
University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other 
copyright owners. A copy can be downloaded for personal non-commercial 
research or study, without prior permission or charge. This thesis cannot be 
reproduced or quoted extensively from without first obtaining permission in writing 
from the copyright holder/s. The content must not be changed in any way or sold 
commercially in any format or medium without the formal permission of the 
copyright holders.
  

 When referring to this work, full bibliographic details including the author, title, 
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name 
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk

http://eprints.soton.ac.uk/


! ! !

  !

 

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

!

"#$%&'(!)*!+#'%,#&!#-.!/-01,)-23-'#&!4$13-$35!

!

4$6))&!)*!763215',(!

!

!

!123456712819*:;<=>?@631>13*&37447193A3165B*

.*'6@2;*!1234*,=>C*

!

8(!

!

/@?817*/>D7A32*

!

9!:63515!4%821''3.!*),!'63!;3<,33!)*!;)$'),!)*!=61&)5)>6(!

!

43>'3283,!?@AB!

!

!





! ! !

  

 !

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

.E'(&.:(*

"97CD:E!F"!+9:CG9D!9+;!/+HIGF+J/+:9D!47I/+7/4!

47KFFD!F"!7K/JI4:GE!

!

;)$'),!)*!=61&)5)>6(!

C+;/G4:9+;I+L!7E7DFMC:/+F+/!G/9GG9+L/J/+:4N!
9!4:C;E!C+;/G!"DFO!

!

M(!J%81-#!J)6#23.!!

!

:615!'63515!.35$,1835!'63!P),Q!%-.3,'#Q3-!')!<3'!#!83''3,!%-.3,5'#-.1-<!)*!$($&)8%'3-)-3!

,3#,,#-<323-'5R! :63,2#&! ,3#,,#-<323-'5! )*! #,(&S! #-.! 63'3,)#,(&$($&)8%'3-)-35! 6#03!

83$)23! 35'#8&1563.! #5! %53*%&! 23'6).5! *),! '63! 5(-'63515! )*! 2#-(! >)&(#,)2#'1$! #-.!

63'3,)#,)2#'1$! ,1-<! 5(5'325T!P61$6! 1-$&%.3! -#'%,#&! >,).%$'5!P1'6! 1-'3,35'1-<! 81)&)<1$#&!

#$'101'(R!:6)%<6!P1.3&(!%53.T!&1''&3!15!Q-)P-!#8)%'!'63!*#$'),5!'6#'!1-*&%3-$3!'63!$)%,53!)*!

'6353! ,3#$'1)-5T! ),! '63! )>'12#&! $)-.1'1)-5! *),! 3**3$'1-<! '632R! K3,31-T! '63! %'1&1'(! )*! *&)P!

$63215',(!P1&&!83!>,353-'3.!#5!#!0#&%#8&3!'))&!'6#'!6#5!2#,Q3.&(!12>,)03.!'63!3**1$13-$(!

)*!'63!,3#$'1)-5!.%3!')!'63!'1<6'!$)-',)&!)*!,3#$'1)-!$)-.1'1)-5R!:63!,35%&'5!)8'#1-3.!P3,3!

$),,3&#'3.!')!"#!$"%"&'!$#&$%&#'1)-5!')!.303&)>!#!83''3,!%-.3,5'#-.1-<!)*!'63!,3#,,#-<323-'R!!

:63! >6)')$6321$#&! ,3#,,#-<323-'! )*! US6(.,)V($($&)8%'3-)-35! P3,3! #&5)! 1-035'1<#'3.!

%-.3,! #! $)-'1-%)%5! *&)PS>6)')! 53'S%>! %51-<! #! 512>&3T! &)PS$)5'! .301$3! P1'6! #-!

1-'3,$6#-<3#8&3! &)PS3-3,<(! &1<6'! 5)%,$3R! :63! ,35%&'5! )8'#1-3.! $6#&&3-<3! '63! &)-<S

35'#8&1563.! 013P! '6#'! '63! 3&3$',)$($&1$! ,1-<! )>3-1-<! )*! $($&)8%'3-)-35! 15! #! '),W%)S!

53&3$'103!>,)$355T!P1'6!'63!'63,2)$6321$#&!#-.!>6)')$6321$#&!,3#,,#-<323-'5!.15>&#(1-<!

$)2>&123-'#,(!'),W%)53&3$'101'(R!

!





! ! !

 i 

 !

:>163165*

F3<=74768>1*>G*.@6D>45D8H*IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII*888!

.<J1>C=3293A3165*IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII*K!

.??43K8768>15*IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII*K88!

:D7H634*LI! #164>2@<68>1*IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII*L!

ARA! G3#,,#-<323-'!)*!US9,(&!#-.!USH1-(&!7($&)8%'3-)-35!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!A!
AR?! G3#,,#-<323-'!)*!K3'3,)#,)2#'1$!7($&)8%'3-)-35!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!X!
ARB! G3#,,#-<323-'5!)*!US9&Q(-(&$($&)8%'3-)-35!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!A@!
ARU! 4(-'63515!)*!+#'%,#&!=,).%$'5!#-.!G3&#'3.!7)2>)%-.5!*,)2!7($&)8%'3-)-35!RRRRRRR!?Y!
ARY! =6)')$6321$#&&(!I-.%$3.!7($&)8%'3-)-3!G3#,,#-<323-'5!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!BX!

:D7H634*MI! +@4*'647639835*IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII*NL!

:D7H634*OI! &35@=65* 712* F85<@558>1B* (D34A7=* &37447193A3165* >G*

.4;=<;<=>?@631>135*IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII*NO!

BRA! 4(-'63515!#-.!G3#,,#-<323-'!)*!US9,(&$($&)8%'3-)-35!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!UB!
BR?! K#223''!G3&#'1)-561>!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!UX!
BRB! 7)2>%'#'1)-#&!4'%.135!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!YA!
BRU! 4(-'63515!)*!K3'3,)#,(&$($&)8%'3-)-3!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!Y?!
BRY! 7)-$&%51)-5!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!YY!
BRZ! /V32>&1*1$#'1)-!)*!'63!J3'6).!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!YY!
BRZRA! 7,18,)5'#'1-!Z!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!YY!
BRZR?! F%,!9>>,)#$6!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!Y[!
BRZRB! 4(-'63515!)*!7,18,)5'#'1-!Z!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!Y[!

:D7H634*NI! &35@=65* 712* F85<@558>1B* 0D>6><D3A8<7=* &37447193A316* >G*

-;24>P;<;<=>?@631>13*IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII*QO!

URA! 7)-5',%$'1)-!)*!"&)PS=6)')!G3#$'),!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!ZB!
UR?! I-035'1<#'1)-5!#-.!I-51<6'5!1-')!'63!J3$6#-152!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!ZU!
URB! 7)-$&%51)-5!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!X?!

:D7H634*RI! &35@=65*712*F85<@558>1B*&37447193A316*>G*.=J;1;=<;<=>?@631>135*IIIII*SR!

YRA! 4',#'3<135!#-.!J3$6#-15'1$!I-51<6'5!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!XY!
YR?! 7)-$&%51)-5!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!\@!

:D7H634*QI! %PH348A3167=*IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII*TO!

ZRA! L3-3,#&!/V>3,123-'#&!:3$6-1W%35!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!\B!
ZR?! /V>3,123-'#&!=,)$3.%,35!*),!76#>'3,!B!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!\Y!



11!

!

ZRB! /V>3,123-'#&!=,)$3.%,35!*),!76#>'3,!U!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!A??!
ZRU! /V>3,123-'#&!=,)$3.%,35!*),!76#>'3,!Y!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!ABB!

:D7H634*SI! &3G3431<35*IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII*LRL!

:D7H634*TI! .HH3128P*IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII*LRR!

\RA! ]SG#(!7,(5'#&&)<,#>6(!;#'#!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!AYY!
\R?! O#03&3-<'65!)*!CH!D#2>5!C53.!1-!=6)')$6321$#&!/V>3,123-'5R!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!AZZ!
\RB! =%8&1$#'1)-5!RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR!AZ[!

!

!



! ! !

 iii 

 !

!"#$%&%'()*+),+-!"#$%&#'(*
IT! J%81-#! J)6#23.! .3$&#,3! '6#'! '63! '63515! 3-'1'&3.! ^C-.3,5'#-.1-<! 7($&)8%'3-)-3!

G3#,,#-<323-'5N!9!4'%.(!C-.3,!"&)P_!#-.!'63!P),Q!>,353-'3.!1-!'63!'63515!#,3!8)'6!2(!

)P-T!#-.!6#03!833-!<3-3,#'3.!8(!23!#5!'63!,35%&'!)*!2(!)P-!),1<1-#&!,353#,$6R!I!$)-*1,2!

'6#'N!

• '615!P),Q!P#5!.)-3!P6)&&(!),!2#1-&(!P61&3!1-!$#-.1.#'%,3!*),!#!,353#,$6!.3<,33!#'!'615!

C-103,51'(`!

• P63,3!#-(!>#,'!)*!'615!'63515!6#5!>,301)%5&(!833-!5%821''3.!*),!#!.3<,33!),!#-(!)'63,!

W%#&1*1$#'1)-!#'!'615!C-103,51'(!),!#-(!)'63,!1-5'1'%'1)-T!'615!6#5!833-!$&3#,&(!5'#'3.`!

• P63,3!I!6#03!$)-5%&'3.!'63!>%8&1563.!P),Q!)*!)'63,5T!'615!15!#&P#(5!$&3#,&(!#'',18%'3.`!

• P63,3! I! 6#03! W%)'3.! *,)2! '63!P),Q! )*! )'63,5T! '63! 5)%,$3! 15! #&P#(5! <103-R!O1'6! '63!

3V$3>'1)-!)*!5%$6!W%)'#'1)-5T!'615!'63515!15!3-'1,3&(!2(!)P-!P),Q`!

• I!6#03!#$Q-)P&3.<3.!#&&!2#1-!5)%,$35!)*!63&>`!

• P63,3! '63! '63515! 15! 8#53.! )-!P),Q! .)-3! 8(!2(53&*! a)1-'&(!P1'6! )'63,5T! I! 6#03!2#.3!

$&3#,!3V#$'&(!P6#'!P#5!.)-3!8(!)'63,5!#-.!P6#'!I!6#03!$)-',18%'3.!2(53&*`!

• >#,'5!)*!'615!P),Q!6#03!833-!>%8&1563.!#5N!

!

K#,,)P03-T!;R!7R`!J)6#23.T!JR`!L)-b#&035T!:R!=R`!O61'8(T!GR! cR`! 4-3..)-T!KR!"RT!()*+,!

-./,!0,T!MULLT!12T!ABZ[\dABX@YR!

!

K#,,)P03-T!;R!7R`!J)6#23.T!JR`!L)-b#&035T!:R!=R`!O61'8(T!GR!cR`!M)&13-T!;R`!4-3..)-T!KR!

"RT!3#4*5,!()*+,!6#7,!-8,T!MULMT!91T!UU@YdUU@\R!

!

!

41<-3.N!eeeeeeeeeeeeeeeeeeeeeeeeeeeRR!

!

;#'3N!eeeeeeeeeeeeeeeeeeeeeeeeeeeeeR!

!





! ! !

 v 

 !

!"#$%&'()*(+($,-*
I!P)%&.!*1,5'!&1Q3!')!'6#-Q!=,)*R!;#01.!K#,,)P03-!*),!<101-<!23!'63!)>>),'%-1'(!')!P),Q!)-!
)-3! )*! '63! 2)5'! ',3#5%,3.! 5%8a3$'5! P1'61-! '63! <,)%>R! E)%,! *%&&! $)221'23-'T! <%1.#-$3T!
3-'6%51#52T! #-.! 3-$)%,#<323-'! )-! #! .#1&(! 8#515! 6#5! 833-! 1-$,3.18&3! #-.! 2%$6!
#>>,3$1#'3.R!9!512>&3!'6#-Q!()%!$#--)'!3V>,355!6)P!<,#'3*%&!I!#2!')!'63!0#5'!#2)%-'5!)*!
>,))*!,3#.1-<!()%!6#03!$#,,13.!)%'!*),!23T!8%'!-)-3'63&355T!'6#-Q!()%R!!

9! 5>3$1#&! '6#-Q5! 6#5! ')! <)! ')! ;,R! K3&3-! 4-3..)-! *),! #.)>'1-<! 23! .%,1-<! 2(! &3-<'6(!
>&#$323-'5! #'! L4fR! :63! ',#-51'1)-! *,)2! 4)%'6#2>')-! ')! L4f! $)%&.! -)'! 6#03! 833-!
52))'63,T!#-.!'6#'!P#5!5)&3&(!.)P-!')!()%R!E)%,!#.01$3!#-.!5%>>),'!)-!#&&!2#''3,5!P3,3!
<,3#'&(! #>>,3$1#'3.R! :6#-Q5! #&5)! ')! ;,R! 9-.(! 7,#03-! *),! P#'$61-<! )03,! 23! *,)2! #! *#,T!
1-01'#'1)-5! ')! ",1.#(! 2),-1-<! 8,3#Q*#5'! #-.! 8,1<6'3-1-<! 2(! .#(! P1'6! ()%,! P)-.3,*%&!
8#-'3,R! I! #2! 61<6&(! 1-.38'3.! ')! G)8!O633&3,! *),! #&&! '63! 1-0#&%#8&3! #.01$3! #-.! 5%>>),'!
,3<#,.1-<! #&&! '61-<5! *&)P`! Ig.! 5'1&&! 83! $&%3&355! #5! ')!P6#'! h#1,g!23#-'! 1*! 1'!P#5-g'! *),! ()%R!
:6#-Q5!')!303,()-3!#'!L4f!'6#'!6#5!>%'!%>!P1'6!23!.%,1-<!2(!2#-(!>&#$323-'5!35>3$1#&&(!
23283,5! )*! &#8! ?4AA@! #-.! '63! +JG! #-#&(515! '3#2R! 9! 5>3$1#&! '6#-Q5! ')! ;,R! 4i8#5'13-!
7#2>)5!#-.!9*a#&!J1#6!1-!&#8!?4AAB!*),!2#Q1-<!23!*33&!03,(!P3&$)23T!#.)>'1-<!23!#5!#-!
6)-),#,(! 23283,! )*! '631,! h=GF:97g! '3#2! #-.! 3-&1<6'3-1-<! 23! P1'6! '631,! P31,.! #-.!
P)-.3,*%&!$63215',(R!!!

:63!,30)&01-<!.)),!)*!K#,,)P03-!<,)%>!23283,5!15!2#-(T!#-.!I!2%5'!'6#-Q!'632!#&&!*),!
2#Q1-<!2(!'123!P1'61-!'63!<,)%>!232),#8&3R!I-!>#,'1$%&#,T!I!P)%&.!&1Q3!')!'6#-Q!j356#-T!
J#a.)%&1-3T! =#%&T! G)8! hL#-<5'3,g! #-.! 7(,1&! =&)%$6#,'! *),! 2#Q1-<! '63! >#5'! (3#,! 03,(!
3-a)(#8&3R!:63!$%>$#Q35T!h61'g!815$%1'5T!'3#!8,3#Q5!#-.!",1.#(!.1--3,5!6#03!833-!',#.1'1)-5!
'6#'!2#.3!&#'3!-1<6'5!1-!'63!&#8!#-.!P),Q1-<!#'!'63!P33Q3-.!83#,#8&3kk!9!5>3$1#&!'6#-Q5!')!
2(! *&)P!'3#2T!7(,1&!K3-,(!#-.!;#01.!M)&13-!d!2(!=6;!P)%&.-g'!6#03!833-!6#&*!#5! *%-! 1*!
()%! <%(5!P3,3-g'! 8351.3!23! #-.!()%,!63&>! 303,(! 5'3>!)*! '63!P#(!6#5!833-!)%'5'#-.1-<R!
:6#-Q5!#&5)! ')!#&&! '63!P)-.3,*%&! $63215'5!)*!M&.<!B@T!"&)),!B!d!303,()-3! 1-! '63!D1-$&#%T!
M,)P-! #-.!O61'8(! &#85T! '63! $63215',(! #-.! -)-S$63215',(! 8#-'3,! 6#5! 833-! #! .3&1<6'! ')!
$)23!8#$Q!')!#*'3,!303,(!>&#$323-'R!!

:6#-Q5!2%5'!83!<103-!')!#&&! '63!5%>>),'!5'#**!P1'6!'63!4$6))&!)*!763215',(R! I-!>#,'1$%&#,T!
;,R!+31&!O3&&5!*),!'63!23'1$%&)%5!,%--1-<!)*!'63!+JG!,))25R!:)!;,R!c)6-!D#-<&3(T!J5R!c%&13!
K3,-12#-T!#-.!4#,#6!7&#,Q!1-!2#55!5>3$',)5$)>(!*),!,%--1-<!#!P3&&!)1&3.!.3>#,'23-'!#-.!
J#,Q!D1<6'!#-.!J#a.%)&1-3!G)%.1#5!*),!#&&!'63!]S,#(!#-#&(515R!:6#-Q5!#&5)!')!'63!<3-'5!1-!
5'),35`!f#,&T!f31'6T!#-.!J#,Q!d!1'g5!-303,!#!.%&&!0151'!P63-!Ig2!.)P-!1-!5'),35T!'63!8#-'3,!15!
2%$6!#>>,3$1#'3.!#-.!1'!#&P#(5!>%'!#!521&3!)-!2(!*#$3k!

9!03,(!5>3$1#&!'6#-Q5!')!2(!*#21&(!*),!'631,!5%>>),'!#-.!>%''1-<!%>!P1'6!2(!#853-$3R!9-.!
&#5'!8%'!-)'! &3#5'T! ')!2(!>#,'-3,S1-SP,1'1-<T! I!$#--)'! '6#-Q!()%!3-)%<6! *),!()%,!5%>>),'T!
3-$)%,#<323-'T!3-'6%51#52T!#-.!5'#(1-<!%>!&#'3!P1'6!23!P61&3!I!P),QR!E)%,!>)51'101'(!6#5!
833-!1-*3$'1)%5!#-.!I!83&1303!Ig03!.)-3!83''3,!P1'6!()%!8(!2(!51.3R!!! ! !
! ! ! ! ! ! ! ! ! ! ! ! ! JJ!?@AB!!

!





! ! !

 vii 

 !

!!!"#$%&'%()**
9$! #$3'(&! 22)&! 21&&12)&3l5m!
#>>R! #>>#,3-'! 2)&! 2)&3l5m!
9,! #,(&! JFJ! 23'6)V(23'6(&!3'63,!
#W! #W%3)%5! J=! 23&'1-<!>)1-'!
MBDE=! M3$Q3T!BS>#,#23'3,T!D33SE#-<S=#,,! J5! 235(&!
M-! 83-n(&! J4! 2)&3$%&#,!513035!
8,R! 8,)#.! 2on! 2#55!o!$6#,<3!,#'1)!
M%! 8%'(&! +M4! :S8,)2)5%$$1-121.3!
$#&! $#&),135! +I4! :S1).)5%$$1-121.3!
79+! $3,1$!#22)-1%2!-1',#'3! -J! -#-)2)&#,!
°7! .3<,335!$3-'1<,#.3! +JF! :S23'6(&2),>6)&1-3S:S)V1.3!
$2SA! P#03-%283,! +J=! +S23'6(&>(,,)&1.)-3!
.! .)%8&3'!o!.3%'3,#'3.! +JG! -%$&3#,!2#<-3'1$!,35)-#-$3!
8,/,! .1#5'3,3)23,1$!,#'1)! '! '/7)'!
;7J! .1$6&),)23'6#-3! ;! ;</<!
;J9=! US:T!:S.123'6(&#21-)>(,1.1-3! =L! >,)'3$'1-<!<,)%>!
;J"! :S:S.123'6(&*),2#21.3! =6! >63-(&!
;J4F! .123'6(&5%&*)V1.3! >>2! >#,'5!>3,!21&&1)-!
/;7! AS3'6(&SBSlBS

.123'6(&#21-)>,)>(&m$#,8).1121.3!
W! W%#,'3'!

/&! 3&3$',)-!1)-15#'1)-! =! ,35)-#-$3!
/4p! 3&3$',)5>,#(!1)-15#'1)-!l>)51'103!2).3m! /<&! ,#$321$!
/4S! 3&3$',)5>,#(!1)-15#'1)-!l-3<#'103!2).3m! G:! ,))2!'32>3,#'%,3!
/4&! 3&3$',)5>,#(!1)-15#'1)-! 5! 51-<&3'!o!5',)-<!
/'! 3'6(&! 5#'R! 5#'%,#'3.!
<! <,#2l5m! 5V'! 53V'3'!
6! 6)%,l5m! '! ',1>&3'!
K=D7! 61<6!>3,*),2#-$3!&1W%1.!

$6,)2#')<,#>6(!
7! '3,'1#,(!

KGJ4! 61<6!,35)&%'1)-!2#55!5>3$',)23',(! 7*/7! '3,'1#,(!
Kn! 63,'n! :M9"! '3',#S#8%'(&#22)-1%2!

*&%),1.3!
"! 15)! :/9! ',13'6(&#21-3!
6! 1-.%$'103! :/4! ',13'6(&51&(&!
0! $)%>&1-<!$)-5'#-'! :*! ',1*&#'3!
Q! Q1&)! :"9! ',1*&%),)#$3'1$!#$1.!
D! &1',3l5m! :"99! ',1*&%),)#$3'1$!#-6(.,1.3!
D7J4! &1W%1.!$6,)2#')<,#>6(S2#55!

5>3$',)23',(!
:K"! '3',#6(.,)*%,#-!

D;9! &1'61%2!.115)>,)>(&#21.3! :K=! '3',#6(.,)>(,#-!
DKJ;4! &1'61%2!63V#23'6(&.151&#n1.3! :D7! '61-!&#(3,!$6,)2#')<,#>6(!
DGJ4! &)P!,35)&%'1)-!2#55!5>3$',)23',(! :J4! ',123'6(&51&(&!
µP#03! 21$,)P#03! :,15(&! ',115)>,)>(&83-n3-35%&*)-(&!
J! 2)&#,! :5! ')5(&!
2! 23.1%2!o!2%&'1>&3'!o!21&&1! CH! %&',#01)&3'!
+! 23'#! !2#V! #85),>'1)-!2#V12#!
J3! 23'6(&! >"?,! >"8*%"&*7!
+7=M9! +S$6&),)>3,)V(83-n)1$!#$1.! P! P3#Q!
21-! 21-%'3l5m! O! P#''!
2D! 21&&1&1',3l5m! ! !
2J! 21&&12)&#,! ! !
! ! ! !
!





! ! ()<;7*/!1@!6#7/'8.&7"'#!

 A!
! !

:D7H634*LI !!"#$%&'(#)%"*

4%85'1'%'3.!$($&)8%'3-)-35!5%$6!#5!OVQ*#,3!,3#.1&(!>,3>#,3.!*,)2!5W%#,1$!#$1.!.135'3,5!MT!

#-.!6#03!>,)03-! ')!83!%53*%&!>,3$%,5),5! ')! #-!#,,#(!)*!61<6&(! 5%85'1'%'3.!W%1-)-35!#-.!

$)-.3-53.! W%1-)-35! l3R<R! SVLUm! >"<! '63,2#&! ,3#,,#-<323-'! l4$6323! AmRA! J%$6! )*! '63!

>1)-33,1-<!P),Q!1-!'615!#,3#!P#5!$#,,13.!)%'!8(!'63!J)),3?TB!#-.!D13835Q1-.UTY!<,)%>5R!!

!

'<D3A3*LB*4$)>3!*),!'63!,3#,,#-<323-'!)*!5%85'1'%'3.!$($&)8%'3-)-35R*

LIL &37447193A316*>G*NW.4;=*712*NW$81;=*:;<=>?@631>135*

:63! ,3#,,#-<323-'! )*! US01-(&SUS6(.,)V($($&)8%'3-)-35! LL! 6#03! 833-! 56)P-! ')! <103!

#$$355! ')!61<6&(! 5%85'1'%'3.!6(.,)W%1-)-35T!P61$6!%-.3,<)! *#$1&3!)V1.#'1)-! ')!W%1-)-35R!

:63!23$6#-15'1$! $)%,53! )*! '63! ,3#,,#-<323-'!P#5! *1,5'! .35$,183.! 8(!J)),3! *7! <%,Z! P6)!

5%<<35'3.!'6#'!63#'1-<!#,(&$($&)8%'3-)-3!LL!P)%&.!',1<<3,!#-!3&3$',)$($&1$!,1-<!)>3-1-<!

')!Q3'3-3!LNR!I-!'%,-T!'63!01-(&!Q3'3-3!%-.3,<)35!#!Z"!3&3$',)$($&1$!,1-<!$&)5%,3!')!LR!#-.!

'#%')23,15#'1)-!')!6(.,)W%1-)-3!LMI*FV1.#'103!P),Q%>!%51-<!#1,TX!;J=T\!79+T[!#-.!)'63,!

)V1.#-'5!'63-!<1035!'63!$),,35>)-.1-<!W%1-)-3!LO!l4$6323!?mR!!
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'<D3A3*MI*:63,2#&&(!1-.%$3.!01-(&ST!#,(&S!#-.!63'3,)#,(&S$($&)8%'3-)-3!,3#,,#-<323-'5I*

:63!5#23!$)%,53!15!*)&&)P3.!8(!#,(&$($&)8%'3-)-35T!#5!1&&%5',#'3.!8(!'63!3V#2>&35!56)P-!

1-!4$6323!BR!:63!,3#$'1)-!)*'3-!.15>&#(5!3VW%151'3!,3<1)53&3$'101'(T!15!<3-3,#&&(!>3,*),23.!

#'! ,3*&%V! 1-! ;SV(&3-3! lAB\! °7m! #-.! %5%#&&(! >,)$33.5! 1-! <)).! ')! 3V$3&&3-'! (13&.R! +)'#8&(T!

P63-!?S5%85'1'%'3.!#,3-35!#,3!32>&)(3.T!$($&15#'1)-!)$$%,5!')P#,.5!'63!%-5%85'1'%'3.!7S

Z!$#,8)-!$3-',3!l*,4,!LS<X*2!#!LT<X*2mRZ!

J)),3!5%<<35'3.! '6#'! '63! ',#-5*),2#'1)-!)853,03.!P#5! &#,<3&(!.1$'#'3.!8(! '63!-#'%,3!)*!

'63! $($&)8%'3-)-3! ,1-<! )>3-1-<R! I-! <3-3,#&T! '615! 15! <)03,-3.! 8(! '63! 5%85'1'%3-'5! )-! '63!

5#'%,#'3.! $#,8)-!P63,3! 3&3$',)-S.)-#'1-<! 5%85'1'%3-'5! 5%$6! #5! #! 6(.,)V(&! <,)%>! ,)'#'3!

#P#(! *,)2! '63! Q3'3-3! l)%'P#,.5mT! P61&3! '63! 01-(&! ),! #,(&! <,)%>! ,)'#'35! ')P#,.5! 1'!

l1-P#,.5mR!7)-53W%3-'&(T!'63!Q3'3-3!15!>&#$3.!1-!$&)53!>,)V121'(!')!'63!01-(&!),!#,(&!<,)%>!

#-.! 15! #8&3! ')! >#,'1$1>#'3! 1-! #! Z"! 3&3$',)$(&15#'1)-RA! :615! ,#'1)-#&!P#5! 5%>>),'3.! 8(! '63!

)%'$)23! )*! 5%$6! '63,2#&! ,3#,,#-<323-'5T! P61$6! 53&3$'103&(! <103! 6(.,)W%1-)-35! #-.!

83-n)6(.,)W%1-)-35!1-!<)).!')!3V$3&&3-'!(13&.R[SAA!!
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'<D3A3*OB*G3#,,#-<323-'!)*!US#,(&$($&)8%'3-)-35!LS*')!W%1-)-35*LTI*

"%,'63,! 1-51<6'! 1-')! '63! 23$6#-152! $#23! P1'6! '63! ,3#,,#-<323-'! )*! '63! ?S-#>6'6(&!

.3,10#'103! LSG! l4$6323! UmR! :63,2)&(515! )*! LSG! $)%&.! $)-$310#8&(! <103! >)&(#,)2#'1$!

W%1-)-35!LTG!#-.!LY!>"<!,1-<!$&)5%,3!#'!'63!7SA!),!7SBS$3-',35!)*!'63!-#>6'6#&3-3!<,)%>R!

I-'3,35'1-<&(T!)-&(!'63!%-5(223',1$#&!>63-#-'6,#W%1-)-3!LTG!P#5!15)&#'3.T!5%<<35'1-<!')!

J)),3! '6#'! '63! ',#-51'1)-! 5'#'3! *),! '63! ,3#,,#-<323-'! )*! LSG! ')! LTG! ,3W%1,35! 5)23!

3&3$',)>61&1$!$6#,#$'3,T!P61$6!15!>,)01.3.!8(!'63!3&3$',)>61&1$1'(!)*!'63!7SAS$3-',3RZ!!

!

'<D3A3*NB*G3#,,#-<323-'!)*!?S-#>6'6(&!.3,10#'103*LSGR*

:615!6(>)'63515!P#5! 5%>>),'3.!8(! '63! ,3#,,#-<323-'!)*!LS9T*P63,3! ,1-<! $&)5%,3!<#03!#!

21V'%,3! )*! $($&)63V3-3.1)-3! ML! #-.! ATUS>63-#-'6,3-3.1)-3! MMR! :6353! >,).%$'5! #,153!

*,)2! '63! 53&3$'103! ,1-<! $&)5%,3!)*! '63! $)-a%<#'3.!Q3'3-3! ')! '63!>,)V12#&! $#,8)-!83#,1-<!
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MeO
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O

18e, R1 = H, R2 = H, 73%

R1

R1

R2

b

18a, R1 = Me, R2 = H, 87%
18b, R1 = OMe, R2 = H, 80%
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MeO

O

O

R1

18c, R1 = H, R2 = Me, 76%
18d, R1 = H, R2 = OMe, 80%

R2

MeO

MeO

O

O

R1

R2

a) ArLi, THF, –78 °C; b) 138 °C, p-xylene, then [O].
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O
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a) p-xylene, 138 °C, then [O], 80%.
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'63! 23'6)V(! <,)%>R! :#%')23,15#'1)-! '63-! <1035! $($&)63V3-3.1)-3! ML! P61&3! &)55! )*!

