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'&/*)0$123141*(+ ,------------------------------------------------------------------------------------------------------------------,5!

'#+(6'&( ,--------------------------------------------------------------------------------------------------------------------------------------,7!

'##618%'(%)*+ ,----------------------------------------------------------------------------------------------------------------------------,9: !

9! &;'!(16,9 ,----------------------------------------------------------------------------------------------------------------------------,9<!

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

"#1! 2$&34253+$6$+!, $(+(%-*./&$(%! , /23)!(%! %/&$73!6*%+&$(%/8$&$32!###############################################!"9!

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

!"#"#! 1,.2/34).,'%* +""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+!5 !

!"#"6! 789:%(9+;9()*+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+!< !

!"#"0! =3%+7%%)+>/.+'3%+?%@%:/&A%-'+/>+7%B+C(/D/.'3/E/-,:+F%,9'(/-* +""""""""""""""""""""""""""""""""+#G!

"#0! , $(4('&:(.(%/8! ' 3/+&$(%2!, /23)!(%! 3;&'$%2$+!6*%+&$(%/8$&$32!##############################################!1<!

!"6"! ! 1/-)%-*,'(/-+/>+H%'/-%*+,-)+;:)%34)%*+"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+##!

!"6"#! I',8)(-E%.+J(E,'(/- +""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#6!

!"6"6! 1&KL1&I+$3/*&3(-%+J(E,'(/-+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#M!

!"6"0! ;N()%L;:O4-%+149:/,))('(/-*+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#P!

!"6"Q! I'.,(- D$./A/'%)+;:O4-%L7('./-%+149:/,))('(/- +"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+6<!

!"6"M! R-@%.*%+S:%9'./-D?%A,-)+?(%:*D;:)%.+B('3+=%'.,N(-%+,-)+I'.,(-%)+;:O%-%L;:O4-%+""""""""+6<!

!"6"P! =,-)%A+T6+U+#V+149:/,))('(/-DF%'./D?(%:*D;:)%.+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+0! !

"#9! : =5(&:32$2!###########################################################################################################################!90!

"#>! / $?2!(6!&:$2!5'(-3+& !#############################################################################################################!99!

<! &;'!(16,< ,----------------------------------------------------------------------------------------------------------------------------,=>!

1#"! +:3?(2383+&$7$&=!(6!/ 8@=%3!/%)!/ A$)3!2*,2&'/&32!$%!+* //+ !' 3/+&$(%2!##################################!9B!

#"!"! ! I%W8%-'(,:+13%A/*%:%9'(@%+18;;1+F%,9'(/-*+X*(-E+;:O4-%+$./'%9'(-E+Y./8&*+"""""""""""""+05!

#"!"#! I%W8%-'(,:+13%A/*%:%9'(@%+18;;1+F%,9'(/-*+X*(-E+R/)/LC./A/D;:O4-%*+"""""""""""""""""""""+QG!

#"!"6! I%W8%-'(,:+13%A/*%:%9'(@%+18;;1+F%,9'(/-*+X*(-E+13%:,'%D?(.%9'%)+;N()%*+""""""""""""""""+Q!!

#"!"0! I%W8%-'(,:+13%A/*%:%9'(@%+18;;1+F%,9'(/-*+8*(-E+=.,-*(%-'+1/&&%.+1/A&:%Z,'(/-+""""+Q6!

1#1! / '(?/&$+! =%/?$%32!/2!2=%&:(%2!6('! +* //+ !' 3/+&$(%2!#########################################################!>9!

#"#"!! [-,A(-%+F%,9'(@('4+"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+Q0!

#"#"#! I4-'3%*(*+/>+;./A,'(9+[-,A(-%*+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+QQ!
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@%"'+,)A%&'&)

!

! Q!

1#0! : =5(&:32$2!&(!, 3!&32&3)!########################################################################################################!>C!

1#9! / $?2!(6!&:$2!+:/5&3' !############################################################################################################!>B!

1#>! ' 32*8&2!/%)!) $2+*22$(%!#########################################################################################################!>D!

#"Q"!! K&'(A(*,'(/-+/>+;./A,'(9+[-,A(-%+I4-'3%*(* +""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+Q5!

#"Q"#! ;./A,'(9+[-,A(-%+,*+,+I4-'3/-+>/.+18;;1+F%,9'(/-*+ \ +K&'(A(*,'(/-+/>+'3%+F%,9'(/-+"+MG!

#"Q"6! ;./A,'(9+[-,A(-%+,*+,+I4-'3/-+>/.+ 18;;1+F%,9'(/-*+\ +I82*'.,'%+I9/&%+"""""""""""""""""""""+M6!

#"Q"0! ;./A,'(9+[-,A(-%+,*+,+I4-'3/-+>/.+18;;1+F%,9'(/-*+ \ +13%A/*%:%9'(@%+$./>(:%+"""""""""""+M0!

#"Q"Q! ;./A,'(9+[-,A(-%+,*+,+I4-'3/-+>/.+18;;1+F%,9'(/-*+ \ +K.'3/E/-,:('4+$./>(:%+"""""""""""""+MP!

#"Q"M! SZ&:/.(-E+[-,A(-%+F%,9'(@('4+@*+F%&.%*%-','(@%+=%.A(-,:+;:O4-%*+(-+18;;1+F%,9'(/-*+P!!

#"Q"P! [- ,A(-%+13%A/*%:%9'(@('4+@*+;N()%+13%:,'%D?(.%9'%)+I'.,'%E4+"""""""""""""""""""""""""""""""""""""+P#!

1#C! 2*??/'= !#############################################################################################################################!B0!

1#B! 3;53'$?3%&/8 !#######################################################################################################################!B9!

#"P"!! F%,E%-'*+,-)+I/:@%-'*+"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+P0!

#"P"#! ;-,:4*(*+/>+$./)89'*+"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+P0!

#"P"6! Y%-%.,:+$./9%)8.%*+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+PQ!

#"P"0! I4-'3%'(9+&./9%)8.%*+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+PP!

?! &;'!(16,? ,--------------------------------------------------------------------------------------------------------------------------,99>!

0#"! &:3! %33)!6('! 23E*3%&$/8!, $(+(%-*./&$(% !###########################################################################!""B !

0#1! &:3! +*''3%&! I =;=SDK] D; F=!(6! ( '&:(.(%/8! , $(+(%-*./&$(% !#################################################!""D!

0#0! ) */8! ? ()$6$+/&$(%!(6!, $(?(83+*832!*2$%.! , $(4('&:(.(%/8! +:3?$2&'= !################################!"1" !

6"6"!! ?8,:+J,2%::(-E+X*(-E+I%W8%-'(,:+18;;1+F%,9'(/-* +"""""""""""""""""""""""""""""""""""""""""""""""""""""""+!#! !

6"6"#! ?8,:+J,2%::(-E+I'.,'%E(%*+B3(93+1/A2(-%+18;;1+B('3+;-/'3%.+F%,9'(/-+""""""""""""""""""""+!#6 !

6"6"6! =3%+7%%)+>/.+7%B+I'.,'%E(%*+>/.+I%W8%-'(,:+C(/9/-^8E,'(/- +"""""""""""""""""""""""""""""""""""""""+!6! !

0#9! : =5(&:32$2!&(!,3!&32&3)!######################################################################################################!"01!

0#>! / $?2!(6!&:$2!+:/5&3' !##########################################################################################################!"00!

0#C! ' 32*8&2!/%)!) $2+*22$(%!#######################################################################################################!"09!

6"M"!! $3/*&3/.,A()('%+I4-'3%*(*+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+!60 !

6"M"#! I4-'3%*(*+/>+;./A,'(9+[-,A(-%D+,-)+;:O4-%D_/)(>(%)+K:(E/)%/Z4.(2/-89:%/'()%*+`K?7*a

+ !6P!

6"M"6! 1,:98:,'(/-+/>+K?7+SZ'(-9'(/-+1/%>>(9(%-'*+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+!65 !

6"M"0! K&'(A(*,'(/-+/>+18;;1+:(E,'(/-*+8*(-E+,-+;./A,'(9+[-,A(-% D_/)(>(%)+K?7+"""""""""""""+!06 !

6"M"Q! K&'(A(*,'(/-+/>+18;;1+:(E,'(/-*+8*(-E+$3%-4:,9%'4:%-%D_/)(>(%)+K?7+"""""""""""""""""""""+!0P!

6"M"M! I82*'.,'%+I9/&%+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+!05 !

6"M"P! I('%D?%&%-)%-'+_/)8:,'(/-+/>+[-,A(-%+F%,9'(@('4+"""""""""""""""""""""""""""""""""""""""""""""""""""""+!0<!

6"M"5! 13%A/*%:%9'(@%b+I%W8%-'(,:+18;;1+J(E,'(/-*+/>+K?7*+""""""""""""""""""""""""""""""""""""""""""""""""+!Q! !
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@%"'+,)A%&'&)

!

! N!

6"M"<! RA&,9'+/>+;./A,'(9+[-,A(-%+_/(%'4+(-'/+?7;+I'.89'8.%+""""""""""""""""""""""""""""""""""""""""""""+!QQ!

0#B! 2*??/'= !###########################################################################################################################!">C!

0#D! 3;53'$?3%&/8 !#####################################################################################################################!">B!

6"5"!! F%,E%-'*+,-)+I/:@%-'*+"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+!QP!

6"5"#! ;-,:4*(*+/>+$./)89'* +"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+!QP!

6"5"6! I4-'3%'(9+&./9%)8.%*+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+!Q5!

6"5"0! I/:()+$3,*%+I4-'3%*(*+/>+K:(E/)%/Z4.(2/-89:%/'()%*+`K?7*a+"""""""""""""""""""""""""""""""""""""""+!MM!

6"5"Q! I4-'3%*(*+/>+'.(,N/:%DK?7*+@(,+18;;1+:(E,'(/-*+"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+!M5!

=! &;'!(16,= ,--------------------------------------------------------------------------------------------------------------------------,9.? !

9#"! , 3%36$&2!(6!68(F! +:3?$2&'= !################################################################################################!"B9!

0"!"! ! C%-%>('*+/>+]:/B+13%A(*'.4+D+],*'%.+F%,9'(/-*+"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+!PQ!

0"!"#! C%-%>('*+/>+]:/B+13%A(*'.4+D+I,>%.+F%,9'(/-*+"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+!PM!

0"!"6! C%-%>('*+/>+]:/B+13%A(*'.4+D+R-'%E.,'%)+I4-'3%*(*b+c/.OD8&+,-)+;-,:4*(*+""""""""""""""""""+!P5!

0"!"0! C%-%>('*+/>+]:/B+13%A(*'.4+\ +d(E3+=3./8E3&8'+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+!5! !

9#1! +(553' 4+/&/8=23)! ' 3/+&$(%2!$%!+(%&$%*(*2!68(F! 5'(+32232 !################################################!"D1!

0"#"!! 1\ 1+C/-)+]/.A,'(/-+X*(-E+18D1,',:4*%)+1/-'(-8/8*+]:/B+$./9%**%*+"""""""""""""""""""""""""+!5# !

0"#"#! 1\ 7+C/-)+]/.A,'(/-+X*(-E+18 D1,',:4*%)+1/-' (-8/8*+]:/B+$./9%**%*+""""""""""""""""""""""""+!5Q!

9#0! : =5(&:32$2!&(!, 3!&32&3)!######################################################################################################!"G<!

9#9! / $?2!(6!&:$2!+:/5&3' !##########################################################################################################!"G"!

9#>! ' 32*8&2!/%)!) $2+*22$(%!#######################################################################################################!"G1!

0"Q"!! 18DJ/,)(-E+>/.+18;;1+F%,9'(/-*+B('3+;./A,'(9+[-,A(-%* +"""""""""""""""""""""""""""""""""""""""""+!<#!

0"Q"#! ?%@%:/&(-E+,+]:/B+$:,'>/.A+>/.+_(:)+18;;1+J(E,'(/-+/>+IA,::+_/:%98:%*+"""""""""""""""""""+!<6!

0"Q"6! ?%@%:/&(-E+,+]:/B+$:,'>/.A+>/.+_(:)b+S>>(9(%-'+I4-'3%*(*+/>+C(/A%)(9,:+RA,E(-E+_,.O%.*

+ #G#!

0"Q"0! ?%@%:/&(-E+,+]:/B+$:,'>/.A+>/.+_(:)b+S>>(9(%-'b+?%E.,),'(/-D].%%+C(/9/-^8E,'(/-+/>+

$%&'()%*+,-)+K:(E/)%/Z4.(2/-89:%/'()%*+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#G0!

9#C! 2*??/'= !###########################################################################################################################!1"" !

9#B! 3;53'$?3%&/8 !#####################################################################################################################!1"" !

0"P"!! F%,E%-'*+,-)+I/:@%-'*+"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#!! !

0"P"#! ;-,:4*(*+/>+$./)89'*+"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#!! !

0"P"6! Y%-%.,:+$./9%)8.%*+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#!0 !

0"P"0! I4-'3%'(9+&./9%)8.%*+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#!P!

0"P"Q! 13,.,9'%.(*,'(/-+/>+K?7*+"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#0! !

0"P"M! 13,.,9'%.(*,'( /-+/>+$%&'()%*+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#0#!

0"P"P! $%&'()%D$_K+1/-^8E,'%+I4-'3%*(*+,-)+13,.,9'%.(*,'(/-+?,', +""""""""""""""""""""""""""""""""""""+#00!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+ &=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! R!

@! &;'!(16,@ ,--------------------------------------------------------------------------------------------------------------------------,<=@!

61A161*&1+,--------------------------------------------------------------------------------------------------------------------------------,<=7!

'!!1*2%B ,-----------------------------------------------------------------------------------------------------------------------------------,<.?!

>#"! '5 4:58+ !/%)! 8+4?2 !? 3&:()! 5/'/?3&3'2 !###########################################################################!1B9!

Q"!"!! F$Dd$J1+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#P0!

Q"!"#! J1D_I +"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#PM!

>#1! '5 4:58+ !&'/+32 !#################################################################################################################!1BC!

Q"#"!! F$Dd$J1+=.,9%*+>./A+I93%A%+6"!5+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#PM!

Q"#"#! d$J1+13./A,'/E.,A*+>./A+](E8.%+6"!0+""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#P<!

Q"#"6! F$Dd$J1+13./A,'/E.,A*+>./A+I93%A%+6"!<+"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#5G!

Q"#"0! F$Dd$J1+13./A,'/E.,A*+>./A+](E8.%+6"!Q+"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#5M!

Q"#"Q! F$Dd$J1+13./A,'/E.,A*+>./A+](E8.%+6"!M+"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#5M!

Q"#"M! F$Dd$J1+13./A,'/E.,A*+>./A+I93%A%+6"#G+"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""+#5P!

>#0! %?' !/%)! ?2 !253+&'*?2 !####################################################################################################!1DD!

>#9! ?/8)$ !253+&'/ !##################################################################################################################!0<1!
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@%"'+,)A%&'&)

!

! " !

!

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

!
!

#$%!.()&)/!01!21!3 &'!()*+,)-./+,'!0&!1&'!23.*-'!4&!5&'!6*7)7/'!1&'!89:7);'!<&!8&'!=/>?3-'!@&!4&!

8&!A@!B73C!D7/>B3:E!B3:!F)G:/F/>*3-HB:))!I9@@I!.*3+3-J9G/>*3-K!/%&B)C#$$B)4567'!D'!

$LMNO$LMP&!

!

#Q%!89+,/-/-'!R&!S&'!T/9BB'!S&!5&'!U3?E*F*?'!2&!V&'!2/7/F:*WHS)-F):'!@&'!(9>,):B3:F'!X&!Y&'!

.()&)/! 01! 21! 31'! 1)--):'! S&'! =/>?3-'! @&! 4&! 8&'! 89:7);'! <&! 8&! A53F97/:'! ?>)DH)BB*+*)->!

D/77/F*9EH+/>/7;W)F! +:3??H+39D7*-G! ?>:/>)G;! >3! /++)??! IZH,)>):3/:;7 HMH/E*-3D9:*-)!

:*.3-9+7)3?*F)?K!E"4B)F,&&B!4568'!GD'!Q"[\ OQ"ZM&!

!

#M%!.()&)/!01!21!31'!S)/>,'!I&!T&'!=/>?3-'!@&!4&!8&'!89:7);'!<&!@&!A@!?>:/>)G;!B3:!+3-F*>*3-/7!

3:>,3G3-/7!I9@@I!:)/+>*3-?!9?*-G!D:3>)+>)F!/:3E/>*+!;-/E*-)?K!HB)E"4B)C3,$B!4568'! IJ '!

[$ZNO[$ZP&!

!

#N%!.()&)/!01!21!31'!S/F7):'!4&!I&'!5+0)/-'!0&!@&'!=,*>),9:?>'!8&!I&'!S)/>,'!I&!T&'!R9ED,:);?'!

0&!V&'!]39-G'!(&!4&'!=/>?3-'!@&!4&!8&'!89:7);'!<&!@&!AI,)E3?)7)+>*^)!?)_9)->*/7!+7*+`!7*G/>*3-?!

F*:)+>)F!.;!)-,/-+)F!:)/+>*^*>;!3B!/-!/:3E/>*+!;-/E*-)K! E"4B)F,&&B!4569'!GI'!NZ\$ONZ\"&!
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!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! P!

!

:';+*<%=>?=@=+),!
!

!

1*:?>'! Y! C397F! 7*`)! >3! >,/-`! T:3B! <7)--! 89:7);'! V:! @77/-! =/>?3-! /-F! >,)! a-*^):?*>;! 3B!

S>:/>,+7;F)!B3:!G*^*-G!E)!>,)!3DD3:>9-*>;!>3!C3:`!3-!>,*?!D:3J)+>&!Y!,/^)!7)/:-)F!?3!E9+,!/-F!

Y!/E!:)/77;!G:/>)B97!B3:!*>b!!

!

Y!C397F!/7?3!7*`)!>3!>,/-`!/77!>,)!D)3D7)!C,3!,/^)!+3->:*.9>)F!>3!>,*?!D:3J)+>c!0*/E!5+0)/-'!

V:!I*/:/-!S)/>,'!V:!0*-9?!()*+,)-./+,'!V:!43/--/!S/F7):!/-F!V:!8)-J/E*-!=*>,),9:?>&!]39:!

,)7D!,/?!.))-!*-^/79/.7)&! !

!

!Y!C397F!7*`)!>3!>,/-`!V:!1*7*D)!6*7)7/!/-F!V:!43,-!23.*-!B3:!*->:3F9+*-G!E)!>3!B73C!+,)E*?>:;!

/-F!B3:!/77!>,)!^):;!*->):)?>*-G!F*?+9??*3-?!/.39>!+,)E*?>:;&!!

!

Y!C397F!/7?3!7*`)!>3!/+`-3C7)FG)!D:)?)->!/-F!D/?>!E)E.):?!3B!>,)!89:7);!/-F!=/>?3-!G:39D?&!

Y!)d>)-F!/!E/??*^)!>,/-`?!>3!V:!S>)^)-!T/9BB!B3:!,*?!B:*)-F?,*D'!,)7D!/-F!?9DD3:>'!D/:>*+97/:7;!

F9:*-G!>,*?!F*BB*+97>!7/?>!;)/:&!2,/-`!;39!B3:!>,)!+3-?>/->!:)E*-F):!3B!C,3!Y!/Eb!@-F!?*-+)!Y!

,/^)!>3'!Y!C397F!/7?3!7*`)!>3!>,/-`!;39!B3:!;39:!.)/9>*B97!,/*:'!C)!C*77!-)^):!?>3D!.)*-G!J)/739?!

3B!*>b!Y!3BB):!/!.*G!>,/-`?!>3!V:!X7*^*/!(9>,):B3:F'!R)7)-/!89+,/-/-'!V:!U*:?>;!=*7?3-!/-F!V:!

4/E*)!=*>,):?!B3:!;39:!?9DD3:>'!;39:!B:*)-F?,*D!/-F!/77!>,)!G33F!7/9G,?&!5;!T,V!C397F!-3>!

,/^)!.))-! /?!G:)/>!C*>,39>!;39!B*^)b!Y!C397F!/7?3!7*`)!>3!>,/-`!V:!S>)^)-!T/9BB'!V:!4/E*)!

=*>,):?' !V:!@-F:)/! 2/7/F:*WHS)-F):! /-F!V:!@E/-F/!R9G,)?!B3:! ;39:! /F^*+)?! /-F!D:33BH

:)/F*-G!>,*?!F3+9E)->&!!

!

X-!/!D):?3-/7!-3>)'!Y!C397F!7*`)!>3!>,/-`!E;!B:*)-F?!/-F!E;!D/:)->?'!D/:>*+97/:7;!E;!E3E!

43)77)!V9+3?'!B3:!,):!9-+3-F*>*3-/7!73^)!/-F!?9DD3:>b!1*-/77;'!Y!C397F!/7?3!7*`)!>3!>,/-`!/77!>,)!

C3-F):B97!D)3D7)!>,/>!Y!,/^)!E)>!*-!<7/?G3C'!*-!D/:>*+97/:!U)^*-!R/:>!B3:!/77!3B!,*?!73^)'!,*?!

?9DD3:>!/-F!/77!>,)!/E/W*-G!E3E)->?!C)!?,/:)F!>3G)>,):&!

!

!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! \ !

!

:$,)A(') !

!
2,)!I9 H+/>/7;?)F!/7`;-) H/W*F)!+;+73/FF*>*3-!eI9@@If!3:!A+7*+`K!:)/+>*3-!*?!/!D3C):B97!/-F!

:3.9?>!.*3H3:>,3G3-/7!:)/+>*3-!>,/>!)d+79?*^)7;!D:3F9+)?!N'$H?9.?>*>9>)F!>:*/W37)?&!V)?D*>)!*>?!

)d>)-?*^)!9>*7*>;!*-!+,)E*+/7!.*373G;'!>,)!/.*7*>;!>3!F*BB):)->*/>)!/7`;-)!?9.>;D)?!,/?!:)+)*^)F!

7*>>7)!/>>)->*3-!/?!/!>337!B3:!>,)!+3-?>:9+>*3-!3B!F*?+:)>)!.*3+3-J9G/>)?&!2,*?!C3:`!,*G,7*G,>?!>,)!

9>*7*>;!3B!/:3E/>*+!;-/E*-)?!/?!/!-)C!+7*+`!:)/G)->!B3:!?)_9)->*/7!.*3+3-J9G/>*3-&!@:3E/>*+!

;-/E*-)?! /:)! ?9D):*3:! +7*+`! :)/G)->?! C*>,! )-,/-+)F! +,)E*+/7! :)/+>*^*>;! :)7/>*^)! >3!

+3-^)->*3-/7!/7`;-)?&!2,*?!9-*_9)!/-F!3:>,3G3-/7!:)/+>*^*>;!D:3B*7)!+*:+9E^)->?!>,)!-))F!B3:!

+3-^)->*3-/7!D:3>)+>*-G!G:39D!?>:/>)G*)?&!2,*?!D:3J)+>!C*77!/7?3!,*G,7*G,>!>,)!.*3+3ED/>*.*7*>;!

3B!>,)?)!:)/G)->?!/?!/!-)C!>337!B3:!D:3>)+>*-GHG:39D!B:))!?)_9)->*/7!I9@@I!.*3+3-J9G/>*3-!3B!

37*G3-9+7)3>*F)?!*-!>,)!D:)?)-+)!3B!E3:)!/++)??*.7)!+3ED)>*-G!/7`;-)!?9.?>:/>)!eS+,)E)!Nf&!

2,*?!?>:/>)G;!/773C?!>,)!B3:E/>*3-!3B!/!-)C!D7/>B3:E!B3:!?D)+*B*+!7/.)77*-G!9?*-G!B793:)?+)->!

/-F!Tg2!D:3.)?!/?!E9+,!/?!?D)+*B*+!>/:G)>*-G!/-F!F:9G!F)7*^):;&!YED3:>/->7;'!,*G,):!:)/+>*^*>;!

3B! /:3E/>*+! ;-/E*-)?! /773C?! 73C):! +3DD):! 73/F*-G'! >,):).;! F)+:)/?)?! >3d*+*>;! /-F! ?*F)!

:)/+>*3-?!3-!.*3E37)+97)?&!!

!

!
B'C=@=!61!I,)E3?7)+>*^)'!?)_9)->*/7!I9@@I!.*3+3-J9G/>*3-!9?*-G!)-,/-+)F!:)/+>*^*>;!3B!/:3E/>*+!;-/E*-)?&!

!

!

!

!

!

!

N

N

N

N

N N
N

R

R N3

Cu cat. (10 mol% )

more reactive
less accessible

less reactive
more accessible

enhanced reactivity of ynamine allows chemoselective CuAAC 
ligations of oligonucleotides at low copper loading (10 mol%)



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! NL!

:$$A=D&()&*+,!

!
@F! @F/E/->/-) !

@52I ! !NHeK"%+-HMH,;F:3d;+;+73,)d;7f H$He/ '/ HF*E)>,;7/E*-3E)>,;7f H

N'M'QH>:*/W37)f!

@D3g! @D37*D3D:3>)*-!g!

822@@! MHe$Hee8*?eeNHe>):>H.9>;7fHNAHN'M'QH>:*/W37H$H

;7fE)>,;7f/E*-3fE)>,;7f HNAHN'M'QH>:*/W37HNH;7f/+)>*+!/+*F!

822gS ! MHe$Hee8*?eeNHe>):>H.9>;7fHNAHN'M'QH>:*/W37H$H

;7fE)>,;7f/E*-3fE)>,;7f HNAHN'M'QH>:*/W37HNH

;7f)>,;7,;F:3G)-?97B/>)!

822T ! QHe$Hee8*?eeNHe>):>H.9>;7fHNAHN'M'QH>:*/W37H$H

;7fE)>,;7f/E*-3fE)>,;7f HNAHN'M'QH>:*/W37HNH;7fD:3D/-HNH37!

I9@@I ! I9 HI/>/7;?)F!@W*F)H@7`;-)!I;+73/FF*>*3-!

I9eX@+fM! I3DD):eYYf!/+)>/>)!

VII ! / '/LHF*+;+73,)d;7+/:.3F**E*F)!

VI5 ! V*+,73:3E)>,/-) !

V12! V)-?*>;!B9-+>*3-/7!>,)3:;!

VYTg@! V**?3D:3D;7)>,;7/E*-)!

V51 ! V*E)>,;7B3:E/E*F)!

V5SX ! V*E)>,;7!?97B3d*F)!

Vh@! V)3d;:*.3-9+7)*+!/+*F!

gV2@! g>,;7)-)F*/E*-)>)>://+)>*+!/+*F!

)_9*^&! g_9*^/7)->!

g>MX! V*)>,;7)>,): !

g>X@+! g>,;7!/+)>/>)!

g>XR! g>,/-37!

1+! 1)::3+)-) !

R@2a! / H#eF*E)>,;7/E*-3fHNAHN'M'QH>:*/W373H#$'[HM%D;:*F*-HNH

;7E)>,;7)-)%H/ HE)>,;7E)>,/-/E*-*9E,)d/B793:3D,3?D,/>) !/ H

3d*F)!

R)d! R)d/-) !

RT@! QHR;F:3d;D*+37*-*+!/+*F!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! NN!

R(5S ! R*G,H:)?379>*3-!E/??!?D)+>:/!

YITH5S ! Y-F9+>*^)7;!+39D7)F!D7/?E/!E/??!?D)+>:3E)>:;!

'T:XR! N-#HD:3D/-37!

0I H5S ) 0*_9*F!+,:3E/>3G:/D,;HE/??!?D)+>:3E)>:;!

5@0VYH2X1! 5/>:*dH/??*?>)F!7/?):!F)?3:D>*3-i*3-*?/>*3-H>*E)!3B!B7*G,>!

?D)+>:3E)>):!

5)Ih ! @+)>3-*>:*7)!

5)XR ! 5)>,/-37 !

h/@?+! S3F*9E!/?+3:./>)!

h5( ! h9+7)/:!E/G-)>*+!:)?3-/-+)!?D)+>:3?+3D;!

X+>! X+>/-)!

XVh ! X7*G3F)3d;:*.3-9+7)3>*F)!

Tg! T)>:37)9E!)>,):!

Tg<H$LL! T37;)>,;7)-)!G7;+37!$LL!

T1@! T):B793:3/7`3d;!/7`/-)!

(T HRT0I ! ()^):?)!D,/?)! H!R*G,!D):B3:E/-+)!7*_9*F!+,:3E/>3G:/D,;!

:>! (33E!>)ED):/>9:) !

( 2! ()>)->*3-!>*E)!

S5 ! S>/:>*-G!E/>):*/7!

ST@@I! S>:/*-HD:3E3>)F!/W*F)H/7`;-)!+;+73/FF*>*3-!

28@1! 2)>:/.9>;7/EE3-*9E!B793:*F)!

282@! 2:*?eeNH.)-W;7HNAHN'M'QH>:*/W37H$H;7fE)>,;7f/E*-) !

&89XR! K,"&H.9>/-37!

2g@@! 2:*)>,;7/EE3-*9E!/+)>/>) !

2R1! 2)>:/,;F:3B9:/- !

2RT2@! 2:*?eeNH,;F:3d;D:3D;7HNAHN'M'QH>:*/W37)H$H;7fE)>,;7f/E*-) !

2YTS! 2:**?3D:3D;7?*7/-)!

20I ! 2,*-!7/;):!+,:3E/>3G:/D,; !

25S ! 2:*E)>,;7?*7;7!

>( ! ()?*F)-+)!>*E)!

2?! 23?;7!

!

!

!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! NM!

!

!

!

!

!

!

!

6!3C(E)=A!6!
!

!

F&*'*+G#?()&*+H!:!"*<=AI#%!J**%!!

K*A!B)#>L&+?!-&D&+?!BL,)=@,!

!

!
!

!

!

!

!

!

!

!

!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! NQ!

616! M+)A*>#')&*+!)*!F&*'*+G#?()&*+!

a-F):?>/-F*-G!>,)!:37)?!3B!.*3E37)+97)?!*-!>,)*:!-/>*^)!)-^*:3-E)->?!*?!+,/77)-G*-G!F9)!>3!>,)!

+3ED7)d*>;! 3B! 7*^*-G! ?;?>)E?&! 2,)! F*?+3^):;! 3B! C,37)! G)-3E)! ?)_9)-+*-G! *-! N\\[! ,/?!

D:3^*F)F!9?!C*>,!>,)!3DD3:>9-*>;!>3!^*)C!>,)!A.79)D:*->?K!3B!7*^*-G!3:G/-*?E?&N!@F^/-+)E)->?!

*-! +:;?>/773G:/D,;! /-F! ?D)+>:3?+3D;! E)>,3F?! ,/^)! D:3^*F)F! F)>/*7)F! ?-/D?,3>?! 3B!

.*3E37)+97/:! ?>:9+>9:)! /-F! F;-/E*+?&M! a-B3:>9-/>)7;'!+3ED7)d! .*373G*+/7!B9-+>*3-! +/--3>!

>:97;! .)! 9-F):?>33F! >,:39G,! G)-)>*+?! /-F! ?>:9+>9:/7! ?>9F*)?&! 2,)?)! B9-+>*3-?! /:)! /-!

*->):+3--)+>)F! ,*G,C/;'! F)D)-F)->! 3-! *->):/+>*3-?! C*>,! +39->7)??! 3>,):! E37)+97)?'! /77!

3++9::*-G!C*>,*-!>,)!+3ED/+>!)-^*:3-E)->!3B!>,)!+)77&!2,)!F*?+3^):;!/-F!F)^)73DE)->!3B!>,)!

G:))-!B793:)?+)->!D:3>)*-!e<1Tf!:)^379>*3-*?)F!39:!9-F):?>/-F*-G!3B!+):>/*-!D:3>)*-!B9-+>*3-?!

.;!/773C*-G'!B3:!>,)!B*:?>!>*E)'!>,)*:!*E/G*-G!/-F!>:/+`*-G!*-!7*^*-G!+)77?&Q!h3-)>,)7)??'!*>?!9?)!

*?!7*E*>)F!>3!>,)!?>9F;!3B!D:3>)*-?!/-F!+/--3>!.)!)dD/-F)F!>3!3>,):!.*3E37)+97)?&!19:>,):E3:)'!

3C*-G!>3!>,)!7/:G)!?*W)!3B!>,)!B793:)?+)->!D:3>)*-!F3E/*-'!<1TH>/GG*-G!+397F!D):>9:.!>,)!>/:G)>!

D:3>)*-j?!?>:9+>9:)! /-F!B9-+>*3-&!23!3^):+3E)!>,)?)!7*E*>/>*3-?'!?+*)->*?>?! ,/^)!B3+9?)F!3-!

F)^)73D*-G!-)C!E)>,3F?!B3:!>,)!?)7)+>*^)'!+3^/7)->!E3F*B*+/>*3-!3B!.*373G*+/7!)->*>*)?!C*>,*-!

7*^*-G!?;?>)E?'!>):E)F!.*3+3-J9G/>*3-&!!

!

@->*.3F;HF:9G!+3-J9G/>)?!e@VI?f!*779?>:/>)!D):B)+>7;!>,)!D3C):!3B!.*3+3-J9G/>*3-&!Y-F))F'!

>,)!/.*7*>;!>3!+3-J9G/>)!/-! /->*.3F;!>3!+;>3>3d*+?!,/?!D:3^*F)F!/-!)BB)+>*^)!>)+,-*_9)!B3:!D3>)->!

/-F!?)7)+>*^)!+,)E3>,):/D;&!@?!+3ED/:)F!>3!>:/F*>*3-/7!+,)E3>,):/D)9>*+?'! @VI?!F*?D7/;!

?9D):*3:!?D)+*B*+*>;'!73- G): !,/7BH7*̂)?!/-F!*-+:)/?)F!?>/.*7*>;!*-!.733F!+*:+97/>*3-&$!@VI?!/:)!

:/D*F7;!.)+3E*-G!7)/F!>,):/D)9>*+!/G)->?'!C*>,!>C3!@VI!F:9G?!+9::)->7;!/DD:3^)F!.;!>,)!1V@!

/-F! /-3>,):![L!/>!F*BB):)->!?>/G)?!3B!+7*-*+/7!F)^)73DE)->&$!

!

X^):!>,)!7/?>!F)+/F)'!/!^/:*)>;!3B!+,)E*+/7!?>:/>)G*)?!,/^)!.))-!F)?+:*.)F!B3:!>,)!7*G/>*3-!3B!

.*3E37)+97)?! >3! -9E):39?! E37)+97)?! *-+79F*-G! /->*.3F*)?'[ ! D)D>*F)?'Z! 7*D*F?'" ! F:9G?P! /-F!

B793:3D,3:)?&\ !@73-G!C*>,!D:3^*F*-G!:)?)/:+,):?!C*>,!*-^/79/.7)!.*373G*+/7!F*?+3^):*)?'!>,*?!

C3:`!F)>/*7)F!>,)!:)_9*:)E)->?!B3:!)BB)+>*^)!.*3+3-J9G/>*3-&!XD>*E/7!.*3+3-J9G/>*3-!:)/+>*3-?!

?,397F!.)!:/D*F'!?)7)+>*^)!>3C/:F?!>,)!F)?*:)F!B9-+>*3-/7!G:39D?!/-F!G)-):/>)!3-7;!>,)!F)?*:)F'!

?>/.7)'! -3-H>3d*+! D:3F9+>&!2, ) ! 7*G/>*3-!:)/+>*3-! `*-)>*+?! /:) ! D/:>*+97/:7;! *ED3:>/->! /?!

.*3+3-J9G/>*3-!:)/+>*3-?! G)-):/77;! B3773C! ?)+3-FH3:F):! `*-)>*+?'!C,):) ! :)/+>*3-!:/>)?! /:)!

F)D)-F)->!3-!>,)!+3-+)->:/>*3-?!3B!.3>,!:)/G)->?'!-)+)??*>/>*-G!/ !7/:G)!)d+)??!3B!3-)!:)/G)-> !

eE*+:3E37/:! >3! E*77*E37/:f!C,)-! D):B3:E*-G! >,)! 7*G/>*3-!'+) 7'7#&!Y-! >9:-'! >,)! )d+)??*^)!
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E3F)7'!>,);!F)E3-?>:/>)F!?)7)+>*^)!E3F*B*+/>*3-!3B!>;:3?*-)!:)?*F9)?&!2,*?!D:3+)F9:)!/773C)F!

>,)!9?)!3B!E*7F!+3-F*>*3-?!eDR!k!Z&['!M[OQ"!oI f!/-F!73C!D:3>)*-!+3-+)->:/>*3-?!eMLOMLL!E5f'!

C,*+,!/:)!+3-F9+*^)!>3!'+)7'7#!/DD7*+/>*3-?p!,3C)^):'! >,)!73-G!:)/+>*3-!>*E)?!eNP!,f!:)_9*:)F!

>3!:)/+,!/!:)/?3-/.7)!7)^)7!3B!>/GG*-G!F*E*-*?,)F!>,)!)BB*+/+;!3B!>,*?!/DD:3/+,&!!

!

! C#$$#+5P)Q-,R)<&"%&,4',-);#")/2&,"$'+%5)1'#(#+?94%&'#+)))

=,*7)! >,)! D:*E/:;! /E*-)! 3B! 7;?*-)j?! ?*F)! +,/*-! :)D:)?)->?! >,)! E3?>! -9+7)3D,*7*+! G:39D!

/^/*7/.7)!*-!>,)!E/J3:*>;!3B!D:3>)*-?'!>,);!/:)!D:3>3-/>)F!/>!D,;?*373G*+/7!DR'!:)?97>*-G!*-!/!

F:/E/>*+!F)+:)/?)!*-! :)/+>*^*>;&NP!2,)!F*BB):)-+)! .)>C))- !>,)!DO/!3B!>,)!" H/E*-)!3B!/-! / H

>):E*-/7!@@!/-F!>,)!#H/E*-)!3B!0;?!eP!/-F!NL'!:)?D)+>*^)7;p!1*G9:)!N&Nf!:)?97>?!*-!/-!*-+:)/?)F!

?)7)+>*^*>;!B3:!.*3+3-J9G/>*3-!/>!>,)!/ H>):E*-9?!/>!D,;?*373G*+/7!DR&!@FF*>*3-/77;'!>,)!>;D)!3B!

:)/+>*3-! >,/>! +/-! .)! D):B3:E)F! *?! *-B79)-+)F! .;! >,)! *F)->*>;! 3B! >,)!/ H>):E*-/7! @@&NP!13:!

)d/ED7)'!/-! / H>):E*-/7!+;?>)*-)!+/-!:)/+>!C*>,!/-!/7F),;F)!*-!/!+3-F)-?/>*3-!:) /+>*3-!>3!B3:E!

>,)!>,*/W37*F*-)!D:3F9+>!614!e1*G9:)!N&Nf&!!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! NP!

! C#$$#+5P)Q-,R)<&"%&,4',-);#")C2K,"$'+ 9-)1'#(#+?94%&'#+)

2,)!E3?>!+3EE3-7;!9?)F!?>:/>)G;!B3:!D:3>)*-!7*G/>*3-!/>!>,)!CH>):E*-9?!*?!>,)!h/>*^)!I,)E*+/7!

0*G/>*3-!ehI0f!3B!/!CH>):E*-/7!>,*3)>,):!/-F!/! / H>):E*-/7!+;?>)*-)!e1*G9:)!N&Nf&M\!()7;*-G!3-!

>,)! /.*7*>;! 3B! >,*3)?>):?! >3! 9-F):G3! SHh! /+;7! :)/::/-G)E)-> '! >,*?! ?>:/>)G;! /773C?!>,)!

+,)E3?)7)+>*^)!B3:E/>*3-!3B!/-!/E*F)!.3-F!*-!>,)!D:)?)-+)!3B!9-D:3>)+>)F!-9+7)3D,*7*+!@@?&!

19:>,):E3:)'! >,*?!E)>,3F373G;!+/-!.)!D):B3:E)F!*-! D,;?*373G*+/7!.9BB):'!>;D*+/77;!T8S!eDR!

"&LOP&[f'!/>!Q"!oI!/-F!/BB3:F?!,*G,!;*)7F?!*-!?,3:>!:)/+>*3-!>*E)?!e! !N!,f '!*-+:)/?*-G!*>?!9>*7*>;!

*-! .*3+3-J9G/>*3-&! R3C)^):'! *>! *?! *ED3:>/->! >3!D:)^)->! >,)! 3d*F/>*3-! 3B! >,)) / H>):E*-/7!

+;?>)*-)j?!>,*37/>)!>3!/!F*?97B*F)H7*-`)F!F*E):!C,*+,!*?!9-:)/+>*^)!*-!>,)!7*G/>*3-&!

!

!"#"#! 0,.1/23).,'%* +

I/:.3,;F:/>)?!/:)!/!+7/??!3B!E37)+97)?!*-+79F*-G!E3-3?/++,/:*F)?'!?9+,!/?!G79+3?)'!E/- - 3?)!

/-F ! G/7/+>3?)! e1*G9:)! N&Mf'! D37;?/++,/:*F)?! /-F! 37*G3?/++,/:*F)?&! S*E*7/:! >3!D:3>)*-?'!

+/:.3,;F:/>)?! D7/;!*ED3:>/->!:37)?! *-! 7*^*-G! ?;?>)E?! C,):)! >,);! /:)! *-^37^)F! *- ! )-):G;!

D:3F9+>*3-'!+)77!C/77!+3-?>:9+>*3-!/-F!D:3>)*-!:)+3G-*>*3-'!>3!+*>)!/!B)C&QL!!

!

!
K&?#A=!6141!S>:9+>9:)?!3B!-/>9:/77;H3++9::*-G!+/:.3,;F:/>)?&!

!

2,)!E3?>! /.9-F/->!B9-+>*3-/7!G:39D?!*-!+/:.3,;F:/>)?! /:)!>,)! ,;F:3d;7!G:39D?'!C,*+,! /:)!

D33:!-9+7)3D,*7)?!*-!/_9)39?!E)F*/&!I3-?)_9)->7;'! ^):;! B)C!?>:/>)G*)?!,/^)!.))-!F)^)73D)F!

B3:! .*3+3-J9G/>*3-!9?*-G!-/>*^)!B9-+>*3-/7*>*)?!3B!+/:.3,;F:/>)?&!2,) !E3?>!+3EE3-7;!9?)F!

/DD:3/+,)?!>/`)! /F^/->/G)! 3B!+/:.3,;F:/>)?j! D:3D)-?*>;! >3! *?3E):*?)! .)>C))-! >,)*:!+;+7*+!

,)E*/+)>/7! B3:E! /-F! 3D)-! /7F),;F)i`)>3! B3:E! eS+,)E)! N&Nf&! Y-! >,)! 7/>>):! ?>:9+>9:)'! >,)!

+/:.3-;7!G:39D!+/-!9-F):G3!:)F9+>*^)!/E*-/>*3-!3:!:)/+>!C*>,!D,)-;7 !,;F:/W*F)!eS+,)E)!N&Nf'!

*->:3F9+*-G!B9-+>*3-/7*>*)?!C,*+,! +/-!>,)-!.)!9?)F!B3:!.*3+3-J9G/>*3-&QN!!

!

!
B'C=@=!6161!19-+>*3-/7*?*-G!+/:.3,;F:/>)?!B3:!.*3+3-J9G/>*3-&QN!

O
HO

HO

OH
OH

OH

O
HO

HO

OH

OH

OH

O

OH

HO

OH
OH

OH

D-Glucose
1.17

D-Mannose
1.18

D-Galactose
1.19

O
HO

HO

OH
OH

OH

OH
HO

HO
OH

OH
O

HO
HO

OH

OH

O NHR

Cyclic 
hemiacetal

Aldehyde Amine
1.20

Reductive
amination
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!

! N\!

!"#"4! 5678%(7+97()*+

h 9+7)*+!/+*F?'!Vh@!eF)3d;:*.3-9+7)*+!/+*Ff!/-F!(h@!e:*.3-9+7)*+!/+*Ff'!/:)! >,)!.*3D37;E):?!

:)?D3-?*.7)!B3:!+/::;*-G!G)-)>*+!*-B3:E/>*3-&!Y-B3:E/>*3-!)-+3F)F!.;!Vh@!*?!+3-^):>)F!*->3!

(h@ '!/-F!:)?)/:+,!,/?!B39-F!>,/>!G)-) !)dD:)??*3-!*?!/BB)+>)F!.;!>,)!?>:9+>9:/7!3:G/-*?/>*3-!3B!

Vh@&QM!(h@!D7/;?! /!^/:*)>;!3B!:37)?!C*>,*-!>,)!+)77!*-+79F*-G!+3H!/-F!D3?>H>:/-?+:*D>*3-/7!

:)G97/>*3-QQ!/?!C)77!/?!*-!D:3>)*-!>:/-?7/>*3-&!2,):)B3:)'!>,)!/.*7*>;!>3!E3-*>3:!>,)!?>:9+>9:/7!

3:G/-*?/>*3-'! 73+/7*?/>*3-! /-F! /.9-F/-+)! 3B! -9+7)*+! /+*F?!C*>,*-!+)77?! D:3^*F)?!)??)->*/7!

*-?*G,>?!*->3!+)7797/:!D:3+)??)?&!!

!

Vh@!/-F!(h@ !/:)!+3ED3?)F!3B!-9+7)3>*F)?!C,*+, !+3-?*?>!3B!/!D9:*-)!3:!D;:*E*F*-)! ./?)!

/>>/+,)F!>3!/! F)3d;:*.3?)!eVh@f!3:!:*.3?)!e(h@f!?9G/:'!7*-`)F!.;! D,3?D,/>)!G:39D?!e1*G9:)!

N&Qf&!2,)!D9:*-)!./?)?'!/F)-*-)!e@f!/-F!G9/-*-)!e<f'!B3:E! =/>?3- OI:*+`! ./?)!D/*:?!C*>,!>,)*:!

:)?D)+>*^)!D;:*E*F*-)!./?)? '!+;>3?*-)!eIf!/-F !>,;E*-)!e2f' !*-!>,)!Vh@!F39.7)!,)7*d&!Y-!(h@'!

>,;E*-)!*?!:)D7/+)F!.; !9:/+*7!eaf&!2,)!?9G/:HD,3?D,/>)!./+`.3-)!3B!Vh@!*?!B3:E)F!?9+,!>,/>!

/!D,3?D,/>)!G:39D!E/:`?!>,)![q!)-F!/-F!>,)! Qq!)-F!>):E*-/>)?!C*>,!/!,;F:3d;7!G:39D&!Y-!(h@'!

>,)!:*.3?)!?9G/:!,/?!/!Mq!,;F:3d;7!G:39D'!E/`*-G!*>!E3:)!?9?+)D>*.7)!>3C/:F?!,;F:37;?*?!/-F!

)-W;E/>*+!F)G:/F/>*3-!>,/-!Vh@ &QL!!

!

!
K&?#A=!61P1!I,)E*+/7!?>:9+>9:)?!3B!-9+7)*+!/+*F?&!!

!

2,):)!/:)! B)C):!B9-+>*3-/7!G:39D?!/^/*7/.7)!B3:!E3F*B;*-G!-/>*^)!-9+7)*+!/+*F?!>,/-!B39-F!*-!

D:3>)*-?&!53F*B*+/>*3-?!/>!>,)!>):E*-/7!D3?*>*3-?!/:)!D3??*.7)!7'%)/+>*^/>*3-!3B!>,)![qHD,3?D,/>)!

G:39D!C*>,!+/:.3F**E*F)?'!B3773C)F!.;!:)/+>*3-!C*>,!/-!/E*-)!eS+,)E)!N&Mf'Q$!3:!>,)!3d*F/>*3-!

N

NN

N

NH2

O

O

OPO
O

O

N

NH2
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O

O

OPO
O

NH
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N

O

O

O

OPO
O
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O
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O

OH
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O

NH2

Deoxyadenosine (A)

Deoxycytidine (C)

Deoxyguanosine (G)

Thymidine (T)

DNA

5Õ

3Õ

3Õ

3Õ

3Õ

5Õ

5Õ

5Õ

N
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N

NH2

O

O
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O

O

N

NH2
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O

O

OPO
O
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N

O

O

O

OPO
O
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O

ON

O
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O
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Adenosine (A)

Cytidine (C)

Guanosine (G)

Uridine (U)

RNA

5Õ

3Õ

3Õ

3Õ

3Õ

5Õ

5Õ

5Õ

OH

OH

OH

OH
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!

! ML!

3B!>,)!(h@!̂ *+*-/7!F*37!C*>,!?3F*9E!D):*3F/>)&Q[!h9+7)3./?)!E3F*B*+/>*3-?!C397F!.)!D3??*.7)'!

.9>!/:)!3B>)-!:)?>:*+>)F!.;!./?)!D/:*-G!*->):/+>*3-?&QL!Y-!/FF*>*3-'!?*>)H?D)+*B*+!E3F*B*+/>*3-?!3B!

-/>*^)! Vh@! 3:! (h@! -9+7)3./?)?! /: )! G)-):/77;! -3>! D3??*.7)! F9)! >3! >,)*:! :)D)>*>*^)!

+,/:/+>):*?>*+?&!S*-+)! ?;->,)>*+! 37*G3-9+7)3>*F)?! /:)! D:)D/:)F!7'%! ?37*FHD,/?)! ?;->,)?*?'QZ!

E3F*B*+/>*3-?!3B!>,)!-9+7)3./?)?'!D,3?D,/>)?!3:!>,)!QqH!/-F! [qH>):E*-9?!9?*-G!D,3?D,3:/E*F*>)!

+,)E*?>:;!/:)!E3:)!)/?*7;! /+,*)^)F! >,/-! B3:!-/>9:/77;H3++9::*-G!-9+7)*+!/+*F?&Q"!

!

!
B'C=@=!6141!19-+>*3-/7*?*-G!-9+7)*+!/+*F?!B3:!.*3+3-J9G/>*3-&Q$!

!

!"#": ! ;2%+5%%)+</.+'2%+=%>%8/&?%-'+/<+5%@+A(/ B/.'2/C/ -,8+D%,7'(/-*+

=,*7)! .*3+3-J9G/>*3-! 9?*-G! -/>*^)! B9-+>*3-/7*>*)?! ,/?! .))-! )ED73;)F! B3:! /! ^/:*)>;! 3B!

.*373G*+/7!/DD7*+/>*3-?'! /77!?9BB):!B:3E!*-,):)->!7*E*>/>*3-?&!@?!E/-;!3B!>,)?)!:)/+>*3-?!/:)!

?)-?*>*^)!>3C/:F?!,;F:37;?*?'! ,*G,!:)/G)->!+3-+)->:/>*3-?!/:)! :)_9*:)F!>3!3.>/*-!>,)!F)?*:)F!

D:3F9+>!/>!/-;!:)/?3-/.7)!;*)7F&!2,)!:)/G)->?!)ED73;)F!B3:!B9-+>*3-/7*?/>*3-!/:)!3B>)-!D33:7;!

?379.7)!*-!C/>):! /-F! :)_9*:)!>,)! /FF*>*3-!3B!>3d*+!+3H?37^)->?!e,B4B!V51 '!V5SX '! 5)Ih f&!

2,)?)!B)/>9:)?!D:)^)->!>,)!/DD7*+/>*3-!3B!>,)?)!>)+,-*_9)?!C*>,*-!7*^*-G!?;?>)E?&!I3ED7*+/>*-G!

>,)!*??9)!B9:>,):!*?!>,)!*-/.*7*>;!>3!/++9:/>)7;!/-F!+3-?*?>)->7;!>/:G)>!/!D:)+*?)!?*>)!3:!/!D/:>*+97/:!

E37)+97)'!/?!E3?>!.*3E37)+97)?!/:)!D37;E):?!+3-?*?>*-G!3B!:)D)/>)F!?)_9)-+)?!3B!/!7*E*>)F!

-9E.):! 3B! E3-3E):?! e,B4B! /E*-3! /+*F?! *-! D:3>)*-?'!?/++,/:*F)?! *-! +/:.3,;F:/>)?! /-F!

-9+7)3>*F)?! *-! -9+7)*+! /+*F?f&!23! 3^):+3E)! >,)?)! 7*E*>/>*3-?! /-F! )dD/-F! .*3+3-J9G/>)!

+,)E*?>:;! *->3! >,)! :)/7E! 3B! +3ED7)d! 7*^*-G! 3:G/-*?E?'! :)?)/:+,! ,/?! B3+9?)F! 3-!>,)!

F)^)73DE)->!3B!.*3H3:>,3G3-/7!?>:/>)G*)?!B3:!.*3+3-J9G/>*3-&!

!

61P! F&*N*A)C*?*+(%!Q=(')&*+,!F(,=>!*+!RS)A&+,&'!K#+')&*+(%&)&=,!

@!D:*E/:;!G3/7!3B! .*3+3-J9G/>*3-! :)?)/:+,!3^):!>,)!D/?>!N[!;)/:?! ,/?! .))-!>3! *-+:)/?)! *>?!

)BB*+*)-+;!.;!)ED73;*-G!,*G,7;!:)/+>*^)'!-3-H-/>9:/7!B9-+>*3-/7!G:39D?!:/>,):!>,/-!>,)!-/>*^)!

B9-+>*3-/7*>*)?!D:)?)->!C*>,*-!+)77?!e1*G9:)!N&$f&NL'ML'QP'Q\!()?)/:+,!,/?!B3+9?)F!3-!F)^)73D*-G!

?>:/>)G*)?!9?*-G!+,)E*+/7!B9-+>*3-/7*>*)?!C,*+,!/:)!9-/.7)!>3!:)/+>!C*>,!.*373G*+/7!E3*)>*)?!/-F!

:)/+>!?D)+*B*+/77;!C*>,!3-)!/-3>,):!9-F):!D,;?*373G*+/7!+3-F*>*3-?!e/E.*)->!>)ED):/>9:)!/-F!

D:)??9:)'!/_9)39?!E)F*/'!-)9>:/7!DRf&!53:)3^):'!/?!>,)!>/:G)>!3B!.*3+3-J9G/>*3-!*?!/DD7*+/>*3-!

O Base

O

OH

OPO
O

3Õ

5Õ

OH

O Base

O

OH

OPN
O

3Õ

5Õ

OH

O Base

O

OH

OPHN
O

3Õ

5Õ

OH

N

CDI 0.1 M in
imidazole buffer

(pH = 6)

Ethylenediamine 0.25 M 
in 2,6-lutidine buffer

(pH = 7.5)
1.21 1.22 1.23

H3N
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! "#!

$%&'%(!)%*%(+!,-,&./,0!&'.,.!1%2324&'2+2(5)!4.5+.(&,!,'26)7!1.!(2(3&28%9!5(7!/.&512)%95))-!

,&51).:!

!

!
!"#$%&'()*)';%2324&'2+2(5)!4.59&%2(,!15,.7!2(!.8&4%(,%9!<6(9&%2(5)%&%.,:=>!!
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!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "" !

?,!$%&'!&'.!,&45&.+%.,!7.,94%1.7!<24!)%+5&%2(,!6,%(+!(5&%*.!<6(9&%2(5)%&%.,0!&'.!92(9.(&45&%2(!2<!

4.5+.(&,!(..7.7! &2!,699.,,<6))-!@.4<24/!&'.!1%2324&'2+2(5)!)%+5&%2(!%,!7%4.9&)-!9244.)5&.7!$%&'!

%&,!A%(.&%9,:!B2(,.C6.(&)-0!45@%7!)%+5&%2(!A%(.&%9,!$%))!/%(%/%,.!4.5+.(&!92(9.(&45&%2(,0!<64&'.4!

)%/%&%(+! &'.! @2&.(&%5)! <24! &28%9! ,%7.3.<<.9&,:! D'%).! &'.! 7.*.)2@/.(&! 2<! &'.,.!(2*.)!

/.&'272)2+%.,!'5,!/.&!$%&'!/5(-!9'5)).(+.,0!4./54A51).!@42+4.,,!'5,!1..(!4.@24&.7!<24!1%23

24&'2+2(5)! )%+5&%2(,! 2<! 1%2/2).96).,:! E'%,! ,.9&%2(! $%))! 26&)%(.! &'.! /2,&! 92//2()-! 6,.7!

,&45&.+%.,!<24!1%292(F6+5&%2(0!7.&5%)%(+!12&'!&'.%4!/27.!2<!59&%2(!5(7!)%/%&5&%2(,:!

!

!"#"! ! $%&'(&)*+,%&-%.-/(+%&()-*&'-01'(23'()-

!

!
!

G(.!2<!&'.!<%4,&!,&45&.+%.,!4.@24&.7!<24!&'.!1%2324&'2+2(5)!)%+5&%2(!2<!1%2/2).96).,!$5,!&'.!

59%7%9!H@I!J!K!L!MN!92(7.(,5&%2(!2<!A.&2(.,!5(7!5)7.'-7.,!$%&'!5(!5/%(.!&2!5<<247!O9'%<<!15,.!

%(&.4/.7%5&.,! HP%+64.! #:KN:KQ! D'%).! &'.,.! <6(9&%2(5)%&%.,! 54.! (2&! 92/@).&.)-! 51,.(&! <42/!

1%2/2).96).,0! &'.%4! ,/5))! ,%R.! 5(7! ,-(&'.&%9! 599.,,%1%)%&-! 4.(7.4.7! &'./! 5&&459&%*.! <24! &'.!

7.*.)2@/.(&!2<!1%292(F6+5&%2(!/.&'272)2+%.,:!?77%&%2(5))-0!&'.-!54.!.5,%)-!%(&.+45&.7!%(&2!

)%*%(+!,-,&./,0!<64&'.4!%(94.5,%(+!&'.%4!5@@)%951%)%&-:!

!

S%,@)5-%(+!&'.!6&%)%&-!2<!&'%,!/.&'272)2+-0!;.4&2RR%!,&)%5B!4.@24&.7!&'.!%(&.+45&%2(!2<!5!A.&2(.!

5,! 5! 9'./%95)! '5(7).! <24! &'.! /27%<%95&%2(! 2<! 9.))! ,64<59.! +)-92@42&.%(,! A(2$(! &2! 1.!

2*.4.8@4.,,.7!%(!5! *54%.&-!2<!95(9.4,:K#!T,%(+!5! (2(3(5&645)! ,%5)%9!59%70!&'.-! $.4.!51).!&2!

%(&42769.!5!4.59&%*.!A.&2(.!<6(9&%2(5)%&-!2(&2!9.))!,64<59.!,%5)%9!59%7!4.,%76.,:!E'.,.!/27%<%.7!

,64<59.! /54A.4,!$.4.!&'.(!4.59&.7!$%&'!5(!5/%(228-37.4%*5&%,.7!@421.!92(&5%(%(+!5(!UVW!

.('5(9.4! H)5(&'5(%7.! %2(! 9'.)5&.N0! @42*%7%(+! 5! (2*.)! 5(7! +.(.45)! @)5&<24/! <24! 95(9.4!

7%5+(2,&%9,:!E%44.))!,&)%5B!6,.7!5!A.&2(.3/27%<%.7!@'.(-)5)5(%(.!&2!,%&.3,@.9%<%95))-!%(924@245&.!

4.59&%*.!54-)!A.&2(.,!%(&2!4.92/1%(5(&!@42&.%(,0!<64&'.4!7./2(,&45&%(+!&'.!5@@)%95&%2(!2<!&'%,!

,&45&.+-:K"!!

!

D'%).! 6,.<6)0!&'.! ,)2$!A%(.&%9,!2<!A.&2(.X5)7.'-7.! 92(7.(,5&%2(,!HA!! !#Q3K!&2!#Q3=!U 3#, 3#N!

(.9.,,%&5&.,! '%+'! 92(9.(&45&%2(,! 2<! &'.! 4.5+.(&,! &2! .(,64.! .<<%9%.(&! )51.))%(+0! 4.,6)&%(+! %(!

%(94.5,.7!&28%9%&-!2<!&'%,!,&45&.+-:K=!U24.2*.40!&'.!4.C6%4./.(&!2<!59%7%9!@I!<24!,699.,,<6))-!

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

R

O

R

OH

R

N
X

pH 4-6

X = N or O
1.24 1.25 1.26



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "=!

@.4<24/%(+!&'.!4.59&%2(!)%/%&,!&'%,!,&45&.+-!&2!'+!7'&"#!5(7!9.))3,64<59.!)51.))%(+0!5,!2@&%/5)!

92(7%&%2(,! 54.! 7%<<%96)&! &2! 21&5%(! %(&459.))6)54)-:=>!P%(5))-0! %(&459.))6)54! 5@@)%95&%2(,! 2<! &'%,!

/.&'272)2+-!54.!)%/%&.7!76.!&2!2<<3&54+.&!.<<.9&,!$%&'!95412(-)31.54%(+!/.&512)%&.,:!

!

!"#"4! 5+*6',&7(8-9,7*+,%&-

!

!
!

D'%).! &'.! 4.59&%2(! 1.&$..(! 5! @'2,@'%(.! 5(7! 5(! 5R%7.! $5,! %(%&%5))-! 7.,94%1.7! %(! #>#>! 1-!

O&567%(+.4!,&!%5B0KK!&'.!4.7%,92*.4-!2<!&'%,!,&45&.+-!1-!;.4&2RR%!,&)%5B!%(!"QQQ!@5*.7!&'.!$5-!

<24!(6/.426,!5@@)%95&%2(,!%(!9'./%95)!1%2)2+-!HP%+64.!#:KN:KYLKZ!!

!

?)&'26+' !&'.!24%+%(5)!/.&'272)2+-!5<<247.7!&'.!<24/5&%2(!2<!5!@4%/54-!5/%(.0!,69'!5,!()*+!

HO9'./.! #:=N0KK!&'.! 4.*%,%&.7! O&567%(+.4! )%+5&%2(! .(51).,! &'.! <24/5&%2(! 2<! 5(! 5/%7.! 12(7!

H(),- N0!.)%/%(5&%(+!@42769&%2(!2<!&'.!'-742)-,%,3,.(,%&%*.!5R53-)%7.!%(&.4/.7%5&.:KY!!

!

!
./0&1&'()2)' E'.!7%<<.4.(&!*54%5&%2(, !2<!O&567%(+.4!4.59&%2(,:KKLKM!

!

W(!&'%,!92(&.8&0!&'.!O&567%(+.4! )%+5&%2(! ./@)2-,!5!@'2,@'%(.!&'5&!5),2!<6(9&%2(,!5,!5(!59-)!

72(24:!E'.!@'2,@'246,!<%4,&!5&&59A,!&'.!5R%7.!&2!<24/!5(!%/%(2@'2,@'245(.0!$'%9'!%,!&'.(!

59-)5&.7!&2!4.).5,.!(%&42+.(!+5,:!E'%,!4.,6)&,!%(!&'.!<24/5&%2(!2<!5(!5/%72@'2,@'2(%6/!,5)&!

$'%9'0!6@2(!'-742)-,%,0!-%.)7,!&'.!7.,%4.7!5/%7.!(),- :KY!?(2&'.4!*.4,%2(!2<!&'%,!4.59&%2(0!&'.!

!"#$%&'&((!)*+$,-./0&#)'.0$+.1/2)!"#$%&#!'()*')#&#+*
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N
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!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "K!

[&459.).,,\!O&567%(+.4!)%+5&%2(0!./@)2-,! 5!9).5*51).!)%(A.4!H&-@%95))-!5(!.,&.4!24!5!&'%2.,&.4N!

&'5&!-%.)7,!5(!59-9)%9!5/%72@'2,@'2(%6/!,5)&0!4.,6)&%(+!%(!&'.!5/%7.!@42769&!()34!)59A%(+!&'.!

@'2,@'%(.!28%7.!/2%.&-:KM!

!

G(.!2<!&'.!/5(-!1.(.<%&,!2<!&'.!O&567%(+.4!)%+5&%2(!%,!%&,!6,.!2<!5(!5R%7.:!?R%7., !54.!.,,.(&%5))-!

51,.(&!<42/!)%*%(+!,-,&./,!5(7!%,!$'2))-!%(.4&!&2$547,!1%2)2+%95)!<6(9&%2(5)%&%.,:!E'.%4!,/5))!

,%R.0!%(&.4/.7%5&.!@2)54%&-!5(7!%(51%)%&-!&2!@54&%9%@5&.!%(!5(-! ,%+(%<%95(&! '-742+.(!12(7%(+!

/5A.!&'./!6()%A.)-!&2!@.4&641!1%2/2).96)54!,&469&64.!24!<6(9&%2(:!P64&'.4/24.0!&'.!4.59&%2(!

1.&$..(!5(!5R%7.!5(7!5!@'2,@'%(.!%,!'%+')-!,.).9&%*.!5(7!@429..7,!.<<%9%.(&)-!6(7.4!/%)7!5(7!

@'-,%2)2+%95)!92(7%&%2(,0!<6)<%))%(+!/2,&!2<!&'.!94%&.4%5!(.9.,,54-!<24!,.).9&%*.!1%2324&'2+2(5)!

)%+5&%2(:!

!

D'%).!12&'!5R%7.!5(7!@'2,@'%(.!/2%.&%.,!54.!.5,%)-!%(924@245&.7!%(&2!1%2/2).96).,0!5R%7.,!54.!

6,65))-!@4.<.44.7!76.!&2!&'.%4!,/5))!,%R.!5(7!'%+'.4!,&51%)%&-!6(7.4!@'-,%2)2+%95)!92(7%&%2(,:!

E'.!%(924@245&%2(!2<!5(!5R%7.!%(&2!@42&.%(,0!+)-95(,!24!2)%+2(69).2&%7.,!95(!1.!59'%.*.7!7'%!

9'./%95)!/27%<%95&%2(,!24!1%2,-(&'.&%9!@5&'$5-,!HP%+64.!#:YN:KZLY"!E2!75&.0!(6/.426,!5R%7. 3

/27%<%.7!1%2/2).96).,!54.!5*5%)51).!HP%+64.!#:YN!5(7!&'.!9'2%9.!2<!5!,@.9%<%9!2(.!$%))!7.@.(7!

2(!&'.!&54+.&!&2!1.!%(*.,&%+5&.7:!!

!

;.4&2RR%!,&)%5B!,699.,,<6))-!4.@24&.7!&'.!6,.!2<!5(!5R%7.!5,!5!1%2324&'2+2(5)!4.@24&.4!<24!+)-95(!

%/5+%(+!7'%!%(924@245&%2(!2<!/ 35R%7259.&-)/5((2,5/%(.!(),2 !H?9KU5(]?RN: KY!W(9615&%2(!2<!

^64A5&!9.)),!$%&'!,599'54%7.!(),2 !4.,6)&.7!%(!%&,!%(924@245&%2(!%(&2!+)-95(,!&'426+'!&'.!,%5)%9!

59%7! 1%2,-(&'.&%9! @5&'$5-:! U5(]?R! 6(%&,! $.4.! ,61,.C6.(&)-! *%,65)%,.7!1-! @.4<24/%(+! 5!

O&567%(+.4! )%+5&%2(! $%&'! 5! @'2,@'%(.L/27%<%.7! 1%2&%(! @421.! $'%9'0! 6@2(! &4.5&/.(&! $%&'!

<)624.,9.%(3)51.)).7! 5*%7%(0! 5<<247.7! 5(! %(94.5,.! %(! &'.! <)624.,9.(9.! 2<! &'.! 1%2&%(L5*%7%(!

92/@).8:!!

!

E'.!7.*.)2@/.(&!2<!5R%7.392(&5%(%(+!&'-/%7%(.!5(5)2+6.,0!,69'!5,! (),* !5(7!(),, 0! '5,!5),2!

@.4/%&&.7! &'.! ,699.,,<6)! <6(9&%2(5)%,5&%2(! 2<! S]?:! P24! .85/@).0! U548!,&) %5B!4.@24&.7! &'.!

%(924@245&%2(!2<!5R%7.3/27%<%.7!(69).2,%7.!&4%@'2,@'5&.!16%)7%(+!1)29A,!%(&2!5!+42$%(+!S]?!

,&45(7!7'%!S]?!@2)-/.45,.: Y=!P6(9&%2(5)%,5&%2(!2<!&'.!S]?!$5,!&'.(!,699.,,<6))-!59'%.*.7!

7'%!O&567%(+.4!)%+5&%2(,!$%&'!@'2,@'%(.,!1.54%(+!,.*.45)!<6(9&%2(5)!+426@,0!,69'!5,!1%2&%(:!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "Y!

!
!"#$%&' (),)' W(924@245&%2(! 2<! 5R%7.! <6(9&%2(5)%&-! %(&2! 1%2/2).96).,:! %C)U .&512)%9! %(924@245&%2(! 2<! 5R%7.!

<6(9&%2(5)%&-!%(&2!1%2/2).96).,:!DC!_85/@)., !2<!5R%7.3/27%<%.7!1%2/2).96).,:Y"!!

!

O%&.3,@.9%<%9!%(924@245&%2(!2<!/27%<%.73?? , !'5,!1..(!4.@24&.7!1-!O9'6)&R!,&)%5B!6,%(+!5!6(%C6.!

9272(L&V]?!@5%4!$%&'!5!9244.,@2(7%(+!5/%(259-)3&V]?!,-(&'.&5,.: YK!E'%,!,&45&.+-!4.)%.,!2(!

&'.! +.(.45&%2(! 2<! 5(! 24&'2+2(5)! &V]?! &'5&! %,! (2&!4.92+(%,.7!1-! 5(-! (5&645)! 5/%(259-)!

,-(&'.&5,.,:!?,!5!4.,6)&0!2()-!%&,!5R%7.3/27%<%.7!??!%,!%(,.4&.7!%(!4.,@2(,.!&2!&'.!5/1.4!,&2@!

9272(:!].8&0!5!,-(&'.&5,.!%,!<5,'%2(.7!&2!,@.9%<%95))-!4.92+(%,.!&'%,!6(%C6.!&V]?:!E'.4.<24.0!

%&,! ,61,&45&.! ,@.9%<%9%&-! %,! .*2)*.7! &2!4.92+(%,.!2()-! &'.! 7.,%4.7! (2(3(5&645)! ??0! 5(7! (2!

.(72+.(26,!??:!E'%,!,&45&.+-!95(!1.!6,.7!&2!.<<%9%.(&)-!%(924@245&.!5!)54+.!*54%.&-!2<!(2(3

(5&645)!??!%(&2!@42&.%(,!%(!E-(3,"'(3'%)(#5'0!-.5,&0!5(7!/5//5)%5(!9.)),:YK!;-!5@@)-%(+!&'%,!

,&45&.+-0!`2A2-5/5!,&)%5B!,699.,,<6))-!%(&42769.7!5R%723/27%<%.7!@'.(-)5)5(%(.!%(&2!EB)(#5')

&45(,94%@&,! $'%9'0! <2))2$%(+! O&567%(+.4! )%+5&%2(,0! 4.,6)&.7! %(! ,%&.3,@.9%<%9! @42&.%(!

/27%<%95&%2(,:YY!!

!
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!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "M!

?)&'26+'! (6/.426,! .85/@).,! 2<! 1%292(F6+5&%2() 7'%! &'.! O&567%(+.4! )%+5&%2(! '5*.! 1..(!

7.,94%1.70KZ!&'.!28%75&%2(3,.(,%&%*.!@42@.4&%.,!2<!@'2,@'%(.!&2$547, !5%4!24!/.&512)%9!.(R-/.,!

745/5&%95))-!7.94.5,.,!&'.!5@@)%951%)%&-!2<!&'.!4.59&%2(!'+!7'7#:!U24.2*.40!A%(.&%9!,&67%.,!'5*.!

,'2$(!&'5&!&'.!6,.!2<!,&51%)%,.7!@'2,@'%(.,0!,69'!5,!()3+!5(7!()*4 !HO9'./.!#:=N0!7.94.5,., !&'.!

45&.!2<!4.59&%2(!6@!&2!&.(3<2)70!&'6,!%/@2,%(+!&'.!6,.!2<!'%+'!92(9.(&45&%2(, !2<!4.5+.(&,:YM!

!

!"#"#! $:;<$:5-=2%):2,&(-9,7*+,%&-

!

!
!

?(! 5)&.4(5&%*.! &2! &'.! O&567%(+.4! )%+5&%2(! %,! &'.! 9-9)2@42@.(2(.! HB@GNX@'2,@'%(.! )%+5&%2(0!

$'.4.!5!B@G!%,!4.59&.7!$%&'!5!,2<&!(69).2@'%).0!,69'!5,!&4%54-)@'2,@'%(.!HP%+64.!#:KN:YZ!E'.!

)5&&.4!%(%&%5&.,!5!U%9'5.)3&-@.!577%&%2(!&2!B@G!()2- !$'%9'0!6@2(!4%(+!2@.(%(+0!<24/,!5!A.&.(.!

-)%7.!%(&.4/.7%5&.:!D'%).! ,.(,%&%*.!&2! (69).2@'%)%9!5&&59A0!&'.,.!A.&.(.! -)%7.,! '5*.! ,'2$(!

.(26+'! ,&51%)%&-! &2! 1.! %,2)5&.7! 6(7.4! 5/1%.(&0! /2%,&64.3<4..! 92(7%&%2(,:! I2$.*.40! &'.,.!

/2%.&%.,!54.!,6,9.@&%1).!&2!45@%7!4.59&%2(!$%&'!,&42(+!(69).2@'%).,!H,B4B0!5/%(.,N:!E'.4.<24.0!

&'.! 5/%(. 392(&5%(%(+! @'2,@'%(.!()2( ! '5,! 1..(! 7.,%+(.7! &2! %(94.5,.! &'.! ,.).9&%*%&-! 2<! &'%,!

)%+5&%2(:!E'%,! './%5/%(5)!95(!&'.(!6(7.4+2!.)%/%(5&%2(X@42&2(!&45(,<.4!&2!@42*%7.!&'.!<%(5)!

)%+5&.7!@42769&!()23'5(7!&'.!4.+.(.45&.7!@'2,@'%(.:!!

!
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!!

W(!"QQ"0!&'.!+426@,!2<!P2A%(!5(7!O'54@).,,MZ!5(7!U.)75)Ma!%(7.@.(7.(&)-!4.@24&.7!&'5&!&'.!45&.!

2<! e=f"g! 9-9)2577%&%2(! 2<! 5! &.4/%(5)! 5)A-(.! 5(7! 5(! 5R%7.! $5,! .('5(9.7! #Q Z3<2)7! 6,%(+!

92@@.4HWN!95&5)-,%,:M>!E'%,!/.&'27!5),2!4.,6)&.7!%(!&'.!.89)6,%*.!<24/5&%2(!2<!#0K3,61,&%&6&.7!

&4%5R2).,!HO9'./.!#:KN:!!B6??B!%,!(2$!&'.!/2,&!92//2()-!6,.7!#0=37%@2)54!9-9)2577%&%2(!%(!

24+5(%9! 9'./%,&4-:ZQ! E'%,! 4.59&%2(! '5,! 1..(! %(*.,&%+5&.7! .8&.(,%*.)-0! $%&'! 2*.4! =K"Q!

@61)%95&%2(,!4.@24&.7!1-!O9%P%(7.4!5,!2<!"Q#a:!E'.!57*5(&5+.,!2<!&'.!B6??B!4.59&%2(!%(9)67.h!

F'C),'24&!4.59&%2(!&%/.,0!F''C)4.+%2,@.9%<%9%&-0!@42769%(+!.89)6,%*.)-!&'.!#0K3&4%5R2).0!F'''C)1%23

24&'2+2(5)%&-0!'B,B=!&'.!4.59&%2(!%,!,@.9%<%9!<24!&'.!5R%7.!5(7!5)A-(.!<6(9&%2(5)!+426@,0!5(7!H%*N!

&'.!4.59&%2(!95(!1.!9544%.7!26&!6(7.4!/%)7!92(7%&%2(,!H422/!&./@.45&64.!%(!$5&.4!$%&'26&!&'.!

(..7!<24!%(.4&!92(7%&%2(,N:!?,!5!4.,6)&!2<!&'.,.!%(&.4.,&%(+!5&&4%16&.,0!B6??B!4.59&%2(,!'5*.!

1..(! ./@)2-.7! %(! 5! *54%.&-! 2<! <%.)7,0! %(9)67%(+! @2)-/.4! 5(7! /5&.4%5)! ,9%.(9.,0Z#0Z"! 746+!

7%,92*.4-0Z=!92/1%(5&24%5)!9'./%,&4-0ZK!5(7!1%292(F6+5&%2(:"Q0ZY!

!

! @,(3%+'-&'()G#+-'H,"%&'#+-)'+)&3,)G#::,"2G%&%5I-,H)!J'H,K!5LI+,)GI(5#%HH'&'#+)

B2@@.4!9'./%,&4-!%,!@54&%96)54)-!4%9'!1.956,.!B6HQN0!B6HWN0!B6HWWN!5(7!B6HWWWN!28%75&%2(!,&5&.,!

