&(3.2.).!@cWc$%!%4/+-('/D/+-('+#/2$+*D!0*-*!1'(!/!

!9E$F&G(+98(
�!o!,2!R	!$,!;7W]02]!2'DW;!+2W;S!

/
5W
( ^;]!R7Cb6S?!b_7!R7C;8S!

/
1W
( ^^b!R7C^7S!

/
0W
( ]_6!R7C66S?!^_7!R7C]^S!

(

3.3.(SR[(B$&;%'9B;9$A!

"#/!LFP!%4/+-(*!&/(/!2/*%.(/0!5:!G(C!N($=$--/!3+#&/0/(%)$! 1'(! -#/! in situ!=/,/(*-/0!',/W

/D/+-(',! (/0.+/0! %4/+$/%! '1! +'24D/E/%! )! *,0! /C! LD/+-('D:%$%! $,! 0/W'E:=/,*-/0!

0$+#D'('2/-#*,/! &*%! +*(($/0! '.-! $,%$0/! -#/! LFP! -.5/! .%$,=! N.^VFQa! *%! /D/+-('D:-/C!

LD/+-('D:%$%!&*%!+',-$,./0!'A/(!*!4/($'0!'1!-$2/!.,-$D!+',%$0/(*5D/!%$=,*DW!-'!W,'$%/!(*-$'!&*%!

*+#$/A/0C!"#/!=!A*D./%!0/-/(2$,/0!*-!6C77]a!1'(!)\Hd!6C77]]!1'(!/\H?!(/%4/+-$A/D:!*(/!+D'%/!-'!

-#*-!'1!-#/!1(//!.,4*$(/0!/D/+-(',!A*D./?!=/!m!6C776]C!"#$%!$24D$/%!-#*-!-#/!(*-$'!'1!-#/!.,4*$(/0!

/D/+-(',�%!%4$,!2*=,/-$+!2'2/,-!-'!$-%!*,=.D*(!2'2/,-.2!0'/%!,'-!0$11/(!2.+#!1('2!-#/!1(//!

/D/+-(',!A*D./C!"#.%!-#/!A/(:!2$,.-/!+#*,=/%!$,!-#/!2*=,$-.0/!'1!=!A*D./%!$,0$+*-/!-#*-!-#/!�s!

2'D/+.D*(!'(5$-*D!'1!">VN!+',-*$,%!-#/!.,4*$(/0!/D/+-(',C!!
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!

;7]!

*+,-'&(3.3.0.!LFP!%4/+-(*!'1!/D/+-('W=/,/(*-/0!',/W/D/+-(',!(/0.+/0!%4/+$/%!'1!)\H!RD/1-S!d(/\H(

R($=#-S(*-!6_8!I!$,!>T6>D6!o!7C;!J!N.^VFQa!%'D.-$',C!

(

(

"#/! ',/W/D/+-(',! (/0.+-$',%! 4('0.+/! 4(/0'2$,*,-! D$=*,0! +/,-(/0! (*0$+*D%! 5:! *00$,=! *,!

/D/+-(',!-'!-#/!">VN!($,=C!"#/!1(//!D$=*,0!(*0$+*D!*,$',!">VN�W!#*%!g!m!6C7768C!"#/%/!0*-*?!

A$\C?! -#/!2*(=$,*D! %#$1-%!'1!g *,0! -#/! (/D*-$A/D:! %2*DD! +'44/(! $%'-'4/! +'.4D$,=! R"*5D/!aCaC;S!

$,0$+*-/!*!4(/0'2$,*-/D:!D$=*,0W5*%/0!%$,=D:!'++.4$/0!2'D/+.D*(!'(5$-*DC!"#/!LFP!0*-*!'1!-#/!

1(//!D$=*,0!*,0!2/-*D!+'24D/E/%!*(/!=$A/,!$,!"*5D/!aCaC;C!

(

P#QF&(3.3.).(LFP!0*-**S!'1!1(//!D$=*,0?!)\H!*,0!/\HC(

!!!

!

!

!

!

!

!

!

!

!!!!!!!!!!*S!Q('2!2/*%.(/2/,-%!$,!>T6>D6!o!7C;!J!N.^VFQa!*-!6_8!I(

!(

(

3.4.(!98;F-B+98(#8:(9-%F99U

c*($'.%! 4'%%$5D/! 5$,0$,=!2'0/%! '1! ">VN!#*A/! 5//,! 0$%+.%%/0! $,! 0/-*$D! *D',=!&$-#!

$,-/(/%-$,=! *%4/+-%! '1! %-(.+-.(*D! 1/*-.(/%! $,! 0$%+(/-/! *,0! 4'D:2/($+! 1'(2%C! 3-/($+! 1*+-'(! *,0!

5$,0$,=! *,=D/! #*%! 4('2$,/,-! /11/+-! -'! 0$(/+-! /$-#/(! -#/! 1'(2*-$',! '1! 0$%+(/-/! 2'D/+.D/! '(!

( ">VN�W!e^ai! )
\H
( /

\H
(

=! 6C7768! 6C77]a! 6C77]]!

!
K! *R;^VS!m!;C;]!B!

aRa]?a`>.S!m!^C6!B!

.,W(/%'DA/0!!

4/*)W!-'!~4/*)!0$%-*,+/!m!_!B!!

%4/+-(*D!&$0-#!m!]`!B!

4*(-$*DD:!(/%'DA/0!!

4/*)W!-'!W4/*)!0$%-*,+/!m!8!B!!

%4/+-(*D!&$0-#!m!!6^!B!

*Ra]?!``>.S!m!;C^b!B!R^>.S!

*R];FS!m!7C8`!B!R8FS!
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;7^!

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

+'24D/E/%! =$A/! $,%$=#-! -'! 0/%$=,! 0/%$(/0! +#/2$+*D! 1'(2! '1! 2*--/(C! <,! *00$-$',! -'! �W

4'D*($\*-$',! '1! -#/! 2/-*D! +/,-(/%?! �W4'D*($\*-$',! +'.D0! *D%'! /,#*,+/! -#/! /D/+-(',! .4-*)/!

+*4*5$D$-:! '1! ">VN?! (/%.D-$,=! $,! $,-/(/%-$,=! /D/+-(',$+! 4('4/(-$/%C! KD-#'.=#! -#/(/! *(/! ,'!

(/4'(-%! ',! +'24D/E/%! /E#$5$-$,=! %$=,$1$+*,-!�! -'=/-#/(!&$-#! �! -:4/! $,-/(*+-$',!&$-#!&/*)D:!

/D/+-(',! *++/4-$,=!">VN!5.-! $-! +'.D0!5/! (*-$',*DD:!0/%$=,/0!&$-#!#*D1W%*,0&$+#! D'&WA*D/,-!

-(*,%$-$',!2/-*D!+'24D/E/%C!H/DD!0/%$=,/0!(/*+-$',!4*-#&*:%!+*,!1*+$D$-*-/!-#/!$%'D*-$',!'1!�W

5',0/0!2/-*D! 1(*=2/,-%?! eR�aW">VNSJR>T]>VS2i
,l?! &#$+#! ',! 1.(-#/(! (/*+-$',! +*,! .-$D$\/!

1'.(! 1(//! +:*,'W,$-('=/,! *-'2! ',! ">VN! *%! %'.(+/! '1! �! 0','(%! -'! 5$,0! *00$-$',*D! 2/-*D!

+/,-(/%C! "#$%! &'.D0! ',D:! ,'-! 2*)/! ">VN! *! 5/--/(! *++/4-'(! 5.-! *D%'! +'.D0! $,+(/*%/! 2/-*D!

+',-/,-%!$,!0$%+(/-/!'(!4'D:2/($+!2*-/($*D%!#*A$,=!2'(/!/D/+-('+#/2$+*D!4('+/%%/%C!
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��������� ����������������� ���� ������������� ��� �� ����

������������������������ ������������ �������� ����� ��

���������������������������������������������������������

!
4.)(78%'9:-;%+98(

! >'24'.,0%!&#$+#! *5%'(5! *,0! 4/(1'(2! '-#/(! 1.,+-$',%! $,! -#/! ,/*(W$,1(*(/0! (/=$',! '1! -#/!

/D/+-('2*=,/-$+! %4/+-(.2! #*A/! 5/+'2/! '1! $,-/(/%-! 1'(! $,1'(2*-$',! -/+#,'D'=:e;`aiC! "#/!

/11$+$/,-!-(*,%2$%%$',!'1!$,1'(2*-$',!5:!=D*%%!1$5/(!'4-$+%!&*%!4('2'-/0!5:!I*'[%!0$%+'A/(:!

&#$+#!&*%! (/+/,-D:!#','.(/0!5:! -#/!V'5/D!F($\/!677_! $,!F#:%$+%e;`biC!K2',=! -#/!'4-$2.2!

&*A/D/,=-#%!&$-#!2$,$2*D! D'%%!*(/! -#/!;];7!,2!*,0!;``7!,2!(/=$',%e;`8i?! -#/(/1'(/?! ('5.%-!

%:%-/2%!'4/(*-$,=!$,!-#*-!%4/+-(*D!(/=$',%!*(/!'1!$,-/(/%-e;`_?;a7iC!L*(D$/(!%-.0$/%!5:!H*,=!*,0!

+'&'()/(%e;a7i!',!%.5%-*,+/%!eRµW*0+WPSfP.R54:S6g6i
]l!0/A/D'4/0!$,!'.(!=('.4e``i!#*A/!%#'&,!

-#/!4($,+$4*D!*44D$+*5$D$-:!'1!%.+#!+'.4D/0!%:%-/2%!&#$+#!*(/!%-*5D/!$,-/(2/0$*-/%!'1!-&'W%-/4!

(/0'E!%/($/%e6b?``iC!"#/!$0/,-$-:!'1!-#/!$,-/(2/0$*-/%!*%!0$(.-#/,$.2R<<S!(*0$+*D!+'24D/E/%!'(!*%!

P.<<<P.<<! 2$E/0WA*D/,-! 1'(2%! #*%! 5//,! 4('5/0?! $-! 0/4/,0%! ',! -#/! 0','(o*++/4-'(!

+#*(*+-/($%-$+%!'1!-#/!%.5%-$-./,-%!PCe``i!

C

O

R N

N

O

R C

OH

R N

N

O

R C

O

R N

N

O

R
e

e

e

e

!

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

!

K\'0$+*(5'E:D$+!/%-/(%!*,0!-#/$(!*,$',%!*,0!0$*,$',%!*%!&/DD!*%!(/D*-/0!2'D/+.D*(!$',%!%.+#!*%!

0$#WP?!0$$2$,'#:0(*\$0'R6WSe;a;i?!+',%-$-.-/!/*%$D:!*A*$D*5D/!:/-!(*-#/(!%4/+$*D!D$=*,0%!5/+*.%/!

-#/:!/E#$5$-!k.$,',/!-:4/!-&'W%-/4!(/0'E!5/#*A$'(?!*!π!+',O.=*-/0!5$%W+#/D*-/!1.,+-$',!e6b?;a6i?!

*!%2*DD!a!π!+/,-/(!%:%-/2!'1!&#$+#!^!+/,-/(%!*(/!+''(0$,*-$,=?!*! (*0$+*D! $,-/(2/0$*-/!%-*5D/!

*=*$,%-!0$%4('4'(-$',*-$',e;a]i?!(/%',*,+/!%-*5$D$\*-$',!'1!-#/!0$*,$',$+!1'(2!R+1C!-#/!*('2*-$+!

+*-/+#'D*-/%S?!*,!�3!1(*2/p!+',1'(2*-$',!s-cisoLos-cis!&#$+#!*DD'&%!1'(!*!(*-#/(!%#'(-!JWWJ!

0$%-*,+/!R�`!uS!0/%4$-/!2'D/+.D/!5($0=$,=e;a6i?!*!-.,$,=!4'-/,-$*D!-#('.=#!-#/!%.5%-$-./,-%!P!*-!

-#/! ,',W+''(0$,*-$,=! +*(5',! π! +/,-/(%! R/C=C! 0','(! '(! *++/4-'(! %.5%-$-.-$',Se``i?! *,0! -#/!
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;7a!

4'%%$5$D$-:! -'! $,-('0.+/! *00$-$',*DD:! +''(0$,*-$,=! =('.4%! P?! D/*0$,=! -'! 5$%W-($0/,-*-/! ,',W

$,,'+/,-!D$=*,0%e;a^iC!

H#$D/! /*(D$/(! &'()! #*%! 0/*D-! 2'%-D:! &$-#! 0','(W%.5%-$-.-/0! 0/($A*-$A/%e``i?! <! #*A/!

%:,-#/%$\/0! *,! /E*24D/! $,A'DA$,=! *! +D*%%$+*D! *++/4-'(! %.5%-$-./,-?! A$\C?! -($1D.'('2/-#:D!

>Q]!m!P?! *,0! <! *2! *5D/! 1'(! -#/! 1$(%-! -$2/! -'! 4('A$0/! %-(.+-.(*D! $,1'(2*-$',! ',! -#/!P.
<<P.<<!

4(/+.(%'(C! "#/! 0$*+:D#:0(*\$0'! 5($0=/0! 0$,.+D/*(! +'24D/E/%! +*,! 5/! /E4/+-/0! -'! /E#$5$-!

(/D*-$A/D:!%2*DD!2/-*DW2/-*D!0$%-*,+/%!*('.,0!`!u!$,!%4$-/!'1!-#/!2'D/+.D*(!5($0=/C!

(

4./.(@A8%"&B+B(#8:(;"#'#;%&'+C#%+98(

"#/! (/*+-$',! '1! -&'! /k.$A*D/,-%! '1! P.R54:S6>D6\( 6T6X! &$-#! ;?6W5$%R-($1D.'('*+/-:DSW

#:0(*\$,/e;a`i! .,0/(! 5*%$+! +',0$-$',%! :$/D0%! -#/! 0$,.+D/*(! eRµW*0+W>Q]SfP.R54:S6g6i
6l! $',!

&#$+#!&*%!$%'D*-/0!*%!-#/!5$%R#/E*1D.'('4#'%4#*-/SC(

(

(

(

(

(

(

"#/!4(/%/,+/!'1!-&'!+#$(*D!2/-*D!+/,-/(%!$,!%.+#!+'24'.,0%!D/*0%!-'!-#/!*D-/(,*-$A/%!'1!meso!

*,0!rac!$%'2/(%e;aai?!5'-#!'1!&#$+#!&/(/!'5%/(A/0?!D/*0$,=!-'!-&'!;_QWVJP!(/%',*,+/!%$=,*D%!

*-! WaaC8_! *,0! WabC;6! 442! 1'(! >Q]! =('.4%! $,! *! a7t^7! $,-/,%$-:! (*-$'C! "#/! 4/*)! *-! 2! o! \! m!

;;_`C7]!&*%!'5%/(A/0!$,!-#/!2*%%!%4/+-(.2!1'(!-#/!R6lS!1'(2C!

(

4.0(!'AB%#F(@%'-;%-'&!

"#/! 0$,.+D/*(! eRµW*0+W>Q]SfP.R54:S6g6i
6l! $',! &*%! $%'D*-/0! *,0! +(:%-*DD$\/0! 1'(! %-(.+-.(/!

0/-/(2$,*-$',! $,! -#/! meso! 1'(2! *%! -#/! 5$%R#/E*1D.'('4#'%4#*-/SC! "#/! %-(.+-.(/! *,*D:%$%?!

*D-#'.=#!2*((/0!5:!*,$',!0$%'(0/(!*,0!$DDW0/1$,/0!%'DA/,-!/D/+-(',!0/,%$-:?!4('A$0/0!,'-!',D:!

$,1'(2*-$',!',!-#/!$0/,-$-:!'1!-#/!$%'D*-/0!0$*%-/(/'$%'2/(!R-#/!meso 1'(2?!Q$=.(/!bC]C;S!5.-!

*D%'!*00$-$',*D!/%%/,-$*D!4*(*2/-/(%!R"*5D/!bC]C;SC!

!

!

CF3N

O

NF3C

O

Ru
N

NN

N

RuN

N N

N

(PF6)2
Ru(bpy)2Cl2.3H2O + CF3

H
N

O

N
H

F3C

O

NaOH, H2O/EtOH

24h ref lux, NH4PF6
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!

*+,-'&( 4.0.).! J'D/+.D*(! %-(.+-.(/! '1! -#/! +'24D/E! 0$+*-$',! $,! -#/! +(:%-*D! '1! eRµW*0+W

>Q]SfP.R54:S6g6giRFQaS6\6! R>T]S6>XC! >'.,-/(! *,$',%! *,0! %'DA/,-! 2'D/+.D/%! R%'DA/,-! '1!

+(:%-*DD$\*-$',S!*(/!'2$--/0!1'(!+D*($-:C!

(

"#/!P.���P.!0$%-*,+/!&*%!0/-/(2$,/0!*-!`C76_R;S!u?!*!(/D*-$A/D:!%#'(-!0$%-*,+/!1'(!*!2'D/+.D/!

5($0=/0!0$,.+D/*(!%4/+$/%C!"#/!VWV!5',0!D/,=-#!*-!;C^a]R`S!u!(/A/*D%!*!%$,=D/!5',0!*,0!-#.%!

-#/! #:0(*\$0'R6WS! 1'(2! '1! -#/! 5($0=/C! "#/! (/2*$,$,=! %-(.+-.(*D! 0*-*! (/A/*D! *,! *2$0/! -:4/!

(/%',*,+/! &$-#$,! -#/! X>VV>X! 1(*2/&'()?! $C/C! 1'(2$,=! -&'! VW+',,/+-/0! +*(5*2':D!

1.,+-$',%C! "&'! 1$A/W2/25/(/0! +#/D*-/! ($,=%! -#.%! %#*(/! *! +'22',! VWV! /0=/! $,! *! D*(=/D:!

4D*,*(!*((*,=/2/,-?!-#/!*,=D/%!*(/!.,%4/+-*+.D*(!&$-#!*!%2*DD!5$-/!*,=D/!XWP.WV!'1!*5'.-!bbv!

*,0!*!D*(=/!*2$0/!*,=D/!XW>WV!'1!;6bC`R`SvC!

(

(

(

(

(

(

(

(

(

(

(
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P#QF&(4.0.).(3/D/+-/0!5',0!D/,=-#%!RuS!*,0!*,=D/%!RvS!1'(!eRµW*0+W>Q]SfP.R54:S6g6giRFQaS6\6!

R>T]S6>XC(

N',0%! M/,=-#%!! N',0%! K,=D/%RwS!

>6;WX! ;C6a_RaS! >6;WV`WV`! ;;7C_R^S!

>6;WV`! ;C];;RaS! >6;WXWP.! ;;6C^R]S!

V`WV`! ;C^a]R`S! V`W>6;WX! ;68C;R^S!

P.WX! 6C7_]R]S! V`WP.WX! bbC_bR;]S!

V`WP.! 6C;`;R^S! P.WV`WV`! ;;;CbR6S!

P.WV^! 6C7b]R`S! V^WP.WV]! b_C]8R;_S!

P.WV]! 6C7`7R^S! V6WP.WV;! b_C;aR;_S!

P.WV6! 6C78`R^S! >66W>6;WX! ;;^C7R^S!

P.WV;! 6C7`_R`S! ! !

>6;W>66! ;C`]8RbS! ! !

!

(

(

4.1(!A;F+;(T9F%#EE&%'A(

N/%$0/%!-#/!/E4/+-/0e``i?!(*-#/(!$,A*($*,-!54:W5*%/0!(/0.+-$',%!R6 -&'W/D/+-(',!&*A/%!*-!W;C8_!

*,0!W6C;_!c!A%!Q+lo7S?! -#/!/D/+-('+#/2$+*D!*,*D:%$%!5:!+:+D$+!A'D-*22/-(:! $,!>T]>Vo7C;!J!

N.^VFQa! (/A/*D/0! -&'! ',/W/D/+-(',! 'E$0*-$',!&*A/%! *-! l7C^8! *,0! l;C77!c! A%! Q+
lo7!&$-#! *!

R]lS! $,-/(2/0$*-/! RQ$=.(/! bC^C;SC! "#/! +'24('4'(-$',*-$',! +',%-*,-! '1! Kc! m! ;7
8C8! 1'(! -#*-!

$,-/(2/0$*-/! $%! ,'-! 2.+#! 0$11/(/,-! 1('2! -#'%/! '1! -#/! 0$11/(/,-D:! %.5%-$-.-/0! *,*D'=./%e``i?!