23'6#-)&!*,)2!ML!<1035!ATUS>63-#-'6,3-3.1)-3!MM*l4$6323!YmR!!

!

!

'<D3A3*RB*:63,2#&!,3#,,#-<323-'!)*!LS9R*

US76&),)$($&)8%'3-)-35! 83#,1-<! US#,(&T! US#&Q3-(&! #-.! US#&Q(-(&! 5%85'1'%3-'5! 6#03! #&5)!

833-! 56)P-! ')! 83! 0#&%#8&3! >,3$%,5),5! ')! 61<6&(! 5%85'1'%'3.! $6&),)>63-)&5RA?TAB! :631,!

>,3>#,#'1)-! 83<1-5! *,)2! .123'6(&! 5W%#,#'3! LQT! P61$6! 15! ,3#.1&(! $)-03,'3.! 1-')! '63!

,3<1)15)23,1$! $($&)8%'3-)-35! MN! #-.! MR! >"<! P3&&S.)$%23-'3.! 23'6).5RAUTAY! :6353!

,3<1)15)23,5! 3#$6! <#03! '63! 5#23! US$6&),)! .3,10#'103! MQ! %>)-! ',3#'23-'! P1'6! '61)-(&!

$6&),1.3! #-.! >(,1.1-3! 1-! ;7J! .%3! ')! *),2#'1)-! )*! #! $)22)-! $#'1)-1$! 1-'3,23.1#'3!

l4$6323!ZmR!:63,2)&(515!)*!MQ!1-!,3*&%V1-<!;SV(&3-3!&3.!')!$6&),)>63-)&!MTR!!

*

'<D3A3*QB*"),2#'1)-!)*!$6&),1.3*MQ*#-.!1'5!'63,2)&(515R!

G3.%$'103! .36(.,)V(&#'1)-! )*! US6(.,)V($($&)8%'3-)-35! >,)01.35! #! $)-03-13-'! ,)%'3! ')!

61<6&(! 5%85'1'%'3.! -#>6'6)&5R! =,3$%,5),5! 5%$6! #5! OM! #,3! ,3#.1&(! *),23.! *,)2!

6(.,)V($($&)8%'3-)-35!l*,4,!OUm!8(!',3#'23-'!P1'6!M"B•F/'?!#-.!',13'6(&51&#-3!#-.!'6353!
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MeO

X

20A

MeO
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138 °C, p-xylene
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27 28

a) SOCl2, pyridine, DCM, 82% (from 24) and 42% (from 25);  b) p-xylene, 138 °C, 3 h, 62%.
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,3#.1&(! 3V>#-.! ')! '63! $),,35>)-.1-<! -#>6'6)&5! )-! '63,2)&(515! l4$6323! XmR! :63!

,3<1)53&3$'101'(! )*! '63! 1)-1$!6(.,)<3-#'1)-T! #-.! 5%853W%3-'&(! '63! 5%85'1'%'1)-!>#''3,-!)*!

'63!>63-)&!15!.1$'#'3.!8(!'63!-#'%,3!)*!'63!5%85'1'%3-'5!)-!US6(.,)V($($&)8%'3-)-3!OUT!#5!

P3&&!#5!3&3$',)-1$!#-.!5'3,1$!3**3$'5!#-.!'63!51n3!)*!'63!51&#-3!,3#<3-'5RAZ!

!

'<D3A3*SB*4(-'63515!#-.!,3#,,#-<323-'!)*!>,)'1)$($&)8%'3-)-35!')!-#>6'6)&5R*

K#,,)P03-!*7!<%,!6#03!3V'3-.3.!'63!5$)>3!)*!01-(&$($&)8%'3-)-35!,3#,,#-<323-'\!P1'6!'63!

.15$)03,(! '6#'! '63,2)&(515! )*! 01-(&$($&)8%'3-)-3! ON! .1.! -)'! *)&&)P! '63! $&#551$! $)%,53!

.3>1$'3.!1-!4$6323!?T!8%'!1-5'3#.!>,)$33.5!>"<!#!$#,8)-(&S3-3!,3#$'1)-!l4$6323!\mR!:6%5!

P63-!#!:K"!5)&%'1)-!)*!ON!P#5! 5%8a3$'3.! ')!21$,)P#03! 1,,#.1#'1)-!#'!A?@! °7T! 1'! (13&.3.!

5>1,)$($&3! OQT! #*'3,! )V1.#'1)-! )*! '63! $,%.3! >,).%$'! 21V'%,3! P1'6! '63! ;355SJ#,'1-!

>3,1).1-#-3!,3#<3-'RAX!

!

'<D3A3*TB*"),2#'1)-!)*!5>1,)$($&35!*,)2!'63,2)&(515!)*!01-(&$($&)8%'3-)-35R!

:)! <#1-! #! 83''3,! %-.3,5'#-.1-<! )*! '63! ,3#,,#-<323-'! #-.! '63! *#$'),5! '6#'! 1-*&%3-$3! '615!

>#'6P#(T! 01-(&$($&)8%'3-)-3! OS! P#5! '63,2)&(53.! 1-! '63! #*),323-'1)-3.! ,3#$'1)-!

$)-.1'1)-5!#-.!<#03!#!51-<&3!.1#5'3,3)15)23,!)*!5>1,)$($&3!NL!1-!X?q!(13&.R!:615!5%<<35'3.!

'6#'! '63! ,3#,,#-<323-'! >,)$33.5! >"<! 3&3$',)$($&1$! ,1-<! )>3-1-<! ')! Q3'3-3! OTT! P61$6!

1-.%$35!#!$#,8)-(&S3-3!,3#$'1)-!')!5>1,)$($&3!OYT!#-.!'#%')23,15#'1)-!')!NUR!FV1.#'1)-!)*!

'63!$,%.3!>,).%$'!21V'%,3!'63-!<1035!$($&)>3-'3-.1)-3!NL!l4$6323![mR!
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iPrO

30 32 33

a) Et3SiH, BF3•OEt2, DCM, RT, 5 h, 75%; b)  PhMe, 110 °C, 1 h, 96%.
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a b
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34 (d.r. ~ 3:2)
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OHMeO

MeO
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OMe OMeO

MeO
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36

a) THF, 120 °C, µwave, 30 min; b) Dess-Martin periodinane, DCM, 0 °C, 30 min, 73% over 2 steps.
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'<D3A3*YB*:63,2#&!,3#,,#-<323-'!)*!$($&)8%'3-)-3*OS*')!5>1,)$($&3*NLR*

:6)%<6! '63! ,3#,,#-<323-'! )*! 01-(&$($&)8%'3-)-35! <3-3,#&&(! <103! #$$355! ')!

6(.,)W%1-)-35T!K#,,)P03-!*7!<%,!6#03!56)P-!'6#'!'63!1-$),>),#'1)-!)*!#!&3#01-<!<,)%>!)-!

'63! 01-(&! #>>3-.#<3! $#-! 1-.%$3! #! .)21-)! ,3#$'1)-! <101-<! .1,3$'! #$$355! ')! W%1-)-35!

'63,38(!$1,$%203-'1-<!'63!-33.!*),!#-!)V1.#'1)-!5'3>R\!:63,2)&(515!)*!>63-(&!01-(&!3'63,!

NM7!#-.!01-(&!5%&*1.3!NM?!8(!21$,)P#03!1,,#.1#'1)-!#'!A?@!°7!1-!:K"!1-.%$3.!3&3$',)$($&1$!

,1-<! )>3-1-<! ')! NOT! P61$6! P#5! *)&&)P3.! 8(! 3&3$',)$($&15#'1)-! ')! NN! #-.! 3&121-#'1)-! )*!

=6]K! ')! <103! W%1-)-35! NR7! #-.! NR?* l4$6323! A@mR! :63! 5%$$355*%&! >,)<,355! )*! '63!

',#-5*),2#'1)-! NM#NR! 56)P5! '6#'! '63! $)%,53! )*! ,3#$'1)-5! 1-0)&01-<! 3-)&! 3'63,5! 15!

.1$'#'3.!8(!3&3$',)-1$!*#$'),5!,#'63,!'6#-!5'3,1$!3**3$'5R!

tBuO

O

MeO
HO

a

tBuO
OH

MeO

37  (d.r. ~ 3:2)

38 39

a) THF, 120 °C, µwave, 30 min; b) Dess-Martin periodinane, DCM, 0 °C, 30 min, 72% over 2 steps.

H

H

40

41

carbonyl
ene

b

MeO

OHtBuO

O
MeO

OHtBuO

HO•
O

MeO

OtBuO

O
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 X!
! !

!

'<D3A3*LUB*;1,3$'!5(-'63515!)*!W%1-)-35!8(!'63,2)&(515!)*!01-(&$($&)8%'3-)-3*NMR*

LIM &37447193A316*>G*-3634>74>A768<*:;<=>?@631>135*

:63! ,3#,,#-<323-'! 6#5! 833-! 3V'3-.3.! ')! 63'3,)#,(&$($&)8%'3-)-3! .3,10#'1035T! &#,<3&(!

'6,)%<6! '63! 3**),'5! )*! '63!J)),3Z! #-.!D13835Q1-.[! <,)%>5R! :61)>63-35! lNQ#NSmT! *%,#-5!

lNT#NYmT!#-.!>(,,)&35!lRU#RLm!#&&!<103!'63!,3#$'1)-!l4$6323!AAm!1-!61<6!(13&.5R!!

!

'<D3A3*LLB*4(-'63515!)*!63'3,)#,)2#'1$!W%1-)-35R!

:63! 23'6).)&)<(! P#5! *%,'63,! 3V>#-.3.! 8(! D13835Q1-.! #-.! $)SP),Q3,5! ')! 1-$&%.3!

>(,1.1-35! lRM#ROm! #-.! ,3&#'3.! #n#63'3,)#,)2#'1$! ,1-<! 5(5'325R! :63,2)&(515! )*! USl?S

>(,1.(&m$($&)8%'3-)-35!RR!>,)01.3.!W%1-)&1n1-SUS)-3!RS!1-!\ZqRU!+)'#8&(T!1-!'615!$#53!'63!

Q3'3-3!1-'3,23.1#'3!RQ.!%-.3,P3-'!$($&15#'1)-!')!'63!3&3$',)-S,1$6!-1',)<3-!#')2!,#'63,!

'6#-!'63!7SB!$#,8)-!)*!'63!63'3,)$($&3!l4$6323!A?mR!!

MeO

MeO

O

PhX

OMe

HO

a MeO

MeO

O

O

OMe

•MeO

MeO

O

OMeOH

PhX
MeO

MeO
OMeOH

O XPh

42a, b (d.r. ~ 1:1) 45a, X = O, 74% 
45b, X = S, 72%

43 44

–PhXH

a) THF, 120 °C, µwave, 30 min.

MeO

MeO

O

46

OH S

a
63% S

O

O

MeO

MeO

47

MeO

MeO

O

48

OH O

a
62% O

O

O

MeO

MeO

49

Me

MeO

O

50

OH N

b
60% N

O

O

Me

MeO

51

Ts Ts

Me

MeO

O

52

OH

b
67%

O

O

Me

MeO

52

N
N

CON(iPr)2

a) 138 °C, p-xylene, then [O]. b) 160 °C, xylene, then [O].

(iPr)2NOC
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\!

!!

!

'<D3A3*LMB*4(-'63515!)*!W%1-)&1n1-)-3*RSR**

:63!23'6).!>,)03.!<3-3,#&!3-)%<6!')!83!#>>&13.!')!)'63,!#n#63'3,)$($&35RU!I-!3#$6!$#53!

$($&15#'1)-!)$$%,,3.! ')P#,.5! '63!>,)V12#&!-1',)<3-!#')2!P1'6! 121.#n)&35! l*,4,!RY#QUmT!

'61#n)&35! l*,4,! QL#QMmT! #-.! 83-n)'61#n)&35! l*,4,! QO#QNmR! +)'#8&(T! $($&15#'1)-! $)%&.! 83!

#$61303.! #'! &)P3,! '32>3,#'%,35! '6#-! P#5! -33.3.! *),! '63! $),,35>)-.1-<!

#,(&$($&)8%'3-)-35!l4$6323!ABmR!

!

'<D3A3*LOB*9$$355!1-')!63'3,)$($&1$!,1-<S*%53.!>(,1.)-35R!!

D13835Q1-.! *7! <%,! #&5)! .303&)>3.! #! $)2>&323-'#,(! 5',#'3<(! ')! #$61303! $($&15#'1)-! ')! '63!

#.a#$3-'! $#,8)-! #')2RY! :)! '6#'! 3-.T! '63(! 32>&)(3.! :SMF7! >,)'3$'1)-! #-.! '63!

$),,35>)-.1-<!.16(.,)63'3,)$($&35R!+)'#8&(T!:SMF7S>,)'3$'3.!ATUS.16(.,)>(,1.1-3!QR! 15!

Et

Et

O

O

54 55 57

Et

Et

O

OAc

N N

O

OAc

Et

Et

a b

a) 2-bromopyridine, nBuLi, –78 °C, THF, 25 min, then Ac2O, –78 °C, 1.5 h, 40%; b) PhMe, 100 °C, 
4 h, 86%.

OAc
Et

Et •
O
N

56A

58

N

O

OAc

Et

Et
OAc

Et

Et •
O

N

56B

X

61 62

Et

Et

O

OAc

N

O

OAc

Et

Et

a
65%

b
44%

63 64

Et

Et

O

OAc

N

O

OAc

Et

Et

59 60

Et

Et

O

OAc

N

O

OAc

Et

Et

S

N

S

S

N

N

H
N

N

S
b

54%

a) DCE, 85 °C, 4 h; b) 1,4-dioxane, 90 °C, 4 h.
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 [!
! !

,3#.1&(!&1'61#'3.!#'!7S?!P1'6!$M%D1!1-!:K"!#'!dU?!r7R!9..1'1)-!)*!'63!,35%&'1-<!),<#-)&1'61%2!

')! BTUS.115)>,)>)V(SBS$($&)8%'3-3SAT?S.1)-3! QQ! '63-! <#03! AT?S#..%$'! QSR! :)! #$61303!

,3#,,#-<323-'!')!QYT!'63!$,%.3!#..%$'!6#.!')!83!63#'3.!83'P33-!AZ@dAZY!r7!*),!UY!21-!

1-! #-! )V(<3-S*,33! #'2)5>63,3R! ;%,1-<! '63,2)&(515T! .15>&#$323-'! )*! '63! 7*/7S8%')V(!

,351.%3! *,)2! '63!MF7!<,)%>!)$$%,,3.! &3#.1-<! ')! '63! *),2#'1)-!)*! #-!)V#n)&)-3! ,1-<!QTR!

FV1.#'103! #,)2#'15#'1)-! )*! QY! P#5! 5%$$355*%&&(! #$61303.! %51-<! 'P)! 3W%10#&3-'5! )*! 'S

$6&),#-1&! 1-! #$3'1$! #$1.A\! ')! >,)01.3! '63! 5%85'1'%'3.! W%1-)&)-3! W%1-)-35! 1-! <)).! )03,#&&!

(13&.!l4$6323!AUmR!!

!

'<D3A3*LNB*4(-'63515!)*!W%1-)&1-3!W%1-)-35!%51-<!.16(.,)W%1-)&1-35R**

:63,2#&!3V>#-51)-!)*!US#&Q(&SUS6(.,)V($($&)8%'3-)-35!83#,1-<!#!63'3,)#')2!1-!'63!#&Q(&!

$6#1-! $#-! #&5)! ,35%&'! 1-! $#>'%,3! )*! '63! Q3'3-3! 8(! '63! 63'3,)#')2RA[! "),! 3V#2>&3T!

'63,2)&(515!)*!'63!ATBS.1'61#-(&!#..%$'!SU!1-!,3*&%V1-<!;SV(&3-3!<#03!5>1,)8%'3-)&1.3!SQ!1-!

3V$3&&3-'! (13&.R! :63! 23$6#-152! >)5'%&#'3.! *),! '63! ',#-5*),2#'1)-! 1-0)&035! -%$&3)>61&1$!

$#>'%,3!)*! '63!Q3'3-3!SL! &3#.1-<! ')! '63!nP1''3,1)-!SMR! I'! $)&&#>535! ')! '61)&#$')-3!SO! #-.!

1-.%$35!#!',#-5#--%&#,!,1-<!$&)5%,3!')!nP1''3,1)-!SNR!K3'3,)&('1$!$&3#0#<3!')!Q3'3-3!SR!15!

*)&&)P3.!8(!$($&15#'1)-!')!'63!)853,03.!>,).%$'!SQ!l4$6323!AYmR!!

N

nBu

a

iPrO

iPrO

O

HO N

nBu

tBuO
O

b

N

iPrO

iPrO

OH nBu

O
O

c

N

iPrO

iPrO

O nBu

O

a) 65, sBuLi, –78 °C!–42 °C, THF, 3 h, then, 66,  –78 °C, THF, 2 h; b) 160–165 °C, neat, 45 min, 
65% over two steps; c) AcOH, o-chloranil, RT, 5 h, 93%.

686765

OtBuO

69

iPrO

iPrO

O

O

66

+
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!

'<D3A3*LRB*4(-'63515!)*!5>1,)8%'3-)&1.35*SQ**,)2!.1'61#$($&)#&Q(&S$($&)8%'3-)-35*SUR*

:63!5$)>3!)*!'63!#8)03!5'%.(!P#5!3V>#-.3.!')!1-$&%.3!US)V1,#-(&$($&)8%'3-)-35!5%$6!#5!

STRA[!7($&)8%'3-)-3!ST!P#5!,3#.1&(!>,3>#,3.!8(!'63!#..1'1)-!)*!AS&1'61)S?S>63-(&)V1,#-3?@!

SS! ')! .123'6(&! 5W%#,#'3! LQ! 1-! :K"! #'! dX\! r7! 1-! '63! >,353-$3! )*! :J/;9! #-.! P1'6! #!

5%853W%3-'! W%3-$6!P1'6! :J47&R! I-! #-#&)<(! ')! '63!23$6#-152! .15$%553.! #8)03! '63! *1,5'!

*),23.!$S&#$')-3!SY!,3#,,#-<35!')!'63!)853,03.!YAS*%,#-)-3!>,).%$'!TM!1-![@q!(13&.!>"<!

nP1''3,1)-1$!1-'3,23.1#'3!TL!l4$6323!AZmR!!

!

'<D3A3*LQB*G3#,,#-<323-'!)*!US)V1,#-(&$($&)8%'3-)-35*STR*

LIO &37447193A3165*>G*NW.=J;1;=<;<=>?@631>135*

:63,2#&! ,3#,,#-<323-'5! )*! US#&Q(-(&SUS6(.,)$($&)8%'3-)-35!TO!P3,3! *1,5'! ,3>),'3.! 8(!

J)),3! *7! <%,! 1-! A[\YT! P6)! *)%-.! '6#'! '63(! ,3#.1&(! ',#-5*),23.! 1-')! W%1-)-35! TS! ),!

O

OH S

S a

OH
MeO

•
O

S

S S+

S
OH

O–

MeO

S

S
O

O

MeO

S+

S
O–

O

MeO
O–

MeO+

•
O

S

SO

O

MeO

S

S

7170 7372

747576

a) p-xylene, 138 °C, 3 h, 90%.

MeO

MeO

MeO

O

OSiMe3

O

Ph

b

O

O
MeO

MeO

Me3SiO

Ph
O–

O
MeO

MeO

Me3SiO+

Ph

O
MeO

MeO

O

O
Ph

Me3Si

78

8180

82

a) –100 °C, 30 min, TMSCl, –100 °C!RT, 32%; b) p-xylene, 138 °C, 5 h, 90%.

O+MeO

MeO

O–

OSiMe3

Ph

79

O Ph

Li

a
O

O

MeO

MeO

+

7716
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 AA!
! !

$($&)>3-'3-3.1)-35! TT! )-! '632)&(515RAT?AS?Y! :631,! 1-1'1#&! >)5'%&#'3! '6#'! '63! ,3#$'1)-!

>,)$33.3.! >"<! nP1''3,1)-1$! 1-'3,23.1#'35! TRE! #-.! TQE* P#5! 5))-! ,30153.! P63-!

$)2>%'#'1)-#&!5'%.135!#-.!',#>>1-<!3V>3,123-'5!>,)01.3.!5',)-<!301.3-$3!')!5%>>),'!'63!

1-0)&0323-'! )*! .1,#.1$#&! 1-'3,23.1#'35!TR.! #-.!TQ.R! +)'#8&(T! ,3#$'1)-5! &3.! ')!BS! ')!(S

21<,#'1)-! )*! '63! <,)%>! l/m! #''#$63.! ')! '63! 7SU! )V(<3-! P63-! 1'! P#5! #! >,)')-T! 51&(&?B! ),!

#&&(&AT?Z!<,)%>R!J),3)03,T!'63!$)%,53!)*!'63!,3#,,#-<323-'!#>>3#,3.!')!83!<)03,-3.!8(!'63!

#&Q(-(&! 5%85'1'%3-'! GBR?B! O63-! '615! P#5! $#>#8&3! )*! 5'#81&151-<! #-! %S#-1)-! ),! ,#.1$#&!

1-'3,23.1#'3T! $($&)>3-'3-.1)-3! *),2#'1)-! >,3.)21-#'3.R! M(! $)-',#5'! P63-! '63! GBS

5%85'1'%3-'!P#5!#-!#&Q(&!,351.%3T!W%1-)-3!*),2#'1)-!P#5!)853,03.!l4$6323!AXmR!

!

'<D3A3*LSB*G3#,,#-<323-'!)*!US#&Q(-(&SUS6(.,)$($&)8%'3-)-35*TOR*

:63!5$)>3!)*!'63!,3#$'1)-!P#5!.32)-5',#'3.!8(!'63!3#53!P1'6!P61$6!#-!#,,#(!)*!US#&Q(-(&S

?TBS.123'6)V(SUSl',123'6(&51&)V(! ),! 6(.,)V(m$($&)8%'3-)-35! TY7WD! P3,3! ',#-5*),23.!

1-')! W%1-)-35R! :63! >,3$%,5),5! P3,3! ,3#.1&(! 5(-'635153.! *,)2! .123'6(&! 5W%#,#'3! LQ* 8(!

',3#'23-'! P1'6! '63! $),,35>)-.1-<! &1'61%2! #$3'(&1.3! #-.! W%3-$61-<! P1'6! ',123'6(&51&(&!

$6&),1.3!),!#22)-1%2!$6&),1.3!,35>3$'103&(R!:63,2)&(515! 1-!;SV(&3-3!#'!AB\!°7!<#03!'63!

ATUSW%1-)-35!YU7WD!1-!2).3,#'3!')!<)).!(13&.5!l4$6323!A\mR?B!

O

OE

R1O

R2O

O

O

R1O

R2O

842 83

85A 86B

R3

OE
R2O

R1O •
O

R3

O

O

R3R1O

R2O

O
R1O

R2O
O

R3

E E

•

•

•

•

O

O

R3R1O

R2O

O
R1O

R2O
O

R3

E E

87 88

85B

O

O

R3R1O

R2O

E
86A

O
R1O

R2O
O

R3

E

oror
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!

'<D3A3*LTB*4(-'63515!)*!83-n)W%1-)-35*YU**,)2!US#&Q(-(&$($&)8%'3-)-35*TYR*

I-! '63! #8)03! 3V#2>&35T! '63! #&Q(-3! 2)13'(! 8),3! #-! #&Q(&T! >,)')-T! ),! 83-n(&! ,351.%3R!

K)P303,T!P63-! '63!GBS5%85'1'%3-'!P#5! #-! #&Q)V(T! >63-(&! ),! ',123'6(&51&(&! <,)%>!TY8WAT!

21V'%,35!)*!W%1-)-35!YU!#-.!$($&)>3-'3-3.1)-35!YL*#,3!*),23.!l4$6323!A[mR!

!

'<D3A3*LYB*G3#,,#-<323-'!)*!US#&Q(-(&$($&)8%'3-)-35*TYR*

J)),3! )853,03.! '63! 3V$&%5103! *),2#'1)-! )*! $($&)>3-3'3-3.1)-35! P63-! '63! #&Q(-(&!

5%85'1'%3-'!d!GB!P#5!#-!35'3,!TY1X>!#-.!#&Q3-3!<,)%>!TYH! l4$6323!?@mR!:63(!>,35%23.!

'6#'! '615! &3.! ')! 5'#81&15#'1)-! )*! '63! #.a#$3-'! 01-(&! ,#.1$#&! 1-'3,23.1#'3! #-.! *#0)%,3.!

.1,#.1$#&!1-'3,23.1#'3!TQ.!)03,!TR.!l4$6323!AXmR?B!

!

'<D3A3*MUB*4(-'63515!)*!$($&)>3-3'3-3.1)-35*YL**,)2!US#&Q(-(&$($&)8%'3-)-35*TYR*

:)! 35'#8&156! P63'63,! BS! ')! (S21<,#'1)-! )*! '63! 5%85'1'%3-'! /! P#5! #-! 1-',#2)&3$%&#,!

>,)$355T?B! J)),3! *7! <%,! '))Q! 3W%12)&#,! #2)%-'5! )*! 51&(&! 3'63,! TYD! #-.! 1'5! .3%'3,#'3.!

R3 = E =

nC4H9
nC4H9

H
Si(CH3)3

Yield 90 (%)

78
75

CH2OTHP
CH2OTHP

47
41

H
Si(CH3)3

CH2C6H5
CH2C6H5

H
Si(CH3)3

71
74

H
H

H
Si(CH3)3

48
75

89

c
d
e
f
g
h

a
b

MeO

MeO

O

O

MeO

MeO

9016 89

O

OE
R3

O

O

R3MeO

MeO E

a b

a) i) R3C!CLi, THF, –78 °C, then ClSi(CH3)3 or NH4Cl, –78 °C"RT, 
50–90%; b) p-xylene, 138 °C, 55–80%.

MeO

MeO

9089

O

OE
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O
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MeO E

a

O
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MeO
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R3

E

91

+

R3 = E =

OC2H5
OC2H5

H
Si(CH3)3

50
55
5

C6H5
C6H5

H
Si(CH3)3

46
13

Yield 90 (%) Yield 91 (%)

HSi(CH3)3

25
23
41

21
52

a) p-xylenes, 138 °C.

k
l

i
j

m

89

MeO

MeO

89

O

OE
R3

a

O
MeO

MeO
O

R3

E

91

a) p-xylenes, 138 °C.

R3 = E = Yield 91 (%)

49

CO2C2H5
CO2C2H5

H
Si(CH3)3

66
33

89

p

n
o

HCH=CHOCH3
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 AB!
! !

#-#&)<%3! .STYD! #-.! 5%8a3$'3.! '632! ')! '63,2)&(515! #'! AB\! °7! 1-! ,3*&%V1-<! ;SV(&3-3R! +)!

$,)55)03,! >,).%$'5! P3,3! )853,03.! 1-! '63! ,35%&'1-<! >,).%$'! 21V'%,3T! P1'6! '63! ,#'3! )*!

*),2#'1)-! )*! YUD! #-.! .SYUD! 831-<! -3#,&(! 3W%10#&3-'! 8(! AK! +JG! #-#&(515R! J)),3! '6%5!

$)-$&%.3.! '6#'! '63!.1,#.1$#&!TR.! ),!nP1''3,1)-1$! 1-'3,23.1#'3!TRE! l4$6323!AXm! 1-.%$35!

1-',#2)&3$%&#,*21<,#'1)-!)*! '63! ',123'6(&51&(&! <,)%>! ')!<103! '63! $),,35>)-.1-<!W%1-)-35!

YUD!#-.!.SYUD!l4$6323!?AmR!!

!

'<D3A3*MLB*:63,2)&(515!)**TYD*#-.!1'5!.3%'3,#'3.!#-#&)<%3!.STYDR*

J)),3!#-.!$)SP),Q3,5!6#.!3#,&13,!56)P-!'6#'!#&&(&!<,)%>!21<,#'1)-!*,)2!BS!')!(S!15!#!*#$1&3!

>,)$355R!:63(!5%<<35'3.!'6#'!'615!)$$%,,3.!>"<!#!nP1''3,1)-1$!1-'3,23.1#'3!YNR!:63!5'#,'1-<!

2#'3,1#&! YM! P#5! >,3>#,3.! *,)2! .123'6(&! 5W%#,#'3! LQ! 8(! 53W%3-'1#&! #&Q(-(&&1'61%2!

#..1'1)-!*)&&)P3.!8(!#&&(&#'1)-!)*!'63!,35%&'1-<!#&$)6)&!')!(13&.!YMR!:63,2)&(515!*),!A!6!1-!

;SV(&3-3!<#03!W%1-)-3!YR!1-!XZq!(13&.R!l4$6323!??mRA!!
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O
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a) p-xylenes, 138 °C, 75 min.
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'<D3A3*MMB*9&&(&!<,)%>!21<,#'1)-!>"<!nP1''3,1)-1$!1-'3,23.1#'3*YNR*

4%853W%3-'&(T!J)),3!*7!<%,!,3>),'3.!*%,'63,!3V#2>&35!)*!'63!,3#,,#-<323-'R!:63,2)&(535!

)*!YQ7W<!3#$6!<#03! '63!$),,35>)-.1-<!W%1-)-35!YT7W<! 1-!<)).!(13&.5R!F-!'615!)$$#51)-! 1'!

P#5! 5%<<35'3.! '6#'! #&&(&! <,)%>! 21<,#'1)-! )$$%,,3.! >"<! '63! .1,#.1$#&! 1-'3,23.1#'3! YS!

&3#.1-<!')!#&&(&S5%85'1'%'3.!W%1-)-35!YT7W<*l4$6323!?BmR?B!

!

'<D3A3*MOB*9&&(&!<,)%>!21<,#'1)-!')!<103*YT7W<R*

I-! #! ,3&#'3.! 5'%.(T! '63,2)&(535! )*! $($&)8%'3-)-35! YY! P3,3! *)%-.! ')! 83! $)-$3-',#'1)-!

.3>3-.3-'R?X!G3#,,#-<323-'!)*!YY7! 1-! ,3*&%V1-<! ')&%3-3!#'!61<6!.1&%'1)-! lBR\Z!V!A@dB!Jm!

<#03!'63!#--%&#'3.!W%1-)-3!LUN7!#5!'63!2#a),!>,).%$'!#&)-<!P1'6!W%1-)-3!LUM7!1-!#!?BNA!