54.!.5,%)-!599.,,%1).0!.(51)%(+!12&'!2(.3.).9&42(!5(7!&$23.).9&42(!@429.,,.,:ZM!P64&'.4/24.0!

&'.!7%<<.4.(&!28%75&%2(!,&5&.,!2<!92@@.4!5))2$!<24!4.59&%2(,!$%&'!5!$%7.!45(+.!2<!<6(9&%2(5)!

+426@,!7'%!i.$%,!59%7!%(&.459&%2(,!24!$392247%(5&%2(:!W(!"QQ"0!O'54@).,,!,&)%5B!4.@24&.7!&'5&!

B6HWN!$5,!4.C6%4.7!<24!&'.!B6??B!4.59&%2(!&2!@429..7!5(7!@42@2,.7!5!,&.@$%,.!/.9'5(%,/!

<24!B6HWN!95&5)-,%,!HO9'./.!#: YN:MZ!E'.!,&.@$%,.!/.9'5(%9,!2<!&'%,!4.59&%2(!$.4. !.8@)5%(.7!

6,%(+!SPE! 95)96)5&%2(,! $'%9'! @4.7%9&.7! &'5&! &'.! 92(9.4&.7! e"f=g! 9-9)2577%&%2(! $26)7! 1.!

,&42(+)-!7%,<5*264.7!H&c!J!#Y!A95)X/2)N:!E'.!56&'24,!,6++.,&.7!&'5&!&'.!B6??B! /.9'5(%,/!

%(*2)*.,!&'.!<24/5&%2(!2<!92@@.4359.&-)%7.!()530!5!<.5&64.!,6@@24&.7!1-!&'.!21,.4*5&%2(!&'5&!

9-9)2577%&%2(,!<5%).7!&2!29964!$'.(!6,%(+!%(&.4(5)!5)A-(.,:MZ!E'.!<24/5&%2(!2<!()53!%,!<2))2$.7!

1-!&'.!9'.)5&%2(!2<!&'.!M3]!2<!&'.!5R%7.!(),4 :!E'%,!9'.)5&%2(!,.&,!6@!&'.!5)A-(.!5(7!5R%7.!<24!5!

9-9)2577%&%2(! &2! 5<<247! &'.! ,%83/./1.4.7 0! ,&45%(.7! /.&5))29-9).!()5* ! $'%9'0! 5<&.4!
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!
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95(!1.!)2(+!HKa!'N:ZQ!S%,@42@24&%2(5&%2(!2<!B6HQN!5(7!B6HWWN!%,!5(2&'.4!426&.!&2!@42769.!&'.!
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4.769&%2(!1-!]5?,9 0!).57%(+!&2!&'.!<24/5&%2(!2<!7.).&.4%26,!4.59&%*.!28-+.(!,@.9%.,!HVGON0!

@4.*.(&!%&,!$%7.,@4.57!6,.!'+)7'7#:aQ!VGO!95(!9).5*. !&'.!@'2,@'27%.,&.4!159A12(.!2<!(69).%9!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! =#!

59%7,! (2(3,@.9%<%95))-0! 4.,6)&%(+! %(!7%,%(&.+45&%2(!7'%! 457%95)3%(769.7! 4.59&%2(,:a#! ?,! 5!

92(,.C6.(9.0! 5! A.-! 6(/.&! 9'5)).(+.! %(! &'.! 7.*.)2@/.(&! 2<! 1%2324&'2+2(5)! 4.59&%2(,! %,! &2!

/%(%/%,.!&'.!%('.4.(&!&28%9%&-!2<!B6HWN!%(!9.)),!H'B,B!4.769%(+!VGO!<24/5&%2(N:!E2!&'%,!.(70!

4.,.549'!'5,!1..(!<296,.7!2(!&'.!,-(&'.,%,!2<!92@@.43)%+5(7,!&2!/%&%+5&.!&'.!<24/5&%2(!2<!VGO!

%(!B6??B!4.59&%2(,:ZQ!

!

_54)-!/.9'5(%,&%9!,&67%.,!2<!B6??B!4.59&%2(,!4.*.5).7!&'5&!9.4&5%(!15,.,X)%+5(7,0!,69'!5,!"0M3

)6&%7%(.0! .8'%1%&.7! 6(6,65))-! '%+'! 4.59&%2(! 45&.,0!,6++.,&%(+!&'5&! &'.,.! 4.59&%2(,! 926)7! 1.!

56&295)-&%9:MZ!;6%)7%(+!<42/!&'%,0!O'54@).,,!,&)%5B!,'2$.7!&'5&!&'.!&4%5R2).!)%+5(7!E;E?!HP%+64.!

#:aN!599.).45&.7!&'.!B6??B!4.59&%2(!1.&$..(!@'.(-)59.&-).(.!5(7!1.(R-)!5R%7.0!4.,6)&%(+!%(!

<24/5&%2(! 2<! &'.! #0K3&4%5R2).! @42769&! $%&'! aKl! -%.)7! 5<&.4!"K! '! 92/@54.7! &2! #l! %(! &'.!

6(95&5)-,.7!*.4,%2(:a"!!

!

!
!"#$%&'()+)'_85/@).,!2<!B6HWN!)%+5(7,!<24!B6??B!4.59&%2(,:!

!

O'54@).,,!,&) %5B),6++.,&.7! &'5&! &'.! 21,.4*.7! 45&.! 599.).45&%2(! 542,.! <42/! &'.! &.&457.(&5&.!

9'.)5&%2(!2<!E;E?!&2!&'.!B6HWN!9.(&4.0!@42769%(+!5!/2(2(69).54!92/@).8:!E'.!&.4&%54-!5/%(.!

2<!E;E?!$26)7!599.).45&.!&'.!4.59&%2(!45&.!1-!%(94.5,%(+!&'.!.).9&42(!7.(,%&-!2(!&'.!92@@.4!

9.(&4.0!$'%).!&'.!/24.!)51%).!&4%5R2).!+426@,!&./@2454%)-!7%,5,,29%5&.!<42/!&'.!/.&5)!9.(&4.!&2!

5))2$!&'.!<24/5&%2(!2<!&'.!92@@.4HWN359.&-)%7.X)%+5(7!92/@).8:!O%(9.!&'.!7%,92*.4-!2<!E;E?0!

5!*54%.&-!2<!B6??B!)%+5(7,!'5*.!1..(!7.*.)2@.7!&2!@4.*.(&!&'.!1%2)2+%95)!75/5+.!956,.7!1-!

92@@.4!%2(,!5(7!2*.492/.!&'.!,2)61%)%&-!)%/%&5&%2(,!2<!E;E?!%(!5C6.26,!/.7%5:!O2/.!2<!&'.!

N

N
N

N

NN
N

N
N N

N

N
N

N

NN
N

N
N N

N

N
N

N

NN
N

N
N N

N

N
N

N

NN
N

N
N N

N

N
N

N

NN
N

N
N N

Ph

Ph

Ph

HO

OH

OH

OH

O

OH O S
O

O
OH

N
OH

N
N

N

TBTA THPTA BTTP

BTTAA BTTES AMTC



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! ="!

/2,&!(2&51).!.85/@).,!54.!EIbE? a=0!;EEbaK0!;EE?? aY!5(7!;EE_OaM!HP%+64.!#:aN:!V.9.(&)-0!

B.+)5!,&) %5B! 4.@24&.7! 5! (.$! $5&.4! ,2)61).! )%+5(70! ?UEB! HP%+64.! #:aN0! $'%9'! %,! 4.57%)-!

,-(&'.,%,.70!5(7!/24.!%/@24&5(&)-0!4.C6%4.,!.*.(!)2$.4!92@@.4!)257%(+!&'5(!E;E?XEIbE?!

H#!/2)!l!92/@54.7!&2!#Q!/2)!lN:aZ!!

!

G(.! 2<!&'.! 7.<%(%(+!9'5459&.4%,&%9,!2<!B6??B!%,!&'.! $%7.! 45(+.! 2<! ,2)*.(&,!%(!$'%9'!&'.!

4.59&%2(!95(!1.!@.4<24/.70!%(9)67%(+!(2(392247%(5&%(+!H&2)6.(.0!9')242<24/0!SBUN0!$.5A)-!

92247%(5&%(+!HEIP0!@-4%7%(.0!7%285(.N0!@2)54!H59.&2(.0!U.B]0!SUP0!SUOG0!5)92'2),N0!5(7!

5C6.26,! ,2)*.(&,!5(7! /%8&64.,! 2<! &'.! ,5/.:Ma! b42&%9!5(7! 5@42&%9! ,2)*.(&,! ).57! &2!B6HWN!

<24/5&%2(!7'%!&$2!7%<<.4.(&!@5&'$5-,:!W(!5@42&%9!,2)*.(&0!&'.!+.(.45&%2(!2<!B6HWN!%,!@42769.7!

7'%!<24/5&%2(!2<!&'.!c)5,.4!@42769&:aa0a>!D'.(!@42&%9!,2)*.(&,!54.!6,.70!&'.!<24/5&%2(!2<!B6HWN!

29964,!7'%! 5! 4.7283.C6%)%14%6/! 1.&$..(! &'.! ,2)*.(&! 5(7! 92@@.4! ,@.9%.,k! &'%,! /.&'27! %,!

&-@%95))-! 21,.4*.7! $%&'! 5)92'2),:aa! W(! &'.%4! /.9'5(%,&%9!,&67-! 2<! &'.! 92@@.4HWWN3/.7%5&.7!

28%75&%*.!926@)%(+!2<!54-)1242(%9!59%7,!5(7!'.&.425&2/!(69).2@'%).,0!O&5')!,&)%5B!,'2$.7!&'5&!

6,%(+!/.&'5(2)!5,!&'.! ,2)*.(&!$%&'!92@@.4!HWWN!59.&5&.!14.5A,!&'.!7%(69).54!92@@.4!92/@).8!

( )5+!&2!<24/!&'.!/2(2(69).54!92/@).8!( )54!HO9'./.! #:MN:>Q!W&!,'26)7!1.!(2&.7!&'5&!@42&2(5&%2(!

2<!&'.!&4%5R2).0!&'.!<%(5)!,&.@!2<!&'.! /.9'5(%,/0!$26)7!1.!A%(.&%95))-! ).,,!<5*26451).!%(!5(!

5@42&%9! ,2)*.(&0!$'%9'! /5-! .8@)5%(!&'.! 7%<<.4.(9.!%(!4.59&%*%&-!1.&$..(!@42&%9!5(7!5@42&%9!

,2)*.(&,: aa!!

!

!
./0&1& '()5:!U2(2(69).54!92/@).8!<24/5&%2(!$%&'!U.GI:>Q!

!

m'6!,&)%5B!@61)%,'.7!5!/.9'5(%,&%9!,&67-!2(!5!9'.)5&.35,,%,&.7!92@@.4HWWN!59.&5&.3599.).45&.7!

5R%7.35)A-(.!9-9)2577%&%2(:aa!P)624.,9.(9.!5(7!]UV!5,,5-,!,'2$.7!&'5&!B6HG?9N"!4.59&.7!

5,!5!7%(69).54!92/@).80!$'%9'! ).7!&2!&'.!92(9)6,%2(!&'5&!&'.!59.&5&.!+426@!$5,!<59%)%&5&%(+!

4.769&%2(!&2!&'.!95&5)-&%95))-359&%*.!92@@.4HWN!,@.9%.,!$'.(!%(!5!(2(328%7%,51).!,2)*.(&0!,69'!

5,!U.B]:!n%(.&%9!5(7!]UV!,&67%.,!,'2$.7!&'5&!%(!U.B]0!9'.)5&%(+!5R%7.,!'5*.!5!R.423247.4!

4.59&%2(!45&.0!%(7%95&%(+!&'5&!&'.-!54.!&'.!<%4,&!&2!4.59&!$%&'!92@@.4!HO9'./.!#:Z N:!E'.!6,.!2<!

9'.)5&%(+!5R%7.,!.('5(9.,!&'.!,&4.(+&'!2<!&'.!%(&.459&%2(!$%&'!92@@.40!$'%9'!%(!&64(!<59%)%&5&.,!

&'.! <24/5&%2(! 2<! &'.! 9244.,@2(7%(+! 92@@.4HWN! 59.&-)%7.!()630! @4.,6/.7! &2! 1.! &'.! 45&.3

7.&.4/%(%(+!,&.@!2<!&'.!4.59&%2(:!V.769&%2(!2<!92@@.4!92/@).8!()62!%,!&'.(!/57.!&'426+'!&'.!

<24/5&%2(!2<!&'.!c)5,.4!@42769&!()6* :>#!!!!

IICu

O

O O
IICu
OO

O

O
O
solsol 2 MeOH 2 Cu(OAc)2(MeOH)2

sol = MeOH

1.68

1.69



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! ==!

!
./0&1& '()6)'V.769&%2(!2<!92@@.4!HWWN!59.&5&.!1-!c)5,.4!4.59&%2(:aa'

!

B2(,%7.4%(+!&'.!,.92(73247.4!A%(.&%9,>"!2<!92@@.4!21,.4*.7!1-!P%((!,&)%5B>=!5(7!m'6!,&)%5B=aa!%&!

%,!6()%A.)-!&'5&!2()-!5!,%(+).!5&2/!2<!92@@.4!%,!.(+5+.7!%(!B6??B!95&5)-,%,:!I2$.*.40!%&!'57!

(2&!1..(!7.&.4/%(.7!%<!&'.!5R%7.!5(7!5)A-(.!$.4.! 9'.)5&%(+!&'.!,5/.!92@@.4!5&2/:!P2A%(!,&)%5B!

92(<%4/.7!&'.!(..7!<24!&$2!5&2/,!2<!92@@.4!1-!9544-%(+!26&!B6??B!4.59&%2(,!7%4.9&)-!$%&'!

92@@.4359.&-)%7.!()66!%(!95&5)-,.7!5(7!(2(395&5)-,.7!92(7%&%2(,!HO9'./.!#:a N:>K!!

!

!
./0&1& '()+:!P2A%(o,!/.9'5(%,&%9!,&67%.,!,6@@24&%(+!&'.!(.9.,,%&-!<24!5!,.92(7!92@@.4!5&2/!<24!B6??B!4.59&%2(,:!

%C)S%4.9&!.*%7.(9.!<24!&'.!4.C6%4./.(&!2<!5!,.92(7!92@@.4!5&2/:!DC)M=B63)51.))%(+!,&67%.,:>K'

!

n%(.&%9! ,&67%.,! '5*.! ,'2$(! &'5&! 2()-!95&5)-&%9! 92(7%&%2(,! 5))2$.7! &'.! <24/5&%2(! 2<! &'.!

.8@.9&.7!&4%5R2).!()64:!!_8@.4%/.(&,!$%&'!)51.)).7!M=B6!$.4.!6,.7!%(!5(!5&&./@&!&2!7.&.4/%(.!

&'.! 4.,@.9&%*.! 42).,! 2<! .59'! 92@@.4! 5&2/! HO9'./.! #:aN:>K! ?(! %,2&2@%95))-! @64.! 92@@.4HWWN!

CuII

CuII

OO

O O
OO

O O

O

O

H H

HH

CuII

CuII

OO

O O
OO

O O

N

N

CuII

CuII

O

O
O

O

N

N

R1

R1

CuI

CuIII

O

O
O

O

N

N

R1

R1

CuI

CuI

N

N

O O

O O

1.70 1.71 1.72

1.731.75

R1 R1

1.74

N3
N3

N3N3

N3

N3N3

N3

Ph N3 Ar Cu(NHC)

N
N

N
Bn

Ar
Cu(NHC)

Cu(PPh3)2NO3 (4.1 mM)
or non-catalyzed
THF, 35¡C, 1h

1.76 1.77 1.78

a) Direct evidence for the requirement of a second copper atom:

b) 63Cu-labelling studies:

Ph N3 Ar Cu(NHC)

N
N

N
Bn

Ar
xCu(NHC)

63Cu(MeCN)4PF6 (1 equiv)
THF, 35¡C, 30 min

1.76 1.77 1.79

Cu = 63Cu: 69%
         65Cu: 31%

Cu = 63Cu: 85%
         65Cu: 15%

Natural isotopic 
distribution

50% isotopic
enrichment
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@%"'+,)A%&'&)

!

! =K!

92/@).8!HM=B6HU.B]NKbPMN!$5,!6,.7!&2!95&5)-,.!&'.!B6??B!4.59&%2(:!W,2&2@%9!,&67%.,!2(!&'.!

%(&.4/.7%5&.!()6+!6(.8@.9&.7)-! ,'2$.7! YQl! %,2&2@%9! .(4%9'/.(&0! 7%,@42*%(+! %(7.@.(7.(&!

42).,!<24!&'.!&$2!92@@.4!5&2/,!HO9'./.!#:aN:!V.59&%2(,!1.&$..(!M=B6!5(7!()64!'5*.!,'2$(!

(2!%,2&2@%9!.(4%9'/.(&0!@42*%(+!&'5&!&'.!.(4%9'/.(&!/6,&!29964!764%(+!&'.!9-9)2577%&%2(!,&.@,0!

5(7!&'.4.<24.!&'5&!&'.!&$2!5&2/,!2<!92@@.4!/6,&!9'.)5&.!&'.!5)A-(.:!

!

;5,.7!2(!&'.,.!4.,6)&,0!5!@)56,%1).!/.9'5(%,/!2<!&'.!4.59&%2(!%,!@4.,.(&.7!%(!O9'./.!#:> :>K!

!

!
./0&1& '()4)'b)56,%1).!/.9'5(%,/!2<!B6??B:>K'

!

W(! "Q#Y0! /2(23! 5(7! 1%,H92@@.4N! %(&.4/.7%5&.,! $.4.! %,2)5&.7! 1-! ;.4&45(7!,&) %5B0! <64&'.4!

%/@42*%(+!264!6(7.4,&5(7%(+!2<!&'.!B6??B! /.9'5(%,/!H P%+64.!#:>N:>Y!B4-,&5)!,&469&64.,!2<!

&'.,.! %(&.4/.7%5&.,! 5))2$.7! 92(<%4/5&%2(! 2<! 5)A-(.! 9'.)5&%2(! 1-! &$2! 5&2/,! 2<! 92@@.4!

H,&469&64.,! ?! 5(7! B0!P%+64.! #:>N! 16&! 5),2! ,'2$.70! <24! &'.! <%4,&! &%/.0! &'.! @4.,.(9.! 2<! 5!

1%,H92@@.4N&4%5R2).! %(&.4/.7%5&.! H,&469&64.! ;0! P%+64.! #:>N:! n%(.&%9! ,&67%.,! '5*.! ,'2$(! 5!

745/5&%9!45&.!599.).45&%2(!2<!1.(R-)!5R%7.392@@.4!9'.)5&%2(!$'.(!&'.!1%/.&5))%9!92/@).8!%,!

6,.7!H#:ZM!8!#Q3"!, 3#N!2*.4!&'.!/2(2/.&5))%9!H#:aM!8!#Q3K!, 3#N:!P64&'.4/24.0!A%(.&%9!,&67%.,!2<!

&'.! 95&5)-&%9! 4.59&%2(! 1.&$..(! @'.(-)59.&-).(.! 5(7! 1.(R-)! 5R%7.! 92(<%4/.7! &'.! ,6@.4%24!
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N
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N
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L
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L
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L

N
N
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L
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N
N
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L
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L

N
N

N
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N
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@%"'+,)A%&'&)

!

! =Y!

95&5)-&%9! 59&%*%&-! 2<! 7%(69).54! 92/@).8.,! HC65(&%&5&%*.! -%.)7! 5<&.4! MQQ! /%(N! 2*.4! &'.%4!

/2(2(69).54!926(&.4@54&,!H"Ql!-%.)7!5<&.4!"#QQ!/%(N:>Y!

 

!
!"#$%&'()4:!B4-,&5)!,&469&64.,!2<!92@@.4392/@).8!%(&.4/.7%5&.,!%(!&'.!4.59&%2(!1.&$..(!@'.(-)59.&-).(.!5(7!1.(R-)!

5R%7.!%(!&'.!@4.,.(9.!2<!HB??BNB6G?9:!G!!G)N) (I(5'()F%5LI5CF%$'+#C)(%"D,+,B>Y!

!

! !::5'(%&'#+-)%+H)O'$'&%&'#+-)#;)G9!!G)O'4%&'#+);#")1'#(#+?94%&'#+)

E'.!B6??B!4.59&%2(!'5,!1..(!$%7.)-!./@)2-.7!5942,,!/5(-!,9%.(&%<%9!7%,9%@)%(.,:!W&!'5,!1..(!

6,.7!%(!&'.!7.*.)2@/.(&!2<!,.)<3'.5)%(+!@2)-/.4,>M!5(7!,2)54!9.)),:>Z!W&!'5,!1..(!.,,.(&%5)!<24!

&'.! @42769&%2(! 2<! 5! *54%.&-! 2<!1%2/2).96)54! ,.(,24, ! 2<! 95412'-745&.,0>a0>>! @42&.%(,#QQ! 5(7!

5(&%127%.,:#Q#!W&!%,!%(!1%292(F6+5&%2(0!'2$.*.40!&'5&!&'.!B6??B!4.59&%2(!'5,!'57!%&,!+4.5&.,&!

.<<.9&:!!

!

W(! "QQ=0! P%((!,&) %5B!4.@24&.7! &'.! <%4,&! ,699.,,<6)!1%2)2+%95)!5@@)%95&%2(!2<!B6??B :#Q"!E'.!

56&'24,!%(&42769.7!5R%7.!24!5)A-(.!/2%.&%.,!2(!&'.!,64<59.!2<!B2$@.5!U2,5%9!p%46,!HBbUpN!

&'426+'!)%+5&%2(!&2!)-,%(.#Q=!24!.(+%(..4.7!9-,&.%(.!4.,%76.,:#QK!B-9)2577%&%2(!.<<%9%.(9-!$5,!

C65(&%<%.7!1-!&'.!6,.!2<!5(!5)A-(. 3!24!5R%7.3/27%<%.7!<)624.,9.%(:!W/@24&5(&)-0!&'.!56&'24,!

.,&51)%,'.7!&'5&!577%&%2(!2<!5! )%+5(70! ,69'!5,!E;E?0!$5,!94%&%95)!<24!.<<%9%.(&!92(F6+5&%2(:!

O61,.C6.(&)-0!.8&.(,%*.!,&67%.,!6,%(+!B6??B!4.59&%2(, !<24!,.).9&%*.)-!)51.))%(+!1%2/2).96).,!

$.4. !4.@24&.70!%))6,&45&%(+!%&,!5@@)%95&%2(!12&'!'+!7'&"#)5(7!'+!7'7#)5(7!&'426+'26&!&'.!,@.9&46/!

2<!1%2/2).96).,:K"0YK0#QY!!

!

B6??B!/.&'272)2+-! '5,! 1.(.<%&.7!&'.!<%.)7!2<!59&%*%&-315,.7!@42&.%(!@42<%)%(+!H?;bbN!1-!

@42/2&%(+!%&,!6,.!'+)7'7#:!?;bb! ./@)2-,! 9'./%95)!@421.,!&'5&!%(&.459&!$%&'!5(7! )51.)!&'.!

59&%*.!,%&.!2<!&54+.&!@42&.%(,!2(!5!$'2).!@42&.2/.!).*.) :#QM!i%/%&.7!9.))6)54!6@&5A.!5(7!@224!
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%,!).,,!)%A.)-!&2!%(&.4<.4.!$%&'!&'.!1%2)2+%95)!&54+.&!HP%+64.!#:#QN:#QZ!E'.!,/5))!/2%.&-!%,!&'.(!

4.59&.7!$%&'!%&,!B6??B!,6442+5&.!&2!5))2$!<24!@42&.%(!95@&64.:!E'%,!5@@4259'!'.)@,!&2!.(,64. !

&'5&! .(4%9'/.(&! 5(7! *%,65)%,5&%2(! 54.!2()-! 59'%.*.7! 2(! &'.! &54+.&! ,%&.!76.! &2! &'.! 1%23

24&'2+2(5)%&-!2<!&'.!@421.o,!<6(9&%2(5)%&%.,:!!!!!

!

'

!"#$%&' ()(- )' ? 9&%*%&-315,.7! @42&.%(! @42<%)%(+!/.&'272)2+ %.,:! %C)O&5(7547! ?;bb:!DC! ?;bb! 6,%(+! B6??B!

9'./%,&4-:!

!

D'%).!12&'!&'.!5)A-(.!5(7!5R%7.!/2%.&%.,!54.!.5,%)-!%(924@245&.7!%(&2!1%2/2).96).,0!&'.!'%+'.4!

,&51%)%&-!2<!5R%7., !$%&'%(!1%2)2+%95)!,-,&./, !4.(7.4!&'./!/24.!5&&459&%*.:!W(7..70!6(7.,%4.7!

,%7.! 4.59&%2(, ! 1.&$..(! 5)A-(. , ! 5(7! +)6&5&'%2(.! HcOIN!'5*.! @4.*%26,)-! 1..(! 4.@24&.7:a=!

T(<24&6(5&.)-0!92@@.4!&28%9%&-!4./5%(,!5!,.4%26,!)%/%&5&%2(!2<!&'%,!/.&'272)2+-:!E'.!92@@.43

/ .7%5&.7! <24/5&%2(! 2<! 4.59&%*.! 28-+.(! ,@.9%.,! HVGON! ).57,! &2!28%75&%*.! 75/5+.! &2!

1%2/2).96)., ! HP%+64.! #:##N:!_859.415&%(+! &'%,! ,%&65&%2(0! H,6@.4N,&2%9'%2/.&4%9! )257%(+! 2<!

92@@.4!%,!+.(.45))-!(.9.,,54-!76.!&2!%('%1%&%2(!2<!&'.!95&5)-,&!$'.(!%(!&'.!@4.,.(9.!2<!516(75(&!

1%2/2).96).,! @2,,.,,%(+! 92@@.439'.)5&%2(! ,%&.,! HP%+64.! #:##N:a#0#Qa! E'.! ,61,.C6.(&)-! '%+'!

92@@.4!92(9.(&45&%2(!4.C6%4.7!&2!.<<%9%.(&)-!)%+5&.!1%2/2).96).,!4.,6)&,!%(!%(94.5,.7!9.))6)54!

&28%9%&-:!!!

!

Protein

Probe

Limited to in vitro  application due to the 
poor cellular uptake of the probe

a) Standard ABPP:

Protein
Suitable for in vivo  application due to increased cellular uptake, 

minimal perturbation of targeted molecules

b) ABPP using CuAAC chemistry:

N3

N3

Cu(I)
Ligand

N
NN
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! =Z!

!
!"#$%&'()(()'_85/@).,!2<!92@@.43/.7%5&.7!28%75&%*.!75/5+.!H4.7!5442$,N!5(7!@2&.(&%5)!92@@.439'.)5&%2(! ,%&., !

H1)6.!5442$,N!%(!(69).%9!59%7,!%C!5(7!@.@&%7.,!DC:!

!

! <&"%'+2P"#$#&,H)!J'H,K!5LI+,)GI(5#%HH'&'#+)

!

!
!

E2!2*.492/.!&'.!)%/%&5&%2(,!21,.4*.7!%(!&'.!B6??B!4.59&%2(0!;.4&2RR%!,&)%5B!'5*.!.8@)2%&.7!

&'.!%(94.5,.7!4.59&%*%&-!92(<.44.7!1-!,&45%(.7!5)A-(.,0!,69'!5,!9-9)229&-(.!()22!HP%+64.!#:KN0!

&2!7.*.)2@!5!92@@.43<4..!5)&.4(5&%*.!<24!1%292(F6+5&%2(:#Q>!D'.(!4.59&.7!$%&'!5(!5R%7.0!+426(7!

,&5&.! 7.,&51%)%,5&%2(! 2$%(+! &2! 12(7! 5(+).! 7.<24/5&%2(! 2<! &'.! 59.&-).(.! &2! #M=d! ,A.$,! &'.!

4.59&%2(! .C6%)%14%6/0! <5*264%(+! @42769&! <24/5&%2(! $%&'26&! &'.! (..7! <24! 95&5)-,&! 24!

577%&%*.:##Q0###!!

'

E'%,! ,&45&.+-! '5,! 1..(! .8&.(,%*.)-! 6,.7! <24! 1%292(F6+5&%2(0! %(! @54&%96)54! <24! )51.))%(+!

95412'-745&.,0!%(!5! *54%.&-!2<!'+!7'7#!92(&.8&,0!%(9)67%(+! /5//5)%5(!9.)),!5(7!5(%/5),:##"!

T(7.(%51)-0!95412'-745&.,o!%(92/@5&%1%)%&-!$%&'!+.(.&%95))-!.(927.7!4.@24&.4,!'5,! ,&42(+)-!

)%/%&.7!&'.%4!7.*.)2@/.(&!5,!/2).96)54!%/5+%(+!&54+.&,k!&'.4.<24.0!1%2324&'2+2(5)!,&45&.+%.,!

54.! @54&%96)54)-! %/@24&5(&! <24! &'.! ,&67-! 2<! &'.,.! 1%2/2).96).,:! Ob??B! /.&'272)2+-! '5,!

,699.,,<6))-!1..(! ./@)2-.7 !<24!,&67-%(+!&'.! 7-(5/%9,! 2<! +)-95(! &45<<%9A%(+!%(! )%*.! 9.)),0!

5))2$%(+!%7.(&%<%95&%2(! 2<! 5! @2@6)5&%2(! 2<! ,%5)2+)-9292(F6+5&.,! $%&'! 6(.8@.9&.7)-! 45@%7!

%(&.4(5)%,5&%2(!A%(.&%9,:##=! Ob??B! 1%292(F6+5&%2(!'5,! 5),2! 1..(! 6,.7! <24 ! (2( 3%(*5,%*.!

%/5+%(+!2<!95412'-745&.,!%(!)%*.0!7.*.)2@%(+!R.145<%,':##K!

!

O%+(%<%95(&!.<<24&,! '5*.!1..(! /57.!&2!2*.492/.!Ob??B!)%/%&5&%2(,!1-!%(94.5,%(+!&'.!45&.0!

1%292/@5&%1%)%&-!5(7!@'54/592A%(.&%9!@42@.4&%.,!2<!9-9)229&-(.,!%(!247.4!&2!21&5%(!&'.!2@&%/5)!

15)5(9.!1.&$..(!4.59&%*%&-!5(7!,&51%)%&-!HP%+64.!#:#"N:!O6@.4%24!4.59&%2(!45&.,!$.4.!21,.4*.7!
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@%"'+,)A%&'&)

!

! =a!

1-! +.(.45&%(+! 5/@)%<%.7! ,&45%(! .(.4+-!&'426+'! &'.! 577%&%2(! 2<!.%&'.4!.).9&42(!$%&'745$%(+!

+426@,!HUGPG0!SWPGN##=0##Y!24!54-)!4%(+,!HSW;G0!SW;?B!5(7!;?V?nN!5&!&'.!@42@54+-)%9!

@2,%&%2(:##ML##a!?77%&%2(!2<!5!4%(+!<6,%2(!9-9)2@42@-)!H;B]N!'5,!5),2!@42*.(!&2!745/5&%95))-!

%(94.5,.!9-9)229&-(.o,!4.59&%*%&-:##>!T(<24&6(5&.)-0!'%+'.4!4.59&%*%&-!%,!2<&.(!5992/@5(%.7!1-!

)2$.4!,&51%)%&-k!;?V?B 0!<24!.85/@).0!'5,! 5!#QQ3<2)7!%(94.5,.!%(!A%(.&%9,0!-.&0!%(&45/2).96)54!

4.5445(+./.(&!6(7.4!59%7%9!92(7%&%2(,!5(7!'-742)-,%,!%(!@'2,@'5&.!16<<.4.7!,5)%(.!'5,!)%/%&.7!

%&,!5@@)%95&%2(!'+!7'7#:#"Q!U24.2*.40!,%7.!4.59&%2(,!1.&$..(!9-9)229&-(.,!5(7!(5&%*.!1%2)2+%95)!

<6(9&%2(,!'5*.!1..(!21,.4*.7:!V.59&%2(,!$%&'!9.))6)54!(69).2@'%).,0!,69'!5,!+)6&5&'%2(.!5(7!

9-,&.%(.!,6)<.(%9!59%70!4./5%(!5!,.4%26,!)%/%&5&%2(!<24!Ob??B!5,!&'.-!@429..7!6@!&2!#QQ3<2)7!

<5,&.4!&'5(!&'.!7.,%4.7!9-9)2577%&%2(:Y#0#"#0#""!

!

!
!"#$%&'()(3)'B-9)229&-(.,!92//2()-! ./@)2-.7! %(!Ob??B!4.59&%2(!5(7!&'.%4!45&.!92(,&5(&,!HAN!$'.(!4.59&.7!$%&'!

1.(R-)!5R%7.:"Q!

!

P64&'.4! )%/%&5&%2(, ! 2<! Ob??B! 7.4%*.!<42/! &'.! )54+.! ,%R.! 5(7! '-742@'21%9!(5&64.!2<!

9-9)229&-(.,:!E'.,.! <.5&64.,! 4.,6)&! %(!7.94.5,.7! 9.))! @.4/.51%)%&-0! )%/%&.7! %(&459.))6)54!

7%,&4%16&%2(0!5(7!5(!%(94.5,.7!95@59%&-!&2!@.4&641!&'.!@42@.4&%.,!2<!&'.!1%2)2+%95)!&54+.&:!P24!

.85/@).0!i./A.! ,&)%5B!'5*.!4.@24&.7!&'5&!7%1.(R29-9)22&-(.,0!,69'!5,!SW;G!24!SW;?B0!926)7!

(2&! 1.! ,%&.3,@.9%<%95))-! %(924@245&.7! %(&2! @42&.%(,!7'%! 5/1.4! ,&2@! 9272(, :#"=! P%(5))-0!&'.!

<24/5&%2(! 2<! &'.! #0K3! 5(7! #0Y34.+%2%,2/.4,!21&5%(.7! 764%(+! Ob??B! )%+5&%2(,! 4./5%(,! 5!

,%+(%<%95(&!)%/%&5&%2(!2<!&'%,!,&45&.+-:#Q>!

!

!

!

!

O
CO2H

1.86
OCT

k = 2.4 10-3 M-1 s-1

1.87
MOFO

k = 4.3 10-3 M-1 s-1

F

CO2H

1.88
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k = 6.7 10-2 M-1 s-1

F

1.89
DIFO

k = 7.6 10-2 M-1 s-1

F

HO O

HO2C
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1.90
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k = 3.1 10-1 M-1 s-1

O OH

O
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k = 9.6 10-1 M-1 s-1

O

O N
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H H

OH

1.92
BCN

k = 58 M-1 s-1
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!

! =>!

!"#"B! -5+8*,&C=8%D%+('-01@3&(<E,+8%&(-$3A1%*'',+,%&-

!

!

!

E2!%/@42*.!&'.!A%(.&%9,!5(7!1%292/@5&%1%)%&-!2<!&'.!Ob??B!4.59&%2(0!5)&.4(5&%*.!#0=37%@2).,0!

,69'! 5,! (%&42(.,#"K0#"Y! 24! (%&4%).! 28%7.,#"M0#"Z! '5*.! 1..(! ./@)2-.7:! E'.! ,&45%( 3@42/2&.7!

5)A-(.X(%&42(.!9-9)2577%&%2(!HOb?]BN!'5,!5))2$.7!<24!5!#QQQ3<2)7!%(94.5,.!%(!4.59&%2(!45&.!

92/@54.7!&2!;.4&2RR%o,!24%+%(5)!Ob??B!)%+5&%2(:!!!

!

Ob?]B! /.&'272)2+-! '5, ! 1..(! 6,.7! &2! .<<.9&%*.)-!)51.)! &'.! / 3&.4/%(6,!2<! 9'./2A%(.!

%(&.4).6A%(3a!HWi3aN0!5!@2&.(&!@42/2&.4!2<!5(+%2+.(.,%,:#"Y!b4.*%26,!)51.))%(+!,&45&.+%.,!2<!Wi3

a!4.)%.7!2(!45(72/!)-,%(.3&54+.&.7!/.&'272)2+%.,0!4.,6)&%(+!%(!*54%51).!)51.))%(+!5&!&'.!/5(-!

)-,%(.!,%&.,:!W(!&'%,!,&67-0!S.)<&!,&)%5B!7./2(,&45&.7!5!2(.3@2&0!&'4..3,&.@!5@@4259'!<24!&'.!,%&.3

,.).9&%*.!)%+5&%2(!2<!Wi3a:!P%4,&0!(%&42(.,!$.4.!%(&42769.7!7'%!5)7.'-7. !92(7.(,5&%2(!$%&'!&'.!

] 3&.4/%(5)! ,.4%(.0! <2))2$.7! 1-! 4.59&%2(! $%&'!/ 3/.&'-)'-7428-)5/%(. :! ?! b_c 3/27%<%.7!

7%1.(R29-9)229&-(.!$5,!&'.(!%(&42769.7!&2!&'.!/.7%5!5<<247%(+!<6))!92(*.4,%2(!&2!&'.!.8@.9&.7!

/ 35)A-)5&.7!%,285R2)%(.!5<&.4!"Q!' 264,:!

!

E'.!6,.!2<!( %&4%).!28%7.,!'5, !5),2!1..(! .8@)24.7!5,!5(!5)&.4(5&%*.!&2!Ob??B0!4.,6)&%(+!%(!&'.!

<24/5&%2(!2<!5(!%,285R2).!@42769&:!I2$.*.40! (%&4%).!28%7.!/6,& !1.!+.(.45&.7!'+2-'&9!76.!&2!%&,!

'%+'!4.59&%*%&-:!]2(.&'.).,,0!&' %,!5)&.4(5&%*.!,&45&.+-!'5,!,699.,,<6))-!1..(!./@)2-.7! <24!&'.!

,.).9&%*.!)%+5&%2(!2<!@.@&%7.,0#"a!(69).2&%7.,#"a!5(7!95412'-745&.,:#"M!!

!

!"#"F! G&H(8)(- I1(A+8%&CJ(D*&'- J,(1) C01'(8- K,+2- L(+8*?,&(- *&'- 5+8*,&('-

01@(&(<01@3&(-

!

!

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

1.35 1.36 1.37

N
O

R3

R4

R3

R4

R1 R2

N
O

R1 R2

!"#$%&$'$($)*%+",-$./"-'01$(& ,2(-$%'3$*4$$"'*$*%/51"$&/"-'&*%/1"$-'/(6$"$&7/(68"$&9'
!"#$%&!"'(!#)* #+*',-%)%.*/01&#2/#3!4!(0* #+*',-%)%5',-0)%

N
N N

N

R

NH
N

R1.40
1.41 1.42

R2 R2

R2

HH

R

H

H

R
Nor Cyp BCN TCO
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@%"'+,)A%&'&)

!

! KQ!

E'.! 4./54A51).! A%(.&%9,! 21,.4*.7! $'.(! #0"0K0Y3&.&45R%(.,! 54.! 4.59&.7! $%&'! .).9&42(34%9'!

7%.(2@'%).,!7'%! 5(! %(*.4,.! .).9&42(37./5(7! S%.), 3?)7.40! <2))2$.7! 1-! 5! 4.&42! eK! f! "g!

9-9)2577%&%2(0#">0#=Q!'5,!.,& 51)%,'.7!5!(.$!,&5(7547!$%&'%(!1%292(F6+5&%2(!9'./%,&4-:#=#!E'.!

9'2%9.! 2<! 7%.(2@'%).,! %,! *5,&! HP%+64.! #:KN0! 45(+%(+! <42/!&45(,39-9)229&.(.! HEBGN0#="0#==!

9-9)229&-(.!H;B]N0#=K!9-9)2@42@.(.!HB-@N0#=Y!(24124(.(.!H]24N0#=ML#=a!5(7!9-9)216&.(.#=>!&2!

5R.&%7%(.#KQ!5(7!%,2(%&4%).:#K#!_54)-!A%(.&%9,!,&67%.,!4.*.5).7!&'5&!&'.!6,.!2<!EBG!745/5&%95))-!

%(94.5,.,!4.59&%2(!45&.,:#=#!W(!<59&0!2$%(+!&2!%&,!,&45%(.7!5(+).0!%&,!4.59&%2(!45&.!%,!Z3<2)7!<5,&.4!

&'5(! 9%,39-9)229&.(.:! I2$.*.40! %,2/.4%,5&%2(! 2<! &'.! 5)A.(.! 5(7! @42769&! %(,&51%)%&-! &2$547!

'-742)-,%,!'5*.!)%/%&.7!%&,!@2&.(&%5)!5@@)%95&%2(!&2!1%292(F6+5&%2(:#K"!!

!

V.,.549'!'5,!<296,.7!2(!%/@42*%(+!&.&45R%(.!5(7!@42769&!,&51%)%&-0!4.59&%2(!A%(.&%9,!5(7!9.))!

@.4/.51%)%&-!2<!&'%,!&.9'(%C6.:#K"!?77%&%2(!2<!5(!.).9&42(3$%&'745$%(+!+426@!5&!@2,%&%2(!=!24!

M!2<!&.&45R%(.,!745/5&%95))-!%(94.5,.,!&'. !A%(.&%9,!2<!&'.!4.59&%2( !H<42/!#Q3"!U 3#!, 3#!&2!#Q3Y!U 3#!

, 3#N:#K"!E' .!6,.!2<!(2( 3.(96/1.4.7 !,61,&%&6.(&,!'5,!5),2!1..(!<26(7!&2!%(94.5,.!4.59&%2(!45&.,:!

T(<24&6(5&.)-0!%(94.5,%(+! &.&45R%(.o,! 4.59&%*%&-! 4.,6)&,! %(!7%/%(%,'.7!,&51%)%&-! &2$547, !

'-742)-,%,! H<42/! 75-,! &2! 2()-! '264,N:=a! _89'5(+%(+! &'.! 7%.(2@'%).!95(! %/@42*.! @42769&!

,&51%)%&-0!'2$.*.40!&'%,!%,!5&!&'.!92,&!2<!4.59&%2(!45&.:#K"!!!

!

E'.! .8&4./.)-! <5,&! A%(.&%9,! 21,.4*.7! 764%(+! &'.! 4.59&%2(! 1.&$..(! EBG! 5(7! &.&45R%(.!%,!

@54&%96)54)-!6,.<6)!<24!&459A%(+!<5,&!1%2)2+%95)!@429.,,.,!5(7!)51.))%(+!)2$3516(75(9.!@42&.%(,:!

W(! "Q#Q0! D.%,,).7.4! ,&) %5B! 4.@24&.7! 5(!.).+5(&! 5)&.4(5&%*.! &2! &'.! +2)73,&5(7547!

1%2&%(X,&4.@&5*%7%(!@6))72$(! 5,,5-!1-! 92/1%(%(+!&'.! 6,.! 2<! 5(&%127%.,0! (5(2@54&%9).,! 5(7!

EBGX&.&45R%(.!9'./%,&4-!HP%+64.!#:#=N:!E'%,!@)5&<24/0!95)).7! [;%2G4&'2+2(5)! ]5(2@54&%9).!

S.&.9&%2(\!H;G]SN!@42*%7.,!'%+'.4!(5(2@54&%9).!1%(7%(+!92/@54.7!&2!92(*.(&%2(5)!,&45&.+%.,!
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Bioorthogonal chemistry ampliÞes nanoparticle
binding and enhances the sensitivity of
cell detection
Jered B. Haun1, Neal K. Devaraj1, Scott A. Hilderbrand1, Hakho Lee1 and Ralph Weissleder1,2*

Nanoparticles have emerged as key materials for biomedical
applications because of their unique and tunable physical prop-
erties, multivalent targeting capability, and high cargo
capacity1,2. Motivated by these properties and by current clini-
cal needs, numerous diagnostic3Ð10 and therapeutic11Ð13nano-
materials have recently emerged. Here we describe a novel
nanoparticle targeting platform that uses a rapid, catalyst-
free cycloaddition as the coupling mechanism. Antibodies
against biomarkers of interest were modiÞed with trans-
cyclooctene and used as scaffolds to couple tetrazine-modiÞed
nanoparticles onto live cells. We show that the technique is
fast, chemoselective, adaptable to metal nanomaterials, and
scalable for biomedical use. This method also supports ampli-
Þcation of biomarker signals, making it superior to alternative
targeting techniques including avidin/ biotin.

It is often the case that afÞnity ligands and bioconjugation strat-
egies must be optimized for each new preparation to maximize the
binding properties of the targeted conjugates14,15. To streamline
these efforts, there remains a critical need to develop advanced con-
jugation techniques that simplify operation, as well as extend detec-
tion limits by improving the efÞciency of targeting and amplifying
marker signals. Moreover, successful translation into clinical set-
tings will require simple scale-up to successfully process tens or
hundreds of samples. Here, we explore a modular and broadly appli-
cable targeting platform based on bioorthogonal chemistry. We
were particularly interested in (i) using a biocompatible chemistry
with a fast reaction rate, (ii) using reaction partners with very
small ÔfootprintsÕ to maximize the number of covalent binding
sites, and (iii) developing universal labelling approaches that build
upon the vast array of available monoclonal antibodies. We
reasoned that such a strategy would be valuable in further improving
nanoparticle targeting.

We and others have recently described a covalent, bioorthogonal
reaction between a 1,2,4,5-tetrazine (Tz) and atrans-cyclooctene
(TCO) and used it for small molecule labelling16Ð18. The [4! 2]
cycloaddition is fast, chemoselective, does not require a catalyst,
and proceeds in serum. We hypothesized that this chemistry
could be adapted to targeting nanoparticle sensors in different con-
Þgurations to improve binding efÞciency and detection sensitivity.
We have named this technique Ôbioorthogonal nanoparticle detec-
tionÕ (BOND).

Figure 1 summarizes the chemistry, comparative molecular
species dimensions, and experimental approaches of the different
BOND strategies. We used magneto-ßuorescent nanoparticles
(MFNPs) to assess the performance of BOND using established
ßuorescence techniques and a novel miniaturized diagnostic mag-
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Figure 1 |Overview of BOND.a, Schematic showing the conjugation
chemistry between antibody and nanoparticle. The diagram is a schematic
and not to scale.b, Comparative sizes (to scale) of a representative mouse
IgG2a antibody (lysine residues available for TCO modiÞcation via amine-
reactive chemistry are shown in yellow), a TCO modiÞcation and an avidin
protein for comparison. Tetrazine is similar in size to TCO (! 200 Da).
Protein structures and sizes were obtained from the Protein Data Bank
(antibody, 1IGT; avidin, 3FDC)c, Application of BOND for one-step (direct)
and two-step targeting of nanoparticles to cells. Note that the antibody and
tetrazine are present in multiple copies per nanoparticle (! 2Ð3 antibodies,
Ab; 84 tetrazine, Tz).
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a) Intermolecular competition reaction between free and TMS-protected alkynes:
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1%'0/(@!()0!/)08&@0-0/(%G%(;!&7!()0!'0,/(%&+!2:/)080!F9^,69!

!

H+@;880('%/,-! >%@,K%10@! @=/)! ,@!,)*. ! /&+(,%+%+*! >&()! /)0-,(%+*! ,+1! +&+C/)0-,(%+*! ,K%1&!

*'&=.@!A0'0!%+G0@(%*,(01!7&'!.'&>%+*!/)08&@0-0/(%G%(;!%+!,+!%+(',8&-0/=-,'!@;@(089!?';@(,-!

@('=/(='0@! &7! =+@;880('%/,-! >%@,K%10@! A%()! ?=F?-" ! /&+7%'801! ,! @0-0/(%G0! ,K%1&C/&..0'!

%+(0',/(%&+!A%()!()0!/)0-,(%+*!,K%1&C*'&=.I!-0,G%+*!()0!+&+/)0-,(%+*!&+0!=+>&=+1!2R%*='0!F9#69!

O11%(%&+,--;I!&+0C.&(!1&=>-0!/-%/S!-%*,(%&+!0P.0'%80+(@!A0'0!.0'7&'801!=@%+*!>%@,K%10!,)*. I!

.'&1=/%+*!()0!0P.0/(01!>%@('%,K&-0!.'&1=/(@!,)*-C I1!%+!^TCXVh!;%0-1@!2:/)080!F9^>69!!

! !

!

Ph

Bn-N3 (1.1 equiv)
CuCl (20 mol %)
LiOtBu (2 equiv)

2.25
88%

2.22

Br

2.24

N
N

N
Bn

Ph

4 A, rt, DCE, 12 h
H3CO

OCH3



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! ]F!

!
012&3&',)-)!?)08&@0-0/(%G0!?=OO?!'0,/(%&+!7'%!,!/)0-,(0 C1%'0/(01!,K%10!@(',(0*;9!%B!D+(0'8&-0/=-,'!/&8.0(%(%&+!

'0,/(%&+!>0(A00+!/)0-,(%+*!,+1!+&+C/)0-,(%+*!,K%10@9!CB!D+(',8&-0/=-,'!/&8.0(%(%&+!'0,/(%&+!>0(A00+!/)0-,(%+*!,+1!

+&+C/)0-,(%+*!,K%10@)#]^ !

!

!
!"#$%&',)()!?';@(,-!@('=/(='0!&7!=+@;880('%/,-!>%@,K%10@!,)*. !A%()!?=F?-"9#]^ '

!

R1

N
N3

N3
R2

R1

NN
N

N N

N
N

R2

2.37a: R1 = NO2 ; R2 = CH2-OH            70%
2.37b: R1 = NO2 ; R2 = (CH2)3-CH3         98%
2.37c: R1 = CH3 ; R2 = (CH2)3-CH3       74%

2.34 2.35 2.37a-c

2.36

R1

NN
N

N N3

Cu(OAC)2

NaAsc

N
N3 N3

N

1) Cu(OAc)2 (10 mol %)
    tBuOH, rt, 5 h

2)NaAsc  (10 mol %)
  rt, 5 h

N
N

NN

N

NN

N

N
N3 N3

1) Cu(OAc)2 (10 mol %)
    tBuOH, rt, 5 h

2)NaAsc  (10 mol %)
  rt, 5 h

N
N

NN

N

NN

2.26 2.27

2.28

2.32
97%

2.30
99%

2.31
81%

2.26 2.27

2.29

2.33
85%

N

2.29

2.28

N

a) intermolecular competition reaction between chelating and non-chelating azides:

b) intramolecular competition reaction between chelating and non-chelating azides:



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! ]J !

."!"L ! =)>?)'65&3+ 0@)*4;)3)265A)+ 0?<<0+ 8)&2654';+ ?;5'C+ %9&';5)'6+ 04GG)9+

04*G3)M&654'+

D+!#Xd#I!Y%((%*!,+1!j'0>@!'0.&'(01!(),(!()0!+0,(!'0,/(%&+!>0(A00+!/;/-&&/(;+0!,)*A!,+1!.)0+;-!

,K%10!,)*O!k.'&/00101!-%S0!,+!0P.-&@%&+!(&!*%G0!,!@%+*-0!('%,K&-0!.'&1=/(l!,)+4!2:/)080!F9V69##T!

B)0!/&+@%10',>-0!>&+1!,+*-0!107&'8,(%&+!&7!()0!,/0(;-0+0!(&!#dJm!.'&G%10@!,..'&P%8,(0-;!#V!

S/,-_8&-! '0-0,@0! &7! '%+*! @(',%+9##TI###! B)%@! 10@(,>%-%@,(%&+! &7! ()0! *'&=+1! @(,(0! G0'@=@! ()0!

(',+@%(%&+!@(,(0!@%*+%7%/,+(-;!0+),+/0@!()0!'0,/(%&+!',(0!/&8.,'01!(&!=+@(',%+01!,-S;+0@9#]V!

!

!
012&3&',)A)!Q0,/(%&+!>0(A00+!/;/-&&/(;+0!,)*A!,+1!.)0+;-!,K%10!,)*O9##T!

!

$0'(&KK%!,&)%5D!0P.-&%(01!()%@!.'&.0'(;!(&!10G0-&.!()0!@(',%+C.'&8&(01!LJ!M!FN!/;/-&,11%(%&+!&7!

,K%10@! ,+1! /;/-&&/(;+0@! 2:aOO?6! '0,/(%&+9#TX! :aOO?! &770'@! ,! /&..0'C7'00! '&=(0! (&!

1%@/'%8%+,(0! >0(A00+! ,-S;+0! @=>(;.0@! 2:/)080! F9X6! A)%/)! 8,S0@! %(! ,((',/(%G0! 7&'! =@0! %+!

>%&-&*%/,-! @;@(08@n! )&A0G0'I! ()%@! '0,/(%&+! .'&1=/0@! ,! '0*%&%@&80'%/! 8%P(='0! &7! ('%,K&-0!

.'&1=/(@!A)%/)!%@!*0+0',--;!=+10@%',>-09!!

!

!
012&3&',)O)!5%@/'%8%+,(%+*!,-S;+0!'0,/(%G%(;!>;!(',+@%0+(!/&..0'!/&8.-0P,(%&+!&7!/;/-&&/(;+09#TXI#]X'

!

Z&@&;,!,&)%5D!10G0-&.01!,!80()&1!(&!8,@S!()0!k/-%/S,>%-%(;l!&7!,!/;/-&&/(;+0!>;!=@%+*!()0!

/,(%&+%/!/&..0'2D6!@,-(!2W0?46"?=$R"!2:/)080!F9X69#]X!B'0,(80+(!&7!()0!/&..0'C/;/-&&/(;+0!

/&8.-0P!A%()!0P/0@@!,`=0&=@!,88&+%,! '0*0+0',(01! ()0! /;/-&&/(;+09!B)0!=(%-%(;!&7! /&..0'!

/&8.-0P,(%&+!(&!.'&(0/(!@(',%+01!,-S;+0@!7&'!/)08&@0-0/(%G0I!@0`=0+(%,-!/&+<=*,(%&+!A,@!()0+!

108&+@(',(01! %+! ,! &+0C.&(I! ()'00C@(0.! .'&/01='0! &+! ()0! >%7=+/(%&+,-! @;@(08!,)+/ !2:/)080!

F9#T69! D+%(%,-! ('0,(80+(! &7! >%7=+/(%&+,-! @;@(08!,)+/ ! A%()! 2W0?46"?=$R"! '0@=-(@! %+! ()0!

N3

N
N

N

Ph
2.38 2.39 2.40

73%

higher
azidophilicity

lower
azidophilicity

2.41

R N3

Protection

2.42

N
NN

R

2.43

N
NN

R

2.44

PG

2.45

PG

N N
N

R

Cu cat.

R N3



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! ]" !

.'&(0/( %&+! &7! /;/-&&/(;+0! &+-;! 2:/)080! F9#TI! /';@(,-! @('=/(='069! OK%10!,)+- ! ,+1! /,(,-;(%/!

B$BO!A0'0!()0+!,1101!(&!()0!8%P(='0!(&!1%'0/(!?=OO?!0P/-=@%G0-;!,(!()0!(0'8%+,-!,-S;+0I!

7&--&A01!>;!,`=0&=@!,88&+%,!('0,(80+(!(&!*%G0!()0!0P.0/(01!8&+&C('%,K&-0!,)+A!A%()!VVh!

;%0-19!

!

! !!
012&3&',)(4)!?-%/SC8&1%7%01!/;/-&&/(;+0!@;+()0@%@!G%,!(',+@%0+(!@(',%+01!,-S;+0!.'&(0/(%&+9#]X'

!

$,@01!&+!()0@0!&>@0'G01!1%770'0+/0@!%+!()0!'0,/(%G%(;!&7!,-S;+0@I!,!A&'S%+*!);.&()0@%@!%@!(),(!

8&'0!@('&+*-;!,/%1%/!(0'8%+,-!,-S;+0@!A&=-1!'0,/(!7,@(0'I!.&(0+(%,--;!/)08&@0-0/(%G0-;I!A%()!

,K%10@!%+!?=OO?!'0,/(%&+@9!

!

,), ! ;%83C9"1'HEC3"E&:'C:'06E928E:'<8%'B$;;B'N&C19"8E:''

."."! ! N'&*5')+8)&265A561+

g+,8%+0@!,'0!,-S;+;-!10'%G,(%G0@!&7!0+,8%+0@!2R%*='0!F9F6I!A)0'0!,!+%('&*0+!,(&8!%@!%+!1%'0/(!

/&+<=*,(%&+!A%()!,+!,-S;+09!B)0@0!A0'0!7%'@(!'0.&'(01!,+1!/),',/(0'%@01!>;!e,=**!,&)%5D!,@!,!

7&'(=%(&=@! ,//%10+(!%+!#X]V9#dT!D+!#XdJI!o%0)0!,&)%5D! '0.&'(01! ()0!7%'@(! *0+0',-!@;+()0@%@!&7!

;+,8%+0@9#d#! R'&8! (),(! .&%+(I! ;+,8%+0@! ),G0! >00+! @(=1%01! 7&'! ()0%'! =+%`=0! 0-0/('&+%/!

.'&.0'(%0@9!D+!.,'(%/=-,'I! ()0!0-0/('&+C1&+,(%+*! ,>%-%(;!&7!()0!+%('&*0+!@('&+*-;! .&-,'%@0@!()0!

('%.-0!>&+1I!*%G%+*!%(!)%*)-;!+=/-0&.)%-%/!/),',/(0'%@(%/@9#"] !

!

!
!"#$%&',),)!:('=/(='0!&7!1%770'0+(!/ C,-S;+;-)0(0'&,'0+0@9!

!

B)0!'0,/(%G%(;!,+1!@(,>%-%(;!&7!;+,8%+0@!,'0!8&1=-,(01!>;!+%('&*0+!@=>@(%(=0+(@9#dF!:=>@(%(=(%&+!

A%()! ,!@('&+*-;! 0-0/('&+!A%()1',A%+*! *'&=.! 1%8%+%@)0@! ()0!0-0/('&+C1&+,(%+*! 0770/(! &7! ()0!

+%('&*0+! -&+0! .,%'! &+! ()0! ('%.-0! >&+1n! %+! ()0! /,@0! &7! ,! ('%7-=&'&80();-! *'&=.I! +&! 0-0/('&+C

1&+,(%+*!0770/(@!,'0!&>@0'G019!?&+G0'@0-;I!()0!8&@(!'0,/(%G0!;+,8%+0@!,'0!,-S;-!@=>@(%(=(01I!

O

O

NH
O

O

H
N

N
NN

CO2Me

1) (MeCN)4CuBF4 (2 equiv)
DCM, rt, 30 min

2) TBTA cat., DCM, rt, 15 h

N3

CO2Me

3) aq. NH3 (excess)
DCM, AcOEt, rt,1.5 h

2.46 2.47 2.48
88%

N

R

RR
N N

RR R
O

R

enamine ynamine ynamide



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! ]] !

@=/)!,@!0();-!&'!80();-!*'&=.@9!H+7&'(=+,(0-;I!()0!)%*)!'0,/(%G%(;!&7!,-S;-!;+,8%+0@!8,S0@!

()08!)%*)-;!@=@/0.(%>-0!(&!);1'&-;@%@!2:/)080!F9##69#dJ!

!

!
012&3&',)(() !Z;1'&-;@%@!&7!;+,8%+0@9#dJ!

!

D+!&'10'!(&!'01=/0!()0!0-0/('&+C1&+,(%+*!0770/(@!&7!()0!+%('&*0+I!'0@0,'/)!),@!7&/=@01!&+!()0!

@;+()0@%@! &7! ;+,8%10@! 2R%*='0! F9F69! g+,8%10@! 08.-&;! ()0! =@0! &7! ,+! ,11%(%&+,-! 0-0/('&+!

A%()1',A%+*!/,'>&+;-!@=>@(%(=0+(!&+(&!()0!+%('&*0+!,(&8I!A)%/)!'01=/0@!()0!+%('&*0+U@!,>%-%(;!

(&!1&+,(0!0-0/('&+!10+@%(;!%+(&!()0!,-S;+;-!*'&=.9!?%+(',(!,&)%5D!=@01!()%@!@(',(0*;!(&!.'0.,'0!

#I"C1%@=>@(%(=(01!('%,K&-0@I!@=/)!,@!,).. I!%+!8&10',(0!;%0-1@!=@%+*!/ C>0+K;-!/ C(&@;-!;+,8%10!

,).* !,+1!,K%10!,).+ !2:/)080!F9#F69#d"!

!

!
012&3&',)(,) !B)0!7%'@(!0P,8.-0!&7!?=OO?!'0,/(%&+!A%()!,+!;+,8%109#d"!

!

.".". ! =1'6@);5;+4O+<94*&652+N'&*5');+

?&8.,',>- 0!(&!;+,8%10@I!,'&8,(%/!;+,8%+0@!.'&G%10!()0!,>%-%(;!(&!8&1=-,(0!()0!'0,/(%G%(;!&7!

;+,8%+0@9!R%/%+%!,&) %5D! ),G0! @)&A+! (),(! ,'&8,(%/! @=>@(%(=(%&+! ,(! ()0! +%('&*0+! 1%8%+%@)0@!

;+,8%+0! '0,/(%G%(;9#dF! O'&8,(%/! ;+,8%+0@I! 0@.0/%,--;! >0+K%8%1,K&-0! ;+,8%+0I! ),G0! >00+!

@)&A+!(&!>0!@(,>-0!(&A,'1@!);1'&-;@%@9!B)%@!@(,>%-%(;!-%S0-;!'0@=-(@!7'&8!()0!'01=/(%&+!&7!()0!

+%('&*0+U@!,>%-%(;!(&!1&+,(0!0-0/('&+!10+@%(;!%+(&!()0!('%.-0!>&+1!1=0!(&!10-&/,-%@,(%&+!&7!%(@!7'00!

0-0/('&+!.,%'!%+(&!()0!,'&8,(%/!@;@(089!!

!

$='-0;! ,&)%5D!'0.&'(01!,!@(0.C077%/%0+(I!?=C/,(,-;@01!@;+()0@%@!&7!,'&8,(%/!;+,8%+0@!%+!A)%/)!

,!S0;!,11%(%G0I!a[EC"TTI!A,@!%+/-=101!,+1!-%S0-;!,/(@!,@!>&()!-%*,+1!,+1!.),@0!(',+@70'!,*0+(!

2:/)080!F9#JI!,).ACI1', +1!,).ACPI1P69#d]I#dd!

!

N

H

R R

H

N
C

R R

HH

O
H

H
N

OH

RR N

O

RR

2.49 2.50 2.51 2.52

N
Bn Ts

H2N N3

N
N

N
NH2

NBn

Ts

Cu(OAc)2 (10 mol %)
NaAsc (20 mol %)

tBuOH/H2O (1/1), O/N, rt
2.53 2.54 2.55

58%



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! ]d !

!
012&3&',)(*) ![P,8.-0!&7!;+,8%+0@!@;+()0@%@01!=@%+*!/&+1%(%&+@!'0.&'(01!>;!$='-0;!,&)%59#d]!

!

a'0-%8%+,';!@(=1%0@I!A%()%+!()0!$='-0;!*'&=.I!),G0!'0G0,-01!(),(!()0@0!,'&8,(%/!;+,8%+0@!,'0!

0P/0--0+(!@=>@(',(0@!7&'!?=OO?!'0,/(%&+@9!R&'!0P,8.-0I!'0,/(%+*!,'&8,(%/!;+,8%+0@!,)/4 !A%()!

)0P;-!,K%10!,)/(' %+!()0!.'0@0+/0!&7!?=:3"! ,+1!4,O@/!.'&G%10@!()0!0P.0/(01!('%,K&-0@!,)/,C !

,+1!,)/,M !%+!VTh!,+1!V"h!;%0-1I!'0@.0/(%G0-;I!,7(0'!&+-;!]!8%+9#d^!2:/)080!F9#"69!

!

!
012&3&',)(+)!B)0!7%'@(!0P,8.-0!&7!?=OO?!'0,/(%&+!A%()!,'&8,(%/!;+,8%+09#d !̂

!

,)* ! 567892&:":'98'Q&'=&:9&J'

B)0'0!%@!0P(0+@%G0!-%(0',(='0!.'0/010+(!@)&A%+*!(),(!(0'8%+,-!;+,8%10@!,'0!0P/0--0+(!@=>@(',(0@!

7&'!,!G,'%0(;!&7!?=C/,(,-;@01!?C?!>&+1!7&'8,(%&+@I!@=/)!,@!E-,@0'!/&=.-%+*@#dV!&'!+=/-0&.)%-%/!

,11%(%&+! (&! 8%-1! 0-0/('&.)%-0@9#dV! B0'8%+,-! ;+,8%10! @=>@(',(0@! @=/)! ,@!,).* ! ,+1! ,'&8,(%/!

;+,8%+0@!,)/4 !,-@&!1%@.-,;!@=.0'%&'!'0,/(%G%(;!%+!?=OO?!'0,/(%&+@!2:/)080!F9#F!,+1!:/)080!

F9#"69#d"I#d^!B)0!A&'S!10@/'%>01!)0'0%+!@00S@!(&!0P.-&%(!()0!0+),+/01! '0,/(%G%(;!&7!,'&8,(%/!

;+,8%+0@!,@!,!+0A!'&=(0!7&'!/)08&@0-0/(%G0I!@0`=0+(%,-!?=OO?!'0,/(%&+@!>;!108&+@(',(%+*!

(),(b!

!

2%6! 0+),+/01!'0,/(%G%(;!&7!,'&8,(%/!;+,8%+0@!A%--!0+,>-0!()0!.'070'0+(%,-!'0,/(%&+!&7!,)/* I!

0G0+!%+!()0!.'0@0+/0!&7!,!/&8.0(%+*!,-S;+0!@=/)!,@!,)/+' 2:/)080!F9#]69!!

!

N
H

Y
X

R1

R2 Br
N

Y
X

R1

R2

N
Y

X
R1

Br

Ph

CuI (5 mol %)
PEG-400 (10 mol %)
Cs2CO3 (1.2 equiv)

dioxane, 80¡C

2.56 2.57 2.58a-c 2.59a-c

a: R1 = H, X = N, Y = CH, R2 = TIPS     
a': R1 = H, X = N, Y = CH, R2 = Ph  

b: R1 = H, X = CH, Y = N, R2 = TIPS  
b' : R1 = H, X = CH, Y = N, R2 = Ph

c: R1 = Cl, X = N, Y = CH, R2 = TIPS
c' : R1 = Cl, X = N, Y = CH, R2 = Ph

2.58a:  72%
2.58aÕ: 74%

2.58b:  64%
2.58bÕ: 72%

2.58c:  82% 
2.58cÕ: 62%

2.59a:    0%
2.59aÕ:   0%

2.59b:    0%
2.59bÕ:   0%

2.59c:    0% 
2.59cÕ: 12%

N
Y

X
N3 hexyl

N
Y

X

N N
N

hexyl

CuSO4 (20 mol %)
NaAsc (40 mol %)
EtOH/H2O (1/1)

2.60 2.61 2.62a-b

2.62a: X = N, Y = CH    80%
2.62b: X = CH, Y = N    84%
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@%"'+,)A%&'&)

!

! ]^ !

2%%6! +,(=',-!0-0/('&+%/!>%,@!.'0@0+(!%+!,'&8,(%/!;+,8%+0@)A&=-1!@('%S0!,!>,-,+/0!A%()!%(@!

0+),+/01!' 0,/(%G%(;!%+!?=OO?!'0,/(%&+@!'0-,(%G0!(&!,+!,-%.),(%/!,-S;+09!!

!

!

!
012&3&',)(.) !Z;.&()0(%/,-!/)08&@0-0/(%G0!?=OO?!'0,/(%&+!>,@01!&+!()0!0+),+/01!'0,/(%G%(;!&7!;+,8%+0@9!

!

,)+! ;"3:'8<'92":'B2C79&%'

B)0!@.0/%7%/!,%8@!&7!()%@!/),.(0'!,'0b!

!

2%6! 3.(%8%K0!()0!@;+()0@%@!&7!,!7&/=@01!@0'%0@!&7!,'&8,(%/!;+,8%+0@!2,D4D=),)/A I-( 6!,+1!

'0.'0@0+(,(%G0!,-S;+0@',)/+ !,+1!,)-, !2R%*='0!F9J69!

!

!
!"#$%&',)*)![P,8.-0!&7!;+,8%+0@!,+1!,-S;+0@!@;+()0@%@019!

!

2%%6! 50(0'8%+0! ,..'&.'%,(0! /&+1%(%&+@! 7&'! ()0! /)08&@0-0/(%G0! '0,/(%&+! &7! ,+! ,'&8,(%/!

;+,8%+0!2,D4DI!,)/* 6!%+!()0!.'0@0+/0!&7!'0.'0@0+(,(%G0!,-S;+0@',)/+ !,+1!,)-, !2:/)080!

F9#d69!

!

!
012&3&',)(/) !50(0'8%+%+*!&.(%8,-!/&+1%(%&+@!7&'!/)08&@0-0/(%G0!?=OO?!'0,/(%&+9!

!

!

N

N
4

N

N

N N
N

R

R N3

CuAAC reaction

more reactive less reactive faster

2.63 2.64 2.66 2.67

H
N

O
4

H
N

O N N
N R2.65

N

N

2.68

N

N

2.69

2.64

2

2.72

O

TIPS

4

H
N

O

N

N

2.70

H2N

TIPS

N

N

2.71

TIPS

HO

TIPS

N

N
4

N

N

N N
N

R

R N3
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2.63 2.64 2.66
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N
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O
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!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! ]V!

2%%%6! [P.-&'0!&'()&*&+,-%(;!&7!()0!'0,/(%&+!=@%+*!@%-;-!.'&(0/(%+*!*'&=.@!2:/)080!F9#^69!

!

!
012&3&',)(-) ![P.-&',(%&+!&7!&'()&*&+,-%(;!&7!()0!?=OO?!'0,/(%&+9!

!

,). ! N&:$F9:'CEJ'R":1$::"8E''

."P"!! QG65*5;&654'+4O+<94*&652+N'&*5')+=1'6@);5;+

D+%(%,-!A&'S!7&/=@01!&+!()0!&.(%8%@,(%&+!&7!/&+1%(%&+@!7&'!()0!7&'8,(%&+!&7!,'&8,(%/!;+,8%+0@!

,)-4CIM!2B,>-0!F9#69!5W:3! ,+1!5WR!A0'0!@)&A+! (&!@&-=>%-%@0!@(,'(%+*!8,(0'%,-!,)-. !>=(!

,77&'101!+=80'&=@!@%10!.'&1=/(@!2[+(';!FCJ69!O((08.(@!(&!%+/'0,@0!()0!'0,/(%G%(;!&7!,)-/ !>;!

7&'8%+*!'+2-'&9!%&1&CBDa:C,/0(;-0+0!'0@=-(01!%+!()0!7&'8,(%&+!&7!&+-;!@%10!.'&1=/(@!2[+(';!" C

d69! D8.='%(%0@! A0'0! 7&'801! 1='%+*! ;+,8%+0! @;+()0@%@! 7'&8! ()0! 1%&P,+0C%+@&-=>-0! @(,'(%+*!

8,(0'%,-@9!B)0!,11%(%&+!&7!T9"h!5WR!(&!1%&P,+0!'0@=-(01!%+!V#h!/&+G0'@%&+!&7!()0!@(,'(%+*!

8,(0'%,-!,)-. I!.'&1=/%+*!()0!0P.0/(01!/&8.&=+1@!,)-4CIM!,7(0'!"V!)!,(!##T!m?!2[+(';!^69!!

!

D+!&'10'!(&!10/'0,@0!'0,/(%&+!(%80@I!A0!0P.-&'01!;+,8%+0!.'&1=/(%&+!7'%)8%/'&A,G0C,@@%@(01!

@;+()0@%@!2[+(';!VC#^69!Q0.0,(%+*!()0!'0.&'(01!/&+1%(%&+@#d]!'0@=-(01!%+!&+-;!J"h!/&+G0'@%&+!

2>;!Za\?6!,7(0'!FT!8%+!2[+(';!V69!Q,%@%+*!()0!(08.0',(='0!(&!#dT!m?!%+/'0,@01!/&+G0'@%&+!

7'&8! J"h! (&! VTh! ,7(0'! FT! 8%+! 2[+(';! X69! O11%+*! @8,--! ,8&=+(@! &7! 5WR! @)&A01! +&!

%8.'&G080+(!(&!()0!'0,/(%&+!2[+(';!#TC#"69!D+(0'0@(%+*-;I!%+/'0,@%+*!()0!/&+/0+(',(%&+!&7!5WR!

,>&G0!]Th!'0@=-(01!%+!()0!7&'8,(%&+!&7!,+!=+S+&A+!/&8.&=+1!,@!()0!8,<&'!.'&1=/(!2[+(';!

#] C#d69!e),&!,&)%5D!'0/0+(-;!.=>-%@)01!,!@(=1;!&+!()0!=@0!&7!;+,8%10@!,@!/&=.-%+*!,*0+(@!7&'!

()0!7&'8,(%&+!&7!,8%10!>&+1@9#dX!D+!()0!/&+(0P(!&7!()0%'!7%+1%+*@I!()%@!&>@0'G01!%8.='%(;!8,;!

>0!,+!,8%10!10'%G01!7'&8!'0,/(%&+!A%()!()0!7'00!,8%+0!&7!,)-4CIM9!!

B)0! '0, /(%&+!@/&.0!/&+7%'801!(),(!1%&P,+0!A,@!'0`=%'01!7&'!()0!@;+()0@%@9!D+1001I!1%&P,+0!

8,;!7=+/(%&+! ,@! ,!>%10+(,(0! -%*,+1!7&'! /&..0'9!B&!G0'%7;! ()%@!);.&()0@%@I! ()0! '0,/(%&+!A,@!

.0'7&'801!A%()&=(!a[EC"TT!A)%/)!10/'0,@01!()0!;%0-1!&7!0P.0/(01!.'&1=/(@!7'&8!VTh!(&!&+-;!

^h!2[+(';!#^69!B)%@!'0@=-(!108&+@(',(0@!(),(!a[EC"TT!%@!'0`=%'01!7&'! ,+!077%/%0+(! '0,/(%&+I!

A)%/)!@=**0@(@!(),(!a[EC"TT!7=+/(%&+@!%+!()0!'0,/(%&+!,@!,!/&..0'!/)0-,(&'I!A)%/)!/,++&(!>0!

'0.-,/01! >;! 1%&P,+0! ,-&+0I! &'! ,@! ,! .),@0! (',+@70'! '0,*0+(9! B&! 7='()0'! 0P.-&'0! ()0! '&-0@! &7!

2

2.72

O

N

N

N

N

N N
N

R

R N3

CuAAC reaction

2.692.73

TIPS

2

O N
NN

R
R N3

CuAAC reaction

Fluoride source

2.74



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! ]X!

1%&P,+0!,+1!a[EC"TT!A%()%+!()%@!'0,/(%&+I!,!+&+C/)0-,(%+*!.),@0!(',+@70'!'0,*0+(I!@=/)!,@!,+!

,88&+%=8!@,-(I!A%--!>0!(0@(019!

!

=CMF&',)()!3.(%8%@,(%&+!&7!()0!;+,8%+0!@;+()0@%@9#^T!

!
SE9%6' B8EJ"9"8E:' +@TU!

#! 1%&P,+0I!XT!m?I!"V!)! TN%O!
F! 5W:3I!XT!m?I!"V!)! FTN%O!
J! 5WRI!XT!m?I!"V!)! J^N%O!
" ! 5WRI!jDI!A%()&=(!a[EC"TTI!#dT!m?I!"V!)! TN%O!
] ! 5WRI!jDI!#dT!m?I!"V!)! TN%O!
d! 5WR_1%&P,+0!2#_#6I!jDI!#dT!m?I!"V!)! TN%O!
^! 5WR_1%&P,+0!2T9"_X9d6I!##T!m?I!"V!)! A(N%O'
V! ,)-/ !2F9F!0`=%G96I!1%&P,+0I!XT!m?I!WYI!FT!8%+! J" N%O!
X! ,)-/ !2F9F!0`=%G96I!1%&P,+0I!#dT!m?I!WYI!FT!8%+! A4NCO'
#T! ,)-/ !2F9F!0`=%G96I!T9#h!5WR!%+!1%&P,+0I!#dT!m?I!WYI!FT!8%+! ^JNCO!
##! ,)-/ !2F9F!0`=%G96I!#h!5WR!%+!1%&P,+0I!#dT!m?I!WYI!FT!8%+! ^FNCO!
#F! ,)-/ !2F9F!0`=%G96I!Fh!5WR!%+!1%&P,+0I!#dT!m?I!WYI!FT!8%+! dVNCO!
#J! ,)-/ !2F9F!0`=%G96I!"h!5WR!%+!1%&P,+0I!#dT!m?I!WYI!FT!8%+! ]XNCO!
#"! ,)-/ !2F9F!0`=%G96I!#Th!5WR!%+!1%&P,+0I!#dT!m?I!WYI!FT!8%+! ^" NCO!
#] ! ,)-/ !2F9F!0`=%G96I!5WR_1%&P,+0!2#_#6I!#dT!m?I!WYI!FT!8%+! FJNCO!
#d! ,)-/ !2F9F!0`=%G96I!5WRI!#dT!m?I!WYI!FT!8%+! ##NCO!
#^! ,)-/ !2F9F!0`=%G96I!1%&P,+0I!A%()&=(!a[EC"TTI!#dT!m?I!WYI!FT!8%+! ^NCO!