#'&/A/(?! -#/! 4'-/,-$*D%! '1! -#/! 'E$0*-$',! D$/! (*-#/(! 4'%$-$A/?! $,! *=(//2/,-!&$-#! -#/! *++/4-'(!

+#*(*+-/(!'1!-#/!>Q]!%.5%-$-./,-%C!

!

!

!

!

!
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!

(

(

(

*+,-'&(4.1.).(>:+D$+!A'D-*22'=(*2!$,!>T]>V!o!7C;!J!N.^VFQa!*-!(''2!-/24/(*-.(/?!3+*,!

(*-/!;772co%C!

!

4.2(XYHY+BH_7[(B$&;%'9&F&;%'9;"&E+B%'A(

"&'W%-/4!@cWc$%WV<P!%4/+-('/D/+-('+#/2$%-(:!$,!>T6>D6o7C;!J!N.^VFQa!%#'&%!*!-:4$+*D
e``i!

*5%'(4-$',!RQ$=.(/!bC`C;S!1'(!-#/!$,-/(2/0$*-/!*-!;a87!,2!Rε!m!__77!JW;!+2W;S!&#$+#!+'.D0!5/!

*--($5.-/0!-'!-#/!$,-/(A*D/,+/!+#*(=/!-(*,%1/(!R<c>"S!-(*,%$-$',!'1!*!2$E/0WA*D/,-!%4/+$/%!'(!-'!

*!πWπs!-(*,%$-$',!'1!*!2/-*D!+''(0$,*-/0!'(=*,$+!(*0$+*D!5($0=/e``iC!V/$-#/(!-#/!&*A/D/,=-#!,'(!

-#/! $,-/,%$-:! 4('A$0/! *! %-(*$=#-1'(&*(0! +($-/($',! 1'(! 0$11/(/,-$*-$,=! 5/-&//,! -#/%/! -&'!

*D-/(,*-$A/%C!!

!

!
(

!
(

(

(

(

(

(

(

(

(

*+,-'&(4.2.).!@cWA$%WV<P! %4/+-('/D/+-('+#/2$+*D!'E$0*-$',!'1! eRµW*0+W>Q]SfP.R54:S6g6gi
6l!

$,!>T6>D6o7C;!J!N.^VFQaC!

1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5

E / V vs. Fe(Cp)
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"#/! *5%'(4-$',! 5*,0! 1'(! -#/! P.<<P.<<<! $,-/(2/0$*-/! 0$2$,$%#/%! ',! 1.(-#/(! ',/W/D/+-(',!

(/0.+-$',! -'! -#/! P.<<<P.<<<! 1'(2! RQ$=.(/! bC`C6SC! "#/! %4/+-('/D/+-('+#/2$+*D! 0*-*! '1! *DD! -#/!

/D/+-('+#/2$+*DD:!=/,/(*-/0!%4/+$/%!*(/!4(/%/,-/0!$,!"*5D/!bC`C;C!

C!

(

(

(

(

(

(

(

(

(

(

(

(

*+,-'&( 4.2./.! @cWc$%WV<P! %4/+-('/D/+-('+#/2$+*D! %/+',0! 'E$0*-$',! '1! eRµW*0+W

>Q]SfP.R54:S6g6gi
]l!!$,!>T6>D6o7C;!J!N.^VFQaC!R/D/+-('0/!*0%'(4-$',SC!

!

P#QF&(4.2.).((?#%#(D'9E(XYHT+BH_7[(B$&;%'9&F&;%'9;"&E+B%'A
#=(

(

>'24'.,0( λ2*E!o!,2!Rε!o!;7
W]!JW;+2W;S(

)
1W
(

)
0W
(

)
/W(

)(

]7^!R%#S?!6^8!RbC^7S!

;a87!R_C8_S?!^8a!R;aCb`S?!^;7!R;7C_bS?!6_7!R`8C`7S!

^8a!R;aCb`S?!]`a!R;bC7bS?!6_7!Rb`C87S!

^_`!R%#S?!]ab!R6^C`^S?!6_7!R87C_]S(
*SQ('2!%4/+-('/D/+-('+#/2$%-(:!$,!*,!X""ML!+/DD!$,!>T]>V!o!7C;!

J!N.^VFQa!*-!6_8!IC(λ<c>"!o!,2!Rε!o!;7
W]!JW;+2W;S!m!;a87!

R_C8_S?!∆ν;o6
*
!!o!+2

W;!m!;b6^C(

(

(

(

(
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4.3(SR[(B$&;%'9B;9$A(

K%! -#/! D$-/(*-.(/! (/4'(-%! /A$0/,+/0e``?6b?;a^?;abi?! LFP! %4/+-('%+'4:! $%! *! %.4/(5! 2/-#'0! 1'(!

4('5$,=! %4$,!0$%-($5.-$',! *,0!#/,+/! 1'(! -#/!0/-/(2$,*-$',!'1! +#*(=/! *,0! 'E$0*-$',!%-*-/%C!K!

(*0$+*D! +'24D/E! %#'.D0! /E#$5$-! %2*DD! g! *,$%'-('4:! 0./! -'! -#/! %2*DD! +',-($5.-$',%! 1('2! -#/!

2/-*D%!&$-#!-#/$(!D*(=/!%4$,!'(5$-!+'.4D$,=!+',%-*,-%!&#/(/*%!=/,.$,/!2$E/0WA*D/,-!+'24D/E/%!

-:4$+*DD:!%#'&!D*(=/!%.+#!g!0/A$*-$',%!1('2!-#/!1(//!/D/+-(',!A*D./!*-!6C776]e;abiC!<,!*00$-$',?!

2$E/0WA*D/,-! +'24'.,0%!&$-#!2/-*DW5*%/0! %4$,! *(/! 1(/k./,-D:! *11/+-/0! 5:! %#'(-! (/D*E*-$',!

-$2/%! &#$+#! +*.%/%! LFP! %$D/,+/! *-! #$=#/(! -/24/(*-.(/%e``iC! <,-/(2/0$*-/! eRµW*0+W

>Q]SfP.R54:S6g6i
]l! *%! =/,/(*-/0! 5:! intra muros! /D/+-('D:%$%! RQ$=.(/! bCaC;S! /E#$5$-%! LFP!

4*(*2/-/(%!*-!g;!m!6C6]_?!g6!m!6C7a`!*,0!g]!m!;C8_;!R=*A!!m!6C;7;?!∆g = g;W g]!m!7C]^8S!&#$+#!

*(/!A*D./%!%$=,$1:$,=!+',%$0/(*5D/!2/-*D!4*(-$+$4*-$',!*-!-#/!%$,=D:!'++.4$/0!JX!R3XJXSC!

!

!

!

!

(

(

(

(

(

(

*+,-'&(4.3.).(LFP!%4/+-(.2!'1!/D/+-('=/,/(*-/0!eRµW*0+W>Q]SfP.R54:S6g6gi
]l!*-!^!I!$,!=D*%%:!

1('\/,!>T]>Vo7C;!J!N.^VFQa!%'D.-$',C(

(

4.4(!98;F-B+98(

<! #*A/! $0/,-$1$/0! -#/! eRµW*0+W>Q]SfP.R54:S6g6i
]l! $,-/(2/0$*-/! *%! *! P.<<<P.<<! 2$E/0WA*D/,-!

%4/+$/%! $,A'DA$,=! *,! /D/+-(',! 0',*-$,=! #:0(*\$0'R6WS! 5($0=$,=! D$=*,0C! "#$%! .,0/(%-*,0$,=!

$24D$/%! *! #'D/! -(*,%1/(!2/+#*,$%2e`bi! 1'(! -#/! A*D/,+/! /E+#*,=/! $,! -#/! /E+$-/0! %-*-/! *,0! *,!

*%%$=,2/,-!'1!-#/!%-(',=!,/*(!$,1(*(/0!*5%'(4-$',!*%!-#/!(/%.D-!'1!*,!4(/0'2$,*,-!$,-/(A*D/,+/!

+#*(=/! -(*,%1/(! R<c>"S! -(*,%$-$',C!H$-#! *! 5*,0&$0-#! '1! *5'.-! ;b77! +2W;! *-! #*D1! #/$=#-! -#$%!

*5%'(4-$',! $%!2.+#! ,*(('&/(! -#*,! -#/! ^877! +2W;! -#*-! $%! +*D+.D*-/0! 1('2! -#/!T.%#! /k.*-$',!

∆νR;o6S!m!R6];7!×!ε2*ES
;o6!1'(!D'+*D$\/0!2$E/0WA*D/,-!%:%-/2%?!%.==/%-$,=!*!A*D/,+/W*A/(*=/0!

%$-.*-$',!$,!*=(//2/,-!&$-#!-#/!#$=#!Kc!A*D./C!

1000 2000 3000 4000 5000 6000

B / G
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5.).(78B%'-E&8%#%+98(

;T?! ];F! *,0! ;_QWVJP! /E4/($2/,-%! *-! 6`7!JT\! *,0! ^77!JT\!&/(/! +*(($/0! '.-! 5:!J%C!IC!

"U(')! ',! N(.)/(! K>W6`7! %4/+-('2/-/(! *,0! N(.)/(! KJ! ^77! JT\! %4/+-('2/-/(C!

"/-(*2/-#:D%$D*,/!R"J3S!&*%!.%/0!*%!*,!/E-/(,*D!+#/2$+*D!%#$1-!%-*,0*(0C!LD/2/,-*D!*,*D:%/%!

&/(/! +*(($/0! '.-! &$-#! *! F/()$,WLD2/(! 6^7>! /D/2/,-*D! *,*D:%/(! 5:! J%C! NC! QU(-%+#C!

LD/+-('%4(*:! $',$\*-$',! 2*%%! %4/+-(*! &$-#! 4'%$-$A/! $',! 4'D*($-:! &/(/! (/+'(0/0! ',! N(.)/(!

G*D-',$+%W2$+('"XQWh! 5:! J(C! 9C! "($,)/(! *,0! J%C! IC! H'#D5'D0C! ! >:+D$+! *,0! G$11/(/,-$*D!

F.D%/!A'D-*22/-(:!2/*%.(/2/,-%!&/(/!4/(1'(2/0!',!*,!LBdB!FKP!6b]!4'-/,-$'%-*-C!"#/!

2/*%.(/2/,-%! &/(/! +*(($/0! '.-! .,0/(! *(=',! *-2'%4#/(/! $,! 7C;! J! -/-(*5.-:D*22',$.2!

#/E*1D.'('4#'%4#*-/! %'D.-$',%! .%$,=! *! -#(//! /D/+-('0/! +',1$=.(*-$',! R=D*%%:! +*(5',! *%!

&'()$,=! /D/+-('0/?! 4D*-$,.2! *%! +'.,-/(! /D/+-('0/! *,0! %$DA/(! *%! 4%/.0'(/1/(/,+/! /D/+-('0/SC!

"#/!1/(('+/,/o1/(('+/,$.2!RQ+oQ+lo7S!+'.4D/!%/(A/0!*%!$,-/(,*D!(/1/(/,+/!Rl7C^a!c!A%C!3>LSC!

F'D*('=(*4#:?! 5.D)! /D/+-('D:%$%! *,0! 4#*%/W%/,%$-$A/! *D-/(,*-$,=W+.((/,-! +:+D$+! A'D-*22/-(:!

&*%!4/(1'(2/0!.%$,=!*!FKP!6a]K!$,%-(.2/,-C!jW5*,0!LFP!%4/+-(*!*-!_C`!BT\!&/(/!'5-*$,/0!

1('2!N(.)/(!%:%-/2!L3F!]77!/k.$44/0!&$-#!*!T/&D/--WF*+)*(0!Q(/k./,+:!+'.,-/(!`]`7N?!*!

N(.)/(! LP7]`J! =*.%%2/-/(! 1'(! g! A*D./! 0/-/(2$,*-$',C! Q'(! ;;7I!2/*%.(/2/,-%?! -#/! %*2/!

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

+*4$DD*(:e;a8i!%/(A/0!-'!/D/+-('=/,/(*-/!$,-/(2/0$*-/%!1'(!jW5*,0!LFPC!"#/!LFP!2/*%.(/2/,-%!

&/(/! +*(($/0! '.-! 5:! G(C! N$4(*O$-! 3*()*(! *,0! G(C! N($=$--/! 3+#&/0/(%)$! *-! <,%-$-Y-! 1Y(!

K,'(=*,$%+#/! >#/2$/?! @,$A/(%$-Z-! 3-.--=*(-! <P! %4/+-(*! &/(/! '5-*$,/0! .%$,=! F/()$,WLD2/(!

Q"<P! a8^! *,0! 68]! $,%-(.2/,-%! '(! *! V$+'D/-! ab77! Q"W<P! %4/+-('2/-/(C! "#/! %'D$0! %-*-/! <P!

2/*%.(/2/,-%! &/(/! 4/(1'(2/0! &$-#! *,! K"P! .,$-! R%2*(-! '(5$-! &$-#! 0$*2',0! +(:%-*DS! ',! *!

V$+'D/-!ab77!Q"<P! $,%-(.2/,-C!@c~c$%!*5%'(4-$',!%4/+-(*!&/(/! (/+'(0/0!',!9d!J!"<GK3!

*,0!K=$D/,-!8^`]!0$'0/!*((*:!%4/+-('4#'-'2/-/(%C!"#/!2/*%.(/2/,-%!&/(/!0',/! $,!%'D.-$',!

.%$,=! k.*(-\! +.A/--/%! '1! ;! +2! 4*-#! D/,=-#C! 34/+-('/D/+-('+#/2$%-(:! &*%! 4/(1'(2/0! .,0/(!

*(=',!*-2'%4#/(/!.%$,=!*,!'4-$+*DD:!-(*,%4*(/,-!-#$,WD*:/(!/D/+-('0/!RX""MLS!+/DD!0/A/D'4/0!

5:!G(C!I(/O+$)e;a_iC!"#/!&$,0'&%!'1!-#/!+/DD!+',%$%-!'1!>*Q6!4D*-/%C!N/-&//,!-#/!4D*-/%!-#/(/!$%!

*! %4*+/(! $,-'!&#$+#! -#/!&'()$,=! R4D*-$,.2!2/%#S?! *.E$D$*(:! R4D*-$,.2!2/%#S! *,0! (/1/(/,+/!

/D/+-('0/%! R%$DA/(! &$(/! *%! 4%/.0'! (/1/(/,+/S! *(/! 2/D-W%/*D/0C! "#/! R%4/+-('S/D/+-('+#/2$+*D!

2/*%.(/2/,-%!&/(/! +*(($/0!'.-!5:!G(C! 9*,!Q$/0D/(! *-! -#/! <,%-$-Y-! 1Y(!K,'(=*,$%+#/!>#/2$/?!
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@,$A/(%$-Z-!3-.--=*(-!*,0!*-!-#/!9C!T/:('A%)z!<,%-$-.-/!'1!F#:%$+*D!>#/2$%-(:?!ACAC$C?!K+*0/2:!

'1!3+$/,+/%!'1!-#/!>\/+#!P/4.5D$+?!F(*=./?!>\/+#!P/4.5D$+!

(

5./.(@9FT&8%B(#8:(c9'U+8,(;98:+%+98B(!

3'DA/,-%! &/(/! 0($/0! 5:! (/1D.E$,=! .,0/(! *(=',! *-2'%4#/(/! 'A/(! +*D+$.2! #:0($0/!

R0$+#D'('2/-#*,/?! *+/-',$-($D/?! 2/-#*,'D! /-#*,'D! *,0! #/E*,/S?! +*D+$.2! +#D'($0/! R*+/-',/S?!

%'0$.2!R-'D./,/S!'(!D$-#$.2!*D.2$,$.2!#:0($0/!R0$/-#:D!/-#/(SC!"#/:!&/(/!0/=*%%/0!5:!1(//\/W

4.24/0W-#*&!2/-#'0!.%$,=! *(=',!*%! $,/(-! =*%C!KDD! -#/! *$(! *,0!2'$%-.(/! %/,%$-$A/! %:,-#/%/%!

&/(/!4/(1'(2/0!.,0/(!*(=',!*-2'%4#/(/!.%$,=!*!%-*,0*(0!3+#D/,)WD$,/!-/+#,$k./C!

(

5.0.(@A8%"&B&B(

"#/!1'DD'&$,=!%.5%-*,+/%!&/(/!+'22/(+$*DD:!*A*$D*5D/!

;?]?_W"($2/-#:DE*,-#$,/! R"JjS! 1('2! KD0($+#C! F/,-**2$,/+#D'('(.-#/,$.2R<<<S! 0$+#D'($0/!

1('2! KD1*W*/%*(C! ;?! ;�WN$%R0$4#/,:D4#'%4#$,'S1/(('+/,/! 1('2! K+('%! X(=*,$+%C! 6?]?`?aW

-/-(*1D.'('Wb?b?8?8W-/-(*+:*,'WpWk.$,'0$2/-#*,/! R">VhQ^S! 1('2! "><! L.('4/C! _W

J/-#:D=.*,$,/! R_JBS! *,0! ;?6?^?`W-/-(*+:*,'5/,\/,/! 1('2! QD.)*C! ;?! ;�WN$%R0$W

$%'4('4:D4#'%4#$,'S1/(('+/,/! *,0! P.R54:S6>D6! 1('2! KN>PC! ;?;�W

N$%R0$+:+D'#/E:D:D4#'%4#$,'S1/(('+/,/! R0+#41S?! *DD'E*\$,/! *,0! b?8W0$2/-#:D*DD'E*\$,/! 1('2!

3$=2*C!

The following ligands were synthesized according to literature procedures!

6W4$A*D':D!4-/($,e8;iC!6?6nW*\'5$%4:($0$,/e;b7iC!;?]W0$2/-#:DD.2*\$,/eb_iC!;?!]!0$2/-#:DW

*DD'E*\$,/e87iC!;?]?b?8W-/-(*2/-#:D*DD'E*\$,/e87iC!6?6nW*\'5$%R`W+#D'('4:($2$0$,/S!e68iC!!!!!!!!!!!

;?6W5$%R-($1D.'('*+/-:DS#:0(*\$,/!e;a`i!

(

(

(

(
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5.0.).(@A8%"&B+B(9D(_/H$+T#F9AFHN(6HE&%"AF,-#8+8&(LRH6I]=!

K! 2$E-.(/! '1! ;]]! 2=! R7C8;! 22'DS! _W2/-#:D=.*,$,/?! 6! 2=! R7C76! 22'DS! ^WV?V!

0$2/-#:D*2$,'4:($0$,/!RGJFKS!*,0!`!2D!-($2/-#:D*+/-$+!*,#:0($0/!&*%!%-$((/0!.,0/(!(/1D.E!

+',0$-$',! 1'(! ^! #C! "#/! '5-*$,/0! 5D*+)! (/*+-$',! 2$E-.(/! &*%! -#/,! %D'&D:! +''D/0! -'! (''2!

-/24/(*-.(/C! G$/-#:D! /-#/(! R`7! 2MS! &*%! *00/0! -'! -#/! %'D.-$',! &#$+#! &*%! )/4-! $,! -#/!

(/1($=/(*-'(! 1'(! %/A/(*D! #'.(%C! "#/! 5('&,! 4(/+$4$-*-/! 1'(2/0! &*%! 1$D-/(/0! *,0! 0$%%'DA/0! $,!

0$+#D'('2/-#*,/C! "#/! %'D.-$',! &*%! -#/,! 0($/0! +'24D/-/D:! *,0! -#/! '5-*$,/0! %'D$0! &*%!
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-#('.=#! +',A/(-/0! -'! $0/,-$1$/0! R5:! jW(*:! +(:%-*DD'=(*4#:S! e>.]R0441SR�6W0441SRFFSRFFW

Si6RNQ^S^C!

!ef>.R0441Sg6RFFSiRNQ^S6t! �$/D0t! _7! {C! K,*DC! >*D+0C! 1'(! >b_Ta_N6>.6Q8Q/6V`X6F^! x! ]!

>T6>D6! R1&!m! ;_;;C`^S!>?! `;C`6}!T?! ]C_`}!V?! ]CaaC! Q'.,0t!>?! `;C;]}!T?! ]Cb`}!V?! ]C`6C!
;T!

VJP! e>G6>D6?! 6`7!JT\?! �! R442Sit! 7C;7! R%?! _T?! -N.S?! ^C]_! R%?! 8T?!>4S?! ^C`7! R%?! 8T?!>4S?!

bC]`WbC^^!R2?!5(?!^7T?! WF#S?!8C87!R%?!5(?!;T?!FFS?!8C_6!R%?!5(?!;T?!FFS?!_C^6!R%?!5(?!;T?!VT?!

