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

!!!!R(.!6*&30!2(.1*2,/!3)+0(.3*3!%6!'%&'()&*+!A,3!6%8+-!*+!"S9>!Q)!C%0(.18+-!!A*0(!0(.!
2%+-.+3,0*%+!%6!')&&%/.!,+-!,/-.()-.#!$%&'()&*+!F..'3!,00&,20*%+!6%&!32*.+0*303!6%&!,!/%+7!
0*1.!Q.2,83.! %6! 0(.! 6%//%A*+7! 0A%! &.,3%+3#!T*&30/)M! 0(.! 3F./.0%+!%6! '%&'()&*+! *3! (*7(/)!
&./,0.-!0%!3%1.!*1'%&0,+0!1%/.28/.3!A(*2(!(,3!2&82*,/!&%/.3!*+!/*6.M!382(!,3!U.1.!V"!,+-!
E(/%&%'()//!,#M!,+-!0(.!3)+0(.3*3!&./,0.-!'&%2.33!(,3!Q..+!,!6%283!%6!&.3.,&2(!6%&!,!/%+7!
0*1.$#!:.2%+-/)M!0(.!8+*W8.!./.20&%+*2!30&8208&.3!.+-%A!,00&,20*@.!'(%0%'()3*2,/!'&%'.&0*.3!
0(,0! 2,+! Q.! 83.-! ,3! '(%0%-)+,1*2! 0(.&,')%! ,+-! 7,@.! &*3.! 0%! 3%1.! +.A! 0(.%&*.3! /*F.!
X%80.&1,+!6%8&;%&Q*0,/!1%-./&#!

!!!!?+! 0(.! %0(.&! (,+-M! *6! &.'/,2.! 0(.! 3'"!"#$%! 2,&Q%+! 0%! 3'#!"#$%! 2,&Q%+M! 0(.! &.38/0*+7!
1%/.28/.! 3%! 2,//.-! 2,/*HI<J')&&%/.! A(*2(! A,3! 6%8+-! 1%&.! .,&/*.&! 0(,+! '%&'()&*+! Q)!
V,.).&'!*+!"YYB#!U%A.@.&M!6%&!,!2.+08&)!,60.&!*03!-*32%@.&)M!0(*3!1%/.28/.!-*-!+%0!&.2.*@.!
182(!,00.+0*%+!Q.2,83.!%6!0(.!Q/%2F.-!2%+Z87,0*%+!8+0*/!0(.!&.'%&0!%6!,+*%+!Q*+-*+7!,Q*/*0)(!
*+!"SSBM!,60.&!A(*2(!*0!Q.2,1.!,+!*1'%&0,+0!38QZ.20!%6!38'&,1%/.28/,&!&.3.,&2()#!

!

L.?1'&()I)#!:0&8208&.!%6!'%&'()&*+!,+-!2,/*HI<J')&&%/.#!

!!!![%A,-,)3M! Q%0(!'%&'()&*+! ,+-!2,/*HI<J')&&%/.! ,&.! *1'%&0,+0!1,2&%2)2/.3! ,+-! *+! 0(.!
&.2.+0!-.2,-.3M!@,&*%83!,+,/%78.3!%6!0(.1!,/&.,-)!Q.!-.@./%'.-!0(,0!7&.,0/)!.H',+-.-!0(.!
8+-.&30,+-*+7!%6!&./,0.-!6*./-3#!T%&!0(.3.!+%@./!,+,/%78.3M!,!2%11%+!,+-!A*-./)!,22.'0.-!
2/,33*6*2,0*%+!1.0(%-!*3!0%!2/,33*6)!0(.1!,22%&-*+7!0%!1%/.28/,&!3*L.#!!

!!!!D+! 0(.!2,3.!%6!'%&'()&*+! NL.?1'&()I3OM! *6! 0(.! 3F./.0%+!%6! 0.0&,')&&%/.!A*0(! 6%8&!"#$%!
2,&Q%+! *3!+%0! 2(,+7.!A*0(!%+/)! /*+F,7.!-*66.&.+2.M! 382(!2%1'%8+-3! 3%! 2,//.-! *3%1.&*2!
,+,/%78.3!/*F.![;2%+683.-!'%&'()&*+!*!0(,0!%+.!%6!0(.!1%30!0)'*2,/!%6!0(.1#!?+2.!*+2&.,3.!
0(.!+81Q.&!%6!')&&%/.!8+*0!,+-\%&!0(.!+81Q.&!%6!"#$%!2,&Q%+M!0(.!&.38/0*+7!2%1'%8+-3!3%!
2,//.-!.H',+-.-!,+,/%78.3!382(!,3!3,''()&*+!!#!?+!0(.!2%+0&,&)M!*6!-.2&.,3.!0(.!+81Q.&!%6!
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')&&%/.! 8+*0! ,+-\%&! 0(.! +81Q.&! %6! "#$%! 2,&Q%+M! 0(.! &.38/0*+7! 2%1'%8+-3! 3%! 2,//.-!
2%+0&,20.-!,+,/%78.3M!6%&!.H,1'/.M!0(.!38Q'%&'()&*+!"#!

!

L.?1'&()I3#!R(&..!0)'.3!%6!,+,/%78.3!%6!'%&'()&*+!2/,33*6*.-!Q)!1,2&%2)2/*2!3*L.!,+-!0(.!
2%&&.3'%+-*+7!.H,1'/.3#!

!!!!]*0(! 0(.! 3*1*/,&! 2/,33*6*2,0*%+! 1.0(%-M! 0(.! ,+,/%78.3! %6! 2,/*HI<J')&&%/.! ,/3%! 2,+! Q.!
*-.+0*6*.-! ,3! .H',+-.-! ,+,/%78.M! *3%1.&*2! ,+,/%78.M! ,+-! 2%+0&,20.-! ,+,/%78.#!
E,/*HI>J')&&%/.!#M! [;2%+683.-! 2,/*HI<J')&&%/.!$! ,+-! 2,/*HI9J')&&%/.!%! ,&.! 0(.!
&.'&.3.+0,0*@.! 2%1'%8+-3! 6%&! 0(.3.! 0(&..! 0)'.3! %6! ,+,/%78.3! &.3'.20*@./)! ,3! 3(%A+! *+!
L.?1'&()I=#!
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L.?1'&()I=#!R(&..!0)'.3!%6!,+,/%78.3!%6!2,/*HI<J')&&%/.!2/,33*6*.-!Q)!1,2&%2)2/*2!3*L.!,+-!
0(.!2%&&.3'%+-*+7!.H,1'/.3#!

!!!!V.3*-.3!0(.!2%+Z87,0.-!30&8208&.!,+-!2%%&-*+,0*%+!'&%'.&0*.3!A(*2(!(,@.!,00&,20.-!182(!
,00.+0*%+M! 0(.3.! 2%1'%8+-3! ,3! 1,2&%2)2/*2! 1%/.28/.3! ,/3%! (,@.! ,+%0(.&! *1'%&0,+0!
68+-,1.+0,/!'&%'.&0)M!&*+7!30&,*+#!G+-!0(.!.66.20!%6!&*+7!30&,*+!-*66.&3!6%&!-*66.&.+0!0)'.3!%6!
,+,/%78.3M!A(*2(!A*//!Q.!-*32833.-!*+!0(.!+.H0!3.20*%+#!
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!"4#566.20#%6#&*+7#30&,*+#%+#0(.#30&8208&.#

)*3*)(M77&2%(/7('.,?(;%'#.,(/,($/'$"5'.,E(2#-.68C9$5''/-&(#,0(%"&.'(.;/:&'.2(#,#-/?1&;(

!!!!$%&'()&*+!,+-!2,/*HI<J')&&%/.!A.&.!2%+3*-.&.-!,3!0(.!%'0*1,/!&*+7!3*L.3!3%!0(,0! 0(.3.!
0A%!0)'.!1%/.28/.3!2,+!Q.!6%8+-!6&%1!%+.;'%0!2%+-.+3,0*%+!,0!,!@.&)!.,&/)!0*1.#!:82(!
'&.6.&.+0*,/!3./.20*@*0)!3(%8/-!Q.!0(.!Q,/,+2.!Q.0A..+!.+0(,/')!,+-!.+0&%')!6,20%&3!&!0(,0!
.H0&.1./)!31,//!&*+7!30&,*+!1,F.!0(.!6%&1,0*%+!%6!0(.1!6,@%&,Q/.!6&%1!.+0(,/')#!R(.!31,//!
&*+7!30&,*+!2,+!Q.!'&%@.-!Q)!,+,/)L*+7!0(.!3*+7/.!2&)30,/!30&8208&.!%6!0(.1!,+-!2%1',&*+7!
Q%+-!,+7/.!A*0(!')&&%/.!'!,+-!*-.,/!3'"!2,&Q%+!,+-!3'#!2,&Q%+#!

!!!!G22%&-*+7!0%!0(.!'/,+,&!2&)30,/!30&8208&.!%6!0.0&,'(.+)/'%&'()&*+!NL.?1'&()ICO!&.'%&0.-!
Q)!:*/@.&3!#&'()!(M!0(.!Q%+-!,+7/.3!!!Q.0A..+!')&&%/.![#')&&%/.!,/'(,E#"#$%!E!,&.!A*0(*+!
0(.!&,+7.!%6!"4>#B<;"4B#YY^M!A(*2(!*3!2/%3.!0%!0(.!Q%+-!,+7/.!N"4"#>_^O!*+!')&&%/.!'#!D+!
,--*0*%+M!0(.!Q%+-!,+7/.!"!%6!6%8&!"#$%!2,&Q%+!Q.0A..+!0A%!,-Z,2.+0!')&&%/.3!*3!"4>#>>;
"4>#Y>^!0(,0!2/%3.!0%!0(.!Q%+-!,+7/.!%6!*-.,/!3'"!2,&Q%+#!G22%&-*+7!0%!382(!31,//!Q%+-!Q.+0M!
0(.!&*+7!30&,*+!2,+!Q.!&.7,&-!(,3!/.33!.66.20#!

!

L.?1'&()IC#!:0&8208&.!%6!0.0&,'(.+)/'%&'()&*+!(#!N:%/@.+0!1%/.28/.3!,&.!%1*00.-!6%&!2/,&*0)O!

!!!!G3!6%&!2,/*HI<J')&&%/.M!A*0(!0(.!2&)30,/!-,0,!&.'%&0.-!Q)!X,/.!#&'()(M! 0(.!&*+7!30&,*+!*3!
,/1%30!+.7/*7*Q/.!*+!0(*3!"M9;,/0.&+,0.!2%+6%&1,0*%+!NL.?1'&()IFO#!V.2,83.!0(.!Q%+-!,+7/.3!
!!Q.0A..+!')&&%/.![#')&&%/.!,/'(,E#"#$%!E!,&.!A*0(*+!0(.!&,+7.!%6!"4"#__;"44#__^!0(,0!
@.&)!2/%3.!0%!0(.!Q%+-!,+7/.!N"4"#>_^O!*+!')&&%/.!'#!G+-!0(.!Q%+-!,+7/.3!"!%6!6%8&!"#$%!
2,&Q%+!Q.0A..+!0A%!,-Z,2.+0!')&&%/.3!,&.!A*0(*+!0(.!&,+7.!%6!"_S#>_;"_S#S_^!0(,0!,/3%!@.&)!
2/%3.!0%!0(.!Q%+-!,+7/.!%6!*-.,/!3'#!2,&Q%+#!
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L.?1'&()IF#!:0&8208&.!%6!2,/*HI<J')&&%/.(#!N:%/@.+0!1%/.28/.3!,&.!%1*00.-!6%&!2/,&*0)O!

!!!!R(.! *3%1.&*2! ,+,/%78.3! %6! '%&'()&*+! ,+-! 2,/*HI<J')&&%/.! (,@.! 3*1*/,&! 2%&.! 3F./.0%+!
3*L.3!3%!0(,0!+%&1,//)!0(.!&*+7!30&,*+!*3!+%0!2%+3*-.&.-!,+!*1'%&0,+0!6,20%&!,66.20*+7!0(.*&!
30&8208&.3!,+-!'&%'.&0*.3#!

!!!!U%A.@.&M!%+2.!2(,+7.!0(.!&*+7!3*L.!Q.2%1.!.H',+-.-!%&!2%+0&,20.-!,+,/%78.M!0(.!.66.20!
%6! &*+7! 30&,*+! A*//! ,''.,&M! ,+-! 382(! .66.20! (,3! -*66.&.+0! *+6/8.+2.! %+! .H',+-.-! ,+-!
2%+0&,20.-!&.3'.20*@./)#!

)*3*3(M77&2%(/7('.,?(;%'#.,(/,(&6$#,0&0(#,#-/?1&;(

!!!!T%&!0(.!.H',+-.-!,+,/%78.3!%6!'%&'()&*+M!,/0(%87(!0(.!2(,+7.!%6!&*+7!3*L.!A*//!*+2&.,3.!
&*+7!30&,*+M!*0!,/3%!1,F.3!0(.!1,2&%2)2/*2!30&8208&.!1%&.!6/.H*Q/.#!U.+2.M!*6!0(.&.!*3!+%!6%&2.!
0%! 2(,+7.! 0(.*&! 2%+6%&1,0*%+! 382(! ,3! 2%%&-*+,0*%+!A*0(!1.0,/! *%+M! '/.+0)! %6! .H',+-.-!
,+,/%78.3! 2,+! &./.,3.! 0(.! 30&,*+! Q)! ,-Z830! 0(.*&! 2%+6%&1,0*%+! 0%! ,//%A! 0(.! Q%+-! ,+7/.3!
,''&%,2(!0(.*&!*-.,/!@,/8.3#!T%&!.H,1'/.M!0(.!I4YJU.H,'()&*+3N"#"#"#"#"#"O!)!2,+!&./.,3.!
0(.! 30&,*+! Q)! *+@.&0*+7! ')&&%/.! 38Q8+*03! NL.?1'&( )IKOM! ,+-! 0(.! /,&7.&;3*L.-!
I9<J%20,'()&*+N"#"#"#_#"#"#"#_O"*! 2,+! &./.,3.! 0(.! 30&,*+! Q)! 7.+.&,0*+7! `6*78&.! .*7(0a!
2%+6%&1,0*%+!NL.?1'&()INO#!

!

L.?1'&()IK#!:0&8208&.!%6!I4YJU.H,'()&*+3N"#"#"#"#"#"O!)#!!
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L.?1'&()IN#!:0&8208&.!%6!I9<J%20,'()&*+N"#"#"#_#"#"#"#_O"*#!

!!!!D+!0(.!2,3.!%6!.H',+-.-!,+,/%78.3!%6!2,/*HI<J')&&%/.M!-8.!0%!0(.!3'#!"#$%!2,&Q%+M!0(.!
3*L.;*+2&.,3.-! 1,2&%2)2/.3! 30*//! 2,+! F..'! 7%%-! 6/.H*Q*/*0)! 0%! &./.,3.! 30&,*+M! /*F.!
2,/*HI>J')&&%/.!#! NL.?1'&()IO#O!,+-!2,/*HIBJ')&&%/."!! NL.?1'&()IO@O! 0(,0!Q%0(!1%/.28/.3!
3(%A+!(*7(/)!0A*30.-!30&8208&.!0%!F..'!/%A!30&,*+!.+.&7)!*+!0(.!,Q3.+2.!%6!2%%&-*+,0*+7!
,+*%+3#!

!

L.?1'&()IO#!:0&8208&.!%6!N,O!2,/*HI>J')&&%/.!#!,+-!NQO!2,/*HIBJ')&&%/."!#!N:%/@.+0!1%/.28/.3!
,&.!%1*00.-!6%&!2/,&*0)O!

)*3*=(M77&2%(/7('.,?(;%'#.,(/,(2/,%'#2%&0(#,#-/?1&;(

!!!!?+!0(.!2%+0&,&)M!0(.!2%+0&,20.-!,+,/%78.3!6%&!Q%0(!'%&'()&*+!,+-!2,/*HI<J')&&%/.!.H(*Q*0!
8+*W8.!30&8208&,/!6.,08&.3!-8.!0%!0(.!&*7*-!2%+0&,20.-!1,2&%2)2/.#!RA%!0)'*2,/!2%1'%8+-3!
,&.! 38Q'%&'()&*+! ,+-! 2,/*HI9J')&&%/.M! ,3! 0(.! 2%+0&,20.-! ,+,/%78.3! %6! '%&'()&*+! ,+-!
2,/*HI<J')&&%/.M!&.3'.20*@./)#!

“Figure eight” conformation
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Ar
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Ar

Ar

Ar
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[34]octaphyrin(1.1.1.0.1.1.1.0)
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!!!!D+!2,3.!%6!38Q'%&'()&*+!NL.?1'&()IPOM!0(.!2%+0&,20.-!&*+7!3*L.!,+-!&.'8/3*%+!%6!')&&%/.;
[U! A*0(*+! 0(.! +,&&%A! 2,@*0)! ,&.! Q./*.@.-! 0%! 2,83.! &*+7! 30&,*+M! 0(,0! 0(.! 6&..! Q,3.;0)'.!
2%1'%8+-""! .H(*Q*03! ',&0*,/! 2%+.! /*F.! 2%&.! 30&8208&.! ,+-! -*(.-&,/! ,+7/.3! Q.0A..+! .,2(!
')&&%/.3!,&.!<4#YY^M!44#BSM!,+-!49#S<^#!?Q@*%83!'/,+,&!Q.+-*+7!A,3!,/3%!%Q3.&@.-!*+!0(.!
0(&..! ')&&%/.! &*+73! .3'.2*,//)! 6%&! 0(.! *1*+.;0)'.! ')&&%/.! &*+7#! b.3'*0.! 0(.! +%+;'/,+,&!
30&8208&.M!*0!*-.+0*6*.-!,3!"<c;,&%1,0*2!2%1'%8+-!N0(.!"<c;2%+Z87,0.!2*&28*0!*3!1,&F.-!*+!
Q%/-O#!R(.!'&.3.+2.!%6!,&%1,0*2*0)!'&%@*-.3!,--*0*%+,/!30,Q*/*0)!3%!0(,0!Q%0(!6&..!Q,3.;0)'.!
%&!Q%&%+NDDDO;2%1'/.H!%6!38Q'%&'()&*+!&.0,*+!'%&'()&*+*2!'&%'.&0*.3!A(*/.!0(.!8+*W8.!"<c!
30&8208&.!(,3!,!3*7+*6*2,+0!*1',20!%+!0(.!%'0*2,/!,+-!./.20&%2(.1*2,/!'&%'.&0*.3!"+""+"##!

!

L.?1'&()IP#!N,O!:0&8208&.!%6!38Q'%&'()&*+!6&..!Q,3.""#!:8Q30*08.+03!%+!0(.!"#$%!2,&Q%+3!
,+-!3%/@.+03!A.&.!%1*00.-!0%!2/.,&/)!3(%A!0(.!2%&.!30&8208&.#!

!!!!](*/.!6%&!0(.!2,/*HI9J')&&%/.!%!A(*2(!*3!2%+0&,20.-!,+,/%78.!%6!2,/*HI<J')&&%/.M!0(.!3,1.!
%Q@*%83!')&&%/.!-.6%&1,0*%+!%Q3.&@.-!NL.?1'&()I)QO!6&%1!0(.!2&)30,/!30&8208&.#!U%A.@.&M!
8+/*F.! 38Q'%&'()&*+M! 2,/*HI9J')&&%/.! .H(*Q*03! ,! 8+*W8.! &.,20*@*0)! -8.! 0%! 0(.! /,2F! %6!
,--*0*%+,/!30,Q*/*L*+7!.66.203!6&%1!0(.!,&%1,0*2*0)M!A(*2(!A*//!Q.!*+0&%-82.-!*+!+.H0!3.20*%+#!

!

L.?1'&()I)Q#!:0&8208&.!%6!2,/*HI9J')&&%/.!%#!NU"?!*3!%1*00.-!6%&!2/,&*0)O!

! !

NH
H
N

N

Subporphyrin free base

Partial cone-like structure

N
H

NHHN

Calix[3]pyrrole



! S!

!"9# :0&,*+;*+-82.-# '&%'.&0)# ,+-# 3)+0(.0*2# 2(,//.+7.# 6%&# 2%+0&,20.-#
,+,/%78.3#

!!!!D0!*3!&.,3%+,Q/.!0%!*1,7.!0(,0!3%1.!8+*W8.!'&%'.&0*.3!3(%8/-!Q.!,66.20.-!Q)!0(.!8+838,/!
&*+7!30&,*+#!D+-..-M!*+!0(.!A%&F!%6!2,/*HI9J')&&%/.!(,3!3(%A+!0(.!.66.20!%6!&*+7!30&,*+!%+!0(.!
&.,20*@*0)!%#!E,/*HI9J')&&%/.!A,3!6%8+-!2,+!2%+-820!30&,*+;*+-82.-!&*+7;.H',+3*%+!&.,20*%+!
8+-.&!,2*-*2!2%+-*0*%+!N42"&:&()I)O#!:82(!,!+%@./!-*32%@.&)!*+-*2,0.3!0(,0!0(.!&./,0*%+3(*'!
Q.0A..+! 2%+0&,20.-! '%&'()&*+;&./,0.-! 1,2&%2)2/.3! ,+-! &*+7! 30&,*+! *3! ,+! .1.&7*+7! 6*./-!
A%&0()! %6! 68&0(.&! *+@.30*7,0*%+#! C*+7! 30&,*+! 2,+! Q.! ,+%0(.&! 6,20%&M! Q.3*-.3! 2%+Z87,0*%+!
30&8208&.!,+-!2%%&-*+,0*%+!,Q*/*0)M!0(,0!.+,Q/.3!0(.!68+20*%+,/*L,0*%+!%6!'%&'()&*+;&./,0.-!
1%/.28/.3#!

!

42"&:&( )I)#! :0&,*+;*+-82.-! &*+7;.H',+3*%+! &.,20*%+! %6! 2,/*HI9J')&&%/.! 8+-.&! ,2*-*2!
2%+-*0*%+!%#!

!!!!G+-!0(.!&*+7!30&,*+!*+-82.-!8+838,/!'&%'.&0)!,+-!&.,20*@*0)!%6!%0(.&!1,2&%2)2/.3!68&0(.&!
'&%@.-!0(.!,00&,20*%+M!382(!,3!Q*%%&0(%7%+,/!2(.1*30&)"$M!&*+7;%'.+*+7!'%/)1.&*L,0*%+"%M!
,+-!2)2/%',&,'(.+)/.+.!6*./-"&#!R(.&.6%&.M!0(.!%QZ.20*@.!%6!0(*3!0(.3*3!*3!0%!-.@./%'!+%@./!
2%+0&,20.-! '%&'()&*+;&./,0.-! 1,2&%2)2/.3! 6%&! 68&0(.&! -*32%@.&! ,+-! *//830&,0.! 0(.!
&./,0*%+3(*'!Q.0A..+!30&8208&.\'&%'.&0)!,+-!&*+7!30&,*+#!

!!!!U%A.@.&M!382(!&.3.,&2(!*3!+%0!.,3)!Q.2,83.!*0!3866.&.-!6&%1!0(.!3)+0(.0*2!2(,//.+7.#!G3!
*+0&%-82.-! *+!"#"!3.20*%+M! 0(.!1%30!2%+@.+0*%+,/!1.0(%-!6%&!3)+0(.3*L*+7!'%&'()&*+!!%&!
2,/*HI<J')&&%/.'!*3!0(.!2%+-.+3,0*%+!Q.0A..+!')&&%/.!,+-!,/-.()-.!%&!F.0%+.#!U%A.@.&M!0(.!
2%+0&,20.-! ,+,/%78.3! /*F.! 38Q'%&'()&*+! %&! 2,/*HI9J')&&%/.! +.@.&! %Q3.&@.-! *+! 0(.3.!
2%+-*0%+3!N42"&:&()I3O#!R(.!&*+7!30&,*+!1,F.3!0(.!6%&1,0*%+!%6!0(.1!+%0!6,@%&,Q/.!6&%1!
0(.! '.&3'.20*@.! %6! .+0(,/')#! R(.3.! 2%+0&,20.-! 2%1'%8+-3! A.&.! %Q0,*+.-! A*0(! A.//;
-.3*7+.-!3)+0(.0*2!&%80.3#!

N
H

NHHN

NH HN

NH HN
H
N

N
H

CF3COOH

CH2Cl2
< 30 seconds



! "_!

!

42"&:&()I3#!E%+@.+0*%+,/!2%+-.+3,0*%+!&.,20*%+!6%&!'%&'()&*+!0)'.!,+-!2,/*HI<J')&&%/.!
0)'.!2%1'%8+-3#!

!!!!T%&! .H,1'/.M! 38Q'%&'()&*+! Q%&%+NDDDO;2%1'/.H! A,3! %Q0,*+.-! 6&%1! Q%&%+;0.1'/.0!
1.0(%-!N42"&:&()I=#O!0(,0!2.+0&,/!Q%&%+!,0%1!2,+!1*0*7,0.!30.&*2!&.'8/3*%+!%6!0(.!')&&%/.;
[U!'&%0%+3!3%!0(,0!*1'&%@.!0(.!.66*2*.+2)!%6!2)2/*L,0*%+!"#!R(.!3)+0(.3*3!%6!38Q'%&'()&*+!
6&..!Q,3.""!83.-!,+%0(.&!30&,0.7)!0(,0!0(.!2%1'%8+-!A*0(%80!Q%&%+!2.+0.&!A,3!68&+*3(.-!
Q)!0(.!0&,+3*0*%+!1.0,/;2,0,/)L.-!2%8'/*+7!&.,20*%+3!6%&!0(.!-*&.20!2)2/*L,0*%+!N42"&:&()I
=@O#!G+%0(.&! .H,1'/.! 2%+2.&+3! 2,/*HI9J')&&%/.M! 0(*3!1%/.28/.!A,3!%Q0,*+.-! 6&%1!$,,/;
d+%&&!&.,20*%+!%6!2)2/*2!(.H,F.0%+.!N42"&:&()I=2O!0(,0!1,-.!0(.!2)2/*2!'&.28&3%&!A*0(!
/.33!&*+7!30&,*+!6*&30/)M!0(.+!83.!0(.!6%&1,0*%+!%6!,+!,&%1,0*2!38Q8+*0!0%!%@.&2%1.!0(.!30&,*+!
.+.&7)!%#!!

H
N

+
R

O

H

Acid

NH HN

HNNH

R

RR

R

[O]

N HN

NNH

R

RR

R

Porphyrin type product

N
H

NH N

R R

R

not found

H
N

+
R

O

R

Acid

NH HN

HNNH

R R

R
R

RR

R
R

N
H

NHHN

R
R R

R

R R

not foundCalix[4]pyrrole type product



! ""!

!

42"&:&()I=#!N,O!V%&%+;0.1'/.0!1.0(%-!6%&!3)+0(.3*L*+7!38Q'%&'()&*+!Q%&%+NDDDO;2%1'/.H,

!"e! NQO!:8L8F*;=*),8&,!2%8'/*+7!&.,20*%+!83.-!6%&!2)2/*L,0*%+!30.'!%6!38Q'%&'()&*+!6&..!
Q,3.""e!N2O!:)+0(.3*3!%6!2,/*HI9J')&&%/.!6&%1!2)2/*2!(.H,F.0%+.!%#!

!!!!T8&0(.&M! ,! &.2.+0! A%&F! (,3! 3(%A+! 0(,0! (%1%/%78.3! A*0(! -*66.&.+0! &*+7! 30&,*+3! 2,+!
'&%-82.!.H0&.1./)!-*66.&.+0!&.38/03!*+!0(.!3)+0(.3*3!'&%2.33!N42"&:&()ICO#!R(.!&*+7!30&,*+!
%6! 2,/*HI"J68&,+I4J0(*,L%/."'! A,3! 2,/28/,0.-! 4#P! F2,/! 1%/-!! /%A.&! 0(,+! 2,/*HI9J')&&%/.!
Q.2,83.!0(.&.!*3!+%!()-&%7.+!,0%13!&.'8/3*%+!*+!0(.!2.+0&,/!2,@*0)#!R(.!&.-82.-!&*+7!30&,*+!
,//%A.-! -*&.20! 2)2/*L,0*%+! 3)+0(.3*3! Q)! U,+0L32(! 0(*,L%/.! 3)+0(.3*3! ,+-! '&%@*-.-! ,+!
*1'&.33*@.!B_f!)*./-#!

B

N

N
N

N +
Ar H

O 1) 1,2-dichlorobenzene/CF3COOH

2) Open air reflux
3) MeOH

N

N N

Ar Ar

B

Ar

OMe

N
H

NHHN
O O

O
O O

O
EtOH, reflux

AcONH4

41%

trace to 5.6%

BrBr

Br Br

NH

Bpin Bpin

HN

N
H +

NH
H
N

N

6%

SPhos Pd G2, K3PO4

toluene/DMF, reflux

(a)

(b)

(c)



! "4!

!

42"&:&()IC#!:0&,*+!.+.&7)!2%1',&*3%+!%6!2,/*HI9J')&&%/.!,+-!2,/*HI"J68&,+I4J0(*,L%/.!,+-!
3)+0(.3*3!%6!2,/*HI"J68&,+I4J0(*,L%/."'#!

!!!!R(.3.! .H,1'/.3! -.1%+30&,0.-! 0(.! /*1*0,0*%+! %6! 2%+@.+0*%+,/! 3)+0(.0*2! &%80.3! *+!
3)+0(.3*L*+7!2%+0&,20.-!,+,/%78.3!,+-!0(.!.66.20!%6!&*+7!30&,*+!%+!3)+0(.0*2!'&%2.33#!R(.!
3)+0(.0*2!-*66*28/0*.3!1.,+!0(,0!3)+0(.0*2!1.0(%-3!6%&!0(.3.!%6!(*7(/)!30&,*+.-!1,2&%2)2/.3M!
*+2/8-*+7!0(.!,''/*2,Q*/*0)! /*1*03!%6!.H*30*+7!30&,0.7*.3!,+-!+.A!1.0(%-%/%7*.3M!,&.!,/3%!
*1'%&0,+0!38QZ.203!0%!*+@.30*7,0.#!R(.&.6%&.M!0(.!.66.20!%6!&*+7!30&,*+!%+!3)+0(.3*3!A*//!,/3%!
Q.!-*32833.-!*+!0(*3!0(.3*3#!

!

! !

N
H

NHHN

O

S

N N

S

Strain energy
(in kcal mol-1) 13.4 10.7

O

O O
Br Br +

H2N NH2

S S

EiOH, reflux

O

S

N N

S

60%



! "9!