N%OM-#5%&,P)Q',5PD)NCOK#+7,"-'#+)(%5(95%&,P)CQ)6R2ARGKD+

'

Z,G%+*! &.(%8%@01! ()0! *0+0',-! '0,/(%&+! /&+1%(%&+@I! ,+! ,11%(%&+,-! @/'00+! A,@! .0'7&'801! (&!

%+/'0,@0! ,(&8! 077%/%0+/;! >;! '01=/%+*! ()0! ,8&=+(! &7! >'&8&CBDa:C,/0(;-0+0! ,)-/ 9!

H+7&'(=+,(0-;I!=@%+*!70A0'!(),+!F9F!0`=%G,-0+(@!&7!,)-/ !A,@!7&=+1!(&!10/'0,@0!()0! '0,/(%&+!

',(0! 1',8,(%/,--;9! [P(0+1%+*! ()0! '0,/(%&+! (%80! '0@=-(01! %+! &+-;! ,! @8,--! %+/'0,@0! %+! ()0!

/&+G0'@%&+! &7!,)-. I! @=**0@(%+*! (),(!,)-/ ! %@! -%S0-;! '0,/(%+*! A%()! %(@0-7! (&! 7&'8! ()0! E-,@0'!

/&8.&=+19VVIX#!

!

B&!/&+7%'8!(),(!&='!&.(%8%@01!/&+1%(%&+@!A0'0!@=%(,>-0!7&'!1%770'0+(!@=>@(',(0@I!,!G,'%0(;!&7!

>0+K%8%1,K&-0!;+,8%+0@!A0'0!.'0.,'01!2:/)080!F9#V69!50@.%(0!)%*)!/&+G0'@%&+@I!-&A!;%0-1@!

A0'0!&>(,%+01!A)0+!=@%+*!>0+K%8%1,K&-0@!,)-. !,+1!,)-- !1=0!(&!1%77%/=-(%0@!1='%+*!0P(',/(%&+!

,+1! .='%7%/,(%&+9! 40G0'()0-0@@I! ;+,8%+0@!,)-4CIM! ,+1! ,)-(C IM! A0'0! &>(,%+01! A%()! ;%0-1@!

>0(A00+! #"! ,+1! FFh9! Z%*)! ;%0-1@! A0'0! &>(,%+01! ,7(0'! ]! 8%+! &7! '0,/(%&+! A)0+! -0@@! .&-,'!

>0+K%8%1,K&-0@!A0'0!=@01I!@=/)!,@!,)-A' &'!,)-O!2V#!,+1!VXhI!'0@.0/(%G0-;69#^T!

N
H

N

H2N
Br TIPS

N

N

TIPS

H2N

CuI
Cs2CO3

PEG-400

2.75 2.76 2.70a-b



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! dT!

!
012&3&',)(A)!:;+()0@%@!&7!1%770'0+(!;+,8%+0@!=@%+*!&.(%8%@01!/&+1%(%&+@9!M-#5%&,P)*',5P-9#^T'

!

."P".! <94*&652+N'&*5')+&;+&+=1'6@4'+O49+0?<<0+8)&2654';+R+QG65*5;&654'+4O+6@)+

8)&2654'+

! 6,%(&'#+)F:&'$'S%&'#+);#")T#"$%&'#+)#;)*+%$'+,2H=U2V"'%S#5,-)

O! @/'00+! A,@! /&+1=/(01! (&! (0@(! ()0! '0,/(%G%(;! &7! ,'&8,(%/! ;+,8%+0@! ,@! /&8.,'01! (&!

,-%.),(%/_,'&8,(%/! ,-S;+0@! %+! ?=OO?! '0,/(%&+@! 2B,>-0! F9F69#^#! O! G,'%0(;! &7! .,',80(0'@!

%+/-=1%+*!/&..0'!@&='/0I!@&-G0+(I!'01=/(,+(I!,+1!-%*,+1!A0'0!0P.-&'019!D+%(%,-!0G,-=,(%&+@!7&'!

&.(%8,-!?=OO?!/&+1%(%&+@!A0'0!.0'7&'801!=@%+*!>0+K%8%1,K&-0!;+,8%+0!,)/* 9!]!8&-!h!&7!

/&..0' 2DD6!,/0(,(0!2?=23O/6F6!A,@!@)&A+!(&!>0!@=77%/%0+(!(&!/,(,-;@0!()0!'0,/(%&+9!Y)%-0!&()0'!

@&='/0@!&7!/&..0'2DD6!,+1!/&..0'2D6!A0'0!,>-0!(&!/,(,-;@0!()0!'0,/(%&+I!()0!',(0!&7!()0!'0,/(%&+!

A,@!1',8,(%/,--;!10/'0,@01!/&8.,'01!(&!?=23O/6F!2[+('%0@!#]CFd69!'

!

Z,G%+*!0@(,>-%@)01!?=23O/6F!,@!()0!&.(%8,-!/,(,-;@(!7&'!()%@!'0,/(%&+I!()0!%8.,/(!&7!()0!@&-G0+(!

A,@!+0P(!0P.-&'01!2[+('%0@!#C#"69!W03ZI!W03Z_ZF3I!,+1!5W:3_Z F3!A0'0!@)&A+!(&!>0!()0!

N
H

N

H2N
Br TIPS

N

N

TIPS

CuI
Cs2CO3

PEG-400

dioxane, MW 
160 ¡C, 20 min

2.75 2.76 2.70a
22%

H2N N

N

TIPS

2.70b
15%

H2N

N
H

N

Br TIPS
N

N

TIPS

CuI
Cs2CO3

PEG-400

2.77 2.76 2.71a
14%

N

N

TIPS

2.71b
18%

HO HO
HO

N
H

N

Br TIPS
N

N

TIPS

CuI
Cs2CO3

PEG-400

2.78 2.76 2.69
81%

N
H

N

Br TIPS
N

N

TIPS

CuI
Cs2CO3

PEG-400

2.79 2.76 2.68
89%

a)

b)

c)

d)

dioxane, MW 
160 ¡C, 20 min

dioxane, MW 
160 ¡C, 5 min

dioxane, MW 
160 ¡C, 5 min



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "#!

$%&'! &()*%+'! &,&'%-&.! /+! 012'345)126! 7%89! &3:+3;341+'),! 3+42%1&%<! '=%! 21'%! (;! '=%! 2%14'3(+6!

02(<543+:! '231>()%!!"##$! 3+! ?51+'3'1'3*%! ,3%)<! @3'=3+! A! =! 1&! 4(-012%<! '(! B! =! ;(2! 7%CD.!

E3&51)),6!2%14'3(+&!5&3+:!02('34!*%2&5&!102('34!&()*%+'&!<3;;%2%<F!02('34!&()*%+'&!G,B4B=)7%89H!

2%&5)'%<! 3+! ,%))(@! '(! $)5%! =(-(:%+(5&! &()5'3(+&6! @=%2%1&! 102('34! &()*%+'&! G,B4B=)7%CDH!

02(<54%<!=%'%2(:%+%(5&!-3I'52%&!21+:3+:!;2(-!$)5%!'(!:2%%+.!J=%&%!($&%2*1'3(+&!&5::%&'!'=1'!

'=%! 2%<54'3(+! (;! 4(00%2G//H! '(! '=%! 14'3*%! 4(00%2G/H! 3+! 02('34! *%2&5&! 102('34! %+*32(+-%+'&!

02(4%%<&!7'%!<3;;%2%+'!01'=@1,&.!!

!

J=%!1<<3'3(+!(;!1!2%<54'1+'6!&54=!1&!&(<35-!1&4(2$1'%6!'(!C5G8K4HA!1+<!4(00%2!G//H!&5);1'%!

GC5L8BF!M+'23%&!ANOPAH!&3:+3;341+'),!<%42%1&%<!'=%!2%14'3(+!21'%!1+<!1;;(2<%<!1!*123%',!(;!&3<%O

02(<54'&.! J=%!3+4)5&3(+! (;! JQJK!1&!1! )3:1+<!GM+'2,!PBH!1-%)3(21'%<! '=%! ;(2-1'3(+! (;! '=%!

5+<%&32%<! &3<%! 02(<54'&6! 1;;(2<3+:!!"##$! 3+! R#S! ,3%)<.! 9(@%*%26! %*%+! @3'=! '=%! $%+%;3'&!

1&&(431'%<!@3'=!JQJK6!'=%!02%&%+4%!(;!'=%!2%<54'1+'!+%:1'3*%),!3-014'&!'=%!%;;343%+4,!(;!'=%!

C5G8K4HAO41'1),&%<! 02(<54'3(+! (;!!"##$! GRTS! 4(-012%<! '(! UVS6! M+'2,! PPO*&OM+'2,! BH6!

&5::%&'3+:!'=1'!'=%!14%'1'%!3'&%);!0)1,&!1!2()%!3+!'=%!;(2-1'3(+!1+<!&'1$3)3',!(;!4(00%2!G/H.!!

!

%$&'()!"!"!80'3-3&1'3(+!(;!,+1-3+%!C5KKC!2%14'3(+.#N#)

!
*+,-. ) /$,$'.0, ) 12'3(+, ) 4556,63() 76('5)89: )

; ) C5G8K4HA! 7%CD! ! <! )
! ) C5G8K4HA! 7%CDW9A8!G#W#H! ! U#!
=) C5G8K4HA! 7%89 ! ! >?$+, )
@) C5G8K4HA! 7%89W9A8!G#W#H! ! <A)
A) C5G8K4HA! M'89 ! ! RP!
#) C5G8K4HA! M'89W9A8!G#W#H! ! RR!
B) C5G8K4HA! 'X289! ! RU!
C) C5G8K4HA! 'X289W9A8!G#W#H! ! "A!
<) C5G8K4HA! Y7L8 ! ! RB!
;D) C5G8K4HA! Y7L8W9A8!G#W#H! ! <C)
;; ) C5G8K4HA! Y7Z ! ! R"!
;! ) C5G8K4HA! Y7ZW9A8!G#W#H! ! UT!
;= ) C5G8K4HA! <3(I1+%! ! NP!
;@) C5G8K4HA! <3(I1+%W9A8!G#W#H! ! RV!
;A) C5L8B! 7%CD! ! VT!
;# ) C5L8B! 7%CDW9A8!G#W#H! ! VR!
;B) C5L8B! 7%89 ! ! NT!
;C) C5L8B! 7%89W9A8!G#W#H! ! "" !
;< ) C5L8B! Y7L8 ! ! VB!

N

N

Ph N3

N

N

N
N N2.63 2.65a

2.66a

Cu (5 mol %)
Additives (10 mol %)

solvent (0.25 M), rt, 4 h

Ph



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "A!

!D) C5L8B! Y7L8W9A8!G#W#H! ! "P!
!; ) C5/! 7%89 ! ! UT!
!! ) C5/! 7%89W9A8!G#W#H! ! >?$+, )
!= ) C5Q2! 7%89 ! ! "A!
!@) C5Q2! 7%89W9A8!G#W#H! ! BN!
!A) C5C)! 7%89 ! ! VV!
!# ) C5C)! 7%89W9A8!G#W#H! ! "U!
!B) C5G8K4HA! 7%CDW9A8!G#W#H! D1K&4! BN!
!C) C5G8K4HA! 7%89W9A8!G#W#H! D1K&4! VT!
!< ) C5G8K4HA! Y7L8W9A8!G#W#H! D1K&4! A#!
=D) C5L8B! 7%CDW9A8!G#W#H! D1K&4! #U!
=; ) C5L8B! 7%89W9A8!G#W#H! D1K&4! AB!
=! ) C5L8B! Y7L8W9A8!G#W#H! D1K&4! #B!
==) C5G8K4HA! 7%89W9A8!G#W#H! D1K&4WJQJK! RT!
=@) C5L8B! 7%89W9A8!G#W#H! D1K&4WJQJK! R#!

C#$:#9+D)!"#$)EFBG),>9'7B=)GBH)$$#5=)GBIH)@J=)!"#%&)EF),>9'7B=)GBH)$$#5=)GBIH)@J=)!'"=)"&B)C9)(%&%5K-&)H)$#5)L=)

%DD'&'7,-)FG)$#5)LB!!M-#5%&,D)K',5D-B)

)

! 6,%(&'#+)N:&'$'O%&'#+);#")&3,)P#"$%&'#+)#;)!5QK+,2F=R2S"'%O#5,-)

J(! 4(-012%! '=%! 2%14'3*3',! (;! 12(-1'34! ,+1-3+%&! '(! 1+! 1)30=1'34! 1)[,+%6! (52! C5KKC!

(0'3-3&1'3(+!&42%%+!@1&!2%0%1'%<!5&3+:!/ O0=%+,)O" O=%0',+1-3<%!!"#@!G#!%?53*.H!1+<!$%+>,)!

1>3<%!!"#A$!G#!%?53*.H!GJ1$)%!A.PH.#N#!J=%!%I0%4'%<!02(<54'!@1&!+('!($&%2*%<!1;'%2!B!=F!3+!;14'6!

1'! )%1&'!#"!=!@1&!2%?532%<!;(2! ;(2-1'3(+!(;!!"#B$.! \&3+:!C5G8K4HA!1&! '=%!41'1),&'6!&()*%+'!

&42%%+3+:!&=(@%<!'=%!%I0%4'%<!'231>()%!!"#B$!@1&!(+),!02(<54%<!3+!7%89!GN"S6!%+'2,!PH6!

Y7L8!GNUS6!%+'2,!UH6!<3(I1+%!GNPS6!%+'2,!#PH!1+<!1?5%(5&!-3I'52%&!(;!'=%&%!&()*%+'&!G%+'2,!

B6!#T!1+<!#BH.!K))!('=%2!&()*%+'!&,&'%-&!4(+'13+%<!(+),!&'12'3+:!-1'%231)&6!%*%+!1;'%2!#"!=.!K&!

%I0%4'%<6!'=%!5&%!(;!&'1+<12<!C5KKC!4(+<3'3(+&!GC5L8B!V!-()!S6!D1K&4!#T!-()!S6!JQJK!

#T!-()!SH!02(<54%<!!"#B$!3+!?51+'3'1'3*%!,3%)<!G%+'2,!#NHF!=(@%*%26!'=%&%!4(+<3'3(+&!12%!&5$O

(0'3-1)!;(2!,+1-3+%!!"#=.!K&!JQJK!@1&!+('!1&!$%+%;3431)!)3:1+<!;(2!'=%!,+1-3+%!2%14'3(+6!

1)'%2+1'3*%!)3:1+<&!@%2%!%I0)(2%<6!&54=!1&!K7JC! @=34=!=1&!&=(@+!'( !$%!%I'2%-%),!%;;%4'3*%6!

%*%+!3+! '=%!4(+'%I'! (;!1)[,+%!&5$&'21'%&!GUPS6!%+'2,!#UH.!7(2%(*%26!1&!3'!3&!@1'%2O&()5$)%6!

0523;341'3(+! (;! '=%! 2%14'3(+! 3&! &3-0)3;3%<.! /+'%2%&'3+:),6! '=%! ,+1-3+%! 4)34[! 02(<54'!!"##$!

;5+4'3(+&!1&!@%))!1&!JQJK!3+!'=3&!2%14'3(+!G?51+'3'1'3*%!,3%)<6!%+'2,!ATH6!&5::%&'3+:!'=1'!!"##$!

4(+'23$5'%&!'(!3'&!(@+!02(<54'3(+!1+<!'=%2%;(2%!%I0)13+&!@=,!12(-1'34!,+1-3+%&6!&54=!1&!!"#=6!

<(!+('!2%?532%!'=%!1<<3'3(+!(;!1!)3:1+<!;(2!%;;343%+'!C5KKC!)3:1'3(+&.!

!

!

!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "P!

%$&'()!"="!80'3-3&1'3(+!(;!1)[,+%!C5KKC!2%14'3(+.#N#!

!
*+,-. ) /$,$'.0, ) 12'3(+, ) 4556,63() 76('5)89: )

; ) C5G8K4HA! 7%CD! ! T!
! ) C5G8K4HA! 7%CDW9A8!G#W#H! ! T!
=) C5G8K4HA! 7%89 ! ! N"!
@) C5G8K4HA! 7%89W9A8!G#W#H! ! CC)
A) C5G8K4HA! 'X289! ! T!
#) C5G8K4HA! 'X289W9A8!G#W#H! ! T!
B) C5G8K4HA! M'89 ! ! T!
C) C5G8K4HA! M'89W9A8!G#W#H! ! T!
<) C5G8K4HA! Y7L8 ! ! NU!
;D) C5G8K4HA! Y7L8W9A8!G#W#H! ! RB!
;; ) C5G8K4HA! Y7Z ! ! T!
;! ) C5G8K4HA! Y7ZW9A8!G#W#H! ! T!
;= ) C5G8K4HA! <3(I1+%! ! NP!
;@) C5G8K4HA! <3(I1+%W9A8!G#W#H! ! <B)
;A) C5G8K4HA! 7%89W9A8!G#W#H! D1K&4! "B!
;# ) C5L8B! 7%89W9A8!G#W#H! D1K&4! NN!
;B) C5L8B! 7%89W9A8!G#W#H! D1K&4WJQJK! >?$+, )
;C) C5L8B! 7%89W9A8!G#W#H! D1K&4WJ9XJK! NV!
;< ) C5L8B! 7%89W9A8!G#W#H! D1K&4WK7JC! <=)
!D) C5L8B! 7%89W9A8!G#W#H! D1K&4W!"##$! >?$+, )

C#$:#9+D!!"#' )EFBG),>9'7B=)GBH)$$#5=)GBIH)@J=)!"#%&)EF),>9'7B=)GBH)$$#5=)GBIH)@J=)!'"=)"&B)C9)(%&%5K-&)H)$#5)L=)

%DD'&'7,)EFG)$#5)LJB)M-#5%&,D)K',5D-B))

)

!"%"$! ()*+&,-./01&+-12/&3/&/451,6*1/7*)/89((8/:2&.,-*13/ ; /49<3,)&,2/4.*=2/

!

J=%!&5$&'21'%!&4(0%!(;!,+1-3+%!!"#=)@1&!3+*%&'3:1'%<!5&3+:!(52!(0'3-3&%<!C5KKC!4(+<3'3(+&!

(;!V!-()!S!4(00%2G//H!14%'1'%!3+!7%89!(2!7%CD!GL4=%-%!A.#UH.#N#!J=%!2%14'3(+!'()%21'%<!1!

@3<%! 21+:%! (;! 1>3<%&! 4(+'13+3+:! *123%<! &'%234! 4(+&'213+'&! G,B4B6!&6!E6!5H6! (I3<3&1$)%!

;5+4'3(+1)3'3%&!G(6!'H6!0('%+'31)!C5O4=%)1'3+:!&5$&'21'%&!G(6!F6!G6!66!'6!H6!+H!1+<!;)5(2(0=(2%&!GH6!

+H.!

!

2.64

PhHN

O

PhHN

O
N

NN

Ph N3

2.65a

Ph

2.67a

4
4

Cu (5 mol %)
Additives (10 mol %)

solvent (0.25 M), rt, 16 h



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "B!

!
1EG(H()!";<"!L5$&'21'%!&4(0%!(;!,+1-3+%!C5KKC!2%14'3(+.!%!M-#5%&,D)K',5D-B!T!/@6)K',5D-B)P()U)P,""#(,+,B#N#!

!

!"%"'! ()*+&,-./ 01&+-12/&3/&/451,6*1/7*)/89((8/ :2&.,-*13/ ; /862+*32>2.,-?2/

@)*7->2/

! M+&,"$#5,(95%")C3,$#-,5,(&'7,)C9!!C)V'4%&'#+-)

J(! %I0)(2%! '=%! 1$3)3',! (;! 1+! 12(-1'34! ,+1-3+%! '(! 2%14'! 02%;%2%+'31)),! @3'=! 1+! 1>3<%6!

3+'%2-()%45)12! 4(-0%'3'3(+! 2%14'3(+&! $%'@%%+! ,+1-3+%!!"#=! 1+<! 1)[,+%!!"#@! @%2%!

3+*%&'3:1'%<.#N#!X2(<54'&!@%2%!2%&()*%<!1+<!3<%+'3;3%<!$,!:21<3%+'!9X]C.!/+!7%CD6!$%+>,)!

1>3<%!!"#A$!@1&!;5)),!4(+*%2'%<!'(!'231>()%!!"##$!21'=%2!'=1+!'231>()%!!"#B$!GL4=%-%!A.AT3H.!

8+!'=%!('=%2!=1+<6!1!&-1))!)(&&!(;!4=%-(&%)%4'3*3',!@1&!($&%2*%<!3+!7%896!@=%2%!#TS!(;!'=%!

02(<54'!4(-0(&3'3(+!@1&!1''23$5'1$)%!'(!'231>()%!!"#B$.!C(-0)%'%!&%)%4'3*3',!;(2!'=%!,+1-3+%!

4)34[!02(<54'!!"##E!@1&!($&%2*%<!3+!$('=!7%CD!1+<!7%89!@=%+!4,4)(=%I,)!1>3<%!!"#AE!@1&!

b

n-Oct N3

c

c-Hex N3 Me2N N3
f

N
N3

h

PhS N3

ed

Ad N3

N

N3

i

OAcO

N3

O

j

Fc N
H

O

N3

g

O

O

O

O
O

Me

Me

Me
Me

N3

k

N

HN

Me

O

O

O

OH

N3

l

N
O

N

NO2

N
Me

m

O NEt2Et2N

SO3

S
O

O

n

N3 N
H

N3

R N3

2.65a-n

Cu(OAc)2 (5 mol %)

MeCN or MeOH, rt, 16 h

N

N

2.63 2.66a-n

N

N

N
N N

R

Ph N3

a
MeCNa                  92%             80%               83%           65%            88%                     87%
MeOHb                100%             69%               90%           47%            51%                     91%

MeCNa              96%                                           73%                                       71%
MeOHb              98%                                           97%                                       95%

MeCNa                                   94%                                                  68%
MeOHb                                   98%                                                  97%

MeCNa                88%                                          95%                                     65%
MeOHb                66%                                          50%                                     84%

(1 equiv) (1 equiv)



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "V!

5&%<!1&!'=%!4(22%&0(+<3+:!1>3<%!GL4=%-%!A.AT33H6!@=34=!4(5)<!$%!1''23$5'%<!%3'=%2!'(!'=%!)(@%2!

2%14'3*3',!(;!1)30=1'34!1>3<%&!(2!'(!3'&!3+42%1&%<!&'%234!4(-0(+%+'.!

!

!
1EG(H()!"!D"!/+'%2-()%45)12!4(-0%'3'3(+!2%14'3(+!$%'@%%+!!"#=!1+<!!"#@!@3'=! '@(!<3;;%2%+'!1>3<%&!G!"#A$!1+<!

!"#AEH.!AWVC)"%&'#-B#N#!

!

! M+&"%$#5,(95%")C3,$#-,5,(&'7,)C9!!C)V'4%&'#+-)

J(!;52'=%2!<%;3+%!'=%!,+1-3+%!4=%-(&%)%4'3*3',!02(;3)%6!1!C5KKC!2%14'3(+!5&3+:!$3;5+4'3(+1)!

&41;;()<!!"C! !4(+'13+3+:!$('=!1+!12(-1'34!,+1-3+%!1+<!1!4(22%&0(+<3+:!1)30=1'34!1)[,+%!@1&!

%I0)(2%<!GL4=%-%!A.A#H.#N#!!

!

!
1EG(H()!"!;" !L,+'=%&3&!(;!'=%!$3;5+4'3(+1)!&,&'%-!!"C! .!M-#5%&,D)K',5D-B#N#)

)

L,+'=%&3&!(;!!"BA!@1&!14=3%*%<!7'%!=,<2(:%+1'3(+!(;!VO+3'2($%+>3-3<1>()%!!"CD6!1;;(2<3+:!VO

1-3+($%+>3-3<1>()%!!"BA!3+!?51+'3'1'3*%!,3%)<.!C(00%2O41'1),&%<!42(&&O4(50)3+:!(;!!"BA)@3'=!

2.64

PhHN

O

Ph N3

2.65a

PhHN

O
N

NN

Ph
2.67a

N

N

2.63
Cu(OAc)2 (5 mol %)

MeCN or MeOH, rt, 6 h

N

N

N N

N

Ph

2.66a
1 equiv 1 equiv

1 equiv

c-Hex N3

2.66a 2.67a
100% 0%MeCN:

MeOH: 90% 10%

2.64

PhHN

O

PhHN

O
N

NN
c-Hex

2.67c

N

N

2.63

N

N

N N

N

c-Hex1 equiv 1 equiv

1 equiv

(ii)

2.66c 2.67c
100% 0%MeCN:

MeOH: 100% 0%

2.65c

2.66c

(i)

4

4
4

4Cu(OAc)2 (5 mol %)
MeCN or MeOH, rt, 6 h

N

N

2.82, 76% (2 steps)

i) HATU, DIPEA, DMF, rt

2.81
OH

O

4

N
H

O

4

N
H

NO2N

N
H

NH2N

N

N

TIPS

Pd/C, NH4HCO3

EtOH, rt

Br TIPS

CuI, PEG-400
 Cs2CO3, 1,4-dioxane

 160 ¡C, MW

H2N

ii) TBAF, THF, rt

2.75, Quant

6-NH2: 2.70a, 22%
5-NH2: 2.70b, 15%

2.80

2.76



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "" !

$2(-( OJ/XLO14%',)%+%!!"B#!02(<54%<!!"BD$!1+<!!"BD&!GAAS!1+<!#VS6!2%&0%4'3*%),H.!D('1$),6!

+(!4(50)3+:!(;!!"B#!1'!'=%!1+3)3+34!&3'%!@1&!($&%2*%<.!J=%!-1^(2!02(<54'!!"BD$!@1&!'=%+!5&%<!

'(!;(2- !!"C! !7'%)4(50)3+:!@3'=!'=%!4(22%&0(+<3+:!143<!!"C;6);())(@%<!$,!J/XL!<%02('%4'3(+!'(!

02(<54%!!"C! !3+!N"S!(*%2!'@(!&'%0&.!

!

J@(!$3()(:341)),O2%)%*1+'!1>3<%&!!"#AIO!"#AH!@%2%!4=(&%+!'(!'%&'!'=%!4=%-(&%)%4'3*3',!(;!'=%!

$3;5+4'3(+1)! &,&'%-!!"C! .! Z%22(4%+%! 1>3<%!!"#AI) =1&! $%%+! 5&%<! %I'%+&3*%),! 1&! 1+!

%)%4'2(4=%-341)!2%0(2'%26#NA!@=3)%! '=%! :2%%+!<,%! (;!DQY!1>3<%!!"#AH!3&!@3<%),!5&%<!1&!1!

;)5(2%&4%+'! 02($%! ;(2! )303<! -%-$21+%&.#NP! C(+&3&'%+'! @3'=! '=%! 3+'%2-()%45)12! 4(-0%'3'3(+!

2%14'3(+&!GL4=%-%!A.ATH6!'=%!2%14'3(+!(;!!"C!)@3'=!!"#AH6!;())(@%<!$,!!"#AI6!2%&5)'%<!3+!'=%!

%I4)5&3*%!;(2-1'3(+!(;!!"C=$)3+!1!;3+1)!,3%)<!(;!U"S!GL4=%-%!A.AAH.!Z())(@3+:!'=%!;32&'!4)34[!

2%14'3(+6!1!@(2[50!02(4%<52%!@1&!4(+<54'%<!'(!4(+;32-!'=1'!3'!=1<!(44522%<!%I4)5&3*%),!1'!'=%!

,+1-3+%!;5+4'3(+1)3',.!_%*%2&3+:! '=%!&%?5%+4%!(;!1<<3'3(+!G'B,B=)!"#AI) ;())(@%<!$,!!"#AHH!

02(<54%<! '=%!2%*%2&%!4)34[!02(<54'!!"C=&)3+!UAS! ,3%)<6!%I%-0)3;,3+:! '=%! ;)%I3$3)3',! (;! '=%!

&%?5%+'31)!)3:1'3(+!1002(14=.!Z3+1)),6!'=%!;(2-1'3(+!(;!!"C=$)1+<)!"C=&)@1&!14=3%*%<!3+!1!(+%O

0('! 02(4%&&! 4(+'2())%<! &3-0),! $,! '=%! &%?5%+4%! (;! 1<<3'3(+! (;! '=%! 4(22%&0(+<3+:! 1>3<%.!

MI4)5&3*%!;(2-1'3(+!(;!'=%!;32&'!C5KKC!2%14'3(+!1'!'=%!,+1-3+%!0(&3'3(+!@1&!($&%2*%<!3+!'=%!

02%&%+4%!(;!(+%!%?53*1)%+'!(;!1>3<%!1+<!C5G8K4HA.!K<<3'3(+!(;!'=%!&%4(+<!1>3<%!@3'=!)3:1+<!

K7JC! G#T! -()! SH! 1+<! D1K&4! G#T! -()! SH6! 2%&5)'%<! 3+! 1! &%4(+<! C5KKC! 2%14'3(+! 1'! '=%!

1)30=1'34!1)[,+%!0(&3'3(+.!J=3&!-(<5)12!(+%O0('!02(4%&&!2%&5)'%<!3+!'=%!;(2-1'3(+!(;!!"C=$!1+<!

!"C=&)GUNS!1+<!UAS6!2%&0%4'3*%),H.#N#!

)

!
1EG(H()!"!!" !C=%-(&%)%4'3*%!&%?5%+'31)!1+<!(+%O0('!C5KKC!2%14'3(+&!@3'=!$3;5+4'3(+1)!&,&'%-!!"C! .!M-#5%&,D)

K',5D-B)P()U)P,""#(,+,"#N#)

N

N
H
N

O

N

N
H
N

O

4

N

N N

2.83a

i) azide 1, Cu(OAc)2 (5 mol %), 
MeCN, rt, 16 h

N
O

N

NO2

N
Me N3

N
H

Fc

2.65m

ii) azide 2, CuSO4 (5 mol %), 
AMTC (10 mol %)
NaAsc (10 mol %), 
MeOH/H2O, rt, 16 h

2.82

4

1 equiv 1 equiv

96% (2 steps)
or

97% (1 pot)

N

N
H
N

O

4

N

N N

2.83b

N

92% (2 steps)
or

92% (1 pot)

Me

O2N

N O

N

Fc N
H

O

N3

2.65g

1 equiv

azide 1 = 2.65g
azide 2 = 2.65m

azide 1 = 2.65m
azide 2 = 2.65g

NN
N

N
Me

N

O
N

O2N

NN
N

HN

Fc

O

2.65g, Cu(OAc)2 (5 mol %), 
MeCN, rt, 16 h;

then 2.65m, AMTC (10 mol %)
NaAsc (10 mol %), 
MeOH/H2O, rt, 16 h

2.65m, Cu(OAc)2 (5 mol %), 
MeCN, rt, 16 h;

then 2.65g, AMTC (10 mol %)
NaAsc (10 mol %),

 MeOH/H2O, rt, 16 h

3
O



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "N!

!"%"%! ()*+&,-./ 01&+-12/ &3/ &/ 451,6*1/ 7*)/ 89((8/ :2&.,-*13/ ; / A),6*B*1&>-,5/

@)*7->2/

! X-&%T5'-3'+4)6,%(&'#+)C#+D'&'#+-);#")M+2<'&9)SMW<2Y,:"#&,(&'#+ZC9!!C)6,%(&'#+-)

0'&3)!"#$%&'()*+%$'+,-)

/'!=1&!$%%+!<%-(+&'21'%<!'=1'!,+1-3+%&!41+!$%!%;;343%+'),!5&%<!3+!C5KKC!2%14'3(+&!3+!1!*123%',!

(;!&'1+<12<!4(+<3'3(+&!1+<!@3'=!1!@3<%!21+:%!(;!1>3<%&.!J=%!2%14'3*3',!<3;;%2%+4%&!$%'@%%+!

,+1-3+%&!1+<!1)30=1'34!1)[,+%&!=1*%!1)&(!$%%+!%&'1$)3&=%<6!1))(@3+:!<3&423-3+1'3(+!$%'@%%+!

'=%!'@(!1)[,+%&!3+!3+'%2-()%45)12!1+<!3+'21-()%45)12!4(+'%I'&6!%*%+!@3'=(5'!02('%4'3+:!:2(50&.!

/+! (2<%2! '(! %I0)(2%! '=%! (2'=(:(+1)3',! (;! '=%! 2%14'3(+6! &%?5%+'31)! C5KKC! )3:1'3(+&! 5&3+:!

12(-1'34!,+1-3+%!02('%4'3+:!:2(50&!3&!3+*%&'3:1'%<!$%)(@.!J=%!5+3?5%!2%14'3*3',!(;!12(-1'34!

,+1-3+%&!-1,!%)3-3+1'%!'=%!+%%<!;(2!4(+*%+'3(+1)!02('%4'3+:!:2(50!&'21'%:3%&!'=2(5:=!'=%!5&%!

(;!1!2103<!'+2-'&9!<%02('%4'3(+!(;!'=%!&3),)O02('%4'3+:!:2(506!1))(@3+:!3-02(*%<!-(<5)123',!3+!

'=%!2%14'3(+.!J(!'%&'!'=3&!=,0('=%&3&6!1!&42%%+!(;!'+2-'&9!J/XLO<%02('%4'3(+!&'21'%:3%&!;())(@%<!

$,!C5KKC!2%14'3(+!@1&!3+*%&'3:1'%<!5&3+:!!"#<!1+<!$%+>,)!1>3<%!!"#A$.#NB!C(00%2!&(524%6!

<%02('%4'3+:!1:%+'6!&()*%+'6!2%<54'1+'6!1+<!)3:1+<!@%2%!&52*%,%<!GJ1$)%!A.BH.!!

!

J/XLO<%02('%4'3(+! @1&! -(+3'(2%<! $,! J]C! 1+<! 02(<54'&! @%2%! 3&()1'%<! 50(+! 2%14'3(+!

4(-0)%'3(+.! JQKZ! 2%&5)'%<! 3+! %I'2%-%),! ;1&'! <%02('%4'3(+! G`! A! -3+H6! @=%2%1&! P! =! @%2%!

2%?532%<!@=%+!5&3+:!;)5(23<%!(+!0(),-%2.!Y7L8!@1&!4=(&%+!1&!'=%!&()*%+'!1&!02('34!&()*%+'&!

<21-1'341)),! <%42%1&%! '=%!21'%! (;! <%02('%4'3(+!@=%+!JQKZ!3&!5&%<!G#!=!3+!7%896!A!=!3+!

Y7L8W9A8H.#NV6#N"!Z())(@3+:!<%02('%4'3(+6!$%+>,)!1>3<%!!"#A$!1+<!C5G8K4HA!@%2%!1<<%<6!

1;;(2<3+:! '=%!%I0%4'%<!'231>()%!!"B=$!1;'%2!PT!-3+!G""S!@3'=!JQKZ6!RPS!@3'=!;)5(23<%!(+!

0(),-%26!M+'2,!#OAH.!a9ZA!@1&!1)&(!3+*%&'3:1'%<!1&!1!<%02('%4'3+:!1:%+'6! :3*3+:!1!&3-3)12!

<%02('%4'3(+!21'%!1&!JQKZ6!=(@%*%26!+(!&5$&%?5%+'!C5KKC!2%14'3(+!@1&!($&%2*%<!GM+'2,!PH.!

K)'%23+:!'=%!&()*%+'!(2!1<<3+:!2%<54'1+'W)3:1+<!3+!'=%!4(+'%I'!(;!a9ZA!@1&!+('!1$)%!'(!2%4(*%2!

C5KKC!2%14'3*3',!1+<!02(<54%<!(+),! '=%!<%02('%4'%<! ,+1-3+%!%*%+!1;'%2!#"!=! (;!2%14'3(+!

GM+'2,!BOVH.!J=%!5&%!(;!4(00%2G//H! ;)5(23<%!G#!%?53*.H!3+! '=%!02%&%+4%!(;!&(<35-!1&4(2$1'%!

GD1K&4H!1+<!K7JC!1;;(2<%<!'=%!%I0%4'%<!'231>()%!!"B=$!1;'%2!#"!=!GUTS6!M+'2,!"H.!K''%-0'&!

'(!<%42%1&%!'=%!1-(5+'!(;!C5ZA!2%&5)'%<!3+!3+4(-0)%'%!<%02('%4'3(+!(;! '=%!&'12'3+:!-1'%231)!

!"#<.!

!

!

!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "R!

%$&'()!"@"!80'3-3&1'3(+!(;!3+O&3'5!J/XLO<%02('%4'3(+WC5KK4!2%14'3(+.#NB!

!
*+,-. ) /$,$'.0, ) 12'3(+, ) 4556,63() J(K-2,(E,6+I)$I(+, ) 76('5)89: )

; ) C5G8K4HA! Y7L8 ! ! JQKZ! "" !
! ) C5G8K4HA! Y7L8 ! ! Z)5(23<%!(+!0(),-%2! RP!
=) C5G8K4HA! Y7L8 ! ! a9Z A! T!
@) C5G8K4HA! Y7L8W9A8 ! D1K&4WK7JC! a9Z A! T!
A) C5G8K4HA! 7%89 ! ! a9Z A! T!
#) C5ZA! 7%89W9A8 ! D1K&4WK7JC! ! UT!

!"#C)EFBG),>9'7B=)GBFH)$$#5=)GBFH)@J=)!"#%&)EF),>9'7B=)GBFH)$$#5=)GBFH)@J=)!'"=)"&B)C9EN!(JI )H)$#5)L=)C9PI )EF)

,>9'7BJ=)ECA[ C/J RC9\ WP] 2)EF),>9'7BJ=)%DD'&'7,-)EFBF),>9'7BJ=)D,:"#&,(&'+4)%4,+&-)EFBF),>9'7BJB)M-#5%&,D)K',5D-B))

!

! C#+&"#55'+4)C9!!C)V'4%&'#+-)9-'+4)!"#$%&'()*+%$'+,)W"#&,(&'+4)8"#9:-))

J=%!4=%-(&%)%4'3*3',!02(;3)%!(;!J/XLO02('%4'%<!12(-1'34!,+1-3+%!!"#<)1+<!'%2-3+1)!1)[,+%!

!"B! !3+!'=%!02%&%+4%!(;!$%+>,)!1>3<%!!"#A$!@1&!'=%+!3+*%&'3:1'%<!GZ3:52%!A.BH.#NB!!

!

!
!

!
L6I?-()!"@"!80'3-3&1'3(+!(;!4(-0%'3'3(+!2%14'3(+!$%'@%%+!!"#<!1+<!!"B! .!!"#C)EFBG),>9'7B=)GBG[F)$$#5=)GBG[F)@J=)

!"D!)EFBG),>9'7B=)GBG[F)$$#5=)GBG[F)@J=)!"#%&)EF),>9'7B=)GBG[F)$$#5=)GBG[F)@J=)!'"=)"&B)C9EN!(JI )H)$#5)L=)%DD'&'7,-)

EFG)$#5)LJ=)D,:"#&,(&'+4)%4,+&-)EFBF),>9'7BJB)/@6)"%&'#-B#NB/

/

L'1+<12<!C5KKC!4(+<3'3(+&NT!O!@3'=(5'!1<<3+:!<%02('%4'3+:!1:%+'!O!1;;(2<%<!'231>()%!!"B@$!

@3'=(5'!1+,!<%:21<1'3(+!(;!'=%!02('%4'%<!,+1-3+%!!"#<.!K<<3+:!JQKZ!(2!;)5(23<%!(+!0(),-%26!

N

N

Ph N3
N

N

N
N N

2.69 2.65a 2.73a
Ph

TIPS

N

NMe

Me

TIPS

Ph N3

2.65a

2.69

N

NMe

Me

N N

N

Ph

2.73a

O

2

O

2
N

N

N

2.72

Ph

2.74aCu(OAc)2 
(5 mol %)



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "U!

@3'=! (2! @3'=(5'! 2%<54'1+'W)3:1+<6! 1;;(2<%<! 1! -3I'52%! (;! $('=! '231>()%&!!"B=$! 1+<!!"B@$.!

D%:)3:%1$)%!&%)%4'3*3',!@1&!($&%2*%<!3+!02('34!&()*%+'&6!1;;(2<3+:!02(<54'&!!"B=$!1+<!!"B@$!3+!

1!#"WRB!-3I'52%.!K!<%42%1&%!3+!'=%!21'%!(;!'=%!C5KKC!2%14'3(+!@1&!($&%2*%<!@=%+!7%CD!@1&!

5&%<!1&!1!&()*%+'.#N#!K+!102('34!&()*%+'!02%&5-1$),!&)(@&!<(@+!'=%!2%<54'3(+!(;!4(00%2G//H!

G'=2(5:=!'=%!;(2-1'3(+!(;!'=%!b)1&%2!02(<54'HRR6U#!$5'!1)&(!&)(@&!<(@+!'=%!02('(+1'3(+!(;!'=%!

4(00%2O'231>()%! 4(-0)%I.RR! C(-0)%'%! &%)%4'3*3',6! 3+! ;1*(52! (;!!"B=$6! @1&! ($'13+%<! @=%+!

C5G8K4HA!1+<!JQKZ!@%2%!5&%<!3+!7%CD.!

!

! <9T-&"%&,)<(#:,)#;)M+2<'&9)SMW<2Y,:"#&,(&'#+ZC9!!C)6,%(&'#+-)

c3'=! '=%! 4(+<3'3(+&! ;(2! (2'=(:(+1)6! 4=%-(&%)%4'3*%! C5KKC! 2%14'3(+&! %&'1$)3&=%<6! '=%!

&5$&'21'%! &4(0%! @1&! %I0)(2%<! 5&3+:! '=%! '@(! (0'3-3&%<! 4(+<3'3(+&! GL4=%-%! A.APH.#NB! J(!

02(-('%!'=%!&,+'=%&3&!(;!,+1-3+%!'231>()%&!!"B=$M06!V!-()!S!C5G8K4HA!1+<!#.#!%?53*1)%+'&!(;!

JQKZ!3+!7%CD!@%2%!5&%<.!J(!02(-('%!'=%!&,+'=%&3&!(;!1)[,+%!'231>()%&!!"B@$M06!V!-()!S!

C5G8K4HA6!#T! -()!S!D1K&46!1+<!#T! -()!S!K7JC!3+!Y7L8W9A8!G#W#H!@%2%!5&%<.!J=%!

2%14'3(+! 4(+<3'3(+&! '()%21'%<! 1! @3<%! 21+:%! (;! 1>3<%&! @3'=! *12,3+:! &'%234! $5)[! G,B4B6!56!2H6!

(I3<3&1$)%!;5+4'3(+1)3'3%&!G6H!(2!0('%+'31)!C5O4=%)1'3+:!&5$&'21'%&!GG6!H6!K6!N6!-6!0H.!_%14'3(+!

4(+<3'3(+&!1)&(!'()%21'%<!;)5(2(0=(2%!1>3<%&!GH6!N6)-H6!1;;(2<3+:!'=%!%I0%4'%<!'231>()%&!3+!=3:=!

,3%)<&.!D(!)(&&!(;!4=%-(&%)%4'3*3',!@1&!($&%2*%<!5&3+:!%3'=%2!4(+<3'3(+!K!(2!Q.!K!+('1$)%!

%I4%0'3(+!@1&!'=%!C5KKC!2%14'3(+&!(;!$('=!!"#<!1+<!!"B! !@3'=!1>3<%!!"#A-!@=34=6!<5%!'(!'=%!

)3-3'%<!&()5$3)3',!(;!'=%!Z/JC!:2(506!@%2%!4(+<54'%<!3+!7%89!1+<!7%89W9A86!2%&0%4'3*%),.!

K&!&%%+!02%*3(5&),!<523+:!2%14'3(+!(0'3-3&1'3(+!GZ3:52%!A.BH6!'=%!5&%!(;!7%89!2%&5)'&!3+!1!

2%<54'3(+!(;!4=%-(&%)%4'3*3',.!M+)-'&9!J/XLO<%02('%4'3(+WC5KKC!2%14'3(+!$%'@%%+!!"#<!1+<!

!"#A6!3+!'=%&%!4(+<3'3(+&!&'3))!1))(@%<!'=%!;(2-1'3(+!(;!'=%!%I0%4'%<!'231>()%!!"B=-!@3'=!RVS!

,3%)<!1;'%2!#"!=.!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! NT!

!
1EG(H()!"!="!C5KKC!2%14'3(+&!(;!!"#<!1+<!!"B! !@3'=!1!*123%',!(;!1>3<%&!5&3+:!4(+<3'3(+&!K!(2!QB)M-#5%&,D)K',5D-B#NB/

!

! N"&3#4#+%5)C9!!C)'+)%+)M+&"%$#5,(95%")<K-&,$)

c3'=! '=%! &5$&'21'%! &4(0%! %&'1$)3&=%<6! '=%! (2'=(:(+1)3',! (;! '=%! 2%14'3(+! @1&! 100)3%<! '(! 1+!

3+'21-()%45)12!4(+'%I'!GL4=%-%!A.ABH.#NB!J=%!$3;5+4'3(+1)!&,&'%-!!"C@!G&,+'=%&3&!02%*3(5&),!

<%&423$%<! 3+!IBRBRBIH! @1&! 2%14'%<! %3'=%2! @3'=!!"#A$6! C5G8K4HA6! D1K&46! 1+<! K7JC! 3+!

Y7L8W9A86!1;;(2<3+:! '231>()%!!"CA$!3+!URS!,3%)<6!(2!@3'=!!"#AE6!C5G8K4HA!1+<!JQKZ!3+!

7%CD6!1;;(2<3+:!'231>()%!!"CA&!3+!U"S!,3%)<.!c=%+!'=%!4(22%&0(+<3+:!(2'=(:(+1)!2%14'3(+&!

@%2%!41223%<!(5'6!02(<54'!!"C#!4(5)<!$%!3&()1'%<!3+!=3:=!,3%)<&!3+!$('=!&,&'%-&!GURS!1+<!UBS6!

2%&0%4'3*%),F!L4=%-%!A.ABH.!

Cu(OAc)2 (5 mol %)

N

NMe

Me

N N

N

R

Condition B:

n-Oct N3

N
N3

Ad N3

HN

NH

S

O

H

H

R N3

Cu(OAc)2 (5 mol %)

N

N

Ph N3

Me

Me

O

2

O

2

TIPS

S

NH

OO

N
Me Me

O

O
O

Condition A:

N
N

N

R

NaAsc (10 mol %)
AMTC (10 mol %)
DMSO/H2O (1/1)

2.72

2.69

2.65a-s

TBAF (1.1 equiv)
MeCN

Ph Me

N3

O

OH

NHBoc

N3
4

OHO OH

O

O

H
N

H
N

S

N3

N3

2.73a-s
2.74a-s

                                           a                         b                            d                          o                                p                   
Condition A:                   Quant                    94%                     Quant                     84%                           82%
Condition B:                   Quant                    98%                      99%                      95%                            94%

                                                      h                                             m                                                   q                   
Condition A:                                 79%                                        85%                                               87%
Condition B:                                 99%                                        95%                                               92%

                                                                               r                                                                   s                                                        
Condition A:                                         91% in MeOH/H2O (1/1)                                              88%
Condition B:                                              85% in MeOH                                                         87%

O
O

N3

N
O

N

NO2

N
Me N3



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! N#!

!
1EG(H() !"!@"!82'=(:(+1)!C5KKC!2%14'3(+&!5&3+:!$3;5+4'3(+1)!&,&'%-!!"C@6!1>3<%&!!"#A$!1+<!!"#AE.!!"C@)EFBG)

,>9'7B=)GBI)@J=)!"#%&Z!"#%.)EF),>9'7BJ=)C9EN!(JI )EH)$#5)LJ=)/%!-()EFG)$#5)LJ=)!@SC)EFG)$#5)LJ=)S1!P)EFBF)

,>9'7BJB)M-#5%&,D)K',5D-B#NB)

!

!"%"#! /EF=>*)-1B/ 01&+-12/ :2&.,-?-,5/ ?3/ :2=)2321,&,-?2/ G2)+-1&>/ (>H5123/ -1/

89((8/:2&.,-*13 /

/+!(2<%2!'(!4(-012%!'=%!2%14'3*3',!(;!12(-1'34!,+1-3+%&!@3'=!'=%!<3;;%2%+'!4)1&&%&!(;!1)[,+%&!

02%&%+'!3+!'=%!)3'%21'52%6!4(-0%'3'3(+!2%14'3(+&!$%'@%%+!12(-1'34!,+1-3+%!!"#<)1+<!1)[,+%&!

!"CB$M() @%2%! 0%2;(2-%<! GL4=%-%! A.AVH.#NB! d+1-3<%!!"CB$6! <%*%)(0%<! $,! 9&5+:!,&) %5B6#NN!

02(03()1-3<%!!"CB&6!<%*%)(0%<!$,!Z3++!,&)%5B6#BR!02(012:,)!!"CBE6!12(-1'34!!"CB5!1+<!1)30=1'34!

!"CB(!1)[,+%&!@%2%!5&%<!1&!-(<%)!&5$&'21'%&.!c=%+!+(!<%02('%4'3+:!1:%+'!@1&!5&%<!GL4=%-%!

A.AV6!C(+<3'3(+!KH6!;5))!4(+*%2&3(+! '(! '=%!%I0%4'%<!1)[,+%!'231>()%&!!"CC$M(!@1&!($&%2*%<6!

@3'=! ,3%)<&!21+:3+:!$%'@%%+!RVS! '(!?51+'3'1'3*%.!C(-0%'3'3(+!2%14'3(+&!$%'@%%+!!"#<!1+<!

!"CB$M(!GL4=%-%!A.AV6!C(+<3'3(+!QH!&=(@%<!=3:=!&%)%4'3*3',!;(2!'=%!;(2-1'3(+!(;!'=%!,+1-3+%!

'231>()%!!"B=$.!8+),!A#S! (;! ,+1-3<%! '231>()%!!"CC$!1+<!#BS! (;! '=%!02(03()1-3<%! '231>()%!

!"CC&)@1&!($&%2*%<.!X2(012:,)!!"CBE!1+<!12(-1'34!!"CB5!1)[,+%&!&=(@%<!&3-3)12!2%14'3*3'3%&!

GRS!1+<!US6!2%&0%4'3*%),H.!Z3+1)),6!@=%+!1)30=1'34!1)[,+%!!"CB(!@1&!5&%<6!;5))!&%)%4'3*3',!;(2!

'=%!;(2-1'3(+!(;!'=%!,+1-3+%!'231>()%!!"B=$!@1&!($&%2*%<.!

N

N

N
H

TIPS

O

4

N

N

N
H

TIPS

O

4

N

N

N
H

O

4N

N
N N N

N

N

N

N
H

O

4

N N

N

N

N
N

Cu(OAc)2
NaAsc/AMTC

MeOH/H2O (1/1)

Bn N3 c-Hex N3

Cu(OAc)2
TBAF
MeCN

Cu(OAc)2
NaAsc/AMTC

MeOH/H2O (1/1)

Bn N3c-Hex N3

Cu(OAc)2
TBAF
MeCN

98%
96%

98% 94%

2.84

2.85a
2.85b

2.86

2.65a 2.65c

2.65c 2.65a



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! NA!

!
1EG(H()!"!A"!C(-0%'3'3(+!2%14'3(+&!$%'@%%+!!"#<!@3'=!1!*123%',!(;!2%02%&%+'1'3*%!1)[,+%&.!!"#<O!"ID&J2)EFBG),>9'7B=)

GBRF)$$#5=)GBI)@J=)!"#%&)EF),>9'7B=)GBRF)$$#5J=)C9EN!(JI )EH)$#5)LJ=)/%!-()EFG)$#5)LJ=)!@SC)EFG)$#5)LJ=)S1!P)

EFBF),>9'7BJB)M-#5%&,D)K',5D-B#NB)

!

!"%"D! /01&+-12/862+*32>2.,-?-,5/?3/(K-L2/862>&,2JM-)2.,2L/4,)&,2B5/

c3'=! '=%! (2'=(:(+1)! 4=%-(&%)%4'3*3',! (;! '=%! C5KKC! 2%14'3(+! <%-(+&'21'%<! 3+! $('=!

3+'%2-()%45)12!1+<!3+'21-()%45)12!4(+'%I'&6!A!e!A!4(-0%'3'3(+!2%14'3(+&!@%2%!%I0)(2%<!5&3+:!

12(-1'34!,+1-3+%!!"#<6!12(-1'34!1)[,+%!!"CB56!4=%)1'3+:!1>3<%!!"#AG6!1+<!$%+>,)!1>3<%!!"#A$!

GL4=%-%!A.A"H.#NB!M-0)(,3+:!(52!(0'3-3&%<!4(+<3'3(+&!1+<!f=5g&!4=%)1'%O<32%4'%<!&'21'%:,#VN!

02(*3<%<!'231>()%&!!"B=G!1+<!!"CC5!3+!U"S!1+<!RRS!,3%)<6!2%&0%4'3*%),.!C(+*%2&%),6!1<<3+:!

JQKZ!1;'%2!'=%!;32&'!C5KKC!2%14'3(+!1))(@%<!'=%!;(2-1'3(+!(;!!"B=$!1+<!!"C<!3+!NAS!1+<!

RVS!,3%)<6!2%&0%4'3*%),.! /+'%2%&'3+:),6! '=%!1<<3'3(+! (;!2%<54'1+'!1+<!)3:1+<!GK7JCH! '(! '=%!

2%14'3(+!2%&5)'%<!3+!'=%!;(2-1'3(+!(;!!"B=G!GRASH!1+<!!"CC5!GNPSH.!J=%&%!2%&5)'&!&=(@!'=1'6!

$,!5&3+:!'=%!%+=1+4%<!2%14'3*3',!(;!12(-1'34!,+1-3+%&!3+!4(+^5+4'3(+!@3'=!1!4=%)1'%O<32%4'%<!

&'21'%:,!1'! '=%!,+1-3+%!1+<!1>3<%!-(3%'3%&6!(52!(0'3-3&%<!4(+<3'3(+&!1))(@!4=%-(&%)%4'3*%!

1+<!(2'=(:(+1)!C5KKC!)3:1'3(+&.!!

!

N

NMe

Me

TIPS

R Bn N3

N

NMe

Me

N N

N

Bn

N N
N

Bn

R
Condition A: 

Cu(OAc)2, AMTC, NaAsc
DMSO/H2O (1/1)

Condition B: 
Cu(OAc)2, TBAF

MeCN
(1 equiv) (1 equiv) (1 equiv)

O N

O

N

O
O

                            a                                     b                                    c                                         d                                e

Cond. A:      2.88a : 99%                    2.88b: Quant                  2.88c: 97%                         2.88d: 92%                2.88e: 85%      
                     2.73a: 0%                       2.73a: 0%                      2.73a: 0%                           2.73a: 0%                  2.73a:0%

Cond. B:      2.88a : 21%                    2.88b: 14%                      2.88c: 8%                         2.88d: 9%                   2.88e: 0% 
                     2.73a: 79%                     2.73a: 86%                     2.73a: 90%                       2.73a: 90%                 2.73a: 99%

2.69
2.87a-e 2.65a

2.73a2.88a-e



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! NP!

!
1EG(H()!"!#")A!e!A!4(-0%'3'3(+!2%14'3(+!5&3+:!12(-1'34!,+1-3+%!!"#<6!12(-1'34!1)[,+%!!"CB56!1>3<%&!!"#A$!1+<!

!"#AG.!!"#CZ!"IDL)EFBG),>9'7B=)GBI)@J=)!"#%&Z!"#%6)EF),>9'7BJ=)C9EN!(JI )EH)$#5)LJ=)/%!-()EFG)$#5)LJ=)!@SC)EFG)

$#5)LJ=)S1!P)EFBF),>9'7BJB)M-#5%&,D)K',5D-B#NB)

!

!"#! 1?HH$-. )

J=3&!@(2[!<%&423$%&!'=%!(0'3-3&1'3(+!(;!(2'=(:(+1)6!4=%-(&%)%4'3*%!C5KKC!2%14'3(+&!5&3+:!

'=%!%+=1+4%<!2%14'3*3',! (;!12(-1'34!,+1-3+%&.!J=%!2103<!02%0121'3(+!(;!12(-1'34!,+1-3+%&!

@1&! ;143)3'1'%<! $,! -342(@1*%O1&&3&'%<! &,+'=%&3&! GV! -3+! *%2&5&! BR! =! ;(2! $%+>3-3<1>()%!

,+1-3+%H.!d+1-3+%&!@%2%!&=(@+!'(!$%!2%14'3*%!&5$&'21'%&!3+!C5KKC!2%14'3(+&!3+!1!*123%',!(;!

4(+<3'3(+&!1+<!@3'=!1!@3<%!21+:%!(;!1>3<%&.!J=%!2%14'3*3',!<3;;%2%+4%&!$%'@%%+!,+1-3+%&!1+<!

1)30=1'34!1)[,+%&!@1&!%&'1$)3&=%<6!1))(@3+:!<3&423-3+1'3(+!$%'@%%+!'=%!'@(!1)[,+%&!3+!$('=!

3+'%2-()%45)12! 1+<! 3+'21-()%45)12! 4(+'%I'&! @3'=(5'! '=%! +%%<! ;(2! 02('%4'3+:! :2(50&.!

K<<3'3(+1)),6!&3),)!02('%4'3(+!(;!12(-1'34!,+1-3+%&!%+1$)%<!C5KKC!2%14'3(+&!'(!'1[%!0)14%!

@3'=! )%&&! 2%14'3*%! 1)[,+%! &5$&'21'%&! ;32&'.! J=%! =3:=%2! 2%14'3*3',! (;! 12(-1'34! ,+1-3+%&! @1&!

;52'=%2!<%-(+&'21'%<!3+!4(-0%'3'3(+!2%14'3(+&!@3'=!2%02%&%+'1'3*%!'%2-3+1)!1)[,+%&6!%*%+!3+!

'=%!02%&%+4%!(;!'=%!-(&'!4(-0%'3'3*%!1)[,+%&!02%*3(5&),!<%&423$%<!3+!'=%!)3'%21'52%.!Z3+1)),6!

'=%!5'3)3',!(;!1+!1>3<%!4=%)1'%O<32%4'%<!&'21'%:,!@1&!&=(@+!'(!$%!)3-3'%<!@=%+!1!2%<54'1+'!1+<!

)3:1+<!@%2%!3+4)5<%<!3+!'=%!2%14'3(+6!@=%2%1&!&3-3)12!,3%)<&!@%2%!($'13+%<!@3'=!(2!@3'=(5'!'=%!

N

N

TIPS

N

N3 N3

N

N

N N

N

N N

N
N

N

N

N N

N

N
N N

N

TBAF, Cu(OAc)2
MeCN

Cu(OAc)2
MeCN

then TBAF

Cu(OAc)2, AMTC, NaAsc
DMSO/H2O then TBAF

96%
82%

88%
73%

72% 85%

2.69 2.87d

2.65h 2.65a

2.73h 2.88d

2.73a 2.89



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! NB!

5&%!(;!2%<54'1+'W)3:1+<!@=%+!12(-1'34!,+1-3+%&!12%!5&%<.!J=%&%!;3+<3+:&!2%02%&%+'!1!+(*%)!

&'21'%:,!;(2!'=%!4=%-(&%)%4'3*%!)3:1'3(+!(;!$3(-()%45)%&.!!

!

!"B! *PK(-6H(+,$' )

!"D"N! :2&B21,3/&1L/4*>?21,3/

K))!2%1:%+'&!@%2%!5&%<!1&!&500)3%<! ;2(-!4(--%2431)!&(524%&!GZ3&=%26!Z)5(2(4=%-6!L3:-1 O

K)<234=H!1+<!5&%<!@3'=(5'!;52'=%2!0523;341'3(+!5+)%&&!('=%2@3&%!&'1'%<.!XMbOBTT!@1&!&500)3%<!

;2(-!KQC_.!L()*%+'&!@%2%!1))!9X]C!:21<%!1+<!@%2%!5&%<!@3'=(5'!;52'=%2!0523;341'3(+6!5+)%&&!

('=%2@3&%!&'1'%<.)

!"D"!! (1&>53-3/*7/@)*L9.,3/

! /@6)<:,(&"#-(#:K )

D7_!&0%4'2(&4(0,!@1&!41223%<!(5'!5&3+:!%3'=%2!1!Q25[%2!KEP!BTT!79>! \)'21L=3%)<h!QO

KCL!"T!&0%4'2(-%'%2!(2!KE!Q25[%2!Y_i!VTT!79> .!K))!4=%-341)!&=3;'&!G! H!@%2%!2%;%2%+4%<!

'(! '=%!<%5'%235-! )(4[!1+<!12%!2%0(2'%<!3+!012'&!0%2! -3))3(+!G00-H.!C(50)3+:!4(+&'1+'&!12%!

?5('%<!3+!=%2'>!G9>H.!K$$2%*31'3(+&!;(2!&0)3''3+:!01''%2+&!12%!&!G&3+:)%'H6!$2.!&!G$2(1<!&3+:)%'H6!

<!G<(5$)%'H6!'!G'230)%'H6!?!G?512'%'H6!100.!?53+'!G10012%+'!?53+'50)%'H!1+<!-!G-5)'30)%'H.!K))!D7_!

<1'1! @1&! 02(4%&&%<! 5&3+:! J(0L03+! P.A! &(;'@12%.! X2('(+! 1+<! 412$(+! 4=%-341)! &=3;'&! @%2%!

1&&3:+%<!5&3+:!02('(+!G#9H6!412$(+!G#PCH6!9%'%2(+54)%12!L3+:)%!j51+'5-!C(=%2%+4%!G9LjCH6!

9%'%2(+54)%12! 75)'30)%OQ(+<! C(22%)1'3(+! L0%4'2(&4(0,! G97QCH! 1+<! C(22%)1'3(+!

L0%4'2(&4(0,!GC8LdH.!

!

! V'>9'D) C3"#$%&#4"%:3K2@%--) <:,(&"#$,&"K) EVC2@<J) %+D) A'432W,";#"$%+(,)

V'>9'D)C3"#$%&#4"%:3K)EAWVCJ)

]C O7L! @1&! 41223%<! (5'! (+! 1+! K:3)%+'! 9X]C! 3+&'25-%+'! 3+! 4(+^5+4'3(+! @3'=! 1+! K:3)%+'!

j51<250()%!-1&&!<%'%4'(2.!M)%4'2(&021,!3(+3>1'3(+!GML/H!@1&!5&%<!3+!1))!41&%&.!9X]C!@1&!

41223%<!(5'!(+!1!Y3(+%I!\)'3-1'%!PTTT!&%23%&!3+&'25-%+'!G&%%!K00%+<3I!;(2!-%'=(<!1+<!4()5-+!

0121-%'%2&H.!!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! NV!

! M+;"%26,D)EM6J)<:,(&"#-(#:K))

/_!<1'1!@1&!4())%4'%<!(+!1+!K:3)%+'!&0%4'2(-%'%2!1+<!'=%!<1'1!02(4%&&%<!5&3+:!L0%4'25-!8+%!

&(;'@12%.!8+),!-1^(2!1$&(2$1+4%&!12%!2%0(2'%<!Gk!VT!SH.!!

!"D"$! O212)&>/@)*.2L9)23/

)

Q(+(-$')R-2E(5?-()4S)b%+%21)!4(+<3'3(+&!;(2!'=%!&,+'=%&3&!(;!12(-1'34!,+1-3+%&!GL4=%-%!

A.#RH!

J(! 1! <%:1&&%<! &()5'3(+! (;!1-3+% G#! %?53*.H6! XMbOBTT! GT.#! %?53*.H6! C5/! GT.TV! %?53*.H! 1+<!

C&AC8P!G#.A!%?53*.H!3+!#6BO<3(I1+%!GT.A!7H!5+<%2!12:(+!@1&!1<<%<!$2(-( OJ/XLO14%',)%+%!

!"B#!GA.A!%?53*.H.!J=%!-3I'52%!@1&!=%1'%<!'(!#"T!lC!3+!1!-342(@1*%!GQ3('1:%!/+3'31'(2e!L3I',H!

1+<!&'322%<!;(2!#!=6!1;'%2!@=34=!M'A8!GVT!-]H!@1&!1<<%<.!J=%!-3I'52%!@1&!@1&=%<!@3'=!1?.!

MYJK!G#T!-:W-]6!#T!-]H6!1+<!$23+%!GA!I!#T!-]H6!<23%<!(*%2!D1AL8 B!1+<!'=%+!4(+4%+'21'%<!

5+<%2!2%<54%<!02%&&52%.!J=%!2%&5)'3+:!2%&3<5%!@1&!0523;3%<!$,!;)1&=!4=2(-1'(:210=,!G&3)341!

:%)H!'(!02(*3<%!'=%!<%&32%<!4(-0(5+<.!

!

Q(+(-$')R-2E(5?-()TS)80'3-3&1'3(+!(;!'=%!&,+'=%&3&!(;!!"##$!GJ1$)%!A.AH)

J(!1!&()5'3(+!(;!#O%'=,+,)O#AO$%+>(m<n3-3<1>()%!!"#=!GN#!-:6!T.V!--()6!#!%?53*.H!1+<!$%+>,)!

1>3<%!!"#A$!G"P!o]6!T.V!--()6!#!%?53*.H!3+!A!-]!(;!&()*%+'!@1&!1<<%<!V!-()!S!41'1),&'.!J=%!

2%14'3(+!@1&!&'322%<!1'!2'!;(2!B!=6!1;'%2!@=34=!M'8K4!@1&!1<<%<.!J=%!-3I'52%!@1&!@1&=%<!@3'=!

1?.!MYJK!G#T!-:W-]6!#T!-]H!1+<!$23+%!GA!I!#T!-]H6!<23%<!(*%2!D1AL8 B!1+<!'=%+!4(+4%+'21'%<!

5+<%2!2%<54%<!02%&&52%.!J=%!2%&5)'3+:!2%&3<5%!@1&!0523;3%<!$,!;)1&=!4=2(-1'(:210=,!G&3)341!

:%)6!=%I1+%WM'8K4!PWNH!'(!02(*3<%!'=%!<%&32%<!4(-0(5+<.!

!

Q(+(-$')R-2E(5?-()/S) 80'3-3&1'3(+!(;!'=%!&,+'=%&3&!(;!!"#B$!GJ1$)%!A.PH)

J(!1!&()5'3(+!(;!/ O0=%+,)O" O=%0',+1-3<%!!"#@!G##!-:6!T.TV!--()6!#!%?53*.H!1+<!$%+>,)!1>3<%!

!"#A$!G"!o]6!T.TV!--()6!#!%?53*.H!3+!#!-]!(;!&()*%+'!@1&!1<<%<!V!-()!S!41'1),&'.!J=%!2%14'3(+!

@1&!&'322%<!1'!2'!;(2!#"!=6!1;'%2!@=34=!M'8K4!@1&!1<<%<.!J=%!-3I'52%!@1&!@1&=%<!@3'=!1?.!

MYJK!G#T!-:W-]6!#T!-]H!1+<!$23+%!GA!I!#T!-]H6!<23%<!(*%2!D1AL8 B!1+<!'=%+!4(+4%+'21'%<!

5+<%2!2%<54%<!02%&&52%.!J=%!2%&5)'3+:!2%&3<5%!@1&!0523;3%<!$,!;)1&=!4=2(-1'(:210=,!G&3)341!

:%)6!=%I1+%WM'8K4!PWNH!'(!02(*3<%!'=%!<%&32%<!4(-0(5+<.!

!

Q(+(-$')R-2E(5?-()JS)L,+'=%&3&!(;!4(-0(5+<&!!"##$M+!GL4=%-%!A.#UH)

J(!1!&()5'3(+!(;!#O%'=,+,)O#AO$%+>(m<n3-3<1>()%!!"#=!GN#!-:6!T.V!--()6!#!%?53*.H!1+<!1>3<%!

!"#A$M+!GT.V!--()6!#!%?53*.H!3+!A!-]!(;!&()*%+'!@1&!1<<%<!C5G8K4HA!GB.V!-:6!T.TP!--()6!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! N"!

T.TV!%?53*.H.!J=%!2%14'3(+!@1&!&'322%<!1'!2'!;(2!#"!=6!$%;(2%!$%3+:!;3)'%2%<!'=2(5:=!4%)3'%!1+<!

4(+4%+'21'%<! 5+<%2! 2%<54%<! 02%&&52%.! J=%! 2%&5)'3+:! 2%&3<5%! @1&! 0523;3%<! $,! ;)1&=!

4=2(-1'(:210=,!G&3)341!:%)H!'(!02(*3<%!'=%!<%&32%<!4(-0(5+<&.!

!

Q(+(-$')R-2E(5?-()*S)80'3-3&1'3(+!(;!'=%!&,+'=%&3&!(;!!"B=$!GJ1$)%!A.BH)

J(!1!&()5'3(+! (;!5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole)!"#<!GVT!

-:6!T.#V!--()6!#!%?53*.H!1+<!$%+>,)!1>3<%!!"#A$!G#U!o]6!T.#V!--()6!#!%?53*.H!3+!#!-]!(;!

&()*%+'!@1&!1<<%<!<%02('%4'3+:!1:%+'!G#.#!%?53*.H!;())(@%<!$,!4(00%2!41'1),&'!GT.TV!%?53*.H.!

J=%!2%14'3(+!@1&!&'322%<!1'!2'!1+<!-(+3'(2%<!$,!J]C!G=%I1+%WM'8K4!#W#H!5+'3)!4(-0)%'3(+6!

1;'%2!@=34=!M'8K4!@1&!1<<%<.!J=%!-3I'52%!@1&!@1&=%<!@3'=!1?.!MYJK!G#T!-:W-]6!#T!-]H!

1+<!$23+%!GA!I!#T!-]H6!<23%<!(*%2!D1AL8 B!1+<!'=%+!4(+4%+'21'%<!5+<%2!2%<54%<!02%&&52%.!J=%!

2%&5)'3+:! 2%&3<5%! @1&! 0523;3%<! $,! ;)1&=! 4=2(-1'(:210=,! G&3)341! :%)6! =%I1+%WM'8K4! PWNH! '(!

02(*3<%!'=%!<%&32%<!4(-0(5+<.!

!

Q(+(-$')R-2E(5?-()LS)80'3-3&1'3(+!(;!'=%!&,+'=%&3&!(;!!"B=$W!"B@$!GZ3:52%!A.PH)

J(!1!&()5'3(+! (;!5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole)!"#<!G#T!

-:6!T.TP#!--()6!#!%?53*.H6!G$5'OPO,+O#O,)(I,H$%+>%+%!!"B! !GV!-:6!T.TP#!--()6!#!%?53*.H!1+<!

$%+>,)!1>3<%!!"#A$!GB!o]6!T.TP#!--()6!#!%?53*.H!3+!#!-]!(;!&()*%+'!@1&!1<<%<!<%02('%4'3+:!

1:%+'!GT.TPB!--()6!#.#!%?53*.H!;())(@%<!$,!4(00%2!41'1),&'!GT.TV!%?53*.H.!J=%!2%14'3(+!@1&!

&'322%<!1'!2'!;(2!#"!=6!1;'%2!@=34=!M'8K4!@1&!1<<%<.!J=%!-3I'52%!@1&!@1&=%<!@3'=!1?.!MYJK!

G#T!-:W-]6!V! -]H!1+<!$23+%!GA! I!V! -]H6!<23%<!(*%2!D1AL8 B!1+<! '=%+!4(+4%+'21'%<!5+<%2!

2%<54%<! 02%&&52%.! D7_! (;! 425<%! -1'%231)! @1&! 5&%<! '(! <%'%2-3+%! 4(-0(5+<! 3<%+'3',! 1+<!

4(-0(&3'3(+.!

!

Q(+(-$')R-2E(5?-()QS)L,+'=%&3&!(;!4(-0(5+<&!!"B=$M0!GL4=%-%!A.APH!)

J(!1!&()5'3(+! (;!5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole)!"#<!GBV!

-:6!T.#B!--()6!#!%?53*.H6!G$5'OPO,+O#O,)(I,H$%+>%+%!!"B! !GAT!-:6!T.#B!--()6!#!%?53*.H!1+<!

1>3<%!!"#A$M0!GT.#B!--()6!#!%?53*.H!3+!7%CD!G#!-]H!@1&!1<<%<!JQKZ!GBU!µ]6!T.#V!--()6!

#.#!%?53*.H!;())(@%<!$,!C5G8K4HA!G#!-:6!T.TTN!--()6!T.TV!%?53*.H.!J=%!2%14'3(+!@1&!&'322%<!

1'!2'!;(2!#"!=6!1;'%2!@=34=!M'8K4!@1&!1<<%<.!J=%!-3I'52%!@1&!@1&=%<!@3'=!1?.!MYJK!G#T!

-:W-]6! #T! -]H! 1+<! $23+%! GA! I! #T! -]H6! <23%<! (*%2! D1AL8 B!1+<! '=%+! 4(+4%+'21'%<! 5+<%2!

2%<54%<!02%&&52%.!J=%!2%&5)'3+:!2%&3<5%!@1&!0523;3%<!$,!;)1&=!4=2(-1'(:210=,!G&3)341!:%)H!'(!

02(*3<%!'=%!<%&32%<!4(-0(5+<&.!

!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! NN!

Q(+(-$')R-2E(5?-()US)L,+'=%&3&!(;!4(-0(5+<&!!"B@$M0)GL4=%-%!A.APH)

J(!1!&()5'3(+! (;!5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole)!"#<!GBV!

-:6!T.#B!--()6!#!%?53*.H6!G$5'OPO,+O#O,)(I,H$%+>%+%!!"B! !GAT!-:6!T.#B!--()6!#!%?53*.H!1+<!

1>3<%!!"#A$M0!GT.#B!--()6!#!%?53*.H!3+!Y7L8W9A8!G#W#6!#!-]H!@1&!1<<%<!K7JC!GP!-:6!

T.T#B!--()6!T.#!%?53*.H!;())(@%<!$,!C5G8K4HA!G#!-:6!T.TTN!--()6!T.TV!%?53*.H!1+<!D1K&4!

GP!-:6!T.T#B!--()6!T.#!%?53*.H.!J=%!2%14'3(+!@1&!&'322%<!1'!2'!;(2!#"!=6!1;'%2!@=34=!M'8K4!@1&!

1<<%<.!J=%!-3I'52%!@1&!@1&=%<!@3'=!1?.!MYJK!G#T!-:W-]6!#T!-]H!1+<!$23+%!GA!I!#T!-]H6!

<23%<!(*%2!D1AL8 B!1+<!'=%+!4(+4%+'21'%<!5+<%2!2%<54%<!02%&&52%.!J=%!2%&5)'3+:!2%&3<5%!@1&!

0523;3%<!$,!;)1&=!4=2(-1'(:210=,!G&3)341!:%)H!'(!02(*3<%!'=%!<%&32%<!4(-0(5+<&.!

!

Q(+(-$')R-2E(5?-()VS!L,+'=%&3&!(;!4(-0(5+<!!"B=$!GL4=%-%!A.AVH.!!

J(!1!&()5'3(+!(;!V6"O<3-%'=,)O#OGG'233&(02(0,)&3),)H%'=,+,)HO#AO$%+>(mDn3-3<1>()%!!"#<!G#PA!

-:6!T.B#!--()6!#!%?53*.H6!1)[,+%!!"CB$M(!GT.B#!--()6!#!%?53*.H!1+<!$%+>,)!1>3<%!!"#A$!GVP!

o]6!T.B#!--()6!#!%?53*.H!3+!7%CD!GA!-]H!@1&!1<<%<!JQKZ!G#BN!µ]6!T.BV!--()6!#.#!%?53*.H!

;())(@%<!$,!C5G8K4HA!GP!-:6!T.TA!--()6!T.TV!%?53*.H.!J=%!2%14'3(+!@1&!&'322%<!1'!2'!;(2!#"!=6!

1;'%2!@=34=!M'8K4!@1&!1<<%<.!J=%!-3I'52%!@1&!@1&=%<!@3'=!1?.!MYJK!G#T!-:W-]6!#T!-]H!

1+<!$23+%!GA!I!#T!-]H6!<23%<!(*%2!D1AL8 B!1+<!'=%+!4(+4%+'21'%<!5+<%2!2%<54%<!02%&&52%.!J=%!

2%&5)'3+:! 2%&3<5%! @1&! 0523;3%<! $,! ;)1&=! 4=2(-1'(:210=,! G&3)341! :%)H! '(! 02(*3<%! '=%! <%&32%<!

4(-0(5+<. !

)

Q(+(-$')R-2E(5?-()WS)L,+'=%&3&!(;!4(-0(5+<&!!"CC$M(!GL4=%-%!A.AVH.!!