FFS?!;6C^_!R%?!5(?!;T?!VT?!FFSC!];Ff;Tg!VJP!e>G6>D6?!�!R442Sit!W;7Caa!R%?!0441SC!Q"W<Po+2W;!

R%'D$0St!;b]a?!;a_6?!;a;]!R�>mXSC!J3!RL3<?!J$+('2*%%!hW"'QSt!2'D/+.D*(!$',!4/*)!+/,-/(/0!

*-!2o\!m!;^8;C;a?!+'((/%4',0%!-'!ef>.R0441Sg6RFFSi
lC(

5.0.3.(@A8%"&B+B(9D(;9$$&'H$-'+8&(;9E$F&G&B(

K! ;t;! 2$E-.(/! '1! D$=*,0! *,0! 2/-*DW4(/+.(%'(! +'24D/E! &*%! -*)/,! $,! 6`! 2M! 0(:! *,0!

0/'E:=/,*-/0! 0$+#D'('2/-#*,/C! "#/! 2$E-.(/! &*%! -#/,! %-$((/0! *-! (''2! -/24/(*-.(/! .,0/(!

*(=',! *-2'%4#/(/! 1'(! 'A/(,$=#-C! "#/! %'DA/,-!&*%! (/2'A/0! .,0/(! (/0.+/0! 4(/%%.(/! *,0! -#/!

'5-*$,/0!%'D$0!&*%!&*%#/0!%/A/(*D!-$2/%!&$-#!0(:!#/E*,/C!"#/!%'D$0!&*%!+(:%-*DD$\/0!1('2!0(:!

0$+#D'('2/-#*,/o#/E*,/!R6t;S!2$E-.(/!*-!^'!>C!

e>.R0441SRFW_JBSiRNQ^St(�$/D0t!_;{C!K,*DC!>*D+0C!1'(!>^`T^]N>.Q^Q/V`X6F6!x!>T6>D6!R1&!

m!;7]8C_`S!>?!`]C;8}!T?!^C]b}!V?!aCb^C!Q'.,0t!>?!`]C^^}!T?!^C^a}!V?!aCb;C!;T!VJP!e>G6>D6?!

6`7!JT\?!�!R442Sit!;C68!R%?!]T?!>T]S?!;C]a!R%?!_T?! -N.S?!^C]b!R%?!^T?!>4S?!^C^`!R%?!^T?!>4S?!

bC]`WbC`^! R2?! 67T?! F#S?! 8C;;! R%?! ;T?! VWTS?! 8C`]! R%?! ;T?! >T?! "JjS?! ;6C;b! R%?! ;T?! VTSC!
];Ff;Tg! VJP! e>G6>D6?! �! R442Sit! W;]Cba! R%?! 0441SC! Q"W<Po+2W;! R%'D$0St! ;b7;R&S?! ;ab]R%S?!

;aa6R%S?!;a7aR%S!R�>mXSC!J3!RL3<?!J$+('2*%%!hW"'QSt!2'D/+.D*(!$',!4/*)!+/,-/(/0!*-!2o\!m!

8aaC;`?!+'((/%4',0%!-'!e>.R0441SRFW_JBSilC(
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e>.R0441SR"JjSiRNQ^St(�$/D0t!_`!{C!K,*DC!>*D+0C!1'(!>^6T]8N>.Q^Q/V^X6F6(O(6>T6>D6!R1&!

m!;7a8CbaS!>?!^_C^`}!T?!]C_a}!V?!`C6^C!Q'.,0t!>?!^_C^;}!T!]C8`}!V?!`C6;C!;T!VJP!e>G6>D6?!

6`7!JT\?!�R442Sit!]C67!R%?!]T?!VW>T]S?!]Cb8!R%?!]T?!VW>T]S?!^C;;!R%?!]T?!VW>T]S?!^C]b!R%?!

^T?!>4S?!^C^a!R-?!5(?!^T?!>4S?!bC]aWbC`]!R2?!67T?!F#S?!bC87!R%?!;T?!>T?!"JjSC!];Ff;Tg!VJP!

e>G6>D6?!�R442Sit!W;]C`7C!Q"W<Po+2W;!R%'D$0St!;b7^?!;a`b!R�>mXSC!

e>.R0$441SR"JjSiRFQaSt(�$/D0t!_;{C!K,*DC!>*D+0C!1'(!>]7T^a>.QaQ/V^X6F]!R1&!m!86;C7;S(>?!

^]C8_}!T?!`Ca`}!V?!aC86C!Q'.,0t!>?!^]Cb_}!T?!]Cb6}!V?!aC8`C! ;T!VJP!e>G6>D6?!6`7!JT\?!�!

R442Sit!;C;]!R00?!3JH-H!m!bC;T\?!
3
JP-H!m!;^C_?!;6T?!FW>TW>T]S?!;C6a!R00?!?!

3
JH-H!m!bC6!T\?!

3
JP-

H!m!;`C`?!;6T?!FW>TW>T]S?!6C6;!R2?!5(?!^T?!FW>TW>T]S?!]C^]!R%?!]T?!VW>T]S?!]C8;!R%?!]T?!VW

>T]S?! ^C;7! R%?! ]T?! VW>T]S?! ^C^7! R%?! ^T?! >4S?! ^C`;! R%?! ^T?! >4S?! bCb]! R%?! ;T?! >T?! "JjSC!
];Ff;Tg!VJP!e>G6>D6?!�!R442Sit!6C;;!R%?!0$441S?!W;^^C^`!R%/4-?!1JP-F!m!b;7C`^!T\?!WFQaSC!Q"W

<Po+2W;!R%'D$0St!;b7a?!;aa7!R�>mXSC!J3!RL3<?!J$+('2*%%!hW"'QSt!2'D/+.D*(!$',!4/*)!+/,-/(/0!

*-!2o\!m!ab`C;b?!+'((/%4',0%!-'!e>.R0$441SR"JjSilC

e>.R0+#41SR"JjSiRFQaSt(�$/D0t!_`!{C!K,*DC!>*D+0C!1'(!>^6Ta6>.QaQ/V^X6F]!O(>T6>D6!R1&!m!

;7aaC;8S!>?!^8C^^}!T?!aC7`}!V?!`C6`C!Q'.,0t!>?!^8C]^}!T?!`C_`}!V?!`C67C! ;T!VJP!e>G6>D6?!

6`7!JT\?!�!R442Sit!;C68!R2?!67T?!0+#41S?!;C8]!R2?!6^T?!0+#41S?!]C^`!R%?!]T?!VW>T]S?!]C86!R%?!

]T?!VW>T]S?!^C;7!R%?!]T?!VW>T]S?!^C]^!R%?!^T?!>4S?!^C^_!R%?!^T?!>4S?!bCa^!R%?!;T?!>T?!"JjSC!
];Ff;Tg!VJP!e>G6>D6?!�! R442Sit! W`Cb`! R%?! 0+#41S?! W;^^C^6! R%/4-?! 1JP-F!m!b;7C8]!T\?! WFQaSC!

<Po+2W;!R%'D$0St!;b7b?!;aa6!R�>mXSC!

5.0.4.(@A8%"&B+B(9D(#Q;$H(#8:(#Q$AHQ'+:,&:("&%&'98-;F&#'(;9E$F&G&B(

3:,-#/%$%!'1!fRµW*5+4Se>.R0441Si6gRNQ^S6!!

K!2$E-.(/!'1! *5+4! R;aC6;!2=?!7C7a^!22'DS! *,0! e>.R0441SR>T]>VS6iRNQ^S! R;77!2=?!7C;6b!

22'DS! $,! ]7!2D! '1! 0(:! 0$+#D'('2/-#*,/!&*%! %-$((/0! 'A/(,$=#-! .,0/(! *(=',! -'! =$A/! *! =(//,!

%'D.-$',C! K1-/(! (/2'A*D! '1! -#/! %'DA/,-?! -#/! %'D$0! &*%! &*%#/0!&$-#! #/E*,/! *,0! +(:%-*DD$\/0!

1('2! 0$+#D'('2/-#*,/o#/E*,/! R;oaS! *-! ^w>C! �$/D0t! b_C]! 2=! Rb`{SC! K,*DC! >*D+0C! 1'(!

>baTa7N6>D6>.6Q8Q/6VaF^!x!6>T6>D6! R1&!m!;8]^C]]S!>?!`;C7b}!T?!]C`6}!V?!^C`8C!Q'.,0t!>?!

`;C7]}!T?!^C;;}!V?!`C6^C!;T!VJP!e>G>D]?!6`7!JT\?!�!R442Sit!^C`^!R2?!;aT?!>4S?!aC_bWbC^a!

R2?!5(?!^7T?!F#S?!8C6^!R%?!5(?!6T?!*5+4S?!8C8a!R%?!5(?!6T?!*5+4SC!];F!VJP!e>G>D]?!�!R442Sit!W

;^C;]C! J3! RL3<?! J$+('2*%%! hW"'QSt! JW;! 4/*)! *-! 2o\! m! ;^_7C;?! +'((/%4',0%! -'! efRµW

*5+4Se>.R0441Si6gWTi
l!R+*D+.D*-/0!2o\!m!;^8_C_^SC

(
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(@A8%"&B+B(9D(`LµµµµH#Q;$=K!-L:$$D=M/aL>*1=((

;8C]! 2=! '1! fRµW*5+4Se>.R0441Si6gRNQ^S6( &*%! 0$%%'DA/0! $,! 8! 2M! >T6>D6! o! N.^VNQ^*,0!

%-/4&$%/!/D/+-('D:\/0!*-!*!2/(+.(:!%.(1*+/!&$-#!7C_^!Q!0+!+.((/,-C!K1-/(!+'24D/-/!/D/+-('D:%$%?!

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

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

/E4/($2/,-!$,0$+*-/0!,'!'A/(W(/0.+-$',!'(!0/+'24'%$-$',!/A/,!*1-/(!;`!2$,.-/%C!"#/!%'DA/,-!

&*%! (/2'A/0! .,0/(! (/0.+/0! 4(/%%.(/! -'! :$/D0! *! 5('&,! %'D$0! &#$+#! &*%! +#*(*+-/($\/0!

+(:%-*DD'=(*4#$+*DD:! *%! {(µ-abcp)[Cu(dppf)]2}(BF4) *1-/(! +(:%-*DD$\*-$',! 5:! 0$11.%$',! '1!

#/E*,/! $,-'! *!0$+#D'('2/-#*,/! %'D.-$',!'1! -#/! /D/+-('D:\/0!4('0.+-! *-! ^w>C!�$/D0!t! ;^C6!2=!

R8;C8! {SC! J3! RL3<?! J$+('2*%%! hW"'QSt! 4/*)! *-! 2o\! m! ;^88C7`?! +'((/%4',0%! -'! e)il!

R+*D+.D*-/0!2o\!m!;^88C7`SC(

Experimental mass spectrum!
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�
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�
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Simulated mass spectrum 
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(

(

(

(



!"#$%&'(5(

�

;66�

@A8%"&B+B(9D(KLµµµµH#Q$A=!-L:+$$D=ML>*1=

e>.R0$441SR>T]>VS6iNQ^!R6a7!2=?!7C^!22'DS!*,0!6?6nW*\'5$%4:($0$,/!Rb^!2=?!7C^!22'DS!$,!

67! 2D! '1! 0(:! 0$+#D'('2/-#*,/! &/(/! %-$((/0! *-! (''2! -/24/(*-.(/! 1'(! 8! #'.(%! .,0/(! *(=',C!

G.($,=!-#$%!-$2/!-#/!%'D.-$',!-.(,/0!A$'D/-C!K1-/(!(/2'A*D!'1!-#/!%'DA/,-!-#/!%'D$0!&*%!&*%#/0!

&$-#! #/E*,/! *,0! +(:%-*DD$\/0! 1('2! 0$+#D'('2/-#*,/o#/E*,/! R;o]SC! �$/D0t! 6]7! 2=! RbaC^{SC!

K,*DC!>*D+0C! 1'(!>]6T^^N>.Q^Q/V^F6! R1&!m! b`6C88S!>?! `;C7`}!T?! `C8_}!V?! bC^^C! Q'.,0t!>?!

`7Cb_}!T?!`C_7}!V?!bC66C!;T!VJP!e>G6>D6?!6`7!JT\?!�!R442Sit!7C_;!R00?!3JH-H!m!bC6!T\?!
3
JP-H!

m!;`C;?!;6T?!FW>TW>T]S?!;C7`!R00?!?!
3
JH-H!m!bC;!T\?!

3
JP-H!m!;`C]?!;6T?!FW>TW>T]S?!6C;a!R2?!

5(?!^T?!FW>TW>T]S?(!^C^]!R%?!^T?!>4S?!^Ca;!R%?!^T?!>4S?!!bC8`!R-?!
]
JH-H!m!bC6!T\?!!6T?!*54:S?!!

8C6`!R-?!]JH-H!m!aC`!T\?!6T?!*54:S?!8C^]R0?
!]

JH-H!m!aC^!T\?!6T?!*54:S?!_C78!R%?!5(?!6T?!*54:SC!
];F!

VJP!e>G6>D6?!�! R442Sit! ^C;]C!J3! RL3<?!J$+('2*%%!hW"'QSt!2'D/+.D*(! $',!4/*)!*-!2o\!m!

aa`C;b?!+'((/%4',0%!-'!eRµW*54:S>.R0$441SilC!

5.0.5.(@A8%"&B+B(9D(K`[-L_b0=2aL�1HP!_d*1=MLR*3=5(

K,! *2'.,-! '1! ;`7! 2=! R7C`;! 22'DS! '1! 4/,-**22$,/+#D'('(.-#/,$.2R<<<S! 0$+#D'($0/! &*%!

0$%%'DA/0!$,!#'-!&*-/(?! -#/,!-#/!+''D/0!%'D.-$',!&*%!(/*+-/0!&$-#!1(/%#D:!4(/4*(/0!�,WT=!*-!

(''2!-/24/(*-.(/!.,0/(!*(=',!*-2'%4#/(/!1'(!*5'.-!;!#'.(C!K1-/(!(/0.+-$',!&*%!+'24D/-/0?!

-#/!2$E-.(/!&*%!1$D-/(/0!'A/(!*!+/D$-/!5/0!$,!-#/!*5%/,+/!'1!*$(C!K,!*+/-',/!%'D.-$',!'1!6bCa!2=!

R7C;! 22'DS! -/-(*1D.'('-/-(*+:*,'k.$,'0$2/-#*,/! &*%! -#/,! *00/0! %D'&D:! -'! -#/! 1$D-/(/0!

%'D.-$',C! K! =(//,! +'D'.(! 0/A/D'4/0! $22/0$*-/D:?! *,0! -#/! %'D.-$',! &*%! %-$((/0! 1'(! ;`! #C! K!

%*-.(*-/0! *22',$.2! #/E*1D.'('4#'%4#*-/! %'D.-$',! $,! T6X!&*%! -#/,! *00/0! -'! -#/! (/*+-$',!

2$E-.(/! -'! 4(/+$4$-*-/! -#/! =(//,! +'24'.,0! &#$+#! &*%! &*%#/0! (/4/*-/0D:! &$-#! *,!

*+/-',/o0$/-#:D/-#/(!2$E-.(/!Rao;SC!Q$,*DD:?!-#/!%'D.-$',!&*%!0($/0!.,0/(!(/0.+/0!4(/%%.(/!*,0!

+(:%-*DD$\/0! 1('2! *+/-',/o0$+#D'('2/-#*,/! *-! ^! w>C!�$/D0t! ;b7!2=! Rba{S}!K,*DC! >*D+0C! 1'(!

>;6Ta7Q`6V6^F8P.^!x!]!>T]>X>T]! R1&!m!6]``C7aS!>?!;7Cb;}!T?!]C]^}!V?!;^C6bC!Q'.,0t!>?!

;7Cb^}!T?!]C6^}!V?!;^Cb^C!;T!VJP!e*+/-',/W0a?!6`7!JT\?!�!R442Sit!6Cb_!R%?!5(?!;6T?!VT]?!

*ES?!]C;_!R%?!5(?!^8T?!VT]?!/kSC!
;_Q!VJP!e*+/-',/W0a?!^77!JT\?!�!R442Sit!Wb;C;;!R0?!1JP-F!m!

b;7!T\?!^8Q?!FQaS?!W;^bC87!R%?!5(?!^Q?!">VhQ^SC!Q"W<P!o+2
W;!R>T]>VSt!6;^_?!67__!R�>mVSC!

(

(

(
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5.0.6.(@A8%"&B+B(9D(;9$$&'L7=HP!_>(;9E$F&G&B(

@A8%"&B+B(9D(K!-L:$$D=LP!_>=M/L>*1=/.(

">VN! *,0! -#/! 4(/+.(%'(! +'24D/E! e>.R0441SR>T]>VS6iRNQ^S! &/(/! -*)/,! $,! ;t;! (*-$'! $,! *!

3+#D/,)! 1D*%)! ! .,0/(! *(=',C! K1-/(! *00$-$',! '1! ]7! 2M! '1! 0$+#D'('2/-#*,/?! -#/! %'D.-$',!

$22/0$*-/D:! -.(,/0! (/0C! "#/! (/*+-$',! 2$E-.(/! &*%! -#/,! %-$((/0! 'A/(,$=#-! .,0/(! *(=',C!

3'DA/,-%! &/(/! (/2'A/0! .,0/(! (/0.+/0! 4(/%%.(/! *,0! -#/! %'D$0! &*%#/0! &$-#! #/E*,/W

0$+#D'('2/-#*,/! 2$E-.(/! R]t;SC! >(:%-*DD$\*-$',! '1! -#/! 2*-/($*D! &*%! 4/(1'(2/0! 5:! %D'&!

0$11.%$',!'1!#/E*,/!$,-'!-#/!0$+#D'('2/-#*,/!%'D.-$',!.,0/(!*(=',!*-2'%4#/(/!*-!^w>C!�$/D0t!

_6{}!K,*DC!>*D+0C!1'(!>88Ta7N6>.6Q8Q/6V8F^!x!>T6>D6!R1&!m!;8`7Cb]S!>?!`bCba}!T?!]C]8}!V?!

aC7`C!Q'.,0t!>?!`aC_^}!T?!]C86}!V?!aC;^C!;T!VJP!e>G6>D6?!6`7!JT\?!�!R442Sit!^C6^!R%?!8T?!

>4S?!^C^`! R%?!8T?!>4S?!bC^^WbC^_! R2?!5(?!^7T?!F#S?!8C67! R%?!^T?!">VNSC! ];F!VJP!e>G6>D6?!

�R442Sit!W;;C^_C!!

@A8%"&B+B(9D(K`!-L:;"$D=a1LP!_>=ML>*1=1(((

"#/! %:,-#/%$%! &*%! +*(($/0! '.-! 5:! 1'DD'&$,=! -#/! *5'A/! 4('+/0.(/! 1'(!

e>.R0441SR">VNSi6RNQ^S6C! P/*+-$',! 1('2! ;t^! (*-$'! '1! ">VN! *,0! e>.R0+#41SR*,SiRNQ^S!

:$/D0/0! -#/! 0/%$(/0! 4('0.+-C( �$/D0t! 8^{}! K,*DC! >*D+0C! 1'(! >;^aT6;7N^>.^Q;aQ/^V^F8! x!

6>T6>D6!x!>T]>V!R1&!m!]]7^C86S!>?!`^C`6}!T?!aCa6}!V?!6C;6C!Q'.,0t!>?!`^C^_}!T?!aCa8}!V?!

6C;^C! ;T! VJP! e>G6>D6?! 6`7! JT\?! �! R442Sit! ;C]6! R2?! 87T?! +:+D'#/E:DS?! ;C8a! R2?! _aT?!

+:+D'#/E:DS?!^C68! R%?!;aT?!>4S?!^C`6! R%?!;aT?!>4S?!8C`_! R%?!6T?!">VNSC! ];F!VJP!e>G6>D6?!

�R442Sit!W6C^aC!Q"W<Po+2W;!R$,!INP!4*D/--/St!66^^!RA&SC!

5.0.)Z.(@A8%"&B+B(9D(K`LQ$A=/[-a/LµµµµH#:;H!*0=MLR*3=/(!

K!;77!2=!R7C;_!22'DS!%*24D/!'1!cisWP.R54:S6>D6C6T6X!*,0!6;!2=!R7C7_`!22'DS!'1!T6*0+W

>Q]!&/(/!#/*-/0!&$-#!67!2=! R7C`!22'DS!'1! %'0$.2!#:0('E$0/! $,!a7!2D!'1! *!&*-/(o/-#*,'D!