!"<#=.0(%-#6%&#&*+7#30&,*+#,+,/)3*3#

!!!!G3!1.+0*%+.-!,Q%@.M!&*+7!30&,*+!,'',&.+0/)!'/,)3!,+!*1'%&0,+0!&%/.!*+!0(.!&.3.,&2(!,Q%80!
2%+0&,20.-!,+,/%78.3!Q.2,83.!*0!*3!(*7(/)!&./,0.-!0%!0(.!'&%'.&0*.3!%6!2%1'%8+-3#!=%&.%@.&M!
Q)!*+@.30*7,0*+7!&*+7!30&,*+M!3)+0(.0*2!1.0(%-%/%7*.3!,+-!'&.-*20*@.!&.38/03!2,+!Q.!-.3*7+.-!
3'.2*6*2,//)!6%&!0(*3!'8&'%3.#!R(.&.6%&.M!0(.!,+,/)3*3!%6!&*+7!30&,*+!A*//!Q.!,+!*1'%&0,+0!',&0!
*+!0(*3!0(.3*3#!

!!!!D+!0(*3!0(.3*3M!0(.!*+@.30*7,0*%+!,Q%80!&*+7!30&,*+!A*//!2%+3*30!%6!Q%0(!.H'.&*1.+0,/!,+-!
0(.%&.0*2,/!1.0(%-#!R(.!.H'.&*1.+0,/!1.0(%-!A*//!1,*+/)!*+@%/@.!W8,/*0,0*@./)!2%1',&*+7!
0(.! &*+7! 30&,*+! Q.0A..+! -*66.&.+0! 2%1'%8+-3! 0(&%87(! 3*+7/.;2&)30,/! 30&8208&.3#!G+-! 0(.!
0(.%&.0*2,/! 1.0(%-! A*//! 1,*+/)! Q.! 83.-! 6%&! W8,+0*0,0*@.! ,+,/)3*3! %6! &*+7! 30&,*+#! R(*3!
*+2/8-.3!83*+7!-.+3*0)!68+20*%+,/!0(.%&)!NbTRO!1.0(%-3!0%!*+@.30*7,0.!.+.&7)!2(,+7.3!*+!
0(.! 3)30.1! Q.6%&.! ,+-! ,60.&! 0(.! &.,20*%+M! ,3! A.//! ,3! 3'.2*6*2! ,+,/)3.3! %6! *+-*@*-8,/!
2%1'%8+-3#!D+!',&0*28/,&M!0(*3!0(.3*3!A*//!.1'/%)!,!&.2.+0/)!&.'%&0.-!+.A!1.0(%-!3%!2,//.-!
:0&*+K*L"(!A(*2(!A*//!-.0,*/.-!*+0&%-82.-!*+!E(,'0.&!9#!

!

!

!

!

! !



! "<!

!">#?@.&@*.A#%6#0(*3#0(.3*3#

!!!!R(.! %QZ.20*@.! %6! 0(*3! 0(.3*3! *3! *+@.30*7,0*+7! +%@./! 2%+0&,20.-! '%&'()&*+! &./,0.-!
1,2&%2)2/.3!0%!68&0(.&!&.@.,/!0(.!.66.20!%6!&*+7!30&,*+!%+!3)+0(.0*2!'&%2.33!,+-!'&%'.&0*.3!
6%&! 0(.! -.@./%'1.+0! %6! +.A! 3)+0(.0*2! 1.0(%-%/%7)! ,+-! +.A! 30&,*+;*+-82.-!
68+20*%+,/*L,0*%+#!R(.! ,80(%&! 6*&30/)! *+@.30*7,0.-! 0(.! ,''/*2,Q*/*0)! %6! .H*30*+7! 3)+0(.0*2!
30&,0.7*.3! 6%&! (*7(/)! 30&,*+.-! 2,/*HI4J! 0)'.! 1,2&%2)2/.#! R(.+M! 0(.! ,80(%&! *+@.30*7,0.-!
,+,/)0*2! 2(,&,20.&! %6! :0&,*+K*L! 1.0(%-! 2%1',&*+7! A*0(! 2%+@.+0*%+,/! (%1%-.31%0*2!
&.,20*%+! 1.0(%-M! ,+-! 83.-! 0(*3! 30&,*+! @*38,/*L,0*%+! 1.0(%-! 6%&! 30&,*+! .@,/8,0*%+! 6%&!
2,/*HI4J')&&%/.! ,+-! +%@./! -.3*7+.-! I4#4JN4M>O')&&%/%'(,+.! 0)'.! 1,2&%2)2/.#! ]*0(! 0(.!
-.3*7+.-! 3)+0(.0*2! &%80.M! 2)2/%I<J')&&%/.!A,3! 3822.3368//)! 68&+*3(.-!,+-! 0(.!'&%'.&0*.3!
A,3!*+@.30*7,0.-!-.0,*/.-#!T*+,//)M!6%&!,+%0(.&!3*08,0*%+!%6!6%8&!')&&%/.!-*&.20!2%++.20.-!
A*0(!/.33!&*+7!30&,*+M!./83*@.!0.0&,')&&%/.;683.-!2)2/%%20,0.0&,.+.!2%1'%8+-M!0(.!,80(%&3!
'&%'%3.-!,!6.,3*Q/.!3)+0(.0*2!&%80.!,+-!68&+*3(.-!0(.!2%+30&820*%+!%6!'&%1*3*+7!Q*')&&%/.!
'&.28&3%&!*+!18/0*'/.!30.'3!8+-.&!1*/-!&.,20*%+!2%+-*0*%+3#!

!!!D+! 2(,'0.&! 4M! 0(.! &*+7! 0*7(0.+*+7! ,''&%,2(! 0%A,&-3! 2,/*HI4J! 0)'.! 1,2&%2)2/.! A,3!
*+@.30*7,0.-#! R(.! 3)+0(.3*3! %6! 0A%! '&.28&3%&M! 2)2/*2! 0.0&,F.0%+.! ,+-! 68&,+%'(,+.M! A,3!
'.&6%&1.-! 3822.3368//)#! R&.,0*+7! 0(.3.! 0A%! '&.28&3%&! A*0(! $,,/;d+%&&! 2%+-*0*%+3! A,3!
6%8+-!2,+g0!'&%@*-.!0,&7.0!2,/*HI4J!0)'.!1,2&%2)2/.!0(,0!-*66.&.+0!6&%1!0(.!&.38/0!%6!2,/*HI9J!
0)'.! 1,2&%2)2/.! A*0(! 3,1.! 30&,0.7)#! R(.! 0(.%&.0*2,/! 2,/28/,0*%+! *+-*2,0.-! ,+!
*+38&1%8+0,Q/.!.+.&7)!*+2&.,3.!*+!0(*3!'&%2.33!0(,0!-*66*28/0!0%!%@.&2%1.!Q)!2%+@.+0*%+,/!
0(.&1,/!&.,20*%+!2%+-*0*%+#!

!!!!D+! 2(,'0.&! 9M! 0(.! :0&,*+K*L! 1.0(%-! A*0(! 30&,*+! @*38,/*L,0*%+! A,3! 2%1',&.-! A*0(!
2%+@.+0*%+,/!(%1%-.31%0*2!&.,20*%+!1.0(%-#!G+-!0(.!*+@.30*7,0*%+!A*0(!:0&,*+K*L!1.0(%-!
6%&! 2,/*HI4J')&&%/.! ,+-! +%@./! -.3*7+.-! I4#4JN4M>O')&&%/%'(,+.! 0)'.! 1,2&%2)2/.! A.&.!
'.&6%&1.-#!R(.!+.A/)!-.3*7+.-!30&8208&.M!2%+3*30*+7!%6! 6%8&!-*&.20/)! /*+F.-!')&&%/.3M! *3!
.H'.20.-!0%!.+,Q/.!&.-%H;-&*@.+!6/.H*Q/.!c;2%+Z87,0.-!1,2&%2)2/.#!

!!!!D+!2(,'0.&!<M!0(.!,80(%&!68&+*3(.-!0(.!3)+0(.3*3!,+-!'&%'.&0)!*+@.30*7,0*%+!%6!-.3*7+.-!
I4#4JN4M>O')&&%/%'(,+.!0)'.!1,2&%2)2/.M!3%!2,//.-!2)2/%I<J')&&%/.#!R(.!-.3*7+.-!3)+0(.3*3!
A,3!,!B;30.'!&%80.!2%1Q*+.-!2,&Q%+)/!&./,0.-!&.,20*%+!,+-!:8L8F*;=*),8&,!2%8'/*+7#!R(.!
30&,*+.-!1%/.28/,&!30&8208&.!%6!2)2/%I<J')&&%/.!A,3!-.0,*/.-!&.3.,&2(.-!Q)!2&)30,/!30&8208&.!
,+-!2,/28/,0*%+#!R(.!-*66*28/0*.3!2,83.-!Q)!&*+7!30&,*+!0%!,/0.&+,0*@.!3)+0(.0*2!&%80.3!A.&.!
,/3%!-*32833.-#!G3! .H'.20.-M! ,! 2%1Q*+,0*%+!%6! ./.20&%2(.1*2,/!1.0(%-3! ,+-! 0(.%&.0*2,/!



! ">!

2,/28/,0*%+3!2%+6*&1.-! 0(,0! 0(.!1%/.28/.!8+-.&A.+0! &.-%H;-&*@.+!2(,+7.3! *+!1%/.28/,&!
2%+6%&1,0*%+!,+-!./.20&%+*2!30&8208&.#!

!!!!D+!2(,'0.&!>M!,!6.,3*Q/.!3)+0(.0*2!&%80.!A,3!'&%'%3.-!6%&!0(.!./83*@.!2)2/*2!0.0&,')&&%/.!
A*0(!2)2/%%20,0.0&,.+.!2%&.!0(,0!,+%0(.&!3*08,0*%+!%6!6%8&!')&&%/.!-*&.20!2%++.20.-!A*0(!/.33!
&*+7!30&,*+#!R(.!0.0&,')&&%/.;683.-!2)2/%%20,0.0&,.+.!30&8208&.!A,3!.@,/8,0.-!Q)!2,/28/,0*%+!
*+!,-@,+2.!,+-!,!'&%1*3*+7!Q*')&&%/.!'&.28&3%&!A,3!68&+*3(.-!*+!18/0*'/.!30.'3!8+-.&!1*/-!
&.,20*%+!2%+-*0*%+3#!

!!!!E(,'0.&!B!3811,&*L.-!0(.!A%&F!*+!0(*3!0(.3*3!,+-!-.32&*Q.-!3%1.!'.&3'.20*@.3!6%&!6808&.#!

!

! !



! "B!

!"B#C.6.&.+2.#

I"J! C%0(.18+-M!$#!T%&1,0*%+!%6!$%&'()&*+3!6&%1!$)&&%/.!,+-!G/-.()-.3#!*+',"+'-.#"+'
/%0#!)P=FM!12M!4_"_;4_""#!

I4J! d,-*3(M!d#!=#e!:1*0(M!d#!=#e!X8*/,&-M!C#M!5-3#!V*%2(.1*30&)!,+-!V*+-*+7h!G20*@,0*%+!
%6!:1,//!=%/.28/.3#!3.#'4%56.758!'9(!:;%%<M!"SSSe!K%/#!<#!

I9J! d,-*3(M!d#!=#e!:1*0(M!d#!=#e!X8*/,&-M!C#M!5-3#!E(/%&%'()//3!,+-!V*/*+3h!V*%3)+0(.3*3M!
:)+0(.3*3M!,+-!b.7&,-,0*%+#!3.#'4%56.758!'9(!:;%%<M!"SSSe!K%/#!"9#!

I<J! :.+7.M! =#! ?#e! :.&7..@,M! [#! [#e! U,/.M! d#! i#! E/,33*2! U*7(/*7(03! *+! $%&'()&*+! ,+-!
$%&'()&*+%*-!R%0,/!:)+0(.3*3! ,+-!V*%3)+0(.3*3#!-.#"+'/%0+'=#>#!3Q3)M!1?M! <P9_;
<PYS#!

I>J! X*8+0*+*M! T#e! V%)/.M! C#e! :*Q&*,+;K,LW8.LM! =#e! K*2.+0.M! =#! X#! U#! $%&'()&*+!
E%+Z87,0.3!6%&!E,+2.&!R(.&,')#!9(!:;%%<'%@'4%56.758!'/08#!0#M!3Q)=M!A2M!9_9;<"B#!

IBJ! X%80.&1,+M!=#e!],7+*j&.M!X#!U#e!:+)-.&M!k#!E#!:'.20&,!%6!$%&'()&*+3h!$,&0!DD#!T%8&!
?&Q*0,/!=%-./#!*+'B%)+'/6#0&5%$0#!)PK=M!CCM!"_Y;"4P#!

IPJ! V,.).&M!G#! l.Q.&! .*+! E%+-.+3,0*%+3'&%-820! @%+! $)&&%/! 1*0!G2.0%+#! D#5+' E&$0.+'
-.#"+'F#$#!)OOKM!CGM!4"Y<;4"Y>#!

IYJ! X,/.M!$#!G#e!:.33/.&M!i#!k#e!d&m/M!K#e!k)+2(M!K#!E,/*HI<J')&&%/.3hn!?/-!o.0![.A!G+*%+;
V*+-*+7!G7.+03#!*+',"+'-.#"+'/%0#!)PPKM!CCHM!>"<_;>"<"#!

ISJ! d*1M!b#!:#e!:.33/.&M!i#!k#!E,/*HI<J')&&%/.3h!K.&3,0*/.!=%/.28/,&!E%+0,*+.&3!A*0(!D%+!
R&,+3'%&0M!C.2%7+*0*%+M!,+-!=%/.28/,&!:A*02(*+7!T8+20*%+3#!-.#"+'/%0+'=#>#!3Q)FM!
IIM!>94;><B#!

I"_J! T8&80,M! U#e! G3,+%M! R#e! ?7,A,M! R#! `[;E%+683.-! $%&'()&*+ah! G! [.A! D3%1.&! %6!
R.0&,'(.+)/'%&'()&*+#!*+',"+'-.#"+'/%0#!)PPCM!CCJM!PBP;PBY#!

I""J! :.33/.&M!i#!k#e!E)&M!=#!i#e!k)+2(M!K#e!=2X(..M!5#e!DQ.&3M!i#!G#!:)+0(.0*2!,+-!:0&8208&,/!
:08-*.3!%6!:,''()&*+M!,!44;$;./.20&%+!$.+0,')&&%/*2!`5H',+-.-!$%&'()&*+a#!*+',"+'
-.#"+'/%0#!)PPQM!CCAM!4Y"_;4Y"9#!

I"4J! D+%F81,M! o#e! o%%+M! G#! :#e! d*1M! b#e! ?38F,M! G#! "#$%;G&)/;:8Q30*080.-!
:8Q'%&'()&*+3hn! :)+0(.3*3M! :0&8208&.3M! ,+-! k,&7.! :8Q30*08.+0! 566.203! %+! R(.*&!
5/.20&%+*2!$&%'.&0*.3#!*+',"+'-.#"+'/%0#!3QQNM!CAGM!<P<P;<PB"#!

I"9J! E,6.%M!X#e!d%(+F.M!T#!U#e!$,&*3*M!=#!T#e![,32%+.M!C#!$#e!R%&&.M!X#!k#!k#e!]*//*,13M!b#!
i#!R(.!5/83*@.!p;l+38Q30*080.-!E,/*HI>J')&&%/.!T*+,//)!E,'08&.-#!K5L+'M#&&#!3QQ3M!IM!
4BS>;4BSP#!



! "P!

I"<J! [*3(*),Q8M!C#e!$,/,2*%3M!=#!G#e!b.(,.+M!]#e!G+L.+Q,2(.&M!$#!:)+0(.3*3M!:0&8208&.M!
G+*%+!V*+-*+7M!,+-!:.+3*+7!Q)!E,/*HI<J')&&%/.!D3%1.&3#!*+',"+'-.#"+'/%0#!3QQKM!
CAHM!""<SB;"">_<#!

I">J! D+,Q,M!o#e![%1,0,M!o#e!D-.M!o#e!$*&*//%M!i#e!U*Z*F,0,!o#e!o%+.-,M!R#e!?38F,M!G#e!:.33/.&M!
i#!k#e!D+%F81,M!o#!E,/*HI9J')&&%/.h!G!=*33*+7!k*+F!*+!$%&'()&*+;C./,0.-!E(.1*30&)#!
*+',"+'-.#"+'/%0#!3Q3)M!CINM!"49>>;"49B_#!

I"BJ! ],0,+,Q.M!d#e!$,0*M![#![#e! D+%F81,M!o#!E%+0&,20.-!$%&'()&*+3!,+-!E,/*H')&&%/.3h!
:)+0(.0*2!E(,//.+7.3!,+-!C*+7;2%+0&,20*%+!566.203#!-.#"+'/08#!3Q3CM!C1M!BSS<;P__S#!

I"PJ! [)7,,&-M! l#e! [*./3.+M! i#!R#e! d*&2((.*+.&M! i#e! =,/0.3.+M! X#e! C,30&8';G+-.&3.+M! i#e!
:q&.+3.+M!X#?#!=*2&%A,@.!:'.20&,!%6!D3%0%'*2!$)&&%/.3#!=%/.28/,&!:0&8208&.M!b*'%/.!
=%1.+0M!,+-!!$[!r8,-&8'%/.!E%8'/*+7!E%+30,+03!%6!$)&&%/.#!*+'B%)+'/&5O0&O5#!)PKPM!
NM!<S";>_B#!!

I"YJ! :*/@.&3M! :#! i#e! R8/*+3F)M! G#! R(.! E&)30,/! ,+-! =%/.28/,&! :0&8208&.! %6! R&*2/*+*2!
R.0&,'(.+)/'%&'()&*+#!*+',"+'-.#"+'/%0#!)PKNM!HGM!999";999P#!

I"SJ! :,+F,&M!i#e!=%&*M!:#e!:,*0%M!:#e!C,0(M!U#e!:8L8F*M!=#e! D+%F81,M! D#e!:(*+%F8Q%M!U#e!
d*1M! d#! :#e! o%%+M! s#! :#e! :(*+M! i#e! k*1M! i#! =#e! =,038L,F*M! o#e! ! =,0383(*0,M! ?#e!
=8&,+,F,M!G#e!d%Q,),3(*M![#e!d*1M!b#e!?38F,M!G#!l+,1Q*78%83!D-.+0*6*2,0*%+!%6!
=tQ*83!G&%1,0*2*0)!6%&!1.3%;G&)/;:8Q30*080.-!I4YJU.H,'()&*+3N"#"#"#"#"#"O#!*+',"+'
-.#"+'/%0#!3QQOM!CN?M!"9>BY;"9>PS#!

I4_J! [,%-,M! d#e! ?38F,M! G#! :0&8208&,/! ,+-! G&%1,0*2*0)! E%+0&%/! %6!
I9<J?20,'()&*+N"#"#"#_#"#"#"#_O! Q)! $&%0%+,0*%+! ,+-! b.'&%0%+,0*%+#! ,$8(!' *+' K5L+'
-.#"#!3Q)NM!JM!"4_>;"4_Y#!

I4"J! E,6.%M!X#e!d%(+F.M!T#U#e!k,!R%&&.M!X#k#e!](*0.M!G#i#$#e!]*//*,13M!b#i#M!T&%1!k,&7.!
T8&,+;V,3.-!E,/*H,&.+.3!0%!E,/*H')&&%/.3!,+-!E,/*HI+J68&,+I1J')&&%/.3h!:)+0(.3.3!
,+-!:0&8208&.3#!,!L#P+'-.#"+'Q!&+'R:#!3QQQM!NGM!"<SB;"<SY#!

I44J! k*8M!k#e!d*1M!i#e!u8M!k#e!C,%M!o#e!s(%8M!=#e!o*+M!V#e!?(M!i#e!d*1M!b#e!?38F,M!G#e!:%+7M!
i#! :)+0(.3*3! %6! :8Q'%&'()&*+! T&..! V,3.3#! ,!L#P+' -.#"+' Q!&+' R:#! 3Q33M! JCM!
.4_44"<9<4#!

I49J! d%Q,),3(*M![#e!R,F.82(*M!o#e!=,038-,M!G#!"#$%;G&)/!:8Q'%&'()&*+3#!,!L#P+'-.#"+'
Q!&+'R:#!3QQNM!IJM!P>Y;PB_#!

I4<J! G7,&-M! [#! i#e! $&.32(.&M! i#! G#e! V.&0%LL*M! E#! C#! G! :0&,*+;$&%1%0.-! I9! v! 4J!
GL*-.wG/F)+.!E)2/%,--*0*%+!6%&!E%@,/.+0!=%-*6*2,0*%+!%6!V*%1%/.28/.3!*+!k*@*+7!
:)30.13#!*+',"+'-.#"+'/%0#!3QQCM!CAJM">_<B;">_<P#!



! "Y!

I4>J! V*./,A3F*M! E#! ]#e! C%Q.&0! U#! X&8QQ3M! C#! U#! k*@*+7! C*+7;?'.+*+7! =.0,0(.3*3!
$%/)1.&*L,0*%+#!45%L+'4%)7"+'/08#!3QQNM!NAM!";4S#!

I4BJ! b,&L*M! 5#! C#e! i,30*M! C#! R(.! b)+,1*2M! :*L.;-.'.+-.+0! $&%'.&0*.3! %6! I>J;
I"4J2)2/%',&,'(.+)/.+.3#!-.#"+'/%0+'=#>#!3Q)FM!IIM!B<_";B<"_#!

I4PJ! ],0,+,Q.M!d#e!:(*Q,0,M!d#e!D2(*+%M!R#e!D-.M!o#e!o%+.-,M!R#e!=,.-,M!:#e!D+%F81,M!o#!
:0&,*+;Q,3.-!b.3*7+M!b*&.20!=,2&%2)2/*L,0*%+M!,+-!=.0,/!E%1'/.H,0*%+!%6!R(*,L%/.;
E%+0,*+*+7!E,/*HI9J')&&%/.!G+,/%78.3#!Q!%5L+'-.#"+'S5%!&#!3Q3CM!CCM!9><Y;9>><#!

I4YJ! E%/A.//M!E#!5#e!$&*2.M!R#!]#e!:0,82(M!R#e!i,30*M!C#!:0&,*+!K*38,/*L,0*%+!6%&!:0&,*+.-!
=,2&%2)2/.3#!-.#"+'/08#!3Q3QM!CCM!9S49;9S9_#!

!

!

! !



! "S!

"'()%&*!2!
!

34$%'&%.1!&5)-#*(%.#$!6#*!1(-.5728!%4)&!9(1*#141-&:!
6*#9!141-.1!;&%#$&!)*&10*:#*:!

!

!

!

!

!

!

!

!

!

!

DE30&,20#

!!!!R(.!'&.',&,0*%+!%6!2,/*HI+J!0)'.!1,2&%2)2/*2!1%/.28/.3!@*,!2)2/*2!'%/)F.0%+.!'&.28&3%&3!
(,3!Q..+!'&%@.+!0%!Q.!,!'&%1*3*+7!3)+0(.0*2!30&,0.7)M!.@.+!6%&!(*7(/)!30&,*+.-!2,/*HI9J!0)'.!
1,2&%2)2/.3#! D+! 0(*3! 2(,'0.&M! 0(.! ,''/*2,Q*/*0)! %6! 0(*3! 30&,0.7)! 0%A,&-! 1%&.! 30&,*+.-!
2,/*HI4J')&&%/.! ,+-! 2,/*HI4J68&,+! A,3! *+@.30*7,0.-#! R(.! 3)+0(.3*3! %6! 2%&&.3'%+-*+7!
'&.28&3%&3M! 9M9;-*,/F)/,0.-! '.+0,+.;4M<;-*%+.3! ,+-! *03! 68&,+%'(,+.! -.&*@,0*@.! A.&.!
68&+*3(.-! 6&%1! /*+.,&! 0.0&,F.0%+.! '&.28&3%&#!R(.! &*+7! 30&,*+! %6! 0(.! 0A%! '&.28&3%&3! A,3!
,+,/)L.-!0(%87(!3*+7/.!2&)30,/!u;&,)!-*66&,20*%+!-,0,#!T*+,//)M!0(.!3)+0(.3*3!%6!2,/*HI4J!0)'.!
1%/.28/.3!A,3!,00.1'0.-M!,+-!0(.!&.38/03!A.&.!.H'/,*+.-!Q)!0(.%&.0*2,/!2,/28/,0*%+3!,+-!
&./,0.-!&.,20*%+!1.2(,+*31#!

! !



! 4_!

4"!#F+0&%-820*%+#

!!!!R(.!'&.',&,0*%+!%6!2,/*HI+J!0)'.!1,2&%2)2/*2!1%/.28/.3!@*,!2)2/*2!'%/)F.0%+.!'&.28&3%&3!
*3!,!2%+@.+0*%+,/!,+-!'&%1*3*+7!3)+0(.0*2!30&,0.7)M!A(*2(!2,+!'&%@*-.!.H',+-.-!,+,/%78.!
/*F.! 2,/*HIBJ')&&%/.!! ,+-! 2%+0&,20.-! ,+,/%78.! /*F.! 2,/*HI9J')&&%/."#! R(.! 3)+0(.3*3! %6!
30&,*+.-! 2,/*HI9J')&&%/.! *3! ',&0*28/,&/)! +%0.A%&0()#! D+! 0(*3! $,,/;d+%&&! &.,20*%+M! 0(.!
6%&1,0*%+!%6!,&%1,0*2!&*+73!*3!0(%87(0!0%!%@.&2%1.!0(.!*+2&.,3.-!1,2&%2)2/*2!30&,*+!3%!0(,0!
-&*@*+7! 0(.!&.,20*%+!6%&A,&-#!:*+2.! 0(.!8+*W8.!&.,20*@*0)!%6!2,/*HI9J')&&%/.!-8.! 0%! /,&7.!
&*+7!30&,*+!(,3!Q..+!-*32%@.&.-M!*0!*3!.H'.20.-!0%!/%%F!6%&!,+,/%78.3!A*0(!/,&7.&!30&,*+!,+-!
*+@.30*7,0.! 0(.*&! '%0.+0*,/! 8+*W8.! '&%'.&0*.3#! R(.&.6%&.M! 0(.! 3)+0(.0*2! .H'/%&,0*%+! 6%&!
2,/*HI4J!0)'.!1,2&%2)2/.3!A,3!2%+-820.-!A*0(!3,1.!3)+0(.0*2!30&,0.7)!*+!0(*3!2(,'0.&#!

!

42"&:&( 3I)#! :)+0(.3*3! %6! 2,/*HIBJ')&&%/.! 6&%1! 2)2/*2! -%-.2,F.0%+.! ,+-! 3)+0(.3*3! %6!
2,/*HI9J')&&%/.!6&%1!2)2/*2!(.H,F.0%+.#!

N
H

NHHN
O O

O
O O

O
EtOH, reflux, 1.5 h

AcONH4 (60 equiv.)

NH HN

NH HN
H
N

N
H

Calix[3]pyrrole

2021 Inaba et al

EtOH, reflux, 30h

AcONH4 (9.0 equiv.)

Calix[6]pyrrole

2000 Cafeo et al

O
O

O
O

O O

O O
O

O

O
O 41%

41%



! 4"!

!!!!9M9;-*,/F)/,0.-! '.+0,+.;4M<;-*%+.3! N)O! *3! ,! &.,3%+,Q/.! '&.28&3%&! 6%&! 0(.! 0,&7.0!
2,/*HI4J')&&%/.!N42"&:&(3I3O!A*0(!0(.!3,1.!30&,0.7)#!R(.&.6%&.M!0(.!A%&F!*+!0(*3!E(,'0.&!
*3!30,&0.-!6&%1!0(.!3)+0(.3*3!%6!2%1'%8+-!)#!

(

42"&:&(3I3#!C.0&%3)+0(.0*2!,+,/)3*3!%6!2,/*HI4J')&&%/.#!

! !

NH
HN

O

O

O

O

Calix[2]pyrrole 1



! 44!

4"4#G%+30&820*%+#,+-#30&8208&,/#,+,/)3*3#%6#2)2/*2#H.0%+.#'&.28&3%&3#

!!!!E)2/*2!0.0&,F.0%+.!'&.28&3%&!A,3!%Q0,*+.-!6&%1!/*+.,&!0.0&,F.0%+.!3!@*,!0(.!68&,+%'(,+.!
C! *+0.&1.-*,0.! N42"&:&( 3I=O#! R(.! 30,&0*+7! 1,0.&*,/! 2%1'%8+-! 3! ,+-! 6%//%A.-! 68&,+!
6%&1,0*%+!*+!0%/8.+.!A*0(!6;0%/8.+.38/6%+*2!,2*-!N6;R3?UO!A.&.!'&.@*%83!&.'%&0.-##!R(.!
+.H0!30.'!A,3!*+0&,1%/.28/,&!2)2/*L,0*%+!0(,0!6*&30/)!7.+.&,0.-!/*0(*81!.+%/,0.!Q)!.H2.33!
,1%8+0! %6! /*0(*81! -**3%'&%')/,1*-.! NkbGOM! 0(.+! ,--! E8E/"! *+0%! 0(.! &.,20*%+! 0%! 7*@.!
68&,+%'(,+.! C! *+! "4f! )*./-#! :*+2.! 0(.! )*./-! %6! 2)2/*L,0*%+! A,3! +%0! 3,0*36*.-M! 3.@.&,/!
&.,7.+03!A.&.!83.-!*+!'/,2.!%6!E8E/"!*+2/8-*+7!2%''.&NDDO!0&*6/,0.M!*%-*+.M!,+-![*E/"!6%&!
.+%/,0.!2%8'/*+7#!U%A.@.&M! 0(.3.!2%+-*0*%+3!2,+g0!'&%@*-.!Q.00.&!)*./-#!?H*-,0*@.! 68&,+!
&*+7;%'.+*+7!&.,20*%+!A,3!'&%2..-.-!Q)!0&.,01.+0!68&,+%'(,+.!C!A*0(!";2(/%&%'.&Q.+L%*2!
,2*-!N"E$VGO!,0!_xE!0%!7*@.!F! *+!BSf!)*./-#!:8Q3.W8.+0!&.-820*%+!%6! 0(.!EyE!-%8Q/.!
Q%+-!A,3!&.,/*L.-!Q)!$-\E!2,0,/)L.-!()-&%7.+,0*%+!,+-!'&%@*-.-!0,&7.0!2)2/*2!0.0&,F.0%+.!
)!*+!<9f!)*./-#!

!

42"&:&(3I=#!:)+0(.0*2!&%80.!6%&!2)2/*2!0.0&,F.0%+.!)#!

!!!!V.3*-.3!0,&7.0!2%1'%8+-!)M!68&%+%'(,+.!C!A,3!,/3%!2%+3*-.&.-!,!'%33*Q/.!'&.28&3%&!6%&!
7.+.&,0*+7! 2,/*HI4J! 0)'.! 1,2&%2)2/.3#! V.6%&.! ,00.1'0*+7! 0%! 3)+0(.3*L.! 2,/*HI4J! 0)'.!
1,2&%2)2/.3M!0(.!&*+7!30&,*+!%6!0(.!0A%!'%33*Q/.!'&.28&3%&3!A,3!6*&30/)!.@,/8,0.-!*+!@*.A!%6!
0(.*&!31,//!&*+7!3*L.#!