,#'1)!l.3.%$3.!8(!AK!+JGm!#-.!#-!)03,#&&!(13&.!)*!\UqR!I-!$)-',#5'T!'63,2)&(515!#'!61<63,!

$)-$3-',#'1)-!lAR?!Jm!<#03!W%1-)-3!LUM7!#5! '63!2#a),!>,).%$'! 1-!#!XNA!,#'1)!P1'6!LUN7*

l.3.%$3.!8(!AK!+JGm!#-.!#-!)03,#&&!(13&.!)*!X@q!l4$6323!?UmR!9!5121&#,!)853,0#'1)-!P#5!
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MeO

MeO
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95

Ph Ph

Pha

a) p-xylenes, 138 °C, 1 h, 76%.
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O
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R1 = Yield 98 (%)
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66
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a) p-xylenes, 138 °C.
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2#.3!P1'6!.1(-3!YY?T!P61$6!<#03!)-&(!LUN?!#'! &)P!$)-$3-',#'1)-5!#-.!#!ANA!21V'%,3!)*!

LUN?!#-.!LUM?!#'!61<6!$)-$3-',#'1)-!lAR@!JmR!J)),3!,3#5)-3.!'6#'!'63!*),2#'1)-!)*!LUN!

#,)53! *,)2! YS*C'S.1<! $($&15#'1)-! )*! '63! #,(&! ,#.1$#&! 1-'3,23.1#'3! LUL! ')! '63! >,)V12#&!

#&Q(-3!2)13'(!<101-<!LUOR!KS#')2!#85',#$'1)-!*,)2!'63!>,)V12#&!6(.,)V(!<,)%>!'63-!<1035!

W%1-)-3!LUNR! :63! ,3#,,#-<323-'! )*!YY! ')!LUM! *)&&)P5! '63! 5#23! $)%,53! 3V$3>'! '6#'! '63!

.1,#.1$#&! 1-'3,23.1#'3! LUL! *#0)%,5! KS#')2! #85',#$'1)-! *,)2! '63! >,)V12#&! >63-)&! )03,!

$($&15#'1)-!l4$6323!?UmR!!

!

'<D3A3*MNB*7)-$3-',#'1)-!.3>3-.3-'!,3#,,#-<323-'!)**YYR*

J)),3! ,3#5)-3.! '6#'! '63! $)-$3-',#'1)-! .3>3-.3-$3! P#5! .%3! ')! '63! 1-5'#81&1'(! )*! '63!

.1,#.1$#&! 1-'3,23.1#'3!LULR!O63-!<3-3,#'3.!#'! #!61<6! $)-$3-',#'1)-T!63! #,<%3.! '6#'! '63!

,3&#'103&(! 5'#8&3! Q3'3-35!21<6'! 5'#$Q! &3#.1-<! ')!61<6! &)$#&! $)-$3-',#'1)-5!)*! '63! ,3#$'103!

.1,#.1$#&!1-'3,23.1#'3!LULR!:615!P)%&.!>,)2)'3!1-'3,2)&3$%&#,!KS#')2!#85',#$'1)-!*,)2!

'63!6(.,)V(&!<,)%>!)*!)-3!>#,'-3,!8(!'63!#,(&!,#.1$#&!$3-',3!)*!#-)'63,T!&3#.1-<!.1,3$'&(!')!

'P)!2)&3$%&35!)*!'63!$),,35>)-.1-<!-)-S#--%&#'3.!W%1-)-3!LUMR!C-.3,!.1&%'3!$)-.1'1)-T!

5'#$Q1-<!)*! '63!Q3'3-3! 1-'3,23.1#'3!P)%&.!83!,3.%$3.!5)! 1-',#2)&3$%&#,!,3#$'1)-5!)*! '63!

.1,#.1$#&!1-'3,23.1#'3!P)%&.!>,3.)21-#'3T!",*,!sLULt#sLUOt#LUNR?T?X!!

I-!#!,3&#'3.!5'%.(T!'63,2)&(515!)*!'63!23'6(&!>,)'3$'3.!#-#&)<%35!LUR!1-!,3*&%V1-<!')&%3-3!

&3.! ')! '63! #--%&#'3.! 5>1,)3>)V($($&)63V#.13-)-35! LUY! 1-! 3V$3&&3-'! (13&.R?X! :63!

,3#,,#-<323-'! P#5! 3V>&#1-3.! 8(! 1-0)&01-<! .1,#.1$#&! 1-'3,23.1#'3! LUQ! #-.! >,301)%5&(!
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R1

O•

OH

MeO

MeO
R1•

100

OH
MeO
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O
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R1 = Concn (M)

(CH2)3CH=CH2
(CH2)3CH=CH2

2.43 x 10–3

1.0
57
77

n-C4H9
n-C4H9

3.86 x 10–3

1.2
84
70

Ratio 102:104 Overall Yield (%)

0:1
1:1

1:23
7:1

a) PhMe, 110 °C, 2 h.

b

a

99

R1

OH

R1



()<;7*/!1@!6#7/'8.&7"'#!

AZ!

!

533-! YS*C'S.1<! ,#.1$#&! $($&15#'1)-! ')! 01-(&! ,#.1$#&! 1-'3,23.1#'3!LUSR! KS#')2! #85',#$'1)-!

*,)2! '63! >,)V12#&! 23'6(&! 3'63,! '63-! <1035! LUTT! #! >,3$%,5),! ')! '63! 5>1,)3>)V1.35! LUY!

l4$6323!?YmR!!

!

'<D3A3*MRB*G3#,,#-<323-'!)*!'63!23'6(&S>,)'3$'3.!.1(-3!LURR*

J)),3! #-.! $)SP),Q3,! P3,3! $)-*1.3-'! 1-! '631,! #-#&(515! .%3! ')! >,301)%5! P),Q! P1'6! '63!

.3%'3,#'3.! #-#&)<%3! .SLLUR! I-! '615! $#53! '63,2)&(515! <#03! 5>1,)3>)V1.3! .SLLO* 1-! BXq!

(13&.R!K3,3!'63!#,(&!,#.1$#&! 1-!LLL!6#5!'63!)>'1)-!)*!KS#')2!#85',#$'1)-! *,)2!'63!23'6(&!

<,)%>!),!;S#')2!#85',#$'1)-!*,)2!'63!23'6(&3-3!<,)%>!)*!'63!3'6)V(!5%85'1'%3-'!&3#.1-<!

')!#!5'#81&153.!,#.1$#&!$3-',3!LLMR!:63!&#''3,!>,)03.!2),3!*#$1&3!l4$6323!?ZmR!!
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O

MeO
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O

MeO
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a) PhMe, 110 °C, 2 h.

R1 = Yield 109 (%)
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'<D3A3*MQB*G3#,,#-<323-'!)*!.3%'3,#'3.!#-#&)<%3*LLU*')!<103!5>1,)3>)V1.3*.SLLOR*

:63! 3**1$13-$(! )*! 5%$6! #--%&#'1)-! ,3#$'1)-5! .3>3-.5! )-! '63! &3-<'6! )*! '63! $#,8)-! $6#1-!

53>#,#'1-<! '63! 'P)! #&Q(-3! <,)%>5! 1-! '63! 5'#,'1-<! US.1#&Q(-(&$($&)8%'3-)-35R! I*! #-!

#..1'1)-#&! 23'6(&3-3! <,)%>! 15! #..3.T! '63! ,3#$'1)-! *)&&)P3.! '63! 5#23! $)%,53! #5! 83*),3!

P63-! '63! 6(.,)V(&! <,)%>! 15! %->,)'3$'3.T! *,4,! LLN7! l4$6323! ?XmT! P1'6! '63! .1,#.1$#&!

1-'3,23.1#'3!LLR7T!%-.3,<)1-<!#!ZS*C'S.1<!$($&15#'1)-T!*)&&)P3.!8(!'3,21-#'1)-!>"<!ATYSK!

',#-5*3,! *,)2! '63! #.a#$3-'! 6(.,)V(&! <,)%>! ')! <103! '63! #--%&#'3.! W%1-)-3! LLY! 1-! ZBq!

(13&.R!K)P303,T! 1-! '615! $#53!6(.,)V(&! <,)%>!>,)'3$'1)-T! #5!P1'6! #-#&)<%3!LLN?* 5P1'$635!

'63!$)%,53!)*!'63!,3#$'1)-!l4$6323!?XmR!KS#')2!#85',#$'1)-!*,)2!'63!>,)>#,<(&1$!$#,8)-!15!

-)P! *#0)%,3.! )03,! #..1'1)-! ')! '63! #&Q(-3! <,)%>! &3#.1-<! ')! LLQR! :63! -3P&(! *),23.!

.1,#.1$#&!1-'3,23.1#'3!'63-!%-.3,<)35!,#.1$#&S,#.1$#&!$)281-#'1)-!')!<103!$6,)2#-)&!LLS!

1-!XZq!(13&.R!J)),3!5%<<35'3.!'6#'!'63!>,)'3$'1-<!<,)%>!2#(!61-.3,!$($&15#'1)-!)-!5'3,1$!

<,)%-.5!),!,3-.3,!'63!$($&15#'1)-!LLR?#LLT?!,303,518&3!8(!,32)01-<!'63!*#$1&3!KS#')2!

#85',#$'1)-!>#'6P#(!lLLT#LLYmR?X!!

MeO

MeO

O

d-110 d-113
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a) p-xylene, 138 °C, 30 min, 37%.
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'<D3A3*MSB*4P1'$6!1-!'63!23$6#-152!P63-!6(.,)V(&!<,)%>!15!>,)'3$'3.R!

:63,2)&(515! )*! US$6&),)$($&)8%'3-)-3! LMU! <1035! #! 5121&#,! ,35%&'! ')! '6#'! 533-! *),! '63!

>,)'3$'3.!US6(.,)V(&$($&)8%'3-)-3!LLN?R!I-!'615!$#53T!'63!#,(&!,#.1$#&!1-!LML!#85',#$'5!#!

6(.,)<3-!#')2!*,)2!'63!'3,21-#&!23'6(&!<,)%>!')!<3-3,#'3!LMMR!G1-<!$&)5%,3!'63-!<1035!#!

?NA!21V'%,3!)*!83-n)>(,#-!LMO!#-.!5>1,)$($&3!LMN!l4$6323!?\mR!!

!

'<D3A3*MTB*:63,2)&(515!)*!US$6&),)$($&)8%'3-)-3*LMUR*

O63-!#!6(.,)V(&!<,)%>!15!*%-$'1)-#&153.!#5!#!>,)>#,<(&!3'63,T!'63!5(5'32!<1035!#$$355!')!

23'6(&3-383-n)*%,#-5?Z! >"<! #..1'1)-! )*! '63! #,(&! ,#.1$#&! 1-'3,23.1#'3! ')! '63! >,)V12#&!

H
114a, R = H 
114b, R = Me 117

a

115a, R = H 
115b, R = Me
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a) PhMe, 110 °C.
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O
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a

nC3H7
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a) p-xylene, 138 °C, 52%.
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#&Q(-3!<,)%>!l>"?!LMQ#LMSmR!:6%5T!'63,2)&(515!)*!LMR! 1-!,3*&%V1-<!;SV(&3-3!&3#.5!')!'63!

.1,#.1$#&! 1-'3,23.1#'3! LMQR! :615! %-.3,<)35! #! YS*C'S.1<! $($&15#'1)-! ')! '63! 01-(&! ,#.1$#&!

1-'3,23.1#'3!LMSR! I-',#2)&3$%&#,!KS#')2!#85',#$'1)-!'63-!<1035!LMTT!P61$6!$)&&#>535! ')!

#&Q3-3!LMY!*)&&)P1-<!#!53$)-.!KS#')2!#85',#$'1)-!l4$6323!?[mR!

!

'<D3A3*MYB*4(-'63515!)*!23'6(&83-n)*%,#-*LMY**,)2!'63,2)&(515!)**LMRR*

I'!56)%&.!83!-)'3.!'6#'!8)'6!)*!'63!>,)>)53.!KS#')2!#85',#$'1)-!5'3>5!>,)$33.!>"<!5303-S

23283,3.!',#-51'1)-!5'#'35R!:615!P#5!$)-*1,23.!8(!.3%'3,1%2!&#83&&1-<!5'%.135B!P1'6!'63!

.3%'3,#'3.!.3,10#'103! )*! .SLMR! <101-<! '63! #-#&)<)%5!>,).%$'! .SLMY!P63,3!.3%'3,1%2! 15!

1-$),>),#'3.!)-!8)'6!#&Q3-(&!<,)%>5!l4$6323!B@mR!!

!

'<D3A3*OUN!:63,2)&(515!)*!.3%'3,1%2!&#83&&3.*LMR*56)P1-<!.3%'3,1%2!',#-5*3,I*

:63! US#&Q(-(&$($&)8%'3-)-3! ,1-<! 3V>#-51)-! 23'6).)&)<(! 6#5! #&5)! >,)03.! ')! 83! #-!

#'',#$'103! 5',#'3<(! *),! '63! $)-5',%$'1)-! )*! :S63'3,)$($&1$! ,1-<! 5(5'325! 5%$6! #5!

>1>3,1.1-)W%1-)-35?U! #-.! 83-n)>63-#-'6,1.1-35R?YT?\! :63! >1>3,1.1-)W%1-)-3! 5Q3&3')-! 15!

>,30#&3-'! #5! #! 5%8%-1'! 1-!2#-(! -#'%,#&&(! )$$%,,1-<!:S63'3,)$($&1$! W%1-)-35! 5%$6! #5! '63!

$(#-)$($&1-3!#-.!5#*,#2($1-!*#21&135R?[SBU!")&&)P1-<!'63!#..1'1)-!)*!'63!&1'61%2!5#&'!)*!'63!

.1(-3! LOU! ')! .123'6(&! 5W%#,#'3! LQ! 1-! :K"! #'! dX\! °7T! '63! ,35%&'1-<! US#&Q(-(&SUS
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a) p-xylene, 138 °C, 30 min, 73%.
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a) p-xylene, 138 °C, 30 min, 73%.
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6(.,)V($($&)8%'3-)-35! LOL! P#5! '63,2)&(53.! .1,3$'&(! 1-! ,3*&%V1-<! ')&%3-3! ')! <103!

>1>3,1.1-)W%1-)-3!LON!1-!YYq!)03,#&&!(13&.R!I-!#-#&)<(!')!'63!.15$%551)-!>,353-'3.!#8)03T!

'63! ',#-5*),2#'1)-!P#5!3-015#<3.!')!)$$%,!>"<! '63!.1,#.1$#&! 1-'3,23.1#'35!LOM!#-.!LOOR!

:63!3V)$($&1$!.)%8&3!8)-.!P#5!#551<-3.!P1'6!l-mS5'3,3)$63215',(!.%3!')!'63!$)-*1<%,#'1)-!

)*! '63! .1,#.1$#&! 1-'3,23.1#'3! LOOR! :6)%<6! '615! 15! &1Q3&(! ')! 83! 1-! $)-*1<%,#'1)-#&!

3W%1&18,1%2T! 1-',#2)&3$%&#,! KS#')2! #85',#$'1)-! *,)2! '63! >,)V12#&! 6(.,)V(&! <,)%>! $#-!

)-&(!>,)01.3!#!>#'6P#(!')!'63!l-mS15)23,!)*!LON!l4$6323!BAmR?U!

!

'<D3A3*OLB*4(-'63515!)*!>1>3,1.1-)W%1-)-35*LONR*

:63! #8)03! 23'6).)&)<(! P#5! *%,'63,! 3V'3-.3.! 8(! O1>*! #-.! K)>Q1-5?\! ')! >,3>#,3! '63!

15)W%1-)&1-3SBTYT\S',1)-3!,1-<!5(5'32!LOY!l4$6323!B?mT!P61$6!15!*)%-.!#5!#!$3-',#&!$),3!1-!

5303,#&!-#'%,#&!>,).%$'5R!:63(!P3,3!#8&3!')!56)P!5'3,1$#&&(!61-.3,3.!#21.35!5%$6!#5!LOQ!

#,3! #8&3! ')! >#,'1$1>#'3! 1-! ,1-<! #--%&#'1)-! 1*! '63! $)-*),2#'1)-! )*! '63! #21.3! 51.3! $6#1-! 15!

*#0)%,#8&(!.15>)53.!')!1-'3,$3>'1)-!8(!'63!.1,#.1$#&! 1-'3,23.1#'3!LOSR!:63(!5%<<35'!'6#'!

'63! $S&"$! #,,#-<323-'! )*! '63!>,)>#,<(&! #-.! #&Q3-3! ,351.%3!)*! '63! #21.3! 15! -3$355#,(! *),!

15)W%1-)&1-3!*),2#'1)-R!F'63,P153!'63!5%85',#'35!&3.!')!.3$)2>)51'1)-!#5!533-!.%,1-<!'63!

'63,2)&(515!)*!LNU*l4$6323!BBmR!!
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a)130, nBuLi, –78 °C, THF; b) PhMe, 110 °C, 1 h, 55% over 2 steps.
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'<D3A3*OMB*4(-'63515!)*!15)W%1-)&1-3SBTYT\S',1)-3!,1-<!5(5'32*LOY*8(!O1>*!#-.!K)>Q1-5R**

7($&)8%'3-)-3!LNU!.)35!-)'!%-.3,<)!,1-<!3V>#-51)-! ')! '63! 15)W%1-)&1-3! ',1)-3!5Q3&3')-!

l4$6323!BBm!83$#%53!'63!2)5'!*#0)%,3.!#21.3!,)'#23,!1-!LNU!6#5!#!$S7/<#$!#,,#-<323-'!

*),! '63!:S>,)>#,<(&!#-.!5'(,(&! 5%85'1'%3-'R!:615! $)-*),2#'1)-!Q33>5! '63!#,(&! ,#.1$#&!#-.!

5'(,(&!<,)%>5!53>#,#'3.!1-!LNL!#-.!63-$3!>,303-'!#--%&#'1)-!')!LOY*l4$6323!B?mR!!
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'<D3A3*OOB*C-*#0)%,3.!$)-*),2#'1)-!)*!LNU!.%3!')!$S7/<#$!#,,#-<323-'I**

:63!,3#,,#-<323-'!#&5)!>,)01.35!#!,)%'3!')!'63!83-n)>63-#-'6,1.1-3!,1-<!5(5'325!*)%-.!

1-!2#-(! #&Q#&)1.5RBYSBX! 9$$355! 15! #$61303.! >"<! #..1'1)-! )*! '63! &1'61%2! 5#&'! )*!:S23'6(&S:S

>,)>#,<(&SAS-#>6'6(&S#21-3B\!LNO!')!.123'6(&!5W%#,#'3!LQ!1-!:K"!#'!dX\!°7R!:63,2)&(515!

)*!'63!,35%&'1-<!$($&)8%'3-)-3!LNN!1-!,3*&%V1-<!$6&),)83-n3-3!<#03!83-n)>63-#-'6,1.1-3!

LNR!1-!Z\q!(13&.!l4$6323!BUmR!!
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a) LHMDS, 66 , –78 °C, 2 h, THF, 69%; b) xylenes, 138 °C, 20 min, 62%.
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'<D3A3*ONB*4(-'63515!)*!83-n)>63-#-'6,1.1-35*LNRR*

:)!<#1-!*%,'63,!1-51<6'!)-!'63!$)%,53!)*!'63!,3#$'1)-T!#-.!')!,%&3!)%'!>,).%$'5!P1'6!5121&#,!

5>3$',#&! $6#,#$'3,15'1$5T! '63! .3%'3,#'3.! #-#&)<%3?Y! )*! LNN! P#5! >,3>#,3.! l.SLNNm! #-.!

5%8a3$'3.!')!'63!'63,2#&!,3#,,#-<323-'!1-!,3*&%V1-<!$6&),)83-n3-3!*),!ARY!6R!")&&)P1-<!#-!

#W%3)%5!P),Q%>!'63!>,).%$'!<103-!P#5!1.3-'1*13.!#5!LNR!#-.!56)P3.!-)!1-$),>),#'1)-!)*!

.3%'3,1%2R!:63! ,35%&'! ,%&3.!)%'! '63! *),2#'1)-!)*!LNT! 8(!;S#')2!#85',#$'1)-!8(! '63!#,(&!

,#.1$#&!1-!LNS!#-.!'63!*),2#'1)-!)*!.SLRU!.%3!')!1'5!$($&15#'1)-!')!'63!>,)V12#&!#,)2#'1$!

,1-<R!I-5'3#.T!'63!,35%&'!>,)01.3.!301.3-$3!*),!'63!1.3-'1'(!)*!'63!15)&#'3.!>,).%$'T!P63,3!

&)55!)*!#!KS#')2!*,)2!1-'3,23.1#'3!LNY!&3#.5!')!'63!>,).%$'!LNR*l4$6323!BYmR!!
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a) 16, –78 °C, 55 min, THF, 87%; b) PhCl, 131 °C, 1.5 h, 68%.
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'<D3A3*ORB*:63,2)&(515!)*!.3%'3,#'3.!#-#&)<%3*LNN*')!$)-*1,2!>,).%$'!*),23.R*

9-!3V#2>&3! 1-0)&01-<! ,#.1$#&! $($&15#'1)-! ')!#!>,)V12#&! ,1-<! 5(5'32! *)&&)P3.!8(!KS!),!;S

#')2!#85',#$'1)-B[!8(! '63!-3P&(! *),23.!,#.1$#&! $3-',3!P#5!.303&)>3.!8(!J)),3!#-.!$)S

P),Q3,5!.%,1-<! 5'%.135!.1,3$'3.! ')P#,.5! '63! 5(-'63515! )*! >(,#-)W%1-)-35!LRN* l4$6323!

BZmR!4>3$1*1$#&&(T!'63,2)&(515!)*!'63!.3%'3,)V(!#-#&)<%3!LRL!l\Yq!3-,1$63.!1-!.3%'3,1%2m!

&3.! ')! .1,#.1$#&! 1-'3,23.1#'3! LRMT! >,)2)'1-<! #..1'1)-! )*! '63! #,(&! ,#.1$#&! $3-',3! ')! '63!

>,)V12#&! #&Q3-3R! ;S#')2! #85',#$'1)-! 8(! '63! ,35%&'1-<! #&Q(&! ,#.1$#&! LRO! '63-! <#03!

>(,#-)W%1-)-3!LRNR!+)'#8&(T! '63! &#''3,!>,)$33.3.! 1-! #! 5'3,3)5>3$1*1$!2#--3,! &3#.1-<! ')!
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a) PhCl, 131 °C, 1.5 h.
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'<D3A3*OQB*J)),3g5!5(-'63515!)*!>(,#-)W%1-)-35*LRNR*

:63!3V#2>&35!>,353-'3.!#8)03!>,)01.3!5',)-<!301.3-$3!*),!'63!1-0)&0323-'!)*!#!.1,#.1$#&!

1-'3,23.1#'3! TR.! 1-! '63! ,3#,,#-<323-'! )*! US#&Q(-(&SUS6(.,)V($($&)8%'3-)-35! TO! ')!

W%1-)-35!TS!l4$6323!AXmR?B!:63!5',%$'%,3!)*!'6#'!.1,#.1$#&!1-'3,23.1#'3!TR.*6#5!833-!'63!

5%8a3$'!)*!2%$6!5>3$%&#'1)-!#5! 1'! $)%&.!#&5)!83!013P3.!#5! '63! 5',#1-3.!$($&1$! #&&3-3!TR:R!

:6)%<6! $($&1$! #&&3-35! 1-! ,1-<5! 51n35! )*! &355! '6#-! -1-3! 23283,5! $#--)'! #''#1-! '631,!

>,3*3,,3.! &1-3#,! <3)23',(T! '63! 61<6&(! 5',#1-3.! AT?S$($&)63V#.13-3! TR:! 15! $)-$310#8&3R!

I-.33.T!J)),3! *7! <%,! 6#03! 5%<<35'3.! '6#'! 1'!2#(! 83! 1-! 3W%1&18,1%2!P1'6! '63! nP1''3,1)-1$!

*),2!TRER! :)! .#'3T! 3V>3,123-'#&! 301.3-$3! *),! '63! 3V15'3-$3! )*! '6353! 5>3$135! 15! &#$Q1-<R!
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a) PhMe, 110 °C, 1.5 h.
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'<D3A3*OSB*;1**3,3-'!>)5518&3!*),25!*),!'63!.1,#.1$#&!1-'3,23.1#'3*TR.R*
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LIN ';16D3585* >G* "76@47=* 04>2@<65* 712* &3=7632* :>AH>@125*

G4>A*:;<=>?@631>135**

J#-(!)*!'63!$($&)8%'3-)-3!,3#,,#-<323-'5!61<6&1<6'3.!#8)03!6#03!833-!%53.!#5!Q3(!5'3>5!

1-! '63! ')'#&! 5(-'63515!)*!-#'%,#&!>,).%$'5R!:63! *1,5'!3V#2>&3! ,3>),'3.!P#5!8(!J)),3!#-.!

$)SP),Q3,5U@!1-!'63!')'#&!5(-'63515!)*!&)-#>#&3-3!LRTT!#!53&3$'103!YS&1>)V(<3-#53!1-6181'),!

*),!'63!',3#'23-'!)*!>5),1#515RUA!:631,!'#,<3'!LRT!P#5!3**1$13-'&(!5(-'635153.!1-!*)%,!5'3>5!

*,)2!.123'6(&!5W%#,#'3!LQ!#-.!US8,)2)$6&),)83-n3-3!LRR!l4$6323!B\mR!:6%5T!*)&&)P1-<!

'63! #..1'1)-! )*! AS$6&),)SUS&1'61)83-n3-3! ')! .123'6(&! 5W%#,#'3! LQ! '63! ,35%&'1-<!

$($&)8%'3-)-3! LRQ* P#5! 5%8a3$'3.! ')! '63,2)&(515! ')! *%,-156! 6(.,)W%1-)-3! LRSR!

9$3'(&#'1)-! )*!LRS!P1'6! #$3'1$! #-6(.,1.3! '63-! >,)01.3.! &)-#>#&3-3!LRT! 1-! Y?q!)03,#&&!

(13&.R!+)'#8&(T! '63! 5(-'63515! $)%&.!83!#$$)2>&1563.! 1-! ^)-3!>)'_!P1'6!-)! 15)&#'1)-!)*! '63!
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'<D3A3*OTB*J)),3g5!')'#&!5(-'63515!)*!&)-#>#&3-3*LRTR*

9! 5121&#,! 5',#'3<(! P#5! %53.! 1-! #! 5(-'63515! )*! '63! *%,)$6,)2)-)-3! -#'%,#&! >,).%$'!

Q63&&1-)-3!LQQRU?TUB!f63&&1-)-3!P#5! 15)&#'3.! *,)2!'63! *,%1'5!#-.!533.5!)*!3+#"!>"$#<4<!DR!
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a) 4-bromochlorobenzene 155, nBuLi, THF, –78 °C, 15 min; b) p-xylene, 138 °C, 3 h; c) H2, Pd/C, p-xylene, RT, 
3.5 h; d) Ac2O, pyridine, DMAP, 10 h, 52% over 4 steps.
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I-'3,35'! 1-!5%$6! *%,)$6,)2)-3!#-#&)<%35!,35%&'5! *,)2!'631,! &1>1.S#&'3,1-<!#81&1'135T!P61$6!

2#(!2#Q3! '632!%53*%&! #5! #-'1S#'63,)5$&3,)'1$! #<3-'5RUU! :63! 5(-'63515!P#5! $)2>&3'3.! 1-!

5303-!5'3>5!*,)2!.13'6(&!5W%#,#'3!LRY*#-.!83<#-!P1'6!#..1'1)-!)*!&1'61#'3.!',123'6(&51&(&!

#$3'(&3-3R!K(.,)&(515!)*! '63!#..%$'!LQU!P1'6!:"99!-3V'!>,)01.3.!$($&)8%'3-)-3!LQL! 1-!

[Xq!(13&.R!9..1'1)-!)*!?S&1'61)*%,#-!')!LQL!'63-!>,)01.3.!$($&)8%'3-)-3!LQMT!P61$6!P#5!

'63,2)&(53.! 1-! ,3*&%V1-<! ')&%3-3! *),! A! 6! ')! <103! 6(.,)W%1)-)-3!LQOR! :)! >,303-'! #3,1#&!

)V1.#'1)-T! '615! P#5! -)'! 15)&#'3.R! G#'63,T! 1'! P#5! ',3#'3.! .1,3$'&(! P1'6! 23'6(&! 1).1.3T!

>)'#551%2! $#,8)-#'3! #-.! A\S$,)P-SZ! ')! <103! '63! >,)'3$'3.! 6(.,)W%1-)-3! LQN! 1-! [@q!

(13&.R!J3,$%,(lIIm!$#'#&(53.!6(.,)&(515!)*!'63!#&Q(-3!1-!LQN!-3V'! 1-5'#&&3.!'63!#$3'(&!51.3!

$6#1-! lLQRmT! 3-#8&1-<! '63! 53&3$'103!.3>,)'3$'1)-!)*! '63!ZS3'6)V(!<,)%>!P1'6!M"B•/'?F! ')!
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'<D3A3*OYB*G)%'3!')P#,.5!'63!')'#&!5(-'63515!)*!Q63&&1-)-3*LQQR*

I-'3,23.1#'3! LQN! >,)03.! ')! 83! #! 0#&%#8&3! >,3$%,5),! #5! 1'! #&5)! #&&)P3.! 5(-'63535! )*!

>12>1-3&&1-!LQST!15)>63&&)>'3,1-*LQT!#-.!15)>5),#&3-W%1-)-3*LQY*')!83!,3#&153.!l4$6323!
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a) Me3SiC!CLi, THF, 78 °C, 88%; b) TFAA, pyridine, Et2O, 0 °C, 91%; c) 2-lithiofuran, THF/Et2O (1:1), –100 °C, 75%;
d) PhMe, 110 °C, 1 h; e) MeI, K2CO3, 18-crown-6, RT, 90% over 2 step; f) HgSO4, H2SO4, THF, 99%; g) BF3•Et2O, DCM, RT, 97%.
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'<D3A3*NUB*4(-'63515!)*!)'63,!*%,)$)%2#,1-5!*,)2!1-'3,23.1#'3*LQNR!

J),3!,3$3-'&(T!:,)5'!#-.!$)SP),Q3,5!6#03!%53.! '63!#,(&$($&)8%'3-)-3!,3#,,#-<323-'! ')!