2$E-.(/!R`o;S!1'(!6^!#!.,0/(!(/1D.EC!K1-/(!+''D$,=!-'!(''2!-/24/(*-.(/!*,0!*00$-$',!'1!;!=!'1!

*22',$.2!#/E*1D.'('4#'%4#*-/!0$%%'DA/0! $,!^7!2D!'1!&*-/(?! -#/!4(/+$4$-*-/0!+'24D/E!&*%!

1$D-/(/0!'11!*,0!0($/0!$,!A*+..2C!G$%%'D.-$',!'1!-#/!2*-/($*D!$,!*+/-',/?!(/W4(/+$4$-*-$',!&$-#!

0$/-#:D!/-#/(!1'(!%/A/(*D!-$2/%?!*,0!0(:$,=!.,0/(!A*+..2!*11'(0/0!-#/!5('&,!+'24D/EC!�$/D0t!

a`!2=! R`7{S}!K,*DC!>*D+0! 1'(�>^^T]6Q;8V;7X6F6P.6! R1&!m! ;]]8C8_S!>?! ]_C^b}!T?! 6C^;}!V?!

;7C^aC!Q'.,0t!>?!^7C_7}!T?!6C87}!V?!_Cb]C!J3!RL3<?!J$+('2*%%!hW"'QSt!2!o!\!m!;;_`C7]!RJS}!

;T!VJP! e*+/-',/W0a?! δR442Sit! bC6;WbC^`! R`T?!2?! 54:S}! bC`7WbCa]! R6T?!2?! 54:S}! bCb]W8C76!

R8T?!2?!54:S}!8C;`W8C^6!RaT?!2?!54:S}!8C`aW8Ca_!R`T?!2?!54:S}!8Cb_W8C8^!R^T?!2?!54:S}!_C77W
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_C;7! R6T?!2?!54:S}! ! ;_Q!VJP!e*+/-',/W0a?!δR442Sit! WaaC8_! R%?! W>Q]?! a7{S}! WabC;6! R%?! W>Q]?!

^7{S}!Wb6Ca6!R0?!WFQaSC!

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(
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5.1.(!'AB%#FF9,'#$"A(

>(:%-*DD'=(*4#$+! 0*-*! +'DD/+-$',! &*%! +*(($/0! '.-! $,! -#/! <,%-$-.-/! 1'(! <,'(=*,$+! >#/2$%-(:?!

@,$A/(%$-:! '1! 3-.--=*(-?! *,0! -#/! G/4*(-2/,-! '1! >#/2$%-(:?! <,0$*,! <,%-$-.-/! '1! "/+#,'D'=:?!

N'25*:C! "#/! +(:%-*D%! &/(/! +'A/(/0! &$-#! *! 4*(*11$,! '$D! *,0! %/*D/0! $,! +*4$DD*($/%! 1'(! -#/!

2/*%.(/2/,-%C!"#/!%/D/+-/0!%$,=D/!+(:%-*D%!&/(/!$,%-*,-D:!2'.,-/0!$,!*!D$k.$0!,$-('=/,!%-(/*2!

1'(!-#/!0$11(*+-$',!2/*%.(/2/,-C!

3$,=D/! +(:%-*D! jW(*:! 0$11(*+-$',! 0*-*! +'DD/+-$',! 1'(! e>.R0441SRGJMSiRNQ^S?! fe>.R0441SR�6W

">VNSiRNQ^Sg6�]>T6>D6�]T6X! *,0! �eR�6W">VNS>.R0441Si6RNQ^S6g,�>T6>D6!&/(/! 4/(1'(2/0!

',! *! >>G! XE1'(0! G$11(*+-$',! j>KM<N@P3! 0$11(*+-'2/-/(! /k.$44/0! &$-#! *,! XE1'(0!

<,%-(.2/,-%! D'&! -/24/(*-.(/! *--*+#2/,-C! G*-*! &/(/! +'DD/+-/0! *-! ;`7! I! .%$,=! =(*4#$-/W

2','+#('2*-/0!J'WI�!(*0$*-$',!R�*!m!7Cb;7b]!uSC!"#/!%-(*-/=:!1'(!-#/!0*-*!+'DD/+-$',!&*%!

/A*D.*-/0!5:!.%$,=! -#/!>(:%KD$%F('!>>G!%'1-&*(/C!"#/!0*-*!&/(/!+'DD/+-/0!5:! -#/!%-*,0*(0!

4#$W'2/=*! %+*,! -/+#,$k./%?! *,0! &/(/! %+*D/0! *,0! (/0.+/0! .%$,=! -#/! >(:%KD$%F('! PLG!

%'1-&*(/Ce;b;i!

!

G*-*! '1! e>.R0$441SRGJMSiRNQ^S\>T6>D6?! e>.R0441SR"JKSiRNQ^S\>T6>D6?!

e>.]R0441SR�6W0441SRFFSRFFWSi6RNQ^S^\`>T6>D6?! e>.R0441SRFW_JBSiRNQ^S\`>T6>D6?!

e>.]RF_JB
WS6R�W0441S6i6RNQ^S6?! e>.R0441SR"JjSiRNQ^S\6>T6>D6?! e>.R0$441SR"JjSiRFQaS?!

e>.R0+#41SR"JjSi! RFQaS\>T6>D6?! fRµW*5+4Se>.R0441Si6gRNQ^S6\6>T6>D6?! fRµW

*5+4Se>.R0441Si6gRNQ^S( \6>T6>D6?! *,0! fRµW*54:S>.R0$441SgRNQ^S! &/(/! +'DD/+-/0! ',! 1'.(!

+$(+D/!0$11(*+-'2/-/(!VXV<@3!I*44*W>>G!&$-#!*!J'WIα! (*0$*-$',!'1!7Cb;7b]!u!R=(*4#$-/W

2','+#('2*-/0S!*-!;77!IC!

"#/!%/D/+-/0!%$,=D/!+(:%-*D%!'1!efR54:S6P.g6RµW*0+W>Q]SiRFQaS6 &/(/!2/*%.(/0!!.%$,=!

J'Iα! (*0$*-$',! R7Cb;7b]!uS! *-! ;b]R6S! I!&$-#! *! 3$/2/,%! F^! 0$11(*+-'2/-/(! /24D':$,=! -#/!

�W6� %+*,!-/+#,$k./C!

!

!"#/! %-(.+-.(/%! &/(/! %'DA/0! A$*! 0$(/+-! 2/-#'0%! .%$,=! -#/! 4('=(*22/! 3TLMj3W_be;b6iC!

P/1$,/2/,-!&*%!+*(($/0!'.-!5:!-#/!1.DD!2*-($E!D/*%-!%k.*(/%!2/-#'0!/24D':$,=!-#/!4('=(*22/!

3TLM3MW_bCe;b^i!KDD! ,',W#:0('=/,! *-'2%! *(/! (/1$,/0! *,$%'-('4$+*DD:?! #:0('=/,! *-'2%!&/(/!

$,-('0.+/0! $,! 4('4/(! 4'%$-$',%! &$-#! +'.4D/0! $%'-('4$+! 1*+-'(%! .%$,=! -#/! ($0$,=! 2'0/DC!
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K5%'(4-$',!+'((/+-$',%!&/(/!4/(1'(2/0!,.2/($+*DD:!.%$,=!-#/!4('=(*22/!TKN<"@3e;b`iC!"#/!

4('=(*22/!G<KJXVG!6C;!e;b^i!&*%!.%/0!1'(!%-(.+-.(/!0(*&$,=C!

>(:%-*DD'=(*4#$+!4*(*2/-/(%t!

P!m!R���Q'�!W!�!Q+��S!o!��Q'�!

HP!m!f�e&R�Q'�6!W!�Q+�6S6i!o!�e&RQ'^Sig;o6!

BXQ!m!f�&R�Q'�6! W!�Q+�6S6! o! R,!~!2Sg;o6! !&#/(/!,!m!,.25/(!'1!0*-*!*,0!2!m!,.25/(!'1!

A*($*5D/%!

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(
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P#QF&(5.1.).((>(:%-*DD'=(*4#$+!0*-*!*,0!(/1$,/2/,-!4*(*2/-/(%!1'(!e>.R0441SRGJMSiRNQ^S(

L24$($+*D!1'(2.D*! >^6T]aN>.Q^Q/V^X6F6!

Q'(2.D*!2*%%!R=!o!2'DS! 8_aC8_!

T RIS! ;`7R6S!

� RuS! 7Cb;7b]?!J'I�!

>(:%-*D!%:%-/2! "($+D$,$+!

34*+/!=('.4! P�

a RuS! ;6C;`bR;S!

b RuS! ;]C`]aR6S!

c RuS ;]Ca7`R6S!

!� RvS baC`;^R;7S!

� RvS b7C];`R;7S!

� RvS b7C6;aR^S!

V Ru]S ;_a`CaR^S!

D+*D+0!R=o+2
]S ;C`;`!

� R22W;S ;C7`]!

>(:%-*D!#*5$-?!+'D'.(! ND'+)?!'(*,=/!

>(:%-*D!%$\/!R22S! 7C6^!x!7C66!x!7C;8!

c*D./!'1!�! 6!

θ!!(*,=/!RvS ]C7`W6`C77!

<,0/E!(*,=/%! W;^!�!h �!;^?!W;]!�!k!�!;a?!W;a!�!l �!;a!

P/1DC!+'DD/+-/0! ;bbb6!

P/1DC!.,$k./! ^b`8!

P/1DC!'5%/(A/0! a_76!

B''0,/%%!'1!1$-!',!Q6! ;C7;b!

R1RI �!6� RISS!! 7C7aa_!

wR2 R*DD!0*-*)!! 7C;]a`!

R∆ρS2*E?!!R∆ρS2$,! 7Cb8a!o!W7C`7b!

(

(

(
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P#QF&( 5.1./.( ( >(:%-*DD'=(*4#$+! 0*-*! *,0! (/1$,/2/,-! 4*(*2/-/(%! 1'(!

e>.R0$441SRGJMSiRNQ^S\>T6>D6(

L24$($+*D!1'(2.D*! >]7T^^N>.Q^Q/V^X6F6!O>T6>D6!

Q'(2.D*!2*%%!R=!o!2'DS! 8^`Cba!

T RIS! ;77!R6S!

� RuS! 7Cb;7b]?!J'I�!

>(:%-*D!%:%-/2! J','+D$,$+!

34*+/!=('.4! P2�/n 

a RuS! ;`C_a78R]S!

b RuS! ;;Cbbb7R6S!

c RuS 67Cba;aR^S!

� RvS ;;7C__87R;7S!

V Ru]S ]a^]C^;R;6S!

D+*D+0!R=o+2
]S ;C`^6!

� R22W;S ;C6b6!

>(:%-*D!#*5$-?!+'D'.(! +'*(%/!%#*4/?!(/0!

>(:%-*D!%$\/!R22S! 7Ca!x!7C^!x!7C6!

c*D./!'1!�! ^!

θ!!(*,=/!RvS 7C^;W68C68!

<,0/E!(*,=/%! W6;!�!h �!6;?!W;`!�!k!�!;`?!W6b!�!l �!6b!

P/1DC!+'DD/+-/0! ;b;;a!

P/1DC!.,$k./! a687!

P/1DC!'5%/(A/0! 8_b]!

B''0,/%%!'1!1$-!',!Q6! ;C77_!

R1RI �!6� RISS!! 7C7^;6!

wR2 R*DD!0*-*)!! 7C7_`b!

R∆ρS2*E?!!R∆ρS2$,! 7Ca_a!o!W7C^bb!

!

(

(

(
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P#QF&( 5.1.0.( ( >(:%-*DD'=(*4#$+! 0*-*! *,0! (/1$,/2/,-! 4*(*2/-/(%! 1'(!

e>.R0441SR"JKSiRNQ^S\>T6>D6!

L24$($+*D!1'(2.D*! ! >^8T^6N>.Q^Q/V^X6F6!O(>T6>D6!

Q'(2.D*!2*%%!R=!o!2'DS! ;7`_C_6!

T RIS! ;77R6S!

� RuS! 7Cb;7b]?!J'I�!

>(:%-*D!%:%-/2! "($+D$,$+!

34*+/!=('.4! P�

a RuS! ;;C_;^^R^S!

b RuS! ;]Ca`6]R^S!

c RuS ;`C_]^;RaS!

	 RvS _7C]^_R6S!

� RvS b_Ca^6R6S!

� RvS a^C]7^R6S!

V Ru]S 668bC;7R;]S!

D+*D+0!R=o+2
]S ;C`]_!

� R22W;S ;C7];!

>(:%-*D!#*5$-?!+'D'.(! ND'+)?!X(*,=/!

>(:%-*D!%$\/!R22S! 7C6`!x!7C66!x!7C6!

c*D./!'1!�! 6!

θ!!(*,=/!RvS 6C_6W6bC_7!

<,0/E!(*,=/%! W;`�!h!�!;`?!W;b�!k!�!;b?!W67!�!l �!67!

P/1DC!+'DD/+-/0! ;_]b;!

P/1DC!.,$k./! _7]_!

P/1DC!'5%/(A/0! ;78a]!

B''0,/%%!'1!1$-!',!Q6! ;C7a7!!

R1RI �!6� RISS!! 7C7]__!

wR2 R*DD!0*-*)!! 7C7__a!

R∆ρS2*E?!!R∆ρS2$,! ;C7`^!o!W7C8a8!

(

(

(
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P#QF&( 5.1.1.( >(:%-*DD'=(*4#$+! 0*-*! *,0! (/1$,/2/,-! 4*(*2/-/(%! 1'(! e>.]R0441SR�6W0441S!

RFFSRFFWSi6RNQ^S^\`>T6>D6(

L24$($+*D!1'(2.D*! ! >_7T8;N6>.]Q8Q/6V;7X^F^!x!`>T6>D6!

Q'(2.D*!2*%%!R=!o!2'DS! 6]_;C;7!

T RIS! ;77R6S!

� RuS! 7Cb;7b]?!J'I�!

>(:%-*D!%:%-/2! "($+D$,$+!

34*+/!=('.4! P�

a RuS! ;^C^8``R6S!

b RuS! ;_C^``_R]S!

c RuS 67Ca6``R^S!

	 RvS _`C^7_7R;7S!

� RvS ;;7C^_67R;7S!

� RvS ;7^C]777R;7S!

V Ru]S `;b7CaaR;`S!

D+*D+0!R=o+2
]S ;C`]a!

� R22W;S ;C6b7!

>(:%-*D!#*5$-?!+'D'.(! ND'+)?!'(*,=/!

>(:%-*D!%$\/!R22S! 7C6x7C;`x7C;!

c*D./!'1!�! 6!

θ!!(*,=/!RvS 7C^;W68C68!

<,0/E!(*,=/%! W;_�!h!�!;_?!W6`�!k �!6`?!W6`!�!l!�!6b!

P/1DC!+'DD/+-/0! ^^]^^!

P/1DC!.,$k./! ;ab^6!

P/1DC!'5%/(A/0! 6`6;8!

B''0,/%%!'1!1$-!',!Q6! ;C76`!

R1RI �!6� RISS!! 7C7`]6!

wR2 R*DD!0*-*)!! 7C;668!

R∆ρS2*E?!!R∆ρS2$,! ;C^``!o!W;C6_6!

!

(

(



!"#$%&'(5(

�

;];�

P#QF&(5.1.2.(>(:%-*DD'=(*4#$+!0*-*! *,0! (/1$,/2/,-!4*(*2/-/(%! 1'(! e>.R0441SRFW_JBSiRNQ^S\(

7C`(>T6>D6!

L24$($+*D!1'(2.D*! >^`T^]N>.Q^Q/V`X6F6!O(7C`(>T6>D6!

Q'(2.D*!2*%%!R=!o!2'DS! __aC^`!

T RIS! ;77R;S!

� RuS! 7Cb;7b]?!J'I�!

>(:%-*D!%:%-/2! J','+D$,$+!

34*+/!=('.4! C2/c 

a RuS! ^;C_a;7R;;S!

b RuS! ;6C68];R]S!

c RuS ;bC;`^bR`S!

� RvS _bC];;7R;7S!

V Ru]S 8ba_C8R^S!

D+*D+0!R=o+2
]S ;C`7_!

� R22W;S ;C7;6!

>(:%-*D!#*5$-?!+'D'.(! ND'+)?!:/DD'&!

>(:%-*D!%$\/!R22S! 7C6`!x!7C66!x!7C;8!

c*D./!'1!�! 8!

θ!!(*,=/!RvS 7C_8W6aC]b!

<,0/E!(*,=/%! W`;!�!h!�!`6?!W;^!�!k!�!;`?!W6;!� l!�!6;!

P/1DC!+'DD/+-/0! ;b7aa!

P/1DC!.,$k./! `;76!

P/1DC!'5%/(A/0! 8_b`!

B''0,/%%!'1!1$-!',!Q6! 7C__7!

R1RI �!6� RISS!! 7C7a77!

wR2 R*DD!0*-*)!! 7C;;6_!

R∆ρS2*E?!!R∆ρS2$,! ;C777!o!W7C`_b!

!

(

(

(
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P#QF&( 5.1.3.( >(:%-*DD'=(*4#$+! 0*-*! *,0! (/1$,/2/,-! 4*(*2/-/(%! 1'(! e>.]RF_JB
WS6R�W

0441S6i6RNQ^S6C(

L24$($+*D!1'(2.D*! >`aT`aN6>.]Q8Q/V;7X^F6!

Q'(2.D*!2*%%!R=!o!2'DS! ;^;`C;^!

T RIS! ;77R;S!

� RuS! 7Cb;7b]?!J'I�!

>(:%-*D!%:%-/2! J','+D$,$+!

34*+/!=('.4! C2/c 

a RuS! 6bC]7_6R_S!

b RuS! 66C;6^`R8S!

c RuS ;_Cb;a]RbS!

� RvS _7C^6`R6S!

V Ru]S ;;_;6C]RbS!

D+*D+0!R=o+2
]S ;C`b8!

� R22W;S ;C^6_!

>(:%-*D!#*5$-?!+'D'.(! >'*(%/!%#*4/0?!(/0!

>(:%-*D!%$\/!R22S! 7C6bx7C6^x7C;_!

c*D./!'1!�! 8!

θ!!(*,=/!RvS 7C^;W6bC88!

<,0/E!(*,=/%! W]^!�!h!�!]`?!W66!�!k!�!6_?!W6`!�!l!�!6`!

P/1DC!+'DD/+-/0! 66`;^!

P/1DC!.,$k./! 8a]6!

P/1DC!'5%/(A/0! ;]_8;!

B''0,/%%!'1!1$-!',!Q6! ;C;7]!

R1RI �!6� RISS!! 7C7b_a!

wR2 R*DD!0*-*)!! 7C;b;_!

R∆ρS2*E?!!R∆ρS2$,! 7C_a]!o!W;C7_8!

(

(

(

(



!"#$%&'(5(

�

;]]�

P#QF&( 5.1.4.( ( >(:%-*DD'=(*4#$+! 0*-*! *,0! (/1$,/2/,-! 4*(*2/-/(%! 1'(!

e>.R0441SR"JjSiRNQ^S\6>T6>D6!

L24$($+*D!1'(2.D*! >^6T]8N>.Q^Q/V^X6F6O6>T6>D6!

Q'(2.D*!2*%%!R=!o!2'DS! ;7a8Cba!

T RIS! ;77R6S!

� RuS! 7Cb;7b]?!J'I�!

>(:%-*D!%:%-/2! "($+D$,$+!

34*+/!=('.4! P�

a RuS! ;;C]787R]S!

b RuS! ;]Cb86bR`S!

c RuS ;`C];6bRaS!

!� RvS ;7`C`7_R6S!

� RvS _6C;^_R6S!

� RvS _aCa;aR6S!

V Ru]S 66b8C`6R;^S!

D+*D+0!R=o+2
]S ;C``8!

� R22W;S ;C;^_!

>(:%-*D!#*5$-?!+'D'.(! ND'+)?!'(*,=/!

>(:%-*D!%$\/!R22S! 7C]!x!7C6`!x!7C6!

c*D./!'1!�! 6!

θ!!(*,=/!RvS `C_`W6bC__!

<,0/E!(*,=/%! W;^!�!h!�!;^?!W;a!�!k �!;8?!W67!�!l!�!67!

P/1DC!+'DD/+-/0! ;_7b6!

P/1DC!.,$k./! b_b;!

P/1DC!'5%/(A/0! ;7b66!

B''0,/%%!'1!1$-!',!Q6! ;C7]8!