!!!!R(.! .@,/8,0*%+! A,3! 2%+-820.-! Q)! 0(.*&! u;&,)! 3*+7/.! 2&)30,/! 30&8208&.3#! R(.! 2&)30,/!
30&8208&.!%6!2%1'%8+-!)!NL.?1'&(3I)O!&.@.,/.-!*03!E*;3)11.0&*2!2%+6%&1,0*%+!*+!A(*2(!
0A%!"M<;-*F.0%+.!8+*03!,-%'0.-!,!7,82(.!2%+6%&1,0*%+!A*0(!,!0%&3*%+!,+7/.!%6!B_#Px#!:82(!
3*1*/,&! 7,82(.! 2%+6%&1,0*%+! *3! 2%11%+/)! %Q3.&@.-! 6%&! %0(.&! /,&7.&;3*L.-! 2)2/*2!

O O

O O

p-TsOH

toluene, reflux

2

O

O O
O

O

O1) LDA, THF

2) CuCl2, DMF, -78°C

mCPBA O

O

O

O

H2, Pd/C
O

O

O

O

3 4

CHCl3, 0°C

5 1

EtOAc, r.t.

79% 12%

69% 43%



! 49!

'%/)F.0%+.3!/*F.!2)2/*2!(.H,F.0%+.!'&.28&3%&"!6%&!2,/*HI9J')&&%/.#!G+-!8+838,/!-*30%&0*%+!
A,3!+%0!6%8+-!Q)!,+,/)L*+7!%0(.&!30&8208&,/!',&,1.0.&3!382(!,3!Q%+-!/.+70(3!,+-!,+7/.3!
,&%8+-! 0(.! 2,&Q%+)/! 7&%8'3#!](*/.! 0(.! 3*+7/.! 2&)30,/! u;&,)! ,+,/)3*3! %6! 68&,+%'(,+.! C!
3(%A.-!,!(*7(/)!30&,*+.-!30&8208&.!NL.?1'&(3I3O#!R(.!.0()/.+.!8+*0!*+!C!,-%'0.-!,+!,/1%30!
.2/*'3.-!2%+6%&1,0*%+!A(*2(!A,3!2%+3*-.&.-!6%&!&.-82*+7!0(.!-*30%&0*%+!,&%8+-!0(.!&*7*-!
68&,+!',&0!Q.2,83.!-.6%&1,0*%+!%6!68&,+!1%*.0)!A,3!-*30*+20#!

!

L.?1'&(3I)#!E&)30,/! 30&8208&.!%6!2%1'%8+-!)#!R(.&1,/!.//*'3%*-3!,&.!-&,A+!,0! 0(.!>_f!
'&%Q,Q*/*0)!/.@./#!

!

Top view Side view



! 4<!

!

L.?1'&(3I3#!E&)30,/!30&8208&.!%6!68&,+%'(,+.!C#!R(.&1,/!.//*'3%*-3!,&.!-&,A+!,0!0(.!>_f!
'&%Q,Q*/*0)!/.@./#!

!!!!b.6%&1,0*%+!,+7/.3!!!,+-!"!,&%8+-!0(.!68&,+!&*+7!%6!C!0(,0!,&.!-.6*+.-!Q)!0(.!-.@*,0*%+!
,+7/.3!Q.0A..+!0(.!1.,+!'/,+.3!%6!?wEN9OwEN<O!,+-!?wEN4OwEN9OM!,+-!0(.!1.,+!'/,+.!
?wEN4OwEN9O! ,+-!,!EN4OwEN"#$%O!Q%+-M! &.3'.20*@./)! NL.?1'&(3I=O#!R(.3.!-.6%&1,0*%+!
,+7/.3! A.&.! 2,/28/,0.-! 0%! Q.! !! y! 9#BSx! ,+-! "! y! "B#__xM! 0(.! /,&7.30! ,1%+7! 0(.! F+%A+!
2,/*HI+J68&,+!1,2&%2)2/.3!,+-!'&.28&3%&3!0(,0!2%1',&.-!*+!R#@-&(3I)#!

!

L.?1'&(3I=#!b*,7&,1!%6!-.6*+*0*%+!%6!-.6%&1,0*%+!,+7/.3!!!,+-!"#!

!

!

Top view Side view



! 4>!

R#@-&(3I)#!b.6%&1,0*%+!30,0.!%6!68&,+;.1Q.--.-!1,2&%2)2/.3#!E%1'%8+-!C!,+-!O!A.&.!
3)+0(.3*L.-!*+!0(*3!A%&FM!2%1'%8+-!K!,+-!N!A.&.!&.'%&0.-!Q)!D+,Q,!#&'()"M!2%1'%8+-!P!
A,3!&.'%&0.-!Q)!U,L.//$#!

!"#$"%&'(

( ( ( ( (
)*+",#-./"&(
-&01*(!(234( 5678( 96:;( <68=( 9655( 965;(

)*+",#-./"&(
-&01*("(234( <7699( ;65:( 76=5( <6><( 967>(

!"&+",#-./"&(
-&'(.",?/"&(

-&01*("+(
*.@A1*&*(B,/'0*(

CD1/$?*'(
<;:67(

E&./(
<7=65( F( E&./(

<:76;( F(

!(G/&D*(.@*('/H*."&*($-,.("+(!(I-?('/?",'*,*'(/&(.@*(D,A?.-1(?.,%D.%,*J(-&01*?(-&'(D"&+",#-./"&(I*,*(D-1D%1-.*'(
+,"#(.@*(#-K",('/?",'*,($-,.6(

!!!![%+.0(./.33M! 0(.! !U![=C! 3'.20&81!%6! 2%1'%8+-!C! 3(%A.-! ,! 3*+7/.0! 3*7+,/! 6%&! 0(.!
.0()/.+.!'&%0%+3!,0!4#"P!''1M!*+-*2,0*+7!6/.H*Q*/*0)!%6!0(.!Q&*-7*+7!2(,*+!',&0!*+!3%/80*%+#!
D+!,--*0*%+M!2%1'%8+-!)!.H(*Q*0.-!0A%!3*+7/.0!3*7+,/3!*+!0(.!!U![=C!3'.20&81!,0!4#BS!,+-!
"#9_!''1!,33*7+,Q/.!0%!0(.!.0()/.+.!,+-!1.0()/!'&%0%+3M!&.3'.20*@./)!0(,0!,/3%!*+-*2,0.-!
6/.H*Q/.! 2(,*+! *+! 3%/80*%+#!G22%&-*+7! 0%! 0(.! &.,20*%+! 1.2(,+*31! %6! $,,/;d+%&&%M! 382(!
6/.H*Q*/*0)! *3!+.2.33,&)! 6%&! 0(.! 6%&1,0*%+!%6!,! 6*@.;1.1Q.&.-!,&%1,0*2! &*+7! 6&%1!,!"M<;
-*F.0%+.#!

! !

O

O

O

4

O O
O O

6

O

O O

7

O O

O
O

O

8

O O

OO
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! 4B!

4"9#D00.1'03#%6#2,/*IJ4K#0)'.#1,2&%2)2/.3#3)+0(.3*3#

!!!!]*0(!0(.!0A%!'&.28&3%&3!*+!(,+-M!$,,/;d+%&!')&&%/.!3)+0(.3*3!%6!2%1'%8+-!)!,+-!$,,/;
d+%&&!68&,+!3)+0(.3*3!%6!2%1'%8+-!C!A.&.!*+@.30*7,0.-#!

!!!!T%&! 0(.!$,,/;d+%&! ')&&%/.! 3)+0(.3*3! %6! 2%1'%8+-!)! N42"&:&(3ICOM! 0(.! 2%+@.+0*%+,/!
2%+-*0*%+!+",0(,0!&.6/8H!*+!.0(,+%/!A*0(!.H2.33!,1%8+0!%6!,11%+*81!,2.0,0.!A,3!2%+-820.-!
6*&30/)#!U%A.@.&M!2%1'/*2,0.-!1*H08&.3!0(,0!.H(*Q*0.-!1,+)!'&%0%+!3*7+,/3!,&%8+-!4;9!''1!
*+! !U! [=C! 3'.20&81! A.&.! %Q0,*+.-! A(*2(! 3877.30.-! 0(,0! *+0&,1%/.28/,&! ,/-%/;0)'.!
2%+-.+3,0*%+! &.,20*%+3! 1,)! (,''.+.-#! :*+2.! 0(.! .+%&1%83! &*+7! 30&,*+! %6! 0(.! '&%-820!
2,/*HI4J')&&%/.! A,3! .,3*/)! *1,7*+.-M! (*7(.&! 0.1'.&,08&.! &.,20*%+! 2%+-*0*%+! A,3! ,/3%!
,00.1'0.-!0%!%@.&2%1.!0(.!&*+7!30&,*+!%6!'&%-820M!Q80!%+/)!@.&)!2%1'/*2,0.-!1*H08&.!A,3!
7.+.&,0.-!0(,0!+%!%Q@*%83!.@*-.+2.!*+-*2,0.-!6%&1,0*%+!%6!0,&7.0!'&%-820#!T8&0(.&M!0(.!&%%1!
0.1'.&,08&.! 2%+-*0*%+! ,/3%!Q.! 2(.2F.-! 0(,0! *+0&,1%/.28/,&! ,/-%/! '&%-820! 30*//! 7.+.&,0.-!
A(*2(!*+-*2,0.-!0(*3!31,//!2)2/*2!F.0%+.!*3!(*7(/)!3832.'0*Q/.!0%!*+0&,1%/.28/,&!,--*0*%+!
&.,20*%+3#!

!

42"&:&(3IC#!:)+0(.0*2!.H'/%&,0*%+!6%&!2,/*HI4J')&&%/.!6&%1!2%1'%8+-!)#!

!!!!k*F.!0(.!3*08,0*%+!%6!2%1'%8+-!)M!0(.!6%&1,0*%+!%6!2,/*HI4J68&,+!6&%1!68&,+%'(,+.!C!
A,3!,/3%!+%0!3822.3368/!N42"&:&(3IFO#!V%0(!V&q+30.-!,2*-!,+-!k.A*3!,2*-!2%+-*0*%+3!A.&.!
,00.1'0.-!6%&!$,,/;d+%&&!68&,+!6%&1,0*%+#!=.0(,+.38/6%+*2!,2*-!,+-!2(/%&%0&*1.0()/3*/,+.!
83.-! ,3! 2,0,/)30! &.3'.20*@./)! A(*/.! Q%0(! &.,20*%+3! '&%@*-.-! 8+*-.+0*6*.-! '&%-820#! U.&.!
3(%8/-! Q.! 1.+0*%+.-! 0(,0! 2(/%&%0&*1.0()/3*/,+.! ,3! 2,0,/)30! 3822.3368//)! '&%@*-.!

O

O

O

O
NH
HN

Calix[2]pyrrole
not found

Condition

Condition 1: NH4OAc (40 equiv.), EtOH, reflux

Condition 2: NH4OAc (40 equiv.), ethylene glycol, 150°C

Condition 3: NH4OAc (40 equiv.), EtOH, room temperature

1



! 4P!

2,/*HI9J68&,+!N!6&%1!2%1'%8+-!K"!Q80!*+!0(.!2,3.!%6!2%1'%8+-!CM!+%0!68&,+!6%&1.-!'&%-820!
Q.!6%8+-#!

!

42"&:&(3IF#!:)+0(.0*2!.H'/%&,0*%+!6%&!2,/*HI4J68&,+!6&%1!2%1'%8+-!C#!

!!!!b8.!0%!0(.!*+2&.,3.-!&*+7!30&,*+M!0(.!6%&1,0*%+!%6!2,/*HI4J0)'.!1%/.28/.3!*3!%Q@*%83/)!
+%0! 6,@%&,Q/.! *+! @*.A! %6! .+.&7)#!R(.&.6%&.M! 0(.%&.0*2,/! 2,/28/,0*%+3! NL.?1'&( 3ICO! A.&.!
'.&6%&1.-! 0%! .H'/,*+! 0(.! -.30,Q*/*L,0*%+! .+.&7)! 2(,+7.3! 6&%1! 2%1'%8+-! )! 0%! 0(.!
2,/*HI4J0)'.! 1%/.28/.3! ,0! 0(.! V9ko$\22;'KRs! /.@./#! G60.&! 30&8208&.! %'0*1*L,0*%+! %6!
&./,0.-! 1%/.28/.3M! 0(.! -.30,Q*/*L,0*%+! .+.&7)! N%5O! Q.0A..+! 2)2/*2! %/*7%F.0%+.3! ,+-! *03!
&./,0.-!'&%-8203!A,3!.@,/8,0.-!83*+7!6%//%A*+7!.W8,0*%+3h!!

!"#$%&'(')*+&,-& . & /0-!""#$%&'(% &/ &1-()*+!( 2 &%-,-.34!

5(##67*&'(')*+&,-& . & /01-!""#$%&'(% &2 &%-/,03 /&1-(12++'"% &2 &8%-,-.3&4!

A(.&.! 5.//-01234, *3! 0(.! .+.&7)! %6! 0(.! %'0*1*L.-! 2)2/*2! F.0%+.M! 55"6, *3! 0(.! .+.&7)! %6! 0(.!
%'0*1*L.-!A,0.&!1%/.28/.M!54789.4, *3! 0(.! .+.&7)!%6! 0(.! %'0*1*L.-! 2)2/*2! F.0%+.;+;68&,+M!
5:5#, *3! 0(.! .+.&7)! %6! 0(.! %'0*1*L.-! [U#! 1%/.28/.M! ,+-! 54;<993/1, *3! 0(.! .+.&7)! %6! 0(.!
%'0*1*L.-!2)2/*2!F.0%+.;+;')&&%/.#!
!!!!T&%1! 2%1'%8+-! )M! ,/0(%87(! 0(.! .+.&7)! %6! 6*&30! ,&%1,0*2! &*+7! 6%&1,0*%+! 3..13! +%0!
8+&.,/*30*2!N,&%8+-!4_!F2,/!1%/-!OM!0(.!2%&&.3'%+-*+7!2%1'%8+-!2,+g0!Q.!%Q3.&@.-#!D+30.,-M!
3%1.!*+0&,1%/.28/,&!,--*0*%+!'&%-820!7.+.&,0.-!,3!1.+0*%+.-!,Q%@.#!R(.!'%33*Q/.!&.,3%+!
*3! 0(,0! 0(.! "M<;-*F.0%+.!1%*.0)! &.W8*&.3! ,! 2%+3*-.&,Q/.! ,1%8+0! %6! ,--*0*%+,/! .+.&7)! 0%!
&%0,0.!0%!.2/*'3.-!2%+6%&1,0*%+!6%&!2%1'/.0*+7!0(.!$,,/;d+%&&!&.,20*%+%M!A(*/.!0(.!.+.&7)!
Q,&&*.&!%6! *+0&,1%/.28/,&!,/-%/! &.,20*%+! *3!31,//.&#!G3!6%&! 0(.!.+.&7)! *+2&.,3.!%6!3.2%+-!

O

O

O
O
O

Calix[2]furan
not found

4

Condition 1: CH3SO3H, MeCN, reflux

Condition 2: SiMe3Cl, MeOH, reflux

Condition



! 4Y!

,&%1,0*2! &*+7! 6%&1,0*%+M! 0(.! .H0&.1./)! /,&7.! @,/8.3! N1%&.! 0(,+! "__! F2,/!1%/-!O! ,&.! ,3!
.H'.20.-!A(*2(!/%%F3!-*66*28/0!0%!%@.&2%1.!Q)!2%+@.+0*%+,/!0(.&1,/!2(.1*2,/!2%+-*0*%+#!

!

L.?1'&(3IC#!b.30,Q*/*L,0*%+!.+.&7*.3!%5!-*,7&,1!8'%+!0(.!68&,+!6%&1,0*%+!&.,20*%+!6&%1!
2%1'%8+-!)!,+-!%5!8'%+!0(.!')&&%/.!6%&1,0*%+!&.,20*%+!6&%1!2%1'%8+-!)#!

! !



! 4S!

4"<#G%+2/83*%+#

!!!!D+!2%+2/83*%+M!2)2/*2!0.0&,F.0%+.!)!,+-!30&,*+.-!68&,+%'(,+.!C!,3!'/,83*Q/.!'&.28&3%&3!
6%&!2,/*HI4J0)'.!1%/.28/.3!A.&.!3)+0(.3*L.-!,+-!0(.*&!&*+7!30&,*+!30,0.!A.&.!,+,/)L.-!Q)!
u;&,)!3*+7/.!2&)30,/!30&8208&.3#!U%A.@.&M!$,,/;d+%&&;0)'.!&.,20*%+!83*+7!)!,+-!CM!-*-!+%0!
'&%2..-! 0,&7.0! 2,/*HI4J0)'.! 1%/.28/.3! A(*/.! 0(.! 2%+-*0*%+3! 3822.3368//)! A%&F.-! 6%&!
3)+0(.3*3! %6! 2,/*HI9J')&&%/.! %&! 2,/*HI9J68&,+#!R(.%&.0*2,/! 2,/28/,0*%+3! &.@.,/.-! 0(,0! 0(.!
3.2%+-!,&%1,0*2!&*+7!6%&1,0*%+!(,-!,!&.1,&F,Q/)!/,&7.!-.30,Q*/*L,0*%+!.+.&7)!N%5!z!"__!
F2,/\1%/O! 0(,0! 3..13! 8+&.,/*30*2! 0%! %@.&2%1.! A*0(! 2%+@.+0*%+,/! 0(.&1,/! &.,20*%+3#!
G/0(%87(!$,,/;d+%&&!,''&%,2(.3!83*+7!,!2)2/*2!0.0&,F.0%+.!A.&.!6%8+-!0%!Q.!-*66*28/0M!0(.!
,00.1'03!3(%A.-!0(,0!3)+0(.3*3!%6!2,/*HI4J0)'.!1,2&%2)2/.3!*3!,!1%&.!2(,//.+7*+7!0,3F!0(,0!
&.W8*&.!+%@./!3)+0(.0*2!1.0(%-%/%7)#!b.3'*0.!0(.!-*66*28/0)M!2,/*HI4J0)'.!1,2&%2)2/.3!,&.!
30*//!,00&,20*@.!0%!.H'/%&.!0(.*&!'&%'.&0*.3!-.&*@.-!6&%1!.H0&.1./)!(*7(!30&,*+#!

!

!

!

! !



! 9_!

4">#5I'.&*1.+0,/#:.20*%+#

3*F*)(+&,&'#-(.,7/':#%./,(

!!!!G//!&.,7.+03!A.&.!'8&2(,3.-!6&%1!T8Z*6*/1!],F%!'8&.!2(.1*2,/!2%&'%&,0*%+M!RED!E%#M!
k0-#M!d,+0%!2(.1*2,/!E%#M!D+2#M!%&!:*71,;G/-&*2(!E%#M!,+-!83.-!A*0(%80!68&0(.&!'8&*6*2,0*%+!
8+/.33!%0(.&A*3.!1.+0*%+.-#!G//!!U!,+-!!#E![=C!3'.20&,!A.&.!&.2%&-.-!83*+7!i5?k!i=[;
5E:<__!3'.20&%1.0.&!,+-!2(.1*2,/!3(*603!A.&.!&.'%&0.-!*+!',&03!'.&!1*//*%+!N''1O!&./,0*@.!
0%!,+!*+0.&+,/!30,+-,&-!0.0&,1.0()/3*/,+.!NT!y!_#__!''1!6%&!!U![=C!*+!EbE/#OM!,!3%/@.+0!
&.3*-8,/!'.,F!NT!y!PP#"B!''1!6%&!!#E![=C!*+!EbE/#O#! D+6&,&.-!3'.20&,!A.&.!1.,38&.-!
83*+7! ,! iG:E?! E%#! TR\DC;<B__#! 5:D;R?T;=:! 3'.20&,! A.&.! &.2%&-.-! %+! ,! R(.&1%!
:2*.+0*6*2!5H.280*@.!3'.20&%1.0.&#!5/.1.+0,/!,+,/)3.3!A.&.!2,&&*.-!%80!83*+7!,+!5H2.0.&!
G+,/)0*2,/M! D+2#! E5<<_! %&! =DEC?! E?Cb5C! i="_#! R(*+! /,).&! 2(&%1,0%7&,'()! A,3!
'.&6%&1.-!%+!,!3*/*2,!7./!3(..0M!=5CEd!3*/*2,!7./!B_!T4><#!$&.',&,0*@.!32,/.!3.',&,0*%+3!
A.&.!'.&6%&1.-!Q)!1.,+3!%6!7&,@*0)!2%/81+!2(&%1,0%7&,'()!%@.&!3*/*2,!7./!N],F%3*/=!B_#!
B<!{!4"_!|1O#!:*+7/.!2&)30,/!u;&,)!-*66&,20*%+!-,0,!A.&.!%Q0,*+.-!83*+7!C*7,F8!u0,kGV!
$4__! -*66&,20%1.0.&! .W8*''.-!A*0(! ,! $DkGRl:4__d!-.0.20%&M!A(*2(! 83.3! ,!18/0*/,).&!
1*&&%&! N=%d!! &,-*,0*%+!9!y!_#P"_P9!}!%&!E8d!! &,-*,0*%+!9!y!"#><"Y<!}O!%&!,!C*7,F8!
u0,kGV!:)+.&7);C\b]!*+30&81.+0!.W8*''.-!A*0(!,!U)$*H;B___U5!-.0.20%&M!A(*2(!83.3!
,! 1%+%2(&%1,0.-! 1*&&%&#! ! G//! 30&8208&.3! A.&.! 3%/@.-! 83*+7! ,! -8,/;3',2.! ,/7%&*0(1!
N:U5kuRO!,+-!&.6*+.-!83*+7!68//;1,0&*H!/.,30;3W8,&.3!1.0(%-!N:U5kukO&+'#,

!!!!R(.%&.0*2,/!2,/28/,0*%+3!A.&.!'.&6%&1.-!A*0(!X,833*,+!"B!C.@#!E_"(#!:0&8208&.3!%6!0(.!
1,2&%2)2/.3!A.&.!%'0*1*L.-!,0!0(.!V9ko$\22;'KRs!/.@./!%6!0(.%&)!A*0(!X&*11.g3!b9Vi!
-*3'.&3*%+! 2%&&.20*%+'M! &.6.&&*+7! 0%! 0(.*&! 3*+7/.! 2&)30,/! u;&,)! 30&8208&.3#! R(.! *+*0*,/!
30&8208&.3!%6!2,/*HI4J')&&%/.!,+-!2,/*HI4J68&,+!1%-*6*.-!6&%1!0(.!2&)30,/!30&8208&.!%6!2)2/*2!
0.0&,F.0%+.!)M!,+-!30&8208&,/!%'0*1*L,0*%+3!A.&.!,00.1'0.-!8+-.&!0(.!3,1.!2%+-*0*%+3!,3!
,Q%@.#!G60.&!%'0*1*L,0*%+M!0(.!-.30,Q*/*L,0*%+!.+.&7)!N%5O!Q.0A..+!2)2/*2!%/*7%F.0%+.3!,+-!
*03!&./,0.-!'&%-8203!A,3!.@,/8,0.-!83*+7!0(.!.W8,0*%+3!3(%A+!*+!0(.!1,*+!0.H0#![%0.h![U#!
,+-!A,0.&!1%/.28/.3!A.&.! *+2/8-.-! 6%&! 30%*2(*%1.0&)! 0%! .@,/8,0.! 0(.!-.30,Q*/*L,0*%+!%6!
68&,+\')&&%/.!&*+7!6%&1,0*%+M!,/0(%87(!0(.!&*+7!6%&1,0*%+!2%+-*0*%+3!*+!0(.!&.,/!3)30.13!
,&.!-*66.&.+0!6&%1!0(.!.@,/8,0*%+!32(.1.!,Q%@.#!

! !



! 9"!

3*F*3(45,%"&%.2($'/2&01'&;(

~!:)+0(.3*3!%6!68&,+%'(,+.!C!

!

!!!!D+! ,! >__! 1k! 0(&..;+.2F! 6/,3F! .W8*''.-! A*0(! ,! -&%''*+7! 68++./! ,+-! +*0&%7.+! 7,3!
*+/.0\%80/.0M!/*0(*81!-**3%'&%')/,1*-.!N4#_!=!*+!RUT\!(.'0,+.\.0()/Q.+L.+.M!9>#_!1kM!P_#_!
11%/O!A,3!,--.-!,+-!2%%/.-!0%!�PY!xE#!G!3%/80*%+!%6!2%1'%8+-!=!N>#__!7M!4"#4!11%/O!*+!
,+()-&%83!RUT!N"_>!1kO!A,3!,--.-!-&%'A*3.!83*+7!,!-&%''*+7!68++./!%@.&!">!1*+!A(*/.!
F..'*+7!0(.!3%/80*%+!0.1'.&,08&.!,0!�PY!xE#!G60.&!">!1*+!%6!30*&&*+7M!,!3%/80*%+!%6!E8E/"!
NS#<"!7M!P_#_!11%/O! *+!,+()-&%83!b=T!N"><!1kO!A,3!,--.-!,//! ,0!%+2.#!R(.! &.,20*%+!
1*H08&.!A,3!30*&&.-!6%&!"!(!,0!�PY!xE!*+!,!2%%/*+7!Q,0(M!,+-!0(.+!,//%A.-!0%!&.,2(!&%%1!
0.1'.&,08&.#!R(.!&.,20*%+!A,3!W8.+2(.-!Q)!,--*+7!,!9f!,W8.%83!3%/80*%+!%6!()-&%2(/%&*2!
,2*-!N4__!1kOM!0&,+36.&&.-!0%!,!3.',&,0%&)!68++./M!,+-!.H0&,20.-!A*0(!-*.0()/!.0(.&!N4>_!1k!
Ä!9O#!R(.!2%1Q*+.-!%&7,+*2!/,).&!A,3!A,3(.-!A*0(!,!9f!,W8.%83!3%/80*%+!%6!()-&%2(/%&*2!
,2*-! N4>_! 1k! Ä! 4O! ,+-! -&*.-! %@.&! ,+()-&%83! 3%-*81! 38/6,0.#! G60.&! .@,'%&,0*%+! 8+-.&!
&.-82.-!'&.338&.M! 0(.! 2&8-.!'&%-820!A,3!'8&*6*.-!Q)! 3*/*2,!7./! 2%/81+!2(&%1,0%7&,'()!
N2%/81+! -*,1.0.&h! >#_! 21M! (.*7(0h! ">! 21M! ./8.+0h! .0()/! ,2.0,0.\(.H,+.!y! "\"_O! 0%! 7*@.!
68&,+%'(,+.!C!N>S4!17M!4#>4!11%/M!"4f!)*./-O!,3!A(*0.!3%/*-3#!
!
!!!!!U![=C!NEbE/#M!<__!=ULM!4SY!dOh!&!y!B#4P!N3M!4UM!68&)/OM!4#"P!N3M!<UM!.0()/.+.OM!"#<<!
''1!N3M!"4UM!-*1.0()/1.0()/.+.Oe!!#EÅ!UÇ![=C!NEbE/#M!"__!=ULM!4SY!dOh!&!y!4_S#SM!
">Y#YM!""_#9M!>"#4M!9<#>M!4"#<!''1e!DC!NGRCM!+.,0Oh!4S49M!4YBPM!4Y>"M!"P"4M!"BS9M!"<>PM!
"4>SM! "_4SM! "_">! 21>!e! UC;5:D;R?T;=:h! 1\L! 2,/2-#! 6%&! E!$U!(?#[,?h! 4>P#""<Y!
I=v[,J?e!6%8+-!4>P#""<Ye!5/.1.+0,/!,+,/)3*3!2,/2-#NfO!6%&!E!$U!(?#h!E!P"MPPM!U!P#P<M!
[! _#__e! 6%8+-h! E! P"MP>M! U! P#Y4M! [! _#_4e! 1'h! YB;S"! xEe! RkEh! C@! y! _#9_! N50()/!
,2.0,0.\(.H,+.!y!"\"_O#!
!

! !
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~!:)+0(.3*3!%6!2%1'%8+-!F!

!

!!!!D+!,!"__!1k!&%8+-;Q%00%1.-!6/,3FM!C! N<__!17M!"#P"!11%/O!,+-!2(/%&%6%&1!N>>!1kO!
A.&.!1*H.-!,+-!2%%/.-!,0!_! xE!83*+7! *2.\A,0.&!Q,0(#!";2(/%&%'.&Q.+L%*2!,2*-! NP_f! *+!
A,0.&M!<<"!17M!"#PY!11%/O!A,3!,--.-!0%!0(.!3%/80*%+!,+-!30*&&.-!,0!_!xE#!G60.&!4#>!(!%6!
30*&&*+7M! 0(.! &.,20*%+! A,3! W8.+2(.-! Q)! ,--*+7! ,! 3,08&,0.-! ,W8.%83! 3%/80*%+! %6! 3%-*81!
Q*2,&Q%+,0.!N>_!1kO!6%//%A.-!Q)!0(.!,--*0*%+!%6!,!3,08&,0.-!,W8.%83!3%/80*%+!%6!3%-*81!
0(*%38/6,0.! N>_!1kO#! R(.! %&7,+*2! /,).&!A,3! 3.',&,0.-! %66! ,+-!A,3(.-!A*0(! ,! 3,08&,0.-!
,W8.%83!3%/80*%+!%6!3%-*81!Q*2,&Q%+,0.!N>_!1k!Ä!9O!,+-!-&*.-!%@.&!,+()-&%83!3%-*81!
38/6,0.#!G60.&!.@,'%/,0*%+!%6!3%/@.+0M!0(.!&.38/0*+7!3%/*-!A,3!A,3(.-!A*0(!(.H,+.!NS!1kO!
83*+7!8/0&,3%+*2!Q,0(! 6%&!>!1*+#!R(.!3%/*-!A,3!2%//.20.-!,+-!A,3(.-!%+!,! 68++./!83*+7!
(.H,+.!N"Y!1kO!0%!68&+*3(!A(*0.!3%/*-3!%6!2%1'%8+-!F!N4S9!17M!"#"P!11%/O!*+!BSf!)*./-#!
!
!!!!!U![=C!NEbE/#M!<__!=ULM!4SY!dOh!&!y!B#>"!N3M!4UM!@*+)/.+.OM!4#Y4!N3M!<UM!.0()/.+.OM!
"#<_!''1!N3M!"4UM!-*1.0()/1.0()/.+.Oe!!#EÅ!UÇ![=C!NEbE/#M!"__!=ULM!4SY!dOh!&!y!
4_P#_M!4_"#PM!"99#SM!B4#BM!9>#YM!44#_!''1e!DC!NGRCM!+.,0Oh!4SY>M!4S<>M!"BS<M!"BP<M!"B_YM!
"<"BM! "9Y9M! "9B<M! "_S"M! "_<<! 21-!e! UC;5:D;R?T;=:h! 1\L! 2,/2-#! 6%&! E!$U!(?$[,?M!
4P9#"_SP!I=v[,J!e!6%8+-!4P9#"_SYe!5/.1.+0,/!,+,/)3*3!2,/2-#NfO!6%&!E!$U!(?$h!E!BP#"Ye!
U! P#4>M! [! _#__e! 6%8+-h! E! BB#SPM! U! P#94M! [! _#_"e! 1'h! "9_;"99! xEe! C@! y! _#<9! N50()/!
,2.0,0.\(.H,+.!y!"\9O#!
!
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~!:)+0(.3*3!%6!2%1'%8+-!)!