J(!1!&()5'3(+!(;!V6"O<3-%'=,)O#OGG'233&(02(0,)&3),)H%'=,+,)HO#9O$%+>(m<n3-3<1>()%!!"#<!G#PA!

-:6!T.B#!--()6!#!%?53*.H6!1)[,+%!!"CB$M(!GT.B#!--()6!#!%?53*.H!1+<!$%+>,)!1>3<%!!"#A$!GVP!

o]6!T.B#!--()6!#!%?53*.H!3+!Y7L8W9A8!G#W#6!#!-]H!@1&!1<<%<!K7JC!GU!-:6!T.TB#!--()6!

T.#!%?53*.H!;())(@%<!$,!C5G8K4HA!GP!-:6!T.TA!--()6!T.TV!%?53*.H!1+<!D1K&4!GU!-:6!T.TB#!

--()6!T.#!%?53*.H.!J=%!2%14'3(+!@1&!&'322%<!1'!2'!;(2!#"!=6!1;'%2!@=34=!M'8K4!@1&!1<<%<.!J=%!

-3I'52%!@1&!@1&=%<!@3'=!1?.!MYJK!G#T!-:W-]6!#T!-]H!1+<!$23+%!GA!I!#T!-]H6!<23%<!(*%2!

D1AL8 B!1+<!'=%+!4(+4%+'21'%<!5+<%2!2%<54%<!02%&&52%.!J=%!2%&5)'3+:!2%&3<5%!@1&!0523;3%<!$,!

;)1&=!4=2(-1'(:210=,!G&3)341!:%)H!'(!02(*3<%!'=%!<%&32%<!4(-0(5+<&.!

!

!"D"' ! /451,62,-./=)*.2L9)23/

! W"#D9(&);"#$)<(3,$,)IBF^)

!"BD$S)#OGGJ233&(02(0,)&3),)H%'=,+,)HO#AO$%+>(mDn3-3<1>()O" O1-3+%!)

)



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! NR!

!
X2%012%<!144(2<3+:! '(!b%+%21)!X2(4%<52%!K!5&3+:!#AO$%+>(mDn3-3<1>()OVO1-3+%!!"BA)G#!:6!

N.V!--()6!#!%?53*.H6!4%&35-!412$(+1'%!GP!:6!U!--()6!#.A!%?53*.H6!4(00%2!3(<3<%!GNA!-:6!T.PR!

--()6!T.TV!%?53*.H6!XMbOBTT!G#.P!:H!1+<!G$2(-(%'=,+,)H'233&(02(0,)&3)1+%!!"B#!GB.P!:6!#".V!

--()6! A.A! %?53*.H!3+! <3(I1+%! G#T! -]H.! J=%! 2%&5)'3+:! 2%&3<5%!@1&! 0523;3%<! $,!;)1&=!

4=2(-1'(:210=,! G&3)341!:%)6!TOPTS!M'8K4W=%I1+%H!'(!02(*3<%!'=%!<%&32%<!02(<54'!1&!1!@=3'%!

&()3<!GT.V!:6!AASH.!!
; UMXYZ !GCYC)P6!BTT!79>Hp!q!N.R"!G&6!#96!K2O9H6!N.VP!G<6!_!r!R.B!9>6!#96!K2O9H6!".NN!G<6!_!

r!#.V!9>6!#96!K2O9H6!".NT!G<<6!_!r!R.V6!#.V!9>6!#96!K2O9H6!P.R"!G$2.!&6!A96!D9AH6!#.#V!G$2.!&6!

A#96!J/XLH.!!
;= / MXYZ !GCYC)P6!#TT!79>Hp!q!#BB.A6!#B#.A6!#PV.B6!#PB.V6!#AT.N6!##A.U6!UV.B6!UT.T6!N#.U6!

#R.#6!#T.N.!!

VZ)[H$P!G+%1'Hp!PP"#6!PATU6!AUB#6!AR"P6!A#RV6!#"#U6!#BUR6!#BVU6!#ATU6!#TNA6!RRB6!RA#6!NB"!

4- O#.!

UZY1 !GML/Hp!C#R9 ARDPL3!m7e9ne!41)45)1'%<!P#B.ATVA6!;(5+<!P#B.ATBN.!

!
!"BD&S)#OGGJ233&(02(0,)&3),)H%'=,+,)HO#AO$%+>(mDn3-3<1>()OVO1-3+%!)

)

!

X2%012%<!144(2<3+:! '(!b%+%21)!X2(4%<52%!K!5&3+:!#AO$%+>(mDn3-3<1>()OVO1-3+%!!"BA!G#!:6!

N.V!--()6!#!%?53*.H6!4%&35-!412$(+1'%!GP!:6!U!--()6!#.A!%?53*.H6!4(00%2!3(<3<%!GNA!-:6!T.PR!

--()6!T.TV!%?53*.H6!XMbOBTT!G#.P!:H!1+<!G$2(-(%'=,+,)H'233&(02(0,)&3)1+%!!"B#!GB.P!:6!#".V!

--()6! A.A! %?53*.H!3+! <3(I1+%! G#T! -]H.! J=%! 2%&5)'3+:! 2%&3<5%!@1&! 0523;3%<! $,!;)1&=!

4=2(-1'(:210=,! G&3)341!:%)6!VTO#TTS!M'8K4W=%I1+%H!'(!02(*3<%!'=%!<%&32%<!02(<54'!1&!1!@=3'%!

&()3<!GT.P!:6!#VSH.!!
; UMXYZ !GCYC)P6!BTT!79>Hp!q!N.UN!G&6!#96!K2O9H6!N.AU!G<6!_!r!R.B!9>6!#96!K2O9H6!N.T"!G&6!

#96!K2O9H6!".NU!G<6!_!r!R.A!9>6!#96!K2O9H6!P.NV!G$2.!&6!A96!D9AH6!#.#V!G$2.!&6!A#96!J/XLH.!!
;= / MXYZ !GCYC)P6!#TT!79>Hp!q!#BB.T6!#BP.R6!#BP.#6!#AR.A6!##B.B6!###.P6!#TV."6!UT."6!NA.B6!

#R.N6!##.P.!!

VZ)[ H$P!G+%1'Hp!PPPT6!PATR6!AUBP6!PR"B6!A#R#6!#"A#6!#VUB6!#BR"6!#BVT6!#APR6!##B#6!UUB6!RVB!

4- O#.!

N

N

TIPS

H2N

N

N

TIPS

H2N



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! NU!

UZY1 !GML/Hp!C#R9 ARDPL3!m7e9en!41)45)1'%<!P#B.ATVA6!;(5+<!P#B.ATBV.!

!

!"B;$S)G#OGGJ233&(02(0,)&3),)H%'=,+,)HO#AO$%+>(mDn3-3<1>()O" O,)H-%'=1+())

!

!
X2%012%<!144(2<3+:!'(!b%+%21)!X2(4%<52%!K!5&3+:!G#AO$%+>(mDn3-3<1>()O" O,)H-%'=1+()!!"BB!

G#!:6!".R!--()6!#!%?53*.H6!4%&35-!412$(+1'%!GA."!:6!R.#!--()6!#.A!%?53*.H6!4(00%2!3(<3<%!G"B!

-:6!T.PB!--()6!T.TV!%?53*.H6!XMbOBTT!G#.#!:H!1+<!G$2(-(%'=,+,)H'233&(02(0,)&3)1+%!!"B#!GP.U!

:6!#B.U!--()6!A.A!%?53*.H!3+!<3(I1+%!G##!-]H.!J=%!2%&5)'3+:!2%&3<5%!@1&!0523;3%<!$,!;)1&=!

4=2(-1'(:210=,! G&3)341!:%)6!VTONTS!M'8K4W=%I1+%H!'(!02(*3<%!'=%!<%&32%<!02(<54'!1&!1!,%))(@!

(3)!GPTB!-:6!#BSH.!!
; UMXYZ !GCYC)P6!BTT!79>Hp!q!R.TA!G&6!#96!K2O9H6!N."R!G<6!_!r!R.P!9>6!#96!K2O9H6!N.V"!G&6!

#96!K2O9H6!N.PT!G<<6!_!r!R.P6!#.V!9>6!#96!K2O9H6!B.RP!G&6!A96!C9AH6!P.AP!G$2.!&6!#96!89H6!#.#B!

G$2.!&6!A#96!J/XLH.!!
;= / MXYZ !GCYC)P6!#TT!79>Hp!q!#BB.P6!#PR.P6!#AP.B6!#A#.T6!#TU."6!"V."6!#R.R6!##.B.!

VZ)[H$P!G+%1'Hp!PAUT6!AUPN6!ARRV6!ARVU6!A#R#6!#"A#6!#VTT6!#BBB6!#AR#6!#A#U6!#TNB6!RRP6!R#R!

4- O#.!

UZY1 !GML/Hp!C#U9 ARDA8L3!m7e9ne!41)45)1'%<!PAU.ATBB6!;(5+<!PAU.ATBV.!

!

!"B;&S)G#OGGJ233&(02(0,)&3),)H%'=,+,)HO#AO$%+>(mDn3-3<1>()OVO,)H-%'=1+()!

)

!
X2%012%<!144(2<3+:!'(!b%+%21)!X2(4%<52%!K!5&3+:!G#AO$%+>(mDn3-3<1>()O" O,)H-%'=1+()!!"BB!

G#!:6!".R!--()6!#!%?53*.H6!4%&35-!412$(+1'%!GA."!:6!R.#!--()6!#.A!%?53*.H6!4(00%2!3(<3<%!G"B!

-:6!T.PB!--()6!T.TV!%?53*.H6!XMbOBTT!G#.#!:H!1+<!G$2(-(%'=,+,)H'233&(02(0,)&3)1+%!!"B#)GP.U!

:6!#B.U!--()6!A.A!%?53*.H!3+!<3(I1+%!G##!-]H.!J=%!2%&5)'3+:!2%&3<5%!@1&!0523;3%<!$,!;)1&=!

4=2(-1'(:210=,! G&3)341!:%)6!VTONTS!M'8K4W=%I1+%H!'(!02(*3<%!'=%!<%&32%<!02(<54'!1&!1!@=3'%!

&()3<!GT.B!-:6!#RSH.!!

N

N

TIPS

HO

N

N

TIPS

HO



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! RT!

; UMXYZ !GCYC)P6!BTT!79>Hp!q!R.TR!G&6!#96!K2O9H6!N.RTsN.NU!G- 6!#96!K2O9H6!N.VP!G<6!_!r!R.P!

9>6!#96!K2O9H6!N.BP!G<<6!_!r!R.P6!#.B!9>6!#96!K2O9H6!B.RA!G<6!_!r!V."!9>6!A96!C9AH6!#.UP!G'6!_!

r!V.U!9>6!#96!89H6!#.#N!G$2.!&6!A#96!J/XLH.!!
;= / MXYZ !GCYC)P6!#TT!79>Hp!q!#PN.B6!#AB.B6!##U.B6!###.A6!NP.P6!"V."6!"T.V6!A#.A6!#R.R6!##.B.!

VZ)[H$P!G+%1'Hp!PAU"6!AUPN6!ARRV6!ARVU6!A#RR6!#BUR6!#B"P6!#BPU6!#ANN6!#ATP6!#TUV6!RRP6!NR"!

4- O#.!

UZY1 !GML/Hp!C#U9 ARDA8L3!m7e9ne!41)45)1'%<!PAU.ATBB6!;(5+<!PAU.ATBV.!

!

!"#<S)V6"OY3-%'=,)O#OGG'233&(02(0,)&3),)H%'=,+,)HO#AO$%+>(mDn3-3<1>()%#"V!

)

!
X2%012%<!144(2<3+:! '(!b%+%21)!X2(4%<52%!K!5&3+:!V6"O<3-%'=,)O#AO$%+>(mDn3-3<1>()%!!"BC!

G#!:6!".R!--()6!#!%?53*.H6!4%&35-!412$(+1'%!GA.N!:6!R.A!--()6!#.A!%?53*.H6!4(00%2!3(<3<%!G"V!

-:6!T.PB!--()6!T.TV!%?53*.H6!XMbOBTT!G#.#!:H!1+<!G$2(-(%'=,+,)H'233&(02(0,)&3)1+%!!"B#!GA!

:6!N.V! --()6! #.#!%?53*.H!3+!<3(I1+%!G##! -]H.!J=%!2%&5)'3+:! 2%&3<5%!@1&!0523;3%<!$,!;)1&=!

4=2(-1'(:210=,! G&3)341!:%)6!=%I1+%WM'8K4!UW#H!'(!02(*3<%!'=%!<%&32%<!02(<54'!1&!1+!(21+:%!(3)!

G#.R!:6!R#SH.!!
; UMXYZ !GCYC)P6!VTT!79>Hp!q!N.U"!G&6!#96!K2O9H6!N.VV!G&6!#96!K2O9H6!N.AU!G&6!#96!K2O9H6!

A.B#!G&6!P96!C9PH6!A.PR!G&6!P96!C9PH6!#.NAs#."B!G-6!A#96!J/XLH.!
;=/ MXYZ !GCYC)P6!#TT!79>Hp!q!#BP.#6!#BT.B6!#PB.P6!#PP.#6!#PP.T6!#AT.U6!###.A6!UT.N6!NA.V6!

AT.N6!AT.P6!#R.R6!##.B.!

!

!"#CS)#OGGJ233&(02(0,)&3),)H%'=,+,)HO#AO$%+>(mDn3-3<1>()%#"V!

)

!
X2%012%<!144(2<3+:! '(!b%+%21)!X2(4%<52%!K!5&3+:!V6"O<3-%'=,)O#AO$%+>(mDn3-3<1>()%!!"B<!

GA!:6!#".U!--()6!#!%?53*.H6!4%&35-!412$(+1'%!G"."!:6!AT.P!--()6!#.A!%?53*.H6!4(00%2!3(<3<%!

G#"T!-:6!T.RV!--()6!T.TV!%?53*.H6!XMbOBTT!GA.A!:H!1+<!G$2(-(%'=,+,)H'233&(02(0,)&3)1+%!!"B#!

GB.U!:6!#R."!--()6!#.#!%?53*.H!3+!<3(I1+%!G#T!-]H.!J=%!2%&5)'3+:!2%&3<5%!@1&!0523;3%<!$,!;)1&=!

N

N

TIPS

N

N

TIPS



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "#!

$%&'()*'+&),%-!./010$)!+213!%24)5267*89$!:6#;!*'!,&'<0=2!*%2!=2/0&2=!,&'=>$*!)/!)5!'&)5+2!'01!

.?@A!+3!":B;@!!
! " #$%& !.CDC1E3!AFF!GHI;J!K!"@F"!./3!#H3!9&LH;3!M@"#!.=3!B)N)"@E)HI3!#H3!9&LH;3!M@AO!.=3!B)

N)"@#)HI3!#H3!9&LH;3!M@?EPM@?F!.( 3!#H3!9&LH;3!M@EO!.*=3!B)N)M@:3!#@#)HI3!#H3!9&LH;3!#@#M!.Q&@!

/3!R#H3!STUV;@!'
!( ) #$%& !.CDC1E3!#FF!GHI;J!K!#?E@M3!#?#@"3!#E?@O3!#R?@"3!#R?@F3!#RF@"3!###@F3!:F@#3!ME@F3!

#"@O3!#M@M@!

'

! C"#D9(&);"#$)E%F5,)GHI)

*+,-./' AL.#LW25I-1L#AL#3R3EL*&0)I'1L?L-1;L/ L,%25-1,25*)5)(0=2''

'

!
U&2,)&2=!)$$'&=05+!*'!X252&)1!U&'$2=>&2!C!>/05+!/ L,%25-1LOL%2,*-5)(0=2!*+,0!.##!(+3!F@FA!

(('13!#!2Y>0<@;3!Q25I-1!)I0=2!*+,1. !.O!Z[3!F@FA!(('13!#!2Y>0<@;3!9GSC!.#!(+3!F@FFA!(('13!

F@#!2Y>0<@;3!C>V8?!.F@?!(+3!F@FFRA!(('13!F@FA!2Y>0<@;!)5=!\)9/$!.#!(+3!F@FFA!(('13!F@#!

2Y>0<@;!05!G28H6HR8!.#6#3!#!([;@!S%2!&2/>1*05+!&2/0=>2!])/!,>&0^02=!Q-!̂1)/%!$%&'()*'+&),%-!

./010$)!+213!%24)5267*89$!E6M;!*'!,&'<0=2!*%2!=2/0&2=!,&'=>$*!)/!)!]%0*2!/'10=!.#F"!(+3!:EB;@!!
! " #$%& !.CDC1E3!?FF!GHI;J!K!"@##!./3!#H3!*&0)I'12LH;3!M@A:PM@AO!.(3!RH3!9&LH;3!M@EAPM@E?!

.(3!AH3!9&LH;3!M@R:PM@RR!.(3!RH3!9&LH;3!M@FMPM@F?!.(3!#H3!9&LH;3!A@?O!./3!RH3!Q25I-10$!CHR;3!

R@ME!.*3!B)N)M@F!HI3!RH3!*&0)I'12LCHR;3!R@E:!.*3!B)N!O@M)HI3!RH3!C8LCHR;3!#@MA!.Q&@!/3!?H3!CHR;@!
!( ) #$%& !.CDC1E3!#RA!GHI;J!K!#M#@O3!#E"@?3!#E?@"3!#R:@R3!#R:@F3!#R"@"3!#R"@#3!#R?@F3!##:@:3!

A?@E3!EM@#3!R:@"3!R"@O3!RA@E3!RA@F@!!
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-%$'+,%1*,,'(/8! 73'(/!""" U(Ne8! +6! )+;C+7($!$%@4! K+2*I*-8! .'/.,0! %)&'I%&*$8! &.73! *O&-*;*,0!

7(3&%1,*8!%?'$*3!2*-*! (*)*33%-0!6+-!C*-6+-;'(/!&.*!3*)+($! ,'/%&'+(!2'&.+7&! )%&%,03&!2.').!

-*;%'(!%!,';'&%&'+(!&+!&.'3!C,%&6+-;4!!
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CuSO4, NaAsc
THF/H2O

MW, 100 ¡C, 5 min

1) TFA/TIS (95/5), 3h, rt
2) 3.4, DMF, 2,6-lutidine, 1h, rt
3) TFA/TIS/H2O (95/2.5/2.5), 3h, rt
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@%"'+,)A%&'&)

!

! "#>!

! )C9%5)D%E,55'+4)9-'+4)<,>9,+&'%5)F9!!F)D'4%&'#+)%+G)J,&#+,)F#+G,+-%&'#+)

@3!3&%&*$!C-*I'+73,08!<*&+(*!)+($*(3%&'+(!.%3!&.*!%$I%(&%/*!+6!1*'(/!+-&.+/+(%,!&+2%-$!+&.*-!

1'+=+-&.+/+(%,!;*&.+$+,+/'*3!$7*!&+!'&3!3'(/7,%-!-*%)&'I'&04!5.*-*6+-*8!&.*!)+;1'(%&'+(!+6!1+&.!

<*&+(*!)+($*(3%&'+(!%($!97@@9!-*%)&'+(!.%3!%!/-*%&!C+&*(&'%,!6+-!#+,2:#&!3'&*=3*,*)&'I*!;7,&' =

67()&'+(%,'3%&'+(!+6!1'+;+,*)7,*34!Q7%,!,%1*,,'(/!+6!)%,;+$7,'(!F9%AJ8!%!71'H7'&+73!-*/7,%&+-!

C-+&*'(! '(I+,I*$! '(! 3*I*-%,! )%,)'7; =;*$'%&*$! C-+)*33*38"Rf ! .%3! 37))*3367,,0! 1**(!

%))+;C,'3.*$!73'(/!&.'3!3&-%&*/0!FD).*;*!N4_J4"RR!!@,<0(0,,03'(*!%($!: =%)*&0,C.*(0,%,%('(*!

2*-*! 6'-3&! /*(*&')%,,0! '()+-C+-%&*$! '(&+! 9%A! '(! C+3'&'+(! ""N! %($! NE8! -*3C*)&'I*,04! Q7%,!

,%1*,,'(/!73'(/!.0$-%?'(*!$%B!%($!%?'$*!$%C8!'(!&.*!C-*3*()*!+6!97D:E!%($!M%@3)8!%,,+2*$!&.*!

'(&*/-%&'+(! +6! &.*! &2+! 6,7+-+C.+-*3! 90N! %($! 90>! &+! &.*! 303&*;4! YB[5! %(%,03'3! 2%3! &.*(!

C*-6+-;*$!'(!+-$*-!&+!;+('&+-!9%Ag3!)+(6+-;%&'+(%,!).%(/*!7C+(!)%,)'7;!1'($'(/4!!

!

!
()*+,+-$%B%-Q7%,!,%1*,,'(/!+6!9%A!7'%!97@@9!%($!.0$-%?'(*!-*%)&'+(34"RR!

!

@,&*-(%&'I*,08!C-+&*'(3!.%I*!1**(!;+$'6'*$!73'(/!%(!%,$*.0$*!67()&'+(%,!/-+7C8!2.').!)+7,$!

&.*(! 1*! -*%)&*$! &+! 6+-;! %(! +O';*! FD).*;*! N4fJ4#GG! U(! &.'3! 3&7$0! &.*! %7&.+-3! ;7,&'=

67()&'+(%,'3*$!&.*!/-**(!6,7+-*3)*(&!C-+&*'(!FhYLJ!10!)+;1'('(/!97@@9!%($!+O';*!,'/%&'+(34!

5.'3!%,,+2*$!&.*! '(&-+$7)&'+(!+6!3*I*-%,!67()&'+(%,'&'*38!37).!%3!5@AB@8!6,7+-*3)*'(!%($!

$%(30,! $0*3! +-! %! C+,0*&.0,*(*! /,0)+,! FL[hJ! /-+7C4! K+2*I*-8! &.'3! %CC-+%).! -*,'*3! +(! &.*!

3C*)'6')!C-*(0,%&'+(!+6!C-+&*'(3!)+(&%'('(/!%!F=&*-;'(%,!9%%i!;+&'6!F9!j!)03&*'(*8!%!j!%,'C.%&')!

%;'(+!%)'$!%($!i!j!A*&8!D*-8!h,(8!@,%!+-!903J8!)+(3'$*-%1,0!,';'&'(/!'&3!-%(/*!+6!%CC,')%&'+(34!!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "#\ !

!
()*+,+-$%C%-Q7%,!,%1*,,'(/!+6!hYL!7'%)97@@9!%($!+O';*!,'/%&'+(34#GG!

!

5.'3! %CC-+%).! .%3! -*)*(&,0! 1**(! *OC%($*$! &+! &.*! $7%,! ;+$'6')%&'+(! +6! %! ,'C%3*! 73'(/! %(!

%,$*.0$*=;+$'6'*$! @@! '()+-C+-%&*$! %&! &.*!/ =&*-;'(%,! C+3'&'+(4#G"! K'/.! 3*,*)&'I'&0! 2%3!

+13*-I*$! 2.*(! 73'(/! &.'3! 3&-%&*/0! 6+-! $7%,! ;+$'6')%&'+(! +6! C-+&*'(34! K+2*I*-8! &.*! C++-!

3*,*)&'I'&0!C-*I'+73,0!+13*-I*$!2'&.!<*&+(*!)+($*(3%&'+(!-*%)&'+(3!,';'&3!'&3!%CC,')%1','&0!&+!

'+!7'&"#!3&7$'*34#G#!!

!

! C9%5)D%E,55'+4)9-'+4)<,>9,+&'%5)F9!!F)%+G)<K!!F)D'4%&'#+-)

Q7%,!,%1*,,'(/!+6!1'+;+,*)7,*3!)+;1'('(/!97@@9!%($!DL@@9!;*&.+$+,+/'*3!.%3!6'-3&!1**(!

$*3)-'1*$!10!S+,61*'3!,&)%5B!'(!#GGR4#GN!5%<'(/!%$I%(&%/*!+6!&.*!-*%)&'I'&0!$'66*-*()*!1*&2**(!

&*-;'(%,!%($!3&-%'(*$!%,<0(*38!&.*!%7&.+-3!2*-*!%1,*!&+!;7,&'=67()&'+(%,'3*!3',')%=(%(+C%-&'),*3!

+-!C-+&*'(38!37).!%3!1+I'(*!3*-7;!%,17;'(!FVD@J8!)+;;+(,0!73*$!6+-!3*I*-%,!1'+).*;')%,!

%33%034!BL=KLX9!%(%,03*3!6+-!&.*!,'/%&'+(3!.%I*!3.+2(!.'/.!)+(I*-3'+(!Fk!_\PJ!%($!3'&*=

3*,*)&'I'&0!6+-!&.*!DL@@9!,'/%&'+(34!K+2*I*-8! "#! .!2%3!-*H7'-*$!6+-!&.*! -*%)&'+(!&+!-*%).!

)+;C,*&'+(4! 5.*! 3,+2! -*%)&'+(! -%&*! 1-'(/3! &.*! $'3%$I%(&%/*! +6! -*H7'-'(/! .'/.*-! -*%/*(&!

)+()*(&-%&'+(8!&.*-*6+-*!BL=KLX9!C7-'6')%&'+(!'3!(*)*33%-0!1*&2**(!&.*!&2+!,'/%&'+(3!&+!%I+'$!

)-+33=-*%)&'I'&0! 1*&2**(! &.*! &*-;'(%,! %,<0(*! %($! *O)*33! %?'$*8! +()*! &.*! )+CC*-=)%&%,03&! '3!

%$$*$!&+!&.*!303&*;4!M+(*&.*,*338!&.'3!%CC-+%).!.%3!1**(!3.+2(!&+!1*!*66')'*(&!6+-!3*I*-%,!

%CC,')%&'+(34!9+;1'('(/!DL@@98!97@@9!%($!%!C-+&*)&'+(T$*C-+&*)&'+(!3&-%&*/08!V++(3!,&)%5B!

2*-*! %1,*! &+! ;7,&'=67()&'+(%,'3*! $*($-';*-3g! 37-6%)*4#GE! Q*($-';*-38! )+(&%'('(/! ;7,&' =

67()&'+(%,'&'*3!%&!&.*'-!37-6%)*8!.%I*!1**(!3&7$'*$!6+-!&.*'-!C-+;'3'(/!).%-%)&*-'3&')3!6+-!$-7/!

$*,'I*-0!%3!&.*0!)%(!)+;1'(*!&'337*!&%-/*&'(/!%($!';%/'(/!67()&'+(%,'&'*34!U(!&.'3!3&7$08!&.*!

%7&.+-3!$*I*,+C*$!%!;*&.+$+,+/08!-*,0'(/!+(!&.-**!3*H7*(&'%,!%?'$*T%,<0(*!)0),+%$$'&'+(3!6+-!

&.*!%33*;1,0!%($!;7,&'=67()&'+(%,'3%&'+(!+6!$*($-';*-3!FD).*;*!N4RJ4!
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@%"'+,)A%&'&)

!

! "#_!

!
()*+,+-$%E%-Q7%,!,%1*,,'(/!+6!$*($-';*-3!7'%)97@@9TDL@@9!,'/%&'+(34#GE!

!

Y'-3&8!%!QUV:=!%($!%(!%?'$*=;+$'6'*$!C+,0*3&*-!$*($-+(!2*-*!%33*;1,*$!7'%!DL@@9!,'/%&'+(4!

Q*3C'&*!&.*!3&*-')! .'($*-%()*!+6&*(!+13*-I*$!%&!$*($-+(!6+)%,!C+'(&3!2.').!+6&*(!-*37,&3! '(!

C++-!)+7C,'(/!)+(I*-3'+(38!DL@@9!,'/%&'+(!%66+-$*$!$*($-';*-!$%&@-'(!RNP!0'*,$!%6&*-!#E!.4!
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@%"'+,)A%&'&)

!

! "#f !

5.*! 3*)+($! ,'/%&'+(8! 2'&.! &.*! 7(C-+&*)&*$! &*-;'(%,! %,<0(*38! 2%3! &.*(! C*-6+-;*$! '(! &.*!

C-*3*()*!+6!)%&%,0&')!%;+7(&!+6!97U!%($!QUL[@8!-*37,&'(/! '(!&.*!6+-;%&'+(!+6!$%&A!'(!_>P!

0'*,$!%6&*-!E!.4!Y'(%,,08!5AD=$*C-+&*)&'+(!%($!&.'-$!,'/%&'+(!2%3!%).'*I*$!'(!&.*!C-*3*()*!+6!

97Y#!Ff!*H7'I4J8!%66+-$'(/!;7,&'=67()&'+(%,'3*$!$*($-';*-!$%&B-%6&*-!EG!.!%&!EG!^94!

!

Q7%,!,%1*,,'(/!)+;1'('(/!97@@9TDL@@9!3*H7*(&'%,!,'/%&'+(38!6+,,+2*$!10!&.*!'(&*/-%&'+(!+6!

&.'3!$7%,!C-+1*!'(&+!VD@8!7'%!;%,*';'$*!,'(<%/*8!2% 3!%,3+!-*C+-&*$!10!l+(*3!,&)%5B!'(!#G"#4#G>!

U(! &.'3! 3&7$08! &.*! %7&.+-3! 30(&.*3'3*$! &.*! &-'67()&'+(%,! 3)%66+,$!$%'$-3&%-&'(/! 6-+;! &.*!

)+;;*-)'%,,0!%I%',%1,*!Y;+)=X03FV+)J=:K! $%&C!FD).*;*!N4"GJ4!!

!

!
()*+,+-$%&D%-D0(&.*3'3!+6!%!&-'=67()&'+(%,!C-+1*3!%($!$*3'/(!6+-!3*H7*(&'%,!;7,&'=67()&'+(%,'3%&'+(!+6!VD@4#G>!

!

Y'-3&8! %;'$*! )+7C,'(/! +6!$%&C-%($! C-+C%-/0,%;'(*! '(! &.*! C-*3*()*! +6! K@5m! %($! QUL[@!

%66+-$*$!&*-;'(%,!%,<0(*!$%&E-'(!\GP!0'*,$!%6&*-!"#!.4!Y;+)!$*C-+&*)&'+(8!6+,,+2*$!10!%;'$*!

)+7C,'(/! +6!$%'D! 2'&.! <=%)*&0,&.'+%)*&')! %)'$8! %66+-$*$! )+;C+7($!$%'&-'(! N#P! 0'*,$! %($!

-*37,&*$! '(!&.*! '()+-C+-%&'+(!+6!&.*!3*)+($!67()&'+(%,'&04!Y'(%,,08!)0),++)&0(*!67()&'+(%,'&0!

2%3!%$$*$!&+!&.*!303&*;!7'%)V+)!$*C-+&*)&'+(!6+,,+2*$!10!%;'$*!)+7C,'(/!1*&2**(!$%''-%($!
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Propargylamine
HATU, DIPEA
DCM, rt, 12 h

3.19
60%

3.18

4-methylpiperidine
DCM, rt 12 h

3.20
91%

(COCl)2
2-(acetylthio)acetic acid

NEt3, DMF
DCM, rt, 12 h

3.21
32%

HCl (4 M)
dioxane, rt, 12 h

3.22
92%

1-fluorocyclooct-2-yne
carboxylic acid

DIPEA
DCM, rt 12 h

3.23
39%
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Biotin 
conjugation Wide functionalities

conjugation

BSA
conjugation
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@%"'+,)A%&'&)

!

! "#R!

" =6,7+-+)0),++)&=#=0(*!)%-1+O0,')!%)'$8!%,,+2'(/!&.*!6+-;%&'+(!+6!&.*!6'(%,!C-+$7)&!$%'$-'(!NR!

P4!:I*-%,,!30(&.*3'3!+6!&.*!&-'67()&'+(%,!3)%66+,$!$%'$--*H7'-*$!>!3&*C3!2'&.!%(!+I*-%,,!0'*,$!+6!

\P4!U&! '3! ';C+-&%(&!&+!(+&*!&.%&!)0),++)&0(*!67()&'+(%,'&0! ;73&!1*! '()+-C+-%&*$! ,%3&! '(!&.'3!

%CC-+%).!$7*!&+!'&3!'(3&%1','&0!&+2%-$!3&-+(/!%)'$4#G>!5.*!%CC,')%1','&0!+6!&.'3!3)%66+,$!6+-!;7,&'=

67()&'+(%,'3%&'+(!2%3!$*;+(3&-%&*$!2'&.!&.*!)+(`7/%&'+(!+6!3*I*-%,!67()&'+(%,!/-+7C38!37).!%3!

C-+&*'(8!C*C&'$*8!37/%-8! ,'C'$8!6,7+-+%,<%(*8!1'+&'(!%($!6,7+-+C.+-*34!5.*!%$I%(&%/*!+6!&.'3!

%CC-+%).!-*,'*3!+(!&.*!6%)&!&.%&!&.'3!3;%,,!;+,*)7,*!3)%66+,$!2%3!$*3'/(*$!&+!%I+'$!*(/'(**-*$!

1'+;+,*)7,*38! &.*-*6+-*! *OC%($'(/! '&3! 73*4! U($**$8! &.*! )0),++)&0(*! %($! &*-;'(%,! %,<0(*!

;+'*&'*3! 2*-*! 73*$! &+! '(&-+$7)*! C-+1*3! &+! &.*! 303&*;! 2.',*! )+(`7/%&'+(! &+! 1'+;+,*)7,*3!

+))7--*$!7'%!;%,*';'$*!,'(<%/*8!2.').!)%(!*%3',0!1*!'()+-C+-%&*$!'(&+!C-+&*'(34!K+2*I*-8!&.*!

'(3&%1','&0!+6!&.*!&.'+,=;%,*';'$*!,'(<%/* #"!%($!.0$-+C.+1')'&0!+6!&.*!)0),++)&0(*!;+'*&0!,';'&!

'&3!%CC,')%1','&0!&+!'+!7'&"#!'(I*3&'/%&'+(34!

!

! )C9%5)D%E,55'+4)9-'+4)<,>9,+&'%5)F9!!F)%+G)L+7,"-,)M5,(&"#+2C,$%+G)C',5-2!5G,")

D'4%&'#+-)

S.',*!73*67,8!&.*!C-*I'+73!*O%;C,*3!+6!3*H7*(&'%,!1'+)+(`7/%&'+(!*O.'1'&*$!*O&-*;*,0!3,+2!

-*%)&'+(! -%&*38!3+;*&';*3! -*H7'-'(/! $%03!6+-! *66')'*(&! ,'/%&'+(34!B*)*(&,08!9.'(!,&)%5B!.%I*!

$*;+(3&-%&*$! &.%&! &.*! )+;1'(%&'+(! +6! 97@@9! %($! '(I*-3*! *,*)&-+(=$*;%($! Q'*,3=@,$*-!

;*&.+$+,+/'*3!%,,+2!6+-!&.*!*66')'*(&8!6%3&!FNG!;'(J!%($!3'&*=3*,*)&'I*!;7,&' =67()&'+(%,'3%&'+(!

+6!C-+&*'(38!37).!%3!9%A!FD).*;*!N4""J4#G\!!

!

!
()*+,+-$%&&%-Q7%,!,%1*,,'(/!+6!9%A!7'%)97@@9T'(I*-3*!*,*)&-+(=$*;%($!Q@!3&-%&*/'*34#G\!

!

U(!&.'3!+1`*)&'I*8!&*-;'(%,!%,<0(*=!%($!)0),+C-+C%(*=;+$'6'*$!@@3!2*-*!/*(*&')%,,0!*()+$*$!

'(!C-+&*'(34!5-*%&;*(&!+6!$%'?-2'&.!97D: E!F>!GGG!*H7'I4J8!5KL5@!F>!GGG!*H7'I4J!%($!M%@3)!
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@%"'+,)A%&'&)

!

! "NG!

F>!GGG!*H7'I4J!%66+-$*$!H7%(&'&%&'I*!$7%,!,%1*,,'(/!%6&*-!NG!;'(4!U;C+-&%(&,08!,'/%&'+(3!2*-*!

%).'*I*$! %&! C.03'+,+/')%,! CK8! &*;C*-%&7-*! %($! C-*337-*4! K+2*I*-8!%!37C-%=3&+).'+;*&-')!

%;+7(&!+6!)+CC*-!F>!GGG!*H7'I4J!2%3!(**$*$!&+!'()-*%3*!&.*!-%&*!+6!97@@9!,'/%&'+(8!,';'&'(/!

'&3!%CC,')%1','&0!2'&.!1'+;+,*)7,*3!3*(3'&'I*!&+!)+CC*-=;*$'%&*$!+O'$%&'I*!$%;%/*4fG!

!

@(!%,&*-(%&'I*!%CC-+%).!6+-!(7),*')!%)'$!;7,&'=67()&'+(%,'3%&'+(!.%3!-*)*(&,0!1**(!-*C+-&*$!10!

ln3).<*! ,&) %5B8! )+;1'('(/! 97@@98! DL@@9! %($! '(I*-3*! *,*)&-+(=$*;%($! Q'*,3=@,$*-!

;*&.+$+,+/'*3!FY'/7-*!N4NJ4#G_!@3!*OC,%'(*$!C-*I'+73,08!97@@9!%($!DL@@9!-*%)&'+(3!%-*!

(+&!)+;C%&'1,*!'(!%!#+,2:#&!C-+)*33!$7*!&+!&.*'-!73*!+6!3%;*!-*%)&%(&3!F,B4B8!%?'$*3J4!5.*-*6+-*8!

&+!;'(';'3*!3'$* =-*%)&'+(3!1*&2**(!&.*!&2+!,'/%&'+(38!'&!2%3!(*)*33%-0!&+!C*-6+-;!%($!;+('&+-!

&.*!DL@@9!,'/%&'+(!C-'+-!&+!97@@98!*(37-'(/!'&3!)+;C,*&'+(4!X%-/*!*O)*33*3!+6!%?'$*!2*-*!

(**$*$!6+-!&.*!3713*H7*(&!97@@9!-*%)&'+(!&+!*(37-*!)+;C,*&*!,'/%&'+(!2'&.!&.*!:QM8!*I*(!

'(!&.*!C-*3*()*!+6!*O)*33!)+;C*&'(/!)0),++)&0(*4!@,&.+7/.!)0),++)&0(*3!.%I*!C-*I'+73,0!1**(!

73*$!6+-!'(I*-3*!*,*)&-+(=$*;%($!Q'*, 3=@,$*-!-*%)&'+(38""R!,'/%&'+(!<'(*&')3!.%I*!1**(!3.+2(!

&+!1*! 3,+2*-!&.%(!6+-! 3&-%'(*$!%,<*(*38NR!&.*-*6+-*! (+!3'$*! -*%)&'+(! 2%3!+13*-I*$! 1*&2**(!

DL@@9!%($! '(I*-3*! *,*)&-+(=$*;%($!Q'*,3=@,$*-! -*%)&'+(34!@! ,';'&%&'+(!&.%&!&.'3!3&-%&*/0!

*()+7(&*-3!)+;*3!6-+;!&.*!'()+-C+-%&'+(!+6!&.*!%?'$*!;+'*&0!'(&+!:QM38!&+!*(37-*!;'(';%,!

3'$*=-*%)&'+(3!1*&2**(!97@@9!%($!DL@@94!@3!3&%&*$!C-*I'+73,08!%?'$*3!%-*! '()+;C%&'1,*!

2'&.!C.+3C.+-%;'$'&*!).*;'3&-08!-*37,&'(/! '(!D&%7$'(/*-!3'$*=-*%)&'+(34!5.*-*6+-*8!&.*0!)%(!

+(,0!1*! '()+-C+-%&*$!%&!&.*!N]!C+3'&'+(!$7-'(/!(7),*')!%)'$!30(&.*3'34!A+-*+I*-8!'&!.%3!1**(!

-*C+-&*$!&.%&!%?'$*=;+$'6'*$!@@3!%-*!C-+(*!&+!-*$7)&'+(8!6+-;'(/!&.*!)+--*3C+($'(/!%;'(*3!

2.*(!*()+$*$! '(&+!C-+&*'(34#Gf!L+&*(&'%,!3'$*=-*%)&'+(3!)+;1'(*$!2'&.!&.*! '(3&%1','&0!+6!&.*!

67()&'+(%,!/-+7C3!'(3*-&*$!'(&+!1'+;+,*)7,*3!&.73!,';'&!&.*!6,*O'1','&0!+6!&.'3!%CC-+%).4!!

!

!
F4:.<+-$%$%-Q*3'/(!+6!&-'C,*!d),')<c!,%1*,,'(/!+6!(7),*')!%)'$34#G_!

!

N3

N
N N

N

R

N3

N

O

Inverse 
electron-demand

Diels-Alder

CuAAC

SPAAC

ODN3.15



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "N"!

!"!"! ! ><+(?++@(A8:(?+;(13:&3+.,+0(A8:(1+2%+-3,&'(B,878-C%.&3,8-(

5.*!$'66*-*(&!,';'&%&'+(3!+13*-I*$!2'&.!&.*!C-*I'+73,0!$*3)-'1*$!%CC-+%).*3!6+-!1'+;+,*)7,*!

;7,&' =67()&'+(%,'3%&'+(! .'/.,'/.&! &.*! (**$! 6+-! ;+-*! 3+C.'3&')%&*$! ;*&.+$+,+/04! @(! '$*%,!

C,%&6+-;!6+-!*66')'*(&!3*H7*(&'%,!1'+)+(`7/%&'+(!;73&!N'O!'()+-C+-%&*!3&%1,*!67()&'+(%,'&'*3!'(&+!

1'+;+,*)7,*38!N''O!73*!;',$!)+($'&'+(3!6+-! '()+-C+-%&'(/!&.*3*!67()&'+(3!%($!C*-6+-;'(/!&.*!

,'/%&'+(38!N'''O!%).'*I*! ,'/%&'+(3!2'&.! .'/.! -*%)&'+(! -%&*!%($!0'*,$3!%($!N'7O! '(&*/-%&*!3;%,,!

).*;')%,!;+'*&'*38!&.%&!2',,!&.*-*6+-*!(+&!$'3-7C&!1'+;+,*)7,*3g!3&-7)&7-*!%($!67()&'+(%,'&04!!

!

o*&+(*3!.%I*!1**(!3.+2(!&+!1*!*%3',0!*()+$*$!'(&+!1'+;+,*)7,*3W!.+2*I*-8!C+&*(&'%,!3'$*=

-*%)&'+(!2'&.!)%-1+(0,=1*%-'(/! ;*&%1+,'&*38!3,+2!<'(*&')3!%($!%)'$')!CK8! (*)*33%-0!6+-!&.*!

,'/%&'+(38EN!-*($*-!&.'3!3&-%&*/0!'(*66*)&'I*!6+-!1'+;+,*)7,*!$7%,!,%1*,,'(/4!!

!

V+&.!D&%7$'(/*-!%($!9C:T9CD!C.+3C.'(*!,'/%&'+(3!%-*!(+&!)+;C%&'1,*!6+-!'+)7'7#!3*H7*(&'%,!

,%1*,,'(/! $7*! &+!&.*! +O'$%&'+(=3*(3'&'I*! C-+C*-&'*3! +6! C.+3C.'(*! ;+'*&'*3! &+2%-$3! %'-! +-!

;*&%1+,')! *(?0;*3! %($! &.*'-! 3,+2! <'(*&')34E_! D&-%&*/'*3! 73'(/! ,%-/*! ;+'*&'*38!37).! %3!

)0),++)&0(*3!'(!DL@@9!%($!DL@M98!+-!)0),++)&*(*!'(!'(I*-3*!*,*)&-+(=$*;%($!Q'*,3=@,$*-!

%($! &%($*;! )-Q@8! *O.'1'&!6%3&*-!<'(*&')38! 2.').! 2+7,$! &.*(! 1*! 6%I+7-%1,*! 6+-! 3*H7*(&'%,!

,'/%&'+(34!K+2*I*-8!&.*!,%-/*!3'?*3!%($!3&-+(/!.0$-+C.+1')'&0!+6!&.*3*!67()&'+(%,!/-+7C3!-*37,&!

'(! N'O!C++-!)*,,!7C&%<*!6+-!'(!I'I+!%CC,')%&'+(38!%($!N''O!3&-7)&7-*!;+$'6')%&'+(3!+6!1'+;+,*)7,*34!!

!

Q*3C'&*! )+CC*-! &+O')'&08! &.*! 97@@9! ;*&.+$+,+/0! -*;%'(3! &.*! 6%I+7-*$! ).+')*! 6+-!

1'+)+(`7/%&'+(! $7*! &+! '&3! (7;*-+73! %$I%(&%/*3! )+;C%-*$! &+! &.*! +&.*-! 1'+=+-&.+/+(%,!

3&-%&*/'*34! Y7-&.*-;+-*8! '()+-C+-%&'+(! +6! &*-;'(%,! %,<0(*! ;+'*&'*3! .%3! *O&*(3'I*,0! 1**(!

-*C+-&*$4! M*I*-&.*,*338! )7--*(&! 3&-%&*/'*3! 73'(/! 97@@9! ;*&.+$+,+/0! %-*! +6&*(! ,%1+-'+734!

U($**$8! &.*! ,%)<! +6! ).*;+3*,*)&'I'&0! +6! %,<0(*! %($! %?'$*3! ;+'*&'*38! &+2%-$! %(+&.*-!

%,<0(*T%?'$*! 37--+/%&*8! -*37,&3! '(! &.*! -*H7'-*;*(&! +6! C-+&*)&'(/! /-+7C3! +-! .'$$*(! -*%)&'I*!

/-+7C34!5.*!*O%;C,*!+6!QM@!$7%,!,%1*,,'(/!73'(/!97@@9!-*%)&'+(3!2'&.+7&!C-+&*)&*$!/-+7C38!

-*C+-&*$! 10! @3&%<.+I%!,&) %5B! FD).*;*! N4"#J8#GR! -*6,*)&3! &.*!,';'&%&'+(! +6! &.'3! 3&-%&*/0! &+!

$'3)-';'(%&*!+(*!%,<0(*!6-+;!%(+&.*-4!!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "N#!

!
()*+,+-$%&'%-Q7%,!,%1*,,'(/!+6!:QM3!73'(/!97@@9!-*%)&'+(3!2'&.+7&!C-+&*)&'(/!/-+7C34#GR!

!

B*)*(&,08!9.'(! ,&)%5B!.%I*!-*C+-&*$!&.*!+-&.+/+(%,8!3*H7*(&'%,!$7%,!,%1*,,'(/!+6!C-+&*'(3!73'(/!

'(I*-3*! *,*)&-+( =$*;%($! Q'*,3=@,$*-! ;*&.+$+,+/0! +(,0! FY'/7-*! N4EJ4#"G! V0! *OC,+'&'(/! &.*!

$'66*-*()*!'(!-* %)&'I'&0!1*&2**(!(+-1+-(*(*!%($!3&-%'(*$!)0),++)&0(*8!%3!2*,,!%3!&.*!$'66*-*()*!

1*&2**(!%,<0,=!%($!%-0,=3713&'&7&*$!&*&-%?'(*38!&.*!%7&.+-3!2*-*!%1,*!&+!%).'*I*!).*;+3*,*)&'I*!

C-+&*'(!;7,&'=67()&'+(%,'3%&'+(!'(!.'/.!0'*,$34!

!

!
F4:.<+-$%?%-9.*;+3,*)&'I*!$7%,!,%1*,,'(/!+6!9%A!7'%)'(I*-3*!*,*)&-+( =$*;%($!Q'*,3=@,$*-4#"G!

!

$%?! G>H26*+949-62-I+-J+96+3--

5.*!73*!+6!%-+;%&')!0(%;'(*3!%3!%!(*2!-*%)&'I*!/-+7C!6+-!97@@9!-*%)&'+(3!.%3!1**(!3.+2(!

&+!$-%;%&')%,,0!'()-*%3*!-*%)&'+(!<'(*&')3!6+-!3;%,,!;+,*)7,*!,'/%&'+(8!*I*(!'(!&.*!C-*3*()*!+6!

,+2!)+CC*-! ,+%$'(/4"_G8"_"8"_E!Y7-&.*-;+-*8!&.*!*(.%()*$!-*%)&'I'&0!+6!%-+;%&')!0(%;'(*! .%3!

%,,+2*$!).*;+3*,*)&'I*!97@@9!,'/%&'+(3!2.*(!'(!)+;C*&'&'+(!2'&.!-*/7,%-!%,<0(*34!U(!6%)&8!

2.*(! %(! %-+;%&')! 0(%;'(*! %($! %(! %,'C.%&')! %,<0(*! 2*-*! '()+-C+-%&*$! '(&+! %! 1'67()&'+(%,!

CuAAC

ODN3.16 ODN3.17

N
NN

N
NN No chemoselectivity 

observed between 
the two alkyne moietiesN3



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "NN!

303&*;8!&.*!37C*-'+-!-*%)&'I'&0!+6!&.*!%-+;%&')!0(%;'(*!%66+-$*$!).*;+3*,*)&'I*8!3*H7*(&'%,!

97@@9!,'/%&'+(3!'(!%!#+,2:#&!C-+)*334!!!

!

@(%,+/+73! &+! &.*! %CC-+%).! +6! 9.'(!,&) %5B8! &.*! 2+-<! $*3)-'1*$! .*-*'(! 3**<3! &+! *OC,+'&! &.*!

*(.%()*$!-*%)&'I'&0!+6!%-+;%&')!0(%;'(*3!6+-!$*I*,+C'(/!%!(*2!;*&.+$+,+/0!6+-!3*H7*(&'%,8!

).*;+3,*)&'I*!;7,&' =67()&'+(%,'3%&'+(!+6!:QM34!D7).!%!C,%&6+-;!2+7,$!.%I*!&.*!%$I%(&%/*!+6!

'()+-C+-%&'(/! 3;%,,! ).*;')%,! ;+'*&'*38! 2.').! 3.+7,$! (+&! .%I*! %! 3&-+(/! ';C%)&! +(! :QM!

3&-7)&7-*4! Y7-&.*-;+-*8! &.*! *(.%()*$! -*%)&'I'&0! +6! %-+;%&')! 0(%;'(*3! 3.+7,$! %,,+2!

)+(3'$*-%1,0!$*)-*%3*$!)+CC*-!,+%$'(/8!2.').!2+7,$!&.*-*6+-*!;'(';'3*!C+&*(&'%,!$*/-%$%&'+(!

+6!1'+;+,*)7,*34!

!

$%@! K4,9-25-6*49-=*/H6+<-

5.*!3C*)'6')!%';3!+6!&.'3!).%C&*-!%-*!&+p!

!

F'J! D0(&.*3'3*!%!6+)73*$!3*-'*3!+6!%-+;%&')!0(%;'(*!C.+3C.+-%;'$'&*3!%($!'()+-C+-%&'(/!

&.*;!'(&+!:QM3!F9+,,%1+-%&'+(!2'&.!Q-!X'(73!B*').*(1%).W!Y'/7- *!N4>J4!

!

!
F4:.<+-$%@%-[O%;C,*!+6!0(%;'(*!C.+3C.+-%;'$'&*!30(&.*3'3*$4!

!

F''J! :C&';'3*!-*%)&'+(!)+($'&'+(3!6+-!97@@9!,'/%&'+(!0(%;'(*=;+$'6'*$!:QM3!FD).*;*!

N4"NJ4!

!

!
()*+,+-$%&$%-Q*&*-;'(*!+C&';%,!)+($'&'+(3!6+-!:QM3!97@@9!,'/%&'+(!73'(/!%(!%-+;%&')!0(%;'(*4!

!

3.27

6ON

N

TIPS

P
O

N
CN

O

O

DMTrO
N

NH

O

O

3.28

O

H
N

4
N

N

TIPS

P
O

N
NC

N

N

N

N

N N
N

R

R N3

Cu cat.



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+!

@%"'+,)A%&'&)

!

! "NE!

F'''J! [3 &%1,'3.!-*%)&'+(!)+($'&'+(3!6+-!).*;+3*,*)&'I*8!3*H7*(&'%,!,'/%&'+(3!+6!:QM3!73'(/!

*(.%()*$!-*%)&'I'&0!+6!%-+;%&')!0(%;'(*3!FD).*;*!N4"EJ4!

!

!
()*+,+-$%&?%-Q*&*-;'('(/!+C&';%,!)+($'&'+(3!6+-!).*;+3*,*)&'I*8!3*H7*(&'%,!97@@9!,'/%&'+(!+6!:QM34!

!

$%A! L+9.069-/73-"49).99427-

!"D"#! E<80F<8:&=,@,3+(1G-3<+0,0(

U()+-C+-%&'+(!+6!%-+;%&')!0(%;'(*!%($!C.*(0,%)*&0,*(*! ;+'*&'*3! '(&+! :QM3!2%3!%).'*I*$!

*'&.*-!7'%!C.+3C.+$'*3&*-!,'(<%/*8!2.*(!'(!%!>]!&*-;'(%,!C+3'&'+(8!+-!$'-*)&,0!)+(`7/%&*$!&+!%(!

'(&*-(%,! &.0;'$'(*4! U(! &.'3!+1`*)&'I*8! %-+;%&')! 0(%;'(*=! %($! C.*(0,%)*&0,*(*=;+$'6'*$!

C.+3C.+-%;'$'&*!(7),*+&'$*3!2*-*!30(&.*3'3*$4!

!

D'()*!'&3!$'3)+I*-0!'(!"Rf"8!&.*!73*!+6!C.+3C.+-%;'$'&*!(7),*+&'$*3!-*;%'(!&.*!/+,$!3&%($%-$!

6+-! ).*;')%,! QM@! 30(&.*3'34#"" ! 5.*0! %-*! *%3',0! %)&'I%&*$! 10! ;',$! %)'$8! 37).! %3! &*&-%?+,*!

$*-'I%&'I*3! +-! E8>=$')0%(+';'$%?+,*8! .%I*! 3.+2(! .'/.! 3&%1','&0! &+2%-$! .0$-+,03'3! %($!

+O'$%&'+(!%($!-*%)&!2'&.!C-+&*)&*$!(7),*+&'$*3!'(!.'/.!0'*,$3!Fk!RRPJ4#"#!!

!

! <P+&3,-'-)#;)MQ&,"+%5)!"#$%&'()*+%$'+,)K3#-:3#"%$'G'&,R(

S.*(! %&! &.*! &*-;'(%,! >]! C+3'&'+(8! %-+;%&')! 0(%;'(*! ;+'*&0! 2%3! '()+-C+-%&*$!7'%! %!

C.+3C.+$'*3&*-! ,'(<%/*4!U(!&.'3!+1`*)&'I*8!C.+3C.+-%;'$'&*!$%'B!2%3!30(&.*3'3*$! '(!>!3&*C3!

FD).*;*!N4">J8!3&%-&'(/!6-+;!%!D+(+/%3.'-%! )+7C,'(/!1*&2**(! '+$+=%-0,!$%'E-%($!&*-;'(%,!

%,<0(*!$%$D!'(!&.*!C-*3*()*!+6!&-'*&.0,%;'(*!%($!%!)%&%,0&')!%;+7(&!+6!L$FLL. NJ#9, #!%($!97U4!

@6&*-!"!.!+6!-*%)&'+(8!'(&*-(%,!%,<0(*!$%$&-2%3!+1&%'(*$!'(!f\P!0'*,$4!B*$7)&'+(!+6!&.*!('&-+!

%($! %,<0(*! /-+7C3! 2%3! %).'*I*$!7'%).0$-+/*(%&'+(! '(! &.*! C-*3*()*! +6! L$T98! %66+-$'(/!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
q)<P+&3,-'-)G,7,5#:,G)EP)C")D'+9-)6,'(3,+E%(3)N9+:9E5'-3,GOB)

N

N

N

N

N N
N

R

R N3

Cu cat.

More reactive

Less reactive

- Higher kinetics
- Lower Cu-loading
- Sequantial ligation



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "N>!

)+;C+7($! $%$'-'(!H7%(&'&%&'I*!0'*,$4!V*(?';'$%?+,*!6+-;%&'+(!2%3!)+;C,*&*$!&.-+7/.!&.*!

-*%)&'+(!+6!$%$'!%($!6+-;')!%)'$8!%66+-$'(/!$%$$-'(!H7%(&'&%&'I*!0'*,$!%6&*-!"\!.4!97=)%&%,03*$!

/ =%,<0,%&'+(! 2%3! &.*(! %).'*I*$! '(! &.*! C-*3*()*! +6! 1-+;+=5ULD=%)*&0,*(*8! 93#9: N! %($!

)%&%,0&')!%;+7(&!+6!97U!%($!L[h=EGG8!C-+$7)'(/!$%$?/-%($!$%$?I!'(!"_P!%($!"EP!0'*,$38!

-*3C*)&'I*,04!Y'(%,,08!C.+3C.+-%;'$'&*!$%'B-2%3!+1&%'(*$! '(! \EP!0'*,$!7'%)&.*! -*%)&'+(!+6!

$%$?/-2'&.!).,+-+F$''3+C-+C0,%;'(+J=! =)0%(+*&.+O0C.+3C.'(*4!

!

!
()*+,+-$%&@%-D0(&.*3'3!+6!*O&*-(%,!%-+;%&')!0(%;'(*!C.+3C.+-%;'$'&*!$%'B4!L-#5%&,G)P',5G-B!!

!

! <P+&3,-'-)#;)L+&,"+%5)!"#$%&'()*+%$'+,)K3#-:3#"%$'G'&,R(

5.*!%-+;%&')!0(%;'(*!67()&'+(%,!/-+7C!2%3!)+(`7/%&*$!&+!%!&.0;'$'(*!7'%)%(!%;'$*!,'(<%/*!

FD).*;*!N4"\J4!D0(&.*3'3!+6!C.+3C.+-%;'$'&*!$%'C-2%3!6'-3&!%).'*I*$!10!&.*!QA5!C-+&*)&'+(!

+6!>='+$+=#]=$*+O07-'$'(*!$%$@8!-*37,&'(/!'(!&.*!6+-;%&'+(!+6!$%$A-'(!fNP!0'*,$4!@!D+(+/%3.'-%!

)-+33=)+7C,'(/!2%3!&.*(!C*-6+-;*$!'(!&.*!C-*3*()*!+6!&-'*&.0,%;'(*!%($!)%&%,0&')!%;+7(&!+6!

L$FLL.NJ#9, #! %($! 97U8! %66+-$'(/!$%$B-'(! _NP! 0'*,$! %6&*-! N! .4! @;'$*! )+7C,'(/! 1*&2**(!

)%-1+O0,')!%)'$!$%$B-%($!%;'(*!$%$C8!'(!&.*!C-*3*()*!+6![Q98!K:@&!%($!QUL[@8!*(37-*$!&.*!

'()+-C+-%&'+(!+6!&.*!%-+;%&')!0(%;'(*!;+'*&08!%66+-$'(/!)+;C+7($!$%$E-'(!R>P!0'*,$4!Y'(%,,08!

C.+3C.+-%;'$'&*!$%'C-2%3! +1&%'(*$! '(! E_P! 0'*,$!7'%)&.*! -*%)&'+(! +6!$%$E-2'&.!

).,+-+F$''3+C-+C0,%;'(+J=! =)0%(+*&.+O0C.+3C.'(*4!!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
q!<P+&3,-'-)G,7,5#:,G)EP)C")D'+9-)6,'(3,+E%(3)N9+:9E5'-3,GOB!

IH2N

O2N
HO

4

Pd(PPh3)2Cl2 (1 mol%)
CuI (6 mol %)
NEt3, rt, 1 h

H2N

O2N

OH4

H2, Pd/C
MeOH, rt

H2N

H2N

6OH

HCO2H
! , 16 h

6OHN

N
H

6OHN

N

TIPS
Br TIPS

(2.2 equiv.)
CuI (5 mol %)

PEG400 (10 mol %)
Cs2CO3 (1.2 equiv.)

dioxane, 160¡C, 16 h

(3 equiv.)
DIPEA (9 equiv.)

THF, rt, 1.5 h
6ON

N

TIPS

P
O

N
CN

3.31
86%

3.32
Quant

3.29 3.30

3.33
Quant

6-C6H12OH: 3.34a, 17%
5-C6H12OH: 3.34b, 14%

3.27
64%

P
NO

Cl
NC



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "N\ !

!
()*+,+-$%&A%-D0(&.*3'3!+6!'(&*-(%,!%-+;%&')!0(%;'(*!C.+3C.+-%;'$'&*!$%'C4!L-#5%&,G)P',5G-B!

!

! <P+&3,-'-)#;)MQ&,"+%5)!5IP+,)K3#-:3#"%$'G'&,R(

5+!)+;C%-*!&.*!$'66*-*()*!+6!-*%)&'I'&0!1*&2**(!%-+;%&')!0(%;'(*!%($! ;+-*! )+(I*(&'+(%,!

%,<0(*3! '(!97@@9!1'+)+(`7/%&'+(8!%(!*O&*-(%,!C.*(0,%)*&0,*(*!C.+3C.+-%;'$'&*!$%?'-2%3!

%,3+!30(&.*3'3*$!FD).*;*!N4"_J4!U(!&.'3!+1`*)&'I*8!#=FE=1-+;+C.*(0,J*&.%(=" =+,!$%?D-2%3!6'-3&!

-*%)&*$! '(! %! D+(+/%3.'-%! )+7C,'(/!'(! &.*! C-*3*()*! +6! QUL[@! %($! )%&%,0&')! %;+7(&! +6!

L$FLL.NJ#9, #!%($! 97U8! %66+-$'(/!$%?&-'(! #GP! 0'*,$! %6&*-! "\! .4! L.+3C.+-%;'$'&*!$%?'-2%3!

+1&%'(*$! '(! _\P! 0'*,$! 7'%)&.*! -*%)&'+(! +6!$%?&-2'&.! ).,+-+F$''3+C-+C0,%;'(+J=! =

)0%(+*&.+O0C.+3C.'(*4!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
q!<P+&3,-'-)G,7,5#:,G)EP)C")D'+9-)6,'(3,+E%(3)N9+:9E5'-3,GOB!

O

OH

HO
N

NH

O

O

I

DMTCl (1.05 equiv.)
NEt3 (2 equiv.)

dry pyridine, rt, 24 h O

OH

DMTrO
N

NH

O

O

I

Pd(PPh3)2Cl2 (10 mol%)
CuI (16 mol %)
NEt3 (3 equiv.)
dry DMF, rt, 3 h

HO

O

4

O

OH

DMTrO
N

NH

O

O

O

HO
4

N

N

H2N

TIPS

3.38

EDC (2 equiv.)
HOAt (2 equiv.)

DIPEA (2.1 equiv.)
DMF, rt, 16 h

O

OH

DMTrO
N

NH

O

O

O

H
N

4
N

N

TIPS

(1.2 equiv.)
DIPEA (6 equiv.)

THF, rt, 1.5 h
O

O

DMTrO
N

NH

O

O

O

H
N

4
N

N

TIPS

P
O

N
NC

3.28
47%

3.35 3.36
83%

3.37
73%

3.39
95%

P
NO

Cl
NC



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "N_!

!
()*+,+-$%&B%-D0(&.*3'3!+6!*O&*-(%,!C.*(0,%)*&0,*(*!C.+3C.+-%;'$'&*!$%?'4!L-#5%&,G)P',5G-B)

!

!"D"9! 1G-3<+0,0( 8A( 5:8=&3,7( H-&=,-+I( &-@( 5'JG-+IK8@,A,+@(

L',.8@+8MG:,*8-%7'+83,@+0(NL$?0OP(

:QM3!2*-*!30(&.*3'3*$!73'(/!3&%($%-$!3+,'$=C.%3*!3&-%&*/0!+(!%!)+(&-+,,*$!C+-*!/,%33!F9LhJ!

37CC+-&!FD).*;*!N4"fJ4!D0(&.*3'3!+6!!"#$%&C;''- 2%3!C*-6+-;*$!6-+;!&.*!N]=C+3'&'+(!&+!&.*!

>]=C+3'&'+(8!3&%-&'(/!6-+;!QA5!$*C-+&*)&'+(!+6!&.*!6'-3&! (7),*+&'$*8!737%,,0!%&&%).*$!&+!&.*!

9Lh8!'(!&.*!C-*3*()*!+6!&-'6,7+-+%)*&')!%)'$!3+,7&'+(!FNP!'(!Q9AJ8!-*I*%,'(/!&.*!-*%)&'I*!>]=

.0$-+O0,!/-+7C4!@)&'I%&'+(!+6!&.*!N]=! =)0%(+$''3+C-+C0,!C.+3C.+-%;'$'&*!/-+7C!+6!%!3*)+($!

(7),*+&'$*!2%3!&.*(!%).'*I*$!73'(/!> =1*(?0,&.'+=" A=&*&-%?+,*8!-*37,&'(/!'(!&.*!6+-;%&'+(!+6!%!

,'(<%/*! 1*&2**(! &.*!6'-3&! (7),*+&'$*g3! >]=.0$-+O0,! /-+7C! %($! &.*! 3*)+($! (7),*+&'$*g3! N]=

C.+3C.'(*!/-+7C4!9%CC'(/!+6!C+&*(&'%,!7(-*%)&*$!>]=.0$-+O0,!/-+7C!'3!C*-6+-;*$!2'&.!%)*&')!

%(.0$-'$*8!6+,,+2'(/!10!&.*!+O'$%&'+(!+6!&.*!C.+3C.'(*8!'(!&.*!C-*3*()*!+6!U#!'(!%!C0-'$'(*TK#:!

;'O&7-*8!&+!%!;+-*!3&%1,*!C.+3C.%&*4!5.'3!)0),*!'3!-*C*%&*$!%3!;%(0!&';*3!%3!(**$*$!&+!+1&%'(!

*OC*)&*$! :QM34!!"#$%&C;''- 2*-*! +1&%'(*$! '(! 0'*,$3! fZN>P! %6&*-! ),*%I%/*! +6! &.*! 9Lh8!

C*-6+-;*$!73'(/!N#P!%H7*+73!%;;+('%!3+,7&'+(!%&!-&!6+-!"\!.!%($!BL=KLX9!C7-'6')%&'+(4!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
q)<P+&3,-'-)G,7,5#:,G)EP)C"B)D'+9-)6,'(3,+E%(3)N9+:9E5'-3,GOB)

Br

HO

Pd(PPh3)2Cl2 (1 mol%)
CuI (1 mol %)

DIPEA (2 equiv.)
THF, rt, 16 h

H TIPS
(1.2 equiv.)

HO

TIPS (1.2 equiv.)
DIPEA (6 equiv.)

THF, rt, 1.5 h
O

TIPS

P
N

NC

P
NO

Cl
NC

3.40 3.41
20%

3.42
76%



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "Nf !

!
()*+,+-$%&C%-D+,'$=C.%3*-:QM3!30(&.*3'34!SO)C@T2G,:"#&,(&'#+B)UO)F#+G,+-%&'#+B)VO)F#9:5'+4B)WO)XQ'G%&'#+B)

L-#5%&,G)P',5G-B!!

!

!"D"!! 4&'7%'&3,8-(8A(L$?(QM3,-73,8-(48+AA,7,+-30(

D'()*!%!,%1+-%&+-0=3)%,*!30(&.*3'3!+6!QM@!'3!737%,,0!%).'*I*$!+(!(%(+=!&+!;',,' =;+,%-!3)%,*8!

;*%37-'(/!%!2*'/.&!'3!(+&!C+33'1,*!&+!+1&%'(!0'*,$3!+6!-*%)&'+(34!K+2*I*-8!&.*!)+()*(&-%&'+(!

+6! QM@! 3%;C,*3! )%(! *%3',0! 1*! H7%(&'6'*$! 10! mrTr'3! 3C*)&-+3)+C0! %&! #\G! (;8! $7*! &+! &.*!

)+(`7/%&*$!$+71,*!1+($3!+6!&.*!1%3*!C%'-34!QM@!)+()*(&-%&'+(!)%(!&.*(!1*!)%,)7,%&*$!73'(/!

&.*!V**-!X%;1*-&!,%2!F[H7%&'+(!N4"Jp!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!" #$%!&!"#$%'( )!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!![H7%&'+(!N4"!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "NR!

S.*-*!@ #\G!j!%13+-1%()*!%&!#\G!(;8!"#\G!j!+,'/+(7),*+&'$*!*O&'()&'+(!)+*66')'*(&!%&!#\G!(;!

FX);+, s" )); s" J8!)!j!+,'/+(7),*+&'$*!)+()*(&-%&'+(!F;+, )X!s" J!%($!,!j!C%&.,*(/&.!F);J4!

!

5.*! *O&'()&'+(! )+*66')'*(&!"!+6! :QM3!$*C*($3!+(! '&3!3*H7*()*4!5.*! ;+3&! )+;;+(,0!73*$!

;*&.+$!6+-!)%,)7,%&'(/!" !'3!1%3*$!+(!&.*!(*%-*3&!(*'/.1+7-!;*&.+$W!"!'3!$*&*-;'(*$!6+-!C%'-3!

3&%-&'(/!6-+;!&.*!> ]=!&+!&.*!N]=C+3'&'+(4#"N!5.*!I%,7*!6+-!"!'3!&.*(!)%,)7,%&*$!6+,,+2'(/!*H7%&'+(!

N4#4!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!* & !+, *-./0.12 !-.34 56780
- !9 :
: ; !< !=, *3->3?3>8/@

- !9 :
A B!!!!!!!!!!!!!!!![H7%&'+(!N4#!

!

U&!2+-&.!(+&'(/!&.%&!&.'3!*H7%&'+(!'3!%(!%CC-+O';%&'+(!+6!&.*!-*%,!*O&'()&'+(!)+*66')'*(&!I%,7*!

%($!&.*!%I*-%/*!*--+-!'3!1*,'*I*$!&+!1*!%-+7($!EP4#"E!U(!&.*!)%3*!2.*-*!:QM3!2*-*!;+$'6'*$!

2'&.!).*;')%,!/-+7C3!2.').!2+7,$!'(6,7*()*!+(!&.*!+I*-%,,!*O&'()&'+(!)+*66')'*(&8!)%,)7,%&'+(!

+6!"!6+,,+23!*H7%&'+(!N4N4!

!

* & !+, *-./0.12 !-.34 56780
- !9 :
: ; !< !=, *3->3?3>8/@

- !9 :
A BC +, *D7>3E3F/ 237-

-
: ;!!!!!![H7%&'+(!N4N!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

5+! H7%(&'60! &.*! ';C%)&! +6! %-+;%&')! 0(%;'(*! F$%?$-%($-$%??J! %($! C.*(0,%)*&0,*(*! F$%?@J!

;+'*&'*3!+( !&.*! *O&'()&'+(! )+*66')'*(&!+6! :QM38!%13+-1%()*! ;*%37-*;*(&3!+6!&.*!$'66*-*(&!

;+$'6')%&'+(3! 2*-*! ;*%37-*$! %&! #\G! (;! FY'/7-*! N4\J4! S.',*! 1+&.! *O&*-(%,! %($! '(&*-(%,!

%-+;%&')!0(%;'(*!3)%66+,$3!F-*3C*)&'I*,0!$%?$!%($!$%??J! .%I*!3.+2(!&+!%13+-1!%&!#\G!(;8!

C.*(0 ,%)*&0,*(*!$%?@!.%3!(+!3'/('6')%()*!%13+-1%()*!%&!&.'3!2%I*,*(/&.8!%($!)+(3*H7*(&,0!(+!

'(6,7*()*!+(!&.*!*O&'()&'+(!)+*66')'*(&!I%,7*4!!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "EG!

!
F4:.<+-$%A%-@13+-1%()*!;*%37-*;*(&3!%&!#\G!(;!+6!%-+;%&')!0(%;'(*3!$%?$-%($!$%??-%($!C.*(0,%)*&0,*(*!$%?@4!

!

D'()*! 1+&.! )+;C+7($3! $%?$! %($!$%??! .%I*! 3.+2(! %! 3'/('6')%(&! %13+-1%()*! %&! #\G! (;8!

*O&'()&'+(! )+*66')'*(&! 2%3! ;*%37-*$! 6+-! 1+&.! 3)%66+,$34! A*%37-*;*(&3! 2*-*! C*-6+-;*$! '(!

A*:KTK #:!F"TRJ!%&!$'66*-*(&!)+()*(&-%&'+(38!3&%-&'(/!6-+;!%!3&+)<!3+,7&'+(!)+(&%'('(/!"G!;/!

+6! )+;C+7($! $%?$! +-! $%??4! @13+-1%()*! 2%3! ;*%37-*$! '(! &.-**! $7C,')%&*3! 6+-! *%).!

)+()*(&-%&'+(4!Q%&%!+1&%'(*$!%-*!C-*3*(&*$!'(!5%1,*3!N4"!%($!N4#!F6+-!)+;C+7($!$%?$!%($!$%??!

-*3C*)&'I*,0J!%($!Y'/7-*!N4_!%($!N4f! -*C-*3*(&!"! )%,)7,%&'+(!F6+-! )+;C+7($!$%?$!%($!$%??!

-*3C*)&'I*,0J4!Y+,,+2'(/!V**-!X%;1*-&!,%28!*O&'()&'+(!)+*66')'*(&!2%3!)%,)7,%&*$!6+,,+2'(/!

*H7%&'+(!N4E4!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!* & !
GHIJ

F@
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!![H7%&'+(!N4E!

!

2.*-*! K!j!"!);4 !



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#" !

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

+,-./ & 01,2%,-."-31,&456& 7) ! 78& 7' & 7#91.#",2%!
4":%.";%6&

" ! "3453"67#! 63868! 638"#! 6386#! 63869!
4! "36#3"67#! 63:9:! 63:;5! 63:;9! 63:84!
5! 939"3"67: ! 63#95! 63#<"! 63#8;! 63#95!
#! 83563"67: ! 635<4! 63#68! 63#65! 63#6"!
: ! :3#;3"67: ! 634<:! 634<"! 634<:! 634<#!

!

!

!
<3;=.%&'(>(&=>/1*+/1'*!+',001+1,*/!+)?+.?)/1'*!0'(!+'-@'.*A!'(*' 3!

!

BC,&,!A)/)!&.DD,&/!/C)/!,>/1*+/1'*!'0!+',001+1,*/!'0!+'-@'.*A!'(*'& 1&!:!:96!E!-'? F"!+- F"!)*A!

/C,(,0'(,! /C)/! 'G,()??! ,>/1*+/1'*! +',001+1,*/! '0!?@A'()B ! 1&! "4"!9#8! E!-'? F"!+- F"3! BC,!

A100,(,*+,! %,/H,,*! /C,! +'*+,*/()/1'*! .&1*D! /C,! -'A101,A! )*A! .*-'A101,A! I""; !466!

E!-'? F"!+- F"J!,>/1*+/1'*!+',001+1,*/&!1&!)@@('>1-)/,?2!'0!635!*-'?3!!

!

!"#$%&'(8(!$%&'(%)*+,!-,)&.(,-,*/&!0'(!)('-)/1+!2*)-1*,! '(** 3!!

+,-./ & 01,2%,-."-31,&456& 7) ! 78& 7' & 7#91.#",2%!
4":%.";%6&

" ! "3<:3"67#! 6385<! 63848! 638"#! 63848!
4! "3;"3"67#! 63;65! 63:<4! 63:;#! 63:9;!
5! "35#3"67#! 63#84! 63#;:! 63:6;! 63#9"!
#! "3683"67#! 635:8! 63#65! 63596! 63596!
: ! 936:3"67: ! 63499! 63485! 634;8! 6348;!

!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#4!

!
<3;=.%&'(B(&=>/1*+/1'*!+',001+1,*/!+)?+.?)/1'*!0'(!+'-@'.*A!'(** 3!

!

BC,&,!A)/)!&.DD,&/!/C)/!,>/1*+/1'*!'0!+',001+1,*/!'0!+'-@'.*A!'(**&1&!5!<"<!E!-'? F"!+- F"!)*A!

/C,(,0'(,!/C)/!'G,()??!,>/1*+/1'*!+',001+1,*/!'0!-'A101,A!?@A'(88!1&!"68!<"<!E!-'? F"!+- F"3!

BC,! A100,(,*+,! %,/H,,*! /C,! +'*+,*/()/1'*! .&1*D! /C,! -'A101,A! )*A! .*-'A101,A! I""4 !866!

E!-'? F"!+- F"J!,>/1*+/1'*!+',001+1,*/&!1&!)@@('>1-)/,?2!'0!635!*-'?3!!

!

BC,!-'A101,A!)*A!.*-'A101,A!,>/1*+/1'*!+',001+1,*/!G)?.,&!0'(!/C,!KLM&!&2*/C,&1&,A!1*!/C1&!

@('N,+/!)(,!&.--)(1&,A!1*!B)%?,!5353!

!

!"#$%&'('(!O'A101,A!)*A!.*-'A101,A!KLM&!,>/1*+/1'*!+',001+1,*/!G)?.,&3!!