R1RI �!6� RISS!! 7C7a^7!

wR2 R*DD!0*-*)!! 7C;^88!

R∆ρS2*E?!!R∆ρS2$,! ;C677!o!W;C^;_!

(

(

(
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P#QF&(5.1.5.(>(:%-*DD'=(*4#$+!0*-*!*,0!(/1$,/2/,-!4*(*2/-/(%!1'(!e>.R0$441SR"JjSiRFQaS!

L24$($+*D!1'(2.D*! >]7T^a>.QaQ/V^X6F]!

Q'(2.D*!2*%%!R=!o!2'DS! 86;C7;!

T RIS! ;77R6S!

� RuS! 7Cb;7b]?!J'I�!

>(:%-*D!%:%-/2! J','+D$,$+!

34*+/!=('.4! P2�/c 

a RuS! ;aC^];]R^S!

b RuS! ;6C7^a;R]S!

c RuS ;8Cbb_;R^S!

� RvS ;7aC7_b7R;7S!

V Ru]S ]`b;C6bR;`S!

D+*D+0!R=o+2
]S ;C`6b!

� R22W;S ;C67;!

>(:%-*D!#*5$-?!+'D'.(! ND'+)?!'(*,=/!

>(:%-*D!%$\/!R22S! 7C^!x!7C6!x!7C;`!

c*D./!'1!�! ^!

θ!!(*,=/!RvS 6C8]W68C66!

<,0/E!(*,=/%! W6;!�!h!�!6;?!W;6!�!k!�!;a?!W6^!�!l!�!6^!

P/1DC!+'DD/+-/0! ;]8;7!

P/1DC!.,$k./! a887!

P/1DC!'5%/(A/0! 8a_7!

B''0,/%%!'1!1$-!',!Q6! ;C76_!

R1RI �!6� RISS!! 7C7]^`!

wR2 R*DD!0*-*)!! 7C7b^;!

R∆ρS2*E?!!R∆ρS2$,! 7C87]!o!W7Ca]^!

(

(

(

(

(
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P#QF&( 5.1.6. >(:%-*DD'=(*4#$+! 0*-*! *,0! (/1$,/2/,-! 4*(*2/-/(%! 1'(! e>.R0+#41SR"JjSiRFQaS(

\>T6>D6!

L24$($+*D!1'(2.D*! >^6Ta6>.QaQ/V^X6F]O>T6>D6!

Q'(2.D*!2*%%!R=!o!2'DS! ;7aaC;8!

T RIS! ;77R6S!

� RuS! 7Cb;7b]?!J'I�!

>(:%-*D!%:%-/2! "($+D$,$+!

34*+/!=('.4! P�

a RuS! ;`C;_bbR]S!

b RuS! ;`C8;;8R6S!

c RuS 6;C]8^6R]S!

!� RvS ;7aC`7a7R;7S!

� RvS ;7^Ca^b7R;7S!

� RvS _;C6767R;7S!

V Ru]S ^b^6C88R;]S!

D+*D+0!R=o+2
]S ;C`;`!

� R22W;S ;C^_]!

>(:%-*D!#*5$-?!+'D'.(! ND'+)?!'(*,=/!

>(:%-*D!%$\/!R22S! 7C^!x!7C]!x!7C6`!

c*D./!'1!�! ^!

θ!!(*,=/!RvS ;C7]W68C6]!

<,0/E!(*,=/%! W67!� h!�!;_?!W67!� k!�!67?!W68!� l!�!68!

P/1DC!+'DD/+-/0! ]_7`7!

P/1DC!.,$k./! ;```6!

P/1DC!'5%/(A/0! 6]7]^!

B''0,/%%!'1!1$-!',!Q6! ;C7^]!

R1RI �!6� RISS!! 7C7`;a!

wR2 R*DD!0*-*)!! 7C;;b;!

R∆ρS2*E?!!R∆ρS2$,! ;C__8!o!W;C7b`!

(

(
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P#QF&( 5.1.)Z.( >(:%-*DD'=(*4#$+! 0*-*! *,0! (/1$,/2/,-! 4*(*2/-/(%! 1'(! fRµW*5+4S!

e>.R0441Si6gRNQ^S6\6>T6>D6!

L24$($+*D!1'(2.D*! >baTa7N6>D6>.6Q8Q/6VaF^.(6>T6>D6!

Q'(2.D*!2*%%!R=!o!2'DS! ;8]^C]]!

T RIS! ;77R6S!

� RuS! 7Cb;7b]?!J'I�!

>(:%-*D!%:%-/2! "($+D$,$+!

34*+/!=('.4! P�

a RuS! ;6C767]R`S!

b RuS! ;]C;]]]RaS!

c RuS ;^C`6_bRaS!

!� RvS a^C_7bR]S!

� RvS b`Ca`^R]S!

� RvS a^Cb`bR6S!

V Ru]S ;8b6Ca6R;^S!

D+*D+0!R=o+2
]S ;Ca6b!

� R22W;S ;C];7!

c*D./!'1!�! ;!

θ!!(*,=/!RvS bC`bW68C6a!

<,0/E!(*,=/%! W;`!�!h!�!;`?!W;a!�!k!�!;b?!W;_!�!l �!;_!

P/1DC!+'DD/+-/0! ;`;87!

P/1DC!.,$k./! ``_]!

P/1DC!'5%/(A/0! 8_7^!

B''0,/%%!'1!1$-!',!Q6! ;C;^;!

R1RI �!6� RISS!! 7C7bb8!

wR2 R*DD!0*-*)!! 7C;`8^!

R∆ρS2*E?!!R∆ρS2$,! 7C_];!o!W7Cb6a!

(

(

(

(
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P#QF&( 5.1.)).( >(:%-*DD'=(*4#$+! 0*-*! *,0! (/1$,/2/,-! 4*(*2/-/(%! 1'(! fRµW*5+4S!

e>.R0441Si6gRNQ^S(\6>T6>D6(

L24$($+*D!1'(2.D*! >baTa7NQ^>D6>.6Q/6VaF^!x!>T6>D6!

Q'(2.D*!2*%%!R=!o!2'DS! ;aa6Ca7!

T RIS! ;77R6S!

� RuS! 7Cb;7b]?!J'I�!

>(:%-*D!%:%-/2! J','+D$,$+!

34*+/!=('.4! P2�/c 

a RuS! 66Caab]RbS!

b RuS! ;8C777]RbS!

c RuS ;8C;`7bRaS!

� RvS b8C`6!

V Ru]S b6`bCaR^S!

D+*D+0!R=o+2
]S ;C`66!

� R22W;S ;C6a`!

>(:%-*D!#*5$-?!+'D'.(! ND'+)?!'(*,=/!

>(:%-*D!%$\/!R22S! 7C^!x!7C6!x!7C;`!

c*D./!'1!�! ^!

θ!!(*,=/!RvS 8C;8W68C6]!

<,0/E!(*,=/%! W]7!�!h!�!]7?!W6]!�!k!�!6]?!W6^!�!l!�!6^!

P/1DC!+'DD/+-/0! 6a`a7!

P/1DC!.,$k./! ;7a^`!

P/1DC!'5%/(A/0! ;a^_7!

B''0,/%%!'1!1$-!',!Q6! ;C;77!

R1RI �!6� RISS!! 7C;7;_!

wR2 R*DD!0*-*)!! 7C6];;!

R∆ρS2*E?!!R∆ρS2$,! 7C8a^!o!W7C;8^!

(

(

(

(
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P#QF&(5.1.)/.!>(:%-*DD'=(*4#$+!0*-*!*,0!(/1$,/2/,-!4*(*2/-/(%!1'( {(µ-abpy)Cu(dippf)}(BF4)!

L24$($+*D!1'(2.D*! >]6T^^N>.Q^Q/V^F6!

Q'(2.D*!2*%%!R=!o!2'DS! b`6C8`!

T RIS! ;77R6S!

� RuS! 7Cb;7b]?!J'I�!

>(:%-*D!%:%-/2! J','+D$,$+!

34*+/!=('.4! P2�/c 

a RuS! ;]C;_66R6S!

b RuS! ;^Ca`8aR6S!

c RuS ;bC^]b]R]S!

� RvS ;7^C6^;7R;7S!

V Ru]S ]6a8C]_R_S!

D+*D+0!R=o+2
]S ;C`]7!

� R22W;S ;C6^`!

c*D./!'1!�! ^!

θ!!(*,=/!RvS 6Ca6W68C;^!

<,0/E!(*,=/%! W;b!�!h!�!;b?!W;_!�!k!�!;8?!W6]!�!l �!6]!

P/1DC!+'DD/+-/0! ;^ba`!

P/1DC!.,$k./! aba`!

P/1DC!'5%/(A/0! b8ba!

B''0,/%%!'1!1$-!',!Q6! ;C7]b!

R1RI �!6� RISS!! 7C7]77!

wR2 R*DD!0*-*)!! 7C7baa!

R∆ρS2*E?!!R∆ρS2$,! 7C`;]!o!W7Cab8!

(

(

(

(

(

(
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P#QF&( 5.1.)0.! >(:%-*DD'=(*4#$+! 0*-*! *,0! (/1$,/2/,-! 4*(*2/-/(%! 1'(! fR�W">VNS!

e>.R0441Sig6RNQ^S6�]>T6>D6�]T6X!

L24$($+*D!1'(2.D*( >88Ta7N6>.6Q8Q/6V8F^!x!]>T6>D6!x!]T6X(

Q'(2.D*!2*%%!R=!o!2'DS( 6]`_C;8(

T RIS( ;`7R6S(

� RuS( 7Cb;7b]?!J'I�(

>(:%-*D!%:%-/2( J','+D$,$+(

34*+/!=('.4( P2�/n

a RuS( ;]Cb66;R;;S(

b RuS( ;6C;]_bRbS(

c RuS( ];C;6a`R;bS(

� RvS( _7C^;`RaS(

V Ru]S( `;8`C7RaS(

D+*D+0!R=o+2
]S( ;C`;;(

� R22W;S( ;C;;_(

>(:%-*D!#*5$-?!+'D'.(( ND'+)?!'(*,=/(

>(:%-*D!%$\/!R22S( 7C68!x!7C6]!x!7C;8(

c*D./!'1!�( 6(

θ!!(*,=/!RvS ]C6``8W]6Cb;;](

<,0/E!(*,=/%( W;a!�!h!�!;`?!W;^!�!k!�!;^?!W]b!�!l �!]a!

P/1DC!+'DD/+-/0( ]8]7b(

P/1DC!.,$k./( 6_aa(

P/1DC!'5%/(A/0( _;;b(

B''0,/%%!'1!1$-!',!Q6( 7Cbbb(

R1RI �!6� RISS( 7C7b`8(

wR2 R*DD!0*-*)( 7C;_];(

R∆ρS2*E?!!R∆ρS2$,( 7C8__!o!W7Ca`6(

(

(

(

(
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P#QF&( 5.1.)1.! >(:%-*DD'=(*4#$+! 0*-*! *,0! (/1$,/2/,-! 4*(*2/-/(%! 1'(! �eR�W">VNS!

>.R0441Si,RNQ^S6g,�!>T6>D6!

L24$($+*D!1'(2.D*( >^^T`^N>.Q^Q/V^F6!x!>T6>D6(

Q'(2.D*!2*%%!R=!o!2'DS( __;C_8(

T RIS( ;`7R6S(

� RuS( 7Cb;7b]?!J'I�(

>(:%-*D!%:%-/2( "($+D$,$+(

34*+/!=('.4( P�

a RuS( ;;Ca`b`R`S(

b RuS( ;;Cb7b]R^S(

c RuS( ;_C_]`8RbS(

	 RvS 8;C]7bR]S!

� RvS( baC^_`R]S(

� RvS a6C8;_R^S(

V Ru]S( 6]`7C]7R;`S(

D+*D+0!R=o+2
]S( ;C^76(

� R22W;S( 7C__`(

>(:%-*D!#*5$-?!+'D'.(( ND'+)?!5D*+)(

>(:%-*D!%$\/!R22S( 7C68!x!7C6]!x!7C;8(

c*D./!'1!�( 6(

θ!!(*,=/!RvS ]C6_W6`C77(

<,0/E!(*,=/%( W;]!�!h �!;]?!W;]!�!k!�!;]?!W6]!� l!�!6]!

P/1DC!+'DD/+-/0( ;b^7_(

P/1DC!.,$k./( `b6;(

P/1DC!'5%/(A/0( 86`;(

B''0,/%%!'1!1$-!',!Q6( 7C_8^(

R1RI �!6� RISS!( 7C7`]`(

wR2 R*DD!0*-*)!( 7C;`^7(

R∆ρS2*E?!!R∆ρS2$,( 7Cbba!o!W7Cb]`(

(

(
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P#QF&(5.1.)2.(>(:%-*DD'=(*4#$+!0*-*!*,0!(/1$,/2/,-!4*(*2/-/(%!1'( [{(bpy)2Ru}2(µ-adc-

CF3)](PF6)2 (

L24$($+*D!1'(2.D*! >`7T^^Q;8F6V;7X^P.6!

Q'(2.D*!2*%%!R=!o!2'DS! ;^``C7]!

T RIS! ;b]R6S!

� RuS! 7Cb;7b]?!J'I�!

>(:%-*D!3:%-/2! 2','+D$,$+!

34*+/!=('.4! P2�/n 

a RuS! ;^C``_R6S!

b RuS! ;`C_6aR6S!

c RuS ;`Cb_aR]S!

� RvS ;;^C76aR;]S!

V Ru]S ]]^`C6R_S!

D+*D+0!R=o+2]S ;C^^`!

� R22W;S 7C`_`!

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

>(:%-*D!%$\/R22S! 7C`!x!7C^`!x!7C^!

c*D./!'1!�! 6!

θ!!(*,=/RvS `C77W;6C`7!

<,0/E!(*,=/%! 7!�!h!�!;b?!7!� k!�!;_?!W;_!� l!�!;b!

P/1DC!>'DD/+-/0! ab`;!

P/1DC!@,$k./! ^6b;!

P/1DC!X5%/(A/0! a^_8!

B''0,/%%!'1!1$-!',!Q6! 7C_;8!

R1RI �!6� RISS!! 7C7a7`!

wR2 R*DD!0*-*)!! 7C;a7^!

3R*DD!0*-*S! 7C_;_!

R∆ρS2*E?!!R∆ρS2$,! ;Cb^;!o!W7Ca`a!

(
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>'44/(! +'24D/E/%! '1! 5$'+#/2$+*DD:! (/D/A*,-! D$=*,0%! #*A/! 5//,! %-.0$/0! *%! *! 4*(-! '1! -#$%!

0'+-'(*D! -#/%$%C!"#/!;?]W0$2/-#:DD.2*\$,/! RGJMS?!;?]W0$2/-#:D*DD'E*\$,/! RGJKS?! ! ;?]?b?8W

-/-(*2/-#:D*DD'E*\$,/! R"JKS?! 6W4$A*D':D4-/($,! RFFS! R%//! 3/+-$',! 6C;C;S?! V6W4$A*D':DW_W

2/-#:D=.*,$,/! RFW_JBS! *,0! ;?]?_W-($2/-#:DE*,-#$,/! R"JjS! R%//!3/+-$',! ;CaS! D$=*,0%!&/(/!

.%/0! -'! '5-*$,!2/-*D! +'24D/E/%! /E#$5$-$,=! $,-/(/%-$,=! +''(0$,*-$',!2'0/%?! /D/+-('+#/2$+*D!

5/#*A$'.(!*,0!%4/+-('%+'4$+!1/*-.(/%C!"#/!'(=*,'2/-*DD$+!1(*=2/,-%!e>.R0441Sil?!e>.R0$441Sil!

*,0! e>.R0+#41Sil! #*A/! 5//,! .%/0! 1'(! 2/-*D! +''(0$,*-$',! R0441! m! ;?;nW

5$%R0$4#/,:D4#'%4#$,'S1/(('+/,/}! 0$441!m! ;?;nW5$%R0$W$%'4('4:D4#'%4#$,'S1/(('+/,/}! 0+#41! m!

;?;nW5$%R0$+:+D'#/E:D4#'%4#$,'S1/(('+/,/SC!X-#/(!4*(-%!'1!-#/!-#/%$%!+',-*$,!-#/!%-.0:!'1!P.W

P.?!Q/WQ/!*,0!>.W>.!$,-/(*+-$',%!A$*!�!0','(!*,0o'(!�W*++/4-'(!5($0=/%C!"#/!5($0=$,=!D$=*,0%!

6?6nW*\'5$%4:($0$,/� �*54:S?! 6?6nW*\'5$%R+#D'('4:($2$0$,/S! R*5+4S! R%//! 3/+-$',! ;CbS?! 6?]?`?aW

-/-(*1D.'('Wb?b?8?8W-/-(*+:*,'WpW5/,\'k.$,'0$2/-#*,/! R">VhQ^S! R3/+-$',! 8C6C;S?! ;?6?^?`W

-/-(*+:*,'5/,\/,/! R">VNS! R3/+-$',! ;C8S! *,0! ;?6W5$%R-($1D.'('*+/-:DSW#:0(*\$,/! RT6*0+>Q]S!

R3/+-$',!;C_S!&/(/!.%/0!-'!$%'D*-/!'D$=',.+D/*(!+'24D/E/%!$,!(*0$+*D!'(!,',W(*0$+*D!1'(2%C!

78(!"#$%&'(/?! -#/!5$,0$,=!'1! -#/!'(=*,'2/-*DD$+! 1(*=2/,-%! e>.R0441Sil!*,0! e>.R0$441Sil! -'!

GJM?!GJK?!"JK!*,0!FF!&*%!%-.0$/0!$,!*4('-$+!2/0$*C!"#/!1(*=2/,-%!&/(/!1'.,0!-'!5$,0!$,!

*,! .,W(/0.+/0! 1*%#$',! *%! /A$0/,-! 1('2! -#/! +*(5',:D! 5',0! D/,=-#%! $,! -#/! +(:%-*D! %-(.+-.(/%!

R3'2/! 5$'2'D/+.D/%! #*A/! *! -/,0/,+:! -'! =/-! (/0.+/0! ',! 2/-*D! +''(0$,*-$',SC! "#/! +(:%-*D!

%-(.+-.(/! *,*D:%/%! (/A/*D/0! -#/!.,%:22/-($+*D!X?V!+#/D*-$',! $,!GJM!*,0!"JK!+'24D/E/%!

RQ$=.(/!_C;SC!>'44/(!1(*=2/,-%!&/(/!1'.,0!-'!5$,0!%-(',=D:!-'!-#/!,$-('=/,!*,0!&/*)D:!-'!-#/!

X!0','(!%$-/C!"#/!+'44/(!+/,-(/%!&/(/!1'.,0!-'!*0'4-!#$=#D:!0$%-'(-/0!=/'2/-(:!&$-#!.,/k.*D!

+#/D*-$,=!*,=D/%C!!

!

!

!

!
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*+,-'&( 6.).( 3$,=D/! +(:%-*D! jW(*:! 2'D/+.D*(! %-(.+-.(/%! '1! -#/! +'24D/E! 2','+*-$',%(

e>.R0441SRGJMSil! RD/1-S! *,0! e>.R0441SR"JKSil! R($=#-S! $,! -#/! +(:%-*D%! '1!!

e>.R0441SRGJMSiRNQ^S! *,0! e>.R0441SR"JKSiRNQ^S! x! >T6>D6C! >'.,-/(! *,$',! *,0! >T6>D6!

2'D/+.D/!*(/!'2$--/0!1'(!+D*($-:C!

"#/!'5-*$,/0!2/-*D!+'24D/E/%!&/(/!%-.0$/0!5:!$,1(*(/0!%4/+-('%+'4:C!X,D:!%2*DD!+#*,=/%!'1!

-#/! +*(5',:D! %-(/-+#$,=! 1(/k./,+$/%! *(/! '5%/(A/0! ',! 2/-*D! +''(0$,*-$',?! $,0$+*-$,=! *! A/(:!

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

+'24D/E/%!&/(/!%-.0$/0!5:!+:+D$+!A'D-*22/-($+!/E4/($2/,-%!RQ$=.(/!_C6SC!K!%-($)$,=!1/*-.(/!

&*%!'5%/(A/0!$,!-#/!+:+D$+!A'D-*22'=(*2%!'1!-#/!D.2*\$,/!+'24D/E/%C!<,!*00$-$',!-'!-#/!1$(%-!

(/0.+-$',! 4('+/%%?! *! %/+',0! D/%%! $,-/,%/! (/0.+-$',! &*A/! *-! #$=#/(! ,/=*-$A/! 4'-/,-$*D! &*%!