!

!!!!D+!,!"__!1k!&%8+-;Q%00%1.-!6/,3FM!0.0&,F.0%+.!F!N9__!17M!"#4_!11%/O!,+-!4"_!17!%6!
"_f!$-!%+!2,&Q%+! *+!B_!1k!%6!.0()/!,2.0,0.!A,3!30*&&.-!8+-.&!U"!7,3! 6%&!4!(!,0! &%%1!
0.1'.&,08&.#!R(.!&.,20*%+!1*H08&.!A,3!6*/0.&.-!0(&%87(!2./*0.!',-!83*+7!EU"E/"!N<_!1kOM!
,+-!0(.!6*/0&,0.!A,3!2%+2.+0&,0.-!8+-.&!&.-82.-!'&.338&.#!R(.!&.38/0*+7!3%/*-!A,3!,--.-!
.0(,+%/! NB_!1kO! ,+-! (.,0.-! 0%! P9! xE#!G60.&! 0(.! &.1%@,/! %6! *+3%/8Q/.!1,0.&*,/3! Q)! (%0!
6*/0&,0*%+M!6*/0&,0.!A,3!2%+2.+0&,0.-!0%!-&)+.33!8+-.&!&.-82.-!'&.338&.#!R(.+!0(.!&.38/0*+7!
3%/*-!A,3!-*33%/@.-!*+!Q%*/*+7!.0(,+%/!N<_!1kO!,+-!0(.+!2%%/.-!,0!_!xE#!R(.!'&.2*'*0,0.-!
2&)30,/3!A.&.!2%//.20.-!Q)!3820*%+!6*/0&,0*%+#!R(.!2&)30,/3!%+!68++./!A.&.!68&0(.&!A,3(.-!
83*+7!2%/-!.0(,+%/!N4_!1kO!0%!'&%@*-.!2%1'%8+-!S!N"9_!17M!<9fO!,3!2%/%&/.33!2&)30,/3#!
!
!!!!!U![=C! NEbE/#M! <__!=ULM!4SY!dOh!&! y!4#BS! N3M! YUM! .0()/.+.OM! "#9_!''1! N3M! "4UM!
-*1.0()/1.0()/.+.Oe!!#EÅ!UÇ![=C!NEbE/#M!"__!=ULM!4SY!dOh!&!y!4_P#_M!B9#>M!9<#9M!4"#<!
''1e!DC!NGRCM!+.,0Oh!4SPSM!4S>SM!"BS"M!"<"_M!"4<BM!"_SSM!"_>P!21>!e!UC;5:D;R?T;=:h!
1\L! 2,/2-#! 6%&! E!$U"*?$[,?M! 4P>#"4><! I=v[,J?e! 6%8+-! 4P>#"4<Pe! 5/.1.+0,/! ,+,/)3*3!
2,/2-#NfO!6%&!E!$U"*?$h!EM!BB#B>e!UM!P#SSe![M!_#__e!6%8+-h!EM!BB#>Be!UM!Y#_>e![M!_#_4e!1'h!
"4>;"4Y!xEe!C@!y!_#P<!N50()/!,2.0,0.\(.H,+.!y!"\"O#!
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~!:)+0(.3*3!%6!2%1'%8+-!O!

!

!!!!D+!,!>_!1k!0(&..;+.2F!6/,3F!.W8*''.-!A*0(!,!-&%''*+7!68++./M!/*0(*81!-**3%'&%')/,1*-.!
N4#_!=!*+!RUT\(.'0,+.\.0()/Q.+L.+.M!_#S"!1kM!"#Y4!11%/O!A,3!,--.-!,+-!2%%/.-!0%!�PY!
xE! 8+-.&! [", ,01%3'(.&.#! G! 3%/80*%+! %6! /*+.,&! 0&*68&,+! )Q! N4>_! 17M! _#>>_! 11%/O! *+!
,+()-&%83!RUT!N"_!1kO!A,3!,--.-!-&%'A*3.!83*+7!,!-&%''*+7!68++./!%@.&!">!1*+#!G60.&!
">!1*+!%6!30*&&*+7M!,!3%/80*%+!%6!,+()-&%83!E8E/"!N4<<!17M!"#Y4!11%/O!*+!,+()-&%83!b=T!
N<#_!1kO!A,3!,--.-!,0!%+2.#!R(.!&.,20*%+!1*H08&.!A,3!30*&&.-!6%&!,+!(%8&!,0!�PY!xE!*+!,!
2%%/*+7!Q,0(M!,+-!0(.+!,//%A.-!0%!&.,2(!&%%1!0.1'.&,08&.#!R(.!&.,20*%+!A,3!W8.+2(.-!Q)!
,--*+7!,!9f!,W8.%83! 3%/80*%+!%6!()-&%2(/%&*2! ,2*-! N>!1kOM! 0&,+36.&&.-! 0%!,! 3.',&,0%&)!
68++./M!,+-!.H0&,20.-!A*0(!-*.0()/!.0(.&! N"_!1k!Ä!9O#!R(.!2%1Q*+.-!%&7,+*2! /,).&!A,3!
A,3(.-!A*0(! ,! 9f! ,W8.%83! 3%/80*%+! %6! ()-&%2(/%&*2! ,2*-! N"_!1k!Ä! 4O! ,+-! -&*.-! %@.&!
,+()-&%83!3%-*81!38/6,0.#!G60.&!2%+2.+0&,0*%+!8+-.&!&.-82.-!'&.338&.M!0(.!2&8-.!'&%-820!
A,3!'8&*6*.-!Q)!3*/*2,!7./!2%/81+!2(&%1,0%7&,'()!N2%/81+!-*,1.0.&h!4#_!21M!(.*7(0h!4>!
21M!./8.+0h!.0()/!,2.0,0.\(.H,+.!y!"\"_O! 0%! 68&+*3(!2%1'%8+-!O! N9"!17M!"4f!)*./-O!,3!
A(*0.!3%/*-3#!
!
!!!!!U![=C!NEbE/#M!<__!=ULM!4SY!dOh!&!y!B#_4!N3M!4UM!68&)/OM!B#_"!N3M!<UM!68&)/OM!4#"P!N3M!
<UM!.0()/.+.OM!"#>>!N3M!"4UM!-*1.0()/1.0()/.+.OM!"#9P!''1!N3M"4UM!-*1.0()/1.0()/.+.Oe!
!#EÅ!UÇ![=C!NEbE/#M!"__!=ULM!4SY!dOh!&!y!4"_#<M!">S#PM!">Y#"M!">>#PM!"_B#9M!"_<#YM!
"_<#9M!<S#_M!9P#_M!94#_M!4>#PM!44#S!''1e!DC!NGRCM!+.,0Oh!4S>PM!"P<SM!"BB_M!">SBM!">_YM!
"994M!"4"BM!"">SM!""4_M!""_PM!"_"_!21>!e!UC;5:D;R?T;=:h!1\L!2,/2-#!6%&!E"(U#$?%[,?M!
<P9#44SS!I=v[,J?e!6%8+-!<P9#44S>e!1'h!"_P;""_!xEe!C@!y!_#9Y!N50()/!,2.0,0.\(.H,+.!y!
"\"_O#!
!

!
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3*F*=(SI'#5(2'5;%#--/?'#$".2(#,#-5;.;(

~!E&)30,//%7&,'(*2!-,0,!6%&!C(

!!!!:*+7/.! 2&)30,/3! %6! C! 38*0,Q/.! 6%&! u;&,)! -*66&,20*%+! ,+,/)3*3! A.&.! %Q0,*+.-! Q)! 3/%A!
.@,'%&,0*%+!%6!,!!;(.H,+.!3%/80*%+!%6!C#!

E!$U!(?#M!B!y!49<#4YM!2&)30,/!3*L.h!_#B4!Ä!_#9B!Ä!_#4_!11#M!1%+%2/*+*2M!3',2.!7&%8'!44!\!M!
(!y!""#9_<<N<OM!;!y!Y#Y_Y9N9OM!0!y!"9#<B<SNBO!}M'U!y!""4#P49N>O!xM!V!y!"49B#BPNSO!}#M!W!y!
<M!3!y!"49N4O!dM!X!y!_#_YP!11>!M!EA./A!y!"#4>Y!7\21#M!4#Y9>x!É!Y!É!4B#<S"xM!49B<!8+*W8.!
&.6/.20*%+3!%80!%6!4><Y!A*0(!Q!z!4Z[Q\M!X?T!y!"#_B"M!=!!y!_#_9P4M!P="!y!_#_S9>M!EEbEh!
4449S<<!

!

L.?1'&(3IF#!?CR5$!-&,A*+7!%6!0(.!2&)30,/!30&8208&.!%6!C!,0!0(.!>_f!0(.&1,/!'&%Q,Q*/*0)!
/.@./3!NEh!7&,)M!Uh!A(*0.M!?h!&.-O#!

!
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~!E&)30,//%7&,'(*2!-,0,!6%&!)(

!!!!:*+7/.!2&)30,/3!%6!)!38*0,Q/.!6%&!u;&,)!-*66&,20*%+!,+,/)3*3!A.&.!7&%A+!Q)!@,'%&!-*6683*%+!
%6!!;(.H,+.!*+0%!,!2(/%&%6%&1!3%/80*%+!%6!)#!

E!$U"*?$M!B!y!4>4#9_M!2&)30,/!3*L.h!_#P_!Ä!_#"_!Ä!_#_Y!11#M!1%+%2/*+*2M!3',2.!7&%8'!44!\!M!
(!y!>#P>S<N9OM!;!y!"_#4"9YNBOM!0!y!"_#Y>_4NBO!}M']'y!S_M'U!y!"_"#9<"NBOM!^'y!S_xM!V!y!
B4>#Y_NBO!}#M!W!y!4M!3!y!"49N4O!dM!X!y!_#_SP!11>!M!EA./A!y!"#99S!7\21#M!4#PB>x!É!Y!É!
4P#<SYxM!"4S>!8+*W8.!&.6/.20*%+3!%80!%6!"<9"!A*0(!Q!z!4Z[Q\M!X?T!y!"#_>SM!=!!y!_#_9BBM!
P="!y!_#"_9"M!EEbEh!4449S<>!

!

L.?1'&(3IK#!?CR5$!-&,A*+7!%6!0(.!2&)30,/!30&8208&.!%6!)!,0!0(.!>_f!0(.&1,/!'&%Q,Q*/*0)!
/.@./3!NEh!7&,)M!Uh!A(*0.M!?h!&.-O#!

!

!
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~!E&)30,//%7&,'(*2!-,0,!6%&!O(

!!!!:*+7/.!2&)30,/3!%6!O!38*0,Q/.!6%&!u;&,)!-*66&,20*%+!,+,/)3*3!A.&.!7&%A+!Q)!@,'%&!-*6683*%+!
%6!!;(.'0,+.!*+0%!,!-*2(/%&%1.0(,+.!3%/80*%+!%6!O#!

E%&U&(?!*M!B!y!S_"#"_M!2&)30,/!3*L.h!_#9_!Ä!_#_>!Ä!_#_>!11#M!0&*2/*+*2M!3',2.!7&%8'!4�"M!(!
y! "_#4PB"N>OM! ;! y! "_#9<4_NBOM! 0! y! "9#<S9>NYO! }M' ]' y! ""4#4><N>OM! U! y! S4#Y>_N>OM! ^! y!
"_>#Y><N>OxM!V!y!"4>P#BSN"9O!}#M!W!y!"M!3!y!S9N4O!dM!X!y!_#_Y_!11>!M!EA./A!y!"#"S_!7\21#M!
"#B>>x!É!Y!É!9_#>9SxM!9Y>Y!8+*W8.!&.6/.20*%+3!%80!%6!>SSB!A*0(!Q!z!4Z[Q\M!X?T!y!"#_<9M!=!!
y!_#_P44M!P="!y!_#"YP4M!EEbEh!4449S<B!

!

L.?1'&(3IN#!?CR5$!-&,A*+7!%6!0(.!2&)30,/!30&8208&.!%6!O!,0!0(.!>_f!0(.&1,/!'&%Q,Q*/*0)!
/.@./3!NEh!7&,)M!Uh!A(*0.M!?h!&.-O#!

!

!

! !
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4"B#C.6.&.+2.#

I"J! E,6.%M!X#e!d%(+F.M!T#U#e!k,!R%&&.M!X#k#e!](*0.M!G#i#$#e!]*//*,13M!b#i#M!T&%1!k,&7.!
T8&,+;V,3.-!E,/*H,&.+.3!0%!E,/*H')&&%/.3!,+-!E,/*HI+J68&,+I1J')&&%/.3h!:)+0(.3.3!
,+-!:0&8208&.3#!,!L#P+'-.#"+'Q!&+'R:#!3QQQM!NGM!"<SB;"<SY#!

I4J! D+,Q,M!o#e![%1,0,M!o#e!D-.M!o#e!$*&*//%M!i#e!U*Z*F,0,!o#e!o%+.-,M!R#e!?38F,M!G#e!:.33/.&M!
i#!k#e!D+%F81,M!o#!E,/*HI9J')&&%/.h!G!=*33*+7!k*+F!*+!$%&'()&*+;C./,0.-!E(.1*30&)#!
*+',"+'-.#"+'/%0#!3Q3)M!CINM!"49>>;"49B_#!

I9J! l.3,F,M! =#e! :,*0%M! o#e! o%3(*%F,M! :#e! b%1%0%M! o#e! T8Z*0,M! =#e! D+%F81,M! o#!
?/*7%,2.0)/,2.0%+.3! ,3! :(,',Q/.! E,&Q%+! E(,*+3! ,+-! R(.*&! R&,+36%&1,0*%+! 0%!
?/*7%*1*+.3!6%&!E%+30&820*%+!%6!=.0,/;%&7,+*2!G&2(*0.208&.3#!-%""O!+'-.#"#!3Q)OM!
CM!49#!

I<J! U,L.//M!G#!R(.!:0&8208&.!%6!?20,1.0()/0.0&,%H,W8,0.&.+.#!,0&('-57$&#!)POPM!-I1M!
"9P;"<_#!

I>J! N,O!G1,&+,0(M!K#e!G+0(%+)M!b#!E#e!G1,&+,0(M!d#e!K,/.+0*+.M!]#!=#e!].00.&,8M!k#!G#e!
X&,(,1M!b#!X#!D+0.&1.-*,0.3!*+!0(.!$,,/;d+%&&!:)+0(.3*3!%6!$)&&%/.3#!!*+'K5L+'-.#"#!
)PP)M! 1JM! BS4<;BS9"#! NQO!G1,&+,0(M!K#e!G1,&+,0(M! d#! D+0.&1.-*,0.3! *+! 0(.! $,,/;
d+%&&!:)+0(.3*3!%6!T8&,+3#!*+'K5L+'-.#"#!)PPFM!J?M!9_";9_P#!

IBJ! :(./-&*2FM!X#!=#!E&)30,/!:0&8208&.!C.6*+.1.+0!A*0(!/9RM_M+!,0&('-57$&())%L5+'/#0&+'
-!3Q)FM!2CM!9;Y#!

IPJ! X&*11.M!:#e!G+0%+)M!i#e!5(&/*2(M!:#e!d&*.7M!U#!G!E%+3*30.+0!,+-!G228&,0.!(;'8!8&8%!
$,&,1.0&*L,0*%+!%6!b.+3*0)!T8+20*%+,/!b*3'.&3*%+!E%&&.20*%+! NbTR;bO! 6%&! 0(.!S<!
5/.1.+03!U;$8#!*+'-.#"+'4.7$+'3Q)QM!CNAM!"><"_<#!

IYJ! X,833*,+!"BM!C.@*3*%+!E#_"M!T&*32(M!=#!i#e!R&82F3M!X#!]#e!:2(/.7./M!U#!V#e!:283.&*,M!
X#!5#e!C%QQM!=#!G#e!E(..3.1,+M!i#!C#e!:2,/1,+*M!X#e!V,&%+.M!K#e!$.0.&33%+M!X#!G#e!
[,F,038Z*M! U#e! k*M! u#e! E,&*2,0%M! =#e! =,&.+*2(M!G#!K#e! V/%*+%M! i#e! i,+.3F%M! V#! X#e!
X%1'.&03M! C#e! =.++822*M! V#e! U&,02(*,+M! U#! $#e! ?&0*LM! i#! K#e! DL1,)/%@M! G#! T#e!
:%++.+Q.&7M!i#!k#e!]*//*,13;o%8+7M!b#e!b*+7M!T#e!k*'',&*+*M!T#e!57*-*M!T#e!X%*+73M!i#e!
$.+7M!V#e!$.0&%+.M!G#e!U.+-.&3%+M!R#e!C,+,3*+7(.M!b#e!s,F&L.A3F*M!K#!X#e!X,%M!i#e!
C.7,M! [#e! s(.+7M! X#e! k*,+7M! ]#e! U,-,M! =#e! 5(,&,M! =#e! R%)%0,M! d#e! T8F8-,M! C#e!
U,3.7,A,M!i#e!D3(*-,M!=#e![,F,Z*1,M!R#e!U%+-,M!o#e!d*0,%M!?#e![,F,*M!U#e!K&.@.+M!R#e!
R(&%33.//M!d#e!=%+07%1.&)M! i#!G#M! i&#e!$.&,/0,M! i#!5#e!?7/*,&%M!T#e!V.,&',&FM!=#! i#e!
U.)-M!i#!i#e!V&%0(.&3M!5#![#e!d8-*+M!d#![#e!:0,&%@.&%@M!K#![#e!d.*0(M!R#!G#e!d%Q,),3(*M!
C#e! [%&1,+-M! i#e! C,7(,@,2(,&*M! d#e! C.+-.//M!G#! $#e! V8&,+0M! i#! E#e! D).+7,&M! :#! :#e!
R%1,3*M!i#e!E%33*M!=#e!=*//,1M!i#!=#e!d/.+.M!=#e!G-,1%M!E#e!E,11*M!C#e!?2(0.&3F*M!



! 9S!

i#!]#e!=,&0*+M!C#!k#e!=%&%F81,M!d#e!T,&F,3M!?#e!T%&.31,+M!i#!V#e!T%HM!b#!i#!X,833*,+M!
D+2#M!],//*+76%&-!ERM!4_"B#!

!

! !



! <_!

"'()%&*!<!
!

!"#$%"$#&'()*&'$&"+,-(&-.(/&%#,%0%')(.)1+2-(30(!"#&+-4+5(
&-&'01+1(

(
!

!

!

!

!

!

!

!

!

!

!

!

DE30&,20#

!!!!D+!0(*3!2(,'0.&M!0(.!2(,&,20.&!%6!:0&,*+K*L!,+,/)3*3!*+!0(.!6*./-!%6!2%+0&,20.-!'%&'()&*+!
&./,0.-! 2%1'%8+-! A,3! &.@.,/.-! A*0(! 0(.! 2%1',&*3%+! A*0(! &.38/0! 6&%1! (%1%-.31%0*2!
&.,20*%+!1.0(%-#!l3*+7!0(.!@*38,/*L,0*%+!%6!30&,*+!.+.&7)!-*30&*Q80*%+M!:0&,*+K*L!A,3!,/3%!
83.-! 6%&! *+@.30*7,0*%+! %6! (*7(/)! 30&,*+.-! 2,/*HI4J')&&%/.! ,+-! +.A/)! -.3*7+.-!
I4#4JN4M>O')&&%/%'(,+.!2%&.3#!

! !



! <"!

9"!#F+0&%-820*%+#

=*)*)(T.,?(;%'#.,(&>#-1#%./,(

!!!!E%+3*-.&*+7!0(.!*1'%&0,+0!.66.20!%6!&*+7!30&,*+M!3.@.&,/!1.0(%-3!6%&!.@,/8,0*+7!&*+7!30&,*+!
.+.&7)! (,@.! Q..+! -.@./%'.-#! ?+.! %6! 0(.! 1%30! 2%+@.+0*%+,/! 1.0(%-! *3! 2%1Q830*%+!
2,/%&*1.0&)! 0(,0! (,3! Q..+! 80*/*L.-! 6%&! 3%1.! 0)'*2,/! 30&,*+.-! 1,2&%2)2/.3M! 382(! ,3!
I4#4J',&,2)2/%'(,+.!#!l+6%&08+,0./)M!382(!.H'.&*1.+0,/!1.0(%-3!,&.!-*66*28/0! 0%!%'.&,0.!
,+-!-%!+%0!.,3*/)!%Q0,*+!,228&,0.!-,0,#!]*0(!0(.!2%+0*+8%83!*1'&%@.1.+0!%6!0(.!,228&,2)!
%6!2,/28/,0*%+!1.0(%-3M!.@,/8,0*+7!&*+7!30&,*+!.+.&7)!0(&%87(!0(.%&.0*2,/!2,/28/,0*%+3!(,3!
+%A! Q.2%1.! 0(.! 30,+-,&-! 1.0(%-#! R(*3! *3! ,! 0)'.! %6! ,+,/)3*3! 1.0(%-! 0(,0! 6%283.3! %+!
*+-*@*-8,/3M!8+/*F.! 0(.!2,/28/,0*%+3! *+!E(,'0.&!4!3(%A!0(.!%@.&,//!.+.&7)!2(,+7.!%6! 0(.!
3)30.1#![%A,-,)3M!0(.!1%30!A.//;F+%A+!2,/28/,0*%+,/!1.0(%-!6%&!,+,/)L*+7!1,2&%2)2/*2!
&*+7!30&,*+! *3!(%1%-.31%0*2! &.,20*%+!1.0(%-"#!R(.!-*,7&,1!%6! 0(*3!1.0(%-! *3!3(%A+!*+!
L.?1'&(=I)#!!

!

L.?1'&(=I)#!b*,7&,1!%6!0(.%&.0*2,/!(%1%-.31%0*2!&.,20*%+#!

!!!!G+-! 0(.! 30&,*+! .+.&7)! N5B29.C4O! *3! -.6*+.-! ,3! .+.&7)! -*66.&.+2.! Q.0A..+! 0(.! 30,&0*+7!
1,0.&*,/3!N1,2&%2)2/.!,+-!2,''*+7!1%*.0)O!,+-!&.38/0*+7!/*+.,&!'&%-820!A(*2(!*3!-.32&*Q.-!
A*0(!.W8,0*%+!,3!6%//%Ah!

-3&+!4( . :-5!6+'626"% 2 -6!774(895'4%&2; / -"4(%!+97+':*6&!

!!!!U%A.@.&M! 0(.! *+6%&1,0*%+! %6! 30&,*+! .+.&7)! %Q0,*+.-! 6&%1! 0(*3! 1.0(%-! *3! 0%0,/! 30&,*+!
.+.&7)#!D6! /%2,/!30&,*+!*3!&.W8*&.-M! 0(*3!1.0(%-!2,+g0!'&%@*-.!83.68/!&.38/0#!T8&0(.&M! /%2,/!
30&,*+!*3!,/3%!,+!*1'%&0,+0!6,20%&!0%!-.0.&1*+,0.!&.,20*@*0)!N%&!30,Q*/*0)O!%6!0(.!1%/.28/.#!D0!
*3!&.,3%+,Q/.!0%!*1,7.!0(,0!0A%!1%/.28/.3!A*0(!3,1.!30&,*+!.+.&7)M!0(.!1%/.28/.!A*0(!30&,*+!
.+.&7)!3'&.,-!%@.&!1%&.!,0%13!A*//!Q.!1%&.!30,Q/.!0(,0!0(.!1%/.28/.!A*0(!2%+2.+0&,0.-!
30&,*+!*+!6.A.&!,0%13#!

!!!!]*0(! 0(.! -.1,+-! 6%&! /%2,/! 30&,*+! .+.&7)! ,+,/)3*3M! *+! 4_4_M! i,30*! 7&%8'! &.'%&0.-! ,+!
,-@,+2.1.+0!Q,3.-!%+!6&,71.+03!0%!.30*1,0.!30&,*+!.+.&7)!0(,0!+,1.-!:0&,*+K*L#!0(,0!1,F.!
*0!'%33*Q/.!0%!,+,/)L.!/%2,/!30&,*+!,+-!&./,0*@.!'&%'.&0*.3#! !

R R theoretical homodesmotic reaction+

macrocycle capping moiety

R R

capped linear product



! <4!

=*)*3(4%'#.,A.B(:&%"/0(7/'(-/2#-(;%'#.,(&,&'?5(

!!!!R(*3!1.0(%-!A,3! -.@./%'.-! 0(,0! *-.+0*6)! 0(.! 30&,*+! .+.&7)! /%2,/! 0%! .@.&)! 2%%&-*+,0.!
NQ%+-!/.+7(M!Q%+-!,+7/.M!,+-!0%&3*%+,/!,+7/.O!*+!,!1%/.28/.#!R(.!7.+.&,/!'&%2.-8&.!%6!0(*3!
1.0(%-!2,+!Q.!3811,&*L.-!,3!6%//%A3!NL.?1'&(=I3Oh!

"#!T&..L.!0(.!1%/.28/,&!30&8208&.!,+-!280!%80!18/0*'/.!1%/.28/,&!6&,71.+03!

4#!E,'!0(.!6&,71.+03!A*0(!()-&%7.+!,0%13!

9#!E,/28/,0.!0(.!30&,*+!.+.&7)!%6!.,2(!6&,71.+0!

<#!=,'!.,2(!%Q0,*+.-!30&,*+!.+.&7)!%+0%!0(.!%&*7*+,/!1%/.28/,&!30&8208&.!

>#!T*0!,+-!,@.&,7.!30&,*+!.+.&7)!*+!18/0*'/.!6&,71.+03!

!

L.?1'&(=I3#!]%&F6/%A!6%&!:0&,*+K*L!1.0(%-##!

!!!!R(.! '&%7&,1! 2,/28/,0.3! 0(&..! 30&,*+! .+.&7)! *+2/8-*+7! Q%+-! 30&,*+M! ,+7/.! 30&,*+! ,+-!
-*(.-&,/! 30&,*+#!R(.!Q%+-! 30&,*+! .@,/8,0.-! 6&%1!Q%+-! /.+70(M! 0(.! ,+7/.! 30&,*+! .@,/8,0.-!



! <9!

6&%1!,+7/.!Q.0A..+! 0(&..!,0%13M!,+-! 0(.!-*(.-&,/!30&,*+!.@,/8,0.-!6&%1!0%&3*%+,/!,+7/.!
Q.0A..+!6%8&!,0%13!%6!0(.!,&%1,0*2!&*+7#!R(.!381!%6!0(.3.!30&,*+!.+.&7)!3%!2,//.-!0%0,/!
.+.&7)#!G+-!0(.!.+.&7)!-*30&*Q80*%+!1.0(%-!,3!6%//%A3#!R(.!Q%+-!30&,*+!*3!,33*7+.-!0%!0(.!
/%2,0.-!Q%+-#!T%&!0(.!,+7/.!30&,*+M!0(.!.+.&7)!*3!-*@*-.-!*+!(,/6!,1%+7!0(.!0A%!2%+0&*Q80*+7!
Q%+-3#!T%&!0(.!0%&3*%+,/!30&,*+!Q.0A..+!6%8&!,0%13M!0(.!.+.&7)!*3!3'/*0!.@.+/)!,1%+7!0(.!
0(&..! Q%+-3#! T*+,//)M! 0(.! 0(&..! 0)'.3! %6! .+.&7)! ,&.! 3811.-! ,+-! ,! 0%0,/! 30&,*+! 1,'! *3!
'&%-82.-!,+-!0(.!-.7&..!%6!&*+7!30&,*+!.+.&7)!6&%1!/%A!0%!(*7(!*3!&.'&.3.+0.-!Q)!7&..+!0%!
&.-#!

!!!!:*+2.!0(.!1.0(%-!%6!83*+7!6&,71.+03!%Q@*%83/)!*+0&%-82.3!.&&%&3M!0(.&.!(,3!&.W8*&.1.+03!
6%&! 0(.! 6&,71.+0#! T%&! %Q0,*+*+7! ,228&,0.! &.38/03M! *0! &.W8*&.3! 2&.,0.! 6&,71.+03! ,3! 1,+)!
3)11.0&*2,//)!,3!'%33*Q/.M!,+-!2&.,0.!0(.!6&,71.+0!,3!/,&7.!,3!'%33*Q/.!0%!&.-82.!.&&%&#!!

!!!!D+! 0(*3! 2(,'0.&M! 0(.! 68&0(.&! *+@.30*7,0*%+!,Q%80!80*/*L,0*%+!%6!:0&,*+K*L! *+! 0(.! 6*./-!%6!
2%+0&,20.-!'%&'()&*+!,+,/%78.3!A*//!Q.!2%+-820.-#!

!

!

! !



! <<!

9"4#:0&,*+L*M#,+,/)3*3#6%&#2,/*IJ!K')&&%/.#,+-#&./,0.-#-.&*@,0*@.3#

!!!!:0&,*+K*L!,/&.,-)!83.-!6%&!30&,*+!2%1',&*3%+!%6!2,/*HI9J')&&%/.!,+-!*03!-.&*@,0*@.3!0(,0!
&.'%&0.-!Q)!%8&!7&%8'!&.2.+0/)$#!U%A.@.&M!,3!0(.!9#"#"!3.20*%+!1.+0*%+.-M!(%1%-.31%0*2!
&.,20*%+!1.0(%-!*3!0(.!1%30!2%+@.+0*%+,/!1.0(%-#!R(.&.!*3!+%!2%1',&*3%+!,Q%80!:0&,*+K*L!
1.0(%-!,+-!(%1%-.31%0*2!&.,20*%+!1.0(%-!).0!*+!0(.!6*./-!%6!2%+0&,20.-!'%&'()&*+!&./,0.-!
1,2&%2)2/.3M! A(*/.! 0(*3! 3(%8/-! Q.! *1'%&0,+0! 6%&! 8+-.&30,+-*+7! 80*/*L,0*%+! %6! 0(*3! 0A%!
1.0(%-#!

!!!!D+! ,+%0(.&! A%&F! &.'%&0.-! Q)! %8&! 7&%8'%M! 0(.! &*+7! 30&,*+! %6! 2,/*HI9J')&&%/.! ,+-! *03!
-.&*@,0*@.3!A.&.! *+@.30*7,0.-!Q)!(%1%-.31%0*2! &.,20*%+!1.0(%-#!R(.&.6%&.M!(.&.!83*+7!
:0&,*+K*L! 1.0(%-! *+@.30*7,0.-! 3,1.! 1%/.28/.3! *+2/8-*+7! 2,/*HI9J')&&%/.M!
2,/*HI"J68&,+I4J')&&%/.!,+-!2,/*HI9J68&,+!6%&!2%1',&*3%+M!A(*2(!3811,&*L.-!*+!L.?1'&(=I
=#!

!