?@A& C%D=%,2%! ! !"#$%&'&(%)

4E!F1$G)!2FG)6&
! #$%&'&(%)

4E!F1$G)!2FG)6&

H0I(**$*&4,F1$6&

?@A'()B & : P7J) !QR$!BBQ!$RB!QRB75P! "";!466 ! "4"!9#8! 6349!
?@A'()K & : P7J8 !QR$!BBQ!$RB!QRB75P! "";!466 ! "";!466 ! 6!
?@A'(8L& : P7BB$!BQR!$QJ' !$R75P! ""<!666! ""#!""< ! 634;!
?@A'(8) & : P7RJ' $!BQR!$QB!$R75P! "";!566 ! """!#"< ! 6348!
?@A'(88& : P7J8 !RQR!Q$B!$J' R!QRQ75P! ""4!866! "68!<"<! 634<!

!

!
!

L.,! /'! /C,! ,(('(! )&&'+1)/,A!H1/C!/C,!*,)(,&/!*,1DC%'.(!+)?+.?)/1'*S!1/!1&! '0/,*!)&&.-,A!/C)/!

-'A101+)/1'*&!-)A,!'*!KLM&!A'!*'/!+C)*D,! ! !&1D*101+)*/?2!)*A!(,)+/1'*!21,?A&!)(,!+)?+.?)/,A!

0('-!@,)T! )(,)! .&1*D!UV7WVERS! ,G,*!HC,*! -'A1021*D!KLM&!H1/C!0?.'('@C'(,&3"<5!X1*+,!

N

N

O
6P

O

O

O

X1 = X2 =
O

P
O

O

O

O

O

O
N

NH

O

O

O

H
N

4
N

N

P
O

O O

X3 =



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#5!

/C,&,!A)/)!&C'H,A!/C)/!)('-)/1+!2*)-1*,!&+)00'?A&!&?1DC/?2!1*0?.,*+,!KLM!'G,()??!! S!(,)+/1'*!

21,?A&! )(,! +)?+.?)/,A! .&1*D! %'/CS! -'A101,A! )*A! .*-'A101,AS! ,>/1*+/1'*! +',001+1,*/S!

&.%&,Y.,*/?2!@('G1A1*D!)G,()D,!21,?A&3!!

!

+,-,. ! /01&#&231&$") $') 4!554) 6&731&$"2) !2&"7) 3") 5*$#31&8) 9"3#&"(:;$%&'&(%)

/<= )

$!&+(,,*!H)&!+'*A.+/,A!/'!/,&/!/C,!(,)+/1G1/2!'0!)('-)/1+!2*)-1*,&!)&!+'-@)(,A!/'!)('-)/1+!

)?T2*,&!HC,*!@,(0'(-1*D!R.$$R!?1D)/1'*&! '*!KLM&3!$!G)(1,/2! '0!@)()-,/,(&!1*+?.A1*D!)!

&+(,,*1*D! '0!?1D)*A! )*A! +'@@,(! &'.(+,! )*A! )! &+(,,*1*D! '0! )Z1A,! )*A! +'@@,(! ?')A1*D! H,(,!

,>@?'(,A3![*1/1)?!1*G,&/1D)/1'*&!H,(,!)+C1,G,A!/'!A,/,(-1*,!/C,!*,,A!0'(!)AA1/1G,&!I,B4BS!M)$&+S!

?1D)*AJ!HC,*!@,(0'(-1*D!R.$$R!(,)+/1'*!'*!?@A'()B !I\1D.(,!53<J3!!

!

!
!

!
<3;=.%&'(K(&K@/1-1Z)/1'*!'0!R.$$R!+'*A1/1'*&!/'!+'*G,(/&?@A'()B&1*/'!/(1)Z'?,&?@A'(8'" !

!

$!+'*/('?!(,)+/1'*!%,/H,,*!2*)-1*, 7-'A101,A!?@A'()B&)*A!)Z1A,&8(MN"S!H1/C'./!/C,!.&,!'0!

+'@@,(!+)/)?2&/S!H)&!@,(0'(-,AS!)00'(A1*DS!)&!,>@,+/,AS!*'!(,)+/1'*3!BC,!)AA1/1'*!'0!R.IK$+J4!

I"6! ,Y.1G3J! '*?2! @('G1A,A!?@A'(8'" ! 1*! 9!±! "]! ! 21,?A3! U,)+/1'*! ()/,! H)&! A()-)/1+)??2!

1*+(,)&,A! HC,*! )AA1*D! )! ?1D)*A! I,3D3S! BWVB$J! /'! /C,! (,)+/1'*! -1>/.(,S! +'*&1&/,*/! H1/C!

'%&,(G)/1'*!-)A,!H1/C!(,D.?)(!)?T2*,&S94!)00'(A1*D!?@A'(8'" !1*!59!±!"]! 21,?A3!\1*)??2S!/C,!

5'-O2-PO-GCA TTG ACT GCT-3'

O

N

N

5'-O2-PO-GCA TTG ACT GCT-3'

O

6

Bn N3

2.65a
(20 equiv)

ODN3.18
(1 equiv)

Conditions

ODN3.23a
H2O

rt, 1 h

N
NN

Bn
=



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "##!

)AA1/1'*!'0!)!R.I[[J!(,A.+/)*/!I ,B4BS!M)$&+J!)??'H,A!/C,!0'(-)/1'*!'0!?@A'(8'" !1*!;8!±!4]!

21,?A!)0/,(!"!C!'0!(,)+/1'*3!!

[/!C)&!@(,G1'.&?2!%,,*!(,@'(/,A!/C)/!/C,!.&,!'0!/(1)Z'?,!?1D)*AS!&.+C!)&!BWVB$S!A()-)/1+)??2!

)++,?,()/,&!R.$$R!(,)+/1'*!()/,3!BC1&!1&!A.,!/'!/C,!/,/()A,*/)/,!+C,?)/1'*!'0!BWVB$!?1D)*A&!

H1/C!/C,!R.I[J!+,*/(,!I&,,!RC)@/,(!"!0'(!-'(,!1*0'(-)/1'*!'*!/C,!1-@)+/ !'0!?1D)*A&!'*!R.$$R!

T1*,/1+&J3!R'--'*?2!.&,A!?1D)*A&!0'(!R.$$R!(,)+/1'*&!)(,!B^B$94!)*A!BWVB$395!$-'*D!

/C,!&,G,()?!?1D)*A&!A1&+'G,(,AS!$OBR!C)&!&C'H*!/'!1*+(,)&,!R.$$R!(,)+/1'*!()/,!)/!?'H,(!

+'@@,(!?')A1*D!)*A!C)&!/C,!)AG)*/)D,! '0!%,1*D!H)/,(!&'?.%?,!)*A!,)&1?2!&2*/C,&1&,A398!BC,!

(,)+/1G1/2!A100,(,*+,!'0!/C,&,!?1D)*A&!H,(,!/C,*!1*G,&/1D)/,A!0'(!/C,!0'(-)/1'*!'0! ?@A'(8'" !

I\1D.(,!53"6J3!!

!

!
!

!
<3;=.%&'()L(&E1D)*A!&+(,,*1*D!0'(!/C,!0'(-)/1'*!'0!?@A'(8'" 3!

!

B^B$! C)&! &C'H*! /'! A,+(,)&,! /C,! ()/,! '0! ?@A'(8'" ! 0'(-)/1'*! +'-@)(,A! /'! BWVB$!

I(,&@,+/1G,?2!:#!±!4]!)*A!;8! ±!4]JS!-'&/!?1T,?2!A.,!/'!1/&!@''(!&'?.%1?1/2!1*!)Y.,'.&!-,A1)3!

$OBR!C)&!%,,*!&C'H*!/'!A,+(,)&,!(,)+/1'*!()/,!0.(/C,(-'(,!I#6! ±!"]!21,?AJS!-'&/!?1T,?2!A.,!

/'! 1/&! &-)??! &1Z,398! [*A,,AS! '*?2! #!±! "]! '0! ?@A'()B&&/)(/1*D! -)/,(1)?! H)&! (,+'G,(,AS!

&.DD,&/1*D!/C)/!-'&/!'0!KLM!H)&!A,D()A,AS!7'%!+'@@,(71*A.+,A!'>1A)/1G,!A)-)D,S!HC,*!.&1*D!

/C1&!?1D)*A3!X1*+,!BWVB$!C)&!&C'H*!/'!D,*,()/,!C1DC,(!(,)+/1'*!()/,&!)*A!1-@('G,A!KLM!

&/)%1?1/2S!1/!H)&!.&,A!0'(!/C,!(,&/!'0!/C1&!&/.A23!!

!

$ ! &+(,,*1*D!+)-@)1D*!H)&! )?&'!+)((1,A! './ ! /'! 1*G,&/1D)/,! /C,! ,00,+/! '0! +'@@,(! &'.(+,! '*!

R.$$R!(,)+/1'*!()/,!HC,*!.&1*D!2*)-1*, 7-'A101,A!?@A'()B&)*A!)Z1A,!8(MN"!I\1D.(,!53""J3!!

5'-O2-PO-GCA TTG ACT GCT-3'

O

N

N

5'-O2-PO-GCA TTG ACT GCT-3'

O

6

Bn N3

2.65a
(20 equiv)

ODN3.18
(1 equiv)

ODN3.23a
H2O

rt, 1 h

N
NN

Bn
=

Cu(OAc)2 (10 equiv.)
NaAsc (20 equiv.)

L (20 equiv.)



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#: !

!
!

!
<3;=.%&'())(&R'@@,(!&'.(+,!&+(,,*1*D!0'(!/C,!0'(-)/1'*!'0!?@A'(8'" 3!

!

R'*&1&/,*/!H1/C! '%&,(G)/1'*&!@(,G1'.&?2!-)A,! '*!&-)??!-'?,+.?,&S"8" !R.IK$+J 4!C)&!&C'H*!

&?'H,(! (,)+/1'*! ()/,&! /C)*! R.XK #S! HC,*! 1*! /C,! @(,&,*+,! '0! )! ?1D)*A! &.+C! )&! BWVB$!

I(,&@,+/1G,?2!;8!±!4]!)*A!99! ±!4]J3!BC1&!+'.?A!%,!A.,!/'!/C,!0)+/!/C)/!@'?27/(1)Z'?,!?1D)*A&S!

&.+C!)&!BWVB$S!)++,?,()/,!(,)+/1'*!()/,!7'%)/C,!0'(-)/1'*!'0!)!+'@@,(!-'*'*.+?,)(!+'-@?,>3 94!

W'H,G,(S! 1/! C)&! )?&'! %,,*! &C'H*! /C)/! R.IK$+J4! (,)+/&! 0)&/,(! )&! )! A1*.+?,)(! +'-@?,>399!

BC,(,0'(,S!)AA1/1'*!'0!)!C1*A,(,A!?1D)*AS!&.+C!)&!BWVB$S!+'.?A!,1/C,(!&?'H!A'H*!/C,!(,)+/1'*!

%2!0'(-1*D!)!-'*'*.+?,)(!+'-@?,>S!HC1+C!H'.?A!/C,*!%,!?,&&!0)G'.()%?,!0'(!R.IK$+J4!'(!/C,!

?1D)*A! +'.?A! +C,?)/,! /C,! A1*.+?,)(! +'-@?,>S! 0'(-1*D! )*! ,>/(,-,?2! C1*A,(,AS! /C.&! ?,&&!

)++,&&1%?,S!+'@@,(!+'-@?,>3!BC,!.&,!'0!R.I[JS!&.+C!)&!R.^(!)*A!R.[S!C)&!)?&'!%,,*!&C'H*!/'!

A,+(,)&,!/C,!(,)+/1'*!21,?A&!I(,&@,+/1G,?2!;#!±!5]!)*A!;"! ±!4]J3!BC,!.&,!'0!%'/C!R.XK#!)*A!

R.IKB0J4!C)&!)??'H,A!/C,!0'(-)/1'*!'0! ?@A'(8'" !1*!,>+,??,*/!21,?A&!99!±!4]!)*A!<8! ±!4]S!

(,&@,+/1G,?2S!)0/,(!"!C!'0!(,)+/1'*3!R.IKB0J4!H)&!+C'&,*!0'(!/C,!(,&/!'0!/C1&!&/.A23!

!

$&! A1&+.&&,A! @(,G1'.&?2S! +'@@,(71*A.+,A! '>1A)/1G,! A)-)D,! '*! %1'-'?,+.?,&! (,-)1*&! )!

&1D*101+)*/! ?1-1/)/1'*! '0!R.$$R! -,/C'A'?'D2S!?1-1/1*D!1/&! )@@?1+)%1?1/2! /'!%1'+'*N.D)/1'*3!

=*C)*+,A!(,)+/1G1/2!'0!)('-)/1+!2*)-1*,!C)&!)??'H,A!C1DC?2!,001+1,*/!/(1)Z'?,!0'(-)/1'*!H1/C!

&-)??! -'?,+.?,&S! ,G,*! )/! ?'H! +'@@,(! ?')A1*D3"8"S4": ! $! &/.A2! '0! /C,! +'@@,(! ?')A1*DS! HC,*!

@,(0'(-1*D!?1D)/1'*!'*!?@A'()B S!H)&!/C,*!,>@?'(,A!I\1D.(,!53"4J3!!

!

5'-O2-PO-GCA TTG ACT GCT-3'

O

N

N

5'-O2-PO-GCA TTG ACT GCT-3'

O

6

Bn N3

2.65a
(20 equiv)

ODN3.18
(1 equiv)

ODN3.23a
H2O

rt, 1 h

N
NN

Bn
=

CuX (10 equiv.)
NaAsc (20 equiv.)
THPTA (20 equiv.)



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#; !

!
!

!
<3;=.%&'()8(&X+(,,*1*D!'0!+'@@,(!?')A1*D!0'(!/C,!0'(-)/1'*!'0!?@A'(8'" 3!

!

M'!A100,(,*+,!1*!(,)+/1G1/2!H)&!'%&,(G,A!HC,*!A,+(,)&1*D!+'@@,(!?')A1*D!0('-!"6!/'!:!,Y.1G3S!

)00'(A1*D!<8!±!4]!21,?A! '0!@('A.+/!?@A'(8'" !)0/,(!"!C! '0!(,)+/1'*3!L,+(,)&1*D!0.(/C,(! /'!

+)/)?2/1+!)-'.*/!'0!R.IKB0J 4!I63:!,Y.1G3J!(,&.?/,A!1*!'*?2!)!&-)??!?'&&!'0!(,)+/1G1/2S!)00'(A1*D!

?@A'(8'" !1*!88!±!4]!21,?A3!_C,*!1*+(,)&1*D!/C,!/1-,!'0!(,)+/1'*!/'!4!CS!/(1)Z'?,!0'(-)/1'*!

H)&!,001+1,*/?2!)+C1,G,A!H1/C!"6!-'?!]!'0!R.IKB0J4S!@('G1A1*D!?@A'(8'" !1*!98!±!4]!21,?A3!

$//,-@/ &!/'!A,+(,)&,!+'@@,(!?')A1*D!0.(/C,(-'(,!)00'(A,A!)!-)N'(1/2!'0!&/)(/1*D!-)/,(1)?!)*A!

'*?2!4"!±!"]!21,?A!'0&?@A'(8'" !)0/,(!4!C3![/!H'(/C!*'/1*D!/C)/S!,G,*!/C'.DC!/C,!(,&/!'0!/C1&!

&/.A2!.&,&!"6!-'?!]!'0!R.IKB0J 4!/'!A,+(,)&,!(,)+/1'*!/1-,S!A,+(,)&1*D!+'@@,(!?')A1*D!/'!:!

-'?!]!H1??!&/1??!+)/)?2&,!/C,!(,)+/1'*!)*A!+'.?A!)??'H!+'-@?,/1'*!'0!/C,!(,)+/1'*!10!(,)+/1'*!

/1-,!H)&!1*+(,)&,A3!!

!

\1*)??2S! /C,! &/'1+C1'-,/(2! '0! )Z1A,!8(MN"! (,Y.1(,A! /'! '%/)1*! 0'(-)/1'*! '0! ?@A'(8'" !H)&!

&+(,,*,A!I\1D.(,!53"5J3![*+(,)&1*D!/C,!,>+,&&!'0!)Z1A,!(,&.?/,A!1*!)!&-)??!?'&&!'0!(,)+/1G1/2S!

)00'(A1*D!?@A'(8'" !1*!96!±!4]!21,?AS!-'&/!?1T,?2!A.,!/'!/C,!@''(!&'?.%1?1/2!'0!)Z1A,!8(MN"!1*!

)Y.,'.&!-,A1)3!W'H,G,(S!A,+(,)&1*D!/C,!&/'1+C1'-,/(2!/'!4!,Y.1G3!)00'(A,A!?@A'(8'" !1*!<<!

±!"]!21,?A!)0/,(!4!C!'0!(,)+/1'*3!

!

!

!

5'-O2-PO-GCA TTG ACT GCT-3'

O

N

N

5'-O2-PO-GCA TTG ACT GCT-3'

O

6

Bn N3

2.65a
(20 equiv)

ODN3.18
(1 equiv)

ODN3.23a
H2O

rt, X h

N
NN

Bn
=

Cu(OTf)2 (X equiv.)
NaAsc (X equiv.)
THPTA (X equiv.)



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#8!

!
!

!
<3;=.%&'()'(&X+(,,*1*D!'0!)Z1A,!&/'1+C1'-,/(2!0'(!/C,!0'(-)/1'*!'0! ?@A'(8'" 3!

!

+,-,>! /01&#&231&$")$')4!554)6&731&$"2)!2&"7)?@("A638(1A6("(:;$%&'&(%)/<=)

B'!+'-@)(,! /C,! (,)+/1G1/2! '0!)('-)/1+!2*)-1*,! /'!+'*G,*/1'*)?!)?T2*,&S!R.$$R!(,)+/1'*&!

.&1*D! )Z1A,!8(MN"! )*A! ?@A'()K S! +'*/)1*1*D! /C,! &)-,! &,Y.,*+,! %./! -'A101,A! H1/C! )!

@C,*2?)+,/2?,*,! -'1,/2S! H,(,! +)((1,A! './! I\1D.(,! 53"#J3! =*C)*+,A! (,)+/1G1/2! '0! )('-)/1+!

2*)-1*,&!H)&!01(&/!A,-'*&/()/,A!%2! /C,!0)+/! /C)/! *'! (,)+/1'*! '++.((,A!%,/H,,*! 8(MN"!)*A!

?@A'()K !)0/,(!4!CS!,G,*!1*!/C,!@(,&,*+,!'0!"6!,Y.1G3!'0!R.IKB0J43![*+(,)&1*D!(,)+/1'*!/1-,!/'!

";!C!)00'(A,A!/C,!0'(-)/1'*!'0! ?@A'(8*" !1*!Y.)*/1/)/1G,!21,?A3!L,+(,)&1*D!+'@@,(!?')A1*D!/'!

:!,Y.1G3!@('G1A,A!/C,!,>@,+/,A!/(1)Z'?,!1*!99]!21,?A3!W'H,G,(S!)//,-@/&!/'!A,+(,)&,!+'@@,(!

?')A1*D!0.(/C,(!I"!,Y.1G3J!(,&.?/,A!1*!'*?2!#9]!'0!?@A'(8*" !)0/,(!";!C3!$//,-@/&!/'!@,(0'(-!

/C,!(,)+/1'*!.&1*D!+)/)?2/1+!)-'.*/!'0!+'@@,(!(,&.?/,A!1*!/C,!(,+'G,(2!'0!&/)(/1*D!-)/,(1)?!'*?23!

!

!

!

!

!

!

!

5'-O2-PO-GCA TTG ACT GCT-3'

O

N

N

5'-O2-PO-GCA TTG ACT GCT-3'

O

6

Bn N3

2.65a
(X equiv)

ODN3.18
(1 equiv)

ODN3.23a
H2O

rt, 2 h

N
NN

Bn
=

Cu(OTf)2 (0.1 equiv.)
NaAsc (0.2 equiv.)
THPTA (0.2 equiv.)



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#9!

!
!

!
<3;=.%&'()*(&K@/1-1&)/1'*!'0!R.$$R!+'*A1/1'*&!0'(!/C,!0'(-)/1'*!'0! ?@A'(8*" 3!

!

+,-,- ! B!C21*31()B8$0()

BC,!&.%&/()/,!&+'@,!'0!)('-)/1+!2*)-1*,7-'A101,A!?@A'()B !H)&!1*G,&/1D)/,A!.&1*D!R.IKB0J4!

I"6!-'?!]JS!BWVB$!I 46!-'?!]J!)*A!M)$&+!I46!-'?!]J!1*!W 4K!IX+C,-,!53"<J3!BC,!(,)+/1'*!

/'?,()/,&!)!H1A,!()*D,! '0!)Z1A,&!+'*/)1*1*D!&/,(1+!+'*&/()1*/&!I,B4BS!8(MNOJS!+'@@,(7+C,?)/1*D!

D('.@&!I,B4BS!8(MNPS!8(MNDS!8(MN.S!'(*M" S!'(*M#S!'(*M2!)*A!'(*M%J!)*A!0?.'('@C'(,&!I,B4BS!8(MNDS!

8(MN.! )*A! '(*M#J3! [*/,(,&/1*D?2S! /C1&! &/()/,D2! )??'H&! 0'(! /C,! ,001+1,*/! 0'(-)/1'*! '0!

%1'+'*N.D)/,&!HC1+C!+'.?A!%,! .&,A!1*!&,G,()?! )@@?1+)/1'*&3!BC,!&2*/C,&1&! '0! )! -1-1+! '0! )!

%1'-,A1+)?!1-)D1*D!-)(T,("9<!C)&!%,,*!A,-'*&/()/,A!H1/C!/C,!?1D)/1'*!'0!?@A'()B !H1/C!)Z1A,!

-'A101,A7V=B! @('%,! -1-1+!'(*M" S! )00'(A1*D!?@A'(8'O !1*! <8!±!4]! 21,?A3! E1D)/1'*! H1/C!

?@A'()B !H1/C!)*!)Z1A,7-'A101,A!0?.'('.&!/)1?S!+'--'*?2!. &,A!1*!&.(0)+,!+C,-1&/(2S4"; !C)&!

)?&'!%,,*!&C'H*S!(,&.?/1*D!1*!/C,!0'(-)/1'*!'0!?@A'(8'3 !1*!;9!±!4]!21,?A3!BC1&!&/()/,D2!+'.?A!

)?&'!%,!.&,A!0'(!A(.D!A1&+'G,(2!H1/C!/C,!?1D)/1'*!'0!)Z1A,7-'A101,A!-)**'&, 4"8!'(*M2S!)Z1A,7

-'A101,A! 0'?)/,4"9! ' (*M%! )*A! )Z1A,7-'A101,A! +C'?,&/,('?4"<! '(*MQS! )00'(A1*D! (,&@,+/1G,?2!

?@A'(8'P !1*!5<!±!4]!21,?AS!?@A'(8'R !1*!;:! ±!"]!21,?A!)*A!?@A'(8'Q!1*!<"!±!4]!21,?A3!

\1*)??2S! +'*N.D)/1'*! '0!?@A'( )B! H1/C! %1'/1*! )Z1A,!8(MN9S! +'--'*?2! .&,A! 0'(! @.??7A'H*!

)&&)2&S446!C)&!)?&'!&.++,&&0.??2!%,,*!A,-'*&/()/,AS!@('G1A1*D!/C,!0'(-)/1'*!'0! ?@A'(8'S !1*!

98!±!4]!21,?A3![/!H'(/C!*'/1*D!/C)/!0'(!?,&&!(,)+/1G,!)Z1A,&S!&.+C!)&!8(MNOS!'(*M2S!'(*MO!)*A!

'(*M%S!C1DC,(!+'@@,(!?')A1*D!H)&!*,+,&&)(2!0'(!+)/)?2&1*D!/C,!(,)+/1'*!I63:!/'!"!,Y.1G3J3!!

5'-O2-PO-GCA TTG ACT GCT-3'

O

5'-O2-PO-GCA TTG ACT GCT-3'

O

Bn N3

2.65a
(X equiv)

ODN3.19
(1 equiv)

ODN3.24a
H2O

rt, X h

N
NN

Bn

=
Cu(OTf)2 (X equiv.)
NaAsc (X equiv.)
THPTA (X equiv.)



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#<!

!
C2P%F%& '()K(&X.%&/()/,! &+'@,3!C%DR.IKB0J4! I"! ,Y.1G3JS! M)$&+! I4! ,Y.1G3JS! BWVB$! I4! ,Y.1G3J3!CEDR.IKB0J4! I63:!

,Y.1G3JS!M)$&+!I"!,Y.1G3JS!BWVB$!I"!,Y.1G3J3!F-#5%&,G)*',5G-B!

!

+,-,D! B&1(:<(0("%("1);$%!631&$")$')9"3#&"()E(381&F&1A)

_C,*! 1*+'(@'()/,A! )/! /C,! : P7@'&1/1'*! '0! KLM&S!)*! )('-)/1+! 2*)-1*,! ,>C1%1/&! ,*C)*+,A!

(,)+/1G1/2!1*!R.$$R!?1D)/1'*&S!)&!+'-@)(,A!/'!(,D.?)(!)?T2*,&S!)??'H1*D!0'(!0)&/!)*A!,001+1,*/!

/(1)Z'?,!0'(-)/1'*S!,G,*!)/!?'H!+'@@,(!?')A1*D3!W'H,G,(S!)&!LM$!1&!*'/!&/)/1+S!1*+'(@'()/1'*!

'0!/C,!)('-)/1+!2*)-1*,!-'1,/2!1* !)*!1*/,(*)?!@'&1/1'*!-)2!)?/,(!1/&!)++,&&1%1?1/2S!(,&.?/1*D!1*!

A,+(,)&,A!(,)+/1G1/23!B'!G,(102!10!)('-)/1+!2*)-1*,!@'&1/1'*!C)&!)*!1*0?.,*+,!'*!1/&!(,)+/1G1/2S!

?@A'(8L!)*A!?@A'(8) S!+'*/)1*1*D!)*!)('-)/1+!2*)-1*,!)/!A100,(,*/!@'&1/1'*&S!H,(,!(,)+/,A!

H1/C!)Z1A,!8(MN"!1*!R.$$R!(,)+/1'*&!I\1D.(,!53":!)*A!53";J3!V,(0'(-1*D!R.$$R!?1D)/1'*!

%,/H,,*! ?@A'(8L!)*A!)Z1A,!8(MN"!.&1*D!/C,!@(,G1'.&?2!'@/1-1&,A!+'*A1/1'*&!I"6!-'?!]!'0!

N
N3Ph N3

2.65a
99 ± 1%

O OHO

N3

NMe2

F

N
H

O
N3

O

O

O

OHHO

H
N

S

H
N

HN NH

S

O

H
H

H
N

O

O
N3

3

H

H H

Me
Me

O

O

N
H

O
AcO

AcO

OAc

O

OAc

N3

N

N
H

N

N

H2N

O

N
H

N
H

O CO2tBu

functional azides

O2S

H
N N3

N3

N3 CF3

F F

F F

F F

F F

F F

F F

F F

Me

Me

H
N

O

N3

N3

N3

fluorophores

simple azides

2.65h
99 ± 1%

2.65d
37 ± 1%[a]

3.46a
97 ± 2%

3.46b
69 ± 2%

2.65q
97 ± 2%

2.65r
65 ± 2%

3.46c
39 ± 2%[b]

3.46d
68 ± 2%[a]

2.65s
87 ± 2%

3.46e
65 ± 1%[a] 3.46f

91 ± 2%

Me

5'-O2-PO-GCA TTG ACT GCT-3'

O

N

N

5'-O2-PO-GCA TTG ACT GCT-3'

O

6

N3

2.65a-s
or 

3.46a-f
(2 equiv)

ODN3.18
(1 equiv)

ODN3.23a-m
H2O

rt, 16 h

N
NN =

Cu(OTf)2 (0.1 equiv.)
NaAsc (0.2 equiv.)
THPTA (0.2 equiv.)



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ":6 !

R.IKB0J4S!46!-'?!]!'0!BWVB$!)*A!M)$&+J!)00'(A,A!*'!(,)+/1'*S!'*?2!(,+'G,(2!'0!/C,!&/)(/1*D!

-)/,(1)?! I\1D.(,! 53":J3! BC1&! (,&.?/! &.DD,&/&! /C)/! /C,! @'&1/1'*! '0! /C,! -'A101+)/1'*! C)&! )!

&1D*101+)*+,!1*0?.,*+,! '*!1/&! (,)+/1G1/23! [*+(,)&1*D!+'@@,(!?')A1*D! /'! "! ,Y.1G3!@('G1A,A! /C,!

,>@,+/,A!/(1)Z'?,!?@A'(8N"!1*!<4!±!4]!21,?A3!O'(,!1-@'(/)*/?2S!)('-)/1+!2*)-1*,!(,)+/1G1/2!

H)&! )?&'! (,&/'(,A! HC,*! 1*+(,)&1*D! )Z1A,!8(MN"&&/'1+C1'-,/(2S! )??'H1*D! /C,! 0'(-)/1'*! '0!

?@A'(8N"!1*!94!±!4]!21,?A!H1/C!'*?2!)!+)/)?2/1+!)-'.*/!'0!+'@@,(!I63"!,Y.1G3J3!

!

!
!

!
<3;=.%&'()N(&K@/1-1&)/1'*!'0!R.$$R!+'*A1/1'*&!0'(!/C,!0'(-)/1'*!' 0!?@A'(8N"3!

!

B'!0.(/C,(!@('%,!/C,!1*0?.,*+,!'0!)('-)/1+!2*)-1*,!@'&1/1'*!'*!1/&!(,)+/1G1/2S!R.$$R!(,)+/1'*!

+'*A1/1'*&!.&1*D!?@A'(8) !)*A!)Z1A,!8(MN"!H,(,!)?&'!1*G,&/1D)/,A!I\1D.(,!53";J3!X1-1?)(!/'!

/C,! @(,G1'.&! ,>@,(1-,*/&S! *'! (,)+/1'*! '++.((,A! HC,*! .&1*D! /C,! @(,G1'.&?2! '@/1-1&,A!

+'*A1/1'*&! I"6! -'?! ]! '0! R.IKB0J 4S! 46! -'?! ]! '0! BWVB$! )*A! M)$&+J3! [*+(,)&1*D! +'@@,(!

?')A1*D! /'! "! ,Y.1G3! )00'(A,A! -'A,()/,! (,) +/1G1/2! H1/C! /C,! 0'(-)/1'*! '0! '*?2! :6!±! "]! '0!

?@A'(8M"3!R'-@)()%?,!/'!?@A'(8LS!HC,*!.&1*D!)*!,>+,&&!'0!)Z1A,!8(MN"S!R.$$R!(,)+/1'*!

H)&!&.++,&&0.??2!@,(0'(-,AS!@('G1A1*D!?@A'(8M"!1*! 89!±!4]! 21,?A! H1/C! '*?2! )! +)/)?2/1+!

)-'.*/!'0!+'@@,(3 !

!

H2O
rt, 16 h

5Õ-TTA TGC AGT AC-3Õ

N

N

N
H

Bn N3

2.65a
(X equiv)

ODN3.20
(1 equiv)

Cu(OTf)2 (X equiv.)
NaAsc (X equiv.)
THPTA (X equiv.)

ODN3.25a

4

O

5Õ-TTA TGC AGT AC-3Õ

N
NN

Bn
=



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ":" !

!
!

!
<3;=.%&'()M(&K@/1-1&)/1'*!'0!R.$$R!+'*A1/1'*&!0'(!/C,!0'(-)/1'*!'0! ?@A'(8M"3!

!

BC,&,!A)/)!&.DD,&/!/C)/!/C,!@'&1/1'*!'0!/C,!-'A101+)/1'*!C)&!)!&/('*D!1-@)+/!'*!1/&!(,)+/1G1/2S!

+'*&1&/,*/!H1/C!/C,!0)+/!/C)/S!HC,*!1*+'(@'()/,A!1*!)*!1*/,(*)?!@'&1/1'*S!)('-)/1+!2*)-1*,&!)(,!

?,&&! )++,&&1%?,! 0'(! (,)+/1*D3! W'H,G,(S! /C,! )AA1/1'*! '0! )*! ,>+,&&! '0! )Z1A,! (,&/'(,! )('-)/1+!

2*)-1*,!(,)+/1G1/2!)*A!)??'H!,001+1,*/!?1D)/1'*S!,G,*!)/!?'H!+'@@,(!?')A1*D3!

!

+,-,G! 4@(#$2(6(81&F(H)B(I!("1&36)4!554)J&731&$"2)$')/<=2)

B'!A,-'*&/()/,! /C,!@'/, */1)?! '0! )('-)/1+!2*)-1*,!0'(!@,(0'(-1*D!+C,-'&,?,+/1G,!R.$$R!

%1'+'*N.D)/1'*S!?@A'(88!H)&!A,&1D*,A!/'!+'*/)1*!)!@C,*2?)+,/2?,*,!(,)+/1G,!D('.@!)/!/C,!5`7

@'&1/1'*S!/C.&!%,1*D!@'/,*/1)??2!-'(,!)++,&&1%?,S!)*A!)*!)('-)/1+!2*)-1*,!0.*+/1'*)?!D('.@!)/!

)*!1*/,(* )?!@'&1/1'*3!\.(/C,(-'(,S!/C,!&,Y.,*+,!'0!?@A'(88&C)&!%,,*!+)(,0.??2!%,!+C'&,*!/'!

%,!@)?1*A('-1+S!@'/,*/1)??2!A,+(,)&1*D!0.(/C,(-'(,!/C,!)++,&&1%1?1/2!'0!/C,!)('-)/1+!2*)-1*,!

-'1,/23! ?@A'(88!H)&!(,)+/,A!H1/C!)Z1A,7-'A101,A!V=B7@('%,!-1-1+!'(*M"&1*!/C,!@(,&,*+,!

'0!R.IKB0J4!I"6!-'?!]JS!BWVB$!I46!-'?!]J!)*A!M)$&+!I46!-'?!]J!IX+C,-,!5346J3!$0/,(!5!

C!'0!(,)+/1'*S!/(1)Z'?,!?@A'(8>&H)&!'%/)1*,A!1*!<8!±!4]!21,?A3!UV7WVER!)*A!O$EL[7B'\!

)*)?2&,&!'0!/C,!+(.A,!C)G,!1*A1+)/,A!/C,!0'(-)/1'*!'0!)!&1*D?,!@('A.+/!I\1D.(,!53"8J3!X+)?,7.@!

'0!/C,!(,)+/1'*!/'!566!*-'?!@('G1A,A!+'-@'.*A! ?@A'(8>!1*!;6!±!4]!21,?A!)0/,(!UV7WVER!

@.(101+)/1'*3!$!&,+'*A!?1D)/1'*S!)/!/C,!)?T2*,!&1/,S!H)&!/C,*!@,(0'(-,A!H1/C!%1'/1*!)Z1A,!8(MN9!!

H2O
rt, 16 h

5Õ-CT ATG CAG TAC-3ÕBn N3

2.65a
(X equiv)

ODN3.21
(1 equiv)

Cu(OTf)2 (X equiv.)
NaAsc (X equiv.)
THPTA (X equiv.)

5Õ-CT ATC CAG TAC-3Õ

ODN3.26a

N
NN

Bn

N

N

N
H4

O

=



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ":4 !

!
C2P%F%&'(8L(&RC,-'&,?,+/1G,S!&,Y.,*/1)?!R.$$R!(,)+/1'*&!'*!?@A'(883!!

!

.&1*D!R.IKB0J4!I"6!,Y.1G3JS!M)$&+!I46!,Y.1G3J!)*A!BWVB$!I46!,Y.1G3J3!$0/,(!4#!C!'0!(,)+/1'*S!

-.?/170.*+/1'*)?1&,A!?@A'(8B!H)&!'%/)1*,A!1*!99!±!4]!21,?A3!X+)?,7.@!'0!/C,!(,)+/1'*!/'!4:!

*-'?!&+)?,!)00'(A,A!+'-@'.*A! ?@A'(8B!1*!:8!±!"]!21,?A!)0/,(!UV7WVER!@.(101+)/1'*3!!

!

!
<3;=.%&'()>(&O$EL[ 7BK\!)*)?2&1&!'0!&,Y.,*/1)?!R.$$R!A.)?!?)%,??1*D!'0!?@A'(883!

5'-O2-PO-CGC GAT ATC GCG-3Õ

O

ODN3.22
(1 equiv)

Cu(OTf)2 (0.1 equiv.)
NaAsc (0.2 equiv.)
THPTA (2 equiv.)

rt, 3 h

5'-O2-PO-CGC GAT ATC GCG-3Õ

O

ODN3.27

5'-O2-PO-CGC GAT ATC GCG-3Õ

O

ODN3.28
5 nmol scale : 88 ± 2%

25 nmol scale: 57 ± 1%a
aafter RP-HPLC purification

N3

3.46a
(2 equiv)

Cu(OTf)2 (10 equiv.)
NaAsc (20 equiv.)
THPTA (20 equiv.)

rt, 24 h

N3

2.65s
(2 equiv)

HN NH

S

O

H
H

N
H

O
3

O

4

N

N

N
H4

O

F

N
H

O= =

N
N N

N
N N

N
NN

5 nmol scale : 97 ± 2%
300 nmol scale : 60 ± 2%a

aafter RP-HPLC purification

= =



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ":5 !

B'!A,-'*&/()/,! /C)/! /C,!?1D)/1'*! '++.((,A!&@,+101+)??2!)/! /C,!)('-)/1+!2*)-1*,!@'&1/1'*S!)*!

,*Z2-)/1+!A1D,&/1'*!'0!?@A'(8>!H)&!@,(0'(-,A!.&1*D!=>'[!)*A!=>'[[[!,>'*.+?,)&,&3!!

!

=>'*.+?,)&,! ,*Z2-,&! +?,)G,! *.+?,'/1A,&S! '*,! )/! )! /1-,S! 7'%)C2A('?2&1&! '0! @C'&@C'A1,&/,(!

D('.@&S!,1/C,(!0('-!/C,!5P7!'(!/C,!: P7,*A!'0!LM$344"!=>'[[[!+)/)?2&,&!/C,!A1D,&/1'*!'0!A'.%?,!

&/()*A,A! LM$! 0('-! /C,! 5 P7! /'! /C,! : P7@'&1/1'*! )*A! (,-'G,&! 5P7/,(-1*)?! @C'&@C)/,! D('.@&S!

D,*,()/1*D!5P7!C2A('>2?&3!=>'[!)?&'!A,D()A,&!LM$!0('-!/C,!5P7!/'!/C,!: P7@'&1/1'*!%./!1&!'*?2!

)+/1G,!'*!&1*D?,!&/()*A,A!LM$3![/!(,?,)&,&!:P7-'*'@C'&@C)/,!A,'>2(1%'*.+?,'/1A,&!.@!/'!/C,!

?)&/!/H'!*.+?,'/1A,&3!!

!

B'!,*&.(,!/C,!0'(-)/1'*!'0!/C,!LM$!A.@?,>S! ?@A'(8>!H)&!01(&/!C,)/,A!/'!96!aR!IA,*)/.()/1'*J!

)*A!&?'H?2!+''?,A!A'H*!/'!(/!I)**,)?1*DJ3!?@A'(8>!H)&!&.%&,Y.,*/?2!1*+.%)/,A!H1/C!=>'[[[!

)/!58!aR!0'(!4!C3!$&!=>'[[[!+)/)?2&,&!A,D()A)/1'*!'0!A'.%?,!&/()*A,A!LM$S!1/!H1??!'*?2!A1D,&/&!

?@A'(8>!.@!/'!C)?0!'0!/C,!&/()*A3!=>'[!H)&!/C,*!)AA,A!)*A!/C,!(,)+/1'*!-1>/.(,!1*+.%)/,A!)/!

58!aR!0'(!)*'/C,(!4!CS!,*&.(1*D!/C,!+'-@?,/,!A,D()A)/1'*!'0!?@A'(8>3![*)+/1G)/1'*!'0!%'/C!

,*Z2-,&S!%2!C,)/1*D!/C,!-1>/.(,!/'!96!aR!0'(!46!-1*S!0'??'H,A!%2!+,*/(10.D)/1'*S!)00'(A,A!

A1D,&/,A!?@A'(8>S!HC1+C!H)&!/C,*!)*)?2&,A!%2!ER7OX!I\1D.(,!53"9J3!!

ER7OX!)*)?2&1&!'0!/C,!A1D,&/!(,G,)?,A!/C,!@(,&,*+,!'0!.*-'A101,A!5P7C2A('>2?!:P7@C'&@C)/,!

*.+?,'/ 1A,&! I@,)T&! )/! 53;! -1*! IBJS! :34! -1*! IR! )*A!QJ! )*A!83:! -1*! I$JJ3!M'! *'*7A1D,&/,A!

?@A'(8>!H)&!A,/,+/,AS!1*A1+)/1*D!,00,+/1G,!A1D,&/1'*3!OX!)*)?2&1&!'0!%'/C!@,)T&!I5#34!)*A!

#"3<!-1*J!&C'H,A!-)&&!+'((,&@'*A1*D!/'!+'-@'.*A&!'(*B&)*A!'(*> S!(,&@,+/1G,?23!BC,!/(1)Z'?,!

@('A.+/!0('-!@C,*2?)+,/2?,*,!)*A!)Z1A,!'(*M" !H)&!*'/!'%&,(G,A3!BC,&,!A)/)!A,-'*&/()/,!/C)/S!

1*! /C,! )%&,*+,! '0! @('/,+/1*D! D('.@S! )('-)/1+! 2*)-1*,&! @,(0'(-! +C,-'&,?,+/1G,! R.$$R!

?1D)/1'*3!!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ":# !

!
<3;=.%&'()B(&ER7OX!)*)?2&1&!'0!?@A'(8>&,*Z2-)/1+! A1D,&/1'*3!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ":: !

+,-,K! L#0381)$')5*$#31&8)9"3#&"();$&(1A)&"1$)<=5)B1*!81!*()

BC,! A,G,?'@-,*/! '0! %1'7'(/C'D'*)?! &/()/,D1,&! C)&! )??'H,A! )! %,//,(! .*A,(&/)*A1*D! '0!

%1'-'?,+.?,&`!&/(.+/.(,&!)*A!0.*+/1'*&3!BC,(,0'(,S!/'!%,!0.??2!,00,+/1G,!0'(!%1'+'*N.D)/1'*S!1/!

1&!1-@'(/)*/!/C)/!/C,!1*+'(@'()/,A!(,)+/1G,!D('.@&S!.&,A!0'(!@,(0'(-1*D!/C,&,!%1'7'(/C'D'*)?!

&/()/,D1,&S!A',&!*'/!)?/,(!%1'-'?,+.?,!&/(.+/.(,3!$('-)/1+!2*)-1*,&!C)G,!%,,*!&C'H*!/'!%,!

,)&1?2!1*+'(@'()/,A!1*/'!KLM&3!W'H,G,(S!/C,1(!1-@)+/! '*/'!LM$!&/(.+/.(,!)&!2,/!*'/!%,,*!

,&/)%?1&C,A3!!

!

$?/C'.DC! LM$! +)*! ,>1&/! 1*! &,G,()?! A100,(,*/! +'*0'(-)/1'*&S! /C,! -'&/! +'--'*?2! 0'.*A!

&/(.+/.(,!H1/C1*!?1G1*D!&2&/,-&!1&!)!(1DC/7C)*A,A!C,?1>S!+)??,A!^7LM$S!HC1+C!1*G'?G,&!/H'!

)*/1@)()??,?!&/()*A&3444!BC,!&/)%1?1/2!'0!/C1&!A.@?,>!+)*!%,!A,/,(-1*,A!/C,(-)??2!%2!-'*1/'(1*D!

)%&'(@/1'*! +C)*D,&! )/! 4;6! *-S! HC,*! &.%-1//1*D! /C,! LM$! &)-@?,! /'! )! /,-@,()/.(,! ()-@3!

$%&'(@/1'*!+C)*D,&!.&.)??2!0'??'H!)!&1D-'1A)?!+.(G,S!HC,(,!/C,!@'1*/!'0!1*0?,+/1'*!(,@(,&,*/&!

/C,!/,-@,()/.(,!HC,(,!LM$!1&!1*!,Y.1?1%(1.-!H1/C!&1*D?,!)*A!A'.%?,!&/()*A&3!BC1&!/,-@,()/.(,!

1&!+)??,A!-,?/1*D!/,-@,()/.(,!HO3!$!C1DC,(!HO!G)?.,&!-,)*&!/C)/!LM$!A.@?,>!1&!-'(,!&/)%?,!

)&!1/!(,Y.1(,&!-'(,!,*,(D2!/'!%(,)T3!!

!

B'!1*G,&/1D)/,!/C,!1-@)+/!'0!)*!)('-)/1+!2*)-1*,!-'1,/2!'*/'!LM$!&/(.+/.(,S!)!+'-@)(1&'*!

'0! /C,! -,?/1*D! /,-@,()/.(,! HO! %,/H,,*! /C,! .*-'A101,A! LM$ &?@A'(8K&)*A! -'A101,A!

?@A'(88!H)&!,G)?.)/,A3!BC,!1-@)+/!'0!/C,!/(1)Z'?,!I?@A'(8>J!H)&!)?&'!)&&,&&,A3!\'(!/C)/S!

,)+C!KLM!H)&!&.++,&&1G,?2!&.%N,+/,A!/'!/,-@,()/.(,!()-@!I0('-!46!aR!/'!96!aR!/C,*!%)+T!/'!

46!aR!)/!634!aR!@,(!-1*./,J!/C(,,!/1-,&3!KLM!)%&'(@/1'*!H)&!-'*1/'(,A!,G,(2!634!aR3!!!

!

BC,!(,&.?/&!'%/)1*,A!0'(!/C,!/C(,,!A100,(,*/!KLM&!)(,!&.--)(1&,A!1*!B)%?,!53#3!BC,!)G,()D,!

-,?/1*D! /,-@,()/.(,! '0! .*-'A101,A!LM$S! ?@A'(8KS!C)&!%,,*!&C'H*! /'!%,! ::34!aR3!$0/,(!

1*+'(@'()/1'*!'0!)('-)/1+!2*)-1*,!-'1,/2!)*A!@C,*2?)+,/2?,*,!-'1,/1,&S!/C,!)G,()D,!-,?/1*D!

/,-@,()/.(,! C)&! %,,*! &C'H*! /'! %,! ;63;! aR3! BC1&! (,&.?/! &.DD,&/&! /C)/! /C,&,! -'A101+)/1'*&!

&/)%1?1&,!/C,!A.@?,>3!$0/,(!R.$$R!(,)+/1'*S!/C,!-,?/1*D!/,-@,()/.(,!'0!/C,!/(1)Z'?,!@('A.+/!

?@A'(8>!C)&! &C'H*! )! &-)??! A,&/)%1?1&)/1'*! '0! /C,! LM$! A.@?,>S! +'-@)(,A! /'!?@A'(88S!

C'H,G,(!/C,!-,?/1*D!/,-@,()/.(,!1&!+'-@)()%?,!/'!/C,!.*-'A101,A! ?@A'(8K3!

!

!"#$%&'(*(!O,?/1*D!/,-@,()/.(,&!'0!.*-'A101,A!?@A'(8K!)*A!-'A101,A!?@A'(88&)*A!?@A'(8>3!!

?@A& MF )&4T06! MF 8&4T06& MF ' &4T06& MF 7: &4T06&
?@A'(8K& :#34! ::3: ! ::3<! ::34!
?@A'(88& ;"36! ;63;! ;634! ;63;!
?@A'(8>& :;38! :#39! ::34! ::3; !



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ":; !

BC,! (,@(,&,*/)/1G,! -,?/1*D!+.(G,&! '0!?@A'(88S!?@A'('> ! )*A! ?@A'(8K!)(,!@(,&,*/,A!1*!

\1D.(,!53"<3!BC,&,!(,&.?/&!&.DD,&/!/C)/!1*+'(@'()/1*D!)*!)('-)/1+!2*)-1*,!0.*+/1'*)?!D('.@!

1*/'!KLM!0'(!@,(0'(-1*D!R.$$R!?1D)/1'*!A',&!*'/!)?/,(!1/&!&/(.+/.(,!)*A!/C,(,0'(,! +'.?A!%,!

.&,A!)&!)!*,H!(,)+/1G,!D('.@!0'(!'+!7'&"#!)*A!'+!7'7#!%1'+'*N.D)/1'*!)@@?1+)/1'*&3!!

!

!
<3;=.%&'()K(&U,@(,&,*/)/1G,!-,?/1*D!+.(G,&!'0!.*-'A101,A!?@A'(8K!)*A!-'A101,A!?@A'(88&)*A!?@A'(8>3!

!

'(> ! C=FF"./ &

BC1&!H'(T!A,&+(1%,&!/C,!'@/1-1&)/1'*!'0!+C,-'&,?,+/1G,S!&,Y.,*/1)?!R.$$R!%1'+'*N.D)/1'*!'0!

'?1D'A,'>2(1%'*.+?,'/1A,&! .&1*D! /C,! ,*C)*+,A! (,)+/1G1/2! '0! )('-)/1+! 2*)-1*,&3! $('-)/1+!

2*)-1*,&!C)G,!,)&1?2!%,,*!1*+'(@'()/,A!1*/'!LM$S!1*!%'/C!1*/,(*)?!)*A!,>/,(*)?!@'&1/1'*&3!M'!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ":8 !

A,D()A)/1'*! '0! /C,! )('-)/1+! 2*)-1*,! 0 .*+/1'*)?! D('.@! H)&! '%&,(G,A! A.(1*D! /C,1(!

1*+'(@'()/1'*3![/&!,*C)*+,A!(,)+/1G1/2!C)&!)??'H,A!0'(!0)&/!)*A!,001+1,*/!R.$$R!?1D)/1'*&!'0!

KLM&!H1/C!)!H1A,!()*D,!'0!)Z1A,&3![-@'(/)*/?2S!/C,!C1DC!(,)+/1G1/2!'0!)('-)/1+!2*)-1*,&!C)&!

)??'H,A!A,+(,)&,A!+'@@,(!?')A1*D!/'!)!+)/)?2/1+!)-'.*/!I"6!-'?!]J!HC1?,!&.@() 7&/'1+C1'-,/(1+!

)-'.*/&!'0!+'@@,(!)(,!.&.)??2!(,Y.1(,A!A.,!/'!LM$`&!*.-,('.&!R. 7+C,?)/1'*!&1/,&39"S"69!BC,!

(,)+/1G1/2!A100,(,*+,!%,/H,,*!)('-)/1+!2*)-1*,&!)*A!)('-)/1+!)?T2*,&!C)&!)?&'!%,,*!&C'H*S!

@('G1A1*D!)!*,H!@?)/0'(-!0'(!+C,-'&,?,+/1G,S!&,Y.,*/1)?!%1'+'*N.D)/1'*!'0!KLM&3!\1*)??2S!1/!

C)&!%,,*!&C'H*!/C)/!1*+'(@'()/1*D!)*!)('-)/1+!2*)-1*,!-'1,/2!1*/'!LM$ !A',&!*'/!)?/,(!LM$!

&/(.+/.(,3! BC,&,! 01*A1*D&! (,@(,&,*/! )! *'G,?S! ,001+1,*/! &/()/,D2! 0'(! R.$$R! +C,-'&,?,+/1G,!

%1'+'*N.D)/1'*3!

!

'(B! +UV%.3F%,-"$&

+,G,N! E(37("12)3"%)B$6F("12)

$??! (,)D,*/&!H,(,! .&,A! )&!&.@@?1,A!0('-!+'--,(+1)?!&'.(+,&! I\1&C,(S! \?.'('+C,-S!X1D-)7

$?A(1+CJ!)*A!.&,A!H1/C'./!0.(/C,(!@.(101+)/1'*!.*?,&&!'/C,(H1&,!&/)/,A3!X'?G,*/&!H,(,!)??!WVER!

D()A,!)*A!H,(,!.&,A!H1/C'./!0.(/C,(!@.(101+)/1'*S!.*?,&&!'/C,(H1&,!&/)/,A3&

+,G,O! 5"36A2&2)$')?*$%!812)

! /@6)<:,(&"#-(#:I )

MOU!&@,+/('&+'@2!H)&!+)((1,A! './! .&1*D!,1/C,(! )!^(.T,(! $b5 !#66!OWZ!c?/()XC1,?Ad! 7̂

$RX!;6!&@,+/('-,/,( !'(!^(.T,(!LUe!:66 !OWZ3!$??!+C,-1+)?!&C10/&!I" J!H,(,!(,0,(,*+,A!/'!/C,!

A,./,(1.-!?'+T!)*A!)(,!(,@'(/,A!1*!@)(/&!@,(!-1??1'*!I@@-J3!R'.@?1*D!+'*&/)*/&!)(,!Y.'/,A!1*!

C,(/Z!IWZJ3!$%%(,G1)/1'*&!0'(!&@?1//1*D!@)//,(*&!)(,!&!I&1*D?,/JS!%(3!&!I%(')A!&1*D?,/JS!A!IA'.%?,/JS!

/!I/(1@?,/JS!Y!IY.)(/,/JS!)@@3!Y.1*/!I)@@)(,*/!Y.1*/.@?,/J!)*A!-!I-.?/1@?,/J3!$??!MOU!A)/)!H)&!

@('+,&&,A!.&1*D!B'@X@1*!534!&'0/H)(,3!V('/'*!)*A!+)(%'*!+C,-1+)?!&C10/&!H,(,!)&&1D*,A!.&1*D!

@('/'*!I "WJS!+)(%'*!I"5RJS!W,/,('*.+?,)(!X1*D?,!f.)*/.-!R'C,(,*+,!IWXfRJS!W,/,('*.+?,)(!

O.?/1@?,7̂ '*A!R'((,?)/1'*!X@,+/('&+'@2!IWO^RJ!)*A!R'((,?)/1'*!X@,+/('&+'@2!IRKXgJ3!

!

! J'>9'G) K3"#$%&#4"%:3I2@%--) <:,(&"#$,&"I) LJK2@<M) %+G) A'432N,";#"$%+(,)

J'>9'G)K3"#$%&#4"%:3I)LANJKM)

ER7OX! H)&! +)((1,A! './! '*! )*! $D1?,*/! WVER! 1*&/(.-,*/! 1*! +'*N.*+/1'*! H1/C! )*! $D1?,*/!

f.)A(.@'?,! -)&&!A,/,+/'(3!=?,+/('&@()2!1'*1Z)/1'*! I=X[J!H)&! .&,A!1*! )??!+)&,&3!WVER!H)&!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ":9 !

+)((1,A!'./!'*!)!L1'*,>!c?/1-)/,!5666!&,(1,&!1*&/(.-,*/!I&,,!$@@,*A1>!0'(!-,/C'A!)*A!+'?.-*!

@)()-,/,(&J3!!

!

! F+;"%26,G)LF6M)<:,(&"#-(#:I))

[U!A)/)!H)&!+'??,+/,A!'*!)*!$D1?,*/!&@,+/('-,/,(!)*A!/C,!A)/)!@('+,&&,A!.&1*D!X@,+/(.-!K*,!

&'0/H)(,3!K*?2!-)N'(!)%&'(%)*+,&!)(,!(,@'(/,A!Ih!:6!]J3!!

!

+,G,+! )BA"1@(1&8)0*$8(%!*(2)

! N"#G9(&);"#$)<(3,$,)OBPQ)

'(') i!; 7I57$-1*' 7#7*1/('@C,*2?JC,>7: 72*7" 7'?445!

!

!
: 7['A' 747*1/(')*1?1*,!'(8K&I438!DS!"6!--'?S!"366!,Y.1G3J!H)&!A1&&'?G,A!1*!M=/5!I:"!-EJ3!R.[!

I63""!DS!63;!--'?S!636;!,Y.1G3J!)*A!VAIVVC5J4R?4!I6369!DS!63""!--'?S!636"!,Y.1G3J!H,(,!)AA,A!

)*A! /C,! -1>/.(,! H)&! A,D)&&,A! %2! 0(,,Z,7@.-@7/C)H! +2+?,&3! :7C,>2*7" 7'?! '('L& I"36! DS! ""!

--'?S! "368! ,Y.1G3J! H)&! )AA,A! )*A! /C,! -1>/.(,! &/1((,A! )/! (''-! /,-@,()/.(,! 0'(! "3:C3!

R'*&.-@/1'*!'0!/C,!&/)(/1*D!-)/,(1)?!H)&!-'*1/'(,A!%2!BER!IV=j=/K$+S!"j"J3!BC,!(,)+/1'*!

-1>/.(,!H)&!A1?./,A!1*!=/4K!)*A!01?/,(,A!/C('.DC!)!R,?1/,!@)A3!BC,!'(D)*1+!@C)&,!H)&!H)&C,A!

H1/C!"O!WR?!I"!>!:6!-EJ!)*A!&)/3!&'?./1'*!'0!M)WRK5!I"!>!:6!-EJS!A(1,A!'G,(!M)4XK#S!)*A!

+'*+,*/()/,A! .*A,(! (,A.+,A! @(,&&.(,3! BC,! (,&.?/1*D! (,&1A.,! H)&! @.(101,A! %2! 0?)&C!

+C('-)/'D()@C2!I&1?1+)!D,?S!V=j=/K$+S!"j"J!/'!@('G1A,!/C,!A,&1(,A!@('A.+/!)&!)*!'()*D,!&'?1A!

I43"!DS!98]J3!!
)WXA5Y !IRLR?5S!#66!OWZJi!" !93"8!IAS!R!k!"3<!WZS!"WJS!835:!IAAS!R!k!93;S!"3<!WZS!"WJS!;384!

IAS!R!k!938!WZS!"WJS!;3""!I%(3!&S!4WJS!5384!I/S!R!k!;3"!WZS!4WJS!43##!I/S!R!k!;38!WZS!4WJS!"388l

"3;;!I-S!#WJ3!
)' 0 XA5Y !IRLR?5S!"66!OWZJi!m!"#53<S!"593:S!"5"3<S!"4<35S!""939S!""536S!9<34S!8<34S!;43;S!

5436S!4:3"S!"<353!!

!

'('8 i!; 7I5S#7L1)-1*'@C,*2?JC,>)*7" 7'?!

!!

!

H2N

O2N

OH4

H2N

H2N

6OH



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ":< !

; 7I57$-1*' 7#7*1/('@C,*2?JC,>7: 72*7" 7'?!'(') !I43"!DS!939!--'?S!"36!,Y.1G3J!H)&!A1&&'?G,A!1*!

O,KW! I:6! -EJ3! BC,! -1>/.(,! H)&! A,D)&&,A! %2! 0(,,Z,7@.-@7/C)H! +2+?,&! %,0'(,! )AA1*D!

@)??)A1.-! '*! +)(%'*! "6]! I"#:! -DJ3! $(D'*! )/-'&@C,(,! H)&! /C,! (,@?)+,! %2! C2A('D,*!

)/-'&@C,(,3!BC,!(,)+/1'*!H)&!0'??'H,A!%2!A1&)@@,)()*+,!'0!/C,!2,??'H!+'?'(!'0!/C,!&'?./1'*3!

BC,!(,)+/1'*!-1>/.(,!H)&!01?/,(,A!/C('.DC!)!R,?1/,!@)AS!H)&C,A!H1/C!O,KW!)*A!+'*+,*/()/,A!

.*A,(!(,A.+,A!@(,&&.(,!/'!@('G1A,!/C,!A,&1(,A!@('A.+/!)&!)!(,A!&'?1A!I"39!DS!Y.)*/J3!!
)WXA5Y !IO,KLS!:66!OWZJi!" !;3;"!IAS!R!k!839!WZS!"WJS!;3:;l ;3::!I-S!"WJS!;3#5!IAAS!R!k!839S!

"3#!WZS!"WJS!53:4!I/S!R!k!;3;!WZS!4WJS!43#5!I/S!R!k!83;!WZS!4WJS!"3:9l "3#9!I-S!#WJS!"35<l "34<!

I-S!#WJ3!
)' 0 XA5Y !IO,KLS!"4:!OWZJi!m!"5;36S!"5:3;S!"5535S!"463;S!""936S!""83<S!;536S!5;35S!553;S!

543<S!563"S!4;393!

WY5C&I=X[Ji!R"4W46M4K!nOoWpo!+)?+.?)/,A!46<3";#9S!0'.*A!46<3";#<3!!

!

'('' i!; 7I" A7̂ ,*Z'n Gp1-1A)Z'?7: 72?JC,>)*7" 7'?!!

!

!
; 7I5S#7L1)-1*'@C,*2?JC,>)*7" 7'?!'('8 !I"39!DS!939!--'?S!"36!,Y.1G3J!H)&!C,)/,A!/'!(,0?.>!1*!

0'(-1+! )+1A! I"#! -EJ! 0'(! ";! C3! =>+,&&! 0'(-1+! )+1A! H)&! (,-'G,A! .*A,(! (,A.+,A! @(,&&.(,S!

@('G1A1*D!/C,!A,&1(,A!@('A.+/!)&!)!%('H*!&'?1A!I"39<!DS!Y.)*/J3!
)WXA5Y !IO,KLS!:66!OWZJi!" !9355!I%(3!&S!"WJS!9368!I&S!"WJS!83:;!IAS!R!k!;3"!WZS!"WJS!83#;!

I&S!"WJS!83"8!IAS!R!k!934!WZS!"WJS!#3"#!I/S!R!k!;3;!WZS!4WJS!438;!I/S!R!k!83;!WZS!4WJS!"384l "3;5!

I-S!#WJS!"3##l "359!I-S!#WJ3!
)' 0 XA5Y !IO,KLS!"4:!OWZJi!m!";536S!"5<3;S!"4:3:S!"":3<S!"":36S!;#3<S!5;3<S!5536S!4<39S!4<3;S!

4; 393!BH'!&1D*)?&!*'/!'%&,(G,Aj+'1*+1A,*/3!

WY5C&I=X[Ji!R"5W"9M4K!nOoWpo!+)?+.?)/,A!4"<3"#<4S!0'.*A!4"<3"#<43!

!

'('*"& )*A&'('*# i&; 7I" 7IIB(11&'@('@2?&1?2?J,/C2*2?J7" A7%,*Z'nGp1-1A)Z'?7: 72?JC,>)*7" 7'?!!)*A!

; 7I" 7IIB(11&'@('@2?&1?2?J,/C2*2?J7" A7%,*Z'nGp1-1A)Z'?7; 72?JC,>)*7" 7'?!!

!

!
; 7I" A7̂ ,*Z'n Gp1-1A)Z'?7: 72?JC,>)*7" 7'?!'('' !I638!DS!534!--'?S!"36!,Y.1G3JS!R.[!I56!-DS!634!

--'?S!636:! ,Y.1G3JS!R&4RK5!I"34!DS!53:! --'?S! "34! ,Y.1G3JS!V=Q#66! I63:!DS!635! --'?S!63"!

6OHN

N
H

N

N

TIPS

OH

6



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ";6 !

,Y.1G3J!1*!"S#7A1'>)*,!I:34!-EJ!H,(,!)AA,A!1*!)!&,)?,A!/.%,!)*A!A,D)&&,A!%2!0(,,Z,7@.-@7

/C)H3!^('-' 7B[VX7)+,/2?,*,!I"39!DS!836!--'?S!434!,Y.1G3J!H)&!)AA,A!)*A!/C,!-1>/.(,!&/1((,A!

)/!";6!aR!0'(!";!C3!BC,!(,)+/1'*!-1>/.(,!H)&!,>/()+/,A!H1/C!=/4K!I:6!-EJS!H)&C,A!H1/C!%(1*,!

I4!>!:6!-EJS!)*A!)Y3!=LB$!&'?./1'*!I"6!-Dj-ES!:6!-EJ3!BC,!'(D)*1+!?)2,(!H)&!A(1,A!'G,(!

M)4XK#!)*A!+'*+,*/( )/,A!.*A,(!(,A.+,A!@(,&&.(,3!BC,!(,&.?/1*D!(,&1A.,!H)&!@.(101,A!%2!0?)&C!

+C('-)/'D()@C2!I&1?1+)!D,?S!V=j=/K$+S!:j"!/'!5j" J!/'!@('G1A,!/C,!/H'!(,D1'1&'-,(&! '('*" !)*A!

'('*#& 1*!"8]!)*A!"#]!21,?A S!(,&@,+/1G,?23!BC,!)%&'?./,!(,D1'+C,-1&/(2!H)&!A,/,(-1*,A!%2!

MK=Xg3!!

!

'('*" i!; 7I" 7IIB(11&'@('@2?&1?2?J,/C2*2?J7" A7%,*Z'nGp1-1A)Z'?7: 72?JC,>)*7" 7'?!
)WXA5Y !IRLR?5S!:66!OWZJi!" !936#!I&S!"WJS!83:<!I&S!"WJS!83#:!IAS!R!k!935!WZS!"WJS!8344!IAS!R!

k!93#S!"WJS!53;5!I/S!R!k!;3:!WZS!4WJS!438:!I/S!R!k!83;!WZS!4WJS!"3;9!I)@@3!Y.1*/S!R!k!835!WZS!4WJS!

"3:; l "3::!I-S!4WJS!"35<l "359!I-S!#WJS!"3"9l "3";!I-S!4"WJ3!
)' 0 XA5Y !IO,KLS!"4:!OWZJi!m!"#:39S!"#43;S!"#"36S!"553<S!"4835S!"4635S!"""3#S!<"3#S!8538S!

;43<S!5;39S!553;S!553"S!563"S!4;39S!"<3"S!"43#3!!

WY5C&I=X[J!i!R4#W59M4KX1!nOoWpo!+)?+.?)/,A!5<<3494;S!0'.*A!5<<349453!

!

'('*# i!; 7I" 7IIB(11&'@('@2?&1?2?J,/C2*2?J7" A7%,*Z'nGp1-1A)Z'?7; 72?JC,>)*7" 7'?!!
)WXA5Y !IRLR?5S!:66!OWZJi!" !936"!I&S!"WJS!83;<!IAS!R!k!934!WZS!"WJS!8354!I&S!"WJS!83"8!IAAS!

R!k!935S!"35!WZS!"WJS!53;#!I/S!R!k!;35!WZS!4WJS!4389!I/S!R!k!839!WZS!4WJS!"385l "3;8!I-S!4WJS!

"3#"l "3#6!I-S!#WJS!"348l "34#!I-S!4WJS!"3"9l "3"8!I-S!4"WJ3!
)' 0 XA5Y !IO,KLS!"4:!OWZJi!m!"#53#S!"#634S!"#63"S!"5#3<S!"4:36S!"463:S!""635S!<63:S!843<S!

;53"S!5;34S!543<S!5"39S!4<3"S!4:39S!"939S!""3#3!!

WY5C&I=X[J!i!R4#W59M4KX1!nOoWpo!+)?+.?)/,A!5<<3494;S!0'.*A!5<<349453!

!

'(8>i& 47R2)*',/C2?I; 7I" 7II/(11&'@('@2?&1?2?J,/C2*2?J7" A7%,*Z'nGp1-1A)Z'?7; 72?JC,>2?J!

A11&'@('@2?@C'&@C'()-1A1/,!

!

!
/ S/ 7L11&'@('@2?,/C2?)-1*,!I639!-ES!438!--'?S!<!,Y.1G3J!)*A!47+2)*',/C2?!A11&'@('@2?+C?'('7!

@C'&@C'()-1A1/,! I635! -ES! 63<! --'?S! 5! ,Y.1G3J! H,(,! )AA,A! /'! )! &'?./1'*! '0!; 7I" 7

II/(11&'@('@2?&1?2?J,/C2*2?J7" A7%,*Z'nGp1-1A)Z'?7; 72?JC,>)* 7" 7'?! 8#! I634! DS! 635! --'?S! "!
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'=+!%-(1('@!')!,&%5%'(?%11@!&+,G?+!&+%?'()*!'(5+89!<=(8!%&(8+8!H&)5!'=+!8G$+&()&!=+%'!%*,!5%88!

'&%*8H+&! $&)D(,+,! -@! H1).! $&)?+88+89! L,,('()*%11@C! &+%?')&8! %&+! H(''+,!.('=! -%?cI$&+88G&+!

&+>G1%')&8C! %11).(*>! H)&! %! 8'&%(>='H)&.%&,! &+$&),G?'()*! )H! '=+! =(>=! '+5$+&%'G&+8J$&+88G&+8!

)-'%(*+,!7'%!'=+!8+%1+,!D+88+18!+5$1)@+,!(*!5(?&).%D+!?=+5(8'&@9A2ACA2#!<=+8+!-+*+H('8!.+&+!

8G??+88HG11@!(11G8'&%'+,!-@!b%5(8)*!,&)%5F!(*! '=+(&!8'G,@!)*! '=+!?)*'(*G)G8!H1).!8@*'=+8(8!)H!

Reagents A + B

Reagent A

Product C

Product C

Reagents A + B
+ Catalyst

Product C
+ Catalyst

Reagents A + B Product C

Supported 
Reagent B

Supported 
Catalyst

No Catalyst

Type I

Supported
Reagent

Type II

Homogeneous
Catalyst

Type III

Supported
Catalyst

Type IV

a)

b)

c)

d)

Starting
Material

Isolated 
Intermediate

None Isolated 
Intermediate

Product

Coil Tube Reactor Pump

Packed Column Reactor

Gas Tank

T-Piece Mixer

SO3H

Immobilised Reagent



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "U#!

,($=+*=@,&%5(*+!=@,&)?=1)&(,+!3,' C!%*!%*'(=(8'%5(*+!&+$)&'+,1@!G8+,!%'!%$$&)B(5%'+1@!"44!

')*8J@+%&!.)&1,.(,+!3E?=+5+!F9"79A2U!!

!

!!
*DM?7?+3,!,!/)*'(*G)G8!H1).!8@*'=+8(8!)H!P($=+*=@,&%5(*+!=@,&)?=1)&(,+!3,' 9A2U!

!

Z*!'=(8!.)&cC!?=1)&),($=+*@15+'=%*+!3,! !%*,!,(5+'=@1+'=%*)1%5(*+!3,2!.+&+!$%88+,!'=&)G>=!

%![dL!&+%?')&!3,!V!49Q!55C!o!V!UA4!µ67!%'!"UQ!h/!3'i !V!"#!5(*79!<=+!&+8G1'(*>!%55)*(G5!

8%1'!.%8!*+G'&%1(8+,!.('=!2!R!:%;0!%`9C!-+H)&+!-+(*>!+B'&%?'+,!.('=!=+B%*+89!<&+%'5+*'!)H!

'=+! )&>%*(?! 1%@+&! .('=! Q! R! 0/1! %`9! %HH)&,+,! ?)5$)G*,!3,' ! (*! MXO! @(+1,9! L1)*>! .('=!

,+?&+%8(*>! '=+!&+%?'()*! '(5+!H&)5!A!=! ')! "#!5(*C!'=(8!$&)?+88!=%8! '=+!%,D%*'%>+! )H! -+(*>!

8)1D+*'IH&++!%*,!&+8G1'8!(*!5(*(5%1!8(,+!$&),G?'!H)&5%'()*9!l('=!%!UA4!µ6!5(?&)I&+%?')&C!'=+!

%G'=)&8!.+&+!%-1+!')!8@*'=+8(8!A9F!>!)H!,($=+*=@,&%5(*+!=@,&)?=1)&(,+!3,'+(*!"!=C!5%c(*>!'=(8!

$&)?+88!)$'(5%1!H)&!('8!(*,G8'&(%1!$&),G?'()*9!L!c+@!?=%11+*>+!(*!%$$1@(*>!'=+!H1).!$&)?+88!')!

'=(8! 8@*'=+8(8! %&)8+! ,G&(*>! '=+! `G+*?=(*>! 8'+$8! %8! '=+! 8%1'8r! (*8)1G-(1('@! &+8G1'+,! (*! 1(*+!

-1)?c%>+9!0).+D+&C!'=&)G>=!'=+(&!+B'+*8(D+!+HH)&'8!,G&(*>!)$'(5(8%'()*C!'=+!%G'=)&8!.+&+!%-1+!

')!) D+&?)5+!%*@!8G?=!(88G+89!!

!

$"E"K! F/1/3(2.*&3*G'&H*C,/I(.270*A*%-3/7*J/-:2(&1.*

d1). I-%8+,!$&)?+88+8!>+*+&%11@!+5$1)@!85%11!D)1G5+8!)H!&+%>+*'8C!%HH)&,(*>!8%H+&!=%*,1(*>!

)H!$)'+*'(%1! ')B(?!%*,J)&!=%S%&,)G8!?)5$)G*,89!L,,('()*%11@C!).(*>! ')! ('8!5),G1%&!8+'IG$C!

H1).!'+?=*)1)>@!)HH+&8!'=+!$)88(-(1('@!')!%D)(,!=%*,1(*>!G*8'%-1+!)&!=%S%&,)G8!(*'+&5+,(%'+8!

-@!$&+$%&(*>!'=+5!(*!%!H1).!&+%?')&!'+2-'&9!$&()&!')!-+(*>!$%88+,!'=&)G>=!%!8+?)*,!&+%?')&9A2M!

d)&! +B%5$1+C! E%?=!,&) %5F! 8G??+88HG11@! &+$)&'+,! '=+!'+2-'&9! >+*+&%'()*! )H! )&>%*(?! %S(,+8C!

H)11).+,!-@!/GLL/!&+%?'()*8!G8(*>!%!?)*'(*G)G8!H1).!$1%'H)&59A2X!<=+!G8+!)H!)&>%*(?!%S(,+8!

)*!%!$&+$%&%'(D+!8?%1+!%'!(*,G8'&(%1!1+D+1!(8!G8G%11@!$&)=(-('+,!,G+!')!'=+(&!+B$1)8(D+!$&)$+&'(+89!

<=+(&! 8@*'=+8(8C! G8(*>! :%:2C! ?%*! >+*+&%'+! '=+! +B$1)8(D+! %*,! =(>=1@! ')B(?! =@,&%S)(?! %?(,9!

/)*8+`G+*'1@C!'=+!%-(1('@!')!>+*+&%'+!)&>%*(?!%S(,+8!'+2-'&9!%*,!&+%?'! '=+5!G$)*!H)&5%'()*C!

'=G8!%D)(,(*>!'=+(&!%??G5G1%'()*C!?)*8(,+&%-1@!(5$&)D+8!'=+!8%H+'@!)H!/GLL/!&+%?'()*8!%*,!

Cl

4.1

HO
NMe2

4.2 NaOH
H2O

Condensation

Hexanes

175 ¡C
16 min

Membrane
Separator

HCl
iPrOH

Aq. waste

O

4.3

NHMe2

Cl

Diphenhydramine
hydrochloride



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)
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!

! "UU!

.(11! %11).! (*,G8'&@! ')! +B$1)&+! )*+! )H! '=+! 5)8'! ?)55)*1@! G8+,! -()?)*sG>%'()*! 8'&%'+>(+8!

+5$1)@+,!(*!%?%,+5(%9!

!!

L*!%,,('()*%1!8%H+'@!H+%'G&+!)H!?)*'(*G)G8!H1).!$&)?+88+8!(8!'=+!%-(1('@!')!$&+?(8+1@!?)*'&)1!'=+!

&+%?'()*!'+5$+&%'G&+!%*,!$&+88G&+9!<=(8!?%*!-+!5)8'!%$$&+?(%'+,!(*!'=+!?)*'+B'!)H!1%&>+I8?%1+!

+B)'=+&5(?!&+%?'()*8C!8G?=!%8!'=+!H)&5%'()*!)H!=(>=1@!&+%?'(D+!)&>%*)5+'%11(?!(*'+&5+,(%'+89!

6+@!,&)%5F!&+$)&'+,!'=+!?)*'(*G)G8!H1).!8@*'=+8(8!)H!<%5)B(H+*!3,!2C!%*!)+8'&)>+*!&+?+$')&!

%*'%>)*(8'!G8+,! (*! '=+! '&+%'5+*'! )H! -&+%8'! ?%*?+&C! G8(*>! =(>=1@! &+%?'(D+! %*,! %(&! 8+*8('(D+!

&+%>+*'8C!8G?=!%8!e&(>*%&,!%*,!)&>%*)1('=(G5!?)5$)G*,8!3E?=+5+!F9A79AF4!!

!

!
*DM?7?+3,2,!/)*'(*G)G8!H1).!8@*'=+8(8!)H!<%5)B(H+*!3,!29AF4!!

!

<=+!H(&8'!8'+$!)H!'=(8!8@*'=+8(8!.%8!'=+!e&(>*%&,!%,,('()*!)H!?)5$)G*,!3,. !')!l+(*&+-!%5(,+!

3,3!(*!%![dL!&+%?')&!3,!V!"4!55C!o!V!"4!567!%'!#4!h/!H)&!Q!5(*C!%HH)&,(*>!c+')*+!3,1!G$)*!

`G+*?=(*>!.('=!0/19!:)'%-1@C!.=(1+!-%'?=!?)*,('()*8!>+*+&%11@!*+?+88('%'+!'=+!%,,('()*!)H!%!