1'.,0?! &#$+#! &*%! 1.(-#/(! $,A/%-$=*-/0! 5:! *! A*($/-:! '1! /D/+-('+#/2$+*D! /E4/($2/,-%! $,!

+'DD*5'(*-$',!&$-#!G(C!9*,!Q$/D0/(!*-! -#/!J. Heyrovský Institute of Physical Chemistry, v.v.i., 

Academy of Sciences of the Czech Republic?!PragueC(
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(

*+,-'&( 6./.! >:+D$+! A'D-*22'=(*2%! '1! e>.R0441SRGJMSiRNQ^S! RD/1-S! *,0!!

e>.R0441SRGJKSiRNQ^S
!R($=#-S!!$,!>T6>D6!o!N.^VFQa?!3+*,!(*-/!;77!2co%C��
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<,1(*(/0!%4/+-('/D/+-('+#/2$+*D!/E4/($2/,-%!&/(/!+*(($/0!'.-!-'!%-.0:!-#/!+*(5',:D!%-(/-+#$,=!

1(/k./,+$/%! $,! -#/! 'E$0$\/0! *,0! (/0.+/0! %-*-/%! '1! -#/! +'24D/E/%C! M*(=/! %#$1-%! '1! +*(5',:D!

%-(/-+#$,=!1(/k./,+$/%!$,0$+*-/0!D$=*,0!+/,-/(/0!(/0.+-$',!RQ$=.(/!_C]SC!"#$%!'5%/(A*-$',!&*%!

+',1$(2/0!5:!LFP!%4/+-('%+'4:C!K!0$2$,$%#/0!2/-*DW! -'! WD$=*,0!+#*(=/! -(*,%1/(! *5%'(4-$',!

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

!
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*+,-'&( 6.0.! <P! RD/1-S! *,0! @cWc$%! R($=#-S! %4/+-('/D/+-('+#/2$+*D! +#*,=/! 1'(! -#/! (/0.+-$',!

e>.R0441SRGJKSil!-'!e>.R0441SRGJKCWSi!!$,!>T6>D6!o!N.^VFQaC!

"#/! 6t;! (/*+-$',! '1! -#/! +'44/(! 4(/+.(%'(! e>.R0441SR>T]>VS6iRNQ^S! -'! FF! (/%.D-/0! $,! -#/!

1'(2*-$',!'1!*!4-/($,!5($0=/0!#/-/('-/-(*,.+D/*(!+'24D/E!ef>.R0441Sg6RFFSiRNQ^S6!&#$+#?!',!

+(:%-*DD$\*-$',?!1'(2/0!*,!*==(/=*-/!+',-*$,$,=!%$E!+'44/(!*,0!1'.(!$(',!+/,-(/%!RQ$=.(/!_C^SC!

<,!-#/!$%'D*-/0!$(',W+'44/(W4-/($,!*==(/=*-/?!-#/!+''(0$,*-$',!-#('.=#!*DD!#/-/('*-'2%!/E+/4-!

V6!&*%!'5%/(A/0!1'(!4-/($,!D$=*,0%C!3$2.D-*,/'.%!+''(0$,*-$',!-#('.=#!V;?!V]?!V`?!V;7!*,0!X^!

(/%.D-/0!$,!$,-/(/%-$,=!%-(.+-.(*D!1/*-.(/%!$,+D.0$,=!-#/!5($0=$,=!2'0/!'1!*!+*(5',:D!X!0','(?!

%-(',=! $,-(*W! *,0! $,-/(W2'D/+.D*(! #:0('=/,! 5',0$,=?! �W�! $,-/(*+-$',%! *,0! -#/! 5($0=$,=! *,0!

+#/D*-$,=!5$,0$,=!2'0/!'1!0441!.,$-C!"#(//!0$%-$,+-!+''(0$,*-$',!%4#/(/%!>.F6VX?!>.FV6X!

*,0!>.FV6X6!&/(/!1'.,0!$,!0$%-'(-/0!-/-(*#/0(*D!*,0!%k.*(/!4:(*2$0*D!=/'2/-(:C!"#/!1$A/W

+''(0$,*-/0! +'44/(! +/,-(/%! *(/! $,A'DA/0! $,! *! &/*)! +''(0$,*-$',! 1('2! -#/! +*(5',:D! 'E:=/,!

0','(!*-!*!%#'(-/(!0$%-*,+/!-#*,!-#/!%.2!'1!-#/!A*,W0/(WH**D%!(*0$$C!!

!

!

!
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*+,-'&(6.1.!3$,=D/!+(:%-*D!jW(*:!2'D/+.D*(!%-(.+-.(/!'1!-#/!'D$='2/($+!>.<Q/<<WFF!+'24D/E!$,!

-#/!+(:%-*D!'1!e>.]R0441SR�6W0441SRFFSRFF
WSi6RNQ^S^!O(`>T6>D6.("#/!NQ^

W!+'.,-/(!*,$',%!*,0!

1$A/!>T6>D6!2'D/+.D/%!*(/!'2$--/0!1'(!+D*($-:C(

(

78( ;"#$%&'(0?! -#/!A*($*5D/!5$,0$,=!'1! %.5%-$-.-/0!=.*,$,/! RFW_JBS!*,0! E*,-#$,/! R"JjS! -'!

e>.R0441Sil?! e>.R0$441Sil! *,0! e>.R0+#41Sil! #*%! 5//,! $,A/%-$=*-/0! 5:! +(:%-*D! %-(.+-.(/!

0/-/(2$,*-$',C!"#/!VbW2','0/,-*-/!5$,0$,=!'1!FW_JB!&*%!1'.,0!$,!*!#/-/('0$,.+D/*(! $(',W

+'44/(!+'24D/E!e>.R0441SRFW_JBSiRNQ^SC!G./!-'!-#/!D*(=/!5$-/!'1!-#/!�W$2$,')/-'!1.,+-$',?!

-#/!FW_JB!5$,0%!-'!-#/!2/-*D!+/,-(/!$,!*!,',W+#/D*-$,=!1*%#$',C!"#/!Xa!0','(!*-'2!(/2*$,%!

.,W+''(0$,*-/0! *-! *! 0$%-*,+/! '1! ]C]8bR]S! u?! (/%.D-$,=! $,-'! *! 4*(-$*DD:! "W%#*4/0! =/'2/-(:!

*('.,0!-#/!-#(//!+''(0$,*-/0!+'44/(!$',!RQ$=.(/!_C`SC!!

!

!

!

!

!
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*+,-'&( 6.2.! J'D/+.D*(! %-(.+-.(/! '1! -#/! +'24D/E! 2','+*-$',! e>.R0441SRFW_JBSil! $,! -#/!

+(:%-*D%! '1! e>.R0441SRFW_JBSiRNQ^S( O( 7C`( >T6>D6C! >'.,-/(! *,$',?! NQ^
W?! *,0! %'DA/,-!

2'D/+.D/?! >T6>D6?! *(/! '2$--/0! 1'(! +D*($-:! ! RD/1-SC! "#/! (/4(/%/,-*-$',! '1! *A/(*=/! =/'2/-(:!

*('.,0!-#/!>.l!$',!$,!+'44/(W"Jj!+'24D/E/%!R($=#-SC!

"#/!%$2.D-*,/'.%!-#(//1'D0!+''(0$,*-$',!-#('.=#!V;?!Vb!*,0!Xa!'1!-#/!FW_JB!&*%!1'.,0!$,!

*,! $(',W+'44/(WF_JB!+D.%-/(! +'24D/E! e>.]RFW_JB
WS6R0441Si6RNQ^S6C!"#/! %-(.+-.(*D! 1/*-.(/%!

$,+D.0/!*!0;7W0;7!$,-/(*+-$',!*-!6Cba]R;S!u!0$%-*,+/?!-($W!*,0!#/E*W+''(0$,*-/0!+'44/(!$',%?!*,0!

-#/!5($0=$,=!2'0/!'1!0441!.,$-C!

! <,! -#/! +(:%-*D! %-(.+-.(/%! '1! -#/! "Jj! +'24D/E/%?! -#/! %-(',=/(! VW

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

$,-/(*+-$,=!X!0','(!$,!*,!*44('E$2*-/D:!*E$*D!4'%$-$',!-'!-#/!FVF>.!4D*,/!RQ$=.(/!_C`SC!"#/!

+'44/(W'E:=/,!0$%-*,+/%!&/(/!1'.,0!*('.,0!*!A*,W0/(WH**D%!%.2C!"#/!0$%-*,+/%!&/(/!%-.0$/0!

$,! -#(//! 0$11/(/,-! +'24D/E/%! +',-*$,$,=! %.5%-$-.-/0! 4#'%4#$,/%?! 0441?! 0$441! *,0! 0+#41C! "#/!

/11/+-! '1! 4#'%4#$,/%! ',! >.WX! 5$,0$,=! #*%! 5//,! 0$%+.%%/0C! "#/! >.WX! 5$,0$,=! $%! %-(',=/%-!

&#/,! -#/! 2/-*D! 1(*=2/,-! +',-*$,%! 0$441! *%! +'D$=*,0C! "#/! %-.0:! '1! e>.R0'41Sil! 1(*=2/,-%!

5$,0$,=! -'! -#/! %.5%-$-.-/0?! D$4'4#$D$\/0! 5$'2'D/+.D/%! ! #*A/! %#'&,! -#*-! -#/! 2/-*D! 1(*=2/,-!

$,-/(*+-%!%-(',=D:!-'!-#/!V!0','(!*,0!&/*)D:!-'!-#/!X!0','(!%$-/C! ! <-!#*%!5//,!*D%'!'5%/(A/0!

-#*-! -#/! X! +''(0$,*-$',! 0/4/,0%! ',! -#/! #/-/('+:+D$+! ($,=! %:%-/2%! *,0! '(=*,'2/-*DD$+!

4#'%4#$,/! +'D$=*,0%C! K%! *! (/%.D-! -#/! >.WX! 0$%-*,+/%! A*($/0! 1('2! ,',W+''(0$,*-/0! -'! -#/!

+'A*D/,-D:!5',0/0!%$-.*-$',C!"#/!%-(.+-.(*D!1/*-.(/%?!<P!%-(/-+#$,=!1(/k./,+$/%!'1!-#/!+*(5',:D!

=('.4%?! @cWc$%! *5%'(4-$',! 4('4/(-$/%! *,0! -#/! (/0'E! 1/*-.(/%! '1! -#/! *,+$DD*(:!

1/(('+/,:D0$4#'%4#$,/%!&/(/!$,A/%-$=*-/0!1'(!-#/!+'24D/E/%C!
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!"#$%&'( 1! 0/%+($5/%! -#/! +(:%-*DD'=(*4#$+! +#*(*+-/($\*-$',! '1! 5'-#! (*0$+*D! *,0! ,',W(*0$+*D!

%-*-/%!'1!*!,',W$,,'+/,-!D$=*,0W5($0=/0!'D$='2/($+!+'24D/EC!X,!/D/+-('D:%$%!.,0/(!*(=',!-#/!

+'24D/E! eR�W*5+4Sf>.R0441Sg6iRNQ^S6! 4('0.+/0! -#/! (*0$+*D! %4/+$/%! eR�W

*5+4Sf>.R0441Sg6iRNQ^SC!"#/! *5+4! 5*%/0! (*0$+*D! +/,-(/!&*%! +#*(*+-/($\/0! 5:! D$=*,0! +/,-(/0!

%4$,!&$-#!*,!$%'-('4$+!LFP!%$=,*D!*-!=!m!6C77_;C!"#/!+(:%-*D!%-(.+-.(/%!'1!5'-#!+'24D/E/%!*(/!

0$%-$,=.$%#/0!5:!*!%$=,$1$+*,-!+#*,=/!$,!-#/!*\'!5',0!D/,=-#C!"#/!VWV!5',0!D/,=-#!&*%!1'.,0!

*-! ;C]78R_S!u! $,! -#/! ,',W(*0$+*D! +'24D/E! *,0! *-! ;C]`;R;6S! *,0! ;C]^8R;;S!u! $,! -#/! (*0$+*D!

+'24D/EC! "#/! +''(0$,*-$',%! '1! e>.R0441Sil! .,$-%! -'! *! %$,=D/! 5($0=$,=! D$=*,0! '++.((/0! 5:!

%#*($,=!'1!*!+'22',!/0=/!5:!-&'!1$A/W2/25/(/0!($,=%C!"#/!0$11/(/,-$*D!4.D%/!A'D-*22'=(*2!

'1! -#/! ,',W(*0$+*D! +'24D/E! (/A/*D/0! -#/! 'E$0*-$',! '1! -#/! $(',! +/,-(/%! *-! %D$=#-D:! 0$11/(/,-!

4'-/,-$*D%?! $,0$+*-$,=! -#/! 1'(2*-$',! '1! *! Q/<<Q/<<<! 2$E/0WA*D/,-! $,-/(2/0$*-/! 0.($,=! -#/!

/D/+-('+#/2$+*D! 4('+/%%! RQ$=.(/! _CaSC! "#/! $(',W$(',! $,-/(*+-$',! *-! *! A/(:! D*(=/! 0$%-*,+/! '1!

;6C86^7R]S!*,0!;6C]^a6R]S!u!$,!-#/!4*(*2*=,/-$+!+'24D/E?!&*%!'5%/(A/0!1'(!-#/!1$(%-!-$2/!$,!

(/D*-/0! +'24D/E/%C! ! <,! -#/! (*0$+*DW5($0=/0! +'44/(! +'24D/E?! -&'! +'44/(! +/,-(/%! /E#$5$-! *!

0$%-*,+/! '1! ^C87;aR;S! *,0! ^C866]R;S! u! *,0! $,! -#/! ,',W(*0$+*D! +'24D/E! -#/! 0$%-*,+/! $%!

^C87;]R]S!uC!K!5('*0?!D',=W&*A/D/,=-#!JM>"!5*,0!*-!_;7!,2!$%!'5%/(A/0!1'(!-#/!,',W(*0$+*D!

5($0=/0!+'24D/E!RQ$=.(/!_CaSC!"#/!%4/+-('%+'4$+!+#*(*+-/($\*-$',!'1!5'-#!1'(2%!&*%!+*(($/0!

'.-! 5:! @cWc$%WV<P! %4/+-('/D/+-('+#/2$%-(:C! "#/! /11/+-! '1! +'D$=*,0! ',! -#/! *\'W+'44/(!

5$,0$,=!&*%!%-.0$/0!/24D':$,=!0$441!*%!*,'-#/(!+'D$=*,0!$,!%.+#!%:%-/2%C!

!

!

!

!

!

!

*+,-'&(6.3.!G$11/(/,-$*D! 4.D%/!A'D-*22'=(*2!'1! fRµW*5+4Se>.R0441S6i6gRNQ^S6! ! $,!>T6>D6! o!

7C;!J!N.^VFQa!&$-#!b7!2co%/+!%+*,!(*-/!RD/1-SC!@cWc$%WV<P!%4/+-('/D/+-('+#/2$%-(:!1'(!-#/!

(/0.+-$',! fRµW*5+4Se>.R0441S6i6g
6l! ! -'! fRµW*5+4Se>.R0441S6i6g

�l! $,! >T6>D6! o! N.^VFQa! $,!

X""ML!+/DD!R($=#-SC(

!
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78( ;"#$%&'( 2?! -#/! -/-(*(.-#/,$.2! +'24D/E! feP.RVT]S`i^Rr^W">VhQ^SgRFQaS8?! ">VhQ^! m!

6?]?`?aW-/-(*1D.'('Wb?b?8?8W-/-(*+:*,'WpW5/,\'k.$,'0$2/-#*,/?! &*%! '5-*$,/0! *,0! %-.0$/0! 5:!

+:+D$+! A'D-*22/-(:?! <P?! @cWc<3WV<P! *,0! LFP! %4/+-('/D/+-('+#/2$%-(:C! LE4/+-/0D:?! -#/!

5/--/(! �! *++/4-'(! k.*D$-$/%! '1! ">VhQ^! $,! +'24*($%',! -'! ">Vh! +*.%/! 2'(/! *++/%%$5D/!

(/0.+-$',! -'!4('0.+/!feP.RVT]S`i^Rr^W">VhQ^Sg
bl!&$-#!/,#*,+/0!2/-*D!+',-($5.-$',! -'! -#/!

%$,=D:! '++.4$/0!JX! *,0! D'&W/,/(=:! %#$1-/0! <P! A$5(*-$',*D! *,0!V<P! /D/+-(',$+! *5%'(4-$',%!

RQ$=.(/! _CbSC! T'&/A/(?! -#/! -&'W/D/+-(',! 'E$0*-$',! -'! -#/! R;7lS! $',! $%! *D%'! 1*+$D$-*-/0C! "#/!

(/*%',! $%! %//,! $,! *! 2'(/! 2/-*D! +/,-/(/0! 'E$0*-$',! 1'(! -#/! ">VhQ^! +'24D/E! &#$D/! -#/!

4(/A$'.%D:!%-.0$/0!">Vh!*,*D'=./!$%!*%%.2/0!-'!.,0/(='!*!#$=#/(!0/=(//!'1!'E$0*-$',!*-!-#/!

5($0=$,=! D$=*,0C! K%! *! (/%.D-?! -#/! R8lS! %4/+$/%! #*%! *! (/0'E! 4'-/,-$*D! (*,=/! '1! ',D:! 7C`;! c?!

$,0$+*-$,=!*!%$=,$1$+*,-D:!0$2$,$%#/0!TXJXWM@JX!0$11/(/,+/C!

!

!

!

!

(

*+,-'&( 6.4.( @cWc$%WV<P! RD/1-S! *,0! <P! R($=#-S! %4/+-('/D/+-('+#/2$%-(:! 1'(! -#/! (/0.+-$',!

feP.RVT]S`i^Rr^W">VhQ^Sg
8l!-'!feP.RVT]S`i^Rr^W">VhQ^Sg

bl!!$,!>T]>V!o!7C;!J!N.^VFQa!*-!

6_8!IC!

78(;"#$%&'(3?!<!#*A/!/E4D'(/0!A*($'.%!+''(0$,*-$',!2'0/%!'1!">VN!$,!0$%+(/-/!*,0!4'D:2/($+!

+'24D/E/%C! <-! &*%! 4'%%$5D/! -'! '5-*$,! -#/! +(:%-*D! %-(.+-.(/%! '1! -&'! +'24D/E/%C! KDD! 4'%%$5D/!

+''(0$,*-$',! 2'0/%! '1! ">VN! 1'.,0! *D%'! $,! (/D*-/0! +'24D/E/%! 1('2! -#/! D$-/(*-.(/! &/(/!

0$%+.%%/0C! "#/! ;?]! 5($0=$,=! 2'0/! &*%! 1'.,0! #/(/! $,! *! 0$%+(/-/! +'24D/E! fe�6R;?]SW

">VNS>.R0441SiRNQ^Sg6!&#/(/*%! -#/!;?^!5($0=$,=!2'0/!&*%!1'.,0! $,!*!4'D:2/($+!+'24D/E!

feR�6R;?^SW">VNS>.R0441Si6RNQ^S6g,C! "#/! ;?]! +''(0$,*-$',! '1! .,W(/0.+/0! ">VN! -'! -&'!

e>.R0441Sil!1(*=2/,-%?!D/*0%!-'!-#/!1'(2*-$',!'1!*!;aW2/25/(/0!($,=!%:%-/2!+',-*$,$,=!-&'!

+'44/(R<S! $',%C! "&'! 0$11/(/,-! '(=*,'2/-*DD$+! 1(*=2/,-%! e>.R0441Sil! *,0! e>.R0+#41Sil! &/(/!

.%/0! 1'(! -#/! $%'D*-$',! '1! -#/! +'24D/E/%C! "#/! +''(0$,*-$A/D:! %*-.(*-/0! +'24D/E! eR�^W

">VNSf>.R0+#41Sg^iRNQ^S^!4('0.+/0!%$,=D/!+(:%-*D%!'1!*!4'D:2/($+!4('0.+-!1('2!-#/!%'D.-$',!
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/k.$D$5($.2C!"#/!+(:%-*D!%-(.+-.(/!%#'&/0!-#*-!feR�6R;?^SW">VNS>.R0441Si6RNQ^S6g,!/E#$5$-%!*!

6GW4'D:2/($+!,/-&'()!%-(.+-.(/!RQ$=.(/!_C8SC!"#/!,$-($D/!%-(/-+#$,=!'1!-#/!(/0.+/0!1'(2!'1!-#/!