L.?1'&( =I=#! :0&,*+K*L! ,+,/)3*3! 6%&! 2,/*HI9J')&&%/.$M! 2,/*HI"J68&,+I4J')&&%/.! ,+-!
2,/*HI9J68&,+!A*0(!0(.!&*+7!30&,*+!-,0,!%Q0,*+.-!6&%1!(%1%-.31%0*2!&.,20*%+!1.0(%-%#!

!!!!D0!*3!2/.,&/)!3(%A+!0(,0!:0&,*+K*L!1.0(%-!A*//!'&%@*-.!31,//.&!.+.&7)!30&,*+!@,/8.3!0(,+!
(%1%-.31%0*2! &.,20*%+!1.0(%-!Q80! 0(.! 0.+-.+2)!2,+!Q.!.+38&.-! 6%&! 30&,*+!2%1',&*3%+#!
R(*3!&./,0*@./)!31,//!@,/8.!1,)!Q.!-8.!0%!0(.!*+6%&1,0*%+!/%33!2,83.-!Q)!0(.!6&,71.+0,0*%+!
'&%2.33!1.+0*%+.-!,Q%@.#!C.7,&-/.33!%6!'%33*Q/.!*+6%&1,0*%+!/%30M!:0&,*+K*L!30*//!,!83.68/!

N
H

NHHN

O

NHHN

O

O O

1.52 (max.)
0.00

1.52

0.70 (max.)

0.00

0.70

0.38 (max.)
0.00

0.38

Total strain
(in kcal mol-1) 6.211.613.4

Homodesmotic 
reaction method

(in kcal mol-1)

20.0 17.7 16.4



! <>!

1.0(%-!0(,0!,//%A3!6%&!,!2/.,&.&!@*38,/*L,0*%+!%6!/%2,/!30&,*+!.+.&7)!A(*2(!*3!Q.+.6*0!6%&!
8+-.&30,+-*+7!%6!1%/.28/.3#!

!!!!D+! 2(,'0.&! 4M! 0(.! /,&7.! -.30,Q*/*L,0*%+! .+.&7)! *+2&.,3.! *+! 0(.! $,,/;d+%&&! '&%2.33! 6%&!
2,/*HI4J!0)'.!2%1'%8+-3!A,3!'&%'%3.-#!D0!*3!&.,3%+,Q/.!0%!,00&*Q80.!0(*3!*+2&.,3.!*+!.+.&7)!
0%!0(.!(*7(!&*+7!30&,*+!%6!0(.!2,/*HI4J!0)'.!'&%-820#!U%A.@.&M!0(.!1%/.28/,&!&*+7!30&,*+!30,0.!
2,++%0!Q.!*+08*0*@./)!8+-.&30%%-#!D+!0(.!3.+3.!%6!83.!:0&,*+K*L!,+,/)3*3M!*0!*3!2/.,&/)!3(%A+!
0(,0!0(.!.+.&7)!-*30&*Q80*%+!/%2,0.-!%+!0(.!Q&*-7.!1%*.0)!,+-!0A%!2(.1*2,/!Q%+-3!Q.0A..+!
]!'%3*0*%+!,+-!+*0&%7.+#!

!

L.?1'&(=IC#!:0&,*+K*L!,+,/)3*3!%6!2,/*HI4J')&&%/.#!

!!!!R(.! &.38/0! *1'/*.3!:0&,*+K*L! *3! ,! 83.68/!1.0(%-! 6%&! 8+-.&30,+-*+7! 30&,*+! 30&8208&.!%6!
1,2&%2)2/.#! [.H0M! 0(.! +%@./! 1,2&%2)2/.! -.3*7+! A*//! ,/3%! Q)! 1.,+3! %6! :0&,*+K*L! 0%!
-*30*+78*3(!38Q0/.!-*66.&.+2.3!*+!&*+7!30&,*+!-*30&*Q80*%+#!

!

! !

71.5

5.89 (max.)5.72

0.00

5.89

Total strain
(in kcal mol-1)



! <B!

9"9#=%/.28/.#-.3*7+#%6#+%@./#J4N4KO4N>P')&&%/%'(,+.;0)'.#1,2&%2)2/.#

!!!!D+! 0(.! '.&@*%83! 2(,'0.&M! 0(.! 3)+0(.0*2! ,00.1'03! 6%&! 2,/*HI4J;0)'.! 1,2&%2)2/.3! A.&.!
-.32&*Q.-#!R(.!6,*/8&.!0%!'&%-82.!0(.!0,&7.0!2%1'%8+-3!A,3!+%0!0%%!38&'&*3*+7!*6!2%1',&.!
0(.!3*08,0*%+!%6!2)2/%'(,+.!6*./-!382(!,3!0(.!0A%!0)'*2,/!',&,2)2/%'(,+.!1%/.28/.3!3(%A+!
*+!L.?1'&(=IF#!

!

L.?1'&(=IF#!:0&8208&,/!%6!2,/*HI4J')&&%/.M!I"#"J',&,2)2/%'(,+.!,+-!I4#4J',&,2)2/%'(,+.#!

!!!!R(.!2,/*HI4J;0)'.!1,2&%2)2/.3!,/3%!2,+!Q.!-.6*+.-!,3!I"#"J2)2/%'(,+.;0)'.!1,2&%2)2/.3!
0(,0!0A%!,&%1,0*2!&*+73!2%++.20.-!Q)!%+.!2,&Q%+!,0%13!.,2(!3*-.!Q&*-7*+7!2(,*+#!D+!0(.!
2,3.!%6!I"#"J',&,2)2/%'(,+.M!0(*3!(*7(/)!30&,*+.-!1%/.28/.!A,3!&.'%&0.-!Q)!R38Z*!#&'()&!A*0(!
'(%0%2(.1*2,/! 2%+-*0*%+! ,0! ,! @.&)! /%A! 0.1'.&,08&.! N42"&:&( =I)#O#! G+-! 0(*3!
I"#"J',&,2)2/%'(,+.! %+/)! 30,Q/.! ,0! /%A! 0.1'.&,08&.! 0(,0! 2,+g0! Q.! *3%/,0.-! 8+/.33! 0(.!
1%/.28/,&! 30&8208&.! *3! 1%-*6*.-! 0%! 6%&1! ,! F*+.0*2,//)! 30,Q/.! 3'.2*.3'#! D+! 2%+0&,30M!
I4#4J',&,2)2/%'(,+.!A,3!6%8+-!/%+7!Q.6%&.(!,+-!2,+!Q.!'&.',&.-!Q)!U%61,++!./*1*+,0*%+)!
.,3*/)!N42"&:&(=I)@O#!G/0(%87(!0(.!6%&1,0*%+!%6!I"#"J!0)'.!1%/.28/.3!*3!+%0!*1'%33*Q/.M!
0(.!.H0&.1./)!3'.2*,/!2%+-*0*%+3!,+-!./83*@.!30,Q*/*0)!1,F.!*0!-*66*28/0!0%!&.3.,&2(!'&%'.&0)!
*+!-.0,*/#!

NH
HN

calix[2]pyrrole

R

R

[2.2]paracyclophane[1.1]paracyclophane

1997, Tsuji et al 1949, Brown et al



! <P!

!

42"&:&(=I)#! N,O! $(%0%2(.1*2,/! 3)+0(.3*3! %6! I"#"J',&,2)2/%'(,+.&! ,+-! NQO! 3)+0(.3*3! %6!
I4#4J',&,2)2/%'(,+.!Q)!U%61,++!./*1*+,0*%+)#!

!!!!D6!,--!%+.!1%&.!2,&Q%+!,0%1!*+0%!0(.!Q&*-7*+7!2(,*+!%6!2,/*HI4J')&&%/.M!0(.!3)+0(.3*3!
-*66*28/0)! 2,83.-! Q)! &*+7! 30&,*+! A*//! Q.! 3*7+*6*2,+0/)! &.-82.-#! G+-! 0(.! &.38/0*+7!
I4#4J2)2/%'(,+.;0)'.! 1%/.28/.! NL.?1'&( =IKO! *3! '&%1*3*+7! 2,+-*-,0.! 6%&! 1%/.28/,&!
1,2(*+.&)!%&!1%/.28/,&!3A*02(!Q.2,83.!%6!0(.!&*+7!6/*''*+7!,Q*/*0)#!U%A.@.&M!U,/.)!#&'()!*!
(,@.!2%+-820.-!.,&/)!.H'/%&,0*%+! 0(,0!'&%@.-! 0(*3! 0)'.!%6!1%/.28/.3!(,3!@.&)!(*7(!&*+7!
6/*''*+7! .+.&7)! Q,&&*.&! Q)! @,&*,Q/.! 0.1'.&,08&.! [=C! NKR[=CO#! G+-! ,! &.2.+0!
2%1'80,0*%+,/!A%&F!,/3%!*+-*2,0.-!0(.!-*66*28/0)!%6!&*+7!6/*''*+7!!#!

!

L.?1'&(=IK#!C*+7!30&,*+!&./.,3*+7!30&,0.7)!Q)!.H0.+-*+7!Q&*-7*+7!2(,*+#!

!!!!D0!3..13!-*66*28/0!0%!,2(*.@.!1%/.28/,&!2%+6%&1,0*%+,/!3A*02(!0(&%87(!'()3*2,/!'&%2.33!
0(,0!3*1'/)!2(,+7.!0.1'.&,08&.#!R(.&.6%&.M!2(.1*2,/!'&%2.33.3!,&.!2%+3*-.&.-!0%!,2(*.@.!
&.@.&3*Q/.! 2%+6%&1,0*%+,/! 0&,+36%&1,0*%+3#! T%&! ')&&%/.! 2%1'%8+-3M! 0(.! 1%30! A*-./)!

N

OH

reflux

[2.2]paracyclophane, 10%

R

R

[1.1]paracyclophane

-196°C

254 nm light

toluene

stable at low temperature

R

R

(a)

(b)

NH
HN

calix[2]pyrrole

release strain

[1.1](2,5)pyrrolophane-type

NH
HN

[2.2](2,5)pyrrolophane-type
macrocycle

R

R
R

R
NH
HN

[2.2](2,5)pyrrolophane

1977, Haley et al



! <Y!

&.'%&0.-! &.@.&3*Q/.! 2(.1*2,/! &.,20*%+! 3(%8/-! Q.! &.-%H! '&%2.33M! 6&%1! 31,//! Q*;M! 0&*;M!
0.0&,')&&%/.!1%/.28/.3!"!0%!1,2&%1%/.28/,&!'%/)')&&%/.!##!:82(!&.-%H!'&%2.33!2,+!,20!,3!,!
-&*@*+7! 6%&2.! 0%!2(,+7.! 0(.!1%/.28/,&!2%+6%&1,0*%+!2%1Q*+.-!A*0(!./.20&%+*2!30&8208&.!
2(,+7.#!!

!!!!U.+2.M!0(.!1%/.28/.!-.3*7+!*3!83*+7!')&&%/.!&*+7!,3!Q&*-7.!2(,*+!0%!7.+.&,0.!0(.!+%@./!
I4#4JN4M>O')&&%/%'(,+.;0)'.!2%1'%8+-!A*0(!6%8&!-*&.20/)!/*+F.-!')&&%/.3#!V.2,83.!%6!0(.!
'%0.+0*,/! 6/.H*Q*/*0)! %6! 2)2/%'(,+.;0)'.! 3F./.0%+M! 0(.! 2%+6%&1,0*%+,/! 2(,+7.! *+! &.-%H!
'&%2.33!,/3%!Q.!.H'.20.-#!R(*3!A*//!'&%1%0.!0(.!68+-,1.+0,/!&.3.,&2(!,+-!,''/*2,0*%+!%6!
6/.H*Q/.!c;2%+Z87,0.-!3F./.0%+#!

!!!!U%A.@.&M!0(.!-*66.&.+0!Q%+-!/.+70(3!,+-!,+7/.3!,0!0(.!!!,+-!"!'%3*0*%+3!%6!')&&%/.!$!A*//!
&.38/0!*+!-*66.&.+0!*3%1.&3!NL.?1'&(=INO#!D+!382(!(*7(/)!2%+0&,20.-!30&8208&.M!.@.+!0(.!1*+%&!
30&8208&,/!-*66.&.+2.!1,)!2,83.!-*66.&.+0!30&,*+!.+.&7)!,+-!.+.&7)!-*30&*Q80*%+#!R(.!*-.,/!
0,&7.0!3(%8/-!(,@.!/.33!&*+7!30&,*+!,+-!,@.&,7.-!-*30&*Q80*%+#!R(.&.6%&.M!0(.!&*+7!30&,*+!%6!
0(.3.!*3%1.&3!A,3!.@,/8,0.-!Q)!:0&,*+K*L!0%!-.0.&1*+.!0(.!0%0,/!30&,*+!.+.&7)M!1,H*181!
.+.&7)!3*0.M!,+-!8+*6%&1*0)!%6!.+.&7)!-*30&*Q80*%+#!

!

L.?1'&( =IN#! R(.! 30&8208&.! %6! 6%8&! *3%1.&3! %6! -.3*7+.-! I4#4JN4M>O')&&%/%'(,+.;0)'.!
1,2&%2)2/.3#!

!!!!D0!2,+!Q.!%Q3.&@.-!@.&)!*+08*0*@./)!0(,0M!,1%+7!,//!*3%1.&3M!0(.!3*0.3!A*0(!0(.!(*7(.30!&*+7!
30&,*+!.+.&7)!-*30&*Q80*%+!,&.!,//!/%2,0.-!%+!0(.!2(.1*2,/!Q%+-3!2%++.20*+7!0(.!0A%!')&&%/.!
&*+73!NL.?1'&(=IOO#!T%&!3'.2*6*2!@,/8.3M!*3%1.&!)M!-8.!0%!*03!(*7(/)!3)11.0&*2,/!30&8208&.M!
(,3!0(.!3,1.!1,H*181!&*+7!30&,*+!.+.&7)!-*30&*Q80*%+!,1%+7!0(.!2(.1*2,/!Q%+-3!Q.0A..+!
*03!6%8&!')&&%/.!&*+73#!T%&!*3%1.&3!3!,+-!=M!0(.!3*0.3!A*0(!0(.!1,H*181!-*30&*Q80*%+!%6!&*+7!
30&,*+!.+.&7)!Q%0(!,''.,&!,0!0(.!')&&%/.!Ñ!;!')&&%/.!p!Q%+-M!A(*/.!0(.!.+.&7)!-*30&*Q80*%+!,0!
0(.!')&&%/.!p! ;!')&&%/.!p!Q%+-! *3! 3/*7(0/)! 31,//.&#!T%&! *3%1.&!CM!-8.! 0%! 0(.!,3)11.0&*2!
30&8208&.M! 0(.!2(.1*2,/!Q%+-3!2%++.20*+7! 0(.! 0A%!')&&%/.! &*+73!.H(*Q*0!-*66.&.+0! .+.&7)!
-*30&*Q80*%+3M!Q80!0(.!1,H*181!@,/8.!,/3%!,''.,&3!,0!0(.!')&&%/.!Ñ!;!')&&%/.!p!Q%+-#!!

NH

HN

NH

HN
NH
HN

H
N

N
H

NH
HN

H
N

NH NH

HN

NH
HN

Isomer 1 Isomer 2 Isomer 3 Isomer 4



! <S!

!

L.?1'&(=IO#!K*38,/*L,0*%+!%6!0(.!&*+7!30&,*+!-*30&*Q80*%+!%6!N,O!*3%1.&!)e!NQO!*3%1.&!3e!N2O!
*3%1.&!=e!N-O!*3%1.&!C!,0!V9k$o\B;9"XN-O!/.@./#!

NH

HN

NH

HN
NH
HN

H
N

N
H

isomer 1 isomer 2

NH
HN

H
N

NH NH

HN

NH
HN

isomer 3 isomer 4

2.39 (max.) 2.72 (max.)

2.72 (max.)2.50

2.50

2.67 (max.)

2.572.57

2.67 (max.) 2.13

2.37 (max.)2.09

2.19

(a) (b)

(c) (d)

0.00 0.00

0.000.00

2.39 2.72

2.67 2.37

Total strain
(in kcal mol-1)

Total strain
(in kcal mol-1)

Total strain
(in kcal mol-1)

Total strain
(in kcal mol-1)

25.9 27.6

27.8 24.4



! >_!

!!!!G//!0(.!0%0,/!30&,*+!@,/8.3!*+-*2,0.-!0(,0!0(.!2%+@.+0*%+,/!0(.&1,/!2(.1*2,/!2%+-*0*%+!*3!
'%33*Q/.!6%&!7.+.&,0*%+!%6!382(!2%+0&,20.-!2%&.!30&8208&.#!G60.&!%Q0,*+*+7!0(.!&*+7!30&,*+!
.@,/8,0*%+!-,0,!6%&!0(.!6%8&!*3%1.&3M!,+-!2%+3*-.&*+7!0(.!.,3.!%6!3)+0(.3*3M!*3%1.&!)!A,3!
3./.20.-!,3!0(.!0,&7.0!2%&.!30&8208&.!6%&!,208,/!3)+0(.3*3!%6!+.H0!2(,'0.&#!G/0(%87(!*3%1.&!C!
(,3! 0(.! /%A.30! 0%0,/! &*+7! 30&,*+! .+.&7)! ,+-! 31,//.30! 1,H*181! .+.&7)! -*30&*Q80*%+M! 0(.!
,3)11.0&*2!30&8208&.!A*//!1,F.!0(.!-.3*7+!%6!3)+0(.0*2!&%80.!2(,//.+7.#!G1%+7!0(.!%0(.&!
0(&..!*3%1.&3!A*0(!3)11.0&)M!*3%1.&!)!(,3!0(.!/%A.30!0%0,/!&*+7!30&,*+!.+.&7)!,+-!31,//.30!
1,H*181!.+.&7)!-*30&*Q80*%+M!0(.&.6%&.!3./.20.-!*3%1.&!)!,3!0,&7.0!2%&.!30&8208&.!6%&!,208,/!
3)+0(.3*3#!

!

! !



! >"!

9"<#G%+2/83*%+#

!!!!V)!,+,/)L*+7!3.@.&,/!2,/*HI9J')&&%/.!-.&*@,0*@.3M!0(.!2(,&,20.&!%6!:0&,*+K*L!,+,/)3*3!A,3!
&.@.,/.-! A*0(! 0(.! 2%1',&*3%+! A*0(! &.38/0! 6&%1! (%1%-.31%0*2! &.,20*%+! 1.0(%-#! R(.!
:0&,*+K*L!1.0(%-!A,3!68&0(.&!83.-!6%&!*+@.30*7,0*%+!%6!(*7(/)!30&,*+.-!2,/*HI4J')&&%/.!,+-!
+.A/)! -.3*7+.-! I4#4JN4M>O')&&%/%'(,+.! 2%&.3! A*0(! 0(.! @*38,/*L,0*%+! %6! 30&,*+! .+.&7)!
-*30&*Q80*%+#!

!

!

!

!

! !



! >4!

9">#5I'.&*1.+0,/#:.20*%+#

=*F*)(+&,&'#-($'/2&01'&(/7(4%'#.,A.B(2#-21-#%./,(

"#! E&.,0.! 0(.! 1%/.28/,&! 30&8208&.! *+! X,833@*.A! ,+-! %'0*1*L.-! 0(.! 30&8208&.! ,0!
V9ko$\B;9""XN4-M!'O!/.@./!Q)!X,833*,+!"B!%#!

4#! R&,+36.&! 0(.! %Q0,*+.-! `#2(Fa! 6*/.3! *+0%! `#1%/4a! 6*/.3! ,+-! %'.+.-! Q)!G@%7,-&%! 4!
3%60A,&.#!

9#! D+!G@%7,-&%!4M!1,F.! 3.@.&,/! 6&,71.+03! 6&%1! 0(.!%&*7*+,/! 30&8208&.M! ,+-! 3,@.! 0(.!
%&*7*+,/!30&8208&.!,+-!,//!6&,71.+03!,3!`#H)La!6*/.3#!!

<#! R(.!`#H)La! 6*/.3!,&.!8'/%,-.-! 0%! 0(.!]$D;DEC.bb!3.&@.&! 6%&!2%1'80,0*%+!&M!,+-!
0(.+!0(.!2%&&.3'%+-*+7!`%80'80a!6*/.!*3!-%A+/%,-.-!6%&!,+,/)3*3#!

>#! K*38,/!,+,/)3*3!*3!'.&6%&1.-!Q)!/%,-*+7!0(.!`0%0,/Ö6%&2.#02/a!6*/.!6&%1!0(.!`%80'80a!
6%/-.&!83*+7!K=b!3%60A,&.#!R(.!-*30&*Q80*%+!%6!&*+7!30&,*+!.+.&7)!*3!/%2,0.-!A*0(!
-,0.!-.32&*Q.-!6&%1!`0%0,/Ö6%&2.#0H0a!6*/.#!

!

=*F*3(U&%#.-(4%'#.,(&,&'?5(2/:$/;.%./,(

R#@-&(=I)#!R(.!0%0,/!30&,*+!.+.&7)!N*+!F2,/!1%/-!O!%6!2,/*HI+J')&&%/.!-.&*@,0*@.3!'&.-*20.-!
Q)!:0&,*+K*L!1.0(%-!,0!V9k$o\B;9"XN-O!/.@./#!

! E,/*HI"J68&,+I4J')&&%/.! E,/*HI9J68&,+! E,/*HI4J')&&%/.!
V%+-!30&,*+! "#"_! _#<S! <#SB!
G+7/.!30&,*+! "#__! _#Y4! 9#>>!

b*(.-&,/!30&,*+! S#<P! <#YS! B4#SB!
R%0,/!30&,*+! ""#>P! B#4"! P"#<B!

!

R#@-&(=I3#!R(.!0%0,/!30&,*+!.+.&7)!N*+!F2,/!1%/-!O!%6!6%8&!*3%1.&3!'&.-*20.-!Q)!:0&,*+K*L!
1.0(%-!,0!V9k$o\B;9"XN-O!/.@./#!

! D3%1.&!)! D3%1.&!3! D3%1.&!=! D3%1.&!C!
V%+-!30&,*+! "#><! "#>_! "#><! "#9P!
G+7/.!30&,*+! B#S4! P#"P! P#4P! <#>>!

b*(.-&,/!30&,*+! "P#<<! "Y#S4! "S#__! "Y#<9!
R%0,/!30&,*+! 4>#S_! 4P#>S! 4P#Y"! 4<#9>!

! !



! >9!

9"B#C.6.&.+2.#

I"J! =.*Z.&.M!G#!-.e!d%L(83(F%@M!:#!D#e!C,82(M!d#e!:2(*//M!U#e!K.&.@F*+M!:#!$#e!dÜ11.&/*+M!
=#e! V.2F(,83M! U#e! CÜ2(,&-0M! E#e! o86*0M! b#! :#! U.,03! %6! T%&1,0*%+! %6!
I4#4J$,&,2)2/%'(,+.;";.+.! ,+-! I4#4J$,&,2)2/%'(,+.;"MS;-*.+.!w!G+!5H'.&*1.+0,/!
:08-)#!*+',"+'-.#"+'/%0#!3QQ=M!CA1M!">""_;">""9#!

I4J! ](../.&M! :#! 5#e! U%8FM! d#! [#e! :2(/.).&M! $#! @#! C#e! G//.+M! ]#! b#! G! U*.&,&2()! %6!
U%1%-.31%0*2!C.,20*%+3!6%&!R(.&1%2(.1*30&)#!*+',"+'-.#"+'/%0#!3QQPM!CNCM!4><P;
4>B_#!

I9J! E%/A.//M!E#!5#e!$&*2.M!R#!]#e!:0,82(M!R#e!i,30*M!C#!:0&,*+!K*38,/*L,0*%+!6%&!:0&,*+.-!
=,2&%2)2/.3#!-.#"+'/08#!3Q3QM!CCM!9S49;9S9_#!

I<J! ],0,+,Q.M!d#e!:(*Q,0,M!d#e!D2(*+%M!R#e!D-.M!o#e!o%+.-,M!R#e!=,.-,M!:#e!D+%F81,M!o#!
:0&,*+;Q,3.-!b.3*7+M!b*&.20!=,2&%2)2/*L,0*%+M!,+-!=.0,/!E%1'/.H,0*%+!%6!R(*,L%/.;
E%+0,*+*+7!E,/*HI9J')&&%/.!G+,/%78.3#!Q!%5L+'-.#"+'S5%!&#!3Q3CM!CCM!9><Y;9>><#!

I>J! D+,Q,M!o#e!d,F*Q,),3(*M!o#e!D-.M!o#e!$*&*//%M!i#e!U*Z*F,0,M!o#e!o%+.-,M!R#e!D+%F81,M!o#!
:0&,*+;D+-82.-!C*+7!5H',+3*%+!C.,20*%+3!%6!E,/*HI9J')&&%/.;C./,0.-!=,2&%2)2/.3#!
-.#"+'RO5+'*#!3Q33M!AHM!.4_44___>B#!

IBJ! R38Z*M!R#e!?(F*0,M!=#e!d%++%M!R#e![*3(*-,M!:#! I"#"J$,&,2)2/%'(,+.#!$(%0%2(.1*2,/!
X.+.&,0*%+!6&%1!0(.!E%&&.3'%+-*+7!V*3Nb.A,&!Q.+L.+.O!b.&*@,0*@.!,+-!R(.%&.0*2,/!
:08-)!%6!D03!:0&8208&.!,+-!:0&,*+!5+.&7)#!*+',"+'-.#"+'/%0#!)PPNM!CCGM!Y<4>;Y<9"#!

IPJ! d,A,*M! U#M! :8L8F*M! R#M! ?(F*0,M! =#e! R38Z*M! R#! G! d*+.0*2,//)! :0,Q*/*L.-!
I"#"J$,&,2)2/%'(,+.h!D3%/,0*%+!,+-!u;C,)!:0&8208&,/!G+,/)3*3#!,!L#P+'-.#"+'Q!&+'R:#!
)PPOM!N2M!Y"P;Y"S#!

IYJ! V&%A+M!E#!i#e!T,&0(*+7M!G#!E#!$&.',&,0*%+!,+-!:0&8208&.!%6!b*;6;u)/)/.+.#!`(&O5#!
)PCPM!CJIM!S">;S"B#!

ISJ! ]*+Q.&7M!U#!5#e!T,A2.00M!T#!:#!I4#4J$,&,2)2/%'(,+.#!K5L+'/7!&.#!)PK3M!IAM!Y9#!
I"_J! U,/.)! i#! T#! i&#e! C%3.+6./-M! :#! =#e! d..(+M! $#! =#! E)2/%'(,+.3#! "_#! :)+0(.3*3! ,+-!

E%+6%&1,0*%+,/!V.(,@*%&!%6!I4#4JN4M>O')&&%/%'(,+.3#!*+'K5L+'-.#"#!)PNNM!IAM!"9PS;
"9YB#!

I""J! V.L%,&*M! =#! b#e! V%8&7.%*3M! E#! E%+6%&1,0*%+,/! G+,/)3*3! %6! :./.20.-!
I4#4J(.0.&%'(,+.3h!G!E%1',&*3%+!%6!:0.&.%2(.1*2,/!:A*02(*+7!@*,!E%1'80,0*%+,/!
E(.1*30&)#!Q*a=-,M!3Q3=M!CAM!,&0*2/.!"#!

I"4J! 5M!]#e!?(F8Q%M!d#e!:,+2(.L;X,&2*,M!b#e!s(,+7M!=#e!:.33/.&M! i#!k#e!T8F8L81*M!:#e!
d,-*3(M!d#!=#!5/.20&%+;R&,+36.&!?H*-,0*%+!$&%'.&0*.3!%6!:8Q30*080.-!V*;M!R.&;M!,+-!
r8,0.&')&&%/.3#!*+'4.7$+'-.#"+'D!3QQNM!CCCM!<94_;<94B#!



! ><!

I"9J! k*M!o#!?+!0(.!k,&7.!?@.&'%0.+0*,/!%6!0(.!T*&30!C.-820*%+!%6!$%/)')&&%/.!$.&2(/%&,0.!
T*/13!*+!?&7,+*2!:%/80*%+3#!R)#0&5%0.8"+',0&(!)PPNM!IAM!4_9;4"_#!

I"<J! [)7,,&-M! l#e! [*./3.+M! i#!R#e! d*&2((.*+.&M! i#e! =,/0.3.+M! X#e! C,30&8';G+-.&3.+M! i#e!
:q&.+3.+M!X#?#!=*2&%A,@.!3'.20&,!%6!*3%0%'*2!')&&%/.3#!=%/.28/,&!:0&8208&.M!b*'%/.!
=%1.+0M!,+-!!$[!r8,-&8'%/.!E%8'/*+7!E%+30,+03!%6!$)&&%/.#!*+'B%)+'/&5O0&O5#!)PKPM!
NM!<S";>_B#!

I">J! X,833*,+!"BM!C.@*3*%+!E#_"M!T&*32(M!=#!i#e!R&82F3M!X#!]#e!:2(/.7./M!U#!V#e!:283.&*,M!
X#!5#e!C%QQM!=#!G#e!E(..3.1,+M!i#!C#e!:2,/1,+*M!X#e!V,&%+.M!K#e!$.0.&33%+M!X#!G#e!
[,F,038Z*M! U#e! k*M! u#e! E,&*2,0%M! =#e! =,&.+*2(M!G#!K#e! V/%*+%M! i#e! i,+.3F%M! V#! X#e!
X%1'.&03M! C#e! =.++822*M! V#e! U&,02(*,+M! U#! $#e! ?&0*LM! i#! K#e! DL1,)/%@M! G#! T#e!
:%++.+Q.&7M!i#!k#e!]*//*,13;o%8+7M!b#e!b*+7M!T#e!k*'',&*+*M!T#e!57*-*M!T#e!X%*+73M!i#e!
$.+7M!V#e!$.0&%+.M!G#e!U.+-.&3%+M!R#e!C,+,3*+7(.M!b#e!s,F&L.A3F*M!K#!X#e!X,%M!i#e!
C.7,M! [#e! s(.+7M! X#e! k*,+7M! ]#e! U,-,M! =#e! 5(,&,M! =#e! R%)%0,M! d#e! T8F8-,M! C#e!
U,3.7,A,M!i#e!D3(*-,M!=#e![,F,Z*1,M!R#e!U%+-,M!o#e!d*0,%M!?#e![,F,*M!U#e!K&.@.+M!R#e!
R(&%33.//M!d#e!=%+07%1.&)M! i#!G#M! i&#e!$.&,/0,M! i#!5#e!?7/*,&%M!T#e!V.,&',&FM!=#! i#e!
U.)-M!i#!i#e!V&%0(.&3M!5#![#e!d8-*+M!d#![#e!:0,&%@.&%@M!K#![#e!d.*0(M!R#!G#e!d%Q,),3(*M!
C#e! [%&1,+-M! i#e! C,7(,@,2(,&*M! d#e! C.+-.//M!G#! $#e! V8&,+0M! i#! E#e! D).+7,&M! :#! :#e!
R%1,3*M!i#e!E%33*M!=#e!=*//,1M!i#!=#e!d/.+.M!=#e!G-,1%M!E#e!E,11*M!C#e!?2(0.&3F*M!
i#!]#e!=,&0*+M!C#!k#e!=%&%F81,M!d#e!T,&F,3M!?#e!T%&.31,+M!i#!V#e!T%HM!b#!i#!X,833*,+M!
D+2#M!],//*+76%&-!ERM!4_"B#!