>,3>#,3!-#'%,#&! >,).%$'5!P1'6! #! -#>6'6)W%1-)-3! $),3! 5%$6! #5! *%,#W%1-)$1-!/!LSSRUY! :)!

#$61303!'63!$),,3$'!,3<1)53&3$'101'(!'63(!32>&)(3.!#!>,)'3$'1-<!<,)%>!5',#'3<(!')!,303,53!

'63!-#'%,#&!$632)53&3$'101'(!)*!),<#-)&1'61%2!#..1'1)-5!')!$($&)8%'3-3.1)-35RUZ!:6%5T!'63!

2),3!,3#$'103!7S?!$#,8)-(&!<,)%>!1-!LSM!P#5!>,)'3$'3.!#5!'63!121-3!LSO!1-!<)).!(13&.R!:)!

'615!P#5!#..3.!'63!),<#-)&1'61%2!.3,103.!*,)2!8,)21.3!LSLR!K(.,)&(515!)*!'63!,35%&'1-<!

121-3!LSN!%-.3,!21&.!#$1.1$!$)-.1'1)-5!'63-!<#03!US#,(&$($&)8%'3-)-3!LSR!1-!Y@q!(13&.R!

:63,2#&! ,3#,,#-<323-'! )*! LSR! *)&&)P3.! 8(! )V1.#'1)-! 1-! #1,! &3.! ')! '63! .351,3.!
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*%,#W%1-)$1-! /! LSS! l4$6323! UAmR! :615! 5',#'3<(! #&&)P3.! #$$355! ')! 0#,1)%5! #-#&)<%35! )*!

*%,#W%1-)$1-!/!#-.!5(-'63535!)*!*%,#W%1-)$1-!9!#-.!MRUY!!
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'<D3A3*NLB*:,)5'g5!,3<1)53&3$'103!5(-'63515!)*!*%,#W%1-)$1-!/*LSSR!*

9! <,)P1-<! -%283,! )*! -#'%,#&&(! )$$%,,1-<! -#>6'6)W%1-)-35! 6#03! 6(.,)V(&! ),! #&Q)V(!

<,)%>5! 1-! '63!?TYS),13-'#'1)-R!95! 533-! *,)2! '63! 5(-'63515!#8)03T! #$$355! ')! '63! $),,3$'!US

#,(&$($&)8%'3-)-3!,3<1)15)23,!$#-!>,)03!.1**1$%&'R!J)),3!#-.!D33!>,)01.3.!#-!#&'3,-#'103!

23#-5! ')! #..,355! '6#'! >,)8&32! .%,1-<! #! 5(-'63515! )*! &)2#-.,)-3! LTN! #-.!

#,15')&1-.1W%1-)-3R! :63! 1.3#! P#5! ')! $)281-3! '63! ,1-<! 3V>#-51)-! 23'6).)&)<(! P1'6! #!

K))Q3,! )V1.#'1)-! )*! '63! ,35%&'1-<! 6(.,)V(-#>6'6)W%1-)-35T! #5! '63! &#''3,! 1-.%$35! #-!

)V1.#'103! ,3#,,#-<323-'! ,35%&'1-<! 1-! #! ,3<1)$6321$#&! 5P1'$6RUX! :631,! 5(-'63515! )*!

&)2#-.,)-3!LTN! 83<#-! l4$6323! U?m!P1'6! ?S7*/7S8%')V(SBS>,)>(&$($&)8%'3-3.1)-3!LSTT!

P61$6! P#5! $)-03,'3.! ')! $($&)8%'3-)-3! LTU! 8(! '63! #..1'1)-! )*! AS&1'61)S?TBTUS

',123'6)V(83-n3-3!LSYR!9..1'1)-!)$$%,,3.! ')! '63!2)5'! ,3#$'103!Q3')-1$! $#,8)-(&! ,#'63,!

'63-!'63!01-(&)<)%5!35'3,R!F,.1-#,1&(!'6353!2).35!)*!#..1'1)-!P)%&.!83!%-5%1'#8&3!*),!'63!
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')&%3-3!<#03!6(.,)V(-#>6'6)W%1-)-3!LTM!1-!-3#,!W%#-'1'#'103!(13&.!#*'3,!.3>,)'3$'1)-!)*!

'63!7*/7S8%'(&!3'63,!P1'6!:"9!P1'6!'63!#&Q(&!#-.!6(.,)V(!5%85'1'%3-'5!,303,53.!$)2>#,3.!
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O

O
OTIPS

OTBDMS

O

OTIPS

OTBDMS
HO

MeO NPh

O

OTIPS

MeO NPh

O

Br
O

OTIPS

CN
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MeO O

O

a

d

OTBDMS

c

O

MeO

O

O
OH

OH

171170

16 173

Furaquinocin E 177

176

174

a) MeLi, THF, –100 °C, then TFAA, –78 °C; b) aniline, –78 °C!–15 °C, 53% over 2 steps; c) 171, nBuLi, THF, –78 °C, 
then 173, THF, –78 °C; d) oxalic acid, THF/H2O, 50% over 2 steps; e) PhMe, 110 °C, then air, RT, 64%; f) TBAF, THF, 
0 °C, 65%.
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O
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HO

MeO O
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')! '63! '#,<3'R!K)P303,T! #>>&1$#'1)-! )*! '63!K))Q3,! )V1.#'1)-U\SYB! lfJ-FUoFKdm! 1-.%$3.! #!

,3<1)15)23,1$!5P1'$6!')!'63!6)2)&)<!LTO!1-!\Aq!(13&.R!:63!')'#&!5(-'63515!P#5!$)2>&3'3.!

8(!,32)01-<!)-3!23'6(&!3'63,!#-.!1-5'#&&1-<!#-)'63,R!

!

'<D3A3*NMB*4(-'63515!)*!&)2#-.,)-3*LTN*%51-<!'63!K))Q3,!)V1.#'1)-R!

J),3! ,3$3-'&(T! K#,,)P03-! #-.! $)SP),Q3,5! 6#03! 512>&1*13.! #$$355! 1-')! '63! &355! ,3#$'103!

$#,8)-(&!)*! $($&)8%'3-3.1)-35! 5%$6!#5!LTR! 8(! ',#-523'#&#'1)-!)*! '63!),<#-)&1'61%2!5#&'!

P1'6! E8lF:*mBRYU! :63(! P3,3! #8&3! ')! 56)P! '6#'! ),<#-)(''3,81%2! ,3#<3-'5! #..! ')! '63!

01-(&)<)%5! 35'3,! l7S?! $#,8)-(&m! )*!LTR! 1-! 5'#,Q! $)-',#5'! ')! '63! %5%#&!2).3! )*! #..1'1)-!

.15>&#(3.! 8(! ),<#-)&1'61%2! #-.! L,1<-#,.! ,3#<3-'5R! :63! $6#-<3! 1-! 53&3$'101'(! P#5!

#'',18%'3.!')!#.03,53!5'3,1$!1-'3,#$'1)-5!83'P33-!'63!(''3,81%2!&1<#-.5!#-.!'63!7*/7S8%'(&!

>,)'3$'1-<!<,)%>!#5!.3>1$'3.!1-!LTS.T!#5!P3&&!#5!'63!5',)-<3,!1-'3,#$'1)-!)*!'63!(''3,81%2S

#'3! $)2>&3V!P1'6! '63! 01-(&)<)%5! 35'3,! $#,8)-(&! 1-! 1'5! >,3S,3#$'1)-! $)2>&3V! lLTQm! P1'6!

$($&)8%'3-3.1)-35!LTR!l4$6323!UBmR!!

tBuO

O

O tBuO

O

HO
MeO

tBuO

O

O OMe
HO

O

O OMe

O

O OMe

HO

e

db, ca

a) Hexane, –78 °C, 67%; b) PhMe, 110 °C, 2 h; c) Ag2O, 92% over 2 steps; d) TFA, 0 °C, 95%; e) KMnO4/OH–, H2O, 81%, 
f) i) HBr, H2O; g) CH2N2, 85% over 2 steps.

178 181180 182

183
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O OH
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Lomandrone 184
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MeO

MeO
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'<D3A3*NOB*G3<1)$6321$#&!$)%,53!)*!),<#-)('3,,81%2!#..1'1)-!')!$($&)8%'3-.1)-3*LTRR!

:63!0#&%3!)*!'63!23'6).!P#5!.32)-5',#'3.!P1'6!'63!*1,5'!')'#&!5(-'63515!)*!ldmS2#-5)-)-3!

MRYYTYZ! :63! 5(-'63515! 83<#-! P1'6! $)223,$1#&&(! #0#1&#8&3! ldmS23-'6)-3! LTYT! P61$6! P#5!

',#-5*),23.! 1-')! '63! $),,35>)-.1-<! 01-(&&1'61%2! %51-<! #! 46#>1,)! ,3#$'1)-RYX!

:,#-523'#&&#'1)-! P1'6! (''3,81%2! ',1*&#'3T! *)&&)P3.! 8(! #..1'1)-! )*! '63! ,35%&'1-<!

01-(&(''3,81%2!#'3!$)2>&3V!')!$($&)8%'3-3.1)-3!LTR!<#03!'63!$),,35>)-.1-<!7S?!#..%$'!

LYM! 1-![Uq!(13&.!P1'6!#!8,/,!u!XNBR!:63,2)&(515!)*! '63!21V'%,3!%-.3,!$)-'1-%)%5!*&)P!#'!

AA@! °7! *)&&)P3.! 8(! #3,1#&! )V1.#'1)-! <#03! '63! W%1-)-3! >,3$%,5),! LYO! 1-! \Uq! (13&.R!

;3>,)'3$'1)-!)*!'63!7*/7S8%'(&!3'63,!P1'6!M"B•/'?F!<#03!'63!'#,<3'T!ldmS2#-5)-)-3!M!LYN!

1-!3V$3&&3-'!(13&.!l4$6323!UUmR!!

tBuO O

O

tBuO O

O

Yb(OTf)3
R

Yb(OTf)3

R

RLi + Yb(OTf)3 [RYb(OTf)3]– Li+ RYb(OTf)2 + LiOTfX

185

186A 186B

O

O

O
Yb(OTf)2

R

OTf
tBu

tBuO

O

O
Yb(OTf)3

R

tBuO

O

OH
R

tBuO O

OH
R

187A 187B 188B188A

tBuO O

O
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! !

!

'<D3A3*NNB*"1,5'!')'#&!5(-'63515!)*!ldmS2#-5)-)-3!M!LYN*8(!K#,,)P03-!*7!<%,!

/#,&13,T! '63! ,3#,,#-<323-'! )*! 01-(&$($&)8%'3-)-35! P#5! %53.! 8(! K#,,)P03-! *7! <%,! ')!

$)2>&3'3! '63! .103,<3-'! 5(-'63515! )*! ldmS$)&)281#51-! 9!MUL! #-.! ldmS3&15#>'3,)51-! M!LYY*

l4$6323! UYmR! :63(! 3-015#<3.! #$$355! ')! 8)'6! -#'%,#&! >,).%$'5! *,)2! #! $)22)-!

1-'3,23.1#'3! d! 01-(&$($&)8%'3-3! LYST! P61$6! P#5! 5(-'635153.! *,)2! ldmS.16(.,)$#,0)-3!

LYR!1-!31<6'!5'3>5R!:63!%-1)-!)*!l-mS.13-)-3!LYQ!#-.!5W%#,#'3!LTR!>"<!#!46#>1,)!,3#$'1)-!

<#03! '63! .351,3.! 01-(&$($&)8%'3-3! LYSR! :63,2)&(515! )*! LYS! 1-! :K"! #'! AA@! °7! %-.3,!

21$,)P#03! 1,,#.1#'1)-T! *)&&)P3.! 8(! #3,1#&! )V1.#'1)-! <#03! W%1-)-3! LYT! 1-! \@q! (13&.R!

4%853W%3-'&(! 63#'1-<! #! ')&%3-3! 5)&%'1)-! )*! LYT! 1-! '63! .#,Q! #'! AY@! °7! 1-.%$3.! #-!

1-',#2)&3$%&#,! ;13&5d9&.3,! $($&)#..1'1)-! ')! ldmS$)&)281#51-! 9* 7*/7S8%'(&! 3'63,! MUUR!

;3>,)'3$'1)-! P1'6! M"B•F/'?! <#03! ldmS$)&)281#51-! 9! MUL! 1-! <)).! (13&.R! I2>),'#-'&(T!

3V>)51-<!W%1-)-3!LYT! ')!M"B•F/'?! 1-.%$3.!8)'6!.3>,)'3$'1)-!)*!'63!7*/7S8%'(&!3'63,!#-.!

#-!1-',#2)&3$%&#,!sYp?t!$($&)#..1'1)-!')!<103!ldmS3&15#>'3,)51-!M!LYY!1-!XBq!(13&.R!

a b

d

O

O

OtBu

a) TrisylNHNH2, DCM, 0 °C, 2 h, 76%; b) nBuLi, TMEDA/pentane, –78 °C!RT, 2 h, then Yb(OTF)3, THF, 
–78 °C, 185, 94% (d.r. ~ 7:3); c) 1,4-dioxane, 110 °C, 1 h, 84%; d) BF3•Et2O, DCM, 0 °C, 5 min, 82%.

190189 191

(–)-Mansonone B 194 193

192

O Li OH

OtBuO

N
H
N Trisyl

O

O

OH

c
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'<D3A3*NRB*;103,<3-'!')'#&!5(-'63515!)*!ldmS$)&)281#51-!9*MUL*#-.!ldmS3&15#>'3,)51-!M*LYYR*

:63! ,3#,,#-<323-'! )*! US#&Q(-(&$($&)8%'3-)-35! ')! ATUS83-n)W%1-)-35! 6#5! 833-! P1.3&(!

%'1&153.! 1-! ')'#&! 5(-'63515R! +#'%,#&! >,).%$'5! >,3>#,3.! %51-<! '615! 23'6).)&)<(! 1-$&%.3!

#,-381*%,#-)-3!MUMT?B! .3)V(*,3-)&1$1-!MUOT?B! l±mS'3,,31$! #$1.!MUNTY\! l±mS>3,3n)-3!MURY\!

#-.!l±mS15)>3,3n)-3!MUQY\!l4$6323!UZmR!!

!

'<D3A3*NQB*+#'%,#&!>,).%$'5!'6#'!6#03!833-!5(-'635153.!%51-<!US#&Q(-(&$($&)8%'3-)-3!

23'6).)&)<(R!!

:63!5(-'63515!)*!l±mS-#-#)2($1-!;!MLOT!#!23283,!)*!'63!-#'%,#&&(!)$$%,,1-<!15)$6,)2#-S

ATUS-#>6'6)W%1-)-35T!>,)01.35!#!<)).!1&&%5',#'1)-!)*!'63!23'6).5!0#&%3T!#5!'63!'#,<3'!6#5!

#-'12($)'1$5! #-.! #-'1-3)>&#5'1$! #$'101'(R! ")&&)P1-<! ',3#'23-'! )*! .1)-3! MUS! P1'6! '63!

O
H 8 steps O

H

tBuO O

O

196195

185

a tBuO

O

HHO b
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O
OtBu

d c

O

OH

H

H
O

OtBu
O

O
H

H

e
OH

O

O
H

H
200 (–)-Elisapterosin B 199(–)-Colombiasin A 201

a) 196, TrisylNHNH2, THF, RT, 2 h, then –78 °C, tBuLi, 2 h, –78 °C!–20 °C, 20 min, then –78 °C, 185, 36%; b) PhMe, 
110 °C, 30 min, µwave, then air, RT, 80%; c) BF3•Et2O, DCM, –78 °C, 1 h, 71%; d) PhMe, 150 °C, 15 h, µwave, 61%; 
e) BF3•Et2O, DCM, 0 °C, 5 min, 78%.
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MeO

MeO

O O

O

OH O
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Arnebifuranone 202 Deoxyfrenolicin 203
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O
HO
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O

HO

(±)-Perezone 205 (±)-Isoperezone 206
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 BB!
! !

&1'61%2!5#&'!)*!BSl'3',#6(.,)>(,#-(&)V(m>,)>(-3T!'63!,35%&'1-<!#&$)6)&!MUT*P#5!#&Q(&#'3.!

P1'6!#&&(&!1).1.3!#-.!9<?7FB!')!<103!MUY!1-!W%#-'1'#'103!(13&.R!I'5!'63,2)&(515!-3V'!1-.%$3.!

,1-<! 3V>#-51)-! ')! '63! .1,#.1$#&! 1-'3,23.1#'3! MLU! #-.! BS! ')! (S#&&(&! 21<,#'1)-! ')!

83-n)W%1-)-3!MLL!1-!XAq!(13&.!l4$6323!UXmR!9!56),'!53W%3-$3!)*!5'3>5!'63-!<#03!#$$355!

')!l±mS-#-#)2($1-!;!MLORY[TZ@!!

!

'<D3A3*NSB*4(-'63515!)*!l±mS-#-#)2($1-!;*MLOR*

9! *%,'63,! 1&&%5',#'1)-!)*! '63!23'6).5!>)P3,! 15!>,)01.3.!8(! '63!3**1$13-'! 5(-'63535!)*! '63!

-#'%,#&!535W%1'3,>3-3!W%1-)-35!l±mSBS23'6(&>3,3n)-3!MLT!#-.!l±mSBS23'6(&15)>3,3n)-3!

MLYR!:63!5(-'63515!)*!'6353!-#'%,#&!>,).%$'5!P#5!#$61303.!*,)2!#!$)22)-!1-'3,23.1#'3!

MLR!'6#'!P#5!,3#.1&(!#$$35518&3!*,)2!.123'6(&!5W%#,#'3!LQR!9..1-<!?S&1'61)>,)>3-3!),!AS

&1'61)>,)>(-3!')!MLR!<#03!#$$355!')!$($&)8%'3-)-35!MLQ!lX?q!(13&.m!#-.!MLS!l\Aq!(13&.m!

,35>3$'103&(R!:63,2)&(515!)*!3#$6!<#03!'63!'#,<3'5!MLT!#-.!MLY!1-!61<6!(13&.5R!I'!15!P),'6!

-)'1-<! '6#'! '63! %53! )*! US#&Q3-(&SUS6(.,)V($($&)8%'3-)-35! 5%$6! #5! MLQ! ,3W%1,35!

5%853W%3-'!)V1.#'1)-!')!#$$355!W%1-)-35T!P61&3!US#&Q(-(&SUS6(.,)V($($&)8%'3-)-35!5%$6!

#5!MLS!<103!'6353!.1,3$'&(!l4$6323!U\mR!

O

O

OMe

a
O

OMe

OH

OTHP b
O

OMe

O

OTHP

d
O

O

OTHPO

O

O

O
O

OMeOH

a) (Tetrahydropyranyloxy)propyne,  nBuLi, THF, –78 °C, 58% (2:1); b) allyl iodide, Ag2CO3, 99%; c) p-xylene, 138 °C, 
71%; d) AcOH:THF: H2O (4:2:1), 72%.
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OHOMe

208207 209

212(±)-Nanaomycin 213 211
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'<D3A3*NTB*4(-'63515!)*!l±mSBS23'6(&>3,3n)-3*MLT*#-.!l±mSBS23'6(&15)>3,3n)-3*MLYR*

"1-#&&(T! '63!US#&Q(-(&SUS6(.,)V($($&)8%'3-)-3! ,1-<! 3V>#-51)-! ,3#$'1)-!6#5!833-! #>>&13.!

1-! '63! ')'#&! 5(-'63515! )*! #55)#-1-3! MMQT! )-3! )*! #! 53,135! )*! 81)&)<1$#&&(! #$'103!

>(,,)&)>63-#-'6,1.1-3! #&Q#&)1.5! 15)&#'3.! *,)2! 0#,1)%5! (/"#.+! 5>3$135RZASZU! :63! 56),'!

5(-'63515!83<#-!P1'6!'63!#&Q(&#'1)-!)*!1-.)&1-3!P1'6!>,)>#,<(&!8,)21.3T!P61$6!>,)01.3.!:S

>,)>#,<(&!1-.)&1-3!MMU!1-![Bq!(13&.RZY!:63!&1'61%2!5#&'!)*!MMU!P#5!<3-3,#'3.!8(!',3#'23-'!

P1'6!#M%D1!#'!dX\!°7!#-.!#..3.!')!.123'6(&!5W%#,#'3!LQ!1-!:K"!')!<103!$($&)8%'3-)-3!MML!

1-! \Xq! (13&.R! :615! #..%$'! P#5! '63,2)&(53.! 1-! ,3*&%V1-<! ;SV(&3-3! *),! ?!6! #-.! <#03!

>(,,)&)>63-#-'6,1.1-3! MMO! 1-! U@q! (13&.! #&)-<! P1'6! '63! %-.351,3.! -)-#--%&#'3.!

6(.,)W%1-)-3!MMN! 1-! Y@q! (13&.R! :63! .351,3.! >,).%$'! #,1535! *,)2! '63! $($&15#'1)-! )*! '63!

.1,#.1$#&! 1-'3,23.1#'3!MMM! ')!'63!>,)V12#&!#,)2#'1$!,1-<T!P63,3#5!'63! 1-.)&3!MMN!#,1535!

*,)2!1-',#2)&3$%&#,!KS#')2!#85',#$'1)-! *,)2!7S?!)*! '63! 1-.)&1-3!2)13'(R!G32)0#&!)*! '63!

>63-)&1$! 6(.,)V(&! <,)%>! P#5! #$61303.! 8(! '63! ,3.%$'103! $&3#0#<3! )*! '63! 815S.13'6(&!

>6)5>6#'3!35'3,!MMR!%51-<!5).1%2!1-!&1W%1.!#22)-1#T!P61$6!<#03!#55)#-1-3!MMQ! 1-!?Yq!

(13&.!l4$6323!U[mR?U!!

O

O

MeO
O

O

MeO

(±)-O-Methylperezone 218 (±)-O-Methylisoperezone 219

MeO

MeO

O

O

a
MeO

MeO O

OH b
MeO O

O

c d

MeO

O

MeO

O

OH OH

e, f g

a) CH3CHLi(CH2)2CH=C(CH3)2, hexanes, –78 °C, 20 min, 68%; b) TFAA, pyridine, Et2O, 0 °C, 25 min, 73%; 
c) 2-bromopropene, tBuLi, Et2O/THF, –78 °C, 20 min 72%; d) propyne, nBuLi, THF, –78 °C, 40 min, 81%; e) 
benzene, 80 °C, 2 h; f) 20% CeIV/SiO2, DCM, 74%; g) MeCN, 82 °C, 2 h, 76%.

21516 214

216 217
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'<D3A3*NYB*4(-'63515!)*!>(,,)&>63-#-'6,1.1-3!MMQR*

F'63,! -#'%,#&! >,).%$'! ')'#&! 5(-'63515! $)2>&3'3.! %51-<! $($&)8%'3-)-3! 23'6).)&)<(!

1-$&%.3T! ldmS'635>35)-3ZZ! MOU! l4$6323! Y@mT! 3$61-)$6,)23! 9ZX! MOO! l4$6323! YAm! #-.!

0#,1)%5!V#-'6)-35Z\!MOY!l4$6323!Y?mR!!

!

'<D3A3*RUB*4$6)83,'g5!5(-'63515!)*!ldmS'635>35)-3*MOUR*

!

MeO

MeO

O

OH

OH

OH

MeO

MeO

224

OH

OH

MeO

MeO

N

223

N

N +

221

a) nBuLi, 16, –78 °C, THF, 55 min, 87%; b) p-xylene, 138 °C, 2 h, 90% (1:1.25); c) NaH, ClPO(EtO)2, 
0 °C!RT, THF, 16 h, 72%; d) Na/NH3, –78 °C, Et2O, 1 h, then RT for 16 h, 25%.

Assoanine 226

MeO

MeO

N

N
a

220

225

OPO(OEt)2

O

MeO

MeO

N

(EtO)2OP

d

c

b

222

O•

OH

MeO

MeO •

N

HO

O

a8 steps b

(–)-Thespesone 230

tBuO

O

OH

228227 229

O
tBuO

O

O
O

HO
O

O
O

a) PhMe, 110 °C, 2 h, 57% over 3 steps; b) TFA, DCM, 0 °C, 1 h, 77%.
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'<D3A3*RLB*:)'#&!5(-'63515!)*!3$61-)$6,)23!9!MOOR*

!

'<D3A3*RMB*4(-'63515!)*!V#-'6)-35*MOY**,)2!#&Q(-(&$($&)8%'3-)-35*MORR*

! *

O
Et

HO
O

OH
OH

OH
OH

Echinochrome A 233

Et

iPrO

O

OH

OMe
OiPr

OiPr
OMe

O
Et

HO
O

OMe
OiPr

OiPr
OMe

a - c
iPrO

iPrO

O

O

23166 232

a) neat, 160 °C, 15 min; b) CAN, 25 °C, Et2O/H2O; c) air, 7 h, 95 % over 3 steps; 
d) BBr3, DCM, –78 °C ! 0 °C, 41%.

6 steps d

PMBO
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O 3 steps MeO
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O
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O

MeO

MeO

O OPMB
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OH

OH

MeO

MeO

O

O RR

235234 236

237Xanthones 239 238

a) PhMe, 110 °C, 4 h, 60–83%; b) CrO3, H2SO4 (aq), acetone, 0 °C, 1 h, 89–99%; c) TFA, DCM, RT, 
1 h, 60–81%.
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8(!J)),3!*7!<%,! 1-!A[\\RZ[!=6)')&(515!)*!5%85'1'%'3.!$($&)8%'3-)-35!MNU!P3,3!$#,,13.!)%'!
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'<D3A3*ROB*=6)')$6321$#&!,3#,,#-<323-'!')!YAS*%,#-)-35*MNLR*

=6)')$6321$#&! ,3#,,#-<323-'5! )*! $($&)8%'3-)-35! MNU! 6#03! ,3$3103.! &355! #''3-'1)-! 8%'!

#,3! -)-3'63&355! 1-'3,35'1-<! #5! '63(! *)&&)P! #! .1**3,3-'! $)%,53! ')! '63! ,3&#'3.! '63,2#&!

,3#,,#-<323-'R!J)),3!>,)>)53.!'6#'!'63,2)&(515!)*!US6(.,)V($($&)8%'3-)-35!MNU! &3#.5!
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a) h!, THF, 0 °C.
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W%1-)-3!*)&&)P1-<!'63!'63,2)&(515!)*!MNUG!P#5!.%3!')!,1-<!$&)5%,3!)*!'63!Q1-3'1$!15)23,1$!
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I-! #-! 3V#2>&3! >%8&1563.! 8(! D13835Q1-.! #-.! $)SP),Q3,5T! '63,2)&(515! )*! US6(.,)V(SUSlAS

23'6(&121.#n)&3S?S(&mS?S$($&)8%'3-)-3! MNT! (13&.3.! MRL! #5! '63! 5)&3! >,).%$'RU! :63(!
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a) p-xylene, 138 °C, 16 h; b) SiO2, DCM, 70% over 2 steps.
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a) 1,4-dioxane, 90 °C, 4 h, quantitative.
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MeO

O

O

MeO

MeO

O

OH
X

16 258

a) HC(OCH3)3, MeOH, 65 °C, 16 h, 88%; b) 257, nBuLi, –78 °C, THF, then NH4Cl; c) H+.

aHO

HO

O

O
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O

MeO

O

X
259

X =

SiMe3
tBu

Yield 258 (%)

61
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20
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Ph
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39

H
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78
48
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a
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Br X
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b
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+
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30 min
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2 h
3 h
1.5 h
4 h
4 h
4 h

MeO

MeO

O

OH
X

258 260 261

a) i) 1,4-dioxane,150 °C, flow; b) aerial oxidation.
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SiMe3
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Yield 261 (%)
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(!9!>&)'!)*!&-!s4Jt'!05!'!<1035!#!<,#.13-'!x!dK!
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OIM -7AA366*&3=768>15D8H*

C51-<! '63! ,#'3! .#'#! )8'#1-3.! lL,#>6! AmT! P3! -)P! 5)%<6'! ')! .3'3,21-3! #! K#223''!
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!"#! !!!! !x!!!&!

?RX!

BR?!

BRX!

UR?!

URX!

@! ?@@! U@@! Z@@! \@@! A@@@! A?@@!

=1*\'/]6*

(8A3*^5_*

CF3

F

OMe

CONiPr2

Ph
tBu

SiMe3

Me

H

4.4 

4.6 

6.6 

8.0 

8.2 

10.2 

12.1

13.1

14.9

0.96

0.98

0.99

0.98

1.00

0.99

0.98

0.97

1.00

R2k x 10-4 (s-1)X
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:)!$)-*1,2!'63!*1-.1-<5!)8'#1-3.!*,)2!'63!K#223''!$),,3&#'1)-T!'63!$)%,53!)*!'63!,3#$'1)-!

P#5! 2).3&&3.! *),! '63! ,3#,,#-<323-'! )*! MRT7#MQU7! #'! '63! MBDE=oZSBAALl.T>m! &303&!

%51-<! '63! L#%551#-! @[! >,)<,#2RA@?TA@B! :63! ,35%&'5! )8'#1-3.! l"1<%,3! Ym! 56)P3.! '6#'! '63!

3&3$',)$($&15#'1)-!)*!Q3'3-3!MQO!')!81$($&1$!Q3')-3!MQR!P#5!'63!,#'3S.3'3,21-1-<!5'3>T!#-.!

'6#'! '615! 1-'3,23.1#'3!6#5!#! &#'3! ',#-51'1)-!5'#'3R!:6%5T!MQN! 15!2),3!#Q1-!')! 1-'3,23.1#'3!

MQR!'6#-!1'5!>,3$%,5),!Q3'3-3!MQOT!P1'6!'63!,#'3!)*!,3#$'1)-!.3'3,21-3.!8(!'63!3#53!P1'6!

P61$6! '63! &S8)-.! .303&)>1-<! 83'P33-! '63! #,3-3! #-.! '63! $#,8)-(&! 15! 35'#8&1563.R!