+'24D/E! eR�^W">VNSf>.R0+#41Sg^iRNQ^S^! &*%! '5%/(A/0! *-! 6;a8! *,0! 6;a7! +2
W;! 1('2! ',/W

/D/+-(',! <P! %4/+-('/D/+-('+#/2$+*D! (/0.+-$',! RQ$=.(/! _C8SC! <,! *00$-$',! -'! -#/! %-(.+-.(*D!

+#*(*+-/($\*-$',?! %4/+-('/D/+-('+#/2$%-(:! *,0!LFP!%4/+-('%+'4:!&/(/! +*(($/0!'.-!&$-#! -#/%/!

+'24D/E/%C!

!

!

!

!

!

!

!
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*+,-'&( 6.5.! c$/&! '1! -#/! 6G! 4'D:2/($+! ,/-&'()! %-(.+-.(/! $,! -#/! +(:%-*D! '1! eR�6R;?^SW

">VNS>.R0+#41Si,RNQ^S,! x! >T6>D6! R-'4SC jW(*:! %-(.+-.(/! '1! -#/! +'24D/E! 0$+*-$',! $,! -#/!

+(:%-*D! '1! feR�6R;?]SW">VNS! >.R0441SiRNQ^Sg6! �! ]>T6>D6! �! ]T6XC! "#/! +'.,-/(! *,$',%! *,0!

%'DA/,-!2'D/+.D/%!*(/!'2$--/0!1'(!+D*($-:!R5'--'2S!
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78(;"#$%&'(4N! <! #*A/!0$%+.%%/0!*!P.<<P.<<<!2$E/0WA*D/,-! $,-/(2/0$*-/!A$*! $-%!LFP!%4/+-(.2?!

%4/+-('/D/+-('+#/2$%-(:! *,0! +(:%-*D! %-(.+-.(/! 0/-/(2$,*-$',! RQ$=.(/! _C_SC� P/*+-$',! '1!

P.R54:S6>D6\6T6X!&$-#!;?6W5$%R-($1D.'('*+/-:DS#:0(*\$,/!T6R*0+W>Q]S!.,0/(!5*%$+!+',0$-$',%!

:$/D0%! -#/!0$,.+D/*(! eR�W*0+W>Q]SfP.R54:S6g6i
6l! $',!&#$+#!&*%! $%'D*-/0! *,0!+(:%-*DD$\/0! 1'(!

%-(.+-.(/! 0/-/(2$,*-$',! $,! -#/!meso! 0$*%-/(/'$%'2/(! 1'(2! *%! -#/! 5$%R#/E*1D.'('4#'%4#*-/SC!

"#/!P.���P.!0$%-*,+/!&*%!0/-/(2$,/0!*-!`C76_R;S!u?!*,0!-#/!VWV!5',0!D/,=-#!*-!;C^a]R`S!u!

(/A/*D%!*!#:0(*\$0'R6WS!1'(2!'1!-#/!5($0=/?!$24D:$,=!.,+#*,=/0!l<<!2/-*D!'E$0*-$',!%-*-/%C!!

!

!

!

!

!

!

!

*+,-'&( 6.6.( J'D/+.D*(! %-(.+-.(/! '1! -#/! +'24D/E! 0$+*-$',! $,! -#/! +(:%-*D! '1! eRrW*0+W

>Q]SfP.R54:S6g6giRFQaS6( O( 6! R>T]S6>X! RD/1-SC! LFP! %4/+-(.2! '1! /D/+-('=/,/(*-/0! eRrW*0+W

>Q]SfP.R54:S6g6gi
]l!*-!^!I!$,!=D*%%:!1('\/,!>T]>Vo7C;!J!N.^VFQa!%'D.-$',!R($=#-SC(

N/%$0/%!54:W5*%/0!(/0.+-$',?!-#/!+:+D$+!A'D-*22/-($+!*,*D:%$%!(/A/*D/0!-&'!'E$0*-$',!&*A/%!

&$-#!*!R]lS!$,-/(2/0$*-/C!34/+-('/D/+-('+#/2$%-(:!0/2',%-(*-/0!-#*-!-#$%!$,-/(2/0$*-/!eRrW*0+W

>Q]SfP.R54:S6g6i
]l!&$-#! *! +'24('4'(-$',*-$',! +',%-*,-! '1!Kc! m! ;7

8C8! *,0! *,! *5%'(4-$',! *-!

;a87!,2!R�!m!__77!JW;!+2W;S!$%!*!2$E/0WA*D/,-!%4/+$/%!*%!/A$0/,-!2'%-!+',A$,+$,=D:!1('2!-#/!

LFP!4*(*2/-/(%!*-!g;!m!6C6]_?!g6!m!6C7a`?!g]!m!;C8_;!R=*A!!m!6C;7;?!∆g = g;W g]!m!7C]^8SC�

1000 2000 3000 4000 5000 6000

B / G
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KD%! "/$D! 0/(! A'(D$/=/,0/,! G')-'(*(5/$-! &.(0/,! I.41/()'24D/E/! 5$'+#/2$%+#! (/D/A*,-/(!

M$=*,0/,! .,-/(%.+#-C! G$/! M$=*,0/,! ;?]WG$2/-#:DD.2*\$,! RGJMS?! ;?]WG$2/-#:D*DD'E*\$,!

RGJKS?!!;?]?b?8W"/-(*2/-#:D*DD'E*\$,!R"JKS?!6WF$A*D':D4-/($,!RFFS!R%$/#/!K5%+#,$--!6C;C;S?!

V6WF$A*D':DW_W2/-#:D=.*,$,! RFW_JBS! .,0! ;?]?_W"($2/-#:DE*,-#$,! R"JjS! R%$/#/! K5%+#,$--!

;CaS! &.(0/,! A/(&/,0/-?! .2! J/-*DD)'24D/E/! 2$-! $,-/(/%%*,-/,! I''(0$,*-$',%2'0$?!

/D/)-('+#/2$%+#/2! c/(#*D-/,! .,0! %4/)-('%)'4$%+#/,! L$=/,%+#*1-/,! 0*(\.%-/DD/,C! G$/!

2/-*DD'(=*,$%+#/,! Q(*=2/,-/! e>.R0441Sil?! e>.R0$441Sil! .,0! e>.R0+#41Sil! &.(0/,! 1Y(! 0$/!

J/-*DD)''(0$,*-$',!5/,.-\-!R0441!m!;?;nWN$%R0$4#/,:D4#'%4#$,'S1/(('+/,}!0$441!m!;?;nWN$%R0$W

$%'4('4:D4#'%4#$,'S1/(('+/,}! 0+#41! m! ;?;nWN$%R0$+:+D'#/E:D4#'%4#$,'S1/(('+/,SC! K,0/(/!

"/$D/!0/(!K(5/$-!/,-#*D-/,!@,-/(%.+#.,=/,!0/(!P.WP.W?!Q/WQ/W!.,0!>.W>.WH/+#%/D&$().,=/,!

Y5/(!�WG','(W!.,0o'0/(!�WK)\/4-'(5(Y+)/,C!G$/!A/(5(Y+)/,0/,!M$=*,0/,!6?6nK\'5$%4:($0$,�

�*54:S?! 6?6nWK\'5$%R+#D'('4:($2$0$,S! R*5+4S! R%$/#/! K5%+#,$--! ;CbS?! 6?]?`?aW"/-(*1D.'('W

b?b?8?8W-/-(*+:*,'WpW5/,\'k.$,'0$2/-#*,! R">VhQ^S! RK5%+#,$--! 8C6C;S?! ;?6?^?`W

"/-(*+:*,'5/,\'D! R">VNS! RK5%+#,$--! ;C8S! .,0! ;?6WN$%R-($1D.'('*+/-:DSW#:0(*\$,! RT6*0+>Q]S!

RK5%+#,$--! ;C_S!&.(0/,! \.(! <%'D$/(.,=!2/#()/(,$=/(!I'24D/E/! $,! (*0$)*D$%+#/(! ! '0/(!,$+#-W

(*0$)*D$%+#/(!Q'(2!/$,=/%/-\-C!

78( e#$+%&F( /! &.(0/! 0$/! I''(0$,*-$',! 0/(! 2/-*DD'(=*,$%+#/,! Q(*=2/,-/! e>.R0441Sil! .,0!

e>.R0$441Sil!*,!GJM?!GJK?!"JK!.,0!FF!$,!*4('-$%+#/,!J/0$/,!.,-/(%.+#-C!G$/!Q(*=2/,-/!

5$,0/,! $,! ,$+#-W(/0.\$/(-/(! Q'(2?! &$/! 0.(+#! 0$/! >*(5',:DWN$,0.,=%DZ,=/! *.%! 0/,!

I($%-*DD%-(.)-.(/,! #/(A'(=/#-! RL$,$=/! N$'2'D/)YD/! -/,0$/(/,! 0*\.?! 5/$! J/-*DD)''(0$,*-$',!

(/0.\$/(-! \.! &/(0/,CSC! G$/! I($%-*DD%-(.)-.(*,*D:%/,! \/$=-/,! 0$/! .,%:22/-($%+#/! X?VW!

>#/D*-5$,0.,=!$,!GJMW!.,0!"JKWI'24D/E/,!RK55C!_C;SC!I.41/(1(*=2/,-/!5$,0/,!%-*()!*,!

0/,! 3-$+)%-'11W! .,0! %+#&*+#! *,! 0/,! 3*./(%-'110','(C! L%! &.(0/! =/1.,0/,?! 0*%%! 0$/!

I.41/(\/,-(/,!/$,/!%-*()!A/(\/((-/!B/'2/-($/!2$-!.,-/(%+#$/0D$+#/,!N$%%&$,)/D,!/$,,/#2/,C!!

!

!

!
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<QQ.( 6.).( L$,)($%-*DDWPU,-=/,%-(.)-.(! 0/(! J',')*-$',/,( e>.R0441SRGJMSil! RD$,)%S! .,0!

e>.R0441SR"JKSil! R(/+#-%S! $,! 0/,! I($%-*DD/,! A',! e>.R0441SRGJMSiRNQ^S! .,0!

e>.R0441SR"JKSiRNQ^S! x! >T6>D6C! G*%! B/=/,*,$',! .,0! >T6>D6WJ'D/)YD/! &.(0/,! \.(!

c/(/$,1*+#.,=!,$+#-!/$,=/\/$+#,/-C!

G$/!/(#*D-/,/,!J/-*DD)'24D/E/!&.(0/,!2$-!T$D1/!0/(!<PW34/)-('%)'4$/!.,-/(%.+#-C!G.(+#!0$/!

J/-*DD)''(0$,*-$',! Z,0/(,! %$+#! 0$/! >*(5',:D%+#&$,=.,=/,! ,.(! %/#(! &/,$=?! &*%! *.1! /$,/!

(/D*-$A! %+#&*+#/! N$,0.,=! 0/%! J/-*DD1(*=2/,-%! #$,&/$%-C! G$/! (/A/(%$5D/! LD/)-(',*.1,*#2/!

0$/%/(!I'24D/E/!&.(0/!2$-!T$D1/!0/(!�:)D'A'D-*22/-($/!/(1'(%+#-!!RK55C!_C6SC!G*5/$!&.(0/!

$2! �:)D'A'D-*22'=(*22! 0/(! M.2*\$,)'24D/E/! /$,! $,-/(/%%*,-/%! L(=/5,$%! =/1.,0/,C!

�.%Z-\D$+#! \.(! /(%-/,! P/0.)-$',! &.(0/! /$,/! \&/$-/! &/,$=/(! $,-/,%$A/! P/0.)-$',%&/DD/! 5/$!!

%-Z()/(! ,/=*-$A/2! F'-/,-$*D! =/1.,0/,}! 0$/%/! &.(0/! 0.(+#! /$,/! c$/D\*#D! &/$-/(/(!

/D/)-('+#/2$%+#/(! LE4/($2/,-/! $,! �.%*22/,*(5/$-! 2$-! G(C! 9*,! Q$/D0/(! A'2! J. Heyrovský 

Institute of Physical Chemistry, v.v.i., Academy of Sciences of the Czech Republic?!Prague!

=/,*./(!.,-/(%.+#-C!

�

�

�

�

�

(

<QQ(6./.!�:)D'A'D-*22'=(*22/!A',!e>.R0441SRGJMSiRNQ^S!RD$,)%S!.,0!!e>.R0441S!RGJKSi!

RNQ^S
!R(/+#-%S!!$,!>T6>D6!o!N.^VFQa?!c'(%+#.5=/%+#&$,0$=)/$-!;77!2co%C��
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<PW%4/)-('/D/)-('+#/2$%+#/! LE4/($2/,-/! &.(0/,! *.%=/1Y#(-?! .2! 0$/! >*(5',:DW

3-(/+)%+#&$,=.,=%1(/k./,\/,! $,! 0/,! 'E$0$/(-/,! .,0! (/0.\$/(-/,!I'24D/E/,! \.! 5/%-$22/,C!

L$,/!%-*()/!c/(%+#$/5.,=!0$/%/(!N*,0/,!0/.-/-/!*.1! D$=*,0/,\/,-($/(-/!P/0.)-$',!#$,!RK55C!

_C]SC! G$/%/! N/'5*+#-.,=! &.(0/! 0.(+#! L3PW34/)-('%)'4$/! 5/%-Z-$=-C! G$/! J/-*DDWM$=*,0W

>#*(=/W"(*,%1/(WK5%'(4-$',! &.(0/! *.1=(.,0! 0/%! (*0$)*D$%+#/,! �.%-*,0%! 0/%! (/0.\$/(-/,!

#/-/('\:)D$%+#/,!P$,=%!A/(($,=/(-C!!

�

�

�

�

�

��

<QQ( 6.0.! <PW! RD$,)%S! .,0! @cWc$%W! R(/+#-%S! 34/)-('/D/)-('+#/2$/! 1Y(! 0$/! P/0.)-$',! A',!!

e>.R0441SRGJKSil!\.!e>.R0441SRGJKCWSi!!$,!>T6>D6!o!N.^VFQaC!

G$/! 6t;WP/*)-$',! 0/(! I.41/(A'(%-.1/! e>.R0441SR>T]>VS6iRNQ^S! 2$-! FF! /(=*5! /$,/,!

4-/($,A/(5(Y+)-/,! #/-/('A$/()/(,$=/,! I'24D/E! ef>.R0441Sg6RFFSiRNQ^S6?! &/D+#/(! %$+#! 5/$!

I($%-*DD$%*-$',!\.!/$,/2!K==(/=*-!2$-!%/+#%!I.41/(W!.,0!A$/(!L$%/,\/,-(/,!\.%*22/,D*=/(-/!

RK55C! _C^SC! <,! 0/2! $%'D$/(-/,!L$%/,WI.41/(WF-/($,WK==(/=*-! )',,-/!I''(0$,*-$',! 0.(+#! *DD/!

T/-/('*-'2/! 2$-! K.%,*#2/! 0/%! V6! 1Y(! 0$/! F-/($,D$=*,0/,! 5/'5*+#-/-! &/(0/,C! G$/!

=D/$+#\/$-$=/! I''(0$,*-$',! Y5/(! V;?! V]?! V`?! V;7! .,0! X^! (/%.D-$/(-/! $,! $,-/(/%%*,-/,!

%-(.)-.(/DD/,! L$=/,%+#*1-/,?! \CNC! 0/2! A/(5(Y+)/,0/,! J'0.%! /$,/%! >*(5',:DWXWG','(%?!

%-*()/,! $,-(*W! .,0! $,-/(2'D/).D*(/,! H*%%/(%-'115(Y+)/,?! �W�WH/+#%/D&$().,=/,! .,0! 0/2!

A/(5(Y+)/,0/,! .,0! +#/D*-$%$/(/,0/,! N$,0.,=%A/(#*D-/,! 0/(! 0441WL$,#/$-C! G(/$!

.,-/(%+#$/0D$+#/! I''(0$,*-$',%%4#Z(/,! >.F6VX?! >.FV6X! .,0! >.FV6X6! &.(0/,! $,! /$,/(!

A/(\/((-! -/-(*/0($%+#/,! .,0! k.*0(*-$%+#W4:(*2$0*D/,! B/'2/-($/! =/1.,0/,C! G$/! 1Y,11*+#W

)''(0$,$/(-/,! I.41/(\/,-(/,! %$,0! *,! /$,/(! %+#&*+#/,! I''(0$,*-$',! 2$-! 0/2! >*(5',:DW

3*./(%-'11!5/-/$D$=-?!&'5/$!0/(!K5%-*,0!=/($,=/(!$%-!*D%!0$/!3.22/!0/(!A*,W0/(WH**D%WP*0$/,C!!

!

!
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<QQ( 6.1.! L$,)($%-*DDWPU,-=/,%-(.)-.(! 0/%! 'D$='2/(/,! >.<Q/<<WFFWI'24D/E! $2! I($%-*DD! A',!

e>.]R0441SR�6W0441SRFFSRFF
WSi6RNQ^S^!O(`>T6>D6.(G$/!NQ^

WWB/=/,*,$',/,!.,0!1Y,1!>T6>D6!~

J'D/)YD/!&.(0/,!\.(!c/(/$,1*+#.,=!,$+#-!0*(=/%-/DD-C(

(

78(e#$+%&F(0!!&.(0/!0*%!A*($*5D/!N$,0.,=%A/(#*D-/,!A',!%.5%-$-.$/(-/2!B.*,$,!RFW_JBS!.,0!

j*,-#$,! R"JjS!*,! e>.R0441Sil?! e>.R0$441Sil!.,0! e>.R0+#41Sil!0.(+#!I($%-*DD%-(.)-.(*,*D:%/!

.,-/(%.+#-C!G*5/$!&.(0/!VbW2','0/,-*-/! N$,0.,=! A',! FW_JB! $,! 0/2! #/-/('\&/$)/(,$=/,!

L$%/,WI.41/(WI'24D/E! e>.R0441SRFW_JBSiRNQ^S! =/1.,0/,C! G.(+#! 0/,! =('�/,! N$%%&$,)/D!

0/(! �W<2$,')/-'=(.44/! 5$,0/-! FW_JB! ,$+#-W+#/D*-$%$/(/,0! *,! 0*%! J/-*DD\/,-(.2C! G*%! XaW

G','(*-'2!5D/$5-!.,)''(0$,$/(-!$,!/$,/2!K5%-*,0!A',!]C]8bR]S!u?!&*%!$,!/$,/(!-/$D&/$%/!"W

1U(2$=/,!B/'2/-($/!.2!0*%!0(/$1*+#!)''(0$,$/(-/!I.41/($',!(/%.D-$/(-!RK55C!_C`SC!!

!

!

!

!

!
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<QQ.( 6.2.! J'D/)YD%-(.)-.(! 0/%! J',')*-$',%! e>.R0441SRFW_JBSil! $,! 0/,! I($%-*DD/,! A',!

e>.R0441SRFW_JBSiRNQ^S( O( 7C`( >T6>D6C! B/=/,*,$',?! NQ^
W?! .,0! MU%.,=%2$--/D2'D/)YD/?!

>T6>D6?! &.(0/,! \.(! c/(/$,1*+#.,=! ,$+#-! 0*(=/%-/DD-! RD$,)%SC! G*(%-/DD.,=! 0/(!

0.(+#%+#,$--D$+#/,!!B/'2/-($/!.2!0*%!>.lW<',!$,!I.41/(W"JjWI'24D/E/,!R(/+#-%SC!

G(/$1*+#WI''(0$,*-$',!0/%!FW_JB!Y5/(!V;?!Vb!.,0!Xa!&.(0/!$,!/$,/2!L$%/,WI.41/(WF_JBW

>D.%-/()'24D/E! e>.]RFW_JB
WS6R0441Si6RNQ^S6! =/1.,0/,C! �.! 0/,! %-(.)-.(/DD/,! L$=/,%+#*1-/,!

=/#U(/,! /$,/! 0;7W0;7WH/+#%/D&$().,=! $2! K5%-*,0! A',! 6Cba]R;S! u?! 0(/$W! .,0! %/+#%1*+#W

)''(0$,$/(-/!I.41/($',/,!.,0!0$/!A/(5(Y+)/,0/!I''(0$,*-$',!0/(!0441WL$,#/$-C!

<,! 0/,! I($%-*DD%-(.)-.(/,! 0/(! "JjWI'24D/E/! 1Y#(-/,! %-Z()/(/! VW! .,0! %+#&Z+#/(/! XW

I''(0$,*-$',/,! \.! /$,/(! -($=',*DW4D*,*(/,! B/'2/-($/! 2$-! %+#&*+#! &/+#%/D&$()/,0/,! XW

G','(\/,-(/,! $,! /$,/(! *,,Z#/(.,=%&/$%/! *E$*D/,! F'%$-$',! (/D*-$A! \.(! FVF>.WL5/,/! RK55C!