I"BJ! (00'3h\\7*0(8Q#2%1\E8&0*3E%/A.//\:0&,*+K*L!

!

! !



! >>!

"'()%&*!=!
!

34$%'&:.:!($/!)*#)&*%4!.$>&:%.?(%.#$!#6!/&:.?$&/!
72@28A2BCD)4**#-#)'($&B!%'&!141-#7=8)4**#-&!E.%'!!F"!

/.*&1%!-.$;(?&!
!

!

!

!

!

!

!

!

!

!

DE30&,20#

!!!!D+! 0(*3!2(,'0.&M! 0(.!-.3*7+.-!I4#4JN4M>O')&&%/%'(,+.;0)'.!1,2&%2)2/.M!2)2/%I<J')&&%/.!
A*0(!!;"!-*&.20!/*+F,7.M!A,3!3822.3368//)!3)+0(.3*L.-!Q)!,!B;30.'!&%80.!2%1Q*+.-!2,&Q%+)/!
&./,0.-!&.,20*%+!,+-!$-;2,0,/)L.-!2&%33;2%8'/*+7!&.,20*%+#!R(*3!+.A/)!%Q0,*+.-!2%1'%8+-!
.H(*Q*0.-!,!+%+;'/,+,&!,+-!(*7(/)!30&,*+.-!2%+Z87,0.-!30&8208&.#!b.0,*/!*+@.30*7,0*%+!%6!0(*3!
+.A! 2%1'%8+-! A,3! '.&6%&1.-! 6%&! 0(.! 8+*W8.! 3'.20&,/! 2(,+7.3! -8&*+7! 0(.! &.@.&3*Q/.!
%H*-,0*%+! '&%2.33#! R(.! 2%+6%&1,0*%+,/! ,+-! ./.20&%+*2! 30&8208&.! 2(,+7.3! -8&*+7! 0(.!
%H*-,0*%+!'&%2.33!A.&.!&.@.,/.-!0(&%87(!0(.%&.0*2,/!2,/28/,0*%+3#!

! !



! >B!

<"!#F+0&%-820*%+#

!!!!R(.!-.3*7+.-!I4M4JN4M>O')&&%/%'(,+.!3F./.0%+!*3!0(.!30&8208&.!0(,0!,//!')&&%/.3!2%++.20!
-*&.20/)#!R(*3!0)'.!%6!2%1'%8+-!(,3!,!1%&.!2%11%+!+,1.h!2)2/%I!J')&&%/.!0(,0!!!1.,+3!
0(.!+81Q.&!%6!')&&%/.! &*+73! *+! 0(.!1,2&%2)2/.#!G//! '&.@*%83/)! &.'%&0.-! 2)2/%I!J')&&%/.!
2%1'%8+-3! NL.?1'&( CI)O! A.&.! .H'.+-.-! '%&'()&*+! ,+,/%73! 0(,0! 6&%1! 2)2/%IBJ! 0%!
2)2/%I"_J')&&%/.3!-$#! R(.3.! 2%1'%8+-3! A.&.! %Q0,*+.-! 0(&%87(! ,! 3*1*/,&! `%+.;'%0a!
3)+0(.0*2! 30&,0.7)M! 0(,0! *3M! *+! 0(.! '&.3.+2.! %6! ,+*%+! 0.1'/,0.M! ')&&%/.! %&! Q*')&&%/.!A.&.!
-*&.20/)! -.()-&%7.+,0*@.! 2%8'/*+7! 0%! 6%&1! 1,2&%2)2/*2! 2%1'%8+-3! A*0(! %H*-,+0#! T%&!
.H,1'/.M! 0(.! 2)2/%IBJ')&&%/.! A,3! 3)+0(.3*L.-! 6&%1! Q*')&&%/.! '&.28&3%&! A*0(! T.E/#! ,3!
%H*-,+0!,+-!2(/%&*-.!,+*%+!,3!0.1'/.0!,3!3(%A+!*+!42"&:&(CI)##!

!

L.?1'&(CI)#!:811,&)!%6!&.'%&0.-!2)2/%I+J')&&%/.#!

!!!!R(.!0,&7.0!2%1'%8+-!2)2/%I<J')&&%/.!A*//!Q.!0(.!6*&30!2%+0&,20.-!.H,1'/.!6%&!0(.!6,1*/)!
%6!2)2/%I!J')&&%/.#!U%A.@.&M! 0(.!2%+@.+0*%+,/!3)+0(.0*2!1.0(%-!*3!-.6*+*0./)!8+38*0,Q/.!
6%&! 0(*3!1%/.28/.!Q.2,83.! 0(.!31,//!2,@*0)!1,F.3! 0.1'/,0.;Q,3.-!3)+0(.3*3! *1'&,20*2,/#!
T8&0(.&M! ,3! ,! 30&,*+.-! 1,2&%2)2/.M! 0(.! `%+.;'%0a! 1.0(%-! 0(,0! 3*18/0,+.%83/)! 6%&1*+7!
18/0*'/.! 2(.1*2,/! Q%+-3! 6%&! 2)2/*L,0*%+! *3! %Q@*%83/)! .H0&.1./)! -*66*28/0#! R(.&.6%&.M!
30.'A*3.!3)+0(.3*3!A%8/-!Q.!&.,3%+,Q/.!,+-!`9v"a!30&,0.7)!A,3!3./.20.-!(.&.!N42"&:&(CI
)@O#!T%&!0(.!2%+30&820*%+!%6!0.&')&&%/.!38Q8+*0!A*0(!,/'(,;Q.0,!/*+F,7.M!&.6.&!0(.!3)+0(.3*3!
%6!0.&')&&%/.!A*0(!,/'(,;,/'(,!/*+F,7.%M!*0!*3!'%33*Q/.!Q.!%Q0,*+.-!6&%1!Q.0,;,2.0)/!')&&%/.!
Q)!.+%/,0.!2%8'/*+7!,+-!$,,/;d+%&&!&.,20*%+#!T%&!0(.!2)2/*L,0*%+!'&%2.33M!0&,+3*0*%+!1.0,/;
2,0,/)L.-!2%8'/*+7!&.,20*%+3!,&.!2%+3*-.&.-!,00&,20*@.!Q.2,83.!0(.)!'/,)!,!2&82*,/!&%/.!*+!
0(.! 2)2/*L,0*%+! %6! 3%1.! *1'%&0,+0! 2%+0&,20.-! '%&'()&*+! ,+,/%78.3M! 382(! ,3! [*;2,0,/)30!
2%8'/*+7!6%&!+%&2%&&%/.&!,+-!$-;2,0,/)30!2%8'/*+7!6%&!6&..!Q,3.!38Q'%&'()&*+'#!E.&0,*+/)M!
*+!0(.!3'.2*6*2!3)+0(.3*3!'&%2.33M!,''&%'&*,0.!38Q30*08.+03!A*//!Q.!,--.-!0%!0(.!')&&%/.!8+*0!
0%!1,F.!0(.!18/0*;30.'!3)+0(.3*3!1%&.!.66*2*.+0#!

N
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H HNNH
N

R

R

R

R
R R

R

R

R

R
RR

n-5

Cyclo[8]pyrrole: 2002, Seidel et al

Cyclo[6]pyrrole and cyclo[7]pyrrole: 2003, Köhler et al

Cyclo[10]pyrrole: 2016, Okujima et al

Cyclo[9]pyrrole: 2021, Matsumoto et al



! >P!

!

42"&:&( CI)#! N,O! R(.! 2%+@.+0*%+,/! `%+.;'%0a! 3)+0(.3*3! %6! 2)2/%IBJ')&&%/."e! NQO!
C.0&%3)+0(.0*2!,+,/)3*3!%6!2)2/%I<J')&&%/.!3F./.0%+#!

!

! !

NH

HN

NH

HN HN NHN
H

H
N

+

X X

Bpin Bpin

HN

O

N

O

nBu
HN

O

N
NH HNH

H HNNH
N

Et

Et

Et

Et
Et Et

Et

Et

Et

Et
EtEt

H
N

H
N

Et
Et Et

Et
ClCl

FeCl3, HCl

(a)

(b)



! >Y!

<"4#:)+0(.3*3#%6#2)2/%J<K')&&%/.#

!!!!R(.!3'.2*6*2!3)+0(.0*2!&%80.!A,3!-.32&*Q.-!*+!42"&:&(CI3#!T*&30/)M!0(.!";,2.0)/!')&&%/.!
=!A,3!%Q0,*+.-!.66*2*.+0/)!6&%1!$,,/;d+%&&!')&&%/.!3)+0(.3*3!%6!0.0&,,2.0)/.0(,+.!)(!,+-!6;
0%/8.+.38/6%+*2!,2*-!N6;R3?UO!2,0,/)30!"!-.,2)/,0*%+!&.,20*%+)!%6!2%1'%8+-!3#!U.&.M!0(.!
&.,3%+!6%&!2(%%3*+7!!;Q80)/,1*+.!,3!0(.!30,&0*+7!1,0.&*,/!6%&!0(.!$,,/;d+%&&!&.,20*%+!*3!0%!
.+(,+2.!0(.!3%/8Q*/*0)!%6!0(.!6*+,/!2%1'%8+-#!G/0(%87(!83*+7!4M>;38Q30*080.-!')&&%/.!6%&!
0(.!K*/31.*.&;U,,2F!&.,20*%+!*3!,/3%!'%33*Q/.!*M!0(.!&.,20*%+!&.'%&0.-!A*0(!1%-.&,0.!)*./-3!
,+-!&.W8*&.3!0(.!*&&*0,0*+7!'(%3'(%&83!%H)2(/%&*-.#!

!

42"&:&(CI3#!:0.'A*3.!3)+0(.0*2!&%80.!6%&!2)2/%I<J')&&%/.!N#!

!!!!5+%/,0.! 2%8'/*+7! %6! 2%1'%8+-! =! A,3! 2%+-820.-! A*0(! 2%+@.+0*%+,/! /*0(*81!
-**3%'&%')/,1*-.! NkbGO\E8E/"! 2%+-*0*%+! 0%! '&%@*-.! 2%1'%8+-! CM! ,+-! 6%//%A.-! Q)!
Q&%1*+,0*%+!A*0(!`;Q&%1%3822*+*1*-.!N[V:O!*+!RUT!0%!'&%@*-.!2%1'%8+-!F#!

!!!!R(.! +.H0! $,,/;d+%&&! ')&&%/.! 3)+0(.3*3! %6! 2%1'%8+-! F! A*0(! ,11%+*81! ,2.0,0.! A,3!
6%8+-!@.&)!3/%A!*+!.0(,+%/M!3%!2(,+7.-!0(.!3%/@.+0!0%!";Q80,+%/!,+-!'.&6%&1.-!0(.!&.,20*%+!
,0!(*7(.&! 0.1'.&,08&.! 0%!,22./.&,0.! 0(.!&.,20*%+#!T8&0(.&1%&.M! &.,20*%+! 0*1.!A,3!2&82*,/!
Q.2,83.!0(.!'&%-820!,''.,&3!0%!Q.!8+30,Q/.!8+-.&!0(*3!,2*-*2M!(*7(;0.1'.&,08&.!2%+-*0*%+M!
A*0(! 0(.! )*./-! *+*0*,//)! *+2&.,3*+7! ,+-! 0(.+! -.2&.,3*+7! %@.&! 0*1.#! V)! 1%+*0%&*+7! 0(.!
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! >S!

&.,20*%+M! "#>! (%8&3! A,3! -.0.&1*+.-! ,3! 1%30! 38*0,Q/.! &.,20*%+! 0*1.! 0(,0! 2,+! '&%@*-.!
2%1'%8+-!K!A*0(!Q.30!)*./-#!

!!!!T*+,//)M! :8L8F*;=*),8&,! 2%8'/*+7! A,3! 83.-! 6%&! 0(.! 2)2/*L,0*%+! 30.'#!
$-N-Q,O"\:'(%3\E3"E?#! 3)30.1! A,3! 6%8+-! 1%30! 38*0,Q/.! *+! 0(*3! &.,20*%+! ,60.&! 3.@.&,/!
2%+-*0*%+! 32&..+*+7#! b8&*+7! 0(.! 2%+-*0*%+! 32&..+*+7! '&%2.33M! *0! A,3! ,/3%! 6%8+-! 0(,0!
2%+2.+0&,0*%+!A,3!2&82*,/#!G0!+%&1,/!2%+2.+0&,0*%+3!N.#7#M!"__!1=OM!4M>;-*Q%&)/')&&%/.!!!
A,3! &,'*-/)! 2%+381.-! A(*/.! 2%1'%8+-! K! &.1,*+.-! *+! /,&7.! W8,+0*0*.3! *+! 0(.! &.,20*%+!
1*H08&.#!R(.!&.,3%+!6%&!0(*3!'(.+%1.+%+!3(%8/-!Q.!30.&*2!(*+-&,+2.!%6!38Q30&,0.!K!A(*2(!
(,3!0A%!,-Z,2.+0!38Q30*08.+03!,0!*03!Q&%1*-.!'%3*0*%+!0(,0!1,F.3!%H*-,0*@.!*+3.&0*%+!%6!$-N_O!
3'.2*.3! -*66*28/0#! T8&0(.&! *+2&.,3*+7! 0(.! 2%+2.+0&,0*%+! ,22./.&,0.-! 0(.! 2%+381.! %6!
2%1'%8+-!KM!0(.&.Q)!*+2&.,3*+7!0(.!)*./-!%6!0,&7.0!2%1'%8+-!,+-!%Q0,*+.-!4>f!)*./-!%6!
2)2/%I<J')&&%/.!N!,0!4Y>!1=!2%+2.+0&,0*%+#!!

!!!!b8&*+7!0(.!3)+0(.3*3M!,+%0(.&!,/0.&+,0*@.!&%80.!N42"&:&(CI=O!A,3!,/3%!.H'/%&.-M!A(*2(!
*+@%/@.-!2%1'%8+-!F!,+-!2(,+7*+7!0(.!%&-.&!%6!$,,/;d+%&&!&.,20*%+!,+-!:8L8F*!&.,20*%+#!
R(.!0.&')&&%/.!-*F.0%+.!2%1'%8+-!O!A,3!3822.3368//)!%Q0,*+.-!6&%1!:8L8F*!&.,20*%+!A(*/.!
0(.!6%//%A.-!$,,/;d+%&&!')&&%/.!3)+0(.3*3!2,+g0!'&%@*-.!2)2/%I<J')&&%/.!N!83*+7!0(.!3,1.!
2%+-*0*%+!7.+.&,0.-!2%1'%8+-!KM!A(*/.!%+/)!*+0&,1%/.28/,&!,--*0*%+!'&%-820!A,3!%Q3.&@.-!
N3..! .H'.&*1.+0,/! 3.20*%+O#! D+2&.,3.-! &*+7! 30&,*+! A,3! 2%+3*-.&.-! ,+! *1'%&0,+0! 6,20%&!
(*+-.&*+7!0(.!&.,20*%+M!,+-!0(.!-.0,*/.-!,+,/)3*3!A*//!Q.!-*32833.-!*+!0(.!+.H0!3.20*%+#!

!

42"&:&(CI=#!G/0.&+,0*@.!3)+0(.0*2!&%80.3!6&%1!2%1'%8+-!F#!

!

! !
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! B_!

<"9#C*+7#30&,*+#,+,/)3*3#

!!!!:*+7/.!2&)30,/!u;&,)!-*66&,20*%+!,+,/)3*3!&.@.,/.-!,!+%+;'/,+,&!1,2&%2)2/*2!30&8208&.!%6!
2%1'%8+-!N!NL.?1'&(CI3O#!R(.!0A%![;Q80)/,0.-!')&&%/.!1%*.0*.3!A.&.!'%3*0*%+.-!%+!0(.!
3,1.!'/,+.M!,+-! 0(.!%0(.&! 0A%!')&&%/.!8+*03!A.&.!,&&,+7.-!,/1%30!',&,//./!A*0(!,!1.,+!
*+0.&'/,+,&!-*30,+2.!%6!4#<!}M!A(*2(!*3!/,&7.&!0(,+!0(.!0)'*2,/!381!%6!@,+!-.&!],,/3!&,-*83!
%6!0A%!2,&Q%+!,0%13!N9#<!}O!%&!0A%!+*0&%7.+!,0%13!N9#"_!}O#!R(.!-*(.-&,/!,+7/.!Q.0A..+!
0(.! 0A%!,-Z,2.+0!')&&%/.!8+*03!A,3!><#PY^#!R(.!-*(.-&,/!,+7/.!Q.0A..+! 0(.!')&&%/.!,+-!
Q.+L.+.!'/,+.3!*+!0(.!%;'(.+)/.+.;/*+F.-!')&&%/%'(,+.!P!"!A,3!3/*7(0/)!/,&7.&!N>P#PY^OM!
A(*/.!Q%0(!N!,+-!P!.H(*Q*0.-!E"D;3)11.0&*2!2%+6%&1,0*%+3!A*0(!0A%!')&&%/.;4M>;-*)/!8+*03!
3/*';30,2F.-!*+!,+!,+0*;',&,//./!6,3(*%+!A*0(!,!1.,+!-*30,+2.!%6!4#<!}#!

!

L.?1'&(CI3#!u;&,)!2&)30,/!30&8208&.!%6!2%1'%8+-!NM!0(.&1,/!.//*'3%*-3!,&.!3.0!,0!0(.!>_f!
'&%Q,Q*/*0)#!

!!!!E%1'%8+-!O!,/3%!.H(*Q*0.-!,!+%+;'/,+,&!2%+6%&1,0*%+!6%&!0(.!9M4gh>gM9gg;0.&')&&%/.!8+*0!
*+-*2,0.-!Q)!:*+7/.!2&)30,/!u;&,)!-*66&,20*%+!,+,/)3*3!NL.?1'&(CI=O!0(,0!0(.!-*(.-&,/!,+7/.3!
Q.0A..+!0(.!0A%!,-Z,2.+0!')&&%/.!8+*03!A.&.!>9#"Y^!,+-!BY#>Y^#!!

!

L.?1'&(CI=#!u;&,)!2&)30,/!30&8208&.!%6!2%1'%8+-!OM!0(.&1,/!.//*'3%*-3!,&.!3.0!,0!0(.!>_f!
'&%Q,Q*/*0)#!

Top view Side view

Top view Side view



! B"!

!!!!T%&!,+,/)L*+7!0(.!&*+7!30&,*+!%6!+.A/)!%Q0,*+.-!1,2&%2)2/.3!N!,+-!OM!2%1',&*+7!0(.*&!
')&&%/.!38Q8+*0!-.6%&1,0*%+!*+!0(.*&!2&)30,/!30&8208&.3!6*&30/)M!,+-!80*/*L.-!0(.!2&)30,/!-,0,!
%6! 2%1'%8+-3! P!"! ,3! ,! 38''/.1.+0,&)! 2%1',&*3%+#! R(.! -.6%&1,0*%+! ,+7/.3! Ñ! ,+-! p!
&.'&.3.+0!0(.!-.6%&1,0*%+!%6!0(.!')&&%/.!&*+7!6&%1!'/,+,&*0)!,+-!0(.!-*3'/,2.1.+0!%6!0(.!
2,&Q%+!,0%1!.H0.&+,//)!2%++.20.-!0%!0(.!')&&%/.�Ñ!'%3*0*%+!6&%1!0(.!Q%A!%6!0(.!')&&%/.!
&*+7!NL.?1'&(CICO#!

!

L.?1'&(CIC#!b.6*+*0*%+!%6!-.6%&1,0*%+!,+7/.3!Ñ!,+-!p!%6!')&&%/.!38Q8+*0!*+!1,2&%2)2/.#!

!!!!E)2/%I<J')&&%/.!N!3(%A.-!0(.!/,&7.30!-.6%&1,0*%+!,+7/.!Ñ!N>#S>^O!*+!0(.!3.&*.3M!A(*/.!*03!
,+7/.!p!N"P#<Y^O!A,3!2%1',&,Q/.!0%!0(,0!%6!P!N"P#>>^O#!E%+3*-.&*+7!-.6%&1,0*%+!,+7/.3M!
2)2/%I<J')&&%/.! N! *3! ,! 1%&.! 30&,*+.-! 1,2&%2)2/.! 0(,+! 2,/*HI9J')&&%/.! NÑ! y! 4#>4^M! p! y!
S#4_^O!#M! ,+%0(.&! 0)'*2,/! 2%+0&,20.-! '%&'()&*+! ,+,/%78.#! D+! 2%+0&,30M! -*F.0%+.;/*+F.-!
0.&')&&%/.!P!.H(*Q*0.-!+%0,Q/)!31,//.&!Ñ!,+-!p!%6!4#_S^!,+-!"_#_"^M! &.3'.20*@./)M!A(*2(!
*+-*2,0.-!0(.!31,//.&!&*+7!30&,*+#!R(.!-.0,*/.-!-.6%&1,0*%+!,+7/.!-,0,!A,3!3811,&*L.-!*+!
R#@-&(CI)#!

R#@-&(CI)#!b.6%&1,0*%+!,+7/.3!2%1',&*3%+!Q.0A..+!2%1'%8+-!NM!O!,+-!P#!R(.!3./.20.-!
')&&%/.!38Q8+*0!6%&!.,2(!2%1'%8+-!*3!1,&F.-!A*0(!Q/8.!2%/%&#!

!

! !
!

!"#$%&'()$*+'*,-" + .$&/$0*1 !" ! .$&/$0*1+ #! .$&/$0*1+ $!
! +234+ 5675+ 8697+ 569:+
" +234+ ;:6<=+ ;969;+ ;:655+

!

!!!!R(.+M! :0&,*+K*L!$M! 0(.! 2,/28/,0*%+! 1.0(%-! 83.-! *+! E(,'0.&! 9! A,3! ,/3%! 83.-! (.&.! 6%&!
.@,/8,0*+7!0(.*&!30&,*+!,+-!30&,*+!-*30&*Q80*%+!W8,+0*0,0*@./)!Q)!83*+7!bTR!2,/28/,0*%+3!,0!

NH

N

N

HN

nBu

nBu

N

N

HN

nBu

nBu

O

O
NH
HN



! B4!

0(.! =_B;4u!%\B;9""vXN4-M'O! /.@./! %6! 0(.%&)#! :0&,*+K*L! ,+,/)3*3! &.@.,/.-! 0(,0! ,//! 0(.!
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3*+7/.;./.20&%+!%H*-,+0M!A,3!8+3822.3368/#!T%&!0(.!2(.1*2,/!%H*-,0*%+!,+-!*3%/,0*%+!%6!0(.!
%H*-,0.-!3'.2*.3!&.W8*&.-!1%&.!*+@.30*7,0*%+#!

!

! !

(a) (b)



! BS!

<">#G%+2/83*%+#

!!!!D+!3811,&)M!0(.!&*+7!30&,*+.-!2)2/%I<J')&&%/.!N!A,3!3822.3368//)!3)+0(.3*L.-!Q)!,!B;
30.'!&%80.!2%1Q*+.-!2,&Q%+)/!&./,0.-!&.,20*%+!,+-!$-;2,0,/)L.-!2&%33;2%8'/*+7!&.,20*%+#!
G3! ,! &.38/0! %6! 0(.! &*+7;2%+0&,20*%+! .66.20M!N! .H(*Q*0.-! ,! +%+;'/,+,&! ,+-! (*7(/)! 30&,*+.-!
1,2&%2)2/*2! 30&8208&.! ,+-! 0(.! 30&,*+! .+.&7)! A,3! *+@.30*7,0.-! Q)! 0(.%&.0*2,/! 2,/28/,0*%+!
W8,+0*0,0*@.#!RA%!&.@.&3*Q/.!%H*-,0*%+!'&%2.33.3!%6!N!A.&.!*-.+0*6*.-!*+!2)2/*2!@%/0,11.0&)!
,+-!8+*W8.! %'0*2,/! 3'.20&,/! 2(,+7.3! -8&*+7! ./.20&%2(.1*2,/! %H*-,0*%+!A,3! %Q3.&@.-!Q)!
3'.20&%./.20&%2(.1*2,/!1.,&381.+0#! T8&0(.&! 0(.%&.0*2,/! ,+,/)3*3! &.@.,/.-! .66.20! %6! &*+7!
30&,*+!.+.&7)!*+!N#!D+!0(.!&,-*2,/!2,0*%+!N!! M!0(.!-*(.-&,/!,+7/.3!,&%8+-!0(.!')&&%/;4M>;-*)/!
3.71.+0! *+2&.,3.-M! A(*2(! *+0.&&8'0.-! c;2%+Z87,0*%+M! &.38/0*+7! *+! 0(.! 6%&1,0*%+! %6! ,!
9M4gh>gM9gg;0.&')&&%/.;/%2,/*L.-!&,-*2,/!2,0*%+#!D+!2%+0&,30M!-*2,0*%+!N"! !1,*+/)!2%+3*30.-!%6!
0(.!0&*'/.0!-*&,-*2,/!-*2,0*%+!6%&1!A*0(!0(.!3'*+!-.+3*0)!-./%2,/*L.-!%+0%!0(.!6%8&!')&&%/.!
8+*03! Q.,&*+7! 3*1*/,&! 2)2/%'(,+.;0)'.! 2%+6%&1,0*%+! ,3! +.80&,/! N#! T8&0(.&! *+@.30*7,0*%+!
,Q%80!2(.1*2,/!%H*-,0*%+!3(%8/-!Q.!+.2.33,&)!6%&!8+-.&30,+-*+7!Q.00.&!,Q%80!0(.!%H*-,0.-!
3'.2*.3!%6!N#!!

!

!

! !



! P_!

<"B#5I'.&*1.+0,/#3.20*%+#

C*K*)(+&,&'#-(.,7/':#%./,(

!!!!:%/@.+03!,+-! &.,7.+03!A.&.!'8&2(,3.-! 6&%1!T8Z*6*/1!],F%!$8&.!E(.1*2,/! D+-830&*.3!
k0-#M!RED!E%#M!k0-#M!d,+0%!E(.1*2,/!E%#M!D+2#M!%&!:*71,;G/-&*2(!E%#M!,+-!83.-!A*0(%80!
68&0(.&! '8&*6*2,0*%+! 8+/.33! %0(.&A*3.! 1.+0*%+.-#! G//! !U! ,+-! !#E! [=C! 3'.20&,! A.&.!
&.2%&-.-!83*+7!i5?k!i[=;5E:<__!3'.20&%1.0.&3M!,+-!2(.1*2,/!3(*603!A.&.!&.'%&0.-!*+!
',&03!'.&!1*//*%+!N''1O!&./,0*@.!0%!,+!*+0.&+,/!30,+-,&-!0.0&,1.0()/3*/,+.!Nâ!y!_#__!''1!6%&!
!U![=C!*+!EbE/#O!%&!,!3%/@.+0!&.3*-8,/!'.,F!Nâ!y!PP#"B!''1!6%&!!#E![=C!*+!EbE/#M!â!y!
4#>_!''1!6%&!!U![=C!*+!b=:?;:! M!9S#>4!''1!6%&!!#E![=C!*+!b=:?;:! M!,+-!â!y!4#_>!
''1! 6%&! !U![=C! *+!G2.0%+.;:! O#! D+6&,&.-! 3'.20&,!A.&.!1.,38&.-! 83*+7! ,! iG:E?!E%#!
TR\DC;<B__#! 5:D;R?T;=:! 3'.20&,! A.&.! &.2%&-.-! %+! ,! R(.&1%! :2*.+0*6*2! 5H.280*@.!
3'.20&%1.0.&#!5/.1.+0,/!,+,/)3.3!A.&.!2,&&*.-!%80!83*+7!,+!5H2.0.&!G+,/)0*2,/M!D+2#!E5<<_#!
=./0*+7!'%*+03!A.&.!&.2%&-.-!83*+7!o,+,2%!=$;:9#!R(*+!/,).&!2(&%1,0%7&,'()!NRkEO!A,3!
'.&6%&1.-!%+!3*/*2,!7./!3(..03M!=5CEd!3*/*2,!7./!B_!T4><#!$&.',&,0*@.!32,/.!3.',&,0*%+3!
A.&.!'.&6%&1.-!Q)!1.,+3!%6!7&,@*0)!2%/81+!2(&%1,0%7&,'()!%@.&!3*/*2,!7./!NE*2,;C.,7.+0M!
B_[M! B9;4"_! ä1O#! lK;@*3! ,Q3%&'0*%+! 3'.20&,! A.&.! &.2%&-.-! %+! ,! :(*1,-L8! lK;"Y__!
3'.20&%'(%0%1.0.&#!T/8%&.32.+2.!.1*33*%+!3'.20&,!A.&.! &.2%&-.-!%+!,!iG:E?!T$;Y>>_!
3'.20&%'(%0%1.0.&#! T/8%&.32.+2.! /*6.0*1.! A,3! &.2%&-.-! %+! 5bD[VlCXU!
D[:RCl=5[R:! Tk:"___! '(%0%/81*+.32.+2.! 3'.20&%1.0.&#! r8,+081! )*./-3! A.&.!
1.,38&.-! 83*+7! ,! UG=G=GR:l! r8,+0,8&83;ro! GQ3%/80.! $k! W8,+081! )*./-!
3'.20&%1.0.&h!E""9<P;_"#!G+,/)0*2,/!U$kE!2(&%1,0%7&,13!A.&.!&.2%&-.-!83*+7!,!iG:E?!
=b;4_"Y!'(%0%-*%-.!,&&,)!-.0.20%&!W8*''.-!A*0(!,!iG:E?!$l;4_YS!'81'M!iG:E?!G:;
4_>S!3,1'/.&M!iG:E?!E?;4_B_!2%/81+!0(.&1%30,0#!C.2)2/*+7!U$kE!k,Q%GE5!kE;>_B_!
.W8*''.-!A*0(!0A%!iGDX5k;4UC!2%/81+3#!E)2/*2!@%/0,11%7&,13!A.&.!&.2%&-.-!Q)!Gk:!
=%-./BB_5!./.20&%2(.1*2,/!,+,/)L.&!A*0(!,+!./.20&%2(.1*2,/!3)30.1!80*/*L*+7!0(.!0(&..;
./.20&%-.!2%+6*78&,0*%+!2%+3*30*+7!%6!'/,0*+81!NA%&F*+7!./.20&%-.OM!'/,0*+81!A*&.!N2%8+0.&!
./.20&%-.O!,+-!G7\G7[?#!N&.6.&.+2.!./.20&%-.O!*+!-*2(/%&%1.0(,+.!2%+0,*+*+7!_#"!=!0.0&,;
!;Q80)/,11%+*81! (.H,6/8%&%'(%3'(,0.! NRVG$T&O! ,3! ,! 38''%&0*+7! ./.20&%/)0.#!
:'.20&%./.20&%2(.1*2,/! 1.,38&.1.+03! A.&.! 2%+-820.-! %+! ,! iG:E?! K;PP_!
3'.20&%'(%0%1.0.&! 83*+7! ,! EU! D+30&81.+0! =%-./! P__5! NGk:O! *+! -*2(/%&%1.0(,+.!
3%/80*%+3! A*0(! _#9! =! 0.0&,;!;Q80)/,11%+*81! (.H,6/8%&%'(%3'(,0.! ,3! ,! 38''%&0*+7!
./.20&%/)0.#!=.,38&.1.+03!A.&.!1,-.!A*0(!,+!%'0*2,//)! 0&,+3',&.+0! 0(*+;/,).&!./.20&%-.!
2.//!2%+0,*+*+7!,!-.7,33.-!3,1'/.!3%/80*%+!83*+7!,!$0!1*+*;7&*-!,3!,!A%&F*+7!./.20&%-.M!,!