=&3#51-<&(T!'63!$#&$%&#'1)-5!5%22#,153.!1-!"1<%,3!Y!5%>>),'!)%,!3V>3,123-'#&!*1-.1-<5R!
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!E [kcal/mol]

reaction co-ordinate

23.4
21.6

20

10

0

–10

–20

30 rate determining step
with late transition state

263

265
258a

–30

–14.8
–12.3

25.3
21.9

–19.8
–19.3

–34.1
–35.4

28.9 –16.4 30.5 –25.9

–30.0

Calculated Energies
!G Ab initio [CCSD(T)]

!G DFT [B3LYP]
E+ZPVE [B3LYP]
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')! ?ARZr! #5! '63! ,3#$'1)-! >,)<,35535! ')! 1-'3,23.1#'3! MQR! l"1<%,3! ZmR! :6%5T! 1-'3,#$'1)-!
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)*!1-.%$'103!,#'63,!'6#-!,35)-#-$3!3**3$'5R!!

  

,89@43*QI*7#&$%&#'3.!5',%$'%,35!*),!'63!',#-51'1)-!5'#'3*MQN*#-.!1-'3,23.1#'3*MQRRA*
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OIN ';16D3585*>G*-3634>74;=<;<=>?@631>13*
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>,)03.! ')! 83! '))! 61<6! 51-$3! #*'3,! #! ,351.3-$3! '123! )*! )-&(! ?! 21-%'35T! #-#&(515! )*! '63!

,3#$'1)-! 56)P3.! 1'! 6#.! <)-3! ')! $)2>&3'1)-R! :63,3*),3! '63! ,3#$'1)-! '32>3,#'%,3! P#5!

,3.%$3.! ')! A@@! °7! #-.! #*'3,! #! ,351.3-$3! '123! )*! a%5'! A@! 21-! P3! )853,03.! $)2>&3'3!

,3#,,#-<323-'! )*! '63! 5'#,'1-<! 2#'3,1#&! ')! W%1-)&1n1.)-3! MQTT! P61$6! P#5! 15)&#'3.! 1-!

W%#-'1'#'103!(13&.R!!
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!
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,89@43*TI*F03,&#(!)*!'63!'P)!*),25!')!56)P!

#-!#5(223',1$!%-1'R**

I'!#&5)!56)P3.!6)P!'6353!$)-*),23,5! *),2!.1**3,3-'!#-.!3-'1,3&(! 1-.3>3-.3-'!6(.,)<3-!

8)-.! $6#1-5! #&)-<! '63! &S#V15! l"1<%,3! [mR! :615! 2#(! 3V>&#1-! '63! >)),! 5)&%81&1'(! 1-! 7;7&B!

$)2>#,3.!P1'6!;J4FR!
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a) 266, nBuLi, –78 °C, THF, then NH4Cl, 62%; b) 1,4-dioxane, 100 °C, 10 min, flow, quantitative.
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#&$)6)&! 2)13'(! *),23.! )-! #..1'1)-! )*! ?S&1'61)>(,1.1-3! ')! $($&)8%'3-.1)-3! RNR!

4%853W%3-'&(T! '63! '63,2#&! ,3#,,#-<323-'! )*! '63! >(,1.(&S$($&)8%'3-)-3! RR! &3.! ')!

W%1-)&1n1.)-3!RSR!

:63! ,3&#'3.! 5(-'63515! )*! W%1-)sFt'61)>63-3! MSM! *,)2! '61)>63-3! MSU! >,)<,3553.ATZ! #5!

3V>3$'3.!1-!ATUS.1)V#-3!#'!AY@!r7R!9*'3,!#-!#3,1#&!)V1.#'1)-T!'63!>,).%$'!P#5!<103-!1-![[q!

(13&.!l4$6323!ZBmR!
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a) 269, nBuLi, –78 °C, THF, then NH4Cl, 32%; b) 1,4-dioxane, 150 °C, 30 min, flow, 99%.
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:)! .32)-5',#'3! '63! #.0#-'#<35! )**3,3.! 8(! )%,! *&)P! '63,2)$6321$#&! 23'6).)&)<(T! P3!
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I-!?@@BT!=3''1'!*7!<%,*,3>),'3.!'63!15)&#'1)-!#-.!5',%$'%,#&!.3'3,21-#'1)-!)*!$,18,)5'#'1-!Z!
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'<D3A3*QNB*"1,5'!')'#&!5(-'63515!)*!$,18,)5'#'1-!Z!MSO!8(!+#Q#6#,#!*7!<%R!

J#,'1-!*7! <%,! 6#03! #$61303.! '63! 56),'35'! 5(-'63515! ')!.#'3T! $)2>,151-<!)*! *103! 5'3>5! *,)2!

$)223,$1#&&(! #0#1&#8&3! 5'#,'1-<! 2#'3,1#&5R! :63! 5(-'63515! 83<#-! P1'6! '63! #$'10#'1)-! )*!

#&$)6)&!MTY!#5!1'5!')5(&#'3!MYU!%51-<!#!Q-)P-!&1'3,#'%,3!>,)$3.%,3R!9''32>'5!')!<3-3,#'3!

#&Q(-3!MYL!*,)2!?S23'6(&121.#n)&3!#-.!')5(&#'3!MYU!*#1&3.!')!<103!'63!.351,3.!>,).%$'!1-!

51<-1*1$#-'!#2)%-'5!P63-!8#535!5%$6!#5! 7M%FfT!75?7FB!#-.!+#K!P3,3!%53.R!K)P303,T!8(!
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MYL* 1-! [?q! (13&.R! ! ;3>,)')-#'1)-! )*! MYL! P1'6! #M%D1! #-.! #..1'1)-! ')! BS3'6)V(SUS

23'6(&$($&)8%'SBS3-3SAT?S.1)-3!MYMT! l5(-'635153.!%51-<! &1'3,#'%,3!>,)$3.%,35!8(!J)),3!

*7!<%,AUm!<#03!'63!Q3(!1-'3,23.1#'3!MYO*1-!Z?q!(13&.!l4$6323!ZYmR!
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a

h, i

a) Hexamine, AcOH, 135–140 °C, 2 h, 43%; b) BnBr, K2CO3, DMF, RT, 48 h, 98%; c) (MeO)2CHCH2NH2, benzene, 
reflux, 3 h; d) NaBH4, MeOH, RT, 1 h, 96% over 2 steps; e) TsCl, pyridine, RT, 20 h, 88%; f) HCl, 1,4-dioxane, reflux. 
3.5 h; g) tBuOK, tBuOH, 80 °C, 1 h, 80% over 2 steps; h) m-CPBA, DCM, RT, 16 h; i) (Me)3SiCN, NMP, 55–65 °C, 50 h, 
68% over 2 steps; j) CAN, MeCN, H2O, 0–5 °C, 0.5 h, 38%; k) Zn, Ac2O, RT, 1 h, 33%; l) 10% Pd-C, HCl, MeOH, H2, 
RT, 3 h, 82%; m) POCl3, PhMe, 110 °C, 15 min; n) HCl, MeOH, RT, 20 h; o) O2, 61% over 3 steps.
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'<D3A3*QRB!4(-'63'1$!,)%'3!#.)>'3.!8(!J#,'1-!*7!<%R!

:631,!Q3(!5'3>!3-0151)-3.!#-!#&Q(-(&$($&)8%'3-)-3!,3#,,#-<323-'A@\!P1'6!$#>'%,3!)*!'63!

#,(&! ,#.1$#&! 1-'3,23.1#'3!MYSR! :63,2)$6321$#&!)>3-1-<!)*! #&Q(-(&$($&)8%'3-)-3!MYO! ')!

Q3'3-3! MYQ! P)%&.! &3#.! ')! .1,#.1$#&! 1-'3,23.1#'3! MYS! )-! ,1-<! $&)5%,3R! ;1,#.1$#&!

1-'3,23.1#'3! MYS! $)%&.! 83! $#>'%,3.! 8(! 121.#n)&3! ')! <103! MYT! *#! /'.7*! ')! '63! .351,3.!

1-'3,23.1#'3!MYN*l4$6323!ZZmR!

!

'<D3A3*QQB*f3(!$($&15#'1)-!,3#$'1)-!')!'63!5(-'63515!)*!$,18,)5'#'1-!Z!MSO!8(!J#,'1-!*7!<%R*

I-! >,#$'153! '63! Q3(! 5'3>!>,)03.! &)P!(13&.1-<R! :63!835'! )%'$)23!P#5! 533-!P63-! #! .1&%'3!

5)&%'1)-!)*!MYO!P#5!63#'3.!1-!#$3')-1',1&3!l@R@@A!Jm!*),!BY!21-T!P61$6!&3.!')!#!21V'%,3!)*!

MYR! #-.! MSO! 1-! ?Uq! (13&.! l?NAm! #*'3,! 5'1,,1-<! '63! >,).%$'! 21V'%,3! 1-! #1,! *),! A\! 6R!

4%8a3$'1-<!'63!?NA!21V'%,3!')!.36(.,)<3-#'1)-!%51-<!=.o7!<#03!$,18,)5'#'1-!Z!?XB!1-!Z[q!

(13&.!l4$6323!ZYmR!
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EtO
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f

289 290 291

293

N

N
EtO

O

O

g

294295

+ 273

a) nBuLi, THF, –78 °C!0 °C, then TsCl, 0 °C!RT, 95%; b) 2-methyl-1H-imidazole (excess), MeCN, 
70 °C, 92%; c) nBuLi, 291, THF, –78 °C, then 292, –78 °C!0 °C, 62%; d) MeCN (0.001 M), 82 °C, 
35 min, e) Pd/C MeOH, 80 °C, 4 h, 26%; f) air, RT, 18 h, 24%; g) Pd/C, PhOMe, 90 °C, 4 h, 69%.
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OIQIM +@4*.HH4>7<D*

F%,!#>>,)#$6!')!$,18,)5'#'1-!Z!#&5)!3-015#<3.!1'5!')'#&!5(-'63515! 1-!*103! &1-3#,!5'3>5!*,)2!

$)223,$1#&&(! #0#1&#8&3! 5'#,'1-<! 2#'3,1#&5R! I'! ,3&13.! )-! #! J)),3! ,3#,,#-<323-'! )*!

$($&)8%'3-)-3!OUO! ')! $,18,)5'#'1-!Z!MSOR! I-! '%,-T! '63!>,3$%,5),!OUO! $)%&.!83!>,3>#,3.!

'6,)%<6! AT?S#..1'1)-! )*! 121.#n)S>(,1.1-3! OUM! #-.! ')! '63! Q-)P-! $($&)8%'3-)-3! MYMT!

P61$6!P1&&!83!5(-'635153.!%51-<!'63!&1'3,#'%,3!>,)$3.%,3!)*!J)),3RAU!7)-'32>),#-3)%5&(!

121.#n)S>(,1.1-3! OUM! $#-! 83! 5(-'635153.! *,)2! #$3'#21.3! OULT! P61$6! 1-! '%,-! $#-! 83!

>,3>#,3.!*,)2!31'63,!'63!BS8,)2)>1$)&1-)-1',1&3!MYT!),!'63!BS8,)2)>1$)&1-#&.36(.3!MYY!

8(!,3.%$'1)-!),!#!,3.%$'103!#21-#'1)-!,35>3$'103&(R!

!

'<D3A3*QSB*G3',)5(-'63'1$!#-#&(515!)*!)%,!#>>,)#$6!')!$,18,)5'#'1-!Z!MSOR!

OIQIO ';16D3585*>G*:48?4>567681*Q*

F%,!5(-'63515!)*! 121.#n)S>(,1.1-3!OUM!83<#-!P1'6!'63!Q-)P-!,3.%$'1)-!)*!-1',1&3!MYT! ')!

<103!'63!#21-3!OUU!%51-<!MKB•:K"RA@[TAA@!9-#&(515!)*!'63!>,).%$'!21V'%,3!8(!D7J4!56)P3.!

'63!,3#$'1)-!6#.!<)-3!')!$)2>&3'1)-T!6)P303,!#-#&(515!8(!AK!+JG!&3.!%5!')!$)-$&%.3!'6#'!

'63! .351,3.! #21-3! OUU! P#5! $)-'#21-#'3.! P1'6! 0#,1)%5! 8),)-! ,351.%35! #-.! $)2>&3V35!

l4$6323! Z\mR! G3>3#'3.! #''32>'5! ')! .3S$)2>&3V! #21-3!OUU! '6,)%<6! ,3*&%V1-<! '63! $,%.3!

,3#$'1)-!21V'%,3! 1-!23'6#-)&T!?J!K7&! 1-!23'6#-)&T!UJ!K7&! 1-!.1)V#-3T!#-.!$)-$3-',#'3.!

K7&!P3,3!#&&!%-5%$$355*%&R!!
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'<D3A3*QTI*G3.%$'1)-!)*!-1',1&3!MYT!')!#21-3!OUUR*

F%,! #''3-'1)-! -)P! '%,-3.! ')! #&'3,-#'103! P#(5! )*! 5(-'635151-<! '63! ,3W%1,3.! #21-3! OUUR!

G3.%$'103!#21-#'1)-!)*!BS8,)2)>1$)&1-#&.36(.3!MYY!P#5!$#,,13.!)%'!%51-<!XJ!#22)-1#!

1-! 23'6#-)&! P1'6! 5).1%2! ',1#$3')V(8),)6(.,1.3! #5! ,3.%$1-<! #<3-'RAAA! :63! #8)03!

$)-.1'1)-5! *#1&3.! ')! *%,-156! '63! .351,3.! >,).%$'!OUU! 8%'! &3.! 1-5'3#.! ')! '63! 15)&#'1)-! )*!

.123,!OUNT! 5%<<35'1-<! '6#'!)-$3! *),23.T! '63!#21-3!>,).%$'!OUU! ,3#$'5! ,#>1.&(!P1'6! '63!

5'#,'1-<!#&.36(.3!MYY!l4$6323!Z[mR!!!

!

'<D3A3*QYB*G3.%$'103!#21-#'1)-!)*!#&.36(.3!MYYR*

:6)%<6'! '63-! '%,-3.! ')! )'63,! ,3.%$1-<! #<3-'5! '6#'! $)%&.! 83! %'1&153.! *),! '63! 53&3$'103!

,3.%$'1)-!)*!MYTR!E))-!*7!<%RAA?!6#03!56)P-!#&%21-%2!6(.,1.3!l#&#-3m!15!03,(!3**3$'103!#'!

,3.%$1-<! $#,8)V(&1$! #$1.! #-.! $#,8)V(&1$! 35'3,! <,)%>5! )*! 6#&)<3-S$)-'#1-1-<! .3,10#'1035!

P1'6)%'! 51<-1*1$#-'! .36#&)<3-#'1)-R! I-! #..1'1)-! '63(! *)%-.! #&#-3! ')! 83! %53*%&! 1-! '63!

,3.%$'1)-! )*! -1',1&35! ')! #21-35! 1-! <)).! (13&.5R! :615! >,)2>'3.! %5! ')! %53! #&#-3! *),! '63!

,3.%$'1)-! )*! -1',1&3! MYT! ')! #21-3! OUUT! #-.! ')! )%,! .3&1<6'! ,3.%$'1)-! >,)$33.3.! ')!

$)2>&3'1)-R! I5)&#'1)-!)*!#21-3!OUU! >,)03.!.1**1$%&'!.%3! ')! '63!61<6! 5)&%81&1'(!)*! '63! *,33!

#21-3!OUU* 1-!P#'3,! $#%51-<! 5)23! &)55! )*!2#'3,1#&! )-!P),QS%>! #-.! #!2).3,#'3! (13&.! )*!

Z@q!l4$6323!X@mR!

NNC

Br

N

Br

NH2 HCl

a) BH3•THF (5 eq), THF, RT, 16 h; b) MeOH; c) 4M HCl in dioxane, 
reflux, 30 min.

a - c

298 300

X

N

Br

N

Br

NH2 HCl

a) 7M NH3 in MeOH (1.5 eq), NaBH(OAc)3, RT, 15 min; b) 4M HCl in Et2O, 61%.
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'<D3A3*SUB*G3.%$'1)-!)*!MYT!%51-<!#&#-3!#-.!5(-'63515!)*!OUUR**

:63!#$(&#'1)-!)*!OUU!%51-<!#$3'1$!#$1.!#-.!/;7! &3.! ')! '63! *),2#'1)-!)*!OUL! 1-!2).3,#'3!

(13&.R! K)P303,T! #-! #&'3,-#'103! ')! #$(&#'1)-! P1'6! #$3'1$! #$1.! P#5! ')! %53!

l3'6)V(3'6(-(&m',123'6(&51&#-3!'6#'!<3-3,#'35!',123'6(&51&#-3!Q3'3-3!#'!AA@!7!')!',#>!'63!

*,33! #21-3R! :63! >,)$3.%,3! P#5! 2),3! 5%$$355*%&! '6#-! '63! >,3.3$355),T! (13&.1-<! '63!

#$3'#21.3! 1-!\[q!(13&.R!:63!$($&15#'1)-!)*!OUL7*#-.!OUL?*P1'6!>6)5>6),%5!)V($6&),1.3!

>,)$33.3.!52))'6&(!P1'6!$)2>&3'3!$)-5%2>'1)-!)*!OUL!')!*),2!'63!.351,3.!>,).%$'!OUM!

1-!W%#-'1'#'103!(13&.!l4$6323!X@mR!*

:63!,3W%151'3!$($&)8%'3-.1)-3!MYM!P#5!>,3>#,3.!8(!'63!>,)$3.%,3!)*!J)),3!*7!<%,AU!*,)2!

.13'6)V(! 5W%#,#'3! LRYR! :63! -3V'! 5'3>! P#5! '63! %-1)-! )*! 121.#n)S>(,1.1-3! OUM! ')!

$($&)8%'3-.1)-3!OUM!>"<!AT?!#..1'1)-R!:,3#'23-'!)*!'63!),<#-)&1'61%2!#..%$'!)*!121.#n)S

>(,1.1-3!OUM!')!MYM!<#03!#!BNA!21V'%,3!)*!'P)!,3<1)15)23,5`!'63!2#a),!15)23,!831-<!'63!

.351,3.!>,).%$'!OUO!1-!YZq!(13&.!l4$6323!XAmR!!

!

'<D3A3*SLB*C-1)-!)*!MYM!#-.!OUM!')!<103!>,3$%,5),!OUO!#-.!,3#,,#-<23-'!')!MSOI*

:63!*1-#&!5'3>!)*!'63!5(-'63515!P#5!$#,,13.!)%'!%-.3,!*&)PT!P63,3!#!5)&%'1)-!)*!OUO*1-!ATUS

N

Br

HN O

R
301a, R = Me 
301b, R = TMSCH2

302

NNC

Br

N

Br

NH2

a) Alane•Me2NEt, PhMe, 0 °C!RT, 16 h, 60%; b) AcOH, EDC, TEA , DCM/DMF, RT, 
2 h, 52%; c) EtOC"CSiMe3, PhMe, 110 °C, 90 min, flow, 89%; d) POCl3, PhMe, 
reflux, 4 h, 99%.

298 300

N
N

Br

a b or c d

EtO O

O

302292

N
N

Br
a+

EtO

O

303

OH
N

N EtO O

OH
N

N

304

a) 302, nBuLi, THF, –78 °C, 30 min, 292, 30 min, then NH4Cl (aq), 56% (+ 18% of 304); 
b) 1,4-dioxane, 110 °C, 1 h, flow, 90%.
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.1)V#-3!P#5!1-a3$'3.!1-')!'63!*&)P!#>>#,#'%5!#-.!63#'3.!')!AB@!°7!*),!?@!21-R!:615!<#03!

'63! 15)&#'3.! >,).%$'! MSO! 1-! XBq! #*'3,! >%,1*1$#'1)-T! P1'6! '63! &)55! )*! 2#55! 8#&#-$3!

#'',18%'3.!')!5)23!'63,2#&!.3$)2>)51'1)-R!G3.%$1-<!'63!'32>3,#'%,3!')!A@@!! !7!*),!A!6!.1.!
-)'! #&&)P! '63! ,3#$'1)-! ')! <)! ')! $)2>&3'1)-R! K)P303,T! '63! )>'12%2! '32>3,#'%,3! P#5!

35'#8&1563.!#'!AA@! ! !7!*),!A!6!P63,38(!'63!,3#$'1)-!<#03!#!(13&.!)*![@q!l4$6323!XAmR!:63!
5(-'63'1$!2#'3,1#&!$,18,)5'#'1-!Z!MSO*)8'#1-3.!<#03!AK!#-.!AB7!+JG!.#'#!$)-515'3-'!P1'6!

'6)53!,3>),'3.!*),!'63!-#'%,#&!>,).%$'RA@ZTA@XTAABSAAZ!!
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:D7H634*NI !"#$%&#'()*'+,#-$##,.)/'!"#$#%"&'(%)*+
!"#$$#%&"'"%()*+),-.$*/-0-01*23("%*%"*

NIL :>1564@<68>1*>G*,=>CW0D>6>*&37<6>4*

")&&)P1-<!)%,!5%$$355!1-!,3#&151-<!'63!'63,2#&!,3#,,#-<323-'!)*!#,(&$($&)8%'3-)-35!MRT!

')!W%1-)-35!MQL!1-!-3#,!W%#-'1'#'103!(13&.5T!P3!P#-'3.!')!533!1*!P3!$)%&.!#$61303!#!5121&#,!

12>,)0323-'! *),! '63! >6)')$6321$#&! ,3#,,#-<323-'! )*! US6(.,)V($($&)8%'3-)-35!MNU! ')!

YAS*%,#-)-35!MNLR!:6)%<6!,3>),'3.!8(!J)),3!*7!<%,! 1-!A[\\T! 1'!6#5!53&.)2!833-!%53.!8(!

$63215'5! *),! 5(-'63515! .%3! ')! '63! &)P! (13&.5! l83'P33-! ?XdYAqm! ,3>),'3.! *),! '63!

,3#,,#-<323-'R!

F%,! 1-035'1<#'1)-! 1-')! '63!>6)')$6321$#&! 5(-'63515!)*!YAS*%,#-)-35!MNU! 83<#-!P1'6! '63!

$)-5',%$'1)-! )*! #! $)-'1-%)%5! >6)')$6321$#&! ,3#$'),! *),! %53! %-.3,! *&)PR! :,#.1'1)-#&&(T!

>6)')$63215',(! 6#5! 833-! >3,*),23.! 1-! 5)&%'1)-! %51-<! 1223,51)-! P3&&! ,3#$'),5T! P61$6!

'(>1$#&&(!6#03!'63!,3#$'),!1,,#.1#'3.!*,)2!P1'61-!8(!#!61<6S>,355%,3!23,$%,(!0#>)%,!&#2>!

l"1<%,3!AAmR!:63!2#1-!.15#.0#-'#<3!P1'6!'6353!5(5'325!15!'631,!>)),!#>>&1$#81&1'(!*),!52#&&!

#-.!&#,<3S5$#&3!>6)')$6321$#&!5(-'63515R!"),!52#&&!5$#&3!P),QT!'63!51n3!#-.!>)P3,!)*!'63!

&#2>5! $)%&.!>,353-'!>,#$'1$#&! >,)8&325R! "),! &#,<3S5$#&3!P),QT! '63!>,)8&32! 15! #55)$1#'3.!

P1'6!'6,)%<6>%'!#5!'63!2#a),1'(!)*!'63!>6)')$63215',(!)$$%,5!P1'61-!#!56),'!,#.1%5!)*!'63!

&#2>T!#-.!'63,3*),3!'63!#2)%-'!)*!5)&%'1)-!'6#'!$#-!3**3$'103&(!83!1,,#.1#'3.!8(!'63!&#2>!15!

5$#&3!.3>3-.3-'RAAX!!

!

,89@43*LLB*I223,51)-!P3&&!>6)')$6321$#&!,3#$'),R!

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

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

1("%#2&+''0)*.&
3"+4$#

5$,)(5&6%$--(%$&0"56

%$"+#)'*&5)7#(%$

#"6&8#'&,%")*&%$"+#)'*
5)7#(%$&9&'6#)'*"0:

#'&$0$+#%)+"0&-(660;

#'&+'*,$*-$%&'%&
"%.'*&/(//0$%
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:#Q1-<! 1-5>1,#'1)-! *,)2! M))Q3,SJ1&8%,-T! M3,,(! #-.! $)SP),Q3,5TAAX! #! >6)')$6321$#&!

,3#$'),!P#5!#55328&3.!#5!56)P-!83&)PR!:63!>,)$355!5'#,'3.!8(!P1-.1-<!#!.)%8&3!&#(3,!)*!

>3,*&%),)#&Q)V(! l="9m! '%81-<! l.123-51)-5! x! ARZ! 22! l)R.Rm! V! A! 22! l1R.Rmm! #,)%-.! #!

$(&1-.,1$#&!v%#,'n! '%83!lYX!22!l.m!V!B[!$2!l&mmR! I-!#&&T!BZ!2!)*! '%81-<!P#5!%53.!P1'6!#-!

1-'3,-#&!0)&%23!)*!?\!2DR!:63!$)1&3.!v%#,'n!'%83!P#5!-3V'!$)03,3.!P1'6!#&%21-1%2!*)1&!')!

>,)2)'3! 63#'! ',#-5*3,T! '63! ,3$($&1-<! )*! &1<6'! #-.! ')! >,)'3$'! '63! %53,! *,)2! 5',#(! &1<6'R!

"1-#&&(T!$)-.3-53,!'%81-<!P#5!P,#>>3.!#,)%-.!')!*#$1&1'#'3!$))&1-<R!I2>),'#-'&(T!)%,!%53!)*!

#! v%#,'n! '%83T! )>3-! #'! 3#$6! 3-.T! #&5)! *#$1&1'#'3.! $))&1-<! '6,)%<6! $)-03$'1)-R! :63! 53'S%>!

%53.!1-3V>3-5103![!O!8%&85!5>#--1-<!0#,1)%5!P#03&3-<'65!l5%>>&13.!8(!=61&1>5AA\m!1-5'3#.!

)*! '63! 2),3! $)-03-'1)-#&! U@@dZ@@! O! 23.1%2S>,355%,3! 23,$%,(! &#2>5R! :6353! P3,3!

1-53,'3.! 1-')! '63! $(&1-.,1$#&! v%#,'n! '%83R! 7)%>&1-<! '63! .301$3! ')! $)223,$1#&! *&)P!

$63215',(! 1-5',%23-'5T! 5%$6! #5! '63! H#>)%,'3$! GUoG?pT! #&&)P3.! *),! '63! $)-',)&! )*! *&)P!

,#'35!#-.!,351.3-$3!'1235!l"1<%,3!A?mR!

!

,89@43*LMB*9!>6)')$6321$#&!,3#$'1)-!53'S%>!%-.3,!*&)PR!

NIM #1K35689768>15*712*#1589D65*816>*6D3*/3<D7185A*

F%,! 1-035'1<#'1)-! 1-')! '63! 5(-'63515! )*! YAS*%,#-)-35! '6,)%<6! $($&)8%'3-)-3!

,3#,,#-<323-'!83<#-!P1'6!#!5'%.(!)*!'63!,3#,,#-<323-'!)*!>63-(&$($&)8%'3-)-3!MNU7!')!

YAS*%,#-)-3! MNL7! #5! '63! (13&.! ,3>),'3.! 1-! J)),3g5! >#>3,! P#5! >)),! l?XqmRZ[! F%,! *1,5'!

3V>3,123-'! 5)%<6'! ')! ,3>&1$#'3!J)),3g5! $)-.1'1)-5! %-.3,! *&)PT! 5)! :K"!P#5! %53.! #5! '63!

5)&03-'!#-.!#!8,)#.!5>3$',%2!CHM!&#2>!l?\@dBX@!-2m!P#5!32>&)(3.R!O1'6!#!,351.3-$3!

water out

cooling water in

reactant solution in
product solution out

Condenser tubing

Al foil

PFA tubing, double coiled
[l = 24 m;  Internal d = 1 mm]
with sandwiched Thermocouple

Lamp housing, Quartz tube
d = 38 mm, l = 20 cm

Low-energy 9W lamp
interchangable, giving access to
various wavelengths

warm air out

cool air in

layer 3

layer 2

layer 1

layer 1

layer 3



! ! ()<;7*/!^@!=*$.%7$!<#8!J"$&.$$"'#!!

 ZY!
! !

'123! )*! B@!21-! '615! <#03! '63! .351,3.! >,).%$'!MNL7* 1-! BYq! (13&.R! 9-#&(515! )*! '63! $,%.3!

,3#$'1)-! 21V'%,3! 1-.1$#'3.! '6#'! '63! ,32#1-1-<! 2#55! 8#&#-$3! $)-'#1-3.! '63! 5'#,'1-<!

2#'3,1#&! #-.! 5)23! $)2>&3V!8(d>,).%$'5! '6#'! $)%&.!-)'! 83! 1.3-'1*13.! l/-',(!AT! :#8&3! AmR!

:63! $)2>&3'3! $)-5%2>'1)-! )*! '63! 5'#,'1-<! 2#'3,1#&! P#5! #$61303.! 8(! 3V'3-.1-<! '63!

,351.3-$3!'123!')!A@@!21-!#-.!A?@!21-R!:6353!12>,)03.!'63!(13&.!)*!YAS*%,#-)-35!MNL7!

')!X@q!#-.!YUq!(13&.!,35>3$'103&(!8%'!#&5)!>,353-'3.!%-1.3-'1*1#8&3!8(S>,).%$'5T!P61$6!

$)2>,)2153.! ,3$)03,(!)*! '63! '#,<3'!>,).%$'!)-!>%,1*1$#'1)-!8(! $)&%2-!$6,)2#')<,#>6(!

l/-',(!?!#-.!BT!:#8&3!AmR!I-$,3#51-<!'63!$)-$3-',#'1)-!)*!'63!,3#$'1)-!*,)2!@R@Y!J!')!@RA!J!

#&5)!>,)03.!%-*#0)%,#8&3!P1'6!)-&(!U@q!$)-03,51)-!')!'63!.351,3.!>,).%$'T!'63!,32#1-3.!

831-<!5'#,'1-<!2#'3,1#&!#-.!8(S>,).%$'5!l/-',(!UT!:#8&3!Am!

*

9-!3V#21-#'1)-!)*!'63!CH!01518&3!5>3$',#!)*!'63!5'#,'1-<!2#'3,1#&!l"1<%,3!ABm!#-.!>,).%$'!

l"1<%,3! AUm! 1-.1$#'3.! '6#'! #! 5P1'$6! )*! CH! &#2>! *,)2!CHM! 8,)#.! l?\@dBU@! -2m! ')! CHM!

-#,,)P! lBA@dB?@! -2m! 21<6'! 83! 83-3*1$1#&R! :6)%<6! '63! 5>3$',#! P3,3! 5121&#,T!