_C`SC! G$/! I.41/(W3*./(%-'11WK5%-Z,0/! /,-%4(/+#/,! $,! /-&*! 0/(! 3.22/! 0/(! A*,W0/(WH**D%W

P*0$/,C! G$/! K5%-Z,0/! &.(0/,! $,! 0(/$! A/(%+#$/0/,/,! I'24D/E/,! 2$-! %.5%-$-.$/(-/,!

F#'%4#$,/,! R0441?! 0$441! .,0! 0+#41S! .,-/(%.+#-C! G/(! L$,1D.%%! 0/(! F#'%4#$,/! *.1! 0$/! >.WXW

N$,0.,=! &.(0/! 0$%).-$/(-C! G$/! >.WXWN$,0.,=! $%-! *2! %-Z()%-/,?! &/,,! 0*%! J/-*DD1(*=2/,-!

0$441!*D%!>'D$=*,0!/,-#ZD-C!G$/!@,-/(%.+#.,=!A',!e>.R0'41SilWQ(*=2/,-/,!$,!N/\.=!*.1!$#(/!

N$,0.,=! *,! 0$/! %.5%-$-.$/(-/,?! D$4'4#$D$%$/(-/,! N$'2'D/)YD/! #*-! /(=/5/,?! 0*%%! 0*%!

J/-*DD1(*=2/,-! *2! %-Z()%-/,! *,! 0/,! VW! .,0! %+#&*+#! *,! 0/,! XWG','(! 5$,0/-C! H/$-/(#$,!

&.(0/! 5/'5*+#-/-?! 0*%%! 0$/! XWI''(0$,*-$',! A'2! #/-/('\:)D$%+#/,! P$,=%:%-/2! .,0! 0/,!

2/-*DD'(=*,$%+#/,! F#'%4#$,W>'D$=*,0/,! *5#Z,=-C!KD%! L(=/5,$%! 0*(*.%! A*($$/(-/,! 0$/! >.WXW

K5%-Z,0/! A',! �,$+#-W)''(0$,$/(-p! 5$%! \.! �)'A*D/,-! =/5.,0/,pC! G$/! %-(.)-.(/DD/,!

L$=/,%+#*1-/,?! <PW3-(/+)%+#&$,=.,=%1(/k./,\/,! 0/(! >*(5',:D=(.44/,?! @cWc$%WK5%'(4-$',!

.,0!0$/!P/0'EWL$=/,%+#*1-/,!0/(!\.%Z-\D$+#/,!Q/(('+/,:D0$4#'%4#$,D$=*,0/,!&.(0/,!1Y(!0$/!

I'24D/E/!.,-/(%.+#-C!
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e#$+%&F( 1! 5/%+#(/$5-!0$/!)($%-*DD'=(*4#$%+#/!>#*(*)-/($%$/(.,=! %'&'#D!0/%! (*0$)*D$%+#/,!*D%!

*.+#! 0/%! ,$+#-W(*0$)*D$%+#/,! �.%-*,0%! /$,/%! D$=*,0A/(5(Y+)-/,?! 'D$='2/(/,!I'24D/E/%!2$-!

�,',W$,,'+/,-p! M$=*,0/,C! G.(+#! LD/)-('D:%/! .,-/(! K(=',! )',,-/! *.%! 0/2! I'24D/E! eR�W

*5+4Sf>.R0441Sg6iRNQ^S6! 0$/! (*0$)*D$%+#/! 34/\$/%! eR�W*5+4Sf>.R0441Sg6iRNQ^S! 0*(=/%-/DD-!

&/(0/,C!G*%! *.1! *5+4! 5*%$/(/,0/! (*0$)*D$%+#/! �/,-(.2! &.(0/! L3PW%4/)-('%)'4$%+#! 0.(+#!

/$,/,!D$=*,0/,\/,-($/(-/,!34$,!2$-!/$,/2!$%'-('4/,!3$=,*D!5/$!=!m!6C77_;!+#*(*)-/($%$/(-C!G$/!

I($%-*DD%-(.)-.(/,!5/$0/(!I'24D/E/!.,-/(%+#/$0/,!%$+#!0.(+#!/$,/!%$=,$1$)*,-/!�,0/(.,=!0/(!

MZ,=/! 0/(!K\'5$,0.,=C!G$/!VWVWN$,0.,=%DZ,=/!&.(0/! $2!,$+#-W(*0$)*D$%+#/,!I'24D/E! \.!

;C]78R_S! u?! $2! (*0$)*D$%+#/,! I'24D/E! \.! ;C]`;R;6S! .,0! ;C]^8R;;S! u! 5/%-$22-C! G$/!

I''(0$,*-$',!A',!e>.R0441SilWL$,#/$-/,!*,!/$,/,!/$,\/D,/,!A/(5(Y+)/,0/,!M$=*,0/,!/(1'D=-!

0*0.(+#?! 0*%%! \&/$! 1Y,1=D$/0($=/! P$,=/! %$+#! /$,/! =/2/$,%*2/! L+)/! -/$D/,C! G*%!

G$11/(/,-$*D4.D%Wc'D-*22'=(*22! 0/%! ,$+#-W(*0$)*D$%+#/,! I'24D/E/%! \/$=-/! 0$/! XE$0*-$',!

0/(!L$%/,W�/,-(/,!5/$!D/$+#-!.,-/(%+#$/0D$+#/,!F'-/,-$*D/,?!&*%!*.1!0$/!N$D0.,=!/$,/(!Q/<<Q/<<<!

=/2$%+#-A*D/,-/,! �&$%+#/,%-.1/!&Z#(/,0! 0/%! /D/)-('+#/2$%+#/,! F('\/%%/%! #$,0/.-/-! RK55C!

_CaSC!L$,/!L$%/,WL$%/,WH/+#%/D&$().,=!2$-!0/2!/E-(/2!=('�/,!K5%-*,0!A',!;6C86^7R]S!.,0!

;6C]^a6R]S!u!$2!4*(*2*=,/-$%+#/,!I'24D/E!&.(0/!\.2!/(%-/,!J*D!$,!Z#,D$+#/,!I'24D/E/,!

5/'5*+#-/-C! <,! 0/2! (*0$)*DA/(5(Y+)-/,! I.41/()'24D/E! &/$%/,! 0$/! 5/$0/,! I.41/(\/,-(/,!

K5%-Z,0/! A',! ^C87;aR;S! .,0! ^C866]R;S!u! *.1}! $2! ,$+#-W(*0$)*D$%+#/,!I'24D/E! 5/-(Z=-! 0/(!

K5%-*,0!^C87;]R]S!uC!L$,/!5(/$-/!JM>"WN*,0/!5/$!=('�/,!H/DD/,DZ,=/,!.2!_;7!,2!&.(0/!

1Y(! 0/,! ,$+#-W(*0$)*DA/(5(Y+)-/,! I'24D/E! =/1.,0/,! RK55C! _CaSC! G$/! %4/)-('%)'4$%+#/!

>#*(*)-/($%$/(.,=! 5/$0/(! Q'(2/,! /(1'D=-/! 2$--/D%! @cWc$%WV<PW34/)-('/D/)-('+#/2$/C! G/(!

L11/)-! 0/%! >'D$=*,0/,! *.1! 0$/! K\'WI.41/(WN$,0.,=! &.(0/! 2$-! 0$441! *D%! /$,/2! &/$-/(/,!

>'D$=*,0/,!$,!%'D+#/,!3:%-/2/,!.,-/(%.+#-C!

!

!

!

!

(

<QQ.(6.3.!G$11/(/,-$*D4.D%Wc'D-*22'=(*22!A',!fRµW*5+4Se>.R0441S6i6gRNQ^S6! ! $,!>T6>D6! o!
7C;! J! N.^VFQa! 2$-! b7! 2co%/+! c'(%+#.5=/%+#&$,0$=)/$-! RD$,)%SC! @cWc$%WV<PW
34/)-('/D/)-('+#/2$/! 1Y(! 0$/! P/0.)-$',! A',! fRµW*5+4Se>.R0441S6i6g

6l! ! \.! fRµW
*5+4Se>.R0441S6i6g

�l!$,!>T6>D6!o!N.^VFQa!$,!/$,/(!X""MLW�/DD/!R(/+#-%SC(
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78(e#$+%&F(2!&.(0/!0/(!"/-(*(.-#/,$.2)'24D/E!feP.RVT]S`i^Rr^W">VhQ^SgRFQaS8?!">VhQ^!

m!6?]?`?aW"/-(*1D.'('Wb?b?8?8W-/-(*+:*,'WpW5/,\'+#$,'0$2/-#*,!0*(=/%-/DD-!.,0!2$-!T$D1/!A',!

�:)D'A'D-*22/-($/?! <PW?! @cWc<3WV<PW! *,0! L3PW34/)-('/D/)-('+#/2$/! .,-/(%.+#-C! H$/!
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K! ! ! ! *24/(/!!

KC>C! ! ! ! *D-/(,*-$,=!+.((/,-!

*55C!! ! ! ! K55$D0.,=!

*5+4! ! ! ! *\'!5$%R`W+#D'('4:($2$0$,/S!

*54:! ! ! ! 6?6nW*\'5$%4:($0$,/!

*A!! ! ! ! *A/(*=/!

5! ! ! ! 5('*0!R<P!5*,0S!

N! ! ! ! 2*=,/-$+!1$/D0!

54:! ! ! ! 6?6nW5$4:($0$,/!

N.^VNQ^! ! ! -/-(*5.-:D*22',$.2!-/-(*1D.'('5'(*-/!

N.^V>DX^! ! ! -/-(*5.-:D*22',$.2!4/(+#D'(*-/!

N.^VFQa! ! ! -/-(*5.-:D*22',$.2!#/E*1D.'('4#'%4#*-/!

+*D+C!! ! ! ! +*D+.D*-/0!

+2! ! ! ! +/,-$2/-(/!

>D! ! ! ! +#D'('!

>4! ! ! ! +:+D'4/,-*0$/,:D!

>#! ! ! ! +:+D'#/E:D!

0! ! ! ! 0'.5D/-!o!5',0!D/,=-#!

00! ! ! ! 0'.5D/-!'1!*!0'.5D/-!

�! ! ! ! +#/2$+*D!%#$1-!

�=! ! ! ! =!*,$%'-('4:!

��|! ! ! ! 5*,0!&$0-#!*-!#*D1!#/$=#-!

G>J! ! ! ! 0$+#D'('2/-#*,/!

02! ! ! ! 0/+$2/-(/!

GJK! ! ! ! ;?]W0$2/-#:D*DD'E*\$,/!

GJM! ! ! ! ;?]W0$2/-#:DD.2*\$,/!

0441! ! ! ! ;?;nW5$%R0$4#/,:D4#'%4#$,'S1/(('+/,/!

0$441! ! ! ! ;?;nW5$%R0$W$%'4('4:D4#'%4#$,'S1/(('+/,/!

0+#41! ! ! ! ;?;nW5$%R0$+:+D'#/E:D4#'%4#$,'S1/(('+/,/!

L! ! ! ! 4'-/,-$*D!

L4*! ! ! ! *,'0$+!4/*)!4'-/,-$*D!

L4+! ! ! ! +*-#'0$+!4/*)!4'-/,-$*D!

�! ! ! ! 2'D*(!/E-$,+-$',!+'/11$+$/,-!
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LFP! ! ! ! /D/+-(',!4*(*2*=,/-$+!(/%',*,+/!

/E4! ! ! ! /E4/($2/,-*D!

L3<! ! ! ! LD/+-('%4(*:!$',$\*-$',!

Q/R>46S
lo7! ! ! 1/(('+/,$.2!o!1/(('+/,/!

Q"! ! ! ! Q'.($/(!"(*,%1'(2!

B! ! ! ! =*.%%!o!=.*,$,/!

=! ! ! ! =(*2!

=/! ! ! ! 1(//!/D/+-(',!=!A*D./!

BT\! ! ! ! =$=*#/(-\!

TXJX! ! ! #$=#/%-!'++.4$/0!2'D/+.D*(!'(5$-*D!

T\! ! ! ! #/(-\!

T6W*0+>Q]! ! ! ;?6W5$%R-($1D.'('*+/-:DSW#:0(*\$,/!

<P! ! ! ! $,1(*(/0!

$((! ! ! ! $((/A/(%$5D/!

$%'! ! ! ! $%'-('4$+!

$4*! ! ! ! *,'0$+!4/*)!+.((/,-!

$4+! ! ! ! +*-#'0$+!4/*)!+.((/,-!
$F(! ! ! ! $%'4('4:D!

<c>"! ! ! ! $,-/(!A*D/,+/!+#*(=/!-(*,%1/(!

)! ! ! ! (*-/!+',%-*,-!

I! ! ! ! I/DA$,!

I+! ! ! ! +'24('4'(-$',*-$',!+',%-*,-!

IFQa! ! ! ! 4-*%%$.2!#/E*1D.'('Y#'%4#*-/!

M! ! ! ! D$=*,0!

M$>DX^!! ! ! D$-#$.2!4/(+#D'(*-/!

�! ! ! ! &*A/D/,=-#!

MM>"! ! ! ! D$=*,0!-'!D$=*,0!+#*(=/!-(*,%1/(!

MJ>"!! ! ! D$=*,0!-'!2/-*D!+#*(=/!-(*,%1/(!

M@JX!! ! ! D'&/%-!.,'++.4$/0!2'D/+.D*(!'(5$-*D!

J! ! ! ! 2'D/!o!2.D-$4D/-!

J! ! ! ! 2'D*(!o!2/-*D!

2*E! ! ! ! 2*E$2.2!

J/! ! ! ! 2/-#:D!

J=! ! ! ! 2$D$=(*2!
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!

JT\! ! ! ! 2/=*#/(-\!

2M!! ! ! ! 2$D$D$-(/!

JM>"!! ! ! 2/-*D!-'!D$=*,0!+#*(=/!-(*,%1/(!

22! ! ! ! 2$D$2/-/(!

22'D! ! ! ! 2$D$2'D/!

JX! ! ! ! 2'D/+.D*(!'(5$-*D!

2'D! ! ! ! 2'D/!

J3! ! ! ! 2*%%!%4/+-(.2!

2"! ! ! ! 2$D$-/%D*!

2c! ! ! ! 2$D$A'D-!

�! ! ! ! &*A/,.25/(%!

,! ! ! ! ,*-.(*D!,.25/(!

,C*C! ! ! ! ,'-!*44D$+*5D/!

,C0C! ! ! ! ,'-!0/-/2$,/0!

,C'C! ! ! ! ,'-!'5%/(A/0!

V<P! ! ! ! ,/*(!$,1(*(/0!!

,2! ! ! ! ,*,'2/-/(!

VJP! ! ! ! ,.+D/*(!2*=,/-$+!(/%',*,+/!

v! ! ! ! 0/=(//!

v>! ! ! ! 0/=(//!+/,-$=(*0/!

X""ML!+/DD! ! ! '4-$+*DD:!-(*,%4*(/,-!-#$,!D*:/(!/D/+-('+#/2$+*D!+/DD!

XE! ! ! ! 'E$0$\/0!

F#! ! ! ! 4#/,:D!

FF! ! ! ! 6W4$A*D':D4-/($,!

442! ! ! ! 4*(-%!4/(!2$DD$',!!

FW_JB! ! ! V6W4$A*D':DW_W2/-#:D=.*,$,/!

(/0! ! ! ! (/0.+/0!

P"! ! ! ! (''2!-/24/(*-.(/!

%! ! ! ! %-(',=!R<P!5*,0S!o!%$,=D/-!o!%/+',0!

3! ! ! ! /D/+-(',!%4$,!

3>L! ! ! ! %-*,0*(0!+*D'2/D!/D/+-('0/!

%#! ! ! ! %#'.D0/(!

3XJX!! ! ! %$,=D:!'++.4$/0!2'D/+.D*(!'(5$-*D!

-! ! ! ! -($4D/-!
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!

"! ! ! ! -/24/(*-.(/!o!"/%D*!

"*5! ! ! ! -*5D/!

">VN!! ! ! ;?6?^?`W-/-(*+:*,'5/,\/,/!

">Vh!! ! ! b?b?8?8?W"/-(*+:*,'WpW5/,\'k.$,'0$2/-#*,/!

">VhQ^! ! ! 6?]?`?aW-/-(*1D.'('Wb?b?8?8W-/-(*+:*,'WpWk.$,'0$2/-#*,/!

"JK! ! ! ! ;?]?b?8W-/-(*2/-#:D*DD'E*\$,/!

"Jj! ! ! ! ;?]?_W-($2/-#:DE*,-#$,/!

@c! ! ! ! .D-(*!A$'D/-!

c! ! ! ! A'D-!

c0&! ! ! ! A*,W0/(WH**D%!

A%! ! ! ! A/(:!%-(',=!R<P!5*,0S!

A%C!! ! ! ! A/(%.%!

A$%! ! ! ! A$%$5D/!

�! ! ! ! *-'2$+!,.25/(!



!-''+;-F-E(Y+%#&(

(

R&'B98#F($'9D+F&f(

!
V*2/t!P*O).2*(!9*,*!
3/Et!J*D/!
G*-/!'1!N$(-#t!7^W7`W;_8`!
V*-$',*D$-:t!<,0$*,!
J*($-*D!3-*-.%t!3$,=D/!
M*,=.*=/%!),'&,t!L,=D$%#?!N/,=*D$?!T$,0$!
K00(/%%t!P*O).2*(!9*,*!

>oX!F('1C!G(C!H'D1=*,=!I*$2!
! <,%-$-.-!1Y(!K,'(=*,$%+#/!>#/2$/!
! @,$A/(%$-Z-!3-.--=*(-!
! F1*11/,&*D0($,=!``!
! b7`a_!3-.--=*(-!
! B/(2*,:!
(

@%-:+&Bf(

(

;___!-'!677]t!N*(*0',=*D!PC!VC!<,%-$-.-$',?!H/%-!N/,=*D?!<,0$*!
! !
677]!-'!677at!University of Calcutta?!I'D)*-*?!H/%-!N/,=*D!
! ! G/=(//!'5-*$,/0t!N*+#/D'(!'1!3+$/,+/!$,!>#/2$%-(:!!
!
677a!-'!6778t!!Indian Institute of Technology, Delhi?!<,0$*!
! ! G/=(//!'5-*$,/0t!J*%-/(!'1!3+$/,+/!$,!>#/2$%-(:!!

J*%-/(! "#/%$%! &*%! -$-D/0! *%! �LE4D'($,=! -#/! +#/2$%-(:! '1! +'5*D-! %*,0&$+#!
+'24'.,0%t! P/*+-$',%! '1! �`W>4>'>^F#^?! �

`WRJ/>4S>'>^F#^! *,0! -#/$(!
0/(($A*-$A/%[!.,0/(!-#/!%.4/(A$%$',!'1!F('1C!K,$D!9*+'5!LD$*%C!
!

3/4-/25/(! 6778! -'! 9*,.*(:! 67;;t! G'+-'(*D! &'()! *-! -#/! Institut für Anorganische Chemie, 

Stuttgart!.,0/(!-#/!=.$0*,+/!'1!F('1C!G(C!H'D1=*,=!I*$2C!

"$-D/t!3-.0:!'1!2/-*D!$,-/(*+-$',%!&$-#!5$'2'D/+.D/%!*,0!�W*++/4-'(!%:%-/2%t!K!
0/-*$D/0! $,A/%-$=*-$',! '1! %-(.+-.(*D! *%4/+-%?! /D/+-('+#/2$+*D! 4('4/(-$/%! *,0!
%4/+-('%+'4$+!1/*-.(/%!

(

R9B+%+98("&F:f(

(

3/4-/25/(!6778!-'!V'A/25/(!6778t!!
H$%%/,%+#*1-D$+#/!T$D1%)(*1-!*-!-#/!<,%-$-.-!1Y(!K,'(=*,$%+#/!>#/2$/!
0/(!@,$A/(%$-Z-!3-.--=*(-!

!
G/+/25/(!6778!-'!9*,.*(:!67;;t!! !

H$%%/,%+#*1-D$+#/(!K,=/%-/DD-/(!*-!-#/!<,%-$-.-!1Y(!K,'(=*,$%+#/!>#/2$/!
0/(!@,$A/(%$-Z-!3-.--=*(-!

!