?%'%1@8'!3,F4FC!n*/1A7!')!+*8G&+!&+%8)*%-1+!&+%?'()*!&%'+8!3H&)5!AF!=!')!A!=7C!*)!?%'%1@8'!.%8!

&+`G(&+,!H)&!'=+!H1).I-%8+,!8@*'=+8(89!E(5G1'%*+)G81@!')!'=+!e&(>*%&,!%,,('()*C!1('=(%'()*!)H!

3,/ !.%8!$+&H)&5+,!(*!%!8+$%&%'+![dL!&+%?')&!3,!V!"4!55C!o!V!"4!567!%'!W!Q4!h/9!LH'+&!U!5(*!

)H! &+%?'()*C! %&@1! 1('=(G5!3,0!%*,! c+')*+!3,1! .+&+! 5(B+,! %*,! $%88+,! '=&)G>=! %*)'=+&! [dL!

&+%?')&!3,!V!"4!55C!o!V!49F!567!%'!24!h/C!%HH)&,(*>!'=+!1('=(G5!%1c)B(,+!3,!4!%H'+&!)*1@!A!

5(*9!<dL!'&+%'5+*'!)H!3,!4!3[dL!&+%?')&C!,!V!"4!55C!o!V!"4!567!%'!AQ!h/!H)11).+,!-@!%!H(*%1!

+1(5(*%'()*!8'+$!%HH)&,+,!<%5)B(H+*!3,!2!(*!MFO!@(+1,!%*,!(*!%!KJn!5(B'G&+!)H!AQJUQ9!<=(8!

$&)?+88!$&)D(,+,C!%H'+&!)*1@!M4!5(*C!"A9F!>!)H!<%5)B(H+*C!&+$&+8+*'(*>!X44!,%@8!)H!'&+%'5+*'!

4.4

4.5 HCl
H2O

Grignard
Addition

60 ¡C
5 min

E/Z Tamoxifen

Lithiation

- 50 ¡C
7 min

Organolithium
Addition

30 ¡C
2 min

Ph

Et
N

O
OMe

Me

PhMgBr

4.6
nBuLi

4.7

Br

OR

4.8

Et

Ph
O

Ph

4.9

Li

OR

4.10
OR

Ph
OLi

Et

Ph

TFA
THF sol.

Acidification

25 ¡C
3 min

4.11
OR

Ph
OCOCF3Et

Ph

NEt3
THF sol.

Elimination

100 ¡C
5 min

4.12
O

NMe2

Ph
Et

Ph
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!

! "UM!

H)&!%!8(*>1+!$%'(+*'9!R)&+!8(>*(H(?%*'!8@*'=+'(?%11@C!-)'=!'=+!e&(>*%&,!%,,('()*!%*,!1('=(%'()*!

&+%?'()*8!&+`G(&+!?)*'&)11+,!'+5$+&%'G&+8!H)&!1)*>!$+&(),8!)H!'(5+C!.=(?=!(8!*)'!%1.%@8!$)88(-1+!

.=+*!&+%?'()*8!%&+!$+&H)&5+,!(*!-%'?=!3,F4FC!H)&!AF!=79!!

!

$"E"!! F/1/3(2.*&3*G'&H*C,/I(.270*A*L12/57-2/)*%012,/.(.M*N&7OA9P*-1)*D1-'0.(. *

<=+! $&+D()G8! +B%5$1+8! =%D+! (11G8'&%'+,! ?)*'(*G)G8! H1).! '+?=*)1)>@r8! $&)H(?(+*?@! H)&!

8G??+88HG11@! %11).(*>! %G')5%'()*! )H! 5G1'($1+! ?=+5(?%1! '&%*8H)&5%'()*89! 0).+D+&C! '=+!

5),G1%&('@!)H!'=(8!8'&%'+>@!%18)!$+&5('8!'=+!(*'+>&%'()*!)H!.)&cIG$C!8G?=!%8!8+$%&%'()*!3E?=+5+!

F9"7!%*,!?&@8'%11(8%'()*!3E?=+5+!F927C!$G&(H(?%'()*!3E?=+5+!F9F7!%*,!%*%1@8(8!3E?=+5+!F927!(*!

%! 8(*>1+C! HG11@I%G')5%'+,C! ?)*'(*G)G8! $&)?+889! L*! (5$&+88(D+! +B%5$1+! )H! '=(8! ?)5-(*+,!

5),G1%&!8'&%'+>@!.%8!,(8$1%@+,!-@!6+@!,&)%5F!.('=!'=+!HG11@!%G')5%'+,!H1).!8@*'=+8(8!)H!'=+!

*+G&)'+*8(*!&+?+$')&I"!%*'%>)*(8'!R+&?1(*+&'%*'!3,2!!3E?=+5+!F9279AF"!!

!

/1%(8+*!?)*,+*8%'()*!-+'.++*!3,!' !%*,!3,!3!.%8!$+&H)&5+,!(*!%![dL!&+%?')&!3,!V!UM!55C!o!

V!QA!567!%'!""Q!h/9! i+%?'()*!?)5$1+'()*! .%8!)-'%(*+,!%H'+&!AA!5(*C!?)5$%&+,! ')! '=+!2!=!

&+`G(&+,! H)&! -%'?=! 8@*'=+8(89! <)! %D)(,! $)'+*'(%1! -1)?c%>+! )H! '=+! 8@8'+5! %&(8(*>! H&)5!

$&+?($('%'()*!)H!'=+!(*'+&5+,(%'+C!%!$&+88G&(8+,!8'%(*1+88I8'++1!'%*c!?)*'%(*(*>!*('&)>+*!3Q!-%&7!

.%8! %,,+,! ')! '=+! 8@8'+5C! %11).(*>! '=+! H)&5%'()*! )H! ?)5$)G*,!3,!. ! (*! UFO! @(+1,9! f*)&&!

$@&%S)1+!?)*,+*8%'()*!G8(*>!3,!. !%*,!=@,&%S(*+!3,!- !3[dL!&+%?')&C!,!V!UM!55C!o!V!QA!567!

%'!"F4!h/!H)&!QA!5(*C!H)11).+,!-@!:%A/; 2!%`9!'&+%'5+*'C!P/R!+B'&%?'()*!%*,!?&@8'%11(8%'()*!

$&)D(,+,!$@&%S)1+!+8'+&!3,!/ !(*!MXO!@(+1,9!0@,&)1@8(8!)H!+8'+&!3,!/ !.%8!$+&H)&5+,!%'!"F4!h/!

H)&!"F!5(*!3[dL!&+%?')&C!,!V!UM!55C!o!V!"F!567!%*,!,+1(D+&+,C!%H'+&!$&+?($('%'()*C!?%&-)B@1(?!

%?(,!3,!1! (*! X4O! @(+1,9! L5(,+! H)&5%'()*! .%8! '=+*! %?=(+D+,!7'%!%?'(D%'()*! )H!3,!1! ')! ('8!

?)&&+8$)*,(*>!%?(,!?=1)&(,+!G8(*>!'&($=)8>+*+!3,!0X!H)11).+,!-@!?)G$1(*>!')!%5(*+!3,249!

!

!

!

!

!

!

!

!

!

!
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!

! "UX!

!
*DM?7?+3,',!/)*'(*G)G8!H1).!8@*'=+8(8!)H!R+?1(*+&'%*'!3,229AF"!!

!

<)!(5$&)D+!'=+!8%H+'@!)H!'=+!$&)?+88C!H)&5%'()*!)H!$=)8>+*+!.%8!5)*(')&+,!G8(*>!%*!(*1(*+!

H1).Id<Zi! 8$+?'&)5+'+&C! '=+&+-@! %D)(,(*>! ?)*'%?'! .('=! '=+! ')B(?! >%89AFA!LH'+&! $%88(*>! '=+!

&+%?'()*!5(B'G&+!'=&)G>=!'=&++![dL!&+%?')&8C!'=+!R+?1(*+&'%*'!+8'+&+3,2!!.%8!)-'%(*+,!(*!U2O!

@(+1,9!<=(8!*)D+1!%$$&)%?=!$+&5(''+,!'=+!$&),G?'()*!)H!'=+!H(*%1!?)5$)G*,C!8+D+*!&+%?'()*8!

%*,!'=+(&!?)&&+8$)*,(*>!.)&cIG$8J%*%1@8(8C!(*!1+88!'=%*!=%1H!%!'@$(?%1!.)&c(*>!,%@C!%!H+%'!'=%'!

(8!(5$)88(-1+!')!%??)5$1(8=!G8(*>!>+*+&%1!-%'?=!8@*'=+8(89!!

!

L*)'=+&!+1+>%*'!+B%5$1+!)H!%!HG11@!(*'+>&%'+,!?)*'(*G)G8!H1).!$&)?+88!.%8!(11G8'&%'+,!'=&)G>=!

'=+!8@*'=+8(8!)H!'.)!eL^LL !(*=(-(')&!%*%1)>G+8C!n)1$(,+5!3,21C!?)55)*1@!G8+,!H)&!'&+%'(*>!

(*8)5*(%C!%*,!L1$(,+5!3,20C!%*!%*B()1@'(?!,&G>!3E?=+5+!F9F79AF2!<=+!*)D+1'@!)H!'=(8!$1%'H)&5!
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!

! "M4!

.%8! '=+! ?)5-(*%'()*! )H! %! HG11@! (*'+>&%'+,! )&>%*(?! 8@*'=+8(8! $&)?+88! .('=! H&)*'%1! %HH(*('@!

?=&)5%')>&%$=@!3dL/7!%8!%*!(*1(*+!$&)'+(*!-(*,(*>!%88%@9!!

!

!
*DM?7?+3,3,!/)*'(*G)G8!H1).!8@*'=+8(8!)H!eL^LL !(*=(-(')&8C!n)1$(,+5!3,21!%*,!L1$(,+5!3,209AF2!!

!

d(&8'C!'=+!?)*,+*8%'()*!)H!?)5$)G*,8!3,2' !%*,!3,23!.%8!$+&H)&5+,!G8(*>!%!$)1@5+&I8G$$)&'+,!

8G1$=)*(?!%?(,!?%&'&(,>+!%'! "A4!h/C!%HH)&,(*>C!%H'+&!AQ!5(*C! '=+!G*8%'G&%'+,!c+')*+!3,2.!(*!

@(+1,8! -+'.++*! U#WMQO9! KB?+88! >1@)B%1%'+!3,23! .%8! 8?%D+*>+,! G8(*>! %! -+*S@1! %5(*+!

$)1@5+&I8G$$)&'+,!?%&'&(,>+!')!%D)(,!'=+!*++,!H)&!HG&'=+&!$G&(H(?%'()*9!f+')*+!3,2.!%*,!%5(*+!

3,2-! .+&+! '=+*! $G5$+,! '=&)G>=! %! R>E;FI$%?c+,! ?%&'&(,>+C! G8+,! %8! %! ,+=@,&%'(*>! %>+*'C!

H)11).+,!-@!c+'(5(*+!H)&5%'()*!%*,!QI+B)!?@?1(8%'()*!(*!%![dL!&+%?')&!3,!V!"4!55C!o!V!"F!

5679!KB?+88!%5(*+!3,2-!.%8!&+5)D+,!G8(*>!%!$)1@5+&I8G$$)&'+,!8G1H)*(?!%?(,!?%&'&(,>+!%*,!

'=+!&+%?'()*!5(B'G&+!.%8!,(&+?'1@!(*s+?'+,!(*')!%*!(*1(*+!?=&)5%')>&%$=(?!$G&(H(?%'()*!8@8'+5C!

%HH)&,(*>!(5(,%S)$@&(,(*+!3,2/9!E%$)*(H(?%'()*!.%8!%?=(+D+,!-@!=+%'(*>!3,2/+(*!'=+!$&+8+*?+!

)H! :%;0!%'!X4!h/9! i+%?'()*! )H!3,2/! .('=!%!8+?)*,%&@!%5(*+! (*! '=+!$&+8+*?+! )H!R+AL1/1!

H)11).+,! -@! &+5)D%1! )H! +B?+88! %1G5(*(G5! -@! $%88(*>! '=&)G>=! %! $)1@)1! &+8(*! 3ZiLIUF27!

%11).+,!'=+!H)&5%'()*!)H!?)5$)G*,8!3,21!%*,!3,20!%H'+&!AM4!5(*9!L*!%1(`G)'!)H!AA!%*%1)>G+8!

8@*'=+8(8+,!G8(*>! '=(8!$&)?+,G&+!.%8!'=+*!,(&+?'1@!8G-s+?'+,! ')!dL/!%*%1@8(8C!%11).(*>! '=+!
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Hydrolysis

90 ¡C

AUTO
SAMPLER

NaOH
H2O

N

N

R3

R2

R1

R4

O

Zolpidem  4.28

R1 = Me, R2 = H
R3 = Me, R4 = NMe2

Alpidem  4.29

R1 = Cl, R2 = H
R3 = Cl, R4 = NPr2
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90 ¡C
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$%&'()!%*+',)%-.)%/*!/0!)1'%&!%*)'&.()%/*,!2%)1!345.*!6'&45!78945%*!:367;<!=1%,!'>.5?8'!

(8'.&8@! ,1/2,! )1'! .9%8%)@! /0! 08/2! )'(1*/8/-@! )/! %*)'-&.)'! /&-.*%(! ,@*)1',%,! .*$! 9%/8/-%(.8!

'+.84.)%/*!%*!.!,%*-8'!?&/(',,<!

!

!"#"! ! $%&%'()*+,'+-.,/+01%2(*)34+5+6(71+813,971:9)+

A*'!/0!)1'!5.%*!9'*'0%),!/0!(/*)%*4/4,!08/2!)'(1*/8/-@B!?.&)%(48.&8@!0/&!%*$4,)&%.8!?4&?/,',B!

%,!%),!(.?.(%)@!0/&!1%-1!)1&/4-1?4)!.??8%(.)%/*,<!C.5%,/*!,&)%5B!D?4,1'$!)1'!8%5%),E!/0!/&-.*%(!

,@*)1',%,!2%)1!)1'%&!F!5%*!(/*)%*4/4,!08/2!,@*)1',%,!/0!G94?&/0'*!!"#! !:6(1'5'!H<I;B!/*'!/0!

)1'!5/,)!(/55/*8@!4,'$!$&4-,!2/&8$2%$'<JHH!!

!

!
$%&'(')!"*" !K8/2!,@*)1',%,!/0!G94?&/0'*!!"#! <JHH!!

!

=1%,!)1&''L,)'?!?&/(',,!9'-%*,!2%)1!.!K&%'$'8LM&.0),!.(@8.)%/*!4,%*-!(/5?/4*$,!!"#+!.*$! !"#, !

%*!.!NK7!&'.()/&!:$!O!P<#!55B!Q!O!JIP!µR;!.)!#S!TM<!70)'&!"!5%*!/0!&'.()%/*B!)1'!5%>)4&'!2.,!

)&'.)'$!2%)1!3M8!.U<!)1'*!'>)&.()'$!)1&/4-1!.*!%*8%*'!5'59&.*'!,'?.&.)/&!/?'&.)%*-!.)!JPP!?,%B!

)14,!.+/%$%*-!)1'!*''$!/0!/&-.*%(!,/8+'*)<!G*)'&5'$%.)'!!"#- !2.,!)1'*!%*+/8+'$!%*!.!"BJL.&@8!

/>%$.)%+'!5%-&.)%/*!%*!)1'!?&','*('!/0!)&%5')1@8/&)1/0/&5.)'!:3M:AV';F;!.*$!GM8!%*!.!,'(/*$!

NK7!&'.()/&!:$!O!P<#!55B!Q!O!WPP!µR;B!.00/&$%*-!.&@8!',)'&!!"##).0)'&!"!5%*!/0!&'.()%/*!.)!WP!

TM<!=1'!8.,)!,)'?!/0!)1%,!?&/(',,!(/59%*'$!U4'*(1%*-!/0!)1'!'>(',,!GM8!.*$!,.?/*%0%(.)%/*!/0!

%*)'&5'$%.)'! !"##!%*!.!NK7!&'.()/&!:$!O!P<#!55B!Q!O!F<W!5R;<!70)'&!"!5%*!/0!&'.()%/*!.)!WP!

TMB!G94?&/0'*!!"#! !2.,!/9).%*'$!%*!.*!/+'&.88!@%'8$!/0!#FX<!=1%,!?&/(',,!4,',!%*'>?'*,%+'!.*$!

&'.$%8@!.+.%8.98'!,).&)%*-!5.)'&%.8,<!K4&)1'&5/&'B!4,%*-!.!,@,)'5!2%)1!.!0//)?&%*)!/0!1.80!)1'!
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,%Y'!/0!,).*$.&$!8.9/&.)/&@!045'!1//$B!)1'!.4)1/&,!2'&'!.98'!)/!,@*)1',%,!#<"!-Z1!/0!G94?&/0'*!

!"#! <!

!

[1%8'!)1'!?&'+%/4,!'>.5?8',!1.+'!,1/2*!)1'!?/2'&!/0!(/*)%*4/4,!08/2!(1'5%,)&@!:%*(&'.,'$!

\%*')%(,B!,.0'&!&'.()%/*,B!1%-1!)1&/4-1?4);!.*$!%),!?/)'*)%.8!)/2.&$,!)1'!$'+'8/?5'*)!/0!.??8%'$!

.4)/5.)%/*!%*!$&4-!$%,(/+'&@!.*$!/&-.*%(!5')1/$/8/-@B!.*/)1'&!%5?/&).*)!0.()/&!/00'&'$!9@!

)1%,!?&/(',,!%,! )1'! .9%8%)@!)/!?'&0/&5!%55/9%8%,'$! (.).8@,%,<!=1%,!2/48$!&',48)!%*!%*(&'.,'$!

&'.()%/*!,.0')@!.,!)1'!/?'&.)/&!2/48$!*/)!(/*).()!)1'!(.).8@,)!.*$!$'(&'.,'$!&'.()%/*!(/,)!.,!

)1'!(.).8@,)!(.*!9'!4,'$!,'+'&.8 !)%5',!2%)1/4)!8/,,!/0!&'.()%+%)@<!!

!

!"- ! ./00'1 2.343567'8)9'3%4:/;7):;)./;4:;</<7)=5/>)?1/%'77'7) )
=1'! -&/2%*-! *459'&! /0! )&.*,%)%/*! 5').8L(.).8@,'$! (&/,,L(/4?8%*-,! 1.+'! &'+/84)%/*%,'$!

(1'5%(.8! ,@*)1',%,B! .88/2%*-! 0/&! 5%8$'&! &'.()%/*! (/*$%)%/*,B! %5?&/+'$! @%'8$,!.*$! )1'!

-'*'&.)%/*!/0!1%-1'&L(/5?8'>%)@!5/8'(48',<!3/2'+'&B!)1'!$'(&'.,'$!.94*$.*('!/0!)&.*,%)%/*L

5').8,! (/55/*8@!4,'$!0/&!(.).8@,%*-!&'.()%/*,! :,B4BB!?.88.$%45;!1.,!8'$!)/!&%,%*-!?&%(',! /0!

)1','!+%).8!(.).8@,),<!]','.&(1!1.,!)1'&'0/&'!0/(4,'$!/*!'>?.*$%*- !)1'!8%9&.&@!/0!%55/9%8%,'$L

)&.*,%)%/*! 5').8L(.).8@,'$! (&/,,L(/4?8%*-,<! 7! \'@! .$+.*).-'! /0! )1%,! )'(1*%U4'! %,! )1.)! )1'!

(.).8@,),!(.*!9'! '5?8/@'$!0/&!548)%?8'!&'.()%/*,B!$'(&'.,%*-!&'.()%/*!(/,),<!K8/2!?&/(',,',!

.&'!?&%5'$!0/&!?'&0/&5%*-!)&.*,%)%/*!5').8L(.) .8@,'$!(&/,,L(/4?8%*-,!.,!(.).8@,),!(.*!9'!'.,%8@!

%55/9%8%,'$!%*!(.&)&%$-',!.*$!&'.()/&,!:K%-4&'!H<"B!=@?'!GQ!&'.()/&;<!!

M/??'&! (.).8@,%,! 1.,! &'('%+'$! 54(1! .))'*)%/*! /+'&! )1'! 8.,)! $'(.$',! $4'! )/! (/??'&^,! 1%-1!

.94*$.*('!.*$!)1'!(/&&',?/*$%*-!8/2!(/,)!/0!)1' !(.).8@,),<!7$$%)%/*.88@B!)1'!,'+'&.8!/>%$.)%/*!

,).)',!/0!(/??'&!.&'!'.,%8@!.((',,%98'B!.88/2%*-!0/&!.!2%$'!&.*-'!/0!&'.()%/*,<!M/??'&L(.).8@,'$!

(1'5%,)&@!1.,!9''*!1%-18@!$'+'8/?'$! /*!08/2! ,@,)'5,!$4'! )/! )1'! '.,'! /0!?&'?.&%*-!(/??'&!

&'.()/&,<! =1'! 0/88/2%*-! ,'()%/*,! $',(&%9'! )1'! (4&&'*)! (/??'&L(.).8@,'$! (&/,,L(/4?8%*-,!

$'+'8/?'$!/*!08/2!,@,)'5,< !

!

!"-", ! 050+$,&;+-,32<)(,&+=*(&7+09>0<)<.4*%;+0,&)(&9,9*+-.,/+?3,@%**%*)
M.&9/*L(.&9/*! :M_M;! 9/*$! 0/&5.)%/*! %,! )1'! 0/4*$.)%/*! /0! /&-.*%(! (1'5%,)&@<! [1'&'.,!

?.88.$%45!(.).8@,),!.&'!(/55/*8@!'5?8/@'$!0/&!M_M!9/*$!0/&5.)%/*B!0'2'&!5')1/$/8/-%',!

1.+'!9''*!$'+'8/?'$!4,%*-!(/??'&!(.).8@,%,<!

!
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! 19(3+,")6'+4)CD:%+-'#+)
=1'!`4(1*'&!&%*-!'>?.*,%/*!.88/2,!0/&!)1'!5').8 L(.).8@,'$!JL,)'?!0/&5.)%/*!/0!SL5'59'&'$!

&%*-,<JHI!=1'!0%&,)!,)'?!/0!)1'!&'.()%/*!%*+/8+',!)1'!0/&5.)%/*!/0!.!(.&9'*'!0&/5!$%.Y/.(').)'!

(/5?/4*$,B!,4(1!.,! !"#* !:6(1'5'!H<a;B!21%(1!)1'*!&'.()!)/!0/&5!.!(@(8/?&/?.*'B!,4(1!.,!!"#@<!

]%*-! '>?.*,%/*! )1'*! /((4&,! ) /!?&/+%$'!SL5'59'&'$!&%*-!?&/$4(),B! ,4(1! .,!!"#A<!78)1/4-1!

&1/$%45!2.,!/&%-%*.88@!4,'$!)/!(.).8@,%*-!)1%,!&'.()%/*B!)1'!4,'!/0!(/??'&!1.,!9''*!,1/2*!)/!

%*(&'.,'!)1'!'*.*)%/,'8'()%+%)@!/0!)1'!&'.()%/*<JHa!

!

]'('*)8@B!V.-4%&'!,&)%5B!.$.?)'$!)1%,!5')1/$/8/-@!)/!08/2!?&/(',,',!0/&!)1'!'*.*)%/,'8'()%+'B!

%*)&.5/8'(48.&! `4(1*'&!&'.()%/*! /0!! L$%.Y/\')/*'! !"#* !4,%*-! .! (/??'&L?.(\'$!9'$!&'.()/&!

:6(1'5'! H<a;<JHS! N/8@5'&%,.)%/*! /0! 9%,:/>.Y/8%*';! 8%-.*$! 7'%! `4&-4')'^,! ?&/('$4&'BJH#!

0/88/2'$!9@!(/??'&L(/5?8'>.)%/*B!4,%*-!bM4:V'Mc;HdNKaL!.,! .! (/??'&!,/4&('B!.88/2'$!)1'!

0/&5.)%/*!/0!GNL̀M4!(.).8@,)!!"#B<!N&%/&!&'.()%/*!/?)%5%,.)%/*!%*!9.)(1!,@*)1',%,!&'+'.8'$!)1.)!

)1'! 4,'! /0! H L?1'*@8! 9%,:/>.Y/8%*';! .,! .! (/??'&! 8%-.*$! %5?&/+'$! '*.*)%/,'8'()%+%)@! /0! )1'!

&'.()%/*<!!

!

e%&'()!)&.*,8.)%/*!/0!)1','!(/*$%)%/*,!)/!08/2!?&/(',,',!.00/&$'$!)1'!,@*)1',%,!/0!.Y48'*/*'!

!"#A! %*! #F! X!,, <! V/&'! %5?/&).*)8@B! .)/5%(! .9,/&?)%/*! ,?'()&/,(/?@! %*$%(.)'$! )1.)!!"#B!

(/*).%*'$! P<JH! 55/8Z-! /0! (.).8@,)<! =1'&'0/&'B! )1%,! (/??'&L?.(\'$! 9'$! &'.()/&! 2.,! .98'! )/!

(.).8@,'! )1'! %*)&.5/8'(48.&! `4(1*'&! &'.()%/*! 4?! )/! S! )%5',! 2%)1/4)! .*@! 8/,,! /0! .()%+%)@B!

&'?&','*)%*-!.!,%-*%0%(.*)!.$+.*).-'!(/5?.&'$!)/!(4&&'*)!9.)(1!,)&.)'-%',<!

!

!
$%&'(')!"@"!M/*)%*4/4,!08/2!,@*)1',%,!/0!7Y48'*/*'!!"#A<JHS!!

!
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21'&'%*!.!)'&5%*.8!.8\@*'!%,!&'.()'$!2%)1!.*!.&@8!/&!+%*@8!1.8%$'!%*!)1'!?&','*('!/0!?.88.$%45!

.*$!(/??'&!(.).8@,),<JHW!=@?%(.8!9.)(1!(/*$%)%/*,!&'U4%&'!"_"P!5/8!X!/0!?.88.$%45!.*$!(/??'&!

(.).8@,),!.*$!)1'!.$$%)%/*!/0!,4?&.L,)/(1%/5')&%(!.5/4*),!/0!.*!.5%*'!9.,'<!]'. ()%/*!\%*')%(,!

.&'!-'*'&.88@!,8/2B!/0)'*!&'U4%&%*-!4?!)/!JH!1!)/!&'.(1!(/5?8')%/*<!!

V.%*/80%!,&)%5B!&'?/&)'$!)1'!(/*)%*4/4,!08/2!?&/(',,!/0!6/*/-.,1%&.!(&/,, L(/4?8%*-!&'.()%/*,!

4,%*-!.!(/??'&!)49'!08/2!&'.()/&!:6(1'5'!H<S;<JIP!G*!)1%,!&'.()/&B!.!(/??'&!(/%8!%,!8//?'$!.&/4*$!

.!5',1!,4??/&)!.*$!%*,'&)'$!%*)/!.!5').8!f.(\')B!.88/2%*-!)1'!&'.()/&!)/!9'!1'.)'$!4?!)/!JIP!

TM<!=1'!.$+.*).-'!/0!)1%,!)@?'!/0!&'.()/&!%,!)1.)!%)!$%&'()8@!?&/5/)',!(/??'&L(.).8@,'$!&'.()%/*,!

2%)1/4)!)1'!*''$!0/&!.$$%)%/*.8!(.).8@,)<!!

!

!
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A?)%5%,.)%/*!/0!)1'!&'.()%/*!0/4*$!)1.)!)1'!)@?'!/0!,/8+'*)!4,'$!0/&!)1'!&'.()%/*!2.,!.!(&%)%(.8!

?.&.5')'&!0/&!)1'!,4((',,048!,@*)1',%,!/0!.&@8.8\@*',B!,4(1!.,!!"!- <!eVK!2.,!%$'*)%0%'$!.,!)1'!

%$'.8!,/8+'*)!0/&!)1'!&'.()%/*B!21'&'.,!=3KB!M3FMcB!g)A7(!.*$!g)A3!.00/&$'$!/*8@!,5.88!

.5/4*),! /0! )1'! '>?'()'$! ?&/$4()<! K4&)1'&5/&'B! %*(&'.,%*-! )1'! )'5?'&.)4&'! )/! "SP! TM! .*$!

.$$%)%/*!/0!)1'!%/*%(!9.,'!)')&.L+L94)@8.55/*%45!.(').)'!:=`77;!.88/2'$!)1'!0/&5.)%/*!/0!

!"!- !%*!WP!X!@%'8$!.0)'&!FP!5%*!2%)1/4)!)1'!*''$!0/&!)1'!?.88.$%45!(.).8@,)<!3/2'+'&B!21'*!

8',,!&'.()%+'!,49,)&.)',!2'&'!4,'$!: ,B4B!9&/5/9'*Y'*'!/&!)&%5')1@8,%8@8!.(')@8'*';B!.!(.).8@)%(!

.5/4*)!/0!N$:NN1F;JM8J!:P<I!5/8!X;!2.,!&'U4%&'$!)/!/9).%*!)1'!$',%&'$!?&/$4(),<!G*!.$$%)%/*B!

*/!h8. ,'&!9@L?&/$4()#WBW"!2.,!/9,'&+'$!$4&%*-!)1','!&'.()%/*,<!!

!

[1%8'!)1%,!5')1/$!2.,!.98'!)/!&.?%$8@!.*$!'00%(%'*)8@!?&/$4('!.!+.&%')@!/0!.&@8.8\@*',B!.!8.&-'!

.5/4*)!/0!(/??'&!8'.(1%*-!0&/5!)1'!&'.()/&!2.,!/9,'&+'$!%*!0%*.8!?&/$4(),!$4'!)/!)1'!'>)&'5'!

)'5?'&.)4&'!4,'$!)/!?'&0/&5!)1'!&'.()%/*<!=/!.88'+%.)'!)1%,!?&/98'5B!.*!%55/9%8%,'$!,(.+'*-'&B!

i4.$&.?4&'!=1%/4&'.B!2.,!.$$'$!)/!&'5/+'!)&.(',!/0!(/??'&!.*$!?.88.$%45<!!

!
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170 ¡C
30 min

CF3

I

N
H

NH2

S

4.41

TBAA

4.42

CF3

Ph



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#I !

!"A"A! 05B+$,&;+-,32<)(,&+=*(&7+09>0<)<.4*%;+0,&)(&9,9*+-.,/+?3,@%**%*+
=1'!0/&5.)%/*!/0!(.&9/*_*%)&/-'*!:M_c;!9/*$,!%,!'>)&'5'8@!%5?/&).*)!.,!)1'@!.&'!&'-48.&8@!

0/4*$! %*! *.)4&.8! ?&/$4(),! .*$! 9%/.()%+'! 5/8'(48',<! g>)'*,%+'! '00/&),! 1.+'! 9''*! 5.$'! )/!

%$'*)%0@!.*$!%5?&/+'!5')1/$/8/-%',!0/&!'00%(%'*)!M_c!9/*$!0/&5.)%/*,<!6%5%8.&!)/!M_M!9/*$!

0/&5.)%/*B!)1'!4,'!/0!.!(.).8@,)B!,4(1!.,!(/??'&B!1.,!9''*!,1/2*!)/!$&.5.)%(.88@!%5?&/+'!/4&!

.9%8%)@!)/!0/&5!M_c!9/*$,<! !

!

! E3%+2C7%+-2F%$)6,%(&'#+)

=1'!M1.* Lg+.*, LR.5!&'.()%/* JI" _JIF!%,!?.&)%(48.&8@!%5?/&).*)!.,!%)!.88/2,!)1'!0/&5.)%/*!/0!.&@8!

.5%*'! ?&/$4(),! 21%(1! .&'! /0! -&'.)!%*)'&',)! )/! 5'$%(%*.8! (1'5%,),<JIH!=1%,!?&/(',,!&'.(),! .!

9/&/*%(!.(%$!2%)1!.*!.5%*'!%*!)1'!?&','*('!/0!(.).8@)%(!)/!,)/(1%/5')&%(!.5/4*),!/0!.!(/??'&!

(.).8@,)<! =1'! .$+.*).-'! /0! )1%,! ,)&.)'-@B! 2%)1! &',?'()! )/! /)1'&! M_c! 9/*$! 0/&5.)%/*!

5')1/$/8/-%',B!%,!)1.)!)1'!&'.()%/*!%,!?'&0/&5'$!4*$'&!5%8$!(/*$%)%/*,!.*$!(.*!,4??/&)!.'&/9%(!

(/*$%)%/*,<!3/2'+'&B!)1'!\%*')%(,!/0!)1%,!&'.()%/*!.&'!&'8.)%+'8@!,8/2B!&'U4%&%*-!4?!)/!JH!1!)/!

&'.(1!(/5 ?8')%/*B!'+'*!21'*!1'.)'$!.)!"PP!TM<!!

!

`.>'*$.8'! ,&)%5B!?498%,1'$!.!M1.*Lg+.*, LR.5!,)4$@!4,%*-!(.).8@)%(!.5/4*),!/0!M4:A7(;J!.*$!

.!j)49' L%*L)49'^!08/2!&'.()/&!:6(1'5'!H<#;BJII !.88/2%*-!0/&!)1'!,.0'!$'8%+'&@!/0!/>@-'*!)/!)1'!

&'.()%/*B!'+'*!.)!1%-1!)'5?'&.)4&',<!!

!

!

!
$%&'(')!"B" !M1.*Lg+.*, LR.5!(/*)%*4/4,!08/2!?&/(',,< JII !!

!

4.43
Chan-Lam
Reaction

40 ¡C
2 h

4.44
T
A
N
K

O2
10 barB(OH)2

OMe

N
H
N

Ph

NEt3 (0.5 equiv)

Cu(OAc)2 (0.25 equiv)
pyridine (1 equiv)
NEt3 (0.5 equiv)

Scavenging

QP-DMA

N
NPh

OMe

4.45



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#a!

A?)%5%,.)%/*!/0!)1'!&'.()%/*!9')2''*!9/&/*%(!.(%$!!"!# !.*$!.5%*'! !"!! !&'+'.8'$!)1.)!/*8@!.!

(.).8@)%(!.5/4*)!/0!M4:A7(;J!2.,!*'(',,.&@!)/!(.).8@,'!)1'!&'.()%/*!21'*!/>@-'*!2.,!4,'$!

)/! &'L/>%$%,'! M4:G;! 0/88/2%*-! MLc! &'$4()%+'! '8%5%*.)%/*B! 21'&'.,B! 2%)1/4)! />@-'*B!

,)/%(1%/5')&%(!.5/4*),!/0!(/??'&!2'&'!&'U4%&'$<!G)!%,!2/&)1!*/)%*-!)1.)!)1%,!08/2!?8.)0/&5!4,',!

1/5/-'*'/4,! (.).8 @,%,!.*$!)1.)! )1'! (/??'&!%,! ,/849%8%,'$!?&%/&!)/! )1'!&'.()%/*<!=1'! .4)1/&,!

0/4*$! )1.)! $'(&'.,%*-! )1'! 'U4%+.8'*),! /0! 9/&/*%(! .(%$!!"!# ! 0&/5! "<a! )/! "<H! $&.5.)%(.88@!

$'(&'.,'$!)1'!@%'8$!/0!!"!* !0&/5!WHX!)/!IaXB!&',?'()%+'8@<!=/!.88/2!0/&!)1'!4,'! /0!1%-1'&!

'U4%+.8'*),! /0!9/&/*%(! .(%$!!"!# !.*$!0.(%8%).)'!?4&%0%(.)%/*! /0!)1'!0%*.8!?&/$4()B!.!?/8@5'&L

,4??/&)'$!)'&)%.&@!.5%*'!9.,'B!iNLeV7B!2.,!.$$'$!)/!)1'!,@,)'5!)/!)&.?!'>(',,! !"!# <!k,%*-!

)1'%&!/?)%5%,'$!(/*)%*4/4,!08/2!(/*$%)%/*,B!)1'!.4)1/&,!2'&'!.98'!)/!,@*)1',%,!.!,5.88!8%9&.&@!

/0! "BFL$%,49,)%)4)'$! ?@&.Y/8',! %*! JaLWJX! @%'8$,! .0)'&! /*8@! J! 1! /0! &'.()%/*B! .! &'5.&\.98'!

.$+.*('5'*)!21'*!(/5?.&'$!)/!5/$'&*!9.)(1!)'(1*%U4',<! !

!

! G55$%++)E#+H,+-%&'#+)

=1'!k885.**!(/*$'*,.)%/*!&'0'&,!)/!)1'!&'.()%/*!9')2''*!.*!.&@8!1.8%$'! .*$!?1'*/8!/&!.*%8%*'!

%*!)1'!?&','*('!/0!.!(.).8@)%(!.5/4*)!/0!(/??'&<JIa !7,!2%)1!)1'!M1.*Lg+.*, LR.5!&'.()%/*B!)1%,!

&'.()%/*! 4,4.88@! &'U4%&',! 1%-1! )'5?'&.)4&'! :"PP! TM;! .*$! '>)'*$'$! &'.()%/*! )%5'! :JH! 1;<!

V.%*/80%!,&) %5B! %*+',)%-.)'$! )1'! &'.()%+%)@! $%00'&'*('! 9')2''*! 08/2B! 5%(&/2.+'! .*$! 9.)(1!

(1'5%,)&@!4,%*-! )1'!k885.**! (/*$'*,.)%/*! .,! .!5/$'8! :=.98'!H<";<JIP!G/$/9'*Y'*'! !"!@!:"!

'U4%+;!.*$!9'*Y@8.5%*'!!"!A !:"<J!'U4%+;!2'&'!&'.()'$!%*!)1'!?&','*('!/0!=`77!:"<"!'U4%+;!%*!

V'Mc<!=1'!4,'!/0!.!(/??'&!&'.()/&!.)!"IP!TM!0/&!FP!5%*!.00/&$'$!aIX!/0!'>?'()'$!?&/$4()!

!"!B ! :g*)&@! ";<! e'(&'.,%*-! )1'! 08/2! &.)'! 0&/5! P<FF! 5RZ5%*! )/!P<"S! 5RZ5%*! .88/2'$! )1'!

&'.()%/*!)/!&'.(1!(/5?8')%/*!:g*)&@!J;<!]'?8.(%*-!)1'!(/??'&!&'.()/&!2%)1!.!NK7!&'.()/&B!.*$!

2%)1/4)!)1'!.$$%)%/*!/0!.*!'>)'&*.8!(/??'&!,/4&('B!.00/&$'$!/*8@!&'(/+'&@!/0!,).&)%*-!5.)'&%.8!

:g*)&@!F;B!$'5/*,)&.)%*-!)1.)!(/??'&!%,!*'(',,.&@!)/!(.).8@,'!)1'!&'.()%/*<!V%(&/2.+'L.,,%,)'$!

,@*)1',%,!:HPP![;!4,%*-!M4G!:"P!5/8!X;!/&!M4!?/2$'&!:"P!5/8!X;!.00/&$'$!!"!B !%*!IPX!.*$!

F"X!@%'8$B!&',?'()%+'8@B!.0)'&!FP!5%*!:g*)&@!HLI;<!K%*.88@B!9.)(1!(/*$%)%/*,!4,%*-!.*!/%8!9.)1!

.)!WP!TM!.00/&$'$!!"!B !%*!HPX!@%'8$!.0)'&!"a!1B!$'5/*,)&.)%*-!)1'!'*/&5/4,!.$+.*).-'!/0!08/2!

?&/(',,',!(/5?.&'$!)/!5%(&/2.+'!.*$!9.)(1!(1'5%,)&@< !

!

!

!

!

!

!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#S!

C3D5')!","!k885.**!(/*$'*,.)%/*!4,%*-!08/2B!5%(&/2.+'!.*$!9.)(1!(/*$%)%/*,<JIP!

!
E;416) ./;8:4:/;7 ) C'(0'134<1' !

FG.H)
9'7:8';%' !
C:(')F(:;H )

=5/>)934')!
F(IJ(:;H )

./;K'17:/;)FLH )

" ! M/??'&!)49'! "IP ! FP! P<FF! aI !
J! M/??'&!)49'! "IP ! "JP! P<"S! "PP!
F! NK7!)49'! "IP ! FP! P<FF! P!
H! V%(&/2.+' ! "IP ! FP! ! IP!
I ! V%(&/2.+' ! "IP ! FP! ! F"!
a! A%8!9.)1! WP! WaP! ! HP!

!

!

! E#::," 2E%&%5I-,H)!J'H,2!5KI+,)EI(5#%HH'&'#+)

=1'!(/??'& L(.).8@,'$!.Y%$'Z.8\@*'!(@(8/.$$%)%/*!1.,!.8,/!9''*!'5?8/@'$!0/&!)1'!,@*)1',%,!.*$!

5/$%0%(.)%/*! /0! ?/8@5'&,BJIS! ,4&0.(', JI# ! .*$! ,4?&.5/8'(48.&! .,,'598%',<JIW! e',?%)'! )1'!

'>)'*,%+'!'00/&),!5.$'!)/!%*(&'.,'!&'.()%/*!&.)',B!(/5?8')%/*!/0!)1'!&'.()%/*!(.*!,)%88!).\'!4?!

)/! "a! 1<! =1'&'0/&'B! .$.?).)%/*! /0! )1%,! %5?/&).*)! 5')1/$/8/-@! )/! 08/2! (1'5%,)&@! 1.,! )1'!

?/)'*)%.8!)/!/+'&(/5'!)1'!\%*')%(,!%,,4'<!

!

=1%,!2.,!,4((',,0488@!.((/5?8%,1'$!9@!l.??'!,&)%5B!%*!)1'%&!%*+',)%-.)%/*!%*)/!)1'!5'(1.*%,5!

/0! )1'! 0/&5.)%/*! /0! "BHL)&%.Y/8',! 4,%*-! .! M4ZM! ?.(\'$! (/845*! %*! (/*)%*4/4,! 08/2! .*$!

?1'*@8.(')@8'*'!!"!M!.*$!9'*Y@8!.Y%$'!!"*+).,!5/$'8!,49,)&.)',!:6(1'5'!H<W;< JaP!=1'!.4)1/&,!

1@?/)1',%,'$!)1.)!M4:P;!(/48$!9'!4,'$!.,!.!(/??'&!,/4&('!)/!(.).8@,'!M477M!&'.()%/*,!%*!08/2!

.,!)1'!(/??'&!5').8!2/48$!9'!(/*)%*4/4,8@!/>%$%,'$!9@!)1'!.%&B!(&'.)%*-!,4&0.('!M4A!.*$!M4JA!

/>%$.)%+'!8.@'&,<Ja"!=/!)',)!)1%,!1@?/)1',%,B!)1'!.4)1/&,!?'&0/&5'$!.!,'&%',!/0!M477M!&'.()%/*,!

4,%*-!M4!)4&*%*-,!%*!.!5%(&/2.+'!.)!"aP!TMB!.8)'&*.)%*-!9')2''*!3M8!)&'.)5'*)!)/!&'5/+'!)1'!

M4AZM4JA!8.@'&,!.*$!3JAJ!)&'.)5'*)!)/!&' L/>%$%,'!)1'!(/??'&!,4&0.('<JaP!k?/*!)&'.)5'*)!2%)1!

3M8B!(/*+'&,%/*!/0!!"!M).*$! !"*+ !)/!)&%.Y/8'!!"*, !2.,!(/*,%$'&.98@!$'(&'.,'$!:FX! )/!""X;<!

3/2'+'&B!.()%+.)%/*!/0!)1'!(/??'&!)4&*%*-,!2%)1!FIX!3JAJ!-'*'&.)'$!)1'!.()%+'!(.).8@,)!.*$!

.00/&$'$!)&%.Y/8'!!"*,) %*!H#X!@%'8$B!(/*0%&5%*-!)1'%&!1@?/)1',%,<!!

!

I
NH2

H
N

Conditions
TBAA (1.1 equiv)

CH3CN

4.46 4.47 4.48



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "##!

!
$%&'(')!"M"!M477M!&'.()%/*,!4,%*-!M4ZM!?.(\'$!(/845*!%*!08/2<JaP!!

!

K8/2!'>?'&%5'*),!2'&'!)1'*!?'&0/&5'$!4,%*-!.!1%-1L?&',,4&'!08/2!&'.()/&!:mLM49';!.*$!.*!

%55/9%8%,'$B!?&'L?.(\'$!M4ZM!(.&)&%$-'!:aP!n!H!55;!(/*).%*%*-!JIP!5-!/0!M4ZM!:6(1'5'!

H<W;<!]'.()%/*!9')2''*! !"!M!.*$! !"*+ !%*!.(')/*'! .)!"SP!TM!:JP!9.&,;!.00/&$'$!)1'! '>?'()'$!

)&%.Y/8'!! "*, !%*!U4.*)%).)%+'!@%'8$!.0)'&!J!1<!e'(&'.,%*-!)1'!)'5?'&.)4&'!/0!)1'!&'.()%/*!.00/&$'$!

%*(/5?8')'!(/*+'&,%/*<!k*0/&)4*.)'8@B!.!1%-1!(/*('*)&.)%/*!/0!(/??'&!2.,!$')'()'$!9@!GMNL

V6! .*.8@,%,!%*! )1'!0%*.8!?&/$4()! :aPP!5-Z\-;B!0.&! .9/+'! )1'! .(('?).98'! (/*('*)&.)%/*,!0/&!

?1.&5.('4)%(.8,!:"I!5-Z\-;< JaJ!=/!$'(&'.,'!(/??'&!(/*).5%*.)%/*B!.!,(.+'*-'&!2.,!.$$'$!)/!

)1'!(/*)%*4/4,!08/2!?&/(',,<!K/88/2%*-!?4&%0%(.)%/*!)1&/4-1!i4.$&.?4&'!=k!:)1%/4&'.;!&',%*!

?.(\'$!%*!.!,).%*8',, L,)''8!(.&)&%$-'!:aP!n!H!55B!FIP!5-;B!)1'!(/*('*)&.)%/*!/0!(/??'&!%*!)1'!

0%*.8!?&/$4()!2.,!$'(&'.,'$!)/!"!5-Z\-<![1%8'! '00%(%'*)!/*!.! ,5.88!,(.8'!:P<JI!55/8;B!)1%,!

,(.+'*-%*-!5')1/$!%,!?&/98'5.)%(!/*!8.&-'!,(.8',B!.,!21 '*!,(.8'$!4?!)/!JIP!55/8!aPX!/0!)1'!

?&'L?.(\'$! M4ZM! 1.$! 8'.(1'$! 2%)1%*! ""! 1<! V48)%?8'! '>)&.()%/*,! 2%)1! ge=7! 2'&'! )1'*!

*'(',,.&@B!$'(&'.,%*-!(/??'&!(/*('*)&.)%/*!)/!J!5-Z\-<! !

!

=1'! ,.5'! @'.&B! 6.(1! ,&) %5B! &'?/&)'$! .*! '+2-'&9! .Y%$'! ,@*)1',%,B! 0/88/2'$! 9@! "BHL)&%.Y/8'!

0/&5.)%/*!4,%*-!.!(/??'&!08/2!&'.()/&!:6(1'5'!H<"P;<JFW!=1'!4, '!/0!.!(/??'&!&'.()/&!'8%5%*.)',!

)1'!*''$!0/&!.$$%)%/*.8!(.).8@,)!)/!?'&0/&5!)1'!&'.()%/*<!A?)%5%,.)%/*!/0!)1'!&'.()%/*!9')2''*!

.8\@*'!!"*- !.*$!.Y%$'!!"*# !1.,!,1/2*!)1.)!(/??'&!8'.(1%*-!%,!1%-18@!$'?'*$'*)!/*!)1'!,/8+'*)!

4,'$! 0/&! )1'! &'.()%/*<! K/&! '>.5?8'B! )1'! .5/4*)! /0! (/??'&! 8'.(1%*-! ?&','*)! %*! )1'! 0%*.8!

?&/$4()2.,!/*8@!S#!??5!.,!$')'&5%*'$!9@!'8'5'*).8!.*.8@,%,!21'*!')1.*/8!2.,!4,'$!.)!"IP!

TMB!21%8'!FPP!??5!2'&'!0/4*$!2%)1!eVK<!3/2'+'&B!?&'(%?%).)%/*!/0!?1'*@8.(')@8'*'!!"*- !

/((4&&'$!21'*!')1.*/8!2.,!4,'$ <!eVK!2.,!)1'&'0/&'!(1/,'*!.,!.!,/8+'*)!0/&!)1'!&'.()%/*B!.*$!

.!i4.$&.?4&'!=k!(.&)&%$-'!2.,!.$$'$!)/!)1'!?&/(',,B!&'$4(%*-!)1'!(/??'&!(/*('*)&.)%/*!)/!I!

??5<!k,%*-!)1%,!,)&.)'-@B!)1'!.4)1/&,!2'&'!.98'!)/!,@*)1',%,'!.!+.,)!8%9&.&@!/0!)&%.Y/8',!%*!J"L

WJX!@%'8$,<!!

!

4.50

CuAAC

170 ¡C
20 bar
20 min

4.49
Scavenging

4.51
N3

Quadrapure
or 

EDTA

N
NN



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#W!

!
$%&'(')!",+" !M477M!&'.()%/*,!4,%*-!.!(/??'&!08/2!&'.()/&<JFW!!

!

L+2-'&9!0/&5.)%/*!/0!)1'!.8\@*'!5/%')@!0/88/2'$!9@!)&%.Y/8'!0/&5.)%/*!2.,!.8,/!$'5/*,)&.)'$!

%*!.!(/*)%*4/4,!08/2!?&/(',,!9@!65%)1!,&)%5B!:6(1'5'!H<"";< JaF!!

!

))
$%&'(')!",," !L+2-'&9!.8\@*'!0/&5.)%/*!0/88/2'$!9@!.!M477M!&'.()%/*<JaF!!

!

k,%*-! .! +.&%')@! /0!%*L8%*'B!%55/9%8%,'$!&'.-'*),! .*$! ,(.+'*-'&,B! )1'! .4)1/&,! 2'&'! .98'! )/!

,4((',,0488@!,@*)1',%,'!)&%.Y/8'!!"*B!2%)1/4)!)1'!*''$!0/&!04&)1'&!?4&%0%(.)%/*<!78$'1@$'!!"*A)

:"<F!'U4%+;).*$!`',)5.** LA1%&.!&'.-'*)!!"** !:"!'U4%+;!2'&'!0%&,)!&'.()'$!%*!.!(/*+'()%/*L08/2!

(/ %8!:MKMB!"P!5R;!.)!"PP!TM!0/&!FP!5%*!%*!)1'!?&','*('!/0!.Y%$'!!"*@!.*$!lA &̀4!%*!V'A3<!

=1'!&'.()%/*!5%>)4&'!2.,!)1'*!08/2'$!)1&/4-1!.!i4.$&.?4&'!9'*Y@8.5%*'!(.&)&%$-'!:iNL̀o7;!

.)! SP! TM! )/! &'5/+'! '>(',,! .8$'1@$'! !"*A<! =1'! &',48)%*-! 5%>)4&'! 2.,! ?45?'$! )1&/4-1! .*!

759'&8@,)L"I! ,480/*%(! .(%$!:7L"I;! ,4??/&)!)/!&'5/+'! )1'!9.,'! .*$!?&/)/ *.)%*-!?1/,?1/&%(!

&',%$4',! 9'0/&'! 9'%*-! 08/2'$! )1&/4-1! .*/)1'&! 759'&8@,)LJ"! $%5')1@8! .5%*'! &',%*! :7LJ";B!

&'5/+%*-!&',%$4.8!.(%$!.*$!.00/&$%*-!?4&'!.(')@8'*'!?&/$4()<!G5?/&).*)8@B!*/!$'-&.$.)%/*!/0!

.Y%$'!!"*@!2.,!/9,'&+'$<!=1'!M477M!&'.()%/*!2.,!)1'*!?'&0/& 5'$!9@!08/2%*-!)1'!5%>)4&'!

)1&/4-1!.*!%55/9%8%,'$!(/??'&L(.).8@,)!:7LJ" LM4G;B!.00/&$%*-!)&%.Y/8'!!"*B!%*!aWX!@%'8$!.0)'&!

,(.+'*-%*-!&',%$4.8!(/??'&!2%)1!.!i4.$&.?4&'!)1%/4&'.!:iNL=k;!08/2!)49'<!!

!

4.53

CuAAC

150 ¡C
5 min

4.52
Scavenging

4.54Quadrapure

N
NN

Br
OH

OH

NaN3
DMF

Acetylene
Formation

100 ¡C
30 min

4.57

4.58

QP-BZA

N
NN

Ph
A-21-CuI

Me

O
P

N2

OMe

O

OMe

N3 Ph

H

O
4.55
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KOtBu
MeOH

NH2 SO3H

A-15

NMe2

A-21

NMe2.CuIN
H

NH2

S

QP-TU

Triazole
Formation
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@%"'+,)A%&'&)

!

! "WP!

[1%8'!'00%(%'*)!.*$!5/$48.&B!)1','!?&/(',,',!&'U4%&'!'8'+.)'$!)'5?'&.)4&',B!21%(1!8%5%),!)1'%&!

4,'!2%)1!9%/5/8'(48',<!3/2'+'&B!Kp8q?!,&)%5B!?498%,1'$!.!,)4$@!%*!21%(1!)1'!4,'!/0!.$$%)%+',!

.88/2'$! )1'5! )/! ?'&0/&5!M477M!&'.()%/*,! .)!&//5! )'5?'&.)4&'! :6(1'5'!H<"J;< JaH!g.&8%'&!

,)4$%',! 1.$! ,1/2*! )1.)! .$$%*-! .*! .5%*'! 9.,'! $&.5.)%(.88@! %*(&'.,',! )1'! &.)'! /0! M477M!

&'.()%/*,!9@!(1'8.)%*-!.*$!,).9%8%,%*-!M4:G;!,?'(%',<aSBSP!A)1'&!,)4$%',!1.+'!0/4*$!)1.)!.$$%*-!

(.).8@)%(!.5/4*),!/0!.(%$!(/48$!04&)1'&!%*(&'.,'!)1'!&.)'B!.(('8'&.)%*-!)1'!?&/)/*.)%/*!/0!)1'!

M4L)&%.Y/8'! %*! )1'! 8.,)! ,)'?! /0! )1'! 5'(1.*%,5<JaI ! `@! .$$%*-! .! (/59%*.)%/*! /0!/ B/ L

$%%,/?&/?@8')1@8.5%*'!:eGNg7B!P<PH!'U4%+;!.*$!.(')%(!.(%$!:7(A3B!P<PH!'U4%+;!)/!)1'%&!08/2!

?&/(',,B!)1'!.4)1/&,!2'&'!.98'!)/!?&/$4('!)1'!$',%&'$!)&%.Y/8',!%*!1%-1!@%'8$,B!2%)1/4)!)1'!*''$!

0/&!1'.)%*-<!=1%,!?&/(',,!.88/2'$!)1'!8%-.)%/*!/0!(%,?'*).(%*!.Y%$'!$'&%+.)%+'!!"*MB!.!*.)4&.88@!

/((4&&%*-! (.&9/(@(8%(!" L.5%*/! .(%$!?/,,',,%*-! .*)%04*-.8!?&/?'&)%',B! .*$!0'&&/('*'! .8\@*'!

!"@+B!.*!'8'()&/(1'5%(.8!&'?/&)'&B!.00/&$%*-!)&%.Y/8'!!"@,!%*!WWX!@%'8$<!V/&'!%5?/&).*)8@B!)1'!

4,'!/0!5%8$'&!(/*$%)%/*,!$&.5.)%(.88@!$'(&'.,'$!(/??'&!8'.(1%*-!:S<"!5-Z\-;<!3/2'+'&B!1%-1!

?&',,4&',!:"PP!9.&;!2'&'!,)%88!*'(',,.&@!)/!.()%+.)'!)1'!&'.()%/*!.*$!.+/%$!.*@!?&'(%?%).)%/*<!

!

!
$%&'(')!",-" !M477M!&'.()%/*!4,%*-!%55/9%8%,'$!M4!?/2$'&!.*$!eGNg7Z7(A3!.,!.$$%)%+',<JaF!!

!

!"#! N60/4&'7:7)4/)O')C'74'8)

=1'!$'+'8/?5'*)!/0!08/2 L9.,'$!)'(1*/8/-%',!1.,!,%-*%0%(.*)8@!.$+.*('$!(1'5%(.8!,@*)1',%,B!

/00'&%*-!*45'&/4,!.$+.*).-',!(/5?.&'$!)/!9.)(1!.*$!5%(&/2.+'!(1'5%,)&@<!K4&)1'&5/&'B!)1'!

1%-1'&!&'.()%+%)@!/9,'&+'$!%*!08/2!?&/(',,',B!$4'!)/!'*1.*('$!5.,,!)&.*,0'&B!1.,!?&/+'*!)/!9'!

?.&)%(48.&8@! 9'*'0%(%.8! 0/&! ?'&0/&5%*-! (1'5%(.8! &'.()%/*,! 2%)1! 8.&-'! 5/8'(48.&! 2'%-1)!

9%/5/8'(48',B! %*! 21%(1! ,)&4()4&.8! (/*0/&5.)%/*,! (.*! ,%-*%0%(.*)8@! (/5?&/5%,'! 04*()%/*.8!

-&/4?,^!.((',,%9%8%)@<JaaBJaS!!

!

e',?%)'!)1','!9'*'0%),B!)1'!$'+'8/?5'*)!/0!. !08/2L9.,'$!?8.)0/&5!0/&!M477M!9%/(/*f4-.)%/*!

1.,! */)! @')! 9''*! ?/,,%98'! $4'! )/! )1'! &'U4%&'5'*)! 0/&! '>(',,! M4! (.).8@,)! .*$! '8'+.)'$!

4.59

4.60

Cu powder

CuAAC

RT, 100 bar

N3

HO
NHBoc

CO2Et

Fe

Fe

N
NN

HO NHBoc

CO2Et

4.61
DIPEA

(0.04 equiv)

AcOH
(0.04 equiv)
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@%"'+,)A%&'&)

!

! "W"!

)'5?'&.)4&',B!(/*$%)%/*,!21%(1!(.4,'!9%/5/8'(48'!$'*.)4&.)%/*!.*$!$'-&.$.)%/*<!G*!.$$%)%/*B!

)1'!*''$!0/&!/&-.*%(!,/8+'*)!1.,! 8%5%)'$!08/2L9.,'$!M477M!.??8%(.)%/*,!)/!,5.88!5/8'(48',<!!

!

['! 1.+'! ?&'+%/4,8@! ,1/2*! )1.)! .&/5.)%(! @*.5%*',! .&'! ,4?'&%/&! M477M! &'.-'*),! 2%)1!

'*1.*('$! (1'5%(.8! &'.()%+%)@! &'8.)%+'! )/! (/*+'*)%/*.8! .8\@*',! :M1.?)'&! J;<"SPB"S"B"SH!

7$$%)%/*.88@B!%*(/&?/&.)%*-!.!9'*Y%5%$.Y/8'!@*.5%*'!5/%')@!%*)/!/8%-/*4(8'/)%$',!.88/2'$!4,!

)/!$'(&'.,'!M4!8/.$%*-!)/!"P!5/8!X!21%8'!.!8.&-'!'>(',,!:"P!'U4%+;!%,!*'(',,.&@!21'*!4,%*-!

(/*+'*)%/*.8!.8\@*',!:M1.?)'&!F;<!=1'!1@?/)1',%,!)/!9'!)',)!%*!)1%,!2/&\!%,!)1.)!)1'!'*1.*('$ !

&'.()%+%)@!/0!.&/5.)%(!@*.5%*',!2%88!.88/2!0/&!)1'!$'+'8/?5'*)!/0!.!08/2L9.,'$!?8.)0/&5!0/&!

)1'! 0.,)B! 5%8$B! $'-&.$.)%/*L0&''! 9%/(/*f4-.)%/*! /0! ?'?)%$'! .*$! /8%-/*4(8'/)%$'! $'&%+.)%+',!

:6(1'5'!H<"F;<!!
)

!
$%&'(')!",#" !K8/2L9.,'$!?8.)0/&5!0/&!M477M!9%/(/*f4-.)%/*!4,%*-!)1'!'*1.*('$!&'.()%+%)@!/0!.&/5.)%(!@*.5%*',<!

!

!"! ! P:(7)/Q)4&:7).&304'1)

=1'!,?'(%0%(!.%5,!/0!)1%,!(1.?)'&!.&'!)/r!

!

:%;! e')'&5%*'!.??&/?&%.)'!&'.()%/*!(/*$%)%/*,!0/&!0.,)!.*$!5%8$!M477M!&'.()%/*,!4,%*-!.!

(/??'&!08/2!&'.()/&!2%)1!.!&.*-'!/0!.8\@*',!!"@!32%):6(1'5'!H<"H;<!!

!

!
$%&'(')!",!" !A?)%5%,.)%/*!/0!08/2!M477M!4,%*-!(/??'&!)49%*-<!

!

:%%;! 7??8@!)1','!(/*$%)%/*,!)/!)1'!M477M!9%/(/*f4-.)%/*!/0!?'?)%$'!.*$!/8%-/*4(8'/)%$'!

$'&%+.)%+',!4,%*-!.!(/??'&!08/2!&'.()/&<!

!

4.62

CuAAC

RT, atm
biocompatible 

solventR-N3

N

N

4.63

N

N

N N
N

R

N3
N

NN

alkyne azide triazole

Cu, RT, 1 atm

N

NMe

Me

O

Me
4.64a 4.64b 4.64c
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!

! "WJ!

:%%%;! A?)%5%,'!&'.()%/*! (/*$%)%/*,! 0/&! )1'! 8%-.)%/*! /0!.! ?1/,?1/&/$%.5.$%)'! 5/&?1/8%*/!

/8%-/5'&!:NVA;!$'&%+.)%+'!.*$!.!('88L?'*')&.)%*-!?'?)%$'!:MNN;!4,%*-!.!(/??'&!08/2!

&'.()/&!:K%-4&'!H<F;<!

!

!
=:R<1')!"#"!NVAL7?/g!(/*f4-.)' )!"@*<!

!

!"* ! 9'7<547)3;8)S:7%<77:/;))

!"C"#! 09>D,<;(&7+',3+09EE0+F%<@)(,&*+/()1+E3,2<)(@+G&<2(&%*+

G)!%,!1@?/)1',%,'$!)1.)!)1'!M4!8'.(1%*-!0&/5!)1'!)49%*-!$4&%*-!(/*)%*4/4,!08/2!?&/(',,',!$4'!

)/!'8'+.)'$!)'5?'&.)4&',!.*$!1%-1!?&',,4&',!%,!,400%(%'*)!)/!(.).8@,'!M477M!&'.()%/*,<JaP!=1'!

'*1.*('$!&'.()%+%)@!/0!.&/5.)%(!@*.5%*',!1.,!?&/+'*!)/!$&.5.)%(.88@!$'(&'.,'!(/??'&!8/.$%*-!

:"P!5/8!X!+'&,4,! "P! 'U4%+!4,%*-!?1'*@8.(')@8'*';!21'*!?'&0/&5%*-!M477M!8%-.)%/*,! /*!

/8%-/*4(8'/)%$',! :,''!M1.?)'&!F;<!=1%,!8'.$,! )/! )1'!1@?/)1',%,! )1.)! )1'!1%-1'&!&'.()%+%)@! /0!

.&/5.)%(!@*.5%*',!(/48$!.88/2!0/&!)1'!$'+'8/?5'*)!/0!.!5%8$'&!08/2!?8.)0/&5!0/&!M477M!

8%-.)%/*,B!.,!8',,!(/??'&!,1/48$!9'!&'U4%&'$!)/!&'.(1!(/5?8')%/*!/0!)1'!&'.()%/*<!!

!

=/!)',)!)1%,!1@?/)1',%,B!)1'!.5/4*)!/0!(/??'&!*''$'$!)/!?'&0/&5!M477M!&'.()%/*,!9')2''*!

9'*Y%5%$.Y/8'!@*.5%*'!!"@!3!.*$!9'*Y@8!.Y%$'!-"B@3!2.,! '5?%&%(.88@!$')'&5%*'$!%*!9.)(1!

:K%-4&'!H<H;<!!

!

!

!

!

!

!
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O
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H
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O
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H
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!

! "WF!

!
!

!
=:R<1')!"!" !G*+',)%-.)%*-!M4!8/.$%*-!&'U4%&'$!0/&!)1'!0/&5.)%/*!/0!!"@@3<!L-#5%&,H)I',5H-B)

!

e'(&'.,%*-!M4!8/.$%*-!)/!"!5/8!X!1.$!*/!%5?.()!/*!)1'!&'.()%+%)@!/0!9'*Y%5%$.Y/8'!@*.5%*'!

!"@!3!.*$! .00/&$'$! )&%.Y/8'!!"@@3!%*!WaX!@%'8$! .0)'&! "a!1<!7! ,5.88!$&/?!%*!&'.()%+%)@!2.,!

/9,'&+'$!21'*!P<"!5/8!X!2.,!4,'$B!,)%88!.88/2%*-!)1'!0/&5.)%/*!/0!!"@@3)%*!SIX)@%'8$<!6'&%.8!

$%84)%/*,!/0!M4:A7(;J!2'&'!)1'*!4,'$!)/!'>?8/&'!)1'!M477M!&'.()%/*!9')2''*! !"@!3!.*$! -"B@3!

.)!'+'*!04&)1'&!&'$4('$!:??5;!.5/4*),!/0!(/??'&<![1%8'!,8/2'& B!1%-1!@%'8$,!/0!)&%.Y/8'!!"@@3!

2'&'! /9,'&+'$! '+'*! 21'*! /*8@! "! ??5! M4:A7(; J! 2.,! 4,'$! )/! (.).8@,'! )1'! &'.()%/*<!

]'5.&\.98@B!!"@@3!2.,!/9).%*'$!%*!WWX!@%'8$!.0)'&!F!$.@,!21'*!/*8@!"P!??5!M4:A7(;J!2.,!

4,'$s!*/).98@B!)1%,!%,!9'8/2!)1'!5%*%545!(/??'&!(/*('*)&.)%/*!?'&5%))'$!%*!?1.&5.('4)%(.8,!

:"I!??5;< JaJ!=1','!&',48),!,4--',)!)1.)!)1'!.5/4*)!/0!8'.(1%*-!0&/5!.!(/??'&!08/2 !&'.()/&!.)!

.59%'*)! )'5?'&.)4&'! (/48$! 9'! ,400%(%'*)! 0/&! (.).8@,%*-! M477M! &'.()%/*,! 2%)1! .&/5.)%(!

@*.5%*',B!21%(1!(/48$!.88/2!0/&!)1'!$'+'8/?5'*)!/0!.!08/2!?8.)0/&5!0/&!)1'!8%-.)%/*!/0!5/&'!

,'*,%)%+'!5/8'(48',B!,4(1!.,!?'?)%$',!/&!/8%-/*4(8'/)%$',<!!!

!

!"C"A! H%I%.,:(&7+<+-.,/+?.<)',32+',3+J(.;+09EE0+D(7<)(,&+,'+K2<..+J,.%@9.%*+

! C;;,(&)#;)AMN)#+)O"'%J#5,)P#"$%&'#+)

=1'! 0/88/2%*-! M477M! &'.()%/*,! 2'&'! (.&&%'$! /4)! %*! .! (/55'&(%.8! (1'5%(.8! 08/2! &'.()/&!

:'.,@L6(1/8.&B!Q.?/4&)'(;!'U4%??'$!2%)1!.!(/??'&!&'.()/&!:Q.?/4&)'(B!$!O!"!55B!Q!O!"P!5R;<!

78\@*'!.*$!.Y%$'!,).&)%*-!5.)'&%.8,!2'&'!,/849%8%,'$!%*!"P!5R!/0!,/8+'*)!9'0/&'!9'%*-!?45?'$!

)1&/4-1!)1'!(/??'&!)49%*-!.)!.!08/2!&.)'!/0!"!5RZ5%*!:)] !O!"P!5%*;!.)!&//5!)'5?'&.)4&'!:JI!

TM;B!4*8',,!,).)'$!/)1'&2%,'<!G*%)%.8!.))'5?),!)/!?'&0/&5!M477M!&'.()%/*,!9')2''*!@*.5%*'!

N

N

Ph N3
N

N

N
N N

4.64a 2.86a 4.66a
Ph

TIPS

Cu(OAc)2 (X mol %)

MeOH/H2O (1/1)
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!

! "WH!

9'*Y%5%$.Y/8'!!"@!3!.*$!9'*Y@8!.Y%$'!-"B@3!4,%*-! '%)1'&!V'A3!/&!V'Mc!.,!,/8+'*)!2'&'!

4*,4((',,048s!/*8@!,).&)%*-!5.)'&%.8,!2'&'!&'(/+'&'$!.0)'&!/*'!?.,,!)1&/4-1!)1'!&'.()/&!:)] !O!

"P!5%*B!6(1'5'!H<"I;<!e'(&'.,%*-!)1'!08/2!&.)'!)/!P<JI!5RZ5%*!:)] !O!HP!5%*;!.8,/!0.%8'$!)/!

@%'8$!?&/$4()<!64&?&%,%*-8@B!.$$%*-!.!,5.88!.5/4*)!/0!2.)'&!)/!V'A3!:"ZHP!.*$!"ZJP;!.00/&$'$!

!"@@3!%*!""X!.*$!JHX!@%'8$,B!&',?'()%+'8@<!M1.*-%*-!)1'!,/8+'*)!)/!HPZ"!V'McZ3JA!.88/2'$!

0/&!(/5?8')'!(/*+'&,%/*!/0!,).&)%*-!5.)'&%.8,!)/!!"@@3!.0)'&!"P!5%*!.)!&//5!)'5?'&.)4&' <!!

!

!
$%&'(')!",*" !G*%)%.8!.))'5?),!/0!08/2!M477M!&'.()%/*!2%)1!.&/5.)%(!@*.5%*'!!"@!3!4,%*-!(/??'&!)49%*-<J"I !

!

=1'!'00'(),!/0!2.)'&!/*!)&%.Y/8'!0/&5.)%/*!2'&'!04&)1'&!%*+',)%-.)'$!4,%*-!)1&''!&'?&','*).)%+'!

.8\@*',r! 9'*Y%5%$.Y/8'! @*.5%*'!!"@!3B! ?&/?.&-@8! ')1'&!!"@!D! .*$! .&/5.)%(! .8\@*'!!"@!%!

:K%-4&'!H<I;<J"I !!

!

!
!

!
=:R<1')!"*"!g00'()!/0!3JA!/*!)&%.Y/8'!0/&5.)%/*<!L-#5%&,H)I',5H-BJ"I !

!

4.64a

Bn N3

2.86a

Cu, RT, 1 atm
MeCN or MeOH

1 mL/min

N

N

Me

Me

N

N

Me

Me

N N
N

Bn

4.66a
0%

N

NNCu, RT, 1 atm

N

NMe

Me

O

Me
4.64a 4.64b 4.64c

Bn N3

4.64a-c 2.86a 4.66a-c
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@%"'+,)A%&'&)

!

! "WI!

]',48),!0&/5!)1%,!,)4$@!%*$%(.)'!)1.)!)1'!.$$%)%/*!/0!'+'*!.!,5.88!.5/4*)!/0!2.)'&!)/!V'Mc!

:"ZWW;!1.,!,49,).*)%.8!%5?.()!/*!)1'!'>)'*)!/0!)&%.Y/8'!0/&5.)%/*B!.00/&$%*-!!"@@3B!!"@@DB!.*$!

!"@@%!%*!HaXB!S#X!.*$!#IX!@%'8$,B!&',?'()%+'8@<!G*(&'.,%*-!)1'!?&/?/&)%/*!/0!2.)'&!%*!)1'!

,/8+'*)! ,@,)'5!04&)1'&!%5?&/+'$!@%'8$,B!2%)1! )1'!&'.()%/*!&'.(1%*-! (/5?8')%/*!0/&! .8\@*',!

!"@!32%!21'*!IZ"!V'McZ3 JA!2.,!4,'$<!G)!%,!2/&)1!*/)%*-!)1.)!21%8'!@*.5%*'!!"@!3)'>1%9%)'$!

,4?'&%/&!&'.()%+%)@!%*!)1'!9.)(1!,@,)'5B!/2%*-!)/!.!?l.!5/$%0@%*-!M4L8%-.)%/*B"SP!)1%,!,/8+'*)!

,@,)'5!?&/+'$!'00'()%+'!'+'*!2%)1!8',,!&'.()%+'!.8\@*',B!,4(1!.,!!"@!D).*$! !"@!%<!!!

!

! C;;,(&)#;)AMN)#+)E#::,")F,%(3'+4)

7,!,).)'$!?&'+%/4,8@B!%)!1.$!9''*!1@?/)1',%,'$!)1.)!'8'+.)'$!)'5?'&.)4&',!2'&'!*''$'$!21'*!

?'&0/&5%*-! M477M! &'.()%/*,! %*! 08/2! %*! /&$'&! )/!,/849%8%,'! '*/4-1! (/??'&! )/! .(1%'+'! )1'!

&'.()%/*<JaP!3/2'+'&B!.$$%*-!2.)' &!)/!)1'!'84'*)!.88/2'$!)1'!&'.()%/*!)/!&'.(1!(/5?8')%/*!.)!

&//5!)'5?'&.)4&'!.*$!.)5/,?1'&%(!?&',,4&'<!G*!/&$'&!)/!%*+',)%-.)'!%0!2.)'&!%,!*'(',,.&@!)/!

?'&0/&5!)1'!&'.()%/*!$4'!)/!.,,/(%.)'$!(/??'&!8'.(1%*-B!GMNLV6!.*.8@,%,!2.,!?'&0/&5'$!0/&!

'.(1! ,/8+'*)! , @,)'5! :K%-4&'!H<I;<J"I !=/! .(1%'+'! )1%,B!)1'! '84'*),!2'&'!?45?'$! )1&/4-1! )1'!

(/??'&!&'.()/&!.)!"!5RZ5%*!.)!&//5!)'5?'&.)4&'!.*$!.*.8@,'$!$%&'()8@!9@!GMNLV6<!=1','!$.).!

(/*0%&5'$!)1.)!%*(&'.,%*-!2.)'&!(/*)'*)!&',48)'$!%*!1%-1'&!(/??'&!(/*('*)&.)%/*,!%*!)1'!'84'*),B!

2%)1!.!5.>%545!/((4&&%*-!%*!"Z"!V'McZ3JA<!7!$%&'()!(/5?.&%,/*!/0!(/??'&!8'.(1%*-!0&/5!

.! 4,'$! : #FPP! &'.()%/*,;! .*$! *'2! :*/! &'.()%/*;! &'.()/&! 5'.,4&'$! $%,)%*()8@! 1%-1'&! (/??'&!

(/*('*)&.)%/*,!0&/5!)1'!4,'$!/*'!%*!'U4%+.8'*)!,/8+'*)!5%>)4&',!:K%-4&'!H<a;<!!

!

!
=:R<1')!"@"!M/??'&!8'.(1%*-!0&/5!*'2!.*$!4,'$!: #FPP!&'.()%/*,;!&'.()/&,<J"I !



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "Wa!

=1','!0%*$%*-,!2/48$!9'!(/*,%,)'*)!2%)1!)1'!1%-1'&!,/849%8%)@!/0!M4A!.*$!M4JAB!21%(1!0/&5!

.!(/.)%*-!/*!(/??'&!?%?',B!%*!2.)'&!)1.*!%*!/&-.*%(!,/8+'*)<!=1'&'0/&'B!)1','!?%?',!.&'!5/&'!

?&/*'!)/!8'.(1%*-!.0)'&!548)%?8'!'>?/,4&',!)/!2.)'&<Ja"!3/2'+'&B!,%5%8.&!(/??'&!(/*('*)&.)%/*,!

2'&'!/9,'&+'$!21'*!V'Mc!.*$!WWZ"!V'McZ3 JA!2'&'!4,'$!.,!,/8+'*),!:P<FIF!??5!.*$!P< JPa!

??5B!&',?'()%+'8@;B!'+'*!)1/4-1!)1'!(/*+'&,%/*!/0!,).&)%*-!5.)'&%.8,!!"@!32%!)/!?&/$4(),!!"@@32

%!1.,!9''*!,1/2*!)/!9'!$&.5.)%(.88@!$%00'&'*)<!=1','!$.).!,4--',)!)1.)!)1'!&/8'!/0!2.)'&!%*!)1'!

&'.()%/*!5'(1.*%,5!%,!*/)!,%5?8@!)/!,/849%8%,'!(/??'&<!

!

! L+7,-&'4%&'+4)&3,)6#5,)#;)AMN)'+)&3,)6,%(&'#+)

M/*)&/8!'>?'&%5'*),!2'&'!?'&0/&5'$!%*!/&$'&!)/!%*+',)%-.)'!21')1'&!(/??'&!,/849%8%,.)%/*!%,!

*'(',,.&@! )/! (.).8@,'! M477M! &'.()%/*,! 9')2''*! .8\@*',! !"@!32%! .*$! 9'*Y@8! .Y%$'!-"B@3!