$($&)8%'3-)-3! MNU7! 6#.! 'P)! #85),>'1)-! 8#-.5! #'! ?[Y! #-.! BAY! -2T! P61$6! P3,3! -)'!

>,353-'!1-!'63!>,).%$'R!M(!'#,<3'1-<!'6353!#85),>'1)-5T!P3!6)>3.!')!,3.%$3!51.3!,3#$'1)-5!

#55)$1#'3.!P1'6!>6)')3V$1'#'1)-!)*!*%,#-)-3!MNL7R!K)P303,T!)-&(!#!2).35'!12>,)0323-'!

P#5!533-!l/-',(!U!#-.!YT!:#8&3!AmR!

!!

MeO

MeO

O

240a 241a

a

OH

O
MeO

MeO

O

H

a) h!, THF, 25 °C.

-#7/O! ('#&*#7/<7"'#! _`!D<+;! P"+*!
Y+"#[!

('#>*/$"'#a!
Q/'8@Hb@_#K#'5#Y$[!

A! @R@YJ! CHM!8,)#.! B@! BYNYYNA@!
?! @R@Y!J! CHM!8,)#.! A@@! X@NZN?U!
B! @R@Y!J! CHM!8,)#.! A?@! YUN@NUZ!
U! @RA!J! CHM!8,)#.! Z@! B\NBXN?Y!
Y! @RA!J! CHM!-#,,)P! Z@! UZN?[N?Y!

w!8(!AK!+JG!#-#&(515R!

(7?=3*LB*H#,1)%5!$)-.1'1)-5!%53.!*),!,3#,,#-<323-'!)*!>63-(&$($&)8%'3-)-3*

MNU7#MNL7I*



()<;7*/!^@!=*$.%7$!<#8!J"$&.$$"'#!

ZZ!

!

* *
,89@43*LOB*CH!01518&3!5>3$',%2!*),*MNU7I* ,89@43*LNB*CH!01518&3!5>3$',%2!*),!MNL7R*

9! 5'3>! $6#-<3! 1-! '63! >3,*),2#-$3! P#5! ,3#&153.! )-! $6#-<1-<! '63! 5)&03-'! *,)2! :K"! ')!

#$3')-1',1&3R!:63!,3#,,#-<323-'!)*!MNU7#MNL7!-)P!)$$%,,3.! 1-!-3#,!W%#-'1'#'103!(13&.!

P1'6!#!,351.3-$3!'123!)*!Z@!21-!%51-<!'63!CHM!8,)#.!&#2>!l?\@dBX@!-2m!l4$6323!X?mR!!

!

'<D3A3*SMB*=6)')$6321$#&!,3#,,#-<323-'!')!YAS*%,#-)-3*MNU7*%51-<!J37+R*

O3! -3V'! .3$1.3.! ')! 3V#21-3! '63! 3**3$'! )*! P#03&3-<'6! 1-! 2),3! .3'#1&! 8(! 1-.%$1-<! '63!

,3#,,#-<323-'! )*! $($&)8%'3-)-3! MNU7! P1'6! #! ,#-<3! )*! 8%&85! P61&5'! Q33>1-<! '63!

$)-$3-',#'1)-!#-.!,351.3-$3!'123!*1V3.!l:#8&3!?mR!I,,#.1#'1)-!%51-<!'63!CH9!8%&8!lBZ@dB[Y!

-2mT! P61$6! 15! )%'51.3! '63! #85),8#-$3! ,#-<3! )*! '63! 5'#,'1-<!2#'3,1#&! MNU7T! 56)P3.! \q!

$)-03,51)-! ')! '63! .351,3.! >,).%$'! MNL7! #*'3,! Z@! 21-T! P1'6! '63! ,32#1-.3,! )*! '63! 2#55!

8#&#-$3! 831-<! 5'#,'1-<!2#'3,1#&!MNU7! l/-',(! AT! :#8&3! ?mR! I-! '63! $#53! )*! '63!CHM!-#,,)P!

lBA@dB?@!-2m!#-.!CH7!l?YU!-2m!&#2>5!d!P61$6!#,3!8)'6!P1'61-!'63!,#-<3!)*!#85),8#-$3!

)*!MNU7!d!'63,3!P#5!-3#,!W%#-'1'#'103!$)-5%2>'1)-!)*!'63!5'#,'1-<!2#'3,1#&R!K)P303,T!P1'6!

'63!CH7!&#2>T!'63!$,%.3!,3#$'1)-!21V'%,3!P#5!&355!$&3#-T!P1'6!'63!#>>3#,#-$3!)*!#..1'1)-#&!

51<-#&5!#,)%-.!'63!FJ3!,3<1)-!)-!'63!AK!+JG!l"1<%,35!AY!#-.!AZmR!

MeO

MeO

O

240a 241a

a

OH

O
MeO

MeO

O

H

a) h!, MeCN, 25 °C, 60 min, UVB broad (280-370 nm) 92% (96% conversion).

-#7/O! ('#&*#7/<7"'#! _`!F.%F! P"+*!
Y+"#[!

('#>*/$"'#a!
Q/'8@Hb@_#K#'5#!

A! @R@Y!J! CH9!! Z@! \N[?N@!
?! @R@Y!J! CHM!-#,,)P!! Z@! [XN@NB!
B! @R@Y!J! CHM!8,)#.! Z@! [ZNUN@!
U! @R@Y!J! CH7!! Z@! +o9!

w!8(!AK!+JG!#-#&(515R!
(7?=3*MB!/**3$'5!)*!.1**3,3-'!CH!8%&85!)-!$)-03,51)-!)*!MNU7#MNL7R!



! ! ()<;7*/!^@!=*$.%7$!<#8!J"$&.$$"'#!!

 ZX!
! !

!

,89@43*LRB*4'#$Q3.!+JG!5>3$',#!*),!?U@##?UA#!%51-<!.1**3,3-'!8%&85R*

!

,89@43*LQB*4'#$Q3.!+JG!5>3$',#!*),*MNU7#MNL7*l3-&#,<3.!FJ3!,3<1)-!)*!"1<%,3!YmR*

/V>&),1-<! '63! 3**3$'! )*! $)-$3-',#'1)-! )-! '63! ,3#,,#-<323-'! 56)P3.! '63! ,3#$'1)-! ')! 83!

')&3,#-'!)*!$)-$3-',#'1)-5!%>!')!@RA!J!l/-',(!A!#-.!?T!:#8&3!BmR!9'!61<63,!$)-$3-',#'1)-5!

'63,3!P#5!#!.,)>! 1-!3**1$13-$(R!O63-!'63!$)-$3-',#'1)-!P#5! 1-$,3#53.! ')!@RY!J!l/-',(!BT!

:#8&3! Bm! '63! $)-03,51)-! ')! >,).%$'! MNL7! .3$,3#53.! ')! YXq! $)-03,51)-! P1'6! B[q!

,3$)03,3.!5'#,'1-<!2#'3,1#&!#-.!5)23!8(>,).%$'l5m!l&<,!Uqml"1<%,3!AXmR!



()<;7*/!^@!=*$.%7$!<#8!J"$&.$$"'#!

Z\!

!

!

!

!

!

!

!

!

!

!

,89@43*LSB*4'#$Q3.!+JG!5>3$',#!*),!MNU7#MNL7!#'!0#,(1-<!$)-$3-',#'1)-5R!

:63!<3-3,#&1'(!)*! '63!#8)03!23'6).!P#5!3V>&),3.!8(! *1,5'!>,3>#,1-<!#!8,)#.!,#-<3!)*!US

6(.,)V($($&)8%'#-)-35! MNU! >"<! '63! #..1'1)-! )*! #&Q(&dT! #,(&d! #-.! 63'3,)#,(&d&1'61%2!

,3#<3-'5! ')! .123'6(&5W%#,#'3! LQR! :6353! P3,3! '63-! 5%8a3$'3.! ')! '63! )>'12153.! ,3#$'1)-!

$)-.1'1)-5!*),!'63!>6)')$6321$#&!,3#,,#-<323-'!')!<103!'63!$),,35>)-.1-<!YAS*%,#-)-35!

MNU7WD!1-!3V$3&&3-'!(13&.5!l4$6323!XBmR!

!"# !"$ %"# %"$ &"# &"$ '"# '"$ #"# #"$ ("# ("$ )"# )"$ *"# *"$ +"# +"$ $"# $
,-./012345-0674899/:

$"$#4;

$"+4;

$"#4;

-#7/O! ('#&*#7/<7"'#! _`!F.%F! P"+*!
Y+"#[!

('#>*/$"'#a!
Q/'8@Hb@_#K#'5#!

A! @R@Y! CHM!8,)#.! Z@! [BNZN@!
?! @RA!J! CHM!8,)#.! Z@! [YNUNA!
B! @RY!J! CHM!8,)#.! Z@! YXNB[NU!

w!8(!AK!+JG!#-#&(515R!

(7?=3*OB*/**3$'!)*!$)-$3-',#'1)-!)-*MNU7#MNL7I**

MeO

MeO

O

240a 241a

a

OH

O
MeO

MeO

O

H

a) h!, THF, 25 °C.



! ! ()<;7*/!^@!=*$.%7$!<#8!J"$&.$$"'#!!

 Z[!
! !

!

'<D3A3*SOB*4%22#,(!)*!'63!>6)')$6321$#&!,3#,,#-<323-'!)*!MNU!')!MNL!%-.3,!*&)PR*

9'! '615! 5'#<3T! '63! #8)03! ,35%&'5! )**3,3.! $,3.3-$3! ')! '63! 35'#8&1563.! 013P! '6#'! 8)'6! '63!

'63,2#&! #-.! >6)')$6321$#&! ,1-<! )>3-1-<5! )*! $($&)8%'3-)-35! #,3! ')%,W%)53&3$'103!

>,)$35535T! P1'6! '63! *),23,! <101-<! 01-(&Q3'3-3! lEmSLN* #-.! '63! &#''3,! 1'5! 15)23,! l-mSLN*

l4$6323!YUmR!!

K)P303,T! P63-! ?S>(,1.(&$($&)8%'3-)-3! MQS* P#5! 5%8a3$'3.! ')! '63! #*),323-'1)-3.!

>6)')$6321$#&!$)-.1'1)-5T!'63!,3#$'1)-!'))Q!&)-<3,!')!,%-!')!$)2>&3'1)-!#-.!<#03!8)'6!'63!

3V>3$'3.! YAS*%,#-)-3!MNL8* #-.! '63! W%1-)&1n1-)-3!MQT* 1-! ,)%<6&(! 3W%#&! #2)%-'5! d! '63!

&#''3,!831-<!'63!>,).%$'!#''#1-3.!*,)2!'63!'63,2#&!,3#,,#-<323-'!)*!MQSR!:63!,32#1-.3,!

)*!'63!2#55!8#&#-$3!P#5!#'',18%'3.!')!>6)')$6321$#&!.3$)2>)51'1)-!)*!MQT!l4$6323!XUmR!!

!

'<D3A3*SNB*=6)')$6321$#&!,3#,,#-<323-'!)*!MQS#MQT!p!MNL8R!

MeO

MeO

O

R
OH O

MeO

MeO

O

H R

a

240 241

a) h!, MeCN, 25 °C, 90 min, UVB broad (280–370 nm).

R =

tBu
o-MeOC6H4

Yield 241 (%)

97
97
95
91

nBu
p-tBuC6H4
p-Me3SiC6H4

3-pyridyl
92
94

Ph
C"CPh

99
95

240

c
d
e
f
g
h

a
b

a) h!, MeCN, 25 °C, 150 min, UVB broad (280–370 nm).
b) 1,4-dioxane, 100 °C, flow, 10 min, 99%.

MeO

MeO

MeO

MeO

O

OH

O

O

HN
N

N

O
MeO

MeO
OH

+

43%40%

MeO

MeO

•
O

OH

N
MeO

MeO • O

OH

N

+

(Z)-305 (E)-305

a

b

h! unselective

268 241i267



()<;7*/!^@!=*$.%7$!<#8!J"$&.$$"'#!

X@!

!

:615! ,35%&'! $#5'! .)%8'! )-! '63! 013P! '6#'! '63! >6)')$6321$#&! ,3#,,#-<323-'! )*! US

6(.,)V($($&)8%'3-)-3!MNU!>,)$33.5!>"<! '),W%)53&3$'103!,1-<!)>3-1-<! ')!l-mS01-(&Q3'3-3!

OUR! l4$6323! XUmR! I-5'3#.T! 1'! 5%<<35'5! *)&&)P1-<! >6)')$6321$#&! 3V$1'#'1)-! )*! MNUT! '63!

5>3$135!*),23.!\MNU]b!15!03,(!61<6!1-!3-3,<(!#-.!$)&&#>535!,#-.)2&(!')!<103!#!21V'%,3!)*!

l-mS!#-.!lEmS01-(&Q3'3-35!OUQT!P1'6!l-mSOUQ!<101-<!$($&15#'1)-!')!*%,#-)-3!OUS!*#!/'.7*!')!

*%,#-)-3!MNLT!P61&3!lEmS01-(&Q3'3-3!OUQ!,303,'5!8#$Q!')!'63!5'#,'1-<!$($&)8%'3-)-3!MNU!

%-&355! 1'! '))! $#-! 83! $#>'%,3.! 8(! #-! 1-'3,-#&! -%$&3)>61&3T! #5! 15! '63! $#53! *),! ?S

>(,1.(&$($&)8%'3-)-3!MQS#MQT*l4$6323!XYmR!

!

'<D3A3*SRB*G30153.!23$6#-152!*),!'63!>6)')$6321$#&!,3#,,#-<323-'!)*!US6(.,)V($($&)8%'3-)-3!

MNUR*

:)! 3V>&),3! '615! 6(>)'63515T! :63)! L)-b#&035! 83<#-! #! $)2>%'#'1)-#&! 1-035'1<#'1)-! )*! '63!

>,)>)53.! $($&15#'1)-! >#'6P#(5! *),! '63! 1-'3,23.1#'3! l-mS! #-.! lEmS01-(&Q3'3-35!OUQ7! #-.!

OUR! 83#,1-<! >63-(&! #-.! l?S>(,1.(&m! ,351.%35! ,35>3$'103&(R! I-! '63! $#53! )*!

>63-(&$($&)8%'3-)-3! MNU7T! '63! $#&$%&#'3.! 8#,,13,! *),! Z"! 3&3$',)$($&1$! ,1-<! $&)5%,3! )*!

01-(&Q3'3-3! lEmSOUQ7* ')* OUT* #'! ?Y! °7! P#5! AZRX! Q$#&! 2)&SA! #-.! 3V$33.3.! '6#'! *),! U"S

3&3$',)$($&1$!,1-<!$&)5%,3!8#$Q!')!'63!5'#,'1-<!2#'3,1#&!MNU7!lAYR\!Q$#&!2)&SAmR!=&3#51-<&(T!

'615! P#5! $)-515'3-'! P1'6! )%,! 6(>)'63515! *),! '63! ,3$($&1-<! )*! 1-'3,23.1#'3! lEmSOUQ7!

l4$6323! XZmR! :63! 51'%#'1)-!P#5! ,303,53.! *),! 1'5! <3)23',1$! 15)23,! l-mSOUQ7T! P63,3! '63!

$#&$%&#'3.! 8#,,13,! *),! ,3'%,-1-<! 8#$Q! ')! $($&)8%'3-)-3! MNU7! P#5! ?@RU! Q$#&! 2)&SA! #-.!

3V$33.3.! '6#'! *),! $($&15#'1)-! ')! *%,#-! OUS7! lA?RU! Q$#&! 2)&SAmR! I-! '63! '63,2#&!

MeO

MeO

O

R
OH

h!

240

MeO

MeO

O

R
OH

*

[240]*

MeO

MeO

•
O

OH

MeO

MeO

•
O

R

OH

[(Z)-306] [(E)-306]

R

OH exo
R endo

OH endo
R exounselective

recycling
 loop

O
MeO

MeO

OH

R

O
MeO

MeO

O

H R

241

R = alkyl
aryl

vinyl
alkynyl

R = alkyl, aryl, vinyl, 
alkynyl, heteroaryl

N

O
MeO

MeO
OH

307268

R = 2-pyridyl



! ! ()<;7*/!^@!=*$.%7$!<#8!J"$&.$$"'#!!

 XA!
! !

,3#,,#-<323-'! )*! >63-(&$($&)8%'3-)-3!MNU7T! '),W%)53&3$'103! ,1-<! )>3-1-<!P#5! 301.3-'!

8(! '63! 61<63,! $#&$%&#'3.! 3-3,<(!8#,,13,! *),! '63! *),2#'1)-! )*! l-mS01-(&Q3'3-3!OUQ7! lBYR@!

Q$#&!2)&SAm!'6#-!*),!lEmS01-(&Q3'3-3!OUQ7*l?\R[!Q$#&!2)&SAm!#'!AY@!°7R!!

!

'<D3A3*SQB*7#&$%&#'3.!3-3,<(!8#,,13,5!1-!,3#,,#-<323-'!)**MNU7I*

I-!'63!$#53!)*!?S>(,1.(&$($&)8%'3-)-3!MQST!:63)g5!$#&$%&#'1)-5!56)P3.!'6#'!$($&15#'1)-!)*!

lEmS01-(&Q3'3-3! OURE! ')! W%1-)&1n1-)-3! MQT! P#5! 5>)-'#-3)%5! )-$3! '63! #>>,)>,1#'3!

$)-*),23,!P#5!*),23.!l',#-5*),2#'1)-!)*!lEmSOUR.!')!lEmSOURE!15!&)P3,!1-!3-3,<(!#'!BRY!

Q$#&!2)&SA! '6#-!$($&15#'1)-!)*! lEmSOUR.! ')!OLUm!#-.! '63,3*),3!.103,'1-<! 1'!#P#(! *,)2!'63!

%5%#&! ,3$($&1-<! &))>! l4$6323! XXmR! :63! <3)23',1$! 15)23,! l-mS01-(&Q3'3-3! OUR! *#0)%,5!

$($&15#'1)-! ')! *%,#-!OUS8! lA@R[!Q$#&!2)&SAm! )03,!U"! 3&3$',)$($&1$! ,1-<! $&)5%,3!8#$Q! ')! '63!

5'#,'1-<!2#'3,1#&!MQS! l?BR?! Q$#&!2)&SAm! 5)! <1035! '63! 3V>3$'3.! *%,#-)-3!MNL8R! 9..1'1)-#&!

$#&$%&#'1)-5!56)P3.!'),W%)53&3$'101'(!1-!'63!'63,2#&!,1-<!)>3-1-<!)*!$($&)8%'3-)-3!MQS!')!

lEmS01-(&Q3'3-3! OUR! #-.! 1-.1$#'3.! '6#'! 6(.,)<3-! 8)-.1-<! 83'P33-! '63! >(,1.1-3! #-.!

6(.,)V(&! ,351.%3! &3#.5! ')! #! 51<-1*1$#-'! ,#'3! 3-6#-$323-'R! :615!P#5! 833-! 301.3-'! 1-! '63!

'63,2#&! ,3#,,#-<323-'! )*! ?S>(,1.(&$($&)8%'3-)-3!MQST! P61$6! >,)$33.3.! #'! #! *#,! &)P3,!

'32>3,#'%,3!'6#-!'63!,3&#'3.!#,(&$($&)8%'3-)-35!lA@@!°7!*),!A@!21-!$)2>#,3.!')!AY@!°7!

*),!AdU!6`!4$6323!Z?mR!!
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Calculated activation barriers 
("G) in kcalmol-1 at 25 °C 
and 150 °C.
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'<D3A3*SSB*7#&$%&#'3.!#$'10#'1)-!3-3,<135!1-!'63!>6)')S!#-.!'63,2)$6321$#&!,3#,,#-<323-'!)*!

MNUR!

!

NIO :>1<=@58>15*

:,#-5*),2#'1)-5! )*! 2#-(! US6(.,)V($($&)8%'3-)-35! MNU! 1-')! YAS*%,#-)-35! MNL! 6#03!

833-! 5%$$355*%&&(! %-.3,'#Q3-! 1-! -3#,! W%#-'1'#'103! (13&.! %51-<! #-! 1-3V>3-5103! *&)PS

>6)')$6321$#&! 53'%>R! :63! ,35%&'5! #''#1-'3.! #&&)P3.! #-! 1-! .3>'6! 1-035'1<#'1)-! 1-')! '63!

23$6#-15'1$!$)%,53!)*!'63!,3#$'1)-!#-.!$#5'!#!.)%8'!)-!'63!&)-<S63&.!013P!'6#'!'63,2#&!#-.!

>6)')$6321$#&! ,3#,,#-<323-'5! )*! $($&)8%'3-)-35! .15>&#(! $)2>&323-'#,(!

'),W%)53&3$'101'(! 1-! '631,! 3&3$',)$($&1$! ,1-<! )>3-1-<! ')! #! 01-(&Q3'3-3R! G#'63,T! ,35%&'5!

5%<<35'!'6#'!'63!>6)')$6321$#&!)>3-1-<!)*!$($&)8%'3-)-35! &3#.5!')!#!21V'%,3!)*!l-mS!#-.!

lEmS01-(&Q3'3-35!OUQR!I-!'63!$#53!)*!l-mSOUQ7T!$($&15#'1)-!')!YAS*%,#-)-3!MNL7!15!*#$1&3!#'!

#2813-'!'32>3,#'%,3!#-.!)%'>#$35!U"!3&3$',)$($&15#'1)-!8#$Q!')!$($&)8%'3-)-3!MNU7R!"),!

lEmS01-(&Q3'3-3!OUQ7T! '63! )>>)51'3! 15! <3-3,#&&(! ',%3! #5! 8#,,13,5! *),! '631,! $($&15#'1)-! #,3!

<3-3,#&&(! 61<63,! '6#-! '63! 8#,,13,! ')! ,303,'! 8#$Q! ')! 5'#,'1-<!2#'3,1#&R! 7)-53W%3-'&(T! 1'! 15!

,3$($&3.!P63-! -)! &)P! 3-3,<(! $($&15#'1)-! >#'6! 15! #0#1&#8&3! ')! .103,'! 1'! *,)2! '6#'! $)%,53!

l4$6323!X\mR!
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Calculated activation barriers 
("G) in kcalmol-1 at 25 °C 
and 150 °C.
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'<D3A3* STB* 4%22#,(! )*! .#'#! *),! '63! ,3#,,#-<323-'! )*! MNU7! ')! YAS*%,#-)-3! MNL7! #-.!

-#>6'6#&3-3!OUYR!

!
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ring opening

!E [kcal/mol]
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Calculated Energies
!G Ab initio [CCSD(T)] at 150 °C
!G Ab initio [CCSD(T)] at 25 °C
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:D7H634*RI !"#$%&#'()*'+,#-$##,.)/'!"(00()1"2")&'

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

RIL '647639835*712*/3<D718568<*#1589D65*

3%%! &<%&.%<7"'#$!5*/*!;*/N'/+*8!FO!P)*'!Q,!R'#S%<>*$!<7! 7)*!TIDUQVWXI11Y8Z;[! %*>*%!.$"#4!R<.$$"<#!

\],!!

:63!'63,2#&!,3#,,#-<323-'!)*!US#&Q(-(&$($&)8%'3-)-35!TY!6#5!833-!'63!5%8a3$'!)*!2%$6!

23$6#-15'1$!.38#'3!51-$3!1'!P#5!*1,5'!,3>),'3.!8(!J)),3!*7!<%,!1-!A[\YR?A!:63!*),2#'1)-!)*!

W%1-)-35!YUc! #-.o),! $($&)>3-'3-.1)-35!YLcT! &3.! ')! #-! 1-1'1#&! >)5'%&#'3! '6#'! '63! ,3#$'1)-!

>,)$33.3.! >"<! nP1''3,1)-1$! 1-'3,23.1#'35! OLM! #-.! OLO* l4$6323! X[mR! 9&'6)%<6T! '63!

23$6#-152! P#5! 5%853W%3-'&(! ,30153.! P63-! $)2>%'#'1)-#&! 5'%.135! 8(! K))Q! *7! <%,! #-.!

',#>>1-<! 3V>3,123-'5! 8(! J)),3! #-.! $)SP),Q3,5?B! >,)01.3.! 301.3-$3! ')! 5%>>),'! '63!

.1,#.1$#&!1-'3,23.1#'35R!!

!

'<D3A3*SYB*I-1'1#&!>)5'%&#'3.!23$6#-152!*),!'63!'63,2#&!,3#,,#-<323-'!US#&Q(-(&$($&)8%'3-)-35!

TY!8(!J)),3!*7!<%,*

O3!*1,5'!83$#23!#P#,3!)*!'63!12>),'#-$3!)*!'63!nP1''3,1)-1$!1-'3,23.1#'35!.%,1-<!5'%.135!

.1,3$'3.! ')P#,.5! '63! 5(-'63515! )*! 15)>3,3n)-3??TY\! OLN! l4$6323! \@mR! =,3&121-#,(!

1-035'1<#'1)-5! )*! '63! Q3(! 5'3>! )-! '63!2).3&! 5(5'32!``! 56)P3.!>,)2153R!O3! 3-0151)-3.!

'6#'! '63,2)&(515! )*! #&Q(-(&$($&)8%'3-)-3!OLQ!P)%&.! 1-.%$3! ,1-<! 3V>#-51)-! ')! .1,#.1$#&!

1-'3,23.1#'3!OLST!#-.!6)>3.!'6#'!P3!21<6'!%53!'615!')!1-.%$3!KS#')2!#85',#$'1)-!')!OLTR!

:63,2)&(515! #'! A@A! °7! 1-! ATUS.1)V#-3! <#03! '63! .351,3.! >,).%$'! OLT! #5! #-! 1-53>#,#8&3!
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a) p-xylene, 135 °C, 2 h.
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21V'%,3! lANA! 21V'%,3! )*! .1#5'3,3)15)23,5m! P1'6! W%1-)-3* OMU! lANA! 21V'%,3! )*!

.1#5'3,3)15)23,5m!1-!Z@q!(13&.R!!

!

'<D3A3*TUB*=,3&121-#,(!1-035'1<#'1)-!1-')!'63!Q3(!5'3>!*),!'63!5(-'63515!)*!15)>3,3n)-3*OLNR!

7)-51.3,#'1)-!)*!'615!)%'$)23!&3.!%5!')!P)-.3,!1*!P3!$)%&.!3V>&)1'!'63!.3%'3,1%2!15)')>3!

3**3$'! ')!81#5! '63! ,3#$'1)-! 1-! *#0)%,!)*! $($&15#'1)-T! 1-! ),.3,! ')! #$$355! #-! #,,#(! )*! ,3&#'3.!

-#'%,#&!>,).%$'5!5%$6!#5!lpmS3&15#83'6#.1)-3!OMLT!BS23'6(&S-),S3&15#83'6#.1)-3!OMM!#-.!

ldmS2#-5)-)-3!M!LYN!l"1<%,3!A\mR!!

!

,89@43*LTB*G3&#'3.!-#'%,#&!>,).%$'5!')!OMUR!

O3! ,3#5)-3.! '6#'! .3%'3,#'1)-! )*! '63! >63-)&! 1-! OLS.! P)%&.! 5&)P! '63! ,#'3! )*! KS#')2!

#85',#$'1)-! lK#85m! &3#.1-<! ')!OLTT! (3'!P)%&.! 6#03! &1''&3! 12>#$'! )-! '63! ,#'3! )*! $($&15#'1)-!

lK$($m! &3#.1-<! ')!OMUR!:63!3V>3,123-'!P#5!3#5(! ')!$#,,(!)%'!#5!P3!512>&(!6#.! ')!32>&)(!

;?F!#5!#!$)S5)&03-'!)*!'63!,3#$'1)-!)-!#!512>&3,!5%85',#'3!OMOR!K)P303,T!'63!)%'$)23!P#5!

#5! ,32#,Q#8&3! #5! 1'! P#5! %-3V>3$'3.! l4$6323! \@mR! I-5'3#.! )*! >,)2)'1-<! '63! ,#.1$#&!

$($&15#'1)-! >#'6P#(T! 1'! 56%'! 1'! .)P-R! I-.33.T! '63! )-&(! >,).%$'! <103-!P#5! '63! .3%'3,#'3.!

a) 315, nBuLi (2 equiv.), –78 °C!RT, 1 h, THF, then 16, THF –78 °C; b) 1,4-dioxane, 101 °C, 6 h, 
63% overall yield containing 24% (318) and 36% (320).
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W%1-)-3! .SOMRT! P61$6! P#5! 15)&#'3.! 1-! [\q! (13&.! l4$6323! \@mR! 9! 5121&#,! 5P1'$6! 1-! '63!

$)%,53!)*!'63!,3#$'1)-!P#5!)853,03.!P63-!'63!'63,2)&(515!P#5!$)-.%$'3.!1-!Aq!#W%3)%5!

ATUS.1)V#-3T!P63-!W%1-)-3!OMR!P#5!<103-!1-!-3#,!W%#-'1'#'103!(13&.R!

!

'<D3A3*TLB*9-!),81'#&!15)23,!5P1'$6!>,)2)'3.!8(!K?F!#-.!;?FR*

:6353!,35%&'5!2#.3!&1''&3!53-53!1-!'63!$)-'3V'!)*!.1,#.1$#&!$63215',(T!8%'!>,)01.3.!5',)-<!

301.3-$3!*),!'63!1-0)&0323-'!)*!'63!nP1''3,1)-1$!1-'3,23.1#'3!OMNE*l4$6323!\@mR!:)!'35'!

'6#'! 6(>)'63515T! :63)! L)-b#&035! 2).3&&3.! '63! $)%,53! )*! '63! ,3#$'1)-! %51-<! ;":!

$#&$%&#'1)-5R!:6353!56)P3.!'6#'!1-!ATUS.1)V#-3!#'!AY@!r7!'63!.1,#.1$#&!),81'#&!15)23,!OMN.!

P#5!&<,!YR?!Q$#&!2)&SA!&)P3,!1-!3-3,<(!'6#-!1'5!nP1''3,1)-1$!>#,'-3,!OMNER!O63-!P#'3,!l),!

;?Fm! P#5! 1-$&%.3.! 1-! '63! $#&$%&#'1)-5! '63! ,3&#'103! 5'#81&1'135! )*! '63! .1,#.1$#&! #-.!

nP1''3,1)-1$! ),81'#&! 15)23,5! )*!OMN! P3,3! ,303,53.T!P1'6! '63! &#''3,! -)P! *#0)%,3.! 8(! BR@!