! P"!

$0!A*&.!,3!,!2%8+0.&!./.20&%-.M!,+-!,+!G7\G7E/!A*&.!,3!,!&.6.&.+2.!./.20&%-.#!:*+7/.!2&)30,/!
u;&,)!-*66&,20*%+!-,0,!A.&.!%Q0,*+.-!83*+7!C*7,F8!u0,kGV!$4__!-*66&,20%1.0.&!.W8*''.-!
A*0(! ,! $DkGRl:4__d! -.0.20%&M! A(*2(! 83.3! ,! 18/0*/,).&! 1*&&%&! N=%d,! &,-*,0*%+! /! y!
_#P"_P9!}O#!G//!30&8208&.3!A.&.!3%/@.-!83*+7!,!-8,/;3',2.!,/7%&*0(1!N:U5kuR:4!&O!,+-!
&.6*+.-!83*+7!68//;1,0&*H!/.,30;3W8,&.3!1.0(%-!N:U5kuk:9!'O#!

!

! !



! P4!

C*K*3(45,%"&%.2($'/2&01'&;(

~!:)+0(.3*3!%6!2%1'%8+-!3!

!

!!!!R.0&,,2.0)/.0(,+.!)(!NP#S9!7M!<_#_!11%/O!A,3!-*33%/@.-!*+!,!"h"!N@\@O!1*H08&.!N4__!1kO!
%6!50?U!,+-!G2?U!*+!,!>__!1k!&%8+-!Q%00%1!6/,3F!.W8*''.-!A*0(!,!&.6/8H!2%+-.+3.&#!R%!
0(.!3%/80*%+M!!Q80)/,1*+.!N<#__!1kM!<_#_!1%/O!A,3!,--.-M!,+-!0(.!1*H08&.!A,3!&.6/8H.-!
%@.&+*7(0#! G60.&! 2%%/*+7! 0(.! &.,20*%+! 1*H08&.! 0%! &%%1! 0.1'.&,08&.M! 0(.! 3%/@.+0! A,3!
&.1%@.-!A*0(!,! &%0,&)!.@,'%&,0%&#!4__!1k!%6! 3,08&,0.-!,W8.%83![,UE?#! 3%/80*%+!A,3!
,--.-!0%!0(.!&.3*-8.M!,+-!0(.!'&%-8203!A.&.!.H0&,20.-!Q)!A,3(*+7!A*0(!-*2(/%&%1.0(,+.!
N>_! 1k! Ä! 9O#!R(.! 2%1Q*+.-! %&7,+*2! /,).&! A,3! -&*.-! %@.&! [,":?$! 6%//%A.-! Q)! &%0,&)!
.@,'%&,0*%+!0%!-&)+.33#!R(.!&.3*-8.!A,3!2(&%1,0%7&,'(.-!%+!,!3*/*2,!7./!2%/81+!N-*,1.0.&h!
B!21M!(.*7(0h!">!21M!./8.+0h!.0()/!,2.0,0.\(.H,+.!y!"h"O!0%!7*@.!2%1'%8+-!B!NP#>B!7M!94#"!
11%/O!*+!Y_f!)*./-!,3!,!2%/%&/.33!3%/*-#!

!

!!!!=@!y!_#9_!N3*/*2,!7./M!.0()/!,2.0,0.\(.H,+.!y!"h"OM!1#'#h!<>;<YxEe!!U![=C!N<__!=ULM!
b=:?;:! M!4SY!dOh!â!y!9#Y9!N0M!i!y!P#B!ULM!4UM!1.0()/.+.OM!4#4S!N3M!BUM!1.0()/OM!4#4B!N3M!
BUM!1.0()/OM!"#>4!N1M!4UM!1.0()/.+.OM!"#99!N3.H0M!i!y!P#B!ULM!4UM!1.0()/.+.O!M!_#S4!''1!
N0M!i!y!P#4!ULM!9UM!1.0()/Oe!!#EÅ!UÇ![=C!N"__!=ULM!b=:?;:! M!4SY!dOh!â!y!"SB#<M!"9"#>M!
"44#>M!<4#YM!9"#SM!9_#YM!"S#<M!"9#>M!"_#S!''1e!DCNGRCM!+.,0O!4S>BM!4S99M!4YB<M!"BB<M!"B9SM!
"<">M! "9Y<M! "9B>M! "9<4M! "">>M! >S9! 21-!e! UC=:N5:DOh! 1\L! 2,/2-! 6%&! E!$U"![?"[,?h!
4>Y#"<B>! I=v[,J?e! 6%8+-h! 4>Y#"<>Se! ./.1.+0,/! ,+,/)3*3! 2,/2-! NfO! 6%&! E!$U"![?"h! EM!
P"#<<e!UM!S#__e![M!>#S>e!6%8+-h!EM!P"#9Ye!UM!S#_<e![M!>#S9#!

!

! !

O

OO

O
N

nBu

O O

n-BuNH2

EtOH, AcOH

80%
1 2



! P9!

~!:)+0(.3*3!%6!2%1'%8+-!=!

!

!!!!D+!,!9__!1k!&%8+-!Q%00%1!6/,3F!.W8*''.-!A*0(!,!&.6/8H*+7!2%+-.+3.&M!2%1'%8+-!3!N<#P"!
7M!4_#_!11%/OM!.0()/.+.!7/)2%/!N"#"4!1kM!4_#_!11%/OM!6;0%/8.+.38/6%+*2!,2*-!1%+%()-&,0.!
N_#9Y!7M!4#_!11%/O!A.&.!-*33%/@.-!*+!"__!1k!%6!0%/8.+.#!G60.&!&.6/8H*+7!0(.!1*H08&.!6%&!"!
(M!0(.!&.,20*%+!3%/80*%+!A,3!2%%/.-!0%!&%%1!0.1'.&,08&.#!R(.!&.,20*%+!3%/80*%+!A,3!'%8&.-!
*+0%! ,! 3,08&,0.-! ,W8.%83! [,UE?#! 3%/80*%+! N"__! 1kOM! ,+-! 0(.! %&7,+*2! /,).&! A,3! 0(.+!
3.',&,0.-#!R(.!,W8.%83!/,).&!A,3!.H0&,20.-!A*0(!-*2(/%&%1.0(,+.!N>_!1k!Ä!4OM!,+-!0(.!
2%1Q*+.-!%&7,+*2!/,).&!A,3!-&*.-!%@.&!,+()-&%83![,":?$#!G60.&!0(.!&.1%@,/!%6!0(.!3%/@.+0!
Q)! &%0,&)! .@,'%&,0%&M! 0(.! 2&8-.! '&%-820! A,3! 2(&%1,0%7&,'(.-! %+! ,! 3*/*2,! 7./! 2%/81+!
N-*,1.0.&h!>#>!21M!(.*7(0h!""!21M!./8.+0h!.0()/!,2.0,0.\(.H,+.!y!"h4O!0%!7*@.!2%1'%8+-!=!
N9#49!7M!"B#P!11%/O!*+!Y<f!)*./-!,3!,!',/.!).//%A!3%/*-#!

!

!!!!=@!y!_#<B!N3*/*2,!7./h!.0()/!,2.0,0.\(.H,+.!y!"h4OM!1#'#h!<B;<Y!xEe!!U![=C!N<__!=ULM!
b=:?;:&M!4SY!dOh!T'y!B#4_!N3M!"UM!')&&%/.OM!9#PP!N0M!*!y!P#4!ULM!4UM!1.0()/.+.OM!4#<<!N3M!
9UM! 1.0()/OM! 4#44! N3M! 9UM! 1.0()/OM! 4#"P! N3M! 9UM! 1.0()/OM! "#>"! NW8*+0M! *! y! P#>! ULM! 4UM!
1.0()/.+.OM!"#9_!N3.H0M!*!y!P#<!ULM!4UM!1.0()/.+.OM!_#S_!''1!N0M!*!y!P#4!ULM!9UM!1.0()/Oe!
!#EÅ!UÇ![=C!N"__!=ULM!b=:?;:&M!4SY!dOh!T'y!"S9#9M!"99#>M!"4P#_M!""S#9M!"_Y#_M!<4#>M!
94#_M!4Y#9M!"S#>M!"9#BM!""#YM!""#<!''1e!DCNGRCM!+.,0O!4SB"M!4S><M!4YP"M!"B<9M!">"YM!"<"PM!
"9B4M! "9<9M! "494M! "4"<M! ""Y<M! S<>M! S49M! PP<M! B49! 21-!e! UC=:N5:DOh! "bc! 2,/2-! 6%&!
E!"U!)[?[,?h! 4"B#"9>S! I=v[,J?e! 6%8+-h! 4"B#"9>Be! ./.1.+0,/! ,+,/)3*3! 2,/2-! NfO! 6%&!
E!"U!)[?h!EM!P<#>Pe!UM!S#S"e![M!P#4>e!6%8+-h!EM!P<#B4e!UM!S#S>e![M!P#49#!

!

! !

N

nBu

O O

N

nBu

O

toluene

p-TsOH, 
ethylene glycol

84%
2 3



! P<!

~!:)+0(.3*3!%6!2%1'%8+-!C!

!

!!!!E%1'%8+-!=!N"#P<!7M!S#__!11%/O!A,3!,--.-!*+0%!,!-&%''*+7!68++./!0(,0!.W8*''.-!%+!,!
4__!1k!0(&..;+.2F!6/,3F#!G60.&!0(.!6/,3F!A,3!2%%/.-!0%!#PYxE!A*0(!["!,01%3'(.&.M!/*0(*81!
-**3%'&%')/,1*-.!NkbGO!3%/80*%+!N4=M!>#Y_!1kM!""#P!11%/O!A,3!,--.-#!R(.+!,+()-&%83!
RUT!N">!1kO!A,3!,--.-!*+0%!0(.!-&%''*+7!68++./!,+-!0(.!&.38/0!3%/80*%+!%6!=!A,3!3/%A/)!
,--.-!*+0%!6/,3F!%@.&!">!1*+#!G60.&!30*&&*+7!6%&!">!1*+M!,!3%/80*%+!%6!E8E/"!N4#<4!7M!"Y#_!
11%/O!*+!,+()-&%83!b=T!N<_!1kO!A,3!,--.-!,//!,0!%+2.#!R(.!&.,20*%+!1*H08&.!A,3!30*&&.-!
6%&!"#>!(!A(*/.!F.'0!0(.!0.1'.&,08&.!,0!�PY!xE#!R(.!1*H08&.!A,3!W8.+2(.-!Q)!3,08&,0.-!
[U$E/!,W8.%83! 3%/80*%+! NS_!1kO! ,60.&!A,&1*+7! 0%! &%%1! 0.1'.&,08&.! ,+-!.H0&,20.-!Q)!
.0(.&!NS_!1k!Ä!9O#!R(.!2%1Q*+.-!.0(.&!/,).&!A,3!A,3(.-!Q)!A,0.&!NS_!1kO!,+-!-&*.-!%@.&!
[,":?$M! 0(.+!2%+2.+0&,0.-!Q)!&%0,&)!.@,'%&,0*%+!0%!'&%@*-.!0(.!&.3*-8.#!R(.!2&8-.!A,3!
2(&%1,0%7&,'(.-! Q)! ,! 3*/*2,! 7./! 2%/81+! N-*,1.0.&h! <! 21M! (.*7(0h! ">! 21M! ./8.+0h! .0()/!
,2.0,0.\(.H,+.!y!"h9O!0%!7*@.!2%1'%8+-!C!N_#BP!7M!"#P!11%/O!*+!9Sf!,3!',/.!).//%A!3%/*-#!

!

!!!!=@!y!_#4S!N3*/*2,!7./h!.0()/!,2.0,0.\(.H,+.!y!"h9OM!1#'#h!"9B;"9SxEe!!U![=C!N<__!=ULM!
EbE/#M!4SY!dOh!T'y!B#9"!N3M!4UM!')&&%/.OM!9#P<!N0M!*!y!P#B!ULM!<UM!1.0()/.+.OM!9#""!N3M!<UM!
.0()/.+.OM!4#><!N3M!BUM!1.0()/OM!4#4_!N3M!BUM!1.0()/OM!"#9B!N3.H0M!*!y!P#>!ULM!<UM!1.0()/.+.OM!
_#SB!''1!N0M'*!y!P#4!ULM!BUM!1.0()/OM!%+.!1.0()/.+.!'.,F!A,3!%@.&/,''.-!A*0(!A,0.&!'.,Fe!
!U![=C!N<__!=ULM!b=:?;:&M!4SY!dOh!T'y!B#4B!N3M!4UM!')&&%/.OM!9#PY!N0M!*!y!P#Y!ULM!<UM!
1.0()/.+.OM!4#S_!N3M!<UM!.0()/.+.OM!4#<<!N3M!BUM!1.0()/OM!4#"Y!N3M!BUM!1.0()/OM!"#>4!N1M!<UM!
1.0()/.+.OM!"#9"!N3.H0M!*!y!P#<!ULM!<UM!1.0()/.+.OM!_#S"!''1!N0M'*!y!P#<!ULM!BUM!1.0()/Oe!
!#EÅ!UÇ![=C!N"__!=ULM!EbE/#M!4SY!dOh!T'y!"SB#9M!"9<#PM!"4P#9M!""S#BM!"_P#SM!<9#9M!9<#YM!
94#PM!4_#4M!"9#SM!"4#<M!"4#_!''1e!DCNGRCM!+.,0O!4SBPM!4S"YM!4YP4M!4Y>BM!"B9>M!">"SM!"<"PM!
"9B"M! PP<M! <"Y! 21-!e! UC=:N5:DOh! "bc! 2,/2-! 6%&! E"$U#&["?"[,?h! <_P#4BBS! I=v[,J?e!
6%8+-h!<_P#4B>Pe!./.1.+0,/!,+,/)3*3!2,/2-!NfO!6%&!E"$U#&["?"h!EM!P<#SBe!UM!S#<<e![M!P#4Ye!
6%8+-h!EM!P>#"4e!UM!S#<Ye![M!P#4<e!lK;K*3!N=.E[Oh!)E.F!N*O!y!4"4!N9#_!Ä!"_$OM!4>_!N4#"!Ä!
"_$OM!4Y>!+1!N"#B!Ä!"_$!k!1%/-!!21-!O#! !

N

nBu

O

1) LDA, THF

2) CuCl2, DMF

39%
3

N

O

nBu N

O

nBu

4



! P>!

~!:)+0(.3*3!%6!2%1'%8+-!F!

!

!!!!E%1'%8+-! C! N<B"! 17M! "#4_! 11%/O! A,3! ,--.-! 0%! ,! >_! 1k! &%8+-! Q%00%1! 6/,3F! ,+-!
-*33%/@.-! *+! "4! 1k! RUT! NA*0(! _#_9f! 30,Q*/*L.&O#! R(.+M! ,! 3%/80*%+! %6! <4Y! 17! [;
Q&%1%3822*+*1*-.!N[V:O!N4#<_!11%/O!*+!"4!1k!RUT!NA*0(!_#_9f!30,Q*/*L.&O!A,3!,--.-!
-&%'A*3.#!G60.&!F..'*+7!30*&&*+7!">!1*+M!0(.!3%/@.+0!A,3!&.1%@.-!Q)!&%0,&)!.@,'%&,0*%+#!
R(.!&.3*-8.!A,3!8/0&,3%+*2!-*3'.&3.-!*+!50?U!N4#<!1kO!,+-!6*/0.&.-#!R(.!&.38/0!3%/*-!A,3!
A,3(.-!Q)!50?U!N"!1kO!,+-!A,0.&!N"_!1kO!0%!'&%@*-.!2%1'%8+-!F!,3!',/.!3%/*-!N>BS!17M!
"#_>!11%/O!*+!YYf!)*./-#!

!

!!!!!U![=C!N<__!=ULM!EbE/#M!4SY!dOh!T'y!9#PY!N0M!*!y!P#Y!ULM!<UM!1.0()/.+.OM!9#9Y!N3M!
<UM! .0()/.+.OM! 4#<Y! N3M! BUM! 1.0()/OM! 4#49! N3M! BUM! 1.0()/OM! "#9B! N3.H0M! *! y! P#>! ULM! <UM!
1.0()/.+.OM!_#SB!''1N0M!*!y!P#4!ULM!BUM!1.0()/OM!%+.!1.0()/.+.!'.,F!A,3!%@.&/,''.-!A*0(!
A,0.&!'.,Fe!!U![=C!N<__!=ULM!,2.0%+.;:&M!4SY!dOh!T'y!9#S4!N0M!*!y!P#Y!ULM!<UM!1.0()/.+.OM!
9#4P!N3M!<UM!.0()/.+.OM!4#<<!N3M!BUM!1.0()/OM!4#4>!N3M!BUM!1.0()/OM!"#B4!N1M!<UM!1.0()/.+.OM!
"#9S!N3.H0M!*!y!P#<!ULM!<UM!1.0()/.+.OM!_#S>!''1!N0M!*!y!P#4!ULM!BUM!1.0()/Oe!!#EÅ!UÇ!
[=C!N"__!=ULM!EbE/#M!4SY!dOh!T'y!"SB#4M!"9<#SM!"4B#<M!""S#SM!S<#YM!<<#9M!9P#4M!94#PM!
4_#"M!"9#SM!"4#>M!""#9!''1e!DCNGRCM!+.,0O!4S>9M!4S9"M!4YB9M!"B9YM!"<SSM!"<"4M!"9S4M!""S9M!
SBYM!<4<!21-!e!UC=:N5:DOh!"bc!2,/2-!6%&!E"$U#$V&"["?"[,?h!>B>#_Y>S!I=v[,J?e!6%8+-h!
>B>#_Y>_e!./.1.+0,/!,+,/)3*3!2,/2-!NfO!6%&!E"$U#$V&"["?"h!EM!>9#">e!UM!B#94e![M!>#"Pe!
6%8+-h!EM!>9#"Pe!UM!B#9_e![M!>#_<e!lK;K*3!N=.E[Oh!)E.F!N*O!y!4"4!N4#>!Ä!"_$OM!4><!N"#Y!Ä!
"_$OM!4PS!+1!N"#4!Ä!"_$,k!1%/-!!21-!O#!

!

! !

N

O

nBu N

O

nBu

588%

N

O

nBu N

O

nBu
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THF
Br Br

4



! PB!

~!:)+0(.3*3!%6!2%1'%8+-!K!

!

!!!!R%! ,! "__! 1k! :2(/.+F! 6/,3F! A*0(! 6/,0! 30%''.&M! 2%1'%8+-! F! NYB<! 17M! "#B_! 11%/OM!
[U$?G2! N4#<P7M! 94#_!11%/O! ,+-! ";Q80,+%/! N4P!1kO!A.&.! ,--.-#!U.,0*+7! 0(.! 6/,3F! 0%!
"_>! ^E! 0(.+! 2/%3.-! 0(.! 3A*02(! ,+-! F.'0! S_! 1*+#! R(.! 3%/80*%+! A,3! 2%%/.-! 0%! &%%1!
0.1'.&,08&.!,+-!A,3(.-!Q)!"4_!1k!3,08&,0.-![,UE?#!,W8.%83!3%/80*%+#!R(.!%&7,+*2!/,).&!
A,3! 3.',&,0.-! ,+-! .H0&,20.-! 0(.! ,W8.%83! /,).&! Q)! -*2(/%&%1.0(,+.! N<_! 1k! Ä! 4O#! R(.!
2%1Q*+.-! %&7,+*2! /,).&!A,3! -&*.-! %@.&![,":?$! ,+-! 6%//%A.-! Q)! &%0,&)! .@,'%&,0*%+! 0%!
%Q0,*+!0(.!2%+2.+0&,0.-!&.3*-8.#!G60.&!,!3*/*2,!7./!2%/81+!2(&%1,0%7&,'(!N-*,1.0.&h!9!21M!
(.*7(0h!"_!21M!./8.+0h!-*2(/%&%1.0(,+.\(.H,+.!y!"h4OM!2%1'%8+-!K(N>__!17M!_#S>>!11%/O!
*+!B_f!)*./-!,3!,!2%/%&/.33!3%/*-#!

!

!!!!=@!y!_#9>!N3*/*2,!7./h!-*2(/%&%1.0(,+.\(.H,+.!y!"h4Oe!!U![=C!N<__!=ULM!EbE/#M!4SY!
dOh!T'y!Y#YY!NQ&M!"UM!')&&%/.OM!B#"S!N-M!*!y!4#_!ULM!4UM!')&&%/.OM!9#PS!N0M!*!y!P#Y!ULM!<UM!
1.0()/.+.OM!4#9B!N3M!BUM!1.0()/OM!4#4>!N3M!BUM!1.0()/OM!"#B"!N1M!<UM!1.0()/.+.OM!"#9Y!N3.H0M!
*!y!P#<!ULM!<UM!1.0()/.+.OM!_#SP!''1!N0M!*!y!P#<!ULM!BUM!1.0()/Oe!!#EÅ!UÇ![=C!N"__!
=ULM!EbE/#M!4SY!dOh!T'y!"4>#__M!"4<#SYM!"4<#>M!""4#BM!"_P#<M!S9#YM!<<#PM!99#4M!4_#4M!"<#_M!
""#BM! ""#"! ''1e! DCNGRCM! +.,0O! 9<<4M! 4S>BM! 4S4BM! 4YB"M! "99PM! "_<BM! PB4M! >4P! 21-!e!
UC=:N5:DOh!"bc!2,/2-!6%&!E"$U#"V&"[#>h!>44#_S<Y!I=�UJ>e!6%8+-h!>44#_SB_e!./.1.+0,/!
,+,/)3*3!2,/2-!NfO!6%&!E"$U##V&"[#h!EM!>>#_Ye!UM!B#9Be![M!Y#_9e!6%8+-h!EM!>>#_4e!UM!B#9>e!
[M!P#YSe!lK;K*3!N=.E[Oh!)E.F!N*O!y!4PY!+1!N"#Y!Ä!"_$,k!1%/-!!21-!O#!

!

! !

NH4OAc

1-butanol
NnBu

Br

N nBu

Br

N
H

60%5 6

N

O

nBu N

O

nBu

Br Br



! PP!

~!:)+0(.3*3!%6!2%1'%8+-!N!

!

!!!!R%!,!>_!1k!4;+.2F.-!6/,3F!.W8*''.-!A*0(!,!&.6/8H!2%+-.+3.&M!2%1'%8+-!K!N<"Y!17M!_#Y_!
11%/OM! 4M>;Q*3N<M<M>M>;0.0&,1.0()/;"M9M4;-*%H,Q%&%/,+;4;)/O;"U;')&&%/.!!! N4Y"!17M! _#YY!
11%/OM! Q*3N-*Q.+L)/*-.+.,2.0%+.O',//,-*81N_O! N$-N-Q,O"O! N<B! 17M! _#_Y_! 11%/OM!
-*2)2/%(.H)/N4gMBg;-*1.0(%H)I"M"g;Q*'(.+)/J;4;)/O'(%3'(,+.! N:'(%3O! NBB! 17M! _#"B!
11%/OM!"#>B!7!E3"E?#!N<#Y_!11%/O!A.&.!,--.-#!T*//!0(.!6/,3F!A*0(!["!0(.+!,--.-!-.7,33.-!
"M<;-*%H,+.! N4#BP!1kO! ,+-!A,0.&! N"9_!µkO! *+0%! 0(.! 6/,3F!Q)! 3)&*+7.#!R(.!1*H08&.!A,3!
(.,0.-!0%!"__!^E!6%&!S_!1*+!0(.+!&.1%@.!0(.!3%/@.+0!8+-.&!&.-82.-!'&.338&.#!G--.-!4>!
1k!A,0.&!*+0%!0(.!6/,3F!,+-!.H0&,20.-!0(.!,W8.%83!/,).&!Q)!-*2(/%&%1.0(,+.!N4_!1k!Ä!9O#!
R(.!2%1Q*+.-!-*2(/%&%1.0(,+.!/,).&!A,3!-&*.-!%@.&![,":?$!6%//%A.-!&%0,&)!.@,'%&,0*%+!
0%!'&%@*-.!0(.!2&8-.#!R(.!2&8-.!A,3!2(&%1,0%7&,'(.-!%+!,!3*/*2,!7./!2%/81+!N-*,1.0.&h!9!
21M!(.*7(0h!"S!21M!./8.+0h!-*2(/%&%1.0(,+.\(.H,+.!y!4h"O!0%!7*@.!2%1'%8+-!N!NYP!17M!
_#4_!11%/O!*+!4>f!)*./-!,3!2%/%&/.33!3%/*-#!

!

!!!!=@!y!_#P_!N3*/*2,!7./h!-*2(/%&%1.0(,+.\(.H,+.!y!4h"Oe!!U![=C!N<__!=ULM!EbE/#M!4SY!
dOh!T'y!B#9<!NQ&M!4UM!')&&%/.OM!B#4"!N-M!*!y!4#_!ULM!<UM!')&&%/.OM!9#PP!N1M!<UM!1.0()/.+.OM!
4#<_!N3M!"4UM!1.0()/OM!"#BS!NW8*+0M!*!y!P#>!ULM!<UM!1.0()/.+.OM!"#<<!N3.H0M!*!y!P#<!ULM!<UM!
1.0()/.+.OM!"#__!''1!N0M!*!y!P#<!ULM!BUM!1.0()/Oe!!#EÅ!UÇ![=C!N"__!=ULM!EbE/#M!4SY!
dOh!T'y!"9_#"M!"44#SM!""B#>M!""9#>M!<<#_M!99#<M!4_#<M!"<#_M!"_#S!''1e!DCNGRCM!+.,0O!9<44M!
4S>_M! 4S4>M! 4YB<M! ">S>M! "<P9M! "<_9M! "_9"M! PB4! 21-!e! UC=:N5:DOh! "bc! 2,/2-! 6%&!
E"(U#&[$[,?h!<>"#4Y99!I=v[,J?e!6%8+-h!<>"#4Y44e!lK;K*3!N=.E[Oh!)E.F!N*O!y!4PB!+1!
N<#9!Ä!"_$,k!1%/-!!21-!O#!

!

! !

NH

N

N

HN

nBu

nBu

Pd(dba)2, Sphos, Cs2CO3

1,4-dioxane/H2O

H
N BpinBpin

25%
7
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Br

N
H
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! PY!

~!:)+0(.3*3!%6!2%1'%8+-!O!

!

!!!!R%!,!>_!1k!4;+.2F.-!6/,3F!.W8*''.-!A*0(!,!&.6/8H!2%+-.+3.&M!2%1'%8+-!F! N4<>!17M!
_#<>_!11%/OM!4M>;Q*3N<M<M>M>;0.0&,1.0()/;"M9M4;-*%H,Q%&%/,+;4;)/O;"U;')&&%/.!!!N">B!17M!
_#<S_! 11%/OM! Q*3N-*Q.+L)/*-.+.,2.0%+.O',//,-*81N_O! N$-N-Q,O"O! N4B! 17M! _#_<>! 11%/OM!
-*2)2/%(.H)/N4ãMBã;-*1.0(%H)I"M"ã;Q*'(.+)/J;4;)/O'(%3'(,+.! N:'(%3O! N9P! 17M! _#_S_!
11%/OM!E3"E?#!NYY_!17M!4#P_!11%/O!A.&.!,--.-#!T*//!0(.!6/,3F!A*0(!["!,01%3'(.&.!0(.+!
,--.-!-.7,33.-!"M<;-*%H,+.!N"#>!1kO!,+-!A,0.&!NP>!|kO#!R(.!1*H08&.!A,3!(.,0.-!0%!"__!̂ E!
6%&!"!(M!0(.+!&.1%@.!0(.!3%/@.+0!8+-.&!&.-82.-!'&.338&.#!G--.-!"_!1k!A,0.&!*+0%!0(.!6/,3F!
,+-! .H0&,20.-! Q)! -*2(/%&%1.0(,+.! N"_! 1k! Ä! 9O#! R(.! 2%1Q*+.-! -*2(/%&%1.0(,+.! /,).&!
'&%@*-.-! 0(.! 2&8-.! ,60.&! -&)*+7! Q)! [,":?$! ,+-! &%0,&)! .@,'%&,0*%+#! R(.! 2&8-.! A,3!
2(&%1,0%7&,'(.-! %+! ,! 3*/*2,! 7./! 2%/81+! N-*,1.0.&h! 9! 21M! (.*7(0h! ">! 21M! ./8.+0h! .0()/!
,2.0,0.\(.H,+.!y!4h9O!0%!'&%@*-.!,!6&,20*%+!N=@!y!_#4"O#!T&%1!0(*3!6&,20*%+M!2%1'%8+-!O!N<Y!
17M!_#"_P!11%/M!4<fO!A,3!%Q0,*+.-!,3!7&.)!'%A-.&!Q)!&.2&)30,//*L,0*%+!*+!=.?U!NP#>!
1kO#!!

!

!!!!=@!y!_#4"!N3*/*2,!7./h!.0()/!,2.0,0.\(.H,+.!y!4h9Oe!!U![=C!N<__!=ULM!EbE/#M!4SY!dOh!T'
y! Y#">! NQ&M! "UM! ')&&%/.OM! B#_S! N-M! *! y! 4#Y! ULM! 4UM! ')&&%/.OM! 9#PS! N0M! *! y! Y#_! ULM! <UM!
1.0()/.+.OM!4#<_!N3M!BUM!1.0()/OM!4#9>!N3M!<UM!.0()/.+.OM!4#9<!N3M!BUM!1.0()/OM!"#<"!N3.H0M!
*!y!P#<ULM!<UM!1.0()/.+.OM!_#SY!''1!N0M!*!y!P#<ULM!BUM!1.0()/OM!%+.!1.0()/.+.!'.,F!A,3!
%@.&/,''.-!A*0(!A,0.&!'.,Fe!!U![=C!N<__!=ULM!,2.0%+.;:&M!94Y!dOh!T'y!S#Y"!NQ&M!"UM!
')&&%/.OM!B#__!N-M!*!y!4#_!ULM!4UM!')&&%/.OM!9#S"!N0M!*!y!P#Y!ULM!<UM!1.0()/.+.OM!4#9S!N3M!BUM!
1.0()/OM!4#9<!N3M!BUM!1.0()/OM!4#4>!N3M!<UM!.0()/.+.OM!"#BY!N1M!<UM!1.0()/.+.OM!"#<>!N3.H0M!
*!y!P#<ULM!<UM!1.0()/.+.OM!"#__!''1!N0M!*!y!P#<ULM!BUM!1.0()/Oe!!#EÅ!UÇ![=C!N"__!=ULM!
EbE/#M!4SY!dOh!T'y!"SS#YM!"9<#<M!"4>#<M!"4>#9M!"49#<M!""4#>M!""_#YM!<9#YM!<_#"M!94#YM!4_#9M!
"9#SM!""#PM!"_#B!''1e!DCNGRCM!+.,0O!999YM!4S>PM!4S4SM!4YBSM!"B<BM!"B_BM!">_YM!"<_PM!PY<M!
PBS! 21-!e! UC=:N5:DOh! "bc! 2,/2-! 6%&! E"(U#'[#?"[,?h! <P_#4PPY! I=v[,J?e! 6%8+-h!