:6(1'5'!H<"a. L(;<J"I !7))'5?)%*-!M477M!&'.()%/*,!%*!9.)(1!4,%*-!.!IZ"!V'McZ3JA!,/8+'*)!

5%>)4&'!(/*).%*%*-!"J<F!??5!/0!(/??'&B!.,!$')'&5%*'$!9@!GMNLV6B!?&/+'$!4*,4((',,048!0/&!

!"@!D!.*$! !"@!%!.*$!?//&!0/&!!"@!3B!.0)'&!SJ!1<!]'?'.)%*-!)1','!'>?'&%5'*),!%*!08/2!4,%*-!.!

NK7!&'.()/&!:$!O!"!55B!Q!O!"P!5R;!.)!"!5RZ5%*!/*8@!&'(/+'&,!,).&)%*-!5.)'&%.8,!%*!)1'!'84'*)!

0/&! .88! )1&''! &'.()%/*,<! =1','! &',48),! ,4--',)! )1.)! ,/84)%/*! (/??'&! %,! */)! ,400%(%'*)! 0/&! )1'!

M477M!&'.()%/*,!.*$!)1.)!(.) .8@,%,!5/,)!8%\'8@!/((4&,!/*!)1'!,4&0.('!/0!)1'!(/??'&!)49%*-<!!!

!

!
$%&'(')!",@"!M/5?.&%,/*!/0!M477M!'00%(%'*(@!%*!9.)(1!+,<!08/2!(/*).%*%*-!"J<F!??5!M4<!L-#5%&,H)I',5H-BJ"I !

!

N'&0/&5%*-!.!M477M!&'.()%/*!9')2''*!@*.5%*'!!"@!3!.*$!9'*Y@8!.Y%$'!-"B@3!%*!)1'!(/??'&!

08/2!&'.()/&!4,%*-!.!$'-.,,'$!,/84)%/*!/0!IZ"!V'McZ3 JA!.00/&$,!0488!(/*+'&,%/*!/0!)1'!,).&)%*-!

5.)'&%.8,!)/!)1'!'>?'()'$!?&/$4()! !"@@3<!A*!)1'!/)1'&!1.*$B!08/2%*-!AJ!:P<I!5RZ5%*;!%*)/!)1'!

&'.()/&!21%8'!?'&0/&5%*-! )1'! ,.5'!&'.()%/*!%*!V'Mc! .8/*'! .8,/! .00/&$,!0488!(/*+'&,%/*! )/!

!"@@3<!=1','! '>?'&%5'*),!,4--',) !)1.)!&'.()%+'!/>@-'*!,?'(%',!:]A6;!5.@!.&%,'!$4&%*-!)1'!

08/2! ?&/(',,B! )1'! ?&','*('! /0! 21%(1! (/48$! .%$! %*! )1'! &'.()%/*! ?&/-&',,!7'%! (/??'&!

$%,?&/?/&)%/*.)%/*<!=/!+'&%0@!)1'%&!?&','*('B!(/*)%*4/4,!08/2!&'.()%/*,!2'&'!?'&0/&5'$!%*!)1'!

(/??'&!08/2!&'.()/&!4,%*-!.!+.&%')@!/0!]A6!?&/9',<!`'*Y'*',48?1/*@8L?&/)'()'$!084/&',('%*!

N

NMe

Me

O

4.64a

4.64b

Me
4.64c

Bn N3

2.86a

Bn N3

2.86a

Bn N3

2.86a

N

NN

Bn

N

NN

Bn

N
N

NN

Bn

N

O

Me

Me
Me

4.66c

4.66b

4.66a

[Cu]

[Cu]

[Cu]

Flow (Cu): 94% (tR = 10 min)
Flask: 53% (72 h)
Flow (PFA): 0% (tR = 10 min)

Flow (Cu): 88% (tR = 10 min)
Flask: 0% (72 h)
Flow (PFA): 0% (tR = 10 min)

Flow (Cu): 90% (tR = 10 min)
Flask: 0% (72 h)
Flow (PFA): 0% (tR = 10 min)

a)

b)

c)



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "WS!

!"@A!%,!4,'$!)/!5'.,4&'!,4?'&/>%$'!(/*('*)&.)%/*,!%*!9%/8/-%(.8!,@,)'5,B!,4(1!.,!145.*!C4&\.)!

=!('88,<Ja#!e'?&/)'()%/*!/0!)1'!,48?1/*@8!-&/4?,!/((4&,!7'%!!.!*/* L&'$/>!5'(1.*%,5!)1&/4-1!

*4(8'/?1%8%(! ,49,)%)4)%/*!9@! ,4?'&/>%$'<!=1'! 5.%*! .$+.*).-'! /0! )1%,!?&/9'!%,! )1'! 0.()!)1.)!

?&/)'()'$!084/&',('%*!!"@A!%,!*/)!084/&',('*)B!?&/+%$%*-!)1'!/??/&)4*%)@!)/!,)4$@!8%+%*-!,@,)'5,!

)1&/4-1!084/&',('*(' L9.,'$!.,,.@,<!=/!$')'&5%*'!21')1'&!3 JA!(/*)&%94)',!)/!)1'!0/&5.)%/*!/0!

]A6!%*!)1'!(/??'&!08/2!&'.()/&B!?&/)'()'$!084/&',('%*!!"@A!2., !?45?'$!)1&/4-1!)1'!,@,)'5!.)!

FS!TM!0/&!FP!5%*!4,%*-!9/)1!V'Mc!.*$!.!SZF!V'McZ3JA!5%>)4&'!:=.98'!H<J;<!=1'!&'.()%/*!

5%>)4&',! 2'&'! )1'*! .*.8@,'$! $%&'()8@! 9@! ]NL3NRM<! A*8@! ?&/)'()'$! 084/&',('%*!!"@A! 2.,!

/9,'&+'$!21'*! )1'!&'.()%/*!2.,!?'&0/&5'$!%*!V'Mc! :g*)&@ !";B!21%8'!aHX! /0!$'?&/)'()'$!

084/&',('%*!!"@B!2.,!/9).%*'$!2%)1!)1'!V'McZ3 JA!5%>)4&'!:g*)&@!J;<!N'&0/&5%*-!)1'!&'.()%/*!

%*! )1'! ?&','*('! /0! /*'! 'U4%+.8'*)! /0! ,/$%45! HBIL$%1@$&/>@9'*Y'*'L"BFL$%,480/*.)'!!"@M)

:)%&/*;BJaW!21%(1!,(.+'*-',!0&''!&.$%(.8,!,4(1!.,!,4?'&/>%$'B!%*!SZF!V'McZ3JA!.00/&$'$!/*8@!

)1'!?&/)'()'$!084/&',('%*)!"@A).0)'&!FP!5%*<!

!

C3D5')!"-"!e'?&/)'()%/*!/0!K84/&',('%*!!"@A!4,%*-!.!(/??'&!08/2!&'.()/&<!

!
!

E;416) $/5K';4) 9T$)U;&:D:4/1) ./;K'17:/;)FLH L<M+

" ! V'Mc ! ! P!
J! V'McZ3 JA!:SZF;! ! aH!
F! V'McZ3 JA!:SZF;! !"@M!:"!'U4%+;! P!

Q%R)E#+7,"-'#+)(%5(95%&,H)SI):,%K)%",%)9-'+4)6T2ATFEB)

!

]A6!%*!)1'!08/2!,@,)'5!2'&'! .8,/!5'.,4&.98'!4,%*-!9'*Y/)1%.Y/8%45!%/$%$'!!"A+!:6(1'5'!

H<"S;<!A1,.2.!,&)%5B!&'?/&)'$!)1'!,'8'()%+'!/>%$.)%/*!/0!FL5')1@8)1%.Y/8%45!$'&%+.)%+',B!,4(1!

.,! !"A+B!2%)1!,4?'&/>%$'!.88/2%*-!)1'!0/&5.)%/*!/0!9/)1!!"A, !.*$! !"A-<JSP!7!,/84)%/*!/0!!"A+!

%*!.!HPZ"!V'McZN`6!9400'&!:?3!O!S<I;!5%>)4&'!2.,!?45?'$!)1&/4-1!)1'!(/??'&!08/2!&'.()/&!

.)!"!5RZ5%*!.)!FS!TM!0/&!"P!5%*<!]NL3NRM!.*.8@,%,!/0!)1'!&'.()%/*!5%>)4&'!%*$%(.)'$!WaX!

(/*+'&,%/*!/0!!"A+!)/!)1'!/>%$%,'$!?&/$4()!!"A, B!,49,).*)%.)%*-!)1'!?&','*('!/0!]A6!%*!)1'!08/2!

,@,)'5<! K%*.88@B! 1%,)%$%*'B! \*/2*! 0/&! %),! %*,).9%8%)@! )/2.&$! ]A6B! 2.,! $%,,/8+'$! %*! .! "Z"!

V'McZ3 JA!5%>)4&'!.*$!08/2'$!)1&/4-1!)1'!,@,)'5!.)!&//5!)'5?'&.)4&'!0/&!"P!5%*<!]NL3NRM!

.*.8@,%,!/0!)1'!&',48)%*-!5%>)4&'!,1/2'$!(/5?8')'!$'-&.$.)%/*!/0!1%,)%$%*'<!=1','!$.).!,4??/&)!

)1'!1@?/)1',%,!)1.)!]A6!.&'!?&/$4('$!21'*!3 JA!%,!%*)&/$4('$!%*)/!/4&!08/2!?8.)0/&5<!=1'!

&'U4%&'5'*)! /0! 2.)'&! 0/&! ?'&0/&5%*-! M477M! &'.()%/*,! 4,%*-! .! (/??'&! 08/2! &'.()/&! (/48$!

O

O

O O

O

SS
O

OO

O

NO2O2N O2N NO2

Cu, 37 ¡C, 1 atm
1 mL/min, 30 min

O

O

HO OH

O

4.67 4.68

HO

HO
SO3Na

SO3Na

4.69



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "W#!

)1'&'0/&'!9'!'>?8.%*'$!9@!]A6)&'.()%/*,!2%)1!)1')M4!,4&0.('!-'*'&.)%*-!M4:G;!.()%+'!,?'(%',)

7'%!'+2-'&9!M4:G;ZM4:GG;!$%,?&/?/&)%/*.)%/*<!!

!

!
$%&'(') !",A" ! A>%$.)%/*! /0! FL5')1@89'*Y/)1%.Y/8%45! %/$%$'!!"A+! 4,%*-! .! (/??'&! 08/2! &'.()/&<!E#+7,"-'#+)

(%5(95%&,H)SI)6T2ATFEB)

!

! C;;,(&)#;)N"4%+'()<#57,+&)#+)O"'%J#5,)P#"$%&'#+)%+H)E#::,")F,%(3'+4)

=/!%*+',)%-.)'!)1'!'00'()!/0!/&-.*%(!,/8+'*)!/*!)1'!'00%(%'*(@!)&%.Y/8'!0/&5.)%/*B!.8\@*'!!"@!D!

.*$!.Y%$'!-"B@3!2'&'!?45?'$!)1&/4-1!.!(/??'&!08/2!&'.()/&!.)!"!5RZ5%*!.)!&//5!)'5?'&.)4&'!

.*$!.)5/,?1'&%(!?&',,4&'!4,%*-!$%00'&'*)!,/8+'*)!,@,)'5,!:=.98'!H<F;<J"I !!

!

C3D5')!"#"!g00'()!/0!/&-.*%(!,/8+'*)!/*!M4!8'.(1%*-!.*$!)&%.Y/8'!!"@@D!0/&5.)%/*<!

!
E;416) $/5K';4) V:'58)FLHL<M+ W.<X)F00(H)

" ! V'Mc ! P! a<WJ!
J! V'McZ3 JA!:IZ"; ! WP! HP<W!
F! V'A3 ! P! S<aW!
H! V'A3Z3 JA!:IZ"; ! "F! "<#H!
I ! eVK ! P! #<"S!
a! eVKZ3JA!:IZ"; ! FP! W<JH!
S! eMV ! S! "<J!

Q%R)L-#5%&,H)I',5H-BJ"I !!

!

N'&0/&5%*-!)1'!&'.()%/*!2%)1/4)!3JA!.)!&//5!)'5?'&.)4&'!&'(/+'&'$!/*8@!,).&)%*-!5.)'&%.8,!

21'*! V'McB! V'A3! .*$! eVK! 2'&'! 4,'$! .,! ,/8+'*),! :g*)&@! "B! g*)&@! F! .*$! g *)&@! IB!

&',?'()%+'8@;!.*$!2.,!8/2!@%'8$%*-!:SX;!21'*!eMV!2.,!4,'$!:g*)&@!S;<!=1'!.$$%)%/*!/0!3JA!

)/!)1'!,/8+'*)!5%>)4&',!&',48)'$!%*!)1'!0/&5.)%/*!/0!)1'!'>?'()'$!?&/$4()!!"@@D<!3/2'+'&B!8/2!

@%'8$,!2'&'!/9).%*'$!21'*!IZ"!V'A3Z3JA!/&!IZ"!eVKZ3JA!2'&'! 4,'$!:"FX!:g*)&@!H;!.*$!

FPX! :g*)&@! a;B! &',?'()%+'8@;<! V'McZ3JA! 2.,! )1'! 9',)! ,/8+'*)! ,@,)'5! 0/&! )1'! &'.()%/*B!

.00/&$%*-! )&%.Y/8'!!"@@D!%*!WPX!@%'8$<!GMNLV6! .*.8@,',! /0! )1'!&'.()%/*!5%>)4&',!&'+'.8'$!

N

S

Me
I

Cu, 37 ¡C, 1 atm
1 mL/min, 10 min

N
Me

HO

S

2

N

S
O

Me

4.70

4.71

4.72
MeCN/PBS buffer (40/1)

Ratio 4.70/4.71/4.72 = 3/96/1

O

4.64b

Bn N3

2.86a

N
NN

BnO

4.66b

Cu, RT, 1 atm
1 mL/min, 10 min



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "WW!

1%-1'&! (/??'&! (/*('*)&.)%/*,! 21'*! V'McZ3 JA! 2.,! 4,'$! 0/&! )1 '! &'.()%/*<! =1'! ,4?'&%/&!

&'.()%/*!'00%(%'*(@!.*$!1%-1'&!(/??'&!(/*('*)&.)%/*!/9,'&+'$!2%)1!)1%,!,/8+'*)!,@,)'5!(/48$!

9'! '>?8.%*'$! 9@! .! 1%-1'&! (/&&/,%/*! /0! )1'! (/??'&! )49%*-B! %*(&'.,%*-! )1'! &.)'! /0! M4!

$%,?&/?/&)%/*.)%/*<JaP!

!

! C;;,(&)#;)P5#0)6%&,)#+)O"'%J#5,)P#"$%&'#+)

7,! %884,)&.)'$! ?&'+%/4,8@B! )1'! 1%-1'&! )1&/4-1?4)! /00'&'$! 9@! (/*)%*4/4,! 08/2! )'(1*/8/-@!

&'?&','*),! /*'! /0! )1'!5.%*!9'*'0%),! /0! )1%,!?&/(',,B!?.&)%(48.&8@!0/&!%*$4,)&%.8!?4&?/,',<!=/!

5'.,4&'!)1'!5.>%545!.5/4*)!/0!)&%.Y/8'!?&/$4('$!/*!/4&!?8.)0/&5B!.!08/2!&.)'!,)4$@!2.,!

?'&0/&5'$!4,%*-!.8\@*',!!"@!32%!.*$!*/* L(1'8.)%*-!.Y%$'!-"B@3!:K%-4&'!H<S;!/&!(1'8.)%*-!.Y%$'!

-"B@Q!:K%-4&'!H<#;<J"I !!

!
!

!
=:R<1')!"A"!K8/2!&.)'!7-!'00%(%'*(@!/0!M477M!&'.()%/*!9')2''*!.8\@*',!!"@!32%!.*$!*/* L(1'8.)%*-!.Y%$'!-"B@3<!

L-#5%&,H)I',5H-BJ"I !

!

]'.()%/*,!2'&'!?'&0/&5'$!/*!.!P<J!V!,(.8'!4,%*-!IZ"!V'McZ3 JA!.,!)1'!,/8+'*)<!G*(&'.,%*-!

)1'!08/2!&.)'!0&/5!"!5RZ5%*!)/!F!5RZ5%*!$%$!*/)!$'(&'.,'!)1'!'00%(%'*(@!/0!M477M!&'.()%/*,!

N

NN

N

NMe

Me

O

Me
4.64a 4.64b 4.64c

Bn N3

4.64a-c 2.86a 4.66a-c

Cu, RT, 1 atm
MeCN/H2O (5/1)

1 mL/min



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! JPP!

21'*! .! */* L(1'8.)%*-! .Y%$'! 2.,! 4,'$B! ,4(1! .,! 9'*Y@8! .Y%$'!-"B@3! :K%-4&'! H<S;<! 3/2'+'&B!

%*(&'.,%*-!)1'!08/2!&.)'!)/!I!5RZ5%*!$'(&'.,'$!)1'!'00%(%'*(@!0/&!9/)1!.8\@*',!!"@!3!.*$! !"@!%<!

N'&0/&5%*-!)1'!8%-.)%/*!.)!F!5RZ5%*!2/48$!)1'&'0/&'!.88/2!)1'!0/&5.)%/*!/0!.??&/>%5.)'8@!

"<"! \-! /0! )&%.Y/8'!!"@@3B!P<W#! \-! /0! )&%.Y/8'!!"@@D!.*$!P<WW!\-! /0! )&%.Y/8'!!"@@%!.0)'&! "!1<!

]'?'.)%*-!)1','!'>?'&%5'*), !4,%*-!.!(1'8.)%*-!.Y%$'B!,4(1!.,!-"B@QB!$&.5.)%(.88@!%*(&'.,'$!)1'!

'00%(%'*(@!/0!)1'!&'.()%/*B!.00/&$%*-!1%-1!@%'8$,!0/&!.8\@*',!!"@!32%B!'+'*!21'*!&'.()%/*,!2'&'!

?'&0/&5'$!.)!W!5RZ5%*!:K%-4&'!H<#;<J"I !!N'&0/&5%*-!)1'!8%-.)%/*!.)!W!5RZ5%*!2/48$!.88/2!)1'!

0/&5.)%/*!/0!.??&/>%5.)'8@!F<a!\-!/0!)&%.Y/8'!!"A#3B!F<P!\-!/0!)&%.Y/8'!!"A#D!.*$!J<W!\-!/0!

)&%.Y/8'!!"A#%!.0)'&!"!1<!=1','!&',48),!,1/2!)1.)!)1'! %*(&'.,'$!&'.()%+%)@!/0!(1'8.)%*-!.Y%$',!

/9,'&+'$!%*!9.)(1!:,''!M1.?)'&!J;!%,!&'?8%(.)'$!%*!08/2!,@,)'5,<!

!

!
!

!
=:R<1')!"B"!K8/2!&.)'!7-!'00%(%'*(@!/0!M477M!&'.()%/*!9')2''*!.8\@*',!!"@!32%!.*$!(1'8.)%*-!.Y%$'!-"B@Q<!L-#5%&,H)

I',5H-BJ"I !

!

! <9S-&"%&,)<(#:,)#;)O"'%J#5,)P#"$%&'#+)9-'+4)N:&'$'J,H)E9!!E)P5#0)E#+H'&'#+-)

=1'! ,(/?'! /0! /4&! 08/2! ?8.)0/&5! 0/&! M477M! 8%-.)%/*,! 2.,! 9/)1! 9&/.$! .*$! &'?&/$4(%98'!

:6(1'5'!H<"#;<J"I !k,%*-!)1&''!$%00'&'*)!.8\@*',!!"@!32%B!.!+.&%')@!/0!)&%.Y/8'!?&/$4(),!$'&%+'$!

N

NN

N

NMe

Me

O

Me
4.64a 4.64b 4.64c4.64a-c 4.66a-c

Cu, RT, 1 atm
MeCN/H2O (5/1)

1 mL/min

2.86f

N3Me2N
3



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#$!

%&'(!)*(+,-!./*0-)1!./*0'!%,2'&'+3'&-) !.40!./*0-)!+'))-))*45!%2467*'4.,*7*-)!%'&!0'84)7&-.(!

.++,*6.7*'4)!8-&-!.,,!*)',.7-0!*4!3*53!9*-,0)!.%7-&!'4,9!.!)*45,-!+.))!73&'253!73-!:2!&-.67'&;!!

!

!
!"#$%$&'()*(!<2=)7&.7-!)6'+-!'%!:2>>:!%,'8!+&'6-))!2)*45!.,?94-)!'(+', -";!B-#5%&,C)D',5C-E"$@!

!

! F3,$#-,5,(&'7,)F9!!F)G'4%&'#+)'+)H5#0)

A3-!6'(+.7*=*,*79!'%!'2&!%,'8!+,.7%'&(!8*73!&-5.&0)!7'!-)7.=,*)3-0!:2>>:!63-(')-,-67*B*79!

+&'%*,-)$C$! 8.)! -D.(*4-0! E<63-(-! F;$GH;"$@! I+7*(*).7*'4! '%! 73-! &-.67*'4! 2)*45! '2&! %,'8!

+,.7%'&(!3.)!&-B-.,-0!73.7!0-6&-.)*45!J" I!6'4 7-47!*4!73-! -,2-47!&-)2,7-0!*4! ,'8-&! :2>>:!

-%%*6*-469;!K-! )2&(*)-0!73.7!8-!6'2,0! .63*-B-!63-(')-,-67*B-! :2>>:! ,*5.7*'4!=9!7.?*45!

.0B.47.5-!'%!73*)!%-.72&-;!L*94-!.(/) 1!83*63!6'47.*4)!.!('&-!&-.67*B-!.&'(.7*6!94.(*4-!)*7-!

.40! .! ,-))!&-.67*B-! .,*+3.7*6! .,?94-! )*7-1!240-&8-47!63-(')-,-67*B-! ,*5.7*'4!8*73!6'2(.&*4!

./*0-! 0('+1!.7!*7)!94.(*4-!)*7-!2)*45!.!F#M$!N-:OMJ"I!(*D72&-1!%',,'8-0!=9!,*5.7*'4!'%!>PA!

./*0-! .(*+2 !.7!*7)!.,?94-!)*7-!2)*45!.!@M$!N-:OMJ"I!(*D72&-;!:'(+,-7-!63-(')-,-67*B*79!8.)!

4.73a, >99%
4.73b, 99%
4.73c, 99%

N
N3

Ph N3

N

N3 S N3

Me2N N3

O
N

N3

OH

NH

Me

O

O

4.66a, 88%
4.66b, 90%
4.66c, 94%

4.74a, 79%
4.74b, 87%
4.74c, 82%

4.75a, 63%
4.75b, 70%
4.75c, 80%

4.76a, 84%
4.76b, 82%
4.76c, 79%

4.78a, 98%
4.78b, 96%
4.78c, 86%

4.81a, >99%
4.81b, 96%
4.81c, 99%

O OHO

N3

NMe24.79a, 96%
4.79b, 98%
4.79c, 98%

F

N
H

O

N3

O

O

O

OHHO

H
N

S

H
N

HN NH

S

O

H
H

H
N

O

O
N3

3

H

H H

Me

Me

O

O

4.80a, 78%
4.80b, 79%
4.80c, 79%

4.83a, 78%
4.83b, 69%
4.83c, 79%

N
H

O
AcO

AcO

OAc

O

OAc

N3

4.84a, 89%
4.84b, 91%
4.84c, 91%

4.82a, 88%
4.82b, 78%
4.82c, 89%

4.86a, 87%
4.86b, 92%
4.86c, 86%

4.77a, 92%
4.77b, 93%
4.77c, 92%

N

N
H

N

N

H2N

O

N
H

N
H

O CO2!Bu

4.85a, 60%
4.85b, 56%
4.85c, 54%

N3
N

NN

alkyne azide triazole

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

,-12!#.1)&()*#+'"

O2S

H
N N3

N3

N3 CF3

F F

F F

F F

F F

F F

F F

F F

Me

Me

H
N

O

N3

N3

N

NMe

Me

O

Me
4.64a 4.64b 4.64c

Cu, RT, 1 atm
MeCN/H2O (5/1)

1 mL/min

Me



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#" !

'=)-&B-0;!A3*)!0-('4)7&.7-0!73.7!73-!-)7.=,*)3-0!&-.67*B*79!+&'%*,-)!.&-!&-+,*6.7-0!*4!'2&!%,'8!

+,.7%'&(!8*73!-43.46-0!'B-&.,,!&-.67*'4!?*4-7*6)!-B-4!.7!B-&9!,'8!Q:2R;!

!

!
!"#$%$&'()/( !:3-(')-,-67*B-!:2>>:!,*5.7*'4!2)*45!.!6'++-&!%,'8!&-.67'&;! B-#5%&,C)D',5C-;"$@!

!

!"#"$! %&'&()*+,-. /. 0()1. 2(/34)56. 4)5. 7+(89. :44+;+&,3. <=,3>&?+?. )4.@+)6&8+;/(.

A6/-+,-.7/5B&5?.

A3-!0-B-,'+(-47!'%!4-8!63-(*6.,!)7&.7-5*-)!%'&!&.0*',.=-,,*45!=*','5*6.,,9!.67*B-!(',-62,-)!

3.)! =--4! -D7-4)*B-,9! +2&)2-0! 02-! 7'! 73-! *46&-.)*45! .++,*6.7*'4)! '%! +')*7&'4! -(*))*'4!

7'('5&.+39!ESTAH!*4!426,-.&!(-0*6*4-;$UG!A'!=-!B*.=,-!%'&!STA!*(.5*451!73-!*46'&+'&.7*'4!'%!

&.0*'*)'7'+-)1! )263! .)! %,2'&*4-V$U! E3.,%V,*%-! $#G;U! (*4H1! 4--0)! 7'! =-! %.)71! &-5*')-,-67*B-1!

+&'6--0! 240-&! +39)*','5*6.,! 6'40*7*'4)! .40! *4! 3*53! 9*-,0);! >! 6'(+.&*)'4! =-78--4!

6'4B-47*'4.,! .40!7-7&./*4-V6,*6?! ,.=-,,*45!)7&.7-5*-)! '%!I,.+.&*=!0-&*B.7*B-)!E<63-(-!F;"#H1!

)263!.)!'(*/ !.40!'(/) 1$FW!8.)!2)-0!.)!.!+.&.0*5(!%'&!73-!0-B-,'+(-47! '%!73*)!%,'8!+,.7%'&(;!

I,.+.&*=!E>)7&.P-4-6.H!*)!.4!XL>V.++&'B-01!7.&5-7-0!73-&.+9!%'&!=&-.)71!'B.&*.4!.40!+&')7.7-!

6.46-&! 83*63! %2467*'4)! =9! *43*=*7*45! +',9! E>LSV&*=')-H! +',9(-&.)-! ES>YSH1! .4! -4/9(-!

*4B',B-0!*4!LO>!&-+.*&;"C$!Z4!"#$$1!K-*)),-0-&!,&)%5E!&-+'&7-0!73-!W!(*4! )9473-)*)! '%!$UXV

,.=-,,-0!I,.+.&*=! '(/3 )7'%!7-7&./*4-V6,*6?!,.=-,,*451!+&'B*0*45!3*53!&.0*'63-(*6.,!9*-,0!EY:[1!

\#]H!6'(+.&-0!7'!73-!0*&-67!,.=-,,*45!'%!7')9,.7-!'(/) 1!.%%'&0*45!+&'0267!'(/. !8*73!.4!Y:[!'%!

$]!.%7-&!\!3!E<63-(-!F;"#H;$FW!J'8-B-&1!7-7&./*4-!63-(*)7&9!&-^2*&-)!YSVJS_:!+2&*%*6.7*'4!

'%!73-!%*4.,!+&'0267!7'!)-+.&.7-!73-!78'!&-5*'*)'(-&)!%'&(-0!02&*45!73-!&-.67*'41!0-6&-.)*45!

73-! -%%*6*-469! '%!73*)! )9)7-(;!N'&-'B-&1!73-! *47&'0267*'4! '%! .! ,.&5-! 390&'+3'=*6!5&'2+!7'!

I,.+.&*=1! )263! .)! .!696,''67-4-1!0&.(.7*6.,,9!0-6&-.)-)!73-! .%%*4*79! '%!'(/3 !%'&!S>YS$! .)!

6'(+.&-0!7'! '(/. !EZ:@#!$C;G!4N!.40!@;"!4N1!&-)+-67*B-,9H;!

!

N

N
H
N

O

4

O
N

N3

OH

NH

Me

O

O

O OHO

N3

4.87, 74%

N

N
H
N

O

4

N N

N

O

O

HO

N

N N
O

N

HO

H
N

O
O

2.91
1st loop: MeCN/H2O (40/1), 1 mL/min
2nd loop: MeCN/H2O (5/1), 1 mL/min

3.46b

2.86k

(2nd loop)

(1st loop)

Cu, RT, 1 atm
MeCN/H2O (5/1)

1 mL/min



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#W!

!
!"#$%$&'(.3(!:'(+.&*)'4!=-78--4! %I!6'4B-47*'4.,!.4 0!JI!7-7&./*4-V6,*6?!,.=-,,*45!)7&.7-5*-)!'%!.!S>YS$!*43*=*7'&;$FW!

!

`2*,0*45!'4!73*)!8'&?1!8-!0-('4)7&.7-0!73-!27*,*79!'%!'2&!%,'8!+,.7%'&(!%'&!73-!)9473-)*)!'%!

STA!+&'=-)!73&'253!73-!:2>>:!,*5.7*'4!'%!I,.+.&*=!.,?94-!0-&*B.7*B-!'(/0 !.40!.!(*(*6!'%!

73-!6'(('4,9!2)-0! $UXV./*0'!+&'=- "C"!0('+,&E)63-(-!F;"$H;"$@!<',27*'4)!'%!'(/0 !. 40!0('+,&*4!

@M$! N-:OMJ"I! 8-&-! +2(+-0! 73&'253! 73-! 6'++-&! %,'8! &-.67'&! .7! W! (_M(*4! .7! &''(!

7-(+-&.72&-;!>%7-&!W!(*4!'%!&-.67*'41!7&*./',-!'(/' !8.)!'=7.*4-0!*4!U\]!9*-,0!8*73'27!73-!4--0!

%'&!+2&*%*6.7*'4;!N'&-!*(+'&7.47,91!Z:SVN<!.4.,9)*)!'%!73-!-,2-47!(-.)2&-0!'4,9!\;"$!++(!'%!

6'++-&1!%.&!=-,'8!+-&(*))*=,-!6'++-&!6'46-47&.7*'4)!E$@!++(H1!0-('4)7&.7*45!73-!6.+.6*79!'%!

'2&!%,'8!+,.7%'&(!7'!)9473-)*)-!=*'(-0*6.,!*(.5*45!(.&?-&);!!

!

!
!"#$%$&'(.)( !:'47*42'2)!%,'8!:2>>:!&-.67*'4!=-78--4!I,.+.&*=!0-&*B.7*B-! '(/0 !.40!STA!+&'=-!(*(*6! 0('+, ;!

B-#5%&,C)D',5C-;"$@!

!

N
NH

O

F

N

O

N

O

H
N

O

N
N

N
N

H H
O18F

4.88

4.89

N
NH

O

F

N

O

N

O

H
N

O

H
N

N

4.90

O

18F

tetrazine-click labelling
RT, 3 min, DMSO/DCM
RCY = 59.6%
IC50 = 17.9 nM

N
NH

O

F

N

O

N

O
OTs

4.91

n

conventional labelling
various conditions
RCY = 1%
IC50 = 5.2 nM

N
NH

O

F

N

O

N

O
18F

4.92

n

a) b)

N
NH

O

F

O

N
N

O
N

N N

O
HN

F

4

4.94, 86%

Cu, RT, 1 atm
MeCN/H2O (5/1)

3 mL/min
N
NH

O

F

O

N
N

O

4

4.93

F

N
H

O
N3

3.46a



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#F!

!"#"! ! %&'&()*+,-. /. 0()1. 2(/34)56. 4)5. 7+(89. :44+;+&,39. %&-5/8/3+),C05&&.
@+);),DE-/3+),.)4.2&*3+8&?./,8.F(+-)8&)G=5+H),E;(&)3+8&?.

! K,7,5#:'+4)%)H5#0)L5%&;#"$);#")F9!!F)G'4%&'#+-)#;)M5'4#C,#ND"'J#+9(5,#&'C,-)

K3*,-!:2>>:!3.)!+&'B-4!7'!=-!.4!-%%*6*-47!)7&.7-59!%'&!73-!,*5.7*'4!'%!=*'(',-62,-)1!)263!.)!

',*5'0-'D9&*='426,-'7*0-)! EILO)H1! 73-! &-^2*&-(-47! %'&! E)2+-&H)7'*63*'(-7&*6! .('247)! '%!

6'++-&!&-(.*4)!.!)-B-&-!,*(*7.7*'4;!A3-!3*53-&!-%%*6*-469!'=)-&B-0!%'&!%,'8!+&'6-))-)1!02-!7'!

-43.46-0! (.))! 7&.4)%-&1! .00-0!7'! 73-! 2)-! '%! .! 6'++-&!72=*45! )3'2,0!0&.(.7*6.,,9! *46&-.)-!

&-.67*'4! ?*4-7*6)! .40! 73-&-%'&-! 0-6&-.)-! -D+')2&-! '%! ILO)! 7'! 6'++-&1! &-026*45! +'7-47*.,!

0-5&.0.7*'4! .40! 0.(.5-; !A'! 7-)7! 73*)! 39+'73-)*)1!456'(. 1! 6'47.*4*45! '4,9! '4-! 'D*0.7*'4!

)-4)*7*B-!&-)*02-1!.40!./*0'!%,2'&'+3'&-!.(*+7 !8-&-!&-.67-0!2)*45!'2&!%,'8!+,.7%'&(!EA.=,-!

F;FH;"$@! :2>>:! &-.67*'4)! 8-&-! +-&%'&(-0! *4! .! 6'((-&6*.,! 63-(*6.,! %,'8! &-.67'&! E-.)9 V

<63',.&1!a.+'2&7-6H!-^2*++-0!8*73!.!6'++-&!&-.67'&!Ea.+'2&7-61!0!b!$!((1!a!b!"!(_H;!>,?94-!

.40!./*0-!)7.&7*45!(.7-&*.,)!8-&-!0*))',B-0!*4!$##!µ_!'%!)',B-47!=-%'&-!=-*45!+2(+-0!73&'253!

73-!6'++-&!&-.67'&!.7!&''(!7-(+-&.72&-!E"@!c:H1!24,-))!)7.7-0!'73-&8*)-;!

!!

8,19$&'('(!I+7*(*).7*'4!'%!%,'8!:2>>:!&-.67*'4!2)*45! 456'(. ;!

!
!

:;<=> & !?9@$;<& A9?B&C,<$&D%EF%G;H& IG$9J&DKH&
$! J "I ! #;"!E7Y!b!$#!(*4H! #!
" ! J " I ! $!E7Y!b!"!(*4H! C!
W! N-IJMJ "I!E@M$H! #;"!E7Y!b!$#!(*4H! F!
F! N-IJMJ "I!E@M$H! $!E7Y!b!"!(*4H! "$!
@! N-IJMJ "I!E@M$H! "!E7Y!b!$!(*4H! @G!
\ ! N-IJMJ "I!E@M$H! "!EW!696,-)1!7Y!b!W!(*4H! W\!
C! N-IJMJ "I!E@M$H!d!#;$!N!AT>>! "!E7Y!b!$!(*4H! $##!

*',5C-)C,&,"$'+,C)JD)6L2ALGF):,%O)'+&,4"%&'#+)",5%&'7,)&#)&3,)MK/)-&%"&'+4)$%&,"'%5E"$@!!

!

Z4*7*.,!.77-(+7)!7'!.63*-B-!73-!&-.67*'4!*4!J" I!&-)2,7-0!*4!6'(+,-7-!0-5&.0.7*'4!'%!456'(. !

ET47&*-)!$V"H;!<8*763*45!73-!)',B-47!7'!@M$!N-:OMJ"I!5-4-&.7-0!73-!-D+-67-0!+&'0267!'(/L1 e!

3'8-B-&1!-D7-4)*B-!',*5'426,-'7*0-!0-5&.0.7*'4!8.)!)7*,,!'=)-&B-0;!Z46&-.)*45!73-!%,'8!&.7-1!

.40!73-&-%'&-!0-6&-.)*45!-D+')2&-!'%!456'(. !7'!73-!6'++-&!&-.67'&1!0&.(.7*6.,,9!*(+&'B-0!

&-.67*'4!9*-,0)!EF]!.7!#;"!(_M(*4!.40!@G]!.7!"!(_M(*4H;!Z46&-.)*45!73-!42(=-&!'%!+.))-)!

2.86q
20 equiv.
[20 nM]

ÐTTTTTTGTTTTT-3'
P
O

OO
O

N
N N NH

O2S

NMe2

5'

NMe2

O2S

H
N N3 ÐTTTTTTGTTTTT-3'

P
O

OO
O 5'

4.95bODN4.2
1 equiv.
[1 nM]

Cu, RT, 1 atm



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#@!

73&'253!73-!&-.67'&!%&'(! '4-!7'!73&--! .7!"! (_M(*4!&-)2,7-0!*4! ,'8-&!9*-,0!EW\]1!T47&9!\H;!

A&*-739,.(('4*2( !.6-7.7-!EAT>>H!=2%%-&!*)!6'(('4,9!2)-0!%'&!YSVJS_:!+2&*%*6.7*'4!.40!

.4.,9)*)! '%! ILO)1! %2467*'4*45! .)! .4! *'4! +.*&! 7'! 73-! 4-5.7*B-,9V63.&5-0! ILO! +3')+3.7-!

=.6?='4-!7'!.,,'8!%'&!*46&-.)-0!&-)',27*'4!'4!390&'+3'=*6!:$U!)*,*6.;"CW!AT>>!.,)'!3.)!73-!

.=*,*79!7'!%2467*'4!.)!.!:2!63-,.7'&1!6'(+-7*45!8*73!73-!+2&*4-!.40!+9&*(*0*4-!=.)-)!'%!ILO)1!

,-.0*45!7'!0-6&-.)-0!0-5&.0.7*'4!'%!73-!,*5.7-0!+&'0267;!A'!*4B-)7*5.7-!83-73-&!.!&-0267*'4!*4!

ILO V:2!63-,.7*'4!8'2,0!&-)2,7!*4!*46&-.)-0!9*-,0!'%!73-!:2>>:!+&'02671!#;$!N!AT>>!8.)!

.00-0!7'! 73-! )',B-47! (*D72&-1! .%%'&0*45!7&*./',-!'(/L1 !*4! ^2.47*7.7*B-! 9*-,0! .%7-&!$! (*4! '%!

&-.67*'4!ET47&9!CH;!Z4!6'(+.&*)'41!+-&%'&(*45!73*)!&-.67*'4!*4!=.763!2)*45!:2EIA%H"!E$#!-^2*BH1!

AJSA>! E"#! -^2*BH! .40! O.>)6! E"#! -^2*BH! &-^2*&-0! "F! 3! 7'! &-.63! 6'(+,-7*'4;! f)*45! 73-!

'+7*(*)-0!%,'8!6'40*7*'4)1!7&*./',-)!'(/L, -"!8-&-!'=7.*4-0!*4!3*53!9*-,0)!EG#]!7'!̂ 2.47*7.7*B-H!

.%7-&!'4,9!$!(*4!'%!&-.67*'4!.40!8*73'27!73-!4--0!%'&!+2&*%*6.7*'4!E<63-(-!F;""H;!!

!

!
!"#$%$&'(..( !:2>>:!,*5.7*'4)!'%!&-+&-)-47.7*B-!ILO)!2)*45!'+7*(*)-0!6'40*7*'4)!*4!.!6'++-&!%,'8!&-.67'&;!*',5C-)

C,&,"$'+,C)JD)6L2ALGF):,%O)'+&,4"%&'#+)",5%&'7,)&#)MK/)-&%"&'+4)$%&,"'%5;"$@!

!

! K,7,5#:'+4)%)H5#0)L5%&;#"$);#")F9!!F)G'4%&'#+-)#;)L,:&'C,-))

:2>>:!(-73'0','59!3.)!=--4!-D7-4)*B-,9!2)-0!%'&!+-+7*0-! =*'6'4g25.7*'4;!<*46-!73-!7&*./',-!

,*4?.5-1!%'&(-0!02&*45!73-! ,*5.7*'41! *)! )*(*,.&! *4! )*/-! .40!+',.&*79!7'! 73-! )7.40.&0!+-+7*0-!

,*4?.5-1!73-&-!*)!(*4*(.,!+-&72&=.7*'4!7'!73-!6'4g25.7-h)!=*','5*6.,!%2467*'4;"CF!J'8-B-&1!.)!

8*73!ILO!,*5.7*'4)1!)2+-&V)7'*63*'(-7&*6!6'++-&!E$#!7'!$##!-^2*BH!.40!,'45!&-.67*'4!7*(-)!

E"F! 7'! FU! 3H! .&-! &-^2*&-0! 02-! 7'! 73-! 42(-&'2)! :2V63-,.7*45! )*7-)! +&-)-47! *4! +-+7*0-);"#!

N'&-'B-&1! :2 V(-0*.7-0! %'&(.7*'4! '%! YI<! ,-.0)! 7'! 73 -! 'D*0.7*B-! 0-5&.0.7*'4! '%! +-+7*0-)1!

83*63! *)! -)+-6*.,,9!+&'4'246-0!%'&!69)7-*4-1! (-73*'4*4-1!3*)7*0*4-! .40!79&')*4-!6'47.*4*45!

P

O

OO

O

N

N N NH
O2S

NMe2

= 5Õ-TTTTTTTTTTTT-3Õ (4.95a), quant.

= 5Õ-TTTTTT! TTTTT-3' (4.95b), quant.

= 5Õ-! CATT! ACT! CT-3' (4.95c), 90%
O base

O

P

O
O

O

O

N
NN

alkyne triazoleCu, RT, 1 atm
MeCN/H2O (5/1) + 0.1 M TEAA

2 mL/min (tR = 1 min)

NMe2

O2S

H
N N3

2.86q

H
N

S
O2

NMe2



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#\ !

+-+7*0-);"C@! A3-! &-(.&?.=,-! &-)2,7)! '=7.*4-0! %'&! ILO! ,*5.7*'4! 8*73! '2&! %,'8! +,.7%'&(!

-46'2&.5-0!2)!7'!0-B-,'+!.4!.)).9!%'&!%.)71!0-5&.0.7*'4V%&--!=*'6'4g25.7*'4!'%!+-+7*0-);"$@!>!

+-+7*0-!%&.5(-47!'%!73-!>+'T!+&'7-*4!8.)!63')-4!.)!.!('0-,!%'&!73*)!)7209!EX*52&-!F;GH;!A3*)!

+-+7*0-! *)! .&5*4*4-V! .40! ,9)*4-V&*63! .40! 73-&-%'&-! 3.)! )7&'45! :2V63-,.7*45! 63.&.67-&;! Z7)!

.&5*4*4-!&-)*02-)!(.?-!*7!.!8-,,V?4'84!6-,,!+-4-7&.7*45!+-+7*0-!E:SSH1!6'(('4,9!2)-0!.)!.!

0-,*B-&9!B-3*6,-!.6&'))!73-!=,''0!=&.*4!=.&&*-&!E```H;"C\ !A3*)!+-+7*0-!8.)!('0*%*-0!.7!73-!FV

7-&(*42)!8*73!.!+&'+.&59,5,96*4-!7'!.,,'8!%'&!:2>>:!,*5.7*'4);!>00*7*'4.,,91!7'!*4B-)7*5.7-!

0-5&.0.7*'4!02&*45!%,'8! :2>>:!&-.67*'4)1!73-!>+'T!+-+7*0-!6'&-!8.)! ('0*%*-0! .7!73-!/ V

7-&(*42)!8*73!'D*0.7*'4V)-4)*7*B-!&-)*02-)!EX*52&-!F;GH;!!

!

!
AGMN=$&'(/(!>+'T!+-+7*0-!2)-0!%'&!73-!0-B-,'+(-47!'%!.!%,'8!:2>>:!+,.7%'&(!%'&!+-+7*0-!=*'6'4g25.7*'4E"$@!
!

S-+7*0-)!'(/+, -$&8-&-!+&-+.&-0!2)*45!)7.40.&0!X('6!)',*0V+3.)-!+-+7*0-!)9473-)*)!'4!.!&*4?!

.(*0-!&-)*4!E<63-(-!F;"WH;!S-+7*0-)!'(/+, -$!8-&-!'=7.*4-0!*4!""VWG]!9*-,0)!.%7-&!YSVJS_:!

+2&*%*6.7*'4;!

N
H

H
N

O
N
H

O H
N

O
N
H

O H
N

O

O

N
H

H
N

O

NH

NHH2N

NH2

NH

NHH2N

NH2

NH

NHH2N

N
H

O H
N

O

NH

NHH2N

N
H

O
NH2

O

Me

Me

Me

Me

Me

Me

Me

Me

Oxidative Sensitive 
Residues

(Cys, Met, His, Tyr)

CuAAC Ligation
Cu(I) Cu(I) Cu(I)

Cu(I)Cu(I)Cu(I)

Cu(II)
Cu(II)

Cu(II)



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#C!

!
!"#$%$&'(.0(!X('6!)',*0 V+3.)-!+-+7*0-!)9473-)*);!B-#5%&,C)D',5C-;"$@!

!!

:2>>:! &-.67*'4)! 8-&-! +-&%'&(-0! *4! .! 6'((-&6*.,! 63-(*6.,! %,'8! &-.67'&! E-.)9 V<63',.&1!

a.+'2&7-6H!-^2*++-0!8*73!.!6'++-&!&-.67'&!Ea.+'2&7-61!0!b!$!((1!a!b!"!(_H;!>,?94-!.40!

./*0-!)7.&7*45!(.7-&*.,)!8-&-!)',2=*,*)-0!*4!$##!µ_!'%!)',B-47!=-%'&-!=-*45!+2(+-0!73&'253!

73-!6'++-&!72=-!.7!&''(!7-(+-&.72&-!E"@!c:H1!24,-))!)7.7-0!'73-&8*)-;!YSVJS_:!.4.,9)*)!8.)!

2)-0!7'!0-7-&(*4-!73-!'+7*(.,!%,'8!&.7-!%'&!73-!,*5.7*'4!'%!+-+7*0-!'(/+, !.40!0.4)9,!./*0-! .(*+7 !

*4!.!6'++-&!%,'8!&-.67'&!EA.=,-!F;@H;"$@!

!!

8,19$&'(L(!I+7*(*).7*'4!'%!73-!%,'8!&.7-!%'&!:2>>:!&-.67*'4!2)*45!+-+7*0-!'(/+, ;!

!
!

:;<=> & A9?B&C,<$&D%EF%G;H& O?;@$=PG?;&DKH&
$! #;"!E7Y!b!$#!(*4H! \G!
" ! #;$!E7Y!b!"#!(*4H! CG!
W! $!E7Y!b!"!(*4H! \U!
F! $!E"!696,-)1!7Y!b!F!(*4H! G\!
@! $!EW!696,-)1!7Y!b!\!(*4H! GC!
\ ! $!EF!696,-)1!7Y!b!U!(*4H! $##!

Wash

Wash

Deprotection

Coupling

Fmoc-AA-OH

AA = Amino Acid

Fmoc =

H2N-AAN

H2N-AAN

v

Fmoc-AAN

Loading

Fmoc-AA-OH + Rink Amide AM

Fmoc-AAN

v

v

v

O
* O

Rink Amide AM =
*H

N
O

O

NH2

MeO OMe

4.96a  =  Ac-LRKLRKRLLRG     =  36%

4.96b  =  Ac-CLRKLRKRLLRG  =  27%

4.96c  =  Ac-MLRKLRKRLLRG  =  22%

4.96d  =  Ac-HLRKLRKRLLRG  =  39%

4.96e  =  Ac-YLRKLRKRLLRG  =  33%

2.86q
2 equiv.
[0.2 mM]

NMe2

O2S

H
N N3

4.97a

O

NH2
Ac-LRKLRKRLLR

O

NH2
Ac-LRKLRKRLLR

N
NN

HN SO2

NMe24.96a
1 equiv.
[0.1 mM]

Cu, RT, 1 atm
MeCN/H2O (5/1)



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#U!

C! "!E7Y!b!$!(*4H! FC!
U! "!E"!696,-)1!7Y!b!"!(*4H! UC!
G! "!EW!696,-)1!7Y!b!W!(*4H! UF!
$#! "!EF!696,-)1!7Y!b!F!(*4H! G"!

F#+7,"-'#+)C,&,"$'+,C)JD)6L2ALGF):,%O)'+&,4"%&'#+)",5%&'7,)&#):,:&'C,)-&%"&'+4)$%&,"'%5E"$@!!

!

>!%,'8!&.7-!'%!#;"!(_M(*4!E7Y!b!$#!(*4H!+&'B*0-0!7&*./',-!'(/Q, !*4!\G]!9*-,0e!24%'&724.7-,91!

JS_:!63&'(.7'5&.+39!*40*6.7-0!73-!+&-)-46-!'%!(2,7*+,-!6'(+'240)1!)255-)7*45!0-5&.0.7*'4!

'%!73-!)7.&7*45!(.7-&*.,)!.40M'&!+&'0267!ET47&9!$H;!L-6&-.)*45!73-!%,'8!&.7-!7'!#;$!(_M(*4!E7Y!

b!"#!(*4H!*46&-.)-0!='73!9*-,0!.40!0-5&.0.7*'4!ET47&9!"H;!Z46&-.)*45!73-!%,'8!&.7-!7'!$!(_M(*4!

E7Y!b!"!(*4H!.%%'&0-0!.!)*(*,.&!9*-,0!E\U]H!=27!8*73'27!73-!.66'(+.49*45!0-5&.0.7*'4!ET47&9!

WH;!A3-)-!&-)2,7)!)255-)7!73.7!73-!:2>>:!&-.67*'4!'662&)!%.)7-&!73.4!+-+7*0-!'(/+, !0-5&.0.7*'4!

.40!73.7!&-026*45!73-!7*(-!'%!6'47.67!=-78--4!73-!+-+7*0-!.40!73-!6'++-&!)2&%.6-!'%!73-!&-.67'&!

8'2,0! &-026-! +'7-47*.,! 63-,.7*'4M0-5&.0.7*'4;! A'! '=7.*4! 6'(+,-7-! 6'4B-&)*'4! '%! +-+7*0-!

'(/+, 1!73-!&-.67*'4!(*D72&-!8.)!+2(+-0!.7!$!(_M(*4!73&'253!73-!&-.67'&!)-B-&.,!7*(-)!.40!

.4.,9)-0!=9!YSVJS_:!.%7-&!-.63!+.))!ET47&9!WV\H;!X2,,!6'4B-&)*'4!'%!+-+7*0-!'(/+, !7'!7&*./',-!

'(/Q, !8.)!.63*-B-0!.%7-&!F!+.))-)1!&-+&-)-47*45!.!7'7.,!&-)*0-46-!7*(-!*4!73-!&-.67'&!'%!U!(*4!

ET47&9!\H;!Y-+-.7*45!73-)-!-D+-&*(-47)!.7!"!(_M(*4!.%%'&0-0!G"]!9*-,0!'%!7&*./',-!'(/Q, !.%7-&!

F! (*4! *4! 73-! &-.67'&! ET47&9! $#H;! Z4! 6'(+.&*)'41! +-&%'&(*45! 73*)! &-.67*'4! *4! =.763! 2)*45!

:2EIA%H"! E"#! -^2*BH1! AJSA>! EF#! -^2*BH! .40! O.>)6! EF#! -^2*BH! &-^2*&-0! $\! 3! 7'! &-.63!

6'(+,-7*'4; !

L-5&.0.7*'4!'%!'D*0.7*'4V)-4)*7*B-!&-)*02-)!8.)!73-4!-D+,'&-0!2)*45!73-!3*)7*0*4-V6'47.*4*45!

+-+7*0-!'(/+J !EA.=,-!F;\H;!

!

8,19$&'(+(!I+7*(*).7 *'4!'%!73-!%,'8!:2>>:!&-.67*'4!2)*45!+-+7*0-!'(/+J ;!

!
:;<=> & RJJG<G@$P& A9?B&C,<$&D%EF%G;H& O?;@$=PG?;&DKH&

$! ! #;"!E7Y!b!$#!(*4H! "W!
" ! ! $!EF!696,-)1!7Y!b!U!(*4H! CC!
W! '(Q3!E"!-^2*BH! $!EF!696,-)1!7Y!b!U!(*4H! G#!

F#+7,"-'#+)C,&,"$'+,C)JD)6L2ALGF):,%O)'+&,4"%&'#+)",5%&'7,)&#):,:&'C,)-&%"&'+4)$%&,"'%5E"$@!

2.86q
2 equiv.
[0.2 mM]

NMe2

O2S

H
N N3

4.97d

O

NH2
Ac-HLRKLRKRLLR

O

NH2
Ac-HLRKLRKRLLR

N
NN

HN SO2

NMe24.96d
1 equiv.
[0.1 mM]

Cu, RT, 1 atm
MeCN/H2O (5/1)

N

S

Me
I

4.70



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#G!

Y-.67*'4!=-78--4!+-+7*0-!'(/+J !.40!0.4)9,! ./*0-! .(*+7 !.7!#;"! (_M(*4!.%%'&0-0! '4,9!"W]!

6'4B-&)*'4!7'!7&*./',-! '(/QJ !8*73!)-B-&.,!0-5&.0.7*'4!+&'0267)!'=)-&B-0!=9!YSVJS_:!ET47&9!

$H;!f)*45!73-!+&-B*'2),9!'+7*(*)-0!6'40*7*'4)!E$!(_M(*41!F!696,-)H!*46&-.)-0!73-!6'4B-&)*'4!

'%!'(/+J !7'!7&*./',-!'(/QJ !7'!CC]e!3'8-B-&1!0-5&.0.7*'4!+&'0267)!8-&-!)7*,,!0-7-67-0!=9!YSV

JS_:!ET47&9!"H;!<-B-&.,!YI<!)6.B-45-&)1!)263!.)!7*&'4!'(+/ !.40!LN<I1!8-&-!-(+,'9-0!7'!

)2+&-))! 73-! 'D*0.7*B-! 0.(.5-! '%! +-+7*0-!'(/+J e! 24%'&724.7-,91! 73*)! &-)2,7-0! *4! %2&73-&!

0-5&.0.7*'4;!J'8-B-&1!.00*7*'4!'%!=-4/'73*./',*2(!*'0*0-! '(Q3!E"!-^2*BH1!+&-B*'2),9!2)-0!.)!

.!)2+-&'D*0-!+&'=-!E<63-(-!F;$CH1!&-)2,7-0!*4!G#]!6'4B-&)*'4! '%!+-+7*0-!'(/+J !7'!7&*./',-!

'(/QJ !.%7-&!U!(*4!'%!&-.67*'4!8*73!4'!0-7-67.=,-!0-5&.0.7*'4;!

!

>++,9*45!73-)-!6'40*7*'4)!7'!73-!,*5.7*'4! '%!+-+7*0-)!'(/+, -J!8*73!./*0'!%,2'&'+3'&-&.(*+7 !

.%%'&0-0!7&*./',-)!'(/Q, -J&*4!FUVC@]!9*-,0)!.%7-&!YSVJS_:!+2&*%*6.7*'4!E<63-(-!F;"FH;!O'!

0-5&.0.7*'4!8.)!'=)-&B-0;!Z(+'&7.47,91!Z:SVN<!.4.,9)*)!'%!7&*./',-!'(/QJ !(-.)2&-0!'4,9!C;$W!

++(! '%!6'++-&!*4!73-!%*4.,!+&'0267;!A&*./',-!'(/Q$!.40!73-! )*0-V+&'0267!&-)2,7*45!%&'(!73-!

'D*0.7*'4!'%!'(Q3!E<63-(-!F;$CH!8-&-!24%'&724.7-,9!4'7!)-+.&.=,-!=9!YSVJS_:;!I(*))*'4!'%!

73-! YI<! )6.B-45-&! .,,'8-0! *)',.7*'4! '%! 7&*./',-! '(/Q$! *4! \@]! 9*-,0e! *47-&-)7*45,91! 4'!

0-5&.0.7*'4!+&'0267!8.)!'=)-&B-0;!!

!

!
!"#$%$&'(.'( !:2>>:! ,*5.7*'4)! '%!&-+&-)-47.7*B-!+-+7*0-)!2)*45!'+7*(*)-0!6'40*7*'4)!*4!.!6'++-&!%,'8!&-.67'&;!

B-#5%&,C)D',5C-;"$@!

!

N
H

H
N

O
N
H

O H
N

O
N
H

O H
N

O

O

N
H

H
N

O

NH

NHH2N

NH2

NH

NHH2N

NH2

NH

NHH2N

N
H

O H
N

O

NH

NHH2N

N
H

O
NH2

O

Me

Me

Me

Me

Me

Me

Me

Me
N

NN

HN SO2

NMe2

Ac-CLRKLRKRLLRG Ac-MLRKLRKRLLRG Ac-HLRKLRKRLLRG Ac-YLRKLRKRLLRG

Ac-Cys (4.97b)= Ac-Met (4.97c) Ac-His (4.97d) Ac-Tyr (4.97e)

Sequence:

Yield: 48% 57% 69% 65%

Ac-LRKLRKRLLRG

Ac (4.97a)

75%

N
NN

alkyne triazole

Cu, RT, 1 atm
MeCN/H2O (5/1)

1 mL/min, 4 cycles
tR = 8 min

NMe2

O2S
H
N N3

2.86q

H
N

S
O2

NMe2

N

S

Me
I

4.70



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "$#!

! K,7,5#:'+4)%)H5#0)L5%&;#"$);#")&3,)H%-&=)@'5C=)K,4"%C%&'#+2H",,)H#"$%&'#+)#;)%)

L,:&'C,2L3#-:3#"%$'C%&,)M5'4#+9(5,#&'C,)F#+?94%&,)

A3-!)9473-)*)!'%!73-!>+'TVSNI!6'4g25.7-! '(+L!8.)!+-&%'&(-0!7'!*,,2)7&.7-!73-!.=*,*79!'%!'2&!

%,'8!+,.7%'&(!7'!.63*-B-!%.)7!.40!-%%*6*-47!=*'6'4g25.7*'4;!S3')+3'&'0*.(*0.7-!('&+3',*4'!

',*5'(-&)!ESNI)H!.&-!426,-*6!.6*0!.4.,'52-)1!*4!83*63!73-!)25.&!=.6?='4-!*)!&-+,.6-0!=9!.!

('&+3',*4'! &*45! .40! 73-! +3')+3'0*-)7-&! ,*4?.5-! )2=)7*727-0! 8*73! .! +3')+3'&'0*.(*0.7-!

E<63-(-! F;"@H;! A3-! *(+&'B-0! )7.=*,*79! '%! SNI)! 7'8.&0)! 426,-.)-! 0*5-)7*'4! 02-! 7'! 73-)-!

('0*%*6.7*'4)! 3.)! '%%-&-0!+&'(*)-!%'&! .47*)-4)-! 5-4-! 73-&.+9;"CC1"CU! I8*45!7'! 73-*&!4-27&.,!

+&'+-&7*-)1!SNI)!3.B-!+''&!6-,,2,.&!2+7.?-e!3'8-B-&1!73*)!6.4!=-!.(-,*'&.7-0!=9!6'4g25.7*'4!

7'! .! 6-,,! +-4-7&.7*45! +-+7*0-! E:SSH;!A3-! =*'6'4g25.7-! 7&*./',-!'(+L! 8.)! +&-+.&-0! %&'(!
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!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "$\ !

\$;$=,9&[=?"$JN=$&5]!<',*0!t +3.)-!+-+7*0-!)9473-)*)!'%!'(/+, -$&

<',*0 t +3.)-!)9473-)*)!8.)!+-&%'&(-0!'4!Y*4?!.(*0-!&-)*4!E#;\t #;C!((',M51!$##t "##!(-)3H!

EO'B.`*'63-(H!2)*45!.!S&'7-*4!A-634','5*-)!A&*=27-!.27'(.7-0!)9473-)*/-&;!<9473-)-)!8-&-!

+-&%'&(-0!%&'(!73-!FV7-&(*42)!7'!73-!/ V7-&(*42)!2)*45!X('6V+&'7-67-0! .(*4'! .6*0);!<*0-!

63.*4!%2467*'4.,*7*-)!8-&-!+&'7-67-0!8*73!.!&V̀2 !5&'2+!%'&!A9&1!.!S=%!5&'2+!%'&!>&5!.40!.!`'6!

5&'2+!%'&!_9);!A3-!&-)*4!8.)!)8',,-4!%'&!"#!(*4!*4!L:N;!!X('6!0-+&'7-67*'4!8.)!.63*-B-0!

2)*45!"#]!+*+-&*0*4-!*4!LNX!E@!(*4H;!T.63!.(*4'!.6*0!E@;#!-^2*BH!8.)!.67*B.7-0!8*73!J>Af!

EF;@!-^2*BH!.40!LZST>!E#;@!N!*4!LNXH!%'&!"!(*4!E$#!(*4!%'&!.&5*4*4-!.40!69)7-*4-H;!A3-!

)',27*'4!8.)!73-4!.00-0!7'!73-!&-)*41!)3.?-4!%'&!"#!(*4!E"!3!%'&!.&5*4*4-!.40!69)7-*4-H1!73-4!

8.)3-0!8*73!LNX;!L'2=,-!6'2+,*45)!8-&-!2)-0!%'&!.&5*4*4-!.40!69)7-*4-;!:.++*45!'%!'(/+, -

$!8.)!+-&%'&(-0!2)*45!.!)',27*'4!'%!$@]!.6-7*6!.4390&*0-!*4!LNX;!L-+&'7-67*'41!6'2+,*451!

8.)3*451!.40!6.++*45!+&'6-02&-)!8-&-!&-+-.7-0!247*,!73-!%*4.,!.(*4'!.6*0!3.0!=--4!6'2+,-0!

7'! 73-! +-+7*0-! 63.*4;! A3-! +-+7*0-! 8.)! 6,-.B-0! %&'(! 73-! &-)*4! =9! )3.?*45! *4! .! )',27*'4! '%!

AX>M+3-4',MJ"IMAZS<!EG#M@M";@M";@H!%'&!"!3;!A3-!+-+7*0-!8.)!73-4!6',,-67-0!=9!+&-6*+*7.7*45!

*4!6',0!T7"I!.40!6-47&*%25-0!.7!C###!&+(!%'&!"@!(*4!E73&--!7*(-)H;!S-+7*0-)!'(/+, -$!8-&-!73-4!

+2&*%*-0! =9!YSVJS_:! '4! .! L*'4-D! f,7*N.7-! W###! JS_:! 2)*45! .! +&-+.&.7*B-! 6',2(4!

ES3-4'(-4-D!:$U1!$@#!s!"$;"!((H!.7!.!%,'8!&.7-!'%!G!(_M(*41!5&.0*-47!@t $##]!N-:OM#;$]!

AX>! 'B-&! G@! (*4;! S2&*79! '%! 73-! &-)2,7.47! +&'0267)! 8.)! .))-))-0! =9! .4.,97*6.,! YSVJS_:!

ES3-4'(-4-D!:$U1!"@#!s!F;\!((H!.7!.!%,'8!&.7-!'%!$!(_M(*41!5&.0*-47!@t \#]!N-:OM#;$]!

AX>!'B-&!W@!(*4;!

!

8,19$&'()3(!_*)7!'%!)9473-)*)-0!+-+7*0-)!'(/+, -$̀ &)-^2-46-!.40!9*-,0);!!

[=?JN"<& !$7N$;"$& IG$9J&DKHW,X&

'(/+, & >6V_Yq_YqY__Y _ & W\!

'(/+1 & >6V:_Yq_YqY__Y _ ! "C!

'(/+" & >6VN_Yq_YqY__Y _ ! "" !

'(/+J & >6VJ_Yq_YqY__Y _ ! WG!

'(/+$ & >6V[_Yq_YqY__Y _ ! WW!
R%S!Z)',.7-0!9*-,0)!.%7-&!YSVJS_:!+2&*%*6.7*'4;!

!

!
!

\$;$=,9&[=?"$JN=$&:]!:2>>:!Y-.67*'4)!8*73!S-+7*0-) !

>,?94-!'(/+, -$&E$!-^2*BH1!./*0-!E"!-^2*BH1!.40!WV(-739,=-4/'Q CR73*./',VWV*2(! '(Q3!E"!-^2*BH!

8-&-! 0*))',B-0! *4! @M$! N-:OMJ"I! E$##!µ_H;! A3-! :2>>:! &-.67*'4)! 8-&-! 6.&&*-0! '27! *4! .!

X =
NH2

O



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "$C!

6'((-&6*.,!63-(*6.,!%,'8!&-.67'&!-^2*++-0!8*73!.!"!(_!6'++-&!&-.67'&!E-.)9V<63',.&!%&'(!

a.+'2&7-6H;!A3-!&-.67*'4!(*D72&-!8.)!%-0!73&'253!73-!6'++-&!&-.67'&!E"!(_!7'7.,!B',2(-H!.7!.!

%,'8!&.7-! '%!$! (_M(*4! .7!&7!E"@!c:H;!A3-!&-.67*'4! (*D72&-!8.)!6',,-67-0! .%7-&!%'2&!696,-)!

73&'253!73-!&-.67'&1!,9'+3*,*)-01!.40!+2&*%*-0!=9!&-B-&)-!+3.)-!JS_:!'4!.! L*'4-D!f,7*N.7-!

W###!JS_:!2)*45!.!+&-+.&.7*B-!6',2(4!ES3-4'(-4-D!:$U1!$@#!s!"$;"!((H!.7!.!%,'8!&.7-!'%!

G!(_M(*41!5&.0*-47!@t $##]!N-:OM#;$]!AX>!'B-&!G@!(*4;!S2&*79!'%!73-!&-)2,7.47!+&'0267)!

8.)!.))-))-0!=9!.4.,97*6.,!YS VJS_:!ES3-4'(-4-D!:$U1!"@#!s!F;\!((H!.7!.!%,'8!&.7-!'%!$!

(_M(*41!5&.0*-47!@t \#]!N-:OM#;$]!AX>!'B-&!W@!(*4; !

!

8,1 9$&'())(!TD+-&*(-47.,!0.7.!%'&!73-!)9473-)*)!'%!'(/Q, -$;!

!
!

[=?JN"<& !$7N$;"$& aP?9,<$J&IG$9J&DKHW,X&

S\!E'(/Q, H! >6V_Yq_YqY__Y I ! C@!

SC!E'(/Q1 H! >6V:_Yq_YqY__Y I ! FU!

SU!E'(/Q" H! >6VN_Yq_YqY__Y I ! @C!

SG!E'(/QJ H! >6VJ_Yq_YqY__Y I ! \G!

S$#!E'(/Q$H! >6V[_Yq_YqY__Y I ! \@!
R%S!Z)',.7-0!9*-,0)!.%7-&!YSVJS_:!+2&*%*6.7*'4;!

!

!
!

!"I"! ! .<=,3>&3+;.*5);&8E5&?.

! L"#C9(&-);"#$)<(3,$,)TEUV)

'(++, p!$VE$V=-4/9,V$AV$1"1WV7&*./',VFV9,HV@1\V0*(-739,V$AV=-4/'QCR*(*0./',- $CF!!

!

!
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!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "$U!

S&-+.&-0!2)*45!i-4-&.,!S&'6-02&-!>;!K3*7-!.('&+3'2)!)',*0!E@W!(51!UU]H;!S2&*%*6.7*'4!'4!

)*,*6.!5-,!2)*45!CMW!STMT7I>6;!!
)V-6UC !E:L:, W1!F##!NJ/Hp!! !U;"#!E)1!$JH1!C;\C!E)1!$JH1!C;@U!E)1!$JH1!C;F@t C;WG!E(1!FJH1!

C;WCt C;WF!E(1!"JH1!@;\"!E)1!"JH1!";WC!E)1!\JH;!!
)0O-6UC !E:L:, W1!$##!NJ/Hp!u!$FW;"1!$F";F1!$F#;F1!$WF;#1!$WW;\1!$W";W1!$W$;$1!$"G;@1!$"G;W1!

$"U;W1!$"#;C1!$$W;@1!$$$;W1!@@;"1!"#;C1!"#;W;!!

!

'(++1p&$V=-4/9,VFVE+3-4'D9(-739,HV$AV$1"1WV7&*./',-$CG!!

!

!
S&-+.&-0!2)*45!i-4-&.,!S&'6-02&-!>;!:','&,-))! '*,!EFU!(51!G#]H;!S2&*%*6.7*'4!'4!)*,*6.!5-,!

2)*45!GM$!STMT7I>6;!!
)V-6UC !E:L:, W1!F##!NJ/Hp!! !C;@"!E)1!$JH1!C;WUt C;W@!E(1!WJH1!C;"Ut C;"\!E(1!FJH1!\;GUt

\;GF!E(1!WJH1!@;@W!E)1!"JH1!@;$G!E)1!"JH;!!
)0O-6UC !E:L:, W1!$##!NJ/Hp!u!$@U;W1!$FF;G1!$WF;\1!$"G;\1!$"G;W1!$"U;G1!$"U;W1!$"";C1!$"$;F1!

$$F;G1!\";"1!@F;F;!!

!

'(++" p!$V=-4/9,VFVE: V7',9,HV$AV$1"1WV7&*./',-$U#!!

!

!
S&-+.&-0!2)*45!i-4-&.,!S&'6-02&-!>;!:','&,-))! '*,!EFC!(51!GF]H;!S2&*%*6.7*'4!'4!)*,*6.!5-,!

2)*45!GM$!STMT7I>6;!!
)V-6UC !E:L:, W1!F##!NJ/Hp!! !C;C#t C;\G!E(1!$JH1!C;\Ut C;\C!E)1!$JH1!C;\W!E)1!$JH1!C;WUvC;W\!

E(1!WJH1!C;W$vC;"U!E(1!"JH1!C;"$vC;$G!E(1!"JH1!@;@F!E)1!"JH1!";W\!E)1!WJH;!!
)0O-6UC !E:L:, W1!$##!NJ/Hp!u!$FU;F1!$WU;$1!$WF;G1!$"G;\1!$"G;"1!$"U;U1!$"U;$1!$"C;U1!$"@;C1!

$$G;W1!@F;"1!"$;W;!!
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!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "$G!

'(Q', p!@1\V0*(-739,V$VE$VE+9&*0*4V" V9,(-739,HV$AV$1"1WV7&*./',VFV9,HV$AV

=-4/'QCR*(*0./',- $CF!!

!

!

S&-+.&-0!2)*45!i-4-&.,!S&'6-02&-!>;!S.,-!9-,,'8!'*,!EFU!(51!CG]H;!S2&*%*6.7*'4!'4!)*,*6.!5-,!

2)*45!$MG!STMT7I>6!d!"]!OT7W;!!
)V-6UC !E:L:, W1!F##!NJ/Hp ! !U;\#!E01!W!b!F;W!J/1!$JH1!U;"\!E=&;!)1!$JH1!U;#W!E)1!$JH1!C;C$!

E71!W!b!C;\!J/1!$JH1!C;@C!E)1!$JH1!C;F@!E)1!$JH1!C;WFt C;"\!E(1!"JH1!@;C$!E)1!"JH1!";WCt ";W@!E(1!

\JH;!!
)0O-6UC !E:L:, W1!$##!NJ/Hp!u!$@W;\1!$@#;$1!$FW;#1!$F";W1!$F#;F1!$WC;\1!$WW;\1!$W";"1!$W$;#1!

$"W;U1!$"";U1!$"#;\1!$$F;W1!$$$;W1!@\;F1!"#;\1!"#;W;!

!

'(Q'1 p!"VEEFVE+3-4'D9(-739,HV$AV$1"1WV7&*./',V$V9,H(-739,H+9&*0*4-"U$!!

!

!
S&-+.&-0!2)*45!i-4-&.,!S&'6-02&-!>;!S.,-!9-,,'8!'*,!EF\!(51!UC]H;!S2&*%*6.7*'4!'4!)*,*6.!5-,!

2)*45!FM\!STMT7I>6;!!
)V-6UC !E:L:, W1!F##!NJ/Hp ! !U;@G!E=&;!)1!$JH1!C;CU!E)1!$JH1!C;\C!E071!W!b!$;C1!C;C!J/1!$JH1!

C;W#t C;"F!E(1!WJH1!C;$U!E01!W!b!C;C!J/1!$JH1!\;GUt \;F#!E(1!WJH1!@;\@!E)1!"JH1!@;"$!E)1!"JH;!!
)0O-6UC !E:L:, W1!$##!NJ/Hp!u!$@U;W1!$@F;F1!$FG;G1!$FF;U1!$WC;@1!$"G;\1!$"W;\1!$"W;F1!$"";\1!

$"$;F1!$$F;G1!\";$1!@@;U;!!

!

'(Q'" p!"VEEFVE: V7',9,HV$AV$1"1WV7&*./',V$V9,H(-739,H+9&*0*4-$CG!

!!

!
S&-+.&-0!2)*45!i-4-&.,!S&'6-02&-!>;!S.,-!9-,,'8!'*,!EF$!(51!U"]H;!S2&*%*6.7*'4!'4!)*,*6.!5-,!

2)*45!GM$!STMT7I>6;!!
)V-6UC !E:L:, W1!F##!NJ/Hp ! !U;\$!E=&;!)1!$JH1!C;UG!E)1!$JH1!C;C"t C;\C!E(1!WJH1!C;"Ut C;"@!

E(1!$JH1!C;"Wt C;"$!E(1!WJH1!@;\G!E)1!"JH1!";W\!E)1!WJH;!!

N

NMe

Me

N
N N

N

N
NN

N

O

Me

N
NN

N



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ""# !

)0O-6UC !E:L:, W1!$##!NJ/Hp!u!$@F;C1!$FG;U1!$FU;F1!$WU;$1!$WC;@1!$"G;\1!$"C;U1!$"@;C1!$"W;\1!

$"";\1!$"#;#1!@@;U1!"$;F;!!

!

'(QL,p!@1\V0*(-739,V$VE$VE+9&*0*4VFV9,(-739,HV$AV$1"1WV7&*./',VFV9,HV$AV=-4/'QCR*(*0./',- &

!

!

S&-+.&-0!2)*45!i-4-&.,!S&'6-02&-!>;![-,,'8!'*,!EWU!(51!\W]H;!S2&*%*6.7*'4!'4!)*,*6.!5-,!2)*45!

$MG!STMT7I>6!d!"]!OT7W;!!
)V-6UC !E:L:, W1!F##!NJ/Hp ! !U;\W!E=&;!)1!"JH1!U;"\!E=&;!)1!$JH1!C;UU!E)1!$JH1!C;@@!E)1!$JH1!

C;F@!E)1!$JH1!C;$U!E=&;!)1!"JH1!@;\"!E)1!"JH1!";WF!E)1!\JH;!!
)0O-6UC !E:L:, W1!$##!NJ/Hp!u!$@#;U1!$FW;@1!$FW;#1!$F";"1!$F#;W1!$WW;G1!$W";\1!$W#;G1!$"";W1!

$"#;C1!$$W;U1!$$$;F1!@W;C1!"#;C1!"#;W;!

aC&b%,S!E4-.7Hp!W$"G1!W#CW1!W#W#1!"G\C1!"GW@1!$\@\1!$@G@1!$FGU1!$F\@1!$F$\1!$"UU1!$"#W1!$#@\!

6( V$;!

VCU! !ET<ZHp!:$CJ $CO\ !QNdJRd!6.,62,.7-0!W#@;$@#G1!%'240!W#@;$@$#;!

!

'(QL1p!FVEEFVE+3-4'D9(-739,HV$AV$1"1WV7&*./',V$V9,H(-739,H+9&*0*4-!

!

!
S&-+.&-0!2)*45!i-4-&.,!S&'6-02&-!>;![-,,'8!'*,!EWC!(51!C#]H;!S2&*%*6.7*'4!'4!)*,*6.!5-,!2)*45!

FM\!STMT7I>6;!!
)V-6UC !E:L:, W1!F##!NJ/Hp ! !U;\"!E=&;!)1!"JH1!C;W#t C;"\!E(1!WJH1!C;$#!E01!W!b!F;U!J/1!"JH1!

\;GGt \;G\!E(1!WJH1!@;@@!E)1!"JH1!@;"W!E)1!"JH;!!
)0O-6UC !E:L:, W1!$##!NJ/Hp!u!$@U;"1!$@#;C1!$F@;F1!$FW;@1!$"G;C1!$"W;#1!$"";W1!$"$;@1!$$F;G1!

\";$1!@";G;!!

aC&b%,S!E4-.7Hp!W$WU1!W#GW1!W#\#1!W#W"1!"GW"1!"UC\1!$\U\1!$\##1!$FGW1!$F$\1!$"W#1!$$C@1!