Q$#&!2)&SAR!I-!'615!1-5'#-$3T!'63!),81'#&!15)23,!5P1'$6!15!',1<<3,3.!8(!'63!#0#1&#81&1'(!)*!'P)!

6(.,)<3-!8)-.5! ')!P#'3,! l),!;?FmT! )-3! ')! '63!>63-)&! #-.! '63!)'63,! ')! '63! $#,8#-1)-! 1-!

OMNER! 7#&$%&#'1)-5! 56)P3.! '6#'! 8)'6! '63! >,)')-! ',#-5*3,! OMNE{K?F#OMR{K?F! #-.!

.3%'3,1%2!',#-5*3,!.SOMNE{;?F#.SOMR{;?F!5'3>5!P3,3!5>)-'#-3)%5!>,)$35535!#-.!'6#'T!

1-!&1-3!P1'6!)%,!3V>3,123-'#&!*1-.1-<5T!'63!8#,,13,5!>,353-'3.!8(!'63!>#'6P#(5!&3#.1-<!')!

OMR!#-.!.SOMR!P3,3!&)P3,!'6#-!'6)53!*),!$($&15#'1)-!)*!OMN.!')!OMQ!),!1-',#2)&3$%&#,!KS

#')2!',#-5*3,T!OMN.#OMRR!

K#01-<! .3'3,21-3.! '6#'! '63! 7SU! 6(.,)V(&! <,)%>! >&#(5! #! $,1'1$#&! ,)&3! 1-! >,)2)'1-<! '63!

nP1''3,1)-1$! ),81'#&! 15)23,T! P3! -3V'! 5)%<6'! ')! .3'3,21-3! 6)P! 1'5! >,)'3$'1)-! P)%&.!

1-*&%3-$3! '63! $)%,53! )*! '63! ,3#$'1)-R! :)! '6#'! 3-.T!JFJ!3'63,!OMT!P#5!>,3>#,3.R! I-! &1-3!

P1'6!#-!3#,&13,!)853,0#'1)-!8(!J)),3!l4$6323!?XmT!>,)'3$'1)-!)*!'63!#&$)6)&!5P1'$63.!'63!

$)%,53!)*!'63!,3#$'1)-!#P#(!*,)2!OMR! 1-!*#0)%,!)*!83-n)>(,#-!OOLT!P63-!'63,2)&(515!)*!
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a) 1,4-dioxane (+ 1% D2O), 150 °C, 30 min, 95%.
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OMT! P#5! $)-.%$'3.! #'! AY@! r7! 1-! ATUS.1)V#-3R! :615! 15! .%3! ')! '63! .1,#.1$#&! 1-'3,23.1#'3!

OMY.! *#0)%,1-<! KS#')2! #85',#$'1)-! *,)2! '63! #&&(&1$! $#,8)-! sOMY.t#sOOUt! )03,!

$($&15#'1)-! ')! '63! #&Q3-3! sOMY.t#sOOMtR! :63! -3P&(! *),23.! .1,#.1$#&! 1-'3,23.1#'3! '63-!

'3,21-#'35!8(!,#.1$#&S,#.1$#&!$)281-#'1)-!')!<103!OOL!1-!XBq!(13&.R!!

!

'<D3A3*TMN!I-*&%3-$3!)*!'63!FK!>,)'3$'1)-!)-!'63!$)%,53!)*!'63!,3#$'1)-R*

K#01-<!)853,03.!'6#'! '63! '63,2#&!,3#,,#-<323-'!)*!#&Q(-(&$($&)8%'3-)-3!OMO*>,)$33.5!

>"<! '63! .1,#.1$#&! OMN.! #-.! nP1''3,1)-1$! ),181'#&! 15)23,! OMNET! P3! 83<#-! ')! P)-.3,!

P63'63,! 1*! 1'! $)%&.! #&5)! 836#03! #5! #! $($&)63V#',13-)-3R! G3#,,#-<323-'5! )*!

#&&(&)V(#&Q(-(&$($&)8%'3-)-35T!*,4,!OOR#ONUT!6#03!&)-<!833-!Q-)P-!')!>,)$33.!P1'6!BS!

')!(S#&&(&!21<,#'1)-R!:63!$)%,53!)*!'63!,3#$'1)-!P#5!,#'1)-#&153.!8(!J)),3!')!>,)$33.!>"<!#!

ZS*#8'S',1<!$($&15#'1)-!)*!.1,#.1$#&!1-'3,23.1#'3!OOQ.!')!OOY!*)&&)P3.!8(!,1-<!5$1551)-!')!

W%1-)-3! ONUR! K)P303,T! '63! $($&15#'1)-! 2).3! '615! 1-0)Q35! 15! 1-! 5'#,Q! $)-',#5'! ')! '63!

%81W%1')%5!,3#$'101'(!)*!'S#&&(&)V(#,(&!,#.1$#&!1-'3,23.1#'35T!P61$6!#,3!$)22)-&(!%53.!')!

>,3>#,3! .16(.,)83-n)*%,#-5! >"<! YS*C'S',1<! $($&15#'1)-T! ",*,! OOQ.#OOS* l4$6323! \BmR! :)!

#55355! P63'63,! '615! >,)$33.5! >"<! #-! *#*S,3#,,#-<323-'T! :63)! L)-b#&035! 2).3&&3.! '63!

,3#$'1)-!%51-<!;":!$#&$%&#'1)-5!#-.!$)-$&%.3.!'6#'!'63!,3#$'1)-!>,)$33.3.!>"<!53W%3-'1#&!

YS*C'!#-.!BS*C'!',1<!$($&15#'1)-!')!OOY!#-.!53W%3-'1#&!*,#<23-'#'1)-!')!ONU*l4$6323!\BmR!!
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a) 1,4-dioxane, 150 °C, 30 min, 73%.
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#5!1'5!6(.,)&(515!P)%&.!&3#.!')!'63!>,12#,(!>,).%$'5!ONT7!#-.!ONT?*l4$6323!\UmR!!
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'<D3A3*TNB*G3#,,#-<323-'!)*!$($&)8%'3-)-3*ONLR!

RIM :>1<=@58>15*

41-$3! '63! 1-',).%$'1)-!)*! '63! '63,2#&! ,3#,,#-<323-'!)*!US#&Q(-(&$($&)8%'3-)-35!TOT! '63!

>)5'%&#'3.! 23$6#-152! *),! '63! ,3#,,#-<323-'! ')! W%1-)-35! TS! 1-0)&03.! .1,#.1$#&!

1-'3,23.1#'3! TR.! ),! nP1''3,1)-1$! 1-'3,23.1#'3! TRE! l4$6323! AXmR! ;%,1-<! )%,! 5'%.135!

.1,3$'3.! ')P#,.5! '63! 5(-'63515! )*! 15)>3,3n)-3T! P3! .15$)03,3.! '63! 12>),'#-$3! )*! '63!

.1,#.1$#&! 1-'3,23.1#'3! OLS.T! P61$6! $#-! %-.3,<)! 1-',#2)&3$%&#,! KS#')2! #85',#$'1)-! ')!

<103!W%1-)-3!OLT!),!,#.1$#&!$($&15#'1)-!')!<103!OMUR!9-!1-'3,35'1-<!)853,0#'1)-!P#5!2#.3!

P1'6! '63! #-#&)<)%5! 5%85',#'3! OMO! P63-! '63! #..1'1)-! )*! P#'3,! ),! ;?F! #5! #! $)S5)&03-'!

$#%53.! #! 5P1'$6! *,)2! '63! .1,#.1$#&! 1-'3,23.1#'3!OON.! ')! 1'5! nP1''3,1)-1$! ),81'#&! 15)23,!
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341a, R = H 
341b, R = Ac
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348a, R = H, R' = Ac
348b, R = Ac, R' = H
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a) phenylacetylene, nBuLi, –78 °C, 15 min, 185, –78 °C, 30 min, then Ac2O, 1 h, 71%; 
b)  1,4-dioxane (+ 1% H2O), 150 °C, 30 min; c) 2 M NaOH, THF, 30 min; c) air, 30 
min.
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OXNWF8A36D>P;<;<=>?@6WOW313WLXMW28>13e**28A36D;=*5d@74763*^LQ_*
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:)!#!5%5>3-51)-!)*!5W%#,1$!#$1.!lA@R@!<T!\\!22)&m!1-!J3FK!lA\@!2Dm!P#5!#..3.!',123'6(&!

),'6)*),2#'3! lA[RX! 2DT! A\@! 22)&mR! :63! ,35%&'1-<! 21V'%,3! P#5! ,3*&%V3.! *),! ?U! 6! '63-!

$))&3.! ')! G:! #-.! $)-$3-',#'3.! "#! ><&.'! #-.! >%,1*13.! 8(! $)&%2-! $6,)2#')<,#>6(!

l@q#Y@q!/'F9$N>3',)&3%2!3'63,m!')!#**),.!'63!'1'&3!$)2>)%-.!#5!#!P61'3!5)&1.!lAAR@?!<T!

XX!22)&T!\\qmR!!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,AA[!!

/0* Y?dYU!°7!l/'F9$o>3',)&3%2!3'63,mR!

! *A7P**^:-:=O_* ?[ZU!lPmT!A\AA!l2mT!AX?\!l5mT!AY[X!l5mT!AU\@!l5mR!

)-*^OUU*/-fX*:F:=O_* URB\!lZ!KT!5T!?!V!F7-BmR!

):*^SR*/-fX*:F:=O_* A\[RA!l:!V!?mT!A\URY!l:!V!?mT!Z@R[!l:KB!V!?mR!

g&/'*^%'[_* AXY!lsJpKpJ3FKtpT!A@@qmT!A[X!lsJp+#pJ3FKtpT!UAqmR!
!

* *

HO

HO O

O MeO

MeO O

O

  C6H6O4

Mol Wt: 142.11

C4H2O4

Mol Wt: 114.06
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:)! #! 5)&%'1)-! )*! 8,)2)83-n3-3! lARZB!2DT! AYRY! 22)&m! 1-! :K"! lA@@!2Dm! #'! dX\! °7! P#5!

#..3.!#M%D1!l?RUX!J!1-!63V#-35T!ZRB!2DT!AYRY!22)&m!.,)>P153R!9*'3,!B@!21-!'63!,35%&'1-<!

5)&%'1)-!P#5!#..3.!>"<!$#--%&#!')!#!5)&%'1)-!)*!.123'6(&!5W%#,#'3!l?R@@!<T!AURA!22)&m!1-!

:K"!lA@@!2Dm!#'!dX\!r7T!<101-<!#!8,1<6'!(3&&)P!5)&%'1)-R!9*'3,!?@!21-!5#'R!+KU7&!lXY!2Dm!

P#5!#..3.R!:63!,3#$'1)-!21V'%,3!P#5!#&&)P3.!')!P#,2!')!G:!'63-!3V',#$'3.!P1'6!;7J!lXY!

2D!V!BmR!:63!$)281-3.!),<#-1$!&#(3,5!P3,3!P#563.!P1'6!8,1-3!lY@!2D!V!?mT!.,13.!lJ<4FUmT!

*1&'3,3.T!$)-$3-',#'3.! "#!><&.'!#-.!>%,1*13.!8(! *&#56!$)&%2-!$6,)2#')<,#>6(!lYq#Y@q!

/'F9$N>3',)&3%2!3'63,!P1'6!?q!+/'Bm!')!#**),.!'63!'1'&3!$)2>)%-.!#5!#!P61'3!5)&1.!l?RU@Z!

<T!A@R[B!22)&T!X\qmR!!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,AU!!

/0* A@@dA@?!°7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR*

! *A7P**^:-:=O_* BU@B! l2mT! ?[\Z! lPmT! ?\Z?! lPmT! AXX?! l2mT! AZ?U! l5mT! AUZ\! l5mT!
ABUA!l5mT!A@U[!l2mT![\U!lPmT!\BZ!l5mR!

)-*^OUU*/-fX*:F:=O_* XRYU!l?!KT!..T!0x\R\T!ARY!KnT!?!V!9,-m!
XRU?dXRBU!lB!KT!2T!B!V!9,-m!
UR@\!lB!KT!5T!F7-Bm!
UR@?!lB!KT!5T!F7-Bm!
BRAX!lA!KT!8,R!5T!F-mR!

):*^SR*/-fX*:F:=O_* A\BRZ! l:xFmT! AZYR[! l:mT! ABXRA! l:mT! ABYRB! l:mT! A?\RZ! l:K! V! ?mT!
A?\RY!l:KmT!A?YR\!l:K!V!?mT!\XRX!l:mT!Z@R?!lF:KBmT!Y\RX!lF:KBmR!

g&/'*^%'[_* ?UB!lsJp+#tpT!A@@qmT!?XY!lsJp+#pJ3FKtpT!\XqmR!
!

* *

MeO

MeO O

  C12H12O4

Mol Wt: 220.22

MeO

MeO O

O

C6H6O4

Mol Wt: 142.11

OH
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:)! #! 5)&%'1)-! )*! ;S8,)2)')&%3-3! lAR?Z! 2DT! XRBX! 22)&m! 1-! :K"! lX@! 2Dm! #'! dX\! r7! P#5!

#..3.!#M%D1!l?RUX!J!1-!63V#-35T!?R[[!2DT!XRB[!22)&m!.,)>P153R!!9*'3,!B@!21-!'63!,35%&'1-<!

5)&%'1)-!P#5!#..3.!>"<!$#--%&#!')!#!5)&%'1)-!)*!.123'6(&!5W%#,#'3!lAR@@!<T!XR@U!22)&m!1-!

:K"!lB@!2Dm!#'!dX\!r7T!<101-<!#-!),#-<3!5)&%'1)-R!9*'3,!A!6!5#'R!+KU7&!lXY!2Dm!P#5!#..3.R!

:63!,3#$'1)-!21V'%,3!P#5!#&&)P3.!')!P#,2!')!G:!#-.!3V',#$'3.!P1'6!;7J!lY@!2D!V!BmR!:63!

$)281-3.! ),<#-1$! &#(3,5! P3,3! P#563.! P1'6! 8,1-3! lY@!2D! V! ?mT! .,13.! lJ<4FUmT! *1&'3,3.T!

$)-$3-',#'3.! "#! ><&.'! #-.! >%,1*13.! 8(! *&#56! $)&%2-! $6,)2#')<,#>6(! lYq#U@q!

/'F9$N>3',)&3%2!3'63,!P1'6!?q!+/'Bm!')!#**),.!'63!'1'&3!$)2>)%-.!#5!#!P61'3!5)&1.!l@RXUZ!

<T!BRB[!22)&T!U\qmI**

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,Z*

/0* A?BdA?Y!°7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR*

! *A7P**^:-:=O_* BB\X!l2mT!?[YB!lPmT!?BZ@!l5mT!?BUB!l5mT!AXXB!l2mT!AZ?B!l5mT!
AUZX!l2mT!ABB[!l5mT!A@Y@!lPmT![[Y!lPmT!\YU!lPmR!

)-*^NUU*/-fX*:F:=O_* XRU?!l?!KT!.T!0x\RA!KnT!?!V!9,-m!
XR?@!l?!KT!.T!0x\RA!KnT!?!V!9,-m!
UR@\!lB!KT!5T!F7-Bm!
UR@?!lB!KT!5T!F7-Bm!
?RX?!lA!KT!5T!F-m!
?RBZ!lB!KT!5T!7-BmR!

):*^LUU*/-fX*:F:=O_* A\UR@!l:xFmT!AZZR@!l:mT!AB\RB!l:mT!ABYR?!l:mT!ABURA!l:mT!A?[RB!
l:K!V!?mT!A?YRX!l:K!V!?mT!\XRY!l:mT!Z@R?!lF:KBmT!Y\RX!lF:KBmT!
?AR?!l9,d:KBmR!

g:/'*^%'[_* ?BY!lsJpKtpT!X@qmR!
!

* *

MeO

MeO O

  C13H14O4

Mol Wt: 234.25

MeO

MeO O

O

C6H6O4

Mol Wt: 142.11

OH



()<;7*/!W@!-C;*/"+*#7<%!

\\!

!

NW-;24>P;WMXOW28A36D>P;WNW^NW^648A36D;=58=;=_HD31;=_<;<=>?@6WMW31>13*^MRT<_**

!

:)!#!5'1,,3.!5)&%'1)-!#M%D1!l?RU@!J!1-!63V#-35T!BRY?!2DT!\R\U!22)&m!1-!:K"!lB@!2Dm!#'!dX\!

r7!P#5!#..3.!AS8,)2)SUSl',123'6(&51&(&m83-n3-3!lARZY!2DT!\RUU!22)&m!.,)>P153R!9*'3,!B@!

21-!'63!,35%&'1-<!5)&%'1)-!P#5!#..3.!>"<!$#--%&#!')!#!5)&%'1)-!)*!.123'6(&!5W%#,#'3!lAR@@!

<T!XR@U!22)&m!1-!:K"!lB@!2Dm!#'!dX\!r7T!<101-<!#!,3.!5)&%'1)-R!9*'3,!?@!21-!5#'R!+KU7&!lXY!

2Dm!P#5!#..3.R!:63!,3#$'1)-!21V'%,3!P#5!#&&)P3.!')!P#,2!')!G:!'63-!3V',#$'3.!P1'6!;7J!

lY@!2D! V! BmR! :63! $)281-3.! ),<#-1$! &#(3,5! P3,3!P#563.!P1'6! 8,1-3! lY@!2D! V! ?mT! .,13.!

lJ<4FUmT! *1&'3,3.T! $)-$3-',#'3.! "#! ><&.'! #-.! >%,1*13.! 8(! *&#56! $)&%2-! $6,)2#')<,#>6(!

l@q#U@q!/'F9$N>3',)&3%2!3'63,!P1'6!?q!+/'Bm!')!#**),.!'63!'1'&3!$)2>)%-.!#5!#!P61'3!

5)&1.!lAR?Z!<T!URBU!22)&T!ZAqmR!

/0* AY@dAY?!r7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR*

! *A7P**^:-:=O_* ?[YU! lPmT! ?BZ@! l5mT! ?BUA! l5mT! AXX?! l2mT! AZ??! l5mT! AUZX! l5mT!
ABBX!l5mT!A@U[!l2mT!\BZ!l5mR!!

)-*^OUU*/-fX*:F:=O_* XRYZ!l?!KT!.T!0x\RU!KnT!?!V!9,-m!
XRY?!l?!KT!.T!0x\RUT!Kn!?!V!9,-m!
URA@!lB!KT!5T!F7-Bm!
UR@B!lB!KT!5T!F7-Bm!
?RZ?!lA!KT!5T!F-m!
@R?X!l[!KT!5T!41l7-BmBmR!!

):*^SR*/-fX*:F:=O_* ?@?R@! l:xFmT! AZXR@! l:mT! AU?RA! l:mT! AB\RX! l:mT! ABZRY! l:mT! ABURX!
l:K! V! ?mT! A?ZR?! l:K! V! ?mT! \\R[! l:mT! ZARY! lF:KBmT! Y[R[! lF:KBmT!
@R@@!l41l:KBmBmR!

g&/'*^%'[_* BYZ!lsJpJ37+p+#tpT!A@@qmR!!
-&/'*^%'[_* ")%-.!BAYRA@?BT!7AYK?@+#FU41!sJp+#tp!,3W%1,35!BAYRA@?[R!
!

* *

MeO

MeO O

  C15H20O4Si

Mol Wt: 292.40

MeO

MeO O

O

C6H6O4

Mol Wt: 142.11

OH

SiMe3



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 \[!
! !

NW^NW^")*"WE@6;=_HD31;=_WNWD;24>P;WMXOW28A36D>P;<;<=>?@6WMW31>13*^MRT2_**

!

:)!#!5)&%'1)-!)*!AS8,)2)SUS7*/7S8%'(&83-n3-3!lARY!2DT!\RUU!22)&m!1-!:K"!lB@!2Dm!#'!dX\!

r7!P#5!#..3.!#M%D1!l?RU@!J!1-!63V#-35T!BRY?!2DT!\RUU!22)&m!)03,!B!21-R!!9*'3,!B@!21-!'63!

,35%&'1-<!5)&%'1)-!P#5!#..3.!>"<!$#--%&#!')!#!5)&%'1)-!)*!.123'6(&!5W%#,#'3!lAR@@!<T!XR@U!

22)&m! 1-!:K"!lB@!2Dm!#'!dX\!r7T!<101-<!#-!),#-<3!5)&%'1)-R! !9*'3,!B@!21-!5#'R!+KU7&!lXY!

2Dm!P#5!#..3.R!:63!,3#$'1)-!21V'%,3!P#5!#&&)P3.!')!P#,2!')!G:!'63-!3V',#$'3.!P1'6!;7J!

l?@!2D! V! BmR! :63! $)281-3.! ),<#-1$! &#(3,5! P3,3!P#563.!P1'6! 8,1-3! l?@!2D! V! ?mT! .,13.!

lJ<4FUmT! *1&'3,3.T! $)-$3-',#'3.! "#! ><&.'! #-.! >%,1*13.! 8(! *&#56! $)&%2-! $6,)2#')<,#>6(!

l@q#AYq!/'F9$N>3',)&3%2!3'63,!P1'6!?q!+/'Bm!')!#**),.!'63!'1'&3!$)2>)%-.!#5!#!P61'3!

5)&1.!lARZ\!<T!ZRA@!22)&T!\XqmR!!

/0* AX[dA\A!r7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR*

! *A7P**^:-:=O_* BB\Y! l2mT! ?[Y\! l2mT! ?BZ@! l5mT! ?BUA! l5mT! AXX?! l2mT! AZ?U! l5mT!
AUZX!l5mT!ABBX!l5mT!A@YA!l2mT![[U!lPmT!\Y[!lPmR!!

)-*^NUU*/-fX*:F:=O_* XRUZ!l?!KT!.T!0x\RY!KnT!?!V!9,-m!
XRUA!l?!KT!.T!0x\RY!KnT!?!V!9,-m!
URA@!lB!KT!5T!F7-Bm!
UR@?!lB!KT!5T!F7-Bm!
?R[?!lA!KT!5T!F-m!
ARB?!l[!KT!5T!7l7-BmBmR!!

):*^LUU*/-fX*:F:=O_* A\URY! l:xFmT! AZZRU! l:mT! AYAR[! l:mT! ABYRZ! l:mT! ABURY! l:mT! A?ZR@!
l:K! V! ?mT! A?YR[! l:K! V! ?mT! \XR[! l:mT! Z@RX! lF:KBmT! Y[RA! lF:KBmT!
BYR@!l:mT!BARX!ll:KBmBmR!!

g&/'*^%'[_* ?[[!lsJp+#tpT!A@@qmR!!
-&/'*^%'[_* ")%-.!?[[RA?YXT!7AZK?@+#FU!sJp+#tp!,3W%1,35!?[[RA?Y[R!
*

* *

MeO

MeO O

  C16H20O4

Mol Wt: 276.33

MeO

MeO O

O

C6H6O4

Mol Wt: 142.11

OH

tBu



()<;7*/!W@!-C;*/"+*#7<%!

[@!

!

NW^\LXLhWE8HD31;=]WNW;=_WNWD;24>P;WMXOW28A36D>P;<;<=>?@6WMW31>13*^MRT3_**

!

:)!#!5)&%'1)-!)*!US8,)2)81>63-(&!lAR@@!<T!UR?[!22)&m!1-!:K"!lB@!2Dm!#'!dX\!r7!P#5!#..3.!
#M%D1!lBRAY!2DT!ARY!J!5)&%'1)-!1-!63V#-3T!URX?!22)&m!.,)>P153R!9*'3,!AY!21-!'63!,35%&'1-<!

5)&%'1)-!P#5!#..3.!>"<!$#--%&#!')!#!5)&%'1)-!)*!.123'6(&!5W%#,#'3!l@RX@!<T!UR[B!22)&m!1-!

:K"!lB@!2Dm!#'!dX\!r7T!<101-<!#-!),#-<3!5)&%'1)-R! !9*'3,!AY!21-!5#'R!+KU7&! lXY!2Dm!P#5!

#..3.R!:63!,3#$'1)-!21V'%,3!P#5!#&&)P3.!')!P#,2!')!G:!'63-!3V',#$'3.!P1'6!;7J!lY@!2D!

V!BmR! :63! $)281-3.!),<#-1$! &#(3,5!P3,3!P#563.!P1'6!8,1-3! lY@!2D!V!?mT! .,13.! lJ<4FUmT!

*1&'3,3.T!$)-$3-',#'3.! "#!><&.'!#-.!>%,1*13.!8(! *&#56!$)&%2-!$6,)2#')<,#>6(!l@q#AYq!

/'F9$N>3',)&3%2!3'63,!P1'6!?q!+/'Bm!')!#**),.!'63!'1'&3!$)2>)%-.!#5!#!P61'3!5)&1.!l@R?ZA!

<T!@R\X[!22)&T!?@qmR!!

/0* AX@dAX?!r7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR!*

! *A7P**^:-:=O_* BBXX! l2mT! B@?\! lPmT! ?[Y@! lPmT! AXX@! l2mT! AZA[! l5mT! AU\Z! l5mT!
ABBZ!l5mT!A@Y@!l2mT![[U!lPmT!XZA!l2mR!

)-*^OUU*/-fX*:F:=O_* XRZ\!S!XRYB!lZ!KT!2T!Z!V!9,-m!
XRY@dXRUA!l?!KT!2T!?!V!9,-m!
XRU@dXRBA!lA!KT!2T!9,-m!
URA?!lB!KT!5T!F7-Bm!
UR@Y!lB!KT!5T!F7-Bm!
BR@X!lA!KT!5T!F-mR!!

):*^SR*/-fX*:F:=O_* A\BR\! l:xFmT! AZYR[! l:mT! AUARU! l:mT! AU@RZ! l:mT! ABZR@! l:mT! ABURU!
l:mT!A?\R\!l:K!V!?mT!A?XRY!l:KmT!A?XRU!l:K!V!?mT!A?XRA!l:K!V!?mT!
A?ZRB!l:K!V!?mT!\XRZ!l:mT!Z@RB!lF:KBmT!Y\RX!lF:KBmR!

g:/'*^%'[_* ?[X!lsJpKtpT!A@@qmR!
-&/'*^%'[_* ")%-.!BA[R@[B[T!7A\KAZ+#FU!sJp+#tp!,3W%1,35!BA[R@[UZR!
$

$ $

MeO

MeO O

C18H16O4
Mol Wt: 296.32

MeO

MeO O

O
C6H6O4

Mol Wt: 142.11

OH
Ph



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 [A!
! !

+X+WF885>H4>H;=WNW^LWD;24>P;WMXOW28A36D>P;WNW>P><;<=>?@6WMW31WLW;=_W?31f7A823*

^MRTG_**

!

:)!#!5)&%'1)-!)*!:T:S.115)>,)>(&SUS8,)2)83-n#21.3!lAR?@!<T!UR??!22)&m!1-!:K"!l?@!2Dm!

#'!dX\!r7!P#5!#..3.!#M%D1!lARXZ!2DT!?RU!J!5)&%'1)-!1-!63V#-3T!UR??!22)&m!.,)>P153R!9*'3,!

?@!21-! '63! ,35%&'1-<! 5)&%'1)-!P#5! #..3.! >"<! $#--%&#! ')! #! 5)&%'1)-! )*! .123'6(&! 5W%#,#'3!

l@RY@!<T!BRY?!22)&m!1-!:K"!l?@!2Dm!#'!dX\!r7T!<101-<!#!(3&&)P!5)&%'1)-R!!9*'3,!B@!21-!5#'R!

+KU7&! lXY! 2Dm! P#5! #..3.R! :63! ,3#$'1)-! 21V'%,3! P#5! #&&)P3.! ')! P#,2! ')! G:! '63-!

3V',#$'3.!P1'6!;7J!l?@!2D!V!BmR!:63!$)281-3.!),<#-1$!&#(3,5!P3,3!P#563.!P1'6!8,1-3!l?@!

2D! V! ?mT! .,13.! lJ<4FUmT! *1&'3,3.T! $)-$3-',#'3.! "#! ><&.'! #-.! >%,1*13.! 8(! *&#56! $)&%2-!

$6,)2#')<,#>6(! l@q#XYq! /'F9$N>3',)&3%2! 3'63,! P1'6! ?q! +/'Bm! ')! #**),.! '63! '1'&3!

$)2>)%-.!#5!#!P61'3!5)&1.!l@RAB[!<T!@RU@!22)&T!A\qmR!!

/0* [\dA@@!°7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR*

! *A7P**^:-:=O_* BB@\! l2mT! ?[ZZ! lPmT! ?BZ@! l5mT! ?BU?! l5mT! AXX?! lPmT! AZBZ! l2mT!
ABB\!l5mT!A@YU!lPmT![[Y!lPmR!

)-*^NUU*/-fX*:F:=O_* XRYY!l?!KT!.T!0xXRY!KnT!?!V!9,-m!
XRBB!l?!KT!.T!0xXRY!KnT!?!V!9,-m!
UR@X!lB!KT!5T!F7-Bm!
UR@Y!lB!KT!5T!F7-Bm!
BRZY!l?!KT!8,R!5T!+ll7-l7KBm?m?m!
?RX@!lA!KT!5T!F-m!
ARB?!lA?!KT!8,R!5T!+ll7Kl7-Bm?m?mR!!

):*^LUU*/-fX*:F:=O_* ?@XRB!l:xFmT!A\BR\!l:xFmT!AXARA!l:mT!AZZRA!l:mT!AB[R?!l:mT!AB\R@!
l:mT!A?ZRY!l:K!V!?mT!A?ZRB!l:K!V!?mT!\XR?!l:mT!Z@RX!lF:KBmT!Y[RA!
lF:KBmT!BARB!l:K!V!?mT!?ARA!l:KB!V!UmR!

g&/'*^%'[_* BU\!lsJpKtpT!A@@qmR!
* *

MeO

MeO O

  C19H25NO5
Mol Wt: 347.41

MeO

MeO O

O

  C6H6O4
Mol Wt: 142.11

OH

N(iPr)2

O



()<;7*/!W@!-C;*/"+*#7<%!

[?!

!

NW-;24>P;WMXOW28A36D>P;WNW^NWA36D>P;HD31;=_<;<=>?@6WMW31>13*^MRT9_**

!