N

N

HN

nBu

nBu

O

O

5

N

O

nBu N

O

nBu

Br Br
Pd(dba)2, Sphos, Cs2CO3

1,4-dioxane/H2O

H
N BpinBpin

24% 8



! PS!

<P_#4PBYe!./.1.+0,/!,+,/)3*3!2,/2-!NfO!6%&!E"(U#'[#?"h!EM!P>#"9e!UM!Y#99e![M!S#9Se!6%8+-h!
EM!P<#SBe!UM!Y#9Se![M!S#9_e!lK;K*3!N=.E[Oh!)E.F!N*O!y!4<"!+1!N4#B!Ä!"_$,k!1%/-!!21-!O#!

!

! !



! Y_!

~!G00.1'0!%6!$,,/;d+%&&!')&&%/.!3)+0(.3*3!%6!2%1'%8+-!O!

!

!!!!D+! ,! "_! 1k! :2(/.+F! 6/,3F! A*0(! 6/,0! 30%''.&M! 2%1'%8+-! O! N<Y#_! 17M! _#"__! 11%/OM!
[U$?G2!N"><!17M!4#__!11%/O!,+-!";Q80,+%/!N"#P_!1kO!A.&.!,--.-#!U.,0*+7!0(.!6/,3F!0%!
"">!̂ E!0(.+!2/%3.-!0(.!3A*02(!,+-!F.'0!B!(#!=.,+A(*/.M!2%1'%8+-!O!A,3!3/%A/)!2%+381.-!
,+-!7.+.&,0.-!,!+.A!2%1'%8+-!-8&*+7!0(.!'&%2.33M!Q80!+%0!2%1'/.0./)!2%+381.-!,60.&!B!
(#!R(.!3%/80*%+!A,3!2%%/.-!0%!&%%1!0.1'.&,08&.!,+-!A,3(.-!Q)!"__!1k!3,08&,0.-![,UE?#!
,W8.%83! 3%/80*%+#!R(.! %&7,+*2! /,).&! A,3! 3.',&,0.-! ,+-! .H0&,20.-! 0(.! ,W8.%83! /,).&! Q)!
-*2(/%&%1.0(,+.! N>!1k!Ä!9O#!R(.! 2%1Q*+.-! %&7,+*2! /,).&!A,3! -&*.-! %@.&![,":?$! ,+-!
6%//%A.-!Q)!&%0,&)!.@,'%&,0*%+!0%!%Q0,*+!0(.!2%+2.+0&,0.-!&.3*-8.#!G60.&!,!3*/*2,!7./!2%/81+!
2(&%1,0%7&,'(! N-*,1.0.&h! 4! 21M! (.*7(0h! "9! 21M! ./8.+0h! .0()/! ,2.0,0.\(.H,+.! y! 4h9OM!
2%1'%8+-!)Q!N"9#_!17M!_#_4>Y!11%/M!4BfO!A,3!%Q0,*+.-!,3!).//%A!%*/#!

!

!!!!=@y_#B"!N3*/*2,!7./h!.0()/!,2.0,0.\(.H,+.!y!4h9Oe!!U![=C!N<__!=ULM!EbE/#M!4SY!dOh!T'
y!B#"<!N-M!*!y!9#4!ULM!"UM!')&&%/.OM!B#__!N-M!*!y!9#B!ULM!"UM!')&&%/.OM!9#YB;9#P>!N1M!4UM!
1.0()/.+.OM!9#BP!N0M!*!y!P#<!ULM!4UM!1.0()/.+.OM!9#"Y;9#"_!N1M!"UM!.0()/.+.OM!9#_P;9#_4!
N1M!"UM!.0()/.+.OM!4#YS;4#Y"!N1M!"UM!.0()/.+.OM!4#BP;4#B"!N1M!"UM!.0()/.+.OM!4#>S!N3M!9UM!
1.0()/OM!4#9_!N3M!BUM!1.0()/OM!4#4";4#"B!N1M!4UM!1.0()/.+.OM!4#"<!N3M!9UM!1.0()/OM!"#<>;
"#9"!N1M!BUM!1.0()/.+.OM!_#SS;_#S4!N1M!BUM!1.0()/OM!_#>S!''1!N0M!*!y!P#_!ULM!9UM!1.0()/OM!
%+.!1.0()/.+.!'.,F!%@.&/,'!A*0(!A,0.&!'.,Fe!!#EÅ!UÇ![=C!N"__!=ULM!EbE/#M!4SY!dOh!
Ty"SS#_M!"99#YM!"94#>M!"4P#YM!"4>#<M!"4<#SM!"4_#"M!""S#PM!"">#YM!"">#PM!""9#BM!""4#_M!S>#SM!
S>#4M!B9#BM!<9#>M!<"#YM!9P#BM!99#9M!94#SM!9"#>M!4_#9M!4_#4M!"S#_M!"<#_M!"9#S<M!"9#S4M!""#SM!""#YM!
""#<M! "_#<! ''1M! %+.! ')&&%/*2! 2,&Q%+!'.,F!1,)!%@.&/,''.-e!UC=:N5:DOh!"bc! 2,/2-! 6%&!
E#"U$%[#?"[,?h!>4B#9<_<!I=v[,J?e!6%8+-h!>4B#99S<#!

!

! !

N

N

HN

nBu

nBu

O

O

8

NH4OAc

1-butanol
NH

N

N

HN

nBu

nBu

7

not obtained

N

N

N

nBu

nBu

O

O

10, 26%

nBu



! Y"!

C*K*=(4.,?-&(!'5;%#-(SI'#5(U.77'#2%./,(V,#-5;.;(

~!E&)30,//%7&,'(*2!-,0,!6%&!2%1'%8+-!N!
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[82/.83;D+-.'.+-.+0!E(.1*2,/!:(*603hn!G!:*1'/.!,+-!566*2*.+0!G&%1,0*2*0)!$&%Q.#!*+'
,"+'-.#"+'/%0#!)PPKM!CCHM!B9"P;B9"Y#!NQO!E(.+M!s#e!],++.&.M!E#!:#e!E%&1*+Q%.86M!
E#e!$82(0,M!C#e!:2(/.).&M!$#!@#!C#![82/.83;D+-.'.+-.+0!E(.1*2,/!:(*603!N[DE:O!,3!,+!
G&%1,0*2*0)!E&*0.&*%+#!-.#"+'=#>#!3QQFM!C?1M!9Y<4;9YYY#!

I44J! N,O! U.&7.3M! C#e! X.8.+*2(M! b#! b./%2,/*L,0*%+! %6! 5/.20&%+3! *+! =%/.28/.3#! *+' 4.7$+'
-.#"+',!3QQ)M!C?1M!94"<;944_#!NQO!X.8.+*2(M!b#e!U.33M!d#e!dt(/.&M!T#e!U.&7.3M!C#!
G+*3%0&%')!%6!0(.!D+-82.-!E8&&.+0!b.+3*0)!NGEDbOM!,!X.+.&,/!=.0(%-!R%!r8,+0*6)!
,+-!K*38,/*L.!5/.20&%+*2!b./%2,/*L,0*%+#!-.#"+'=#>#!3QQFM!C?1M!9P>Y;9PP4#!

!

! !



! S4!

"'()%&*!C!
!

G*#9.:.$?!H.)4**#-&!)*&10*:#*!:4$%'&:.:!6#*!&-0:.>&!
141-.1!%&%*()4**#-&!E.%'!141-##1%(%&%*(&$&!1#*&!

!

!

!

!

!

!

!

!

!

!

!

!

DE30&,20#

!!!!D+!0(*3!2(,'0.&M!,+%0(.&!3*08,0*%+!%6!6%8&!')&&%/.!2%++.20.-!-*&.20/)!A,3!2%+3*-.&.-!,+-!
6%&!0(*3!./83*@.!0.0&,')&&%/.;683.-!2)2/%%20,0.0&,.+.!2%1'%8+-M!,!+%@./!-.3*7+.-!3)+0(.0*2!
&%80.!A,3!'&%'%3.-! 0(.!30&8208&.!A,3!.@,/8,0.-!Q)!2,/28/,0*%+! *+!,-@,+2.#!G!6,2*/.!,+-!
.66.20*@.!<;30.'!3)+0(.3*3!A,3!'.&6%&1.-!0%A,&-!'&%1*3*+7!Q*')&&%/.!'&.28&3%&M!A(*2(!/,*-!
0(.!6%8+-,0*%+!6%&!38Q3.W8.+0!&.,20*%+3#!G+-!,!'&./*1*+,&)!,00.1'0!6%&!(%1%2%8'/*+7!%6!
Q*')&&%/.!A,3!2%+-820.-#!

! !



! S9!

>"!#F+0&%-820*%+#

!!!!]*0(!0(.!3822.3368/!3)+0(.3*3!%6!2)2/%I<J')&&%/.!0(,0!-.32&*Q.-!*+!2(,'0.&!<M!0(*3!2(,'0.&!
6%283!%+!,+%0(.&!3*08,0*%+!%6!6%8&!')&&%/.!2%++.20.-!-*&.20/)#!V)!2(,+7*+7!0(.!/*+F,7.M!0(.!
2)2/*2! 0.0&,')&&%/.! 2%1'%8+-! 2,+! 2%+@.&3.! 0%! /.33! 30&,*+.-! 1,2&%2)2/.! A*0(!
2)2/%%20,0.0&,.+.!NE?RO!3F./.0%+!NL.?1'&(FI)O#!R(.!31,//!30&,*+!'&*1,&*/)!6&%1!*03!,Q*/*0)!
0%!&./.,3.!30&,*+!.+.&7)!0(&%87(!,!08Q;3(,'.-!2%+6%&1,0*%+!#!

!

L.?1'&(FI)#!b*66.&.+0!0)'.3!%6!2)2/*2!0.0&,')&&%/.!A*0(!-*66.&.+0!/*+F,7.!1%-.#!

!!!!R(.! E?R! 2%1'%8+-3! A*0(! 0.0&,;683.-! ,&.+.3! ,&.! *1'%&0,+0! 38QZ.203! 6%&! ,&%1,0*2*0)!
&.3.,&2(!+%0!%+/)!Q.2,83.!0(.!*+0&*+3*2!*+0.&.30*+7!'&%'.&0*.3!-.&*@.-!6&%1!E?R!2%&.M!Q80!
,/3%!Q.2,83.! 0(.!Q.00.&! 0(.&1,/!30,Q*/*0)!,+-!1%-*6*.-!./.20&%+*2!30&8208&.!-.&*@.-! 6&%1!
683.-!,&.+.!#!:.@.&,/!0)'.3!,&.+.3!Q.!*+0&%-82.-!*+0%!E?R!30&8208&.!NL.?1'&(FI3O!382(!,3!
Q.+L.+.!&*+7"M!0(*%'(,+.!&*+7#M!*+-%/.!&*+7$!,+-!0(*,L%/.!&*+7%#!

!

L.?1'&(FI3#!:.@.&,/!&.'%&0.-!E?R!2%&.!A*0(!-*66.&.+0!683.-!,&.+.3#!

!!!!U%A.@.&M!*+!0(.!2,3.!%6!')&&%/.M!0(.!E?R!2%&.!A*0(!0.0&,;683.-!')&&%/.!/%%F3!30*//!./83*@.#!
R%! 0(.! Q.30! F+%A/.-7.! %6! 1.M! 382(! 30&8208&.! %+/)! &.'%&0.-! ,3! 38Q30&8208&.! *+! ',&.+0!
2%1'%8+-3#!T%&!.H,1'/.M!0(.!38Q30&8208&.!*+!'%&'()&*+!3(..0!&.'%&0.-!Q)![,F,18&,!#&'()&!
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cyclic tetrapyrrole

1943, Papson et al 1975, Kauffmann et al

S

S

S

S

2010, Talaz et al

NH

N
H

HN

H
N

2012, Mouri et al

SN

S

N

S N

S

N

Ar

ArAr

Ar



! S<!

,+-!0(.!38Q30&8208&.!*+!R.0&,Q.+L%0.0&,,L,IYJ2*&28/.+.!&.'%&0.-!Q)!E(.+!#&'()'!NL.?1'&(FI
=O#!?Q@*%83/)M!0(.!'&%'.&0)!%6!0(.3.!38Q30&8208&.!*3!(*7(/)!,66.20.-!Q)!0(.!',&.+0!30&8208&.!
*+2/8-*+7!0(.!&.3%+,+2.!',00.&+3!,+-!2%+6%&1,0*%+,/!Q.(,@*%&#!

!

L.?1'&( FI=#! R(.! E?R! 2%&.! N1,&F.-! *+! Q/8.O! A*0(! 0.0&,;683.-! ')&&%/.! .H*30.-! ,3!
38Q30&8208&.3#!

!!!!D+-.'.+-.+0! 30&8208&.! %6! 0.0&,')&&%/.! 683.-! E?R! A*//! Q.! ,+! ,00&,20*@.! 0,&7.0! 6%&!
*+@.30*7,0*+7!0(.!*+0&*+3*2!'&%'.&0)!%6!0(*3!0)'.!%6!2%1'%8+-#!U.&.M!,!18/0*;30.'!3)+0(.0*2!
&%80.!A,3!'&%'%3.-!N42"&:&(FI)O!6&%1!0(.!2%1'%8+-!)!%Q0,*+.-!*+!2(,'0.&!<#!R(*3!&%80.!
2%1Q*+*+7! 2,&Q%+)/! 2(.1*30&)(M! 0&,+3*0*%+! 1.0,/! 2,0,/)0*2! &.-820*@.! 2%8'/*+7)M! ,+-!
%H*-,0*@.! 2%8'/*+7)M!A(*2(! ,//! 0(.3.! &.,20*%+3! ,&.! 2%11%+! *+! Q%+-! 6%&1,0*%+! Q.0A..+!
')&&%/.!&*+73#!
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2006, Nakamura et al 2015, Chen et al
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!

42"&:&(FI)#!$&%'%3.-!3)+0(.0*2!&%80.!6%&!0.0&,')&&%/.!683.-!E?R!2%1'%8+-#!

!!!!R(.! 30&8208&.! ,+-! 30&,*+! 30,0.! %6! 6*+,/! 0,&7.0! 2)2/%%20,0.0&,.+.!N!A,3! *+@.30*7,0.-! Q)!
2,/28/,0*%+! *+! ,-@,+2.! NL.?1'&( FICO#! R(.! 0)'*2,/! 08Q;2%+6%&1,0*%+! A,3! 2%+6*&1.-! Q)!
3*18/,0*%+!,+-!31,//! 30&,*+!.+.&7)!@,/8.!3877.30.-!Q)!:0&,*+K*L!1.0(%-!2%+6*&1.-! 0(.!
30&,*+!&./.,3.!2%1',&.-!0%!0(.!2)2/%I<J')&&%/.!3F./.0%+#!

!

L.?1'&(FIC#!N,O!:*18/,0.-!30&8208&.!%6!2%1'%8+-!N!,0!V9ko$\B;9"XN-O!/.@./e!NQO!:0&,*+K*L!
,+,/)3*3!%6!2%1'%8+-!N!,0!V9ko$\B;9"XN-O!/.@./#! !
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>"4#:)+0(.3*3#%6#E*')&&%/.#'&.28&3%&#

!!!!T&%1!0(.!2%1'%8+-!)!%Q0,*+.-!*+!2(,'0.&!<M!,!6,2*/.!<;30.'!3)+0(.3*3!A,3!2%+-820.-!,3!
3(%A+!*+!42"&:&(FI3#!R(.!30&,0.7)!*3!6&%1!,&)/!Ñ;(,/%F.0%+.!38Q30&,0.!0%!1,F.!"M<;
-*F.0%+.!30&8208&.!Q)!::4!&.,20*%+!A*0(!.+%/,0.!,+-!6%//%A.-!Q)!$,,/;d+%&&!&.,20*%+!0%!
Q8*/-!Q*,&)/!30&8208&.#!R(.!6*&30!30.'!*3!0(.!F.)!30.'!Q.2,83.!0(.!F.0%+.!Ñ;(,/%7.+,0*%+!%6!
2%1'%8+-!)!A*//!3866.&!6&%1!3*-.!&.,20*%+!/*F.!./.20&%'(*/*2!38Q30*080*%+!&.,20*%+3!,+-!
6&..!&,-*2,/!(,/%7.+,0*%+!&.,20*%+3!*#!

!

42"&:&(FI3#!:)+0(.0*2!&%80.!0%!Q*')&&%/.!'&.28&3%&!F#!

!!!!R(.!-*2(/%&%*%-,0.!&.,7.+0!A,3!6%8+-!,3!38*0,Q/.!(,/%7.+,0*%+!&.,7.+0!6%&!2%1'%8+-!)#!
R(*3!*%-*+.;1.-*,0.-!2(/%&*+,0*%+!&.,20*%+!!!A,3!1*/-!.+%87(!0%!'&%@*-.!,22.'0,Q/.!)*./-!
6%&!2%1'%8+-!3#!R(.!6%//%A.-!::4!&.,20*%+!A*0(!.0()/!,2.0%,2.0,0.!A,3!2%+-820.-!A*0(!
d"E?#!,3!Q,3.!,+-!dD!,3!+82/.%'(*/*2!2,0,/)30! *+!b=T!,+-!'&%@*-.-!,+!.H2.//.+0!S_f!
)*./-!0%!2%1'%8+-!=#!V.6%&.!$,,/;d+%&&!&.,20*%+M!Q&%1*+,0.-!0(.!')&&%/.!p!'%3*0*%+!6*&30/)!
83*+7! 0(.! +%&1,/! 2%+-*0*%+! A*0(! `;Q&%1%3822*+*1*-.! N[V:O! *+! RUT#! R(.+M! 0&.,0.-!
2%1'%8+-! C! A*0(! 1.0()/,1*+.! *+! .0(,+%/\,2.0*2! ,2*-! 1*H! 3%/@.+0! 0%! 68&+*3(! 0,&7.0!
Q*')&&%/.!F!A*0(!BYf!)*./-#!

!!!!R(.!30&8208&.!%6!Q*')&&%/.!'&.28&3%&!F! *3!A.//;-.3*7+.-!6%&! 0(.!+.H0!30.'3#!T*&30/)M! 0(.!
.30.&! 7&%8'! ,20! ,3! ./.20&%+;A*0(-&,A*+7! 7&%8'! 2,+! 30,Q*/*L.! 0(.! Q*')&&%/.#! R(.+M! 0(.!
+*0&%7.+! %6! ')&&%/.! *3! 2,''.-! A*0(! ,/F)/! 7&%8'! 0(,0! 2,+! 1,F.! *0! 0%/.&,+2.! A*0(! Q,3*2!
2%+-*0*%+! *+! 3%1.!E8!%&![*!2,0,/)30!(%1%2%8'/*+7! &.,20*%+! 6%&! 0(.! 6%&1,0*%+!%6! /*+.,&!
0.0&,')&&%/.! K#! T*+,//)M! 0(.! &.1,*+.-! 0A%! 6&..! ')&&%/.;U! 2,+! Q.! 2%+-820.-! Q)!
*+0&,1%/.28/,&! %H*-,0*@.! 2%8'/*+7#!G/0(%87(! 83*+7! 0&,+3*0*%+! 1.0,/! 2,0,/)30! 2%8'/*+7! *3!
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,/3%! '%33*Q/.M! Q80! 0(*3! 0)'.! %6! &.3'%+3.! *3! +%0! .66*2*.+0! *+! 2&%A-.-! 3',2.3M! 382(! ,3! 0(.!
3)+0(.3*3!%6!2)2/*2!0(*,L%/.!&.'%&0.-!Q)!=%8&*!#&'()%M!0(.!6*+,/!*+0&,1%/.28/,&!2)2/*L,0*%+!
Q)!$-;2,0,/)30!0(*,L%/.!E;U!,&)/,0*%+!&.W8*&.-!<!-,)3!&.,20*%+!0*1.!,0!"<_^E#!

!

42"&:&(FI=#!:%1.!&.'&.3.+0,0*@.!A%&F3!6%&!4M9g;Q*')&&%/.!3)+0(.3*3#!

!!!!R(.! .66*2*.+0! ,+-! 6,2*/.! 3)+0(.3*3! %6! '&%1*3*+7! '&.28&3%&! F! /,*-! 0(.! 6%8+-,0*%+! 6%&!
38Q3.W8.+0!&.,20*%+3#!D+!,--*0*%+M!0(*3!3)+0(.0*2!30&,0.7)!,/3%!'&%@*-.3!,!+.A!,''&%,2(!6%&!
2&.,0*+7! 4M9g;Q*')&&%/.#! R(.! 3)+0(.0*2! 30&,0.7)! 6%&! 4M4g;Q*')&&%/.! A,3! A.//! -.@./%'.-)!
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1970, Castro et al, Knorr reaction strategy
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1975, Farnier et al, desulfurization strategy
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2006, Dohi et al, direct coupling strategy
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A(*/.! 0(.! 3)+0(.0*2! 30&,0.7)! 6%&!4M9g;Q*')&&%/.! 30*//! &,&.#!:%1.! &.'&.3.+0,0*@.!A%&F3! ,&.!
3811,&*L.-!*+!42"&:&(FI=#!5,&/)!.H'/%&,0*%+!Q)!E,30&%!#&'()!"!83*+7!0(.!d+%&&!&.,20*%+!
30&,0.7)!)*./-.-!%+/)!@.&)! /%A!)*./-#!G+%0(.&! .,&/)! .H'/%&,0*%+!Q)!T,&+*.&!#&' ()!#! 83.-!
,L*-.;&./,0.-! &.,20*%+! 6%&! 30,&0*+7! 1,0.&*,/! 3)+0(.3*3! ,/0(%87(! 0(.! 6%&1,0*%+! %6! 4M9g;
Q*')&&%/.!2,+!'&%@*-.!7%%-!)*./-#!D+!4__BM!b%(*!#&'()!$!&.'%&0.-!,!3,1'/.!-*&.20!2%8'/*+7!
6%&! 4M9g;Q*')&&%/.! 83*+7! '(.+)/*%-*+.! Q*3N0&*6/8%&%,2.0,0.O! N$DTGO! A*0(!
Q&%1%0&*1.0()/3*/,+.!NR=:V&O!A(*/.!%+/)!%+.!.H,1'/.!-.1%+30&,0.-#!R(.!1.0(%-%/%7)!
&.'%&0.-!Q)!X%03F%!#&'()!%!(,3!A*-.!32%'.!%6!38Q30&,0.3!Q80! 0(.!4;N,2)/.0()+)/O')&&%/.3!
&.W8*&.-!,!3'.2*,/!1.2(,+%2(.1*2,/!1.0(%-#!
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!
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>"9#$&./*1*+,&)#,00.1'0#6%&#(%1%2%8'/*+7#%6#E*')&&%/.#

!!!!]*0(!0(.!Q&%1*+,0.-!Q*')&&%/.!F!*+!(,+-M!0(.!'&./*1*+,&)!,00.1'0!6%&!l//1,++!&.,20*%+!
A,3! 2%+-820.-#! V.2,83.! %6! 0(.! 30.&*2! (*+-&,+2.! %6! 0(.! 38Q30&,0.M! 0(*3! 6,20%&! A,3! 68//)!
2%+3*-.&.-!A(.+!3./.20*+7!0(.!2%+-*0*%+3#!T*&30M!0(.!1%30!2%+@.+0*%+,/!(*7(;0.1'.&,08&.!
2%''.&!'%A-.&!2%+-*0*%+!&.'%&0.-!Q)![./3%+!#&'()!&!A,3!3./.20.-M!A(*2(!(,3!Q..+!&.'%&0.-!
0%! Q.! .66.20*@.! *+! 3)+0(.3*L*+7! ,! 3.&*.3! %6! ,0&%'*3%1.&! N42"&:&( FIC#O#! G+-! ,+%0(.&!
'&%1*3*+7!(%1%7.+.%83!2%+-*0*%+!&.'%&0.-!Q)!k*+!#&'()!'!,/3%!Q.!2%+3*-.&.-!0(,0!83*+7!
[*N_O!3'.2*.3!,3!2,0,/)30!A*0(![,U!6%&!38''&.33*+7!-.(,/%7.+,0*%+!3*-.!&.,20*%+!N42"&:&(
FIC@O#!U%A.@.&M!*+!0(.3.!0A%!2%+-*0*%+3M!0(.!0,&7.0!(%1%2%8'/*+7!'&%-820!A,3!+%0!6%8+-#!

!

42"&:&(FIC#!N,O!E%''.&!'%A-.&!2%+-*0*%+!&e!NQO![*N_O!2%+-*0*%+!'#!

!!!!T%&!0(.!2%''.&!'%A-.&!2%+-*0*%+!N42"&:&(FIF#OM!0(.!2%+381.!%6!38Q30&,0.!F!A,3!@.&)!
3/%A!.@.+! 0(.! &.,20*%+!1*H08&.!(.,0.-!8'! 0%! "P_^E#!G60.&! Y! (%8&3! &.,20*%+M! %+/)! 3%1.!
1*+%&! 8+*-.+0*6*.-! '&%-820! 7.+.&,0.-! A*0(! (*7(.&! '%/,&*0)#! R(.! 3.2%+-! .+0&)! A,3!
2%+-820.-! A*0(! (*7(.&! 0.1'.&,08&.! N,&%8+-! "S_^EO! A(*/.! 0(.! 2%1'%8+-! F! &,'*-/)!
-.2%1'%3.-!0%!3%1.!8+*-.+0*6*.-!Q/,2F!'&%-820#!

!!!!T%&!0(.![*N_O!2%+-*0*%+!A*0(![,U!N42"&:&(FIF@OM!0(.!38Q30&,0.!F!A,3!+%!2%+381.!,0!
""_^E#!](*/.!Z830!3/*7(0/)!*+2&.,3.!0.1'.&,08&.!0%!"4_^EM!0A%!+.A!'&%-8203!A*//!Q.!3/%A/)!
7.+.&,0.-! 0(,0! %+.! (,3! 3*1*/,&! '%/,&*0)! A*0(! 2%1'%8+-! F! ,+-! ,+%0(.&! %+.! (,3! (*7(.&!
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<\"O!,+-!'&%@*-.!2%1'%8+-!F!,3!2%/%&/.33!%*/!A*0(!BYf!)*./-#!
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9UM!1.0()/OM!4#"_!N3M!9UM!1.0()/OM!"#BB;"#>S!N1M!4UM!.0()/.+.OM!"#<9;"#9"!N1M!>UM!.0()/.+.!
,+-!1.0()/OM!_#SP!''1!N0M!*!y!P#4!ULM!9UM!1.0()/O#!!#EÅ"UÇ![=C!N"__!=ULM!EbE/#M!4SY!
dOh!â!y!"BB#_M!"9B#"M!"4P#BM!"4B#<M!"4<#YM!"""#>M!"""#4M!""_#PM!SP#_M!>S#4M!<<#SM!99#"M!9"#9M!
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I"J! [*3(*+,7,M! R#e! ?(1,.M! R#e! D)%-,M! =#! C.2.+0! :08-*.3! %+! 0(.! G&%1,0*2*0)! ,+-!
G+0*,&%1,0*2*0)!%6!$/,+,&!E)2/%%20,0.0&,.+.#!/7""#&57!3Q)QM!AM!PB;SP#!

I4J! C,'3%+M!]#!:#e!:(800/.A%&0(M!C#!X#![*.F.&FM!i#![#!@#!YS#!V.+L2)2/%%20,0.0&,.+.3#!$,&0!
DDD#!b*'(.+)/.+.!,+-!0.0&,'(.+)/.+.#!*+'-.#"+'/%0#!)PC=M!94B;94P#!

I9J! d,8661,++M!R#e!X&.@*+7M!V#e!dt+*7M!i#e!=*032(F.&M!G#e!]%/0.&1,++M!G#!:)+0(.3*3!%6!
U.0.&%2)2/*2!E)2/%'%/),&%1,0*23!E%+0,*+*+7!:*1*/,&!d*+-3!%6![82/.*#!,!L#P+'-.#"+'
Q!&+'R:#!)PNFM!CIM!P"9;P"<#!

I<J! R,/,LM!?#e!:,&,2%7/8M![#!G!308-)!%+!0(.!:)+0(.3*3!%6!:0&8208&,/!G+,/%73!%6!V*3;*+-%/.!
G/F,/%*-! E,8/.&'*+h! G! :0.';Q);30.'! :)+0(.3*3! %6! ,! E)2/*2! D+-%/.;0.0&,1.&#!
3#&5(.#:5%!!3Q)QM!JJM!"S_4;"S"_#!

I>J! =%8&*M!d#e!:,*0%M!:#e!o,1,782(*M!:#!U*7(/)!T/.H*Q/.!c;5H',+-.-!E)2/%%20,0.0&,.+.3h!
E)2/*2!R(*,L%/.!R.0&,1.&3! A*0(! U.,-;0%;R,*/! E%++.20*%+#! ,!L#P+' -.#"+' Q!&+' R:#!
3Q)3M!1CM!>SP";>SP>#!

IBJ! [,F,18&,M!o#e!G&,0,+*M![#e!:(*+%F8Q%M!U#e!R,F,7*M!G#e!d,A,*M!R#e!=,0381%0%M!R#e!
o%%+M!s#!:#e!d*1M!b#!o#!G(+M!R#!d#e!d*1M!b#e!=8&,+,F,M!G#e!d%Q,),3(*M![#e!?38F,#!
G#!G! b*&.20/)! T83.-! R.0&,1.&*2! $%&'()&*+! :(..0! ,+-! D03!G+%1,/%83! 5/.20&%+*2!
$&%'.&0*.3!R(,0!G&*3.! 6&%1! 0(.!$/,+,&!E)2/%%20,0.0&,.+.!E%&.#!*+',"+'-.#"+'/%0#!
3QQKM!CAHM!<""S;<"4P#!

IPJ! E(.+M!T#e!U%+7M!o#!:#e!:(*1*L8M!:#e!d*1M!b#e!R,+,F,M!R#e!?38F,M!G#!:)+0(.3*3!%6!,!
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