$#@#1!$#WW!6(V$;!

VCU!& ET<ZHp!:$@J $@OFI!QNdJRd!6.,62,.7-0!"\C;$"F#1!%'240!"\C;$"F$;!!

!!
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!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ""# !

!"#$%$!%&''%&' : &()*+*,&#A&#-"-. &(/012)*&#&+*,34(5+*,6+/07084"9" !!

!

!
:/461/47!;<08=!>484/1*!:/)?47;/4!@A!B4**)C!)0*!'%D!3=-!9DE,A!:;/0F0?1(0)8!)8!<0*0?1!=4*!;<08=!

GH#!:IHI(J@?A!!
&' ()*+ !'KLK* . -!%DD!MN2,$ ! !9AO"!'P/A!<-!"N,-!QAQ#RQAOG!'3-!.N,-!QA""!'7-!B!S!QAG!N2-!"N,-!

QA#%!'7-!B!S!TA#!N2-!"N,-!TATG!'<-!"N,-!"A.Q!'<-!.N,A!
&,- ()*+ !'KLK* . -!#DD!MN2,$!U!#TDAO-!#%9AG-!#%.AG-!#.9AT-!#"GAQ-!#"QAT-!#"TA9-!#""A"-!##GAO-!

T"AG-!"#A%A!

!

!"#./ $!T-O&7034(5+*&#&'#&''6548+*(50),34(5+*,&#A&#-"-. &(/012)*&%&+*,&#A&P482)VCW030712)*40

!

!
:/461/47!;<08=!>484/1*!:/)?47;/4!@A!B4**)C!)0*!'TO!3=-!9%E,A!:;/0F0?1(0)8!)8!<0*0?1!=4*!;<08=!

.HQ!:IHI(J@?A!!
&' ()*+ !'KLK* . -!%DD!MN2,$ ! !9A"%!'P/A!<-!#N,-!QAQ.!'<-!#N,-!QAT9!'<-!#N,-!QA.GRQA.9!'3-!"N,-!

QA.%RQA.#!'3-!%N,-!TAOG!'<-!"N,-!"A.O!'<-!ON,A!!
&,- ()*+ !'KLK* . -!#DD!MN2,$!U!#..A9-!#."AQ-!#."A.-!#.#AT-!#"GAG-!#"GA.-!#"#AD-!##.AD-!###AT-!

TTA#-!"DAQ-!"DA%A!X);/!<0=81*<!8)(!)P<4/Y47H?)08?0748(A!!

1+023/4 ! '841(,$! .##%-!"GOG-!"G.Q-!"G"#-!#O9O-!#TG.-!#%GO-!#%OQ-!#%%#-!#.GD-!#"9.-!#"#Q-!

#D%O-!#D"O!?3&#A!

'+*50 'IZ[, $!K#9N#9\ TZ!VM]NW] !?1*?;*1(47!..OA#"QQ-!F);87!..OA#"QQA!

0
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&' ()*+ !'KLK* . -!%DD!MN2,$ ! !QAOD!'<-!#N,-!QA.#RQA"O!'3-!QN,-!OAGGROAGT!'3-!.N,-!TAO#!'<-!

"N,-!TA#G!'<-!"N,A!!
&,- ()*+ !'KLK* . -!#DD!MN2,$!U!#T9A"-!#%TA#-!#."AT-!#.#A9-!#"GAO-!#"9AG-!#""A.-!#"#A%-!##%AG-!

##%AT-!O"A#-!T%A#A!
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&' ()*+ !'KLK* . -!%DD!MN2,$ ! !QAQ.!'P/A!<-!#N,-!QAOG!'<-!#N,-!QAOQ!'<-!#N,-!QA.ORQA.%!'3-!"N,-!

QA"GRQA"9!'3-!.N,-!QA""!'<-!#N,-!QA"D!'<-!#N,-!TAO"!'<-!"N,-!"A.Q!'<-!.N,A!!
&,- ()*+ !'KLK* . -!#DD!MN2,$!U!#.9A#-!#."A"-!#."AD-!#"GAT-!#"GA%-!#"9AQ-!#"QAO-!#"TAO-!##9A9-!

T.A9-!"#A.A!J84!<0=81*!8)(!)P<4/Y47H?)08?0748(A!
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&' ()*+ !'KLK* . -!%DD!MN2,$ ! !9A"#!'P/A!<-!#N,-!QA9%!'<-!#N,-!QAO#!'<-!#N,-!QA%O!'<-!#N,-!%AT.!

'(-!B!S!OA9!N2-!"N,-!"A.9!'7-!B!S!"A"!N2-!ON,-!"A."!'(-!B!S!OAO!N2-!"N,-!"A"%!'<-!ON,-!"A#QR"A#D!

'3-!"N, A!!
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:/461/47!;<08=!>484/1*!:/)?47;/4!@A!:1*4!+4**)C!)0*!'T#!3=-!GGE,A!\)!6;/0F0?1(0)8!844747A!!
&' ()*+ !'KLK* . -!%DD!MN2,$ ! !QAO#!'<-!#N,-!QA"GRQA"T!'3-!"N,-!OAG9ROAG.!'3-!.N,-!TA"#!'<-!

"N,-!%A%#!'(-!B!S!OAG!N2-!"N,-!"A""!'(-!B!S!OAG!N2!"N,-!"A#9!'<-!ON,-!"AD%!'166A!a;08(-!B!S!OAG!

N2-!"N,A!!
&,- ()*+ !'KLK* . -!#DD!MN2,$!U!#T9A.-!#%%A"-!#"GAO-!#".A#-!#"#A.-!##%AG-!O"A"-!TTAG-!%9A"-!

%TA%-!"9A"A!!
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&' ()*+ !'KLK* . -!%DD!MN2,$ ! !QAQ.!'<-!#N,-!QAQ.RQAQ"!'3-!#N,-!QAQ#RQAQD!'3-!#N,-!QA"%!'<-!

#N,-!QA""!'<-!#N,-!%A%O!'(-!B!S!OAG!N2-!"N,-!"A.Q!'<-!.N,-!"A"9!'(-!B!S!OA9!N2-!"N,-!"A""!'<-!ON,-!

"AD9!'166A!a;08(-!B!S!OAG!N2-!"N,A!!
&,- ()*+ !'KLK* . -!#DD!MN2,$!U!#%QA9-!#.9AD-!#"GAO-!#"9AD-!#"TAQ-!##GA9-!TTAG-!%9A#-!%TA.-!

"9A"-!"#A%A!!
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!
:/461/47!;<08=!>484/1*!:/)?47;/4!@A!B4**)C!)0*!'QD!3=-!G"E,A!:;/0F0?1(0)8!)8!<0*0?1!=4*!;<08=!

GH#!LKMHM4JN!]!"E!\I( . A!!
&' ()*+ !'KLK* . -!%DD!MN2,$ ! !9A"O!'P/A!<-!#N,-!9AD"!'<-!#N,-!QATQRQAT%!'3-!#N,-!QA%.!'<-!#N,-!

QA"QRQA"#!'3-!"N,-!QAD"&OAGQ!'3-!"N,-!OA9.!'P/A!<-!#N,-!TA#9!'<-!"N,-!%A%T!'7-!B!S!TA.!N2-!"N,-!

"A.9!'<-!ON,A!!
&78()*+ !'LMZJ &CD-!.QO!MN2,$!U!##TA9A!!
&,- ()*+ !'KLK* . -!#DD!MN2,$!U!#OTA#-!#O"A.-!#ODA.-!#%#A9-!#.%AG-!#.%A9-!#."AQ-!#.#A.-!#"GAT-!

#"GA%-!#"DAD-!##QA"-!##TA"!'7-!B!S!"DAG!N2,-!###A9-!T"A%-!%#AQ-!"DA#-!#GA9A!!
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!

!
:/461/47!;<08=!>484/1*!:/)?47;/4!@A!B4**)C!)0*!'O.!3=-!G.E,A!:;/0F0?1(0)8!)8!<0*0?1!=4*!;<08=!

GH#!LKMHM4JN!]!"E!\I( . A!!
&' ()*+ !'KLK* . -!%DD!MN2,$ ! !QAQG!'P/A!<-!#N,-!QA..RQA"9!'3-!"N,-!QA#GRQA#O!'3-!"N,-!QAD#R

OAGQ!'3-!TN,-!TA""!'<-!"N,-!TAD9!'<-!"N,-!%AOG!'7-!B!S!"A%!N2-!#N,-!%A.G!'7-!B!S!TAQ!N2-!"N,A!!
&78()*+ !'KLK* . -!.QO!MN2,$!U!##%A.A!!
&,- ()*+ !'KLK* . -!#DD!MN2,$!U!#O.AQ-!#O#A.-!#T9A"-!#..A#-!#"GA9-!#"GAO-!#"#AQ-!#"#AO-!##OAD!

'7-!B!S!"#AQ!N2,-!##TAD-!##%AG-!TTAG-!%.A%-!"GA9A!!
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:/461/47!;<08=!>484/1*!:/)?47;/4!@A!B4**)C!)0*!'OD!3=-!G"E,A!:;/0F0?1(0)8!)8!<0*0?1!=4*!;<08=!

#HG!:IHI(J@?!]!"E!\I( . A!!
&' ()*+ !'LMZJ &CD-!%DD!MN2,$ ! !9A9%!'(-!B!S!TAG!N2-!#N,-!9A%Q!'<-!#N,-!QAQORQAQ%!'3-!"N,-!

QA.TRQA."!'3-!"N,-!QA"QRQA"T!'3-!"N,-!QA#GRQA#%!'3-!"N,-!TA#G!'<-!"N,-!%A."!'7-!B!S!TAQ!N2-!

"N,-!"A..!'<-!.N, A!!
&78()*+ !'LMZJ &CD-!.QO!MN2,$!U!##TAGA!!
&,- ()*+ !'KLK* . -!#DD!MN2,$!U!#OTAT-!#O"AT-!#ODAD-!#%OA"-!#.QA#-!#.TAD-!#"GA%-!#"9AD-!#"TAD-!

#""AT-!##TA"!'7-!B!S!"#A%!N2,-!T#AQ-!%#AQ-!"DA9A!!

1+023/4 !'841(,$!.DG.-!.D".-!"G#T-!"9TG-!#TD"-!#%%9-!#.%G-!#"QG-!##G.-!#DQO-!#D%T!?3&#A!

'+*50 'IZ[,$!K #9N#9X\ %J!VM]NW] !?1*?;*1(47!."TA#%TG-!F);87!."TA#%O.A!!

!

!"#9/ $! .&'%&'T-O&7034(5+*&#A&P482)VCW030712)*&#&+*,&#A&#-"-. &(/012)*&#&+*,&Q&5+7/)^+&" A&

?5/)348&" &)840

!

!
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GH#!LKMHM4JN!]!"E!\I( . A!!
&' ()*+ !'LMZJ &CO-!%DD!MN2,$!U!##ADD!'<-!#N,-!GA#T!'<-!#N,-!9AQ"!'<-!"N,-!QA9DRQAOD!'3-!

.N,-!OAGO&OAG.!'3-!#N,-!OA9G!'7-!B!S!#A9!N2-!#N,-!"A.9!'<-!.N,-!"A.%!'<-!.N,A!!
&,- ()*+ !'LMZJ &CO-!#DD!MN2,$!U!#O"A9-!#TOA"-!#T%AG-!#.QAO-!#."AG-!#.#A"-!##GA#-!##OA9-!

##%A%-!##DA"-!#D"A.-!"DA#-!#GA9A!Z4Y48!<0=81*<!8)(!)P<4/Y47H?)08?0748(A!
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GH#!LKMHM4JN!]!"E!\I( . A!!
&' ()*+ !' LMZJ &CO-!TDD!MN2,$!U!#DAG#!'P/A!<-!#N,-!9AOQ!'<-!#N,-!9AO"!'<-!#N,-!QAQT!'7-!B!S!

QAG!N2-!#N,-!QA."!'(-!B!S!QAO!N2-!"N,-!QADQ!'7-!B!S!9A#!N2-!"N,-!OAGOROAGT!'3-!#N,-!OAG%ROA9T!

'3-!"N,-!TA"T!'<-!"N,A!!
&,- ()*+ !'LMZJ &CO-!#"T!MN2,$!UA#T9AD-!#TOA.-!#%"AG-!#.OAT-!#.#AD-!#"GAT-!#"TAT-!#"DAG-!

##%AQ-!ODAOA!Z0^!<0=81*<!8)(!)P<4/Y47H?)08?0748(A!
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&' ()*+ !' LMZJ &CO-!TDD!MN2,$!U!#DAGT!'P/A!<-!#N,-!9AG.!'<-!#N,-!9AO%!'<-!#N,-!QA9%!'7-!B!S!

QAQ!N2-!"N,-!QAQQ!'7-!B!S!9A%!N2-!#N,-!QA.D!'7-!B!S!QAQ!N2-!"N,-!OAG%ROA9G!'3-!"N,-!"A.T!'<-!

.N,A!!
&,- ()*+ !'LMZJ &CO-!#"T!MN2,$!U!#O"AT-!#TOA.-!#T%AQ-!#%OAT-!#.QAO-!#.OAQ-!#.#AD-!#"GAT-!

#"QA.-!#"TA.-!#"#AQ-!##GA"-!##%A"-!##DA.-!#D"A"-!"DA9A!!
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:/461/47!;<08=!>484/1*!:/)?47;/4!@!'DA#!33)*!<?1*4,A!B4**)C!)0*!'T"!3=-!GOE,A!:;/0F0?1(0)8!

)8!<0*0?1!=4*!;<08=!GH#!LKMHM4JN!]!"E!\I(. A!!
&' ()*+ !' KLK*. -!TDD!MN2,$!U!9AT"!'7-!B!S!9AO!N2-!#N,-!9A"Q!'7-!B!S!9AG!N2-!#N,-!9A"%!'<-!#N,-!

9A"#!'7-!B!S!QAD!N2-!#N,-!QA9D!'<-!#N,-!QAO#!'<-!#N,-!QATT!'(-!B!S!QA9!N2-!#N,-!QATDRQA%O!'3-!

"N,-!QA#O!'7-!B!S!QAO!N2-!#N,-!TA.9!'(-!B!S!OAD!N2-!#N,-!%AT%!'(-!B!S!OAD!N2-!"N,-!"AGTR"AG"!'3-!

"N,-!"A9O!'<-!ON,-!"A.G!'<-!ON,-!"A#9R"A#.!'3-!"N,A!!
&,- ()*+ !' KLK*. -!TDD!MN2,$!U!#T"A%-!#%"AO-!#%"A%-!#%DAT-!#.%A"-!#..A9-!#."A%-!#.#AD-!#.DA#-!

#"GAG-!#"GAO-!#"9AG-!#".A%-!#"DAQ-!##9A.-!##TAT-!##%AQ-!###A%-!%QAQ-!%TAT-!.GAG-!.DA"-!"DAQ-!"DA%A!
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)8!<0*0?1!=4*!;<08=!GH#!LKMHM4JN!]!"E!\I(. A!!
&' ()*+ !' KLK*. -!TDD!MN2,$!U!9AT%!'7-!B!S!9A%!N2-!#N,-!9A"T!'7-!B!S!9AQ!N2-!#N,-!9A#G!'7-!B!S!

QA#!N2-!#N,-!QATG!'(-!B!S!9A"!N2-!#N,-!QAT#!'(-!B!S!QAG!N2-!#N,-!QA%Q!'<-!#N,-!QA"G!'(-!B!S!9AD!N2-!

"N,-!QA#G!'7-!B!S!QAO!N2-!#N,-!OAG9!'7-!B!S!QA9!N2-!.N,-!TA#Q!'<-!"N,-!%AGO!'(-!B!S!OA"!N2-!#N,-!

%A.Q!'(-!B!S!OAT!N2-!"N,-!"A99!'<-!ON,-!"A9QR"A9T!'3-!"N,-!"AD%!'166A!a;08(-!B!S!OA.!N2-!"N,A!!
&,- ()*+ !'LMZJ &CO-!#DD!MN2,$!U!#T9A.-!#T"A%-!#.%A%-!#.DAG-!#.DA#-!#.DAD-!#"GAQ-!#"9AG-!

#".A%-! #"#AG-! #"#AT-! ##9AO-! ##TAT-! ##TAD-! ##%AG-! TOA.-! %TAT-! %DA#-! .DA"A! `C)! <0=81*<! 8)(!

)P<4/Y47H?)08?0748(A!

1+023/4 !'841(,$!."G"-!.#%"-!.DO"-!"G.G-!"9OQ-!"9"G-!"Q9T-!#T9Q-!#%G.-!#%TG-!#.#"-!#"#%-!##%.!

?3&#A!
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NMe
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N
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!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ""9 !

'+*50 'IZ[,$!K "%N"9\ TJ . Z!VM]NW] !?1*?;*1(47!%OOA#GDQ-!F);87!%OOA#GDOA!

!

!"#7%$! T&'7034(5+*1308),&/ &'. &'%&' : &()*+*,&#A&#-"-. &(/012)*&#&+*,6/)6+*,8165(51*484&#&

<;*F)8130740

!

!
:/461/47!;<08=!>484/1*!:/)?47;/4!@!'DA#!33)*!<?1*4,A!B4**)C!)0*!'%%!3=-!G9E,A!:;/0F0?1(0)8!

)8!<0*0?1!=4*!;<08=!GH#!LKMHM4JN!]!"E!\I(. A!!
&' ()*+ !' KLK*. -!TDD!MN2,$!U!9AT.!'7-!B!S!9AO!N2-!#N,-!9A"O!'7-!B!S!9AO!N2-!#N,-!9A"#!'7-!B!S!

QAT!N2-!#N,-!QAOQ!'7-!B)S!9AD!N2-!"N,-!QAODRQATO!'3-!"N,-!QA%G!'(-!B!S!9AD!N2-!#N,-!QA".!'7-!B!

S!9AD!N2-!"N,-!QA#G!'7-!B!S!QA9!N2-!#N,-!TAD#!'(-!B!S!OA"!N2-!#N,-!%A%"!'(-!B!S!OA%!N2-!"N,-!"AGD!

'(-!B!S!OA.!N2-!"N,-!"A99!'<-!ON,-!"A.9!'<-!.N,-!"ADQ!'166A!a;08(-!B!S!OA.!N2-!"N,A!!
&,- ()*+ !' KLK*. -!#DD!MN2,$!U!#.9A.-!#.%A.-!#.DAG-!#.DA#-!#.DAD-!#"GAQ-!#"9AG-!#"TA9-!#".A%-!

##9AT-!##TAT-!%QA#-!%TAT-!%DA#-!.DA%-!"#A%A!X0Y4!<0=81*<!8)(!)P<4/Y47H?)08?0748(A!

1+023/4 !'841(,$!."9T-!.#."-!"G"9-!"9OT-!#O99-!#TQ%-!#%TT-!#.#O-!##%.!?3&#A!

'+*5 !'IZ[,$!K "%N"9\ TJ "Z!VM]NW] !?1*?;*1(47!%TDA#GT9-!F);87!%TDA#GOOA!

!

!"9:/ $! #&'.b-Ob&705+7/)^+&. &)^) &. A&<60/)V0<)P482)F;/18&#-Gb&̂18(548W&T&+*,&. &'. &'%&'T-O&

7034(5+*&#A&P482)VCW030712)*&#&+*,&#A&#-"-. &(/012)*&#&+*,6/)6+*,(50);/41#Q%!

!

!
:/461/47!;<08=!>484/1*!:/)?47;/4!@!'DA#!33)*!<?1*4,A!J/18=4!=;3!'T#!3=-!Q9E,A!:;/0F0?1(0)8!

)8!<0*0?1!=4*!;<08=!GH#!LKMHM4JN!]!"E!\I(. A!!
&' ()*+ !'LMZJ &CO-!%DD!MN2,$!U!GA."!'P/A!<-!#N,-!GADD!'<-!#N,-!9A%T!'<-!#N,-!QA9O!'7-!B!S!9AD!

N2-! #N,-! QA9"! '<-! #N,-! QAOTcQAO"! '3-! "N,-! QA#O! '7-!B)S! 9A.! N2-! #N,-! OAQ"cOAO9! '3-! "N,-!

OAODcOATO!'3-!.N,-!%AOO!'(-!B!S!OAG!N2-!"N,-!.AT#!'<-!"N,-!.A#O!'<-!"N,-!"A%D!'<-!.N,-!"A.9!'<-!

.N,A!!
&,- ()*+ !?);*7!8)(!P4!)P(10847!7;4!()!/4*1^1(0)8!0<<;4<A!

'+*5 !'IZ[,$!K .TN"9\ QJ TZ!VM&JNW&!?1*?;*1(47!O%"A#G".-!F);87!O%"A#O."A!I//)/!dT!663-!

7;4!()!F*;)/4<?408!6/)()81(0)8!<(1(4!Y1/01(0)8A"9. !

!
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!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ""G!

!"9:6 $! #&'.b-Ob&705+7/)^+&. &)^) &. A&<60/)V0<)P482)F;/18&#-Gb&̂18(548W&T&+*,&. &'. &'%&

'6548)^+34(5+*,&#A&#-"-. &(/012)*&#&+*,6/)6+*,(50);/41!

!

!
:/461/47!;<08=!>484/1*!:/)?47;/4!@!'DA#!33)*!<?1*4,A!J/18=4!=;3!'T"!3=-!QGE,A!:;/0F0?1(0)8!

)8!<0*0?1!=4*!;<08=!GH#!LKMHM4JN!]!"E!\I(. A!!
&' ()*+ !'LMZJ &CO-!%DD!MN2,$!U!9A.G!'P/A!<-!#N,-!9A.#!'P/A!<-!#N,-!QAG#!'P/A!<-!#N,-!QA#GcOAG"!

'3-!#%N,-!TAD9!'P/A!<-!"N,-!%A%T!'P/A!<-!"N,-!.AT%!'P/A!<-!"N,-!"A#Q!'P/A!<-!"N,A!!
&,- ()*+ !?);*7!8)(!P4!)P(10847!7;4!()!/4*1^1(0)8!0<<;4<A!!

1+023/4 !'841(,$!.%.Q-!""TG-!"#GD-!"#.D-!#QQD-!#OG.-!##T"-!#D"O!?3&#A!

'+*5 ! 'IZ[,!K .. N"9\ TJ OZ!VM]N&ZW] !?1*?;*1(47!TGDA"D.%-!F);87!TGDA"D.#e!K.. N"9\ TJ OZ!

VM]N&JNW] ! ?1*?;*1(47! ODTA#Q"Q-! F);87! ODTA#OQ9e! K.. N"9\ TJ OZ! VM]NW] ! ?1*?;*1(47!

ODOA#9DO-!F);87!ODOA#GQGA!I//)/!dT!663!7;4!()!F*;)/4<?408!6/)()81(0)8!<(1(4!Y1/01(0)8A"9. !

!

!"9:%$! #&'.b-Ob&705+7/)^+&. &)^) &. A&<60/)V0<)P482)F;/18&#-Gb&̂18(548W&T&+*,&. &'. &'%&' : &

()*+*,&#A&#-"-. &(/012)*&#&+*,6/)6+*,(50);/410

!

!
:/461/47!;<08=!>484/1*!:/)?47;/4!@!'DA#!33)*!<?1*4,A!J/18=4!=;3!'%9!3=-!QGE,A!:;/0F0?1(0)8!

)8!<0*0?1!=4*!;<08=!GH#!LKMHM4JN!]!"E!\I( . A!!
&' ()*+ !'LMZJ &CO-!%DD!MN2,$!U!9A%.!'P/A!<-!"N,-!QAGO!'P/A!<-!#N,-!QAOT!'P/A!<-!"N,-QA#9cOAGQ!

'3-!##N,-!%A%9!'P/A!<-!"N,-!.AT9!'P/A!<-!"N,-!"A""!'P/A!<-!TN,A!J84!7/)6!)F!6+/07084&CE!C1<!17747!

()! LMZJ &CO! F)/! <)*;P0*0(+-! /4<;*(08=! 08! (54! *)<<! )F! 6548)*0?! 6/)()8<e! P1<0?! F)/3! )F!

F*;)/4<?408A"9%!
&,- ()*+ !?);*7!8)(!P4!)P(10847!7;4!()!/4*1^1(0)8!0<<;4<A!!

1+023/4 !'841(,$!.%9O-!""TT-!#QOO-!#..T-!##Q9-!##T%-!#D"O-!#DDG!?3&#A!

'+*5 !'IZ[,$!K .. N"9\ TJ TZ!VM]NW] !?1*?;*1(47!ODOA#9DO-!F);87!ODOA#GQQe!K.. N"Q\ TJ TZ\1!

VM]\1W] !?1*?;*1(47!O"9A#O"T-!F);87!O"9A#9DDA!I//)/!dT!663!7;4!()!F*;)/4<?408!6/)()81(0)8!

<(1(4!Y1/01(0)8A"9. !
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!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ".D !

!"9&/$! #&''" 6-%<-T<,&%&'%&'T-O&7034(5+*&#A&P482)VCW030712)*&#&+*,&#A&#-"-. &(/012)*&#&+*,&

T&'5+7/)^+34(5+*,(4(/15+7/)F;/18&" &+*,&T&34(5+*6+/0307084&"-%'#A-.A,&70)84!

!

!
:/461/47!;<08=!>484/1*!:/)?47;/4!@!'DA#!33)*!<?1*4,A!B4**)C!)0*!'%%!3=-!_;18(,A!:;/0F0?1(0)8!

)8!<0*0?1!=4*!;<08=!GH#!LKMHM4JN!]!"E!\I(. A!!
&' ()*+ !'LMZJ &CO-!TDD!MN2,$!U!##A.9!'<-!#N,-!9AGD!'<-!"N,-!QA9TRQAO#!'3-!.N,-!OA%G!'<-!

#N,-!TATD!'<-!#N,-!TA.9!'<-!#N,-!%A.9!'<-!#N,-!.AQ9R.AQ%!'3-!"N,-!"A9GR"AQO!'3-!"N,-!"A.O!'<-!

.N,-!"A."!'<-!.N,-!#A9.!'<-!.N,A!!
&,- ()*+ !'LMZJ &CO-!#"T!MN2,$!U!#OTA.-!#T#AT-!#.QAT-!#.%A9-!##QAD-!###AD-!9TA.-!9TA"-!O#AQ-!

O#A%-!.QA9-!"DA9-!"DAO-!#"AGA!Z4Y48!<0=81*<!8)(!)P<4/Y47H?)08?0748(A!

1+023/4 !'841(,$!..%#-!"G"O-!""TT-!"#"9-!#OGG-!#O9D-!#T9%-!#%QD-!#%DT-!#"9.!?3&#A!

'+*50 'IZ[,$!K "#N"%\ QJ %!VM]NW] !?1*?;*1(47!%.9A#99%-!F);87!%.9A#99.A!!

!

!"9&6$! #&''" 6-%<-T<,&T&'5+7/)^+34(5+*,&%&'%&'6548)^+34(5+*,&#A&#-"-. &(/012)*&#&

+*,(4(/15+7/)F;/18&" &+*,&T&34(5+*6+/0307084&"-%'#A-.A,&70)84"9T!

!

!
:/461/47!;<08=!>484/1*!:/)?47;/4!@!'DA#!33)*!<?1*4,A!B4**)C!)0*!'.9!3=-!GOE,A!:;/0F0?1(0)8!

)8!<0*0?1!=4*!;<08=!GH#!LKMHM4JN!]!"E!\I( . A!!
&' ()*+ !'LMZJ &CO-!TDD!MN2,$!U!##A."!'P/A!<-!#N,-!9A%.!'<-!#N,-!QA9"!'<-!#N,-!QA.#!'(-!B!S!QA9!

N2-!"N,-!QAD%!'7-!B!S!9AD!N2-!"N,-!OAGO!'(-!B!S!QA.!N2-!#N,-!OA%.!'(-!B!S!OA%!N2-!#N,-!TA%"RTA.9!

'3-!#N,-!TA"9!'(-!B!S!TA#!N2-!#N,-!TA#T!'<-!"N,-!%A"TR%A""!'3-!#N,-!.AQ.R.AOG!'3-!#N,-!.AOTR

.AT9!'3-!#N,-!"AQ9R"AQ"!'3-!#N,-!"A%#R"A"%!'3-!#N,-!#A9#!'<-!.N,A!!
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!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ".# !

&,- ()*+ !'LMZJ &CO-!#"T!MN2,$!U!#O.AQ-!#T9AD-!#TDA%-!#.OA"-!#"GAT-!#"%A"-!#"DA9-!##%AO-!

#DGAO-!9%A%-!9.AG-!O#AD-!ODA#-!TGA.-!.QA#-!.OA#-!#"A"A!

00

!"9&%$!#&''" 6-%<-T<,&T&'5+7/)^+34(5+*,&%&'%&' : &()*+*,&#A&#-"-. &(/012)*&#&+*,(4(/15+7/)F;/18&

" &+*,&T&34(5+*6+/0307084&"-%'#A-.A,&70)84!

!

!
:/461/47!;<08=!>484/1*!:/)?47;/4!@!'DA#!33)*!<?1*4,A!B4**)C!)0*!'.G!3=-!GGE,A!:;/0F0?1(0)8!

)8!<0*0?1!=4*!;<08=!GH#!LKMHM4JN!]!"E!\I(. A!!
&' ()*+ !'LMZJ &CO-!TDD!MN2,$!U!##A.T!'<-!#N,-!9AQ"!'<-!#N,-!QA9.!'7-!B!S!#A#!N2-!#N,-!QAQT!

'<-!#N,-!QAQ%!'<-!#N,-!QA"9!'<-!#N,-!QA"O!'<-!#N,-!OA%T!'(-!B!S!OAT!N2-!#N,-!TA%#RTA.Q!'3-!#N,-!

%A"GR%A"Q!'3-!#N,-!.AQ%R.AOT!'3-!"N,-!.A.D!'7-!B!S!##A9!N2-!#N,-!"A9"R"AOO!'3-!"N,-!"A..!'<-!

.N,-!#A9"!'<-!.N,A!!
&,- ()*+ !'LMZJ &CO-!#"T!MN2,$!U!#O.AQ-!#TDA%-!#%OAO-!#.QA.-!#.OA"-!#"GAT-!#"QA9-!#"TA#-!

#"DAT-!#DGAO-!9%A%-!9.AG-!ODA9-!TGA.-!.QA#-!"DA9-!#"A"A!!

1+023/4 !'841(,$!.%Q.-!""T#-!"#"Q-!#OTO-!#"Q.-!#DT%-!#D"O-!#DDO!?3&#A!

'+*50 'IZ[,$!K #GN"" \ TJ %!VM]NW] !?1*?;*1(47!.9%A#OOO-!F);87!.9%A#OOGA!!

!

!"9;/ $! '"6-. 6-%<-T<-O6,&" &'1?4()^+34(5+*,&O&'" &'%&'T-O&7034(5+*&#A&P482)VCW030712)*&#&

+*,&#A&#-"-. &(/012)*&#&+*,4(5)^+,(4(/15+7/)&" A&6+/18&.-%-T&(/0+*!(/01?4(1(40

!

!
:/461/47!;<08=!>484/1*!:/)?47;/4!@!'DA#!33)*!<?1*4,A!B4**)C!)0*!'T"!3=-!99E,A!:;/0F0?1(0)8!

)8!<0*0?1!=4*!;<08=!GH#!LKMHM4JN!]!"E!\I( . A!!
&' ()*+ !'LMZJ &CO-!TDD!MN2,$!U!9AQG!'<-!#N,-!9ATD!'<-!#N,-!QAO#!'<-!#N,-!QAT%!'<-!#N,-!TA#DR

TADG!'3-!#N,-!TAD%RTAD"!'3-!"N,-!%AGO!'7-!B!S!#A%!N2-!#N,-!%AQ9!'(-!B!S!TA9!N2-!"N,-!%A#"R%AD9!
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!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "." !

'3-!#N,-!%AD%R.AGT!'3-!.N,-!.ATDR.A%Q!'3-!#N,-!"A.O!'<-!.N,-!"A.%!'<-!.N,-!"AD9!'<-!.N,-!#AGQ!

'<-!.N,-!#AGD!'<-!.N,-!#AQG!'<-!.N,A!!
&,- ()*+ !'M4JL-!#DD!MN2,$!#Q"A#-!#Q#AT-!#Q#A%-!#Q#A"-!#.TA.-!#..AG-!#"DAT-!##9A#-!##.A#-!

G9A.-!QDAT-!QDA.-!QDA#-!OOAG-!O.A.-!T.AQ-!T#A9-!%QA9-!"DAQ-!"DAO-!"DA.-!"DA"-!GA"TA!X);/!<0=81*<!

8)(!)P<4/Y47H?)08?0748(A!

1+023/4 !'841(,$!"GQ9-!"G%T-!"O".-!"ODO-!"%G9-!"D%Q-!#Q%G-!#%Q9-!#%DD-!#""G-!#D.G!?3&#A!

'+*50 'IZ[,$!K "QN.%\ TJ #D!VM]NW] !?1*?;*1(47!T99A".DD-!F);87!T99A""G#A!

00

!"9;6 $!'"6-. 6-%<-T<-O6,&" &'1?4()^+34(5+*,&O&'" &'%&'6548)^+34(5+*,&#A&#-"-. &(/012)*&#&+*,&!

&4(5)^+,(4(/15+7/)&" A&6+/18&.-%-T&(/0+*!(/01?4(1(4!

!

!
:/461/47!;<08=!>484/1*!:/)?47;/4!@!'DA#!33)*!<?1*4,A!B4**)C!)0*!'%.!3=-!Q9E,A!:;/0F0?1(0)8!

)8!<0*0?1!=4*!;<08=!GH#!LKMHM4JN!]!"E!\I(. A!!
&' ()*+ !'M4JL-!%DD!MN2,$!U!9A#.!'<-!#N,-!QA.DRQA"O!'3-!"N,-!QAD.RQAD#!'3-!"N,-!OAGT!'(-!

B!S!QA%!N2-!#N,-!TA"DRTA#G!'3-!#N,-!TA#9!'<-!"N,-!TA#QRTA#O!'3-!"N,-!%A9%R%A9.!'3-!#N,-!%AQ#R

%AOG!'3-!"N,-!%A#OR%ADG!'3-!"N,-!%AD#R.AG"!'3-!"N,-!.A%#R.A.9!'3-!#N,-!"A##!'<-!.N,-!"ADT!'<-!

.N,-!#AGT!'<-!.N,-!#AG%!'<-!.N,A!!
&,- ()*+ !'M4JL-!#DD!MN2,!#Q"A.-!#Q#AT-!#Q#AT-!#Q#A%-!#TGA9-!#%TA.-!#.DAO-!#"OA.-!#""A.-!

##TAG-! G9AT-! QDAO-! QDA%-! QDA#-! OQA"-! OOAG-! O.A"-! O"A%-! T#AD-! "DAO-! "DATA! `C)! <0=81*<! 8)(!

)P<4/Y47H?)08?0748(A!

1+023 /4 !'841(,$!.%%Q-!.%DG-!"G"%-!#Q%"-!#ODD-!#%GT-!#"%"-!##.9-!#DGT-!#DT%-!#D.T!?3&#A!

'+*50 'IZ[,$!K "TN." \ . J ##!VM]NW] !?1*?;*1(47!TTDA"D.#-!F);87!TTDA"D"#A!

!

!"9;%$!'"6-. 6-%<-T<-O6,&" &'1?4()^+34(5+*,&O&'" &'%&' : &()*+*,&#A&#-"-. &(/012)*&#&+*,4(5)^+,!

(4(/15+7/)&" A&6+/18&.-%-T&(/0+*!(/01?4(1(40

!

!
:/461/47!;<08=!>484/1*!:/)?47;/4!@!'DA#!33)*!<?1*4,A!B4**)C!)0*!'%Q!3=-!9GE,A!:;/0F0?1(0)8!

)8!<0*0?1!=4*!;<08=!GH#!LKMHM4JN!]!"E!\I(. A!!
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!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! ".. !

&' ()*+ !'M4JL-!%DD!MN2,$!U!9A."!'<-!#N,-!QAQ%RQAQ"!'3-!"N,-!QA"ORQA"%!'3-!"N,-!TA".R

TA""!'3-!#N,-!TA#QRTAD9!'3-!"N,-!%A9O!'7-!B!S!#AO!N2-!#N,-!%AQ%R%AQ#!'3-!"N,-!%A#TR.AG"!'3-!

%N,-!.A#TR.A##!'3-!#N,-!"A.T!'<-!.N,-!"A#D!'<-!.N,-!"AD#!'<-!.N,-!#AGT!'<-!.N,-!#AQ"!'<-!.N,A!!
&,- ()*+ !'M4JL-!#DD!MN2,$!U!#Q"A"-!#Q#AO-!#Q#AT-!#Q#A%-!#%GAD-!#.GAT-!#.DAO-!#"9A9-!#"OA9-!

#".A#-!G9A#-!QDAO-!QDA%-!OGAG-!OOAG-!OOA9-!O.A"-!T#A#-! "#A"-! "DAO-! "DAT-! "DA"A!J84!<0=81*!8)(!

)P<4/Y47H?)08?0748(A!

1+023/4 !'841(,$!.#.O-!.##%-!"GOD-!"G"O-!#Q%T-!#%T%-!#.QD-!#""T-!##.G-!#DG#-!#D%9!?3&#A!
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@7.2-N08!7.!Z.0!GB<Y!jA37M2JA37M2k!A\0L78<1[)O!V"4F)W,&&F!!""' %!E!*"Q+%!&PQP' &PQ()!

*$P&+!! _07.%!:)!S)5!H17cc%!:)!A)5!V1-8.BT-%!@)!/)5!4\-1c3088%!V)!/)5!>B27.%!,)!,)!IABcc01*b+J

A-<-3[K0X!A[M3B-XX7<7B.!B?!Z1N-.7M!9K7X08!-.X!$JbBXB-32[.08)O!!+4,0F)B3,$',) 2)G+&F)

HCF!!""%%!IE%!RQ$R' RQ"$)!

*$PP+!! W-L-LB<B%!V)5!/1EE.%!H)5!V7L%!:)!W)5!̀ \-.N%!@)5!@-E<0.8%!=)!I9!C0a!=E3<7MBLcB.0.<!

=E3<7M-<-3[8<!D0-M<7B.! *=A+"DY!A\0LB8030M<7T0!A[M3B-XX7<7B.! -.X!@-<0.<!A-<-3[8<!

9M<7T-<7B.!?B1!<\0!4[.<\0878!B?!>E33[!4E;8<7<E<0X!$%"%iJH17-KB308)O!V"4F)W,&&F!!"#' %!SE%!

"#&&' "#&()!

*$P#+!! ^-.N%! ^)5! ^07%! >)5! =-%! W)5! HE.N%! A)! _)5! lE%! `)! IABcc01*b+JA-<-3[K0X! H\100J
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*$P(+!! WE-.%! `)5! VE-.N%! U)! A)5! A3-12%! D)! :)5! `\E%! @)! IA\0LB8030M<7T0! 40nE0.<7-3! jM37M2k!

@7N-<7B.!d87.N!d.8[LL0<17M-3!/78-K7X08)O!V"4F)W,&&F!!"#! %!SI%!"P]Q' "P]i) !

*$PR+!! 4\0-%!V)!:)5!V7L%!:)J4)!Ib.?3E0.M0!B?!4<1-7.!B.!A\0L7M-3!D0-M<7T7<[)!D03-<7T0!D0-M<7T7<[!

B?!HB187B.-33[!4<1-7.0X!6BE;30!/B.X8!7.!$%iJ67cB3-1!A[M3B-XX7<7B.8)O!TF)!$F)B3,$F)

<#(F!#%%!%!SSI%!&R&#' &RPP)!

*$P]+!! WB8\7X-%! 4)5! _-<-20[-L-%! W)5! :B\LB<B%! V)5! d02E8-%! _)5! _B8B[-%! H)! IH1-.870.<!

G1B<0M<7B.!B?!4<1-7.0X!932[.08!?1BL!A37M2!D0-M<7B.!T7-!ABLc30f-<7B.!a7<\!ABcc01)O!

TF)!$F)B3,$F)<#(F!!"#) %!SQD%!$iP]Q' $iP]i) !

*$#Q+!! `-ENN%!_)5!4a0<<%!@)5!4<B.0%!U)!I9.!d.E8E-3!D0-M<7B.!B?!G1Bc-1N[3!/1BL7X0)O!TF)V"4F)
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*$#$+!! ,70\0%!_)!U)!I4[.<\0878!B?!4E;8<7<E<0X!9M0<[30.7M!ABLcBE.X8)O!!+4,0F)B3,$',) 2)G+&F)
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*$#i+!! >7M7.7%! 9)5! V170?%! :)! I4<010BM\0L7M-3! AB.<1B3! 7.! <\0! _[X1B3[878! B?! -.! W.-L7.0J

A[M3Bc0.<0.B.0! 9XXEM<Y! 9! 4<0108030M<7T0! DBE<0! <B! 67-8<010B78BL017M! "J*$J
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B?!W.-L7X08!<B!9M[3!A\3B17X08!-.X!9M<7T-<0X!Co\0<01BM[M308)O!TF)V"4F)B3,$F!!"# ) %!
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D-<0J60<01L7.7.N!4<0c)O!!+4,0F)B3,$',)G+&F)HCF!!"#$ %!KD%!ii$&' ii$R) !

*$($+!! _-<7<%! =)! `)! A)5! 4-X301%! :)! A)5! =M@0-.%! @)! 9)5! ^\7<0\E18<%! /)! A)5! 40-<\%! A)! G)5!

_ELc\10[8%!@)!6)5!WBE.N%!D)! :)5!^-<8B.%!9)! :)! /)5! /E130[%!U)!9)! IA\0LB8030M<7T0!

40nE0.<7-3! A37M2! @7N-<7B.8! 6710M<0X! ;[! S.\-.M0X! D0-M<7T7<[! B?! -.! 91BL-<7M!

W.-L7.0)O!V"4F)W,&&F!!"#' %!SE%!$#]&' $#]() !

*$("+!! _E820.%!C)5!U-8801%!U)5!VB8<01%!4)!6)5!=0<K301JCB3<0%!C)! I>BE1JGB<0.<7-3!>011BM0.0!

@-;037.N!B?!GC9!Z37NBL018!T7-!A37M2!A\0L78<1[)O!1'#(#+?94F)B3,$F!!""%%!NL%!$P(R'

$PR#)!

*$(i+!! _-3X-1%!4)5!A\-<<Bc-X\[-[%!9)!I9cc37M-<7B.!B?!C/6J@-;030X!@7c7X8!7.!=0L;1-.0!-.X!

A033!/7B3BN[)O!<:"'+4,")<,"F)X59#",-(F!!"#! %!i(' PQ)!

*$(&+!! _-<7<%! =)! `)! A)5! 40-<\%! A)! G)5! ^-<8B.%! 9)! :)! /)5! /E130[%! U)! 9)! I9! 4<1-<0N[! ?B1!

AB.X7<7B.-3! Z1<\BNB.-3! 40nE0.<7-3! AE99A! D0-M<7B.8! d87.N! -! G1B<0M<0X! 91BL-<7M!

W.-L7.0)O!TF)V"4F)B3,$F!!"#$ %!EN%!P&#$' P&#R)!

*$(P+!! 673-E1B%! 9)! =)5! 40B%! ^)5! G\7337c8%! 4)! H)! Id80! B?! A-<-3[<7M! >3EB17X0! E.X01! C0E<1-3!

AB.X7<7B.8!?B1!A30-T7.N!4737MB.JZf[N0.!/B.X8)O!TF)V"4F)B3,$F!!"## %!UD%!(iP"' (iPR)!

*$(#+!! 4E.%!_)5!67=-N.B%!4)!U)!I9.\[X1BE8!H0<1-;E<[3-LLB.7EL!>3EB17X0)O!TF)!$F)B3,$F)

<#(F!!""( %!SNU%!"QPQ' "QP$)!

*$((+!! ^-.N%!l)!C)5!W0BL%!_)!4)5!>-.N%!@)!A)5!_0%!4)5!=-%!`)!l)5!V0X1Ba827%!/)!@)5!_8E.N%!

D)!G)!IW.-L7X08!7.!D7.N!>B1L7.N!H1-.8?B1L-<7B.8)O!!((F )B3,$F)6,-F!!"#) %!IU%!P#Q'

P(R)!

*$(R+!! `\-.N%! l)5! _8E.N%! D)! G)5! WBE%! @)! IH-.X0L! 9K7X7.-<7B.' ! -.X! _[X1B-K7X7.-<7B.'

_E78N0.!pi!q!"r!A[M3B-XX7<7B.8!B?!W.-L7X08)!4[.<\0878!B?!A\71-3!9L7X0J4E;8<7<E<0X!

H17-KB308)O!V"4F)1'#$#5F)B3,$F!!""' %!I %!"#(]' "#R")!

*$(]+!! H-30%!D)!_)5!UBcE3-%!,)!/)5!HB1-XL-3%!U)!V)!IjA37M2k!@7N-.X!?B1!jM37M2k!A\0L78<1[Y!*$J

*&J=0<\Bf[;0.K[3+ J$J_ J$%"%iJH17-KB3J&JW3+=0<\-.B3! *=/_H=+! 9MM0301-<0X!

ABcc01JA-<-3[K0X! piq"r! 9K7X0J932[.0! A[M3B-XX7<7B.! *AE99A+! -<! @Ba! A-<-3[8<!

@B-X7.N)O!O,&"%3,C"#+)W,&&F!! "#( %!KD%!PR#&' PR#])!

*$RQ+!! `\0.N%! `)5!4\7%!@)! I9.!S??7M70.<!D0N7B8030M<7T0!ABcc01JA-<-3[K0X!9cc1B-M\!<B!<\0!

4[.<\0878!B?!$%"%iJH17-KB308!?1BL!CJHB8[3\[X1-KB.08!-.X!9K7X08)O!O,&"%3,C"#+)W,&&F!

!"#' %!KU%!P$i"' P$i&)!

*$R$+!! H-\01%!9)5!C-.X7%!6)5!b83-L%!D)!d)!3)5!A\BEX\-1[%!=)5!=-337M2%!V)!I=7M1Ba-T0!98878<0X!

9K7X0' 932[.0!A[M3B-XX7<7B.!D0-M<7B.!d87.N!GB3[L01!4EccB1<0X!AE*7+!-8!-!A-<-3[<7M!



!"#$%&'()*+%$'+,-.)!)/,0)1'# 2#"&3#4#+%5)6,%(&'7,)8"#9:);#")<&,:2,;;'(',+&=)<,>9,+&'%5)1'#(#+?94%&'#+)

@%"'+,)A%&'&)

!

! "#&!

4c0M708Y!9!4B3T0.<3088!9cc1B-M\)O!6<B)!C7F!!"#( %!K%!&("(P' &("Ri) !

*$R"+!! /B3F0%!9)5!d1-.2-1%!6)5!VB8L13F%!:)!I4[.<\0878!-.X!C=D!9.-3[878!B?!$%&J678E;8<7<E<0X!

$%"%iJH17-KB308!H0<\010X!<B!G[17X7.0%!G[17L7X7.0%!-.X!G[1-K7.0!D7.N8)O!H9"#:,%+)TF)

V"4F)B3,$F!!"#) %!QD%!R$#(' R$R$)!

*$Ri+!! V1-33%!C)5!6-!A1EK%!>)!G)5!/BE<E1071-%!Z)5!/01.-1X08%!U)!:)!@)!I47<0J4030M<7T0!G1B<07.J

=BX7?7M-<7B.!A\0L78<1[!?B1!/-87M!/7B3BN[!-.X!61EN!60T03BcL0.<)O!/%&F)B3,$F!!"#' %!

E%!$Qi' $$i)!

*$R&+!! >B30[%! H)! @)5! /E12-1<%! =)! 6)! I47<0J4c0M7?7M! G1B<07.! =BX7?7M-<7B.Y! 9XT-.M08! -.X!

9cc37M-<7B.8)O!B9""F)V:'+F)B3,$F)1'#5F!!""$ %!SS%!$"J' ]) !

*$RP+!! :BB%!A)5!/-3M7%!_)5!b8\7<8E2-%!W)5!/E1-.-M\-7%!A)5!_-%!H)!9XT-.M08!7.!47.N30J=B30ME30!

>3EB108M0.M0!=0<\BX8!?B1!=B30ME3-1!/7B3BN[s)!!++9F)6,7F)1'#(3,$F!!""* %!UU%!P$' (#)!

*$R#+!! 4<1[01%!@)! I>3EB108M0.M0! S.01N[! H1-.8?01! -8! -! 4c0M<1B8MBc7M! DE301)O!!++9F) 6,7F)
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!"#! %!NQ%!$iR"' $iR#)!
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ID0NE3-<B1[!>E.M<7B.8!B?!A-3LBXE37.)O!R3%"$%(F)O3,"F!#%%#%!KL%!"PP' "(Q)!

*$]]+!! V7L%!:)5!40B%!=)!_)5!@00%!4)5!A\B%!V)5!W-.N%!9)5!^BB%!V)5!V7L%!_)!4)5!G-12%!_)!4)!

s47Lc30!-.X!S??7M70.<!4<1-<0N[!?B1!47<0J4c0M7?7M!6E-3!@-;037.N!B?!G1B<07.8!?B1!47.N30J
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B3,$F!#%*#%!ID%!R(i' R(#)!

*"&#+!! ZkC0733%! 4)5! ZkV00??0%! 4)5! _-117.N<B.%! >)5! =-NE710%! 9)! D)! IS.\-.M0L0.<! B?!

S.-.<7B8030M<7B.! 7.! <\0! ABcc01JA-<-3[80X! b.<1-LB30ME3-1! /eM\.01! D0-M<7B.! ;[!

,-17-<7B.!B?!<\0!ABE.<017B.)O!<M+5,&&!!""%%!SI%!"i$"' "i$&) !

*"&(+!! A1Ba30[%! 6)! A)5! @[.M\%! 6)5! =-NE710%! 9)! D)! IABcc01J=0X7-<0X%! _0<01BN0.0BE8%!

S.-.<7B8030M<7T0! b.<1-LB30ME3-1! /EM\.01! D0-M<7B.8! B?! gJ67-KB20<B.08! d87.N!

AB.<7.EBE8!>3Ba!G1BM0887.N)O!TF)V"4F)B3,$F!!"#* %!EQ%!i(]&' iRQP)!

*"&R+!! /E1NE0<0%!=)!b)5!>1-730%!:)!=)5!U-1Mw-%!:)!b)5!U-1Mw-J,01XENB%!S)5!@E78%!4)!,)5!=-[B1-3%!

:)!9)!I/78*Zf-KB37.0+ABcc01!ABLc30f08!ABT-30.<3[!/B.X0X!<B!b.8B3E;30!4EccB1<!-8!

A-<-3[8<8!7.!A[M3Bc1Bc-.-<7B.!D0-M<7B.8)O!TF)V"4F)B3,$F!!""" %!N%!i]QP' i]QR)!

*"&]+!! 4B.BN-8\71-%! V)! I60T03BcL0.<! B?! GXJAE! A-<-3[K0X! A1B88JABEc37.N! B?! H01L7.-3!

9M0<[30.08!a7<\!4c"JA-1;B.!_-37X08)O!TF)V"4%+#$,&F)B3,$F!!""! %!DKQ%!&#' &])!

*"PQ+!! `\-.N%!W)5! :-L78B.%!H)!>)5!G-<03%!4)5!=-7.B3?7%!C)! IAB.<7.EBE8!>3Ba!ABEc37.N! -.X!

60M-1;Bf[3-<7B.!D0-M<7B.8!G1BLB<0X!;[!ABcc01!HE;7.N)O!V"4F)W,&&F!!"## %!SQ%!"RQ'

"Ri) !

*"P$+!! @-L%!G)!W)!4)5!A3-12%!A)!U)5!4-E;01.%!4)5!9X-L8%!:)5!^7.<018%!=)!G)5!A\-.%!6)!=)!H)5!

ABL;8%! 9)! IC0a! 91[3m_0<01B-1[3! AJC! /B.X! A1B88JABEc37.N! D0-M<7B.8! T7-!

91[3;B1B.7M!9M7XmAEc17M!9M0<-<0!91[3-<7B.)O!O,&"%3,C"#+)W,&&F!#%%*%!QJ%!"]&$' "]&&)!

*"P"+!! A\-.%! 6)! =)! H)5! =B.-MB%! V)! @)5! ^-.N%! D)JG)5! ^7.<018%! =)! G)! IC0a! CJ! -.X! Z J

91[3-<7B.8!a7<\!G\0.[3;B1B.7M!9M7X8!-.X!AEc17M!9M0<-<0)O!O,&"%3,C"#+)W,&&F!#%%*%!QJ%!

"]ii ' "]i#) !

*"Pi+!! ST-.8%!6)!9)5!V-<K%!:)!@)5!^08<%!H)!D)!I4[.<\0878!B?!67-1[3!S<\018!<\1BEN\!<\0!ABcc01J

G1BLB<0X!91[3-<7B.!B?!G\0.B38!a7<\!91[3;B1B.7M!9M7X8)!9.!Sfc0X70.<!4[.<\0878!B?!

H\[1Bf7.0)O!O,&"%3,C"#+)W,&&F!#%%*%!QJ%!"]i( ' "]&Q)!

*"P&+!! _737%!D)5!WEX7.%!9)!V)!I=-27.N!A-1;B.JC7<1BN0.!/B.X8!7.!/7B3BN7M-3!-.X!A\0L7M-3!

4[.<\0878)O!/%&F)B3,$F)1'#5F!!""' %!N%!"R&' "R()!

*"PP+!! =-337-%!A)!:)5!/E1<B.%!G)!=)5!4L7<\%!9)!=)!D)5!^-3<01%!U)!A)5!/-f0.X-30%!b)!D)!sA-<-3[<7M!

A\-. J@-L!ABEc37.N!d87.N!-!I<E;0J7.JHE;0O!D0-M<B1!<B!6037T01!=B30ME3-1!Zf[N0.!-8!

-.!Zf7X-.<0)!1,'5-&,'+)TF)V"4F)B3,$F!!"#' %!SN%!$P]R' $#Q()!

*"P#+!! d33L-.%! >)5! 4cB.-N03%! G)! Id0;01! 670! G\0.[J!b31E.N! TB.! G\0.B30.)O!H9"F) TF) G+#"4F)
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! "(Q!

B3,$F!#%"(%!QEE%!""$$' ""$") !

*"P(+!! =03X-3%!=)!IGB3[L01!jA37M27.Nk!;[!AE99A!D0-M<7B.8)O!@%("#$#5F)6%:'C)B#$$9+F!

!""* %!NJ%!$Q$#' $QP$)!

*"PR+!! 4B.-a-.0%!=)!6)5!C7L80%!4)!/)!I4E1?-M0!=BX7?7M-<7B.!A\0L78<1708!B?!=-<017-38!d80X!

7.!67-N.B8<7M!G3-<?B1L8!a7<\!/7BLB30ME308)O!TF)B3,$F!!"#' %!NLSD%!$' $])!

*"P]+!! G-87.7%!6)!IH\0!A37M2!D0-M<7B.!-8!-.!S??7M70.<!HBB3!?B1!<\0!AB.8<1EM<7B.!B?!=-M1BM[M37M!

4<1EM<E108)O!@#5,(95,-!!"#& %!SE%!]P$"' ]PiQ)!

*"#Q+!! >EM\8%! =)5! UB088301%! ^)5! G73N01%! A)5! V-cc0-%! A)! Z)! I=0M\-.78<7M! b.87N\<8! 7.<B!

ABcc01*b+JA-<-3[K0X! 9K7X0J932[.0! A[M3B-XX7<7B.8! d87.N! AB.<7.EBE8! >3Ba!

AB.X7<7B.8)O!!C7F)<M+&3F)B%&%5F!!"#" %!QKN%!i"i' i"R) !

*"#$+!! b7F7L-%! :)5! @7L%! :)! ^)5! _B.N%! 4)! _)5! 4EKE27%! 4)5! =7LE1-%! V)5! b88\727%! =)! IC-<7T0!

Zf7X-<7B.!B?!d3<1-!_7N\!GE17<[!AE!/E32!-.X!H\7.!>73L8)O!!::5F)<9";F)<('F!!""' %!NKQ%!

"R"P' "R"]) !

*"#"+!! S=S 9! SE1Bc0-.! =0X7M7.08! 9N0.M[)! IUE7X037.0! B.! <\0! 4c0M7?7M-<7B.! @7L7<8! ?B1!

D087XE08! B?! =0<-3! A-<-3[8<8! B1! =0<-3! D0-N0.<8)O!6,495F) \#(F! !""* %! 6BM)! D0?)!

AG=Gm4^Gmu^Gm&&&#mQQ)!

*"#i+!! /-f0.X-30%!b)!D)5!@0[%!4)!,)5!=-.8?703X%!9)!A)5!4L7<\%!A)!6)!I=E3<78<0c!4[.<\0878!d87.N!

=BXE3-1!>3Ba!D0-M<B18Y!/08<L-..JZ\71-!D0-N0.<!?B1!<\0!>B1L-<7B.!B?!932[.08!-.X!

H17-KB308)O!!+4,0F)B3,$',) 2)G+&F)HCF!!""%%!IE%!&Q$(' &Q"$)!

*"#&+!! Z<TB8%!4)!/)5!=-.X7<[%!b)!=)5!V788%!@)5!>E3Bc%!>)!I932[.0J9K7X0!A[M3B-XX7<7B.8!a7<\!

ABcc01! GBaX01! 7.! -!_7N\JG1088E10! AB.<7.EBE8J>3Ba! D0-M<B1Y! _7N\JH0Lc01-<E10!

AB.X7<7B.8!T018E8!<\0!DB30!B?!9XX7<7T08)O!B3,$F)2)!+)!-'%+)TF!!"#& %!E%!RQQ' RQR)!

*"#P+!! 4\-B%!A)5!^-.N%!l)5!`\-.N%!u)5!@EB%!4)5!`\-B%!:)5!_E%!W)!I9M7XJ/-80!:B7.<3[!G1BLB<0X!

ABcc01*b+JA-<-3[K0X!9K7X0J932[.0!A[M3B-XX7<7B.)O!TF)V"4F)B3,$F!!"## %!UD%!#Ri"'

#Ri#)!

*"##+!! @07;?-1<\%! >)! 9)5! :B\.8B.%! :)! 9)5! :-L78B.%! H)! >)! I4M-3-;30! 4[.<\0878! B?! 40nE0.M0J

60?7.0X%!d.7LB30ME3-1!=-M1BLB30ME308!;[!>3BaJbSU)O!R"#(F)/%&5F)!(%CF)<('F!!"#( %!

SSN%!$Q#$(' $Q#"")!

*"#(+!! =7F-378%!9)!:)5!H\BL-8%!6)!9)5!47LB.%!=)!6)5!9X-LB%!9)5!/0-ELB.<%!D)5!:0.80.%!V)!>)5!

G0.<03E<0%!/)!@)!I9!>E33[!9E<BL-<0X!>3BaJ/-80X!9cc1B-M\!?B1!9MM0301-<0X!G0c<7X0!

4[.<\0878)O!/%&F)B3,$F)1'#5F!!"#$ %!SQ%!&#&' &##)!

*"#R+!! =-0X-%!_)5!W-L-LB<B%!V)5!VB\.B%!b)5!_-?87%!@)5!b<B\%!C)5!C-2-N-a-%!4)5!V-.-N-a-%!

C)5!4EKE27%!V)5!d.B%!H)!I6087N.!B?!-!G1-M<7M-3!>3EB108M0.<!G1B;0!?B1!4Ec01Bf7X0!/-80X!

B.! G1B<0M<7B.J60c1B<0M<7B.! A\0L78<1[! B?! >3EB108M07.8! a7<\! /0.K0.08E3?B.[3!

G1B<0M<7.N!U1BEc8)O!B3,$F)2)!)H9"F)TF!!""$ %!SQ%!$]&#' $]P&)!
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! "($ !

*"#]+!! H-7aB%! >)! 9)! I=0M\-.78L! B?! H71B.! -8! 4M-T0.N01! B?! 4Ec01Bf7X0! bB.8! -.X! >100!

S30M<1B.8)O!<:,(&"#-(#:M!!""* %!NN%!&]$' &]R)!

*"(Q+!! b<B\%!H)5!C-N-<-%!V)5!Z2-X-%!=)5!Z\8-a-%!9)! IH\0!D0-M<7B.!B?! iJ=0<\[3<\7-KB37EL!

6017T-<7T08!a7<\!4Ec01Bf7X0)O!O,&"%3,C"#+!#%%&%!IJ %!&RP]' &R(Q)!

*"($+!! =B1-308%!:)!A)5!@7%!@)5!>-<<-\%!>)!:)5!6B.N%!W)5!/0[%!S)!9)5!G-<03%!=)5!U-B%!:)5!/BB<\L-.%!

6)!9)!I9M<7B.!-.X!D-<7B.-30!?B1!H-1N0<7.N!7.!A-.M01!-.X!Z<\01!6780-808)O!B"'&)6,7)

H9]%"M#&)8,+,)HP:"!!"#) %!NI%!$P' "R)!

*"("+! ! :-MB;8B.%!Z)5!V7080a0<<01%!6)!Z)5!A\0.%! l)! I>3EB17.0J$R!D-X7BM\0L78<1[%!@-;037.N!

4<1-<0N708!-.X!4[.<\0<7M!DBE<08)O!1'#(#+?94F)B3,$F!!"#( %!ND%!$' $R)!

*"(i+! ! ` \-.N%!u)5!@T%!_)5!^-.N%!@)5!A\0.%!=)5!@7%!>)5!@7-.N%!A)5!WE%!W)5!:7-.N%!>)5!@E%!9)5!

`\-.N%! U)! ID0M0.<! =0<\BX8! ?B1! GE17?7M-<7B.! -.X! 4<1EM<E10! 60<01L7.-<7B.! B?!

Z37NB.EM30B<7X08)O!G+&F)TF)@#5F)<('F!!"#' %!SU!*$' $#+)!

*"(&+!! ,-3T01X0%!b)!S)5!@0M-7330%!>)5!@-3L-.-M\%!U)5!9EM-N.0%!,)5!603L-8%!9)!>)!I4[.<\0878!B?!

-!/7B3BN7M-33[!9M<7T0!H17-KB30JAB.<-7.7.N!9.-3BNE0!B?!A[8<-<7.!9!<\1BEN\!4EMM0887T0!

G0c<7XBL7L0<7M!932[.0J9K7X0!@7N-<7B.8)O!!+4,0F)B3,$',) 2)G+&F)HCF!!"#! %!KS%!($R'

("") !

*"(P+!! @7%!4)5!A-7%!_)5!_0%!:)5!A\0.%!_)5!@-L%!4)5!A-7%!H)5!`\E%!`)5!/-12%!4)!:)5!A-7%!A)!ISf<0.<!

B?!<\0!Zf7X-<7T0!47X0!D0-M<7B.8!<B!G0c<7X08!-.X!G1B<07.8!XE17.N!<\0!AE99A!D0-M<7B.)O!

1'#(#+?94F)B3,$F!!"#' %!NU%!"i$P' "i"") !

*"(#+!! D0%!>)5!A-L;7-.7M-%!b)5!`B.-%!A)5!408-.-%!4)5!U10NB17%!=)5!D7NB37B%!D)5!@-!>013-%!/)5!

C7MB<1-%! >)5! >B13B.7%! U)5! A-N.B<<B%! 9)5! 4-3LB.-%! =)5! =-88017.7%! =)5! 4-.M7.7%! U)!

I>E.M<7B.-37K-<7B.! B?! @7cB8BL08! a7<\! 9cBSJ6017T0X! G0c<7X08! -<! 67??010.<! 60.87<[!

9??0M<8! A033E3-1! dc<-20! -.X! 61EN! H1-.8cB1<! -M1B88! -! /3BBXJ/1-7.! /-11701! =BX03)O!

/%+#$,C'('+,)/%+#&,(3+#5#4M=)1'#5F)@,CF!!"## %!U%!PP$' PP])!

*"((+! ! H-82BT-%!=)5!=-.<87BE%!9)5!98<-2\BT-%!V)!I4[.<\0<7M!CEM307M!9M7X!9.-3BNE08!7.!U0.0!

H\01-c[Y!9.!dcX-<0!?B1!G0c<7X0' Z37NB.EM30B<7X0!AB.FEN-<08)O!B3,$1'#B3,$ !!"#$ %!

SE%!$#($' $#R")!

*"(R+!! 4\-1L-%! ,)! V)5! 4\-1L-%! D)! V)5! 47.N\%! 4)! V)! I9.<780.80! Z37NB.EM30B<7X08Y!

=BX7?7M-<7B.8!-.X!A37.7M-3!H17-38)O!@,C(3,$(#$$ !!"#) %!K%!$&P&' $&($)!

*"(]+! ! W7.%!_)5!4-30\%!9)!>)5!/0<<8%!A)5!A-L0337<7%!G)5!40Ba%!W)5!98\1-?%!4)5!91KEL-.BT%!9)5!

_-LLB.X%!4)5!=0117<<%!H)5!U-7<%!=)!:)5!^BBX%!=)!:)!9)!IG7cP!H1-.8XEM<7B.!G0c<7X08!

6710M<!_7N\!S??7M70.M[!Z37NB.EM30B<7X0J=0X7-<0X!6[8<1Bc\7.!SfB.!427cc7.N!7.!_0-1<!

-.X!G\0.B<[c7M!AB110M<7B.!7.!=Xf!=7M0)O!@#5F)O3,"F!!"## %!SJ%!$"]P' $iQi) !

*"RQ+!! /0<<8%!A)5!4-30\%!9)!>)5!91KEL-.BT%!9)!9)5!_-LLB.X%!4)!=)5!UBX?10[%!A)5!ABE187.X03%!

H)5!U-7<%!=)!:)5!̂ BBX%!=)!:)!IG7c#JG=Z%!-!C0a!U0.01-<7B.!B?!G0c<7X0JZ37NB.EM30B<7X0!
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AB.FEN-<08!a7<\!bLc1BT0X!A-1X7-M!SfB.!427cc7.N!9M<7T7<[!?B1!6=6!H10-<L0.<)O!@#5F)

O3,"F)2)/9(5,'()!('C- !!"#! %!S%!$' $i) !

*"R$+!! `\-.N%!l)5!@7E%!G)5!`\E%!@)!I4<1EM<E1-3!60<01L7.-.<8!B?!932[.0!D0-M<7T7<[!7.!ABcc01J

A-<-3[K0X!9K7X0J932[.0!A[M3B-XX7<7B.8)O!@#5,(95,-!!"#' %!NS%!$#](' $($&)!

*"R"+!! AB03\B%!9)5!67K%!G)5!A--L-zB%!Z)5!4B<03B%!S)!IGB3[L01J4EccB1<0X!$%P%(JH17-K-;7M[M3B!

p&)&)Qr!60MJPJS.0!-8!GB3[T-30.<!@7N-.X8!7.!<\0!ABcc01JA-<-3[K0X!_E78N0.!$%iJ67cB3-1!

A[M3B-XX7<7B.)O!!C7F)<M+&3F)B%&%5F!!"#" %!QKN%!$$(]' $$]") !

*"Ri+!! 4-.<B8%!A)!=)5!VEL-1%!9)5! `\-.N%!^)5!A-7%!A)! I>E.M<7B.-37K-<7B.!B?!>3EB1BE8!H\7.!

>73L8!T7-OM37M2s!A\0L78<1[s)!B3,$F)B#$$9+F!!""%%!CB)!"Q%!"RP&' "RP#)!

*"R&+!! =-1<7.%!=)!=)5!@7.XnT78<%!@)!IH\0!G_!60c0.X0.M0!B?!>3EB108M07.!>3EB108M0.M0)O!TF)

W9$'+F!#%$(%!SL%!iR$' i]Q) !

*"RP+!! 4717TB3E%!,)!D)5!,01.02-1%!4)!V)!,5!b37.-%!H)5!=[8\-27.-%!C)!4)5!G-1.7-2%!=)!-5!^-.N%!

`)! IA37M27.N! i{J9K7XB<\[L7X7.0! 7.<B! CBT03! GB<0.<! b.\7;7<B18! B?! _EL-.!

bLLE.BX0?7M70.M[!,71E8)O!TF)@,CF)B3,$F!!"#& %!KD%!R(#P' R(RQ)!

*"R#+!! ZT0.-33%!6)!̂ )5!A\-.N%!:)!:)!IA-1;B.J$i!C=D!B?!>3EB17.-<0X!ABLcBE.X8!d87.N!̂ 7X0J
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&' (()*+*,-./0! 1.-. ! 23/!45.(-*/! "! 63+(3',17! 6.,! 8*! 23',1 ! . -! -5*! 23))39:,;! ):,<7=!

5--(7=>>('87?.67?3/;>13:>7'(()>@A?@A"@>.67?3/;)*--?B8AAB$C!

5--(7=>>('87?.67?3/;>13:>7'(()>@A?@A"@>.67?D36?#8AAC%C?!!

!

&' (()*+*,-./0!1.-. !23/!45.(-*/! %!63+(3',17!6.,!8*!23',1!. -!-5*!23))39:,;!):,<=!

5--(7=>>7-.-:6E63,-*,-?7(/:,;*/?63+>*7+>./-F$G@A?@A$HF"I7%@%B#EA@HEABCC@E

A>J*1:.K8D*6-7>%@%B#L"A@HLBCC@LJKM&J@LM&J?(12!

!
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 C:\LabSolutions\Data\Project1\Marine\BioconjugScope100818_10082018_002.lcd 

Analysis Report

Sample Name : MH-661_39pt9
Sample ID : MH-661_39pt9
Data Filename : BioconjugScope100818_10082018_002.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : BioconjugScope100818.lcb
Vial # : 1-2 Sample Type : Unknown
Injection Volume : 5 uL
Date Acquired : 10/08/2018 11:43:37 Acquired by : Shimadzu
Date Processed : 10/08/2018 14:45:10 Processed by : Shimadzu
 

<Chromatogram>
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<Peak Table>
PDA Ch1 260nm
Peak#

 1 
Total

Ret. Time
 28.045 

Area
 5261811 
 5261811 

Height
 435574 
 435574 

Conc.
 0.000 

Unit
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<Sample Information>
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 C:\LabSolutions\Data\Project1\Linus\DNAclicktrial_100417_MH-408_13_10042017_006.lcd 

Analysis Report

Sample Name : MH-412
Sample ID : MH-412
Data Filename : DNAclicktrial_100417_MH-408_13_10042017_006.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : DNAclicktrial_100417_MH-408_13.lcb
Vial # : 1-6 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired : 10/04/2017 22:21:02 Acquired by : Shimadzu
Date Processed : 11/04/2017 09:16:41 Processed by : Shimadzu
 

<Chromatogram>

min
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<Peak Table>
PDA Ch1 260nm
Peak#

 1 
Total

Ret. Time
 21.631 

Area
 2754976 
 2754976 

Height
 289375 
 289375 

Conc.
 0.000 

Unit
  

Mark
    M 

Name
  

<Sample Information>
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 C:\LabSolutions\Data\Project1\Marine\DNAScope190718_19072018_003.lcd 

Analysis Report

Sample Name : MH-662_32.5
Sample ID : MH-662_32.5
Data Filename : DNAScope190718_19072018_003.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : DNAScope190718.lcb
Vial # : 1-3 Sample Type : Unknown
Injection Volume : 20 uL
Date Acquired : 19/07/2018 22:24:01 Acquired by : Shimadzu
Date Processed : 19/07/2018 23:17:03 Processed by : Shimadzu
 

<Chromatogram>

min
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<Peak Table>
PDA Ch1 260nm
Peak#

 1 
Total

Ret. Time
 22.809 

Area
 4828969 
 4828969 

Height
 472804 
 472804 

Conc.
 0.000 

Unit
  

Mark
    M 

Name
  

<Sample Information>
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 C:\LabSolutions\Data\Project1\Marine\DNAScope190718_19072018_005.lcd 

Analysis Report

Sample Name : MH-663_29.0
Sample ID : MH-663_29.0
Data Filename : DNAScope190718_19072018_005.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : DNAScope190718.lcb
Vial # : 1-5 Sample Type : Unknown
Injection Volume : 20 uL
Date Acquired : 20/07/2018 00:10:59 Acquired by : Shimadzu
Date Processed : 20/07/2018 01:04:02 Processed by : Shimadzu
 

<Chromatogram>

min
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PDA Multi 1 260nm,4nm
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<Peak Table>
PDA Ch1 260nm
Peak#

 1 
Total

Ret. Time
 20.770 

Area
 2585679 
 2585679 

Height
 256899 
 256899 

Conc.
 0.000 

Unit
  

Mark
    M 

Name
  

<Sample Information>
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 C:\LabSolutions\Data\Project1\Marine\BioconjugScope100818_10082018_003.lcd 

Analysis Report

Sample Name : MH-664_39pt7
Sample ID : MH-664_39pt7
Data Filename : BioconjugScope100818_10082018_003.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : BioconjugScope100818.lcb
Vial # : 1-3 Sample Type : Unknown
Injection Volume : 5 uL
Date Acquired : 10/08/2018 12:37:07 Acquired by : Shimadzu
Date Processed : 10/08/2018 14:46:23 Processed by : Shimadzu
 

<Chromatogram>

min
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PDA Multi 1 260nm,4nm
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<Peak Table>
PDA Ch1 260nm
Peak#

 1 
Total

Ret. Time
 23.397 

Area
 3544483 
 3544483 

Height
 310063 
 310063 

Conc.
 0.000 

Unit
  

Mark
    M 

Name
  

<Sample Information>
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 C:\LabSolutions\Data\Project1\Marine\BioconjugScope100818_10082018_004.lcd 

Analysis Report

Sample Name : MH-665_53pt2
Sample ID : MH-665_53pt2
Data Filename : BioconjugScope100818_10082018_004.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : BioconjugScope100818.lcb
Vial # : 1-4 Sample Type : Unknown
Injection Volume : 5 uL
Date Acquired : 10/08/2018 13:30:35 Acquired by : Shimadzu
Date Processed : 10/08/2018 14:47:06 Processed by : Shimadzu
 

<Chromatogram>
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<Peak Table>
PDA Ch1 260nm
Peak#

 1 
Total

Ret. Time
 39.491 

Area
 944233 
 944233 

Height
 93197 
 93197 

Conc.
 0.000 

Unit
  

Mark
    M 

Name
  

<Sample Information>
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 C:\LabSolutions\Data\Project1\Marine\DNAScope190718_19072018_006.lcd 

Analysis Report

Sample Name : MH-666_29.6
Sample ID : MH-666_29.6
Data Filename : DNAScope190718_19072018_006.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : DNAScope190718.lcb
Vial # : 1-6 Sample Type : Unknown
Injection Volume : 20 uL
Date Acquired : 20/07/2018 01:04:28 Acquired by : Shimadzu
Date Processed : 20/07/2018 01:57:30 Processed by : Shimadzu
 

<Chromatogram>
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<Peak Table>
PDA Ch1 260nm
Peak#

 1 
Total

Ret. Time
 23.135 

Area
 1442553 
 1442553 

Height
 120940 
 120940 

Conc.
 0.000 

Unit
  

Mark
    M 

Name
  

<Sample Information>
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 C:\LabSolutions\Data\Project1\Marine\DNAScope190718_19072018_007.lcd 

Analysis Report

Sample Name : MH-667_54.3
Sample ID : MH-667_54.3
Data Filename : DNAScope190718_19072018_007.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : DNAScope190718.lcb
Vial # : 1-7 Sample Type : Unknown
Injection Volume : 20 uL
Date Acquired : 20/07/2018 01:57:57 Acquired by : Shimadzu
Date Processed : 20/07/2018 02:50:59 Processed by : Shimadzu
 

<Chromatogram>
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<Peak Table>
PDA Ch1 260nm
Peak#

 1 
Total

Ret. Time
 45.166 

Area
 4122437 
 4122437 

Height
 235879 
 235879 

Conc.
 0.000 

Unit
  

Mark
    M 

Name
  

<Sample Information>
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LR396 EPSRC National Facility Swansea STRBUR
(MeOH)/MeOH + NH4OAc LTQ Orbitrap XL 06/02/2017 16:43:18
C12H20N2O
STRBUR_FTV3C_A #42-55 RT: 0.74-1.04 AV: 12 SM: 7G NL: 1.16E7
T: FTMS + p NSI Full ms [120.00-1935.00]
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LR397 EPSRC National Facility Swansea STRBUR
(MeOH)/MeOH + NH4OAc LTQ Orbitrap XL 06/02/2017 16:40:25
C13H18N2O
STRBUR_FTXPE_A #41-54 RT: 0.72-1.05 AV: 13 SM: 7G NL: 2.15E7
T: FTMS + p NSI Full ms [120.00-1935.00]
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