:)!#!5)&%'1)-!)*!;S8,)2)#-15)&3!l@R[X!2DT!XRXU!22)&m!1-!:K"!lX@!2Dm!#'!dX\!r7!P#5!#..3.!
#M%D1! lBRAU! 2DT! ?RUX! J! 5)&%'1)-! 1-! 63V#-3T! XRXU! 22)&m! .,)>P153R! ! 9*'3,! B@! 21-! '63!

,35%&'1-<!5)&%'1)-!P#5!#..3.!>"<!$#--%&#!')!#!5)&%'1)-!)*!.123'6(&!5W%#,#'3!lAR@@!<T!XR@U!

22)&m!1-!:K"!lA@!2Dm!#'!dX\!r7T!<101-<!#!(3&&)P!5)&%'1)-R!!9*'3,!A!6!5#'R!+KU7&!lY@!2Dm!P#5!

#..3.R!!:63!,3#$'1)-!21V'%,3!P#5!#&&)P3.!')!P#,2!')!G:!'63-!3V',#$'3.!P1'6!;7J!lY@!2D!

V!BmR! !:63!$)281-3.!),<#-1$! &#(3,5!P3,3!P#563.!P1'6!8,1-3!lY@!2D!V!?mT!.,13.!lJ<4FUmT!

*1&'3,3.T!$)-$3-',#'3.! "#!><&.'!#-.!>%,1*13.!8(! *&#56!$)&%2-!$6,)2#')<,#>6(!lYq#Y@q!

/'F9$N>3',)&3%2!3'63,!P1'6!?q!+/'Bm! ')!#**),.! '63! '1'&3! $)2>)%-.!#5!#-!)**SP61'3! 5)&1.!

l@RYBU!<T!?RAU!22)&T!B@qmR!!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,Z!

/0* [\dA@@!°7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR*

! *A7P**^:-:=O_* BB[?! l2mT! ?[YB! lPmT! ?\B[! lPmT! ?BY[! l5mT! ?BU?! l5mT! AXXA! l2mT!
AZA[! l5mT! AYAA! l5mT! AUZZ! l5mT! AB\Z! l5mT! A@U\! l5mT! [[?! l2mT!
\YU!l2mR!

)-*^OUU*/-fX*:F:=O_* XRUY!l?!KT!.T!0x\R\!KnT!?!V!9,-m!
ZR[@!l?!KT!.T!0x\R\!KnT!?!V!9,-m!
UR@X!lB!KT!5T!F7-Bm!
UR@A!lB!KT!5T!F7-Bm!
BR\A!lB!KT!5T!9,SF7-Bm!
?RXY!lA!KT!5T!F-mR!

):*^SR*/-fX*:F:=O_* A\URU! l:xFmT! AZZRB! l:mT! AY[RZ! l:mT! ABYRA! l:mT! A?[RB! l:mT! A?XRA!
l:K! V! ?mT! AAUR@! l:K! V! ?mT! \XR?! l:mT! Z@R?! lF:KBmT! Y\RZ! lF:KBmT!
YYRB!l9,SF:KBmR!

g&/'*^%'[_* ?XB!lsJp+#tpT!A@@qmR!
!

! !

MeO

MeO O

  C13H14O5
Mol Wt: 250.25

MeO

MeO O

O

  C6H6O4
Mol Wt: 142.11

OH
OMe



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 [B!
! !

NW^NW,=@>4>HD31;=_WNWD;24>P;WMXOW28A36D>P;<;<=>?@6WMW31>13*^MRTD_**

!

:)!#!5)&%'1)-!)*!AS8,)2)SUS*&%),)83-n3-3!l@RZ[!2DT!ZRBU!22)&m!1-!:K"!lB@!2Dm!#'!dX\!r7!

P#5!#..3.!#M%D1!l?RZB!2DT!?RUZ!J!5)&%'1)-!1-!63V#-3T!ZRBU!22)&m!.,)>P153R!!9*'3,!B@!21-!

'63! ,35%&'1-<! 5)&%'1)-!P#5! #..3.!>"<! $#--%&#! ')! #! 5)&%'1)-!)*! .123'6(&! 5W%#,#'3! l@RXY! <T!

YR?\!22)&m!1-!:K"!lB@!2Dm!#'!dX\!r7T!<101-<!#!(3&&)P!5)&%'1)-R!!9*'3,!B@!21-!5#'R!+KU7&!lB@!

2Dm!P#5!#..3.R!:63!,3#$'1)-!21V'%,3!P#5!#&&)P3.!')!P#,2!')!G:!'63-!3V',#$'3.!P1'6!;7J!

l?@!2D! V! BmR! :63! $)281-3.! ),<#-1$! &#(3,5! P3,3!P#563.!P1'6! 8,1-3! l?@!2D! V! ?mT! .,13.!

lJ<4FUmT! *1&'3,3.T! $)-$3-',#'3.! "#! ><&.'! #-.! >%,1*13.! 8(! *&#56! $)&%2-! $6,)2#')<,#>6(!

l@q#U@q!/'F9$N>3',)&3%2!3'63,!P1'6!?q!+/'Bm!')!#**),.!'63!'1'&3!$)2>)%-.!#5!#!P61'3!

5)&1.!l@RBA!<T!?R@Y!22)&T!B[qmR!

/0* [\dA@@!°7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR*

! *A7P**^:-:=O_* BB\Y!l2mT!?[YU!lPmT!?BZ@!l5mT!?BUA!l5mT!AXX?!l5mT!AZ@A!l5mT!AUZ\!
l5mT!ABBX!l5mT!A@UX!l5mT![[U!l2mT!\Y\!l2mR!

)-*^OUU*/-fX*:F:=O_* XRY?!l?!KT!..T!0x\R\T!YRB!KnT!?!V!9,-m!
XR@\!l?!KT!#>>R!'T!0x\R\!KnT!?!V!9,-m!
URAA!lB!KT!5T!F7-Bm!
UR@U!lB!KT!5T!F7-Bm!
?RZX!lA!KT!5T!F-mR!!

):*^SR*/-fX*:F:=O_* A\UR@!l:xFmT!AZZRA!l:mT!AZARY!l:mT!ABYRB!l:mT!ABBR@!l:mT!A?XR\!l:K!
V!?mT!AAYRU!l:K!V!?mT!\XR?!l:mT!Z@RB!lF:KBmT!Y\RX!lF:KBmR!

),*^MTM*/-fX*:F:=O_* dAABRY!l7,m`!

g&/'*^%'[_* UXX!ls?JpKtpT!A@@qmR!
!

*

* *

MeO

MeO O

  C12H11FO4
Mol Wt: 238.21

MeO

MeO O

O

  C6H6O4
Mol Wt: 142.11

OH
F



()<;7*/!W@!-C;*/"+*#7<%!

[U!

!

NW-;24>P;WMXOW28A36D>P;WNW^NW^648G=@>4>A36D;=_HD31;=_<;<=>?@6WMW31>13*^MRT8_**

!

:)! #! 5)&%'1)-!)*! AS8,)2)SUSl',1*&%),)23'6(&mS83-n3-3! l@RYU!2DT! BR\X!22)&m! 1-!:K"! l?@!

2Dm!#'!dX\!r7!P#5!#..3.!#M%D1!lARYX!2DT!?RUX!J!5)&%'1)-!1-!63V#-3T!BR\X!22)&m!.,)>P153R!!

9*'3,! B@! 21-! '63! ,35%&'1-<! 5)&%'1)-! P#5! #..3.! >"<! $#--%&#! ')! #! 5)&%'1)-! )*! .123'6(&!

5W%#,#'3!l@RY@!<T!BRY?!22)&m!1-!:K"!l?@!2Dm!#'!dX\!r7T!<101-<!#-!),#-<3!5)&%'1)-R!!9*'3,!?@!

21-!5#'R!+KU7&!lB@!2Dm!P#5!#..3.R!!:63!,3#$'1)-!21V'%,3!P#5!#&&)P3.!')!P#,2!')!G:!'63-!

3V',#$'3.!P1'6!;7J!l?@!2D!V!BmR! !:63!$)281-3.!),<#-1$! &#(3,5!P3,3!P#563.!P1'6!8,1-3!

l?@!2D!V!?mT!.,13.! lJ<4FUmT! *1&'3,3.T! $)-$3-',#'3.! "#!><&.'! #-.!>%,1*13.!8(! *&#56!$)&%2-!

$6,)2#')<,#>6(! lYq#Y@q! /'F9$N>3',)&3%2! 3'63,! P1'6! ?q! +/'Bm! ')! #**),.! '63! '1'&3!

$)2>)%-.!#5!#!P61'3!5)&1.!l@RY[!<T!?R@Y!22)&T!Y[qmR!!

/0* A\@dA\?!°7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR!*

! *A7P**^:-:=O_* BBZY! l2mT! ?[YZ! lPmT! ?BZ@! l5mT! ?BUA! l5mT! AXX?! l2mT! AZAZ! l5mT!
AUX@!l5mT!AB?U!l5mT![[U!l2mT!\ZU!lPmR!!

)-*^OUU*/-fX*:F:=O_* XRZU!lU!KT!#>>R!5T!U!V!9,-m!
UR@\!lB!KT!5T!F7-Bm!
UR@B!lB!KT!5T!F7-Bm!
?RZ?!lA!KT!5T!F-mR!

):*^SR*/-fX*:F:=O_* A\BR@! l:xFmT! AZYRZ! l:mT! AUAR@! l:mT! AB\RX! l:mT! ABZRY! l:mT! A?ZR\!
l:K!V!?mT!A?YR[!l:K!V!?mT!\XRU!l:mT!Z@RU!lF:KBmT!Y\R\!lF:KBmR!

),*^MTM*/-fX*:F:=O_* dZ?R\!l7,BmR!

g:/'*^%'[_* ?\X!lsJdKtdT!ZUqmR!
-&/'*^%'[_* ")%-.!BAAR@Y@XT!7ABKAA"B+#FU!sJp+#tp!,3W%1,35!BAAR@Y@XR!
!

* *

MeO

MeO O

  C13H11F3O4
Mol Wt: 288.22

MeO

MeO O

O

  C6H6O4
Mol Wt: 142.11

OH
CF3



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 [Y!
! !

NW-;24>P;WMXOW28A36D>P;WNW^H;48281WMW;=_<;<=>?@6WMW31>13*^MQS_**

!

:)! #! 5)&%'1)-! )*! ?S8,)2)>(,1.1-3! l@R\?!2DT! \RUY!22)&m! 1-! :K"! lB@!2Dm! #'! dX\! r7!P#5!

#..3.!#M%D1!lBRY?!2DT!?RU@!J!5)&%'1)-!1-!63V#-3T!\RUY!22)&m!.,)>P153R!!9*'3,!AY!21-!'63!

,35%&'1-<!5)&%'1)-!P#5!#..3.!>"<!$#--%&#!')!#!5)&%'1)-!)*!.123'6(&!5W%#,#'3!lAR@@!<T!XR@U!

22)&m! 1-!:K"!lA@!2Dm!#'!dX\!r7T!<101-<!#!,3.!5)&%'1)-R! !9*'3,!B@!21-!5#'R!+KU7&!l?@!2Dm!

P#5!#..3.R!!:63!,3#$'1)-!21V'%,3!P#5!#&&)P3.!')!P#,2!')!G:!'63-!3V',#$'3.!P1'6!;7J!lY@!

2D!V!BmR!!:63!$)281-3.!),<#-1$!&#(3,5!P3,3!P#563.!P1'6!8,1-3!lY@!2D!V!?mT!.,13.!lJ<4FUmT!

*1&'3,3.T!$)-$3-',#'3.! "#!><&.'!#-.!>%,1*13.!8(! *&#56!$)&%2-!$6,)2#')<,#>6(!lYq#Y@q!

/'F9$N>3',)&3%2! 3'63,!P1'6! ?q!+/'Bm! ')! #**),.! '63! '1'&3! $)2>)%-.! #5! #! >#&3! 8,)P-! )1&!

l@R[X!<T!URBX!22)&T!Z?qmR!!

! *A7P**^:-:=O_* BUZB! lPmT! ?[YA! lPmT! ?BZ@! l5mT! ?BB[! l5mT! AXXZ! l2mT! AZB?! l5mT!
AUZ\!l2mT!ABBX!l5mT!A@ZA!l2mT!A@@B!lPmT!\Y?!lPmR!

)-*^OUU*/-fX*:F:=O_* \RZ?!lA!KT!.!p!*1-3!5>&1''1-<T!0xURY!KnT!9,-m!
XRXX!lA!KT!'.T!0xXRYT!ARY!KnT!9,-m!
XRU\!lA!KT!.T!0xXRY!KnT!9,-m!
XRB@!lA!KT!...T!0xXRYT!URYT!AR@!KnT!9,-m!
ZR@X!lA!KT!5T!F-m!
UR@[!lB!KT!5T!F7-Bm!
BR[\!lB!KT!5T!F7-BmR!

):*^SR*/-fX*:F:=O_* A\?RZ!l:xFmT!AZURU!l:mT!AYURZ!l:KmT!AU\RB!l:mT!ABXRZ!l:mT!ABXRU!
l:KmT! A?BR?! l:KmT! A?@R@! l:KmT! \@R@! l:mT! Y[R[! lF:KBmT! Y\R\!
lF:KBmR!

g&/'*^%'[_* ???!lsJpKtpT!A@@qm!
-&/'*^%'[_* ")%-.!???R@XZZT!7AAKA?+FU!sJpKtp!,3W%1,35!???R@XXYR!
!

* *

MeO

MeO O

  C11H11NO4
Mol Wt: 221.21

MeO

MeO O

O

  C6H6O4
Mol Wt: 142.11

OH N



()<;7*/!W@!-C;*/"+*#7<%!

[Z!

!

NW-;24>P;WMXOW28A36D>P;WNW^6D8>HD31WMW;=_<;<=>?@6WMW31WLW>13*^MSU_**

!

:)!#!5)&%'1)-!)*!#M%D1!l?RU?!2DT!ARZ!J!5)&%'1)-!1-!63V#-3T!BR\X!22)&m!1-!:K"!lAY!2Dm!#'!d

X\! r7! P#5! #..3.! ?S8,)2)'61)>3-3! l@RBXZ! 2DT! BR\X! 22)&m! .,)>P153R! ! 9*'3,! AY! 21-! #!

5)&%'1)-!)*!.123'6(&!5W%#,#'3!l@RY@!<T!BRY?!22)&m!1-!:K"!lA@!2Dm!P#5!#..3.!)03,!Y!21-T!

<101-<!#-!),#-<3!5)&%'1)-R! !9*'3,!A!6!5#'R!+KU7&!l?@!2Dm!P#5!#..3.R!:63!,3#$'1)-!21V'%,3!

P#5!#&&)P3.!')!P#,2!')!G:!'63-!3V',#$'3.!P1'6!;7J!l?@!2D!V!BmR!!:63!$)281-3.!),<#-1$!

&#(3,5!P3,3!P#563.!P1'6!8,1-3!l?@!2D!V!?mT!.,13.!lJ<4FUmT!*1&'3,3.T!$)-$3-',#'3.!"#!><&.'!

#-.!>%,1*13.!8(!*&#56!$)&%2-!$6,)2#')<,#>6(!lYq#U@q!/'F9$N>3',)&3%2!3'63,!P1'6!?q!

+/'Bm!')!#**),.!'63!'1'&3!$)2>)%-.!#5!#!P61'3!5)&1.!l@R?YX!<T!ARAU!22)&T!B?qmR!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,Z!

/0* ZZSZ\!°7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR*

! *A7P**^:-:=O_* BU@@! lPmT! B@@\! lPmT! ?[YZ! lPmT! AX\A! l2mT! AZUU! l5mT! AZBY!
l2mT!AUX@!l2mT!ABU\!l5mT!A@U@!l2mT![\U!lPmR!

)-*^OUU*/-fX*:F:=O_* XRBB!lA!KT!..T!0xYR@T!ARB!KnT!9,-m!
XRAA!lA!KT!..T!0xBRYT!ARB!KnT!9,-m!
XR@?!lA!KT!..T!0xYR@T!BRY!KnT!9,-m!
URAA!lB!KT!5T!F7-Bm!
UR@?!lB!KT!5T!F7-Bm!
BRYZ!lA!KT!5T!F-mR!!

):*^SR*/-fX*:F:=O_* A\BRA! l:xFmT! AZZR@! l:mT! AU@RX! l:mT! ABYR?! l:mT! A?XR?! l:KmT!
A?ZR?!l:KmT!A?YR@!l:KmT!\YRX!l:mT!Z@RB!lF:KBmT!Y\R\!lF:KBmR!

g:/'*^%'[_* ?[@!lsJp+#pJ37+tpT!A@@qmR!
!

* *

MeO

MeO O

  C10H10O4S
Mol Wt: 226.25

MeO

MeO O

O

  C6H6O4
Mol Wt: 142.11

OH S



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 [X!
! !

Z31347=*%PH348A3167=*G>4*,=>C*&37<68>15*

?!2D!#&1W%)'5!)*!MRT7W8! 1-!ATUS.1)V#-3!P3,3!'#Q3-!*,)2!8%&Q!5)&%'1)-5!l@R?Y!<!1-!?Y!2Dm!

#-.! 63#'3.! #'! AY@! r7! %-.3,! *&)P! 1-! 5'#1-&355! 5'33&! '%81-<! *),! '63! 5'#'3.! ,351.3-$3! '123!

%51-<! #! H#>)%,'3$! GUoG?p! .301$3R! ! :63! ,35%&'1-<! 5)&%'1)-5! P3,3! $)-$3-',#'3.! "#! ><&.'!

'63-! #-#&(n3.! 8(! AK! +JG! ')! .3'3,21-3! '631,! $)2>)51'1)-! lMRTT! MQU! #-.! MQLm! 8(!

$)2>#,15)-!)*!'63!,35>3$'103!1-'3<,#&5!#5!1-.1$#'3.!83&)PR!!

!

MXOWF8A36D>P;17HD6D7=313WLXNW28>13*^MQL7_!*

!

+#>6'6#&3-3SATUS.1)-3! MQL7! $)%&.! 83! *),23.! 1-! -3#,! W%#-'1'#'103! (13&.! %51-<! '63!

#*),323-'1)-3.!23'6).!8(!#>>&(1-<!#!,351.3-$3!'123!)*!B@!21-!#-.!5'1,,1-<!'63!,35%&'1-<!

5)&%'1)-!1-!#1,!*),!A!6R!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,Z!

/0* AAZdAA\!°7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR*

! *A7P**^:-:=O_* BB\Y! l2mT! ?[YU! lPmT! ?BZ@! l5mT! ?BUA! l5mT! AXX?! l5mT! AZ@A! l5mT!
AUZ\!l5mT!ABBX!l5mT!A@UX!l5mT![[U!l2mT!\Y\!l2mR!!

)-*^OUU*/-fX*:F:=O_* XRXA!l?!KT!2T!?!V!9,-m!
\R@X!l?!KT!2T!?!V!9,-m!
URAB!lZ!KT!5T!F7-B!V!?mR!!

):*^SR*/-fX*:F:=O_* A\?R@!l:xF!V!?mT!AYURY!l:!V!?mT!ABBR\!l:!V!?mT!AB@R\!l:!V!?mT!A?ZRB!
l:K!V!?mT!ZARY!lF:KB!V!?mR!!

g&/'*^%'[_* ?UA!lsJp+#tpT!UZqmT!?A[!lsJpKtpT!AZqmR!
!

=<7*!8*7*/+"#<7"'#!

4'#$Q3.!+JG!.#'#!#'!0#,1)%5!,351.3-$3!'1235!P1'6!#-!3V>#-51)-!)*!'63!1-'3<,#'3.!,3<1)-T!

*)&&)P3.!8(!#!'#8%&#'3.!5%22#,(!)*!'63!#$W%1,3.!.#'#!#-.!A5'!),.3,!,#'3!>&)'R!



()<;7*/!W@!-C;*/"+*#7<%!

[\!

!

!

!

!

!

!

(8A3**

^5_*
MQL7*^i_* =1*\'/]* L56*>4234*4763*H=>6*

@!

B@@!

UY@!

Z@@!

[@@!

A?@@!

A@@!

ZBR?!

YBRY!

B[RZ!

?YRA!

AXRA!

URZA!

URAY!

BR[\!

BRZ\!

BR??!

?R\U!

*

*

* *

(!x!S@R@@AU[V!p!URZ@U!
=M!x!@R[[\!

?RY!

B!

BRY!

U!

URY!

Y!

@! ?@@! U@@! Z@@! \@@! A@@@! A?@@!

=1
*\'
/
] 6*

(8A3*^5_*



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 [[!
! !

MXOWF8A36D>P;WQWA36D;=17HD6D7=313WLXNW28>13*^MQL?_**

!

+#>6'6#&3-3SATUS.1)-3!MQL?! $)%&.!83! *),23.! 1-![Uq!(13&.!%51-<!'63!<3-3,#&!23'6).!8(!

#>>&(1-<!#!,351.3-$3!'123!)*!?!6!#-.!5'1,,1-<!'63!,35%&'1-<!5)&%'1)-!1-!#1,!*),!B!6R!!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,Z!

/0* \[d[A!°7!l#WR!J3FKmR*

! *A7P**^:-:=O_* ?[Y@!lPmT!AZY[!l5mT!AZAA!l5mT!AZ@@!l5mT!AB@Z!l5mT!A?Z[!l5mT!A@U@!
l2mR!

)-*^NUU*/-fX*:F:=O_* XR[Z!lA!KT!.T!0xXR\!KnT!9,-m!
XR\X!lA!KT!8,R!5T!9,-m!
XRYBdXRUX!lA!KT!..WT!0xXR\T!ARYT!@R\!KnT!9,-m!
URA?!lB!KT!5T!F7-Bm!
URA@!lB!KT!5T!F7-Bm!
?RU\!lB!KT!8,R!5T!7-BmR!!

):*^LUU*/-fX*:F:=O_* A\?RB!l:xFmT!A\AR\!l:xFmT!AUXRZ!l:mT!AUUR[!l:mT!ABURU!l:mT!AB@R\!
l:KmT!A?\RZ!l:mT!A?ZRX!l:KmT!A?ZRU!l:KmT!AA[RX!l:mT!ZARU!lF:KB!*!
?mT!?AR\!l:KBmR!

g&/'*^%'[_* ?BB!lsJpKtpT!A@@qmR!
!

!

95!#-!#&'3,-#'103!')!'63!<3-3,#&!23'6).T!$,%.3!,3#$'1)-!21V'%,35!$)%&.!83!$)-$3-',#'3.!"#!

><&.'T!.155)&03.!1-!;7J!'63-!3V>)53.!')!?Bq!79+!)-!51&1$#R!!:63!>,)$3.%,3!*#$1&1'#'35!'63!

W%#-'1'#'103! )V1.#'1)-! )*! '63! 83-n)6(.,)W%1-)-3! lMQU?m! ')! '63! $),,35>)-.1-<!

83-n)W%1-)-3! lMQL?m!P1'6! ,32#1-1-<! 5'#,'1-<!2#'3,1#&! lMRT?m! $&3#-&(! $)-03,'3.! ')! '63!

$),,35>)-.1-<!$($&)8%'3-SAT?S.1)-3!lMRY?m!#5!#!$&3#,!)1&R!!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,A?@!



()<;7*/!W@!-C;*/"+*#7<%!

A@@!

!

! *A7P**^:-:=O_* ?BZA! l5mT! ?BU@! l5mT! AX\U! l5mT! AXY@! lPmT! AY[Y! l2mT! ABZ[! l5mT!
A@B?!lPmT!\BB!lPmR!

)-*^NUU*/-fX*:F:=O_* XR[U!l?!KT!.T!0x\RA!KnT!?!V!9,-m!
XRB?!l?!KT!.T!0x\RA!KnT!?!V!9,-m!
URZ@!lB!KT!5T!F7-Bm!
?RUUlB!KT!5T!7-BmR!

):*^LUU*/-fX*:F:=O_* A[BR\l:xFmT!A\URX! l:xFmT!AXUR@! l:mT!AUBR[! l:mT!A?[R[! l:K!V!?mT!
A?XR[!l:K!V!?mT!A?YR@!l:mT!AAZRB!l:mT!ZARU!lF:KBmT!??R@!l:KBmR!

g&/'*^%'[_* ?ZZ!lsJpJ37+p+#tpT!A@@qmT!?@B!lsJpKtpT!?qmR!

=<7*!8*7*/+"#<7"'#!

4'#$Q3.!+JG!.#'#!#'!0#,1)%5!,351.3-$3!'1235!P1'6!#-!3V>#-51)-!)*!'63!1-'3<,#'3.!,3<1)-T!

*)&&)P3.!8(!#!'#8%&#'3.!5%22#,(!)*!'63!#$W%1,3.!.#'#!#-.!A5'!),.3,!,#'3!>&)'R!!I-!'615!$#53T!

1-'3<,#'1)-!)*!'63!23'6(&!3'63,!,35)-#-$35!)*!MQL?!#-.!MRY?!>,)01.3.!#!,3&1#8&3!23#-5!)*!

#553551-<!'63!>,)<,355!)*!'63!,3#$'1)-R!

!! !

!

!

!

!

!



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 A@A!
! !

(8A3**

^5_*
MQL?*^i_* =1*\'/]* L56*>4234*4763*H=>6*

@!
!

?A@!
!

B@@!
!

UY@!
!

Z@@!
!
!

A@@!
A@@!
\AR[!
X\RU!
X?RU!
ZXRY!
Z?RX!
YZR[!
UZRY!
UBRX!

URZA!
URZA!
URUA!
URBZ!
UR?\!
UR?A!
URAU!
UR@U!
BR\U!
BRX\!
!

*

*
*

MXOWF8A36D>P;WQW^648A36D;=58=;=_17HD6D7=313WLXNW28>13*^MQL<_*

!

+#>6'6#&3-3SATUS.1)-3!MQL<!$)%&.!83!*),23.!1-![Uq!(13&.!%51-<!'63!<3-3,#&!23'6).!P1'6!

#!,351.3-$3!'123!)*!?!6T!*)&&)P3.!8(!5'1,,1-<!)*!'63!,35%&'1-<!5)&%'1)-!1-!#1,!*),!B!6R!

/0* Z[SXA!°7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR*

! *A7P**^:-:=O_* ?[YB!lPmT!AZZA!l5mT!AZ@\!l5mT!AZ@@!l5mT!A??@!l5mT!A@B@!l5mT!\U@!
l5mR!

)-*^NUU*/-fX*:F:=O_* \RA\d\R??!lA!KT!.T!0xAR?!KnT!9,-m!
\R@A!lA!KT!.T!0xXRZ!KnT!9,-m!
XR\Y!lA!KT!..T!0xXRZT!AR?!KnT!9,-m!
URA?!lB!KT!5T!F7-Bm!
URA?!lB!KT!5T!F7-Bm!
@RBU!l[!KT!5T!41l7-BmBmR!!

):*^LUU*/-fX*:F:=O_* A\?RZ!l:xFmT!A\?RB!l:xFmT!AX[R@!l:mAU\RX!l:mT!AUXRZ!l:mT!AUXRU!
l:mT!AB\RX!l:KmT!AB@R[!l:KmT!A?[RY!l:mT!A?YR@!l:KmT!ZARU!lF:KB!V!
?mT!dARU!l41l:KBmBmR!

g:/'*^%'[_* Y[\!ls?Jp+KUtpT!A@@qmT!?[A!lsJpKtpT!X@qmR!!
-&/'*^%'[_* ")%-.!?[ARA@YBT!7AYKA[FU41!!sJpKtp!,3W%1,35!?[ARA@YYR!

(!x!S@R@@ABAV!p!URZBU!
=M!x!@R[X?!

BRZ!

BR\!

U!

UR?!

URU!

URZ!

UR\!

@! A@@! ?@@! B@@! U@@! Y@@! Z@@! X@@!

=1
*\'
/
] 6*

(8A3*^5_*



()<;7*/!W@!-C;*/"+*#7<%!

A@?!

!

=<7*!8*7*/+"#<7"'#!

! !

!

(8A3*
^5_* MQL<*^i_* =1*\'/]* L56*>4234*4763*H=>6*

@!
?A@!
B@@!
UY@!
Z@@!
!
!

A@@!
\ZRZ!
XUR@!
Z@RU!
U[RU!
!

URZA!
URUZ!
URB@!
URA@!
BR[@!
!

*
!

* *

(!x!S@R@@A?AV!p!URZY?!
Gy!x!@R[XX!

BR\!

U!

UR?!

URU!

URZ!

UR\!

@! A@@! ?@@! B@@! U@@! Y@@! Z@@!

=1
*\'
/
] 6*

(8A3*^5_*



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 A@B!
! !

QW^")*"WE@6;=_WMXOW28A36D>P;17HD6D7=313WLXNW28>13*^MQL2_**

!

+#>6'6#&3-3SATUS.1)-3!MQL2!$)%&.!83!*),23.!1-![Uq!(13&.!%51-<!'63!<3-3,#&!23'6).!P1'6!

#!,351.3-$3!'123!)*!?!6T!*)&&)P3.!8(!5'1,,1-<!)*!'63!,35%&'1-<!5)&%'1)-!1-!#1,!*),!B!6R!!

/0* \\d[@!°7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR*

! *A7P**^:-:=O_* ?[Z@!lPmT!AZZB!l5mT!AZA@!lPmT!AY[X!l5mT!A??@!l5mT!A@B\!l5mT![Y@!
lPmR!

)-*^OUU*/-fX*:F:=O_* \R@\!lA!KT!.T!0x?R@!KnT!9,-m!
XR[[!lA!KT!.T!0x\R?!KnT!9,-m!
XRXA!lA!KT!..T!0x\R?T!?R@!KnT!9,-m!
URAA!lB!KT!5T!F7-Bm!
URA@!lB!KT!5T!F7-Bm!
ARB\!l[!KT!5T!7l7-BmBmR!!

):*^SR*/-fX*:F:=O_* A\?RU!l:xFmT!A\AR\!l:xFmT!AY\R@!l:mT!AUXRZ!l:mT!AUXRY!l:mT!AB@RX!
l:KmT!AB@RX!l:mT!A?\RY!l:mT!A?ZRB!l:KmT!A?BR?!l:KmT!ZARU!lF:KB!V!
?mT!BYRY!l:mT!B@R[!ll:KBmBmR!

g:/'*^%'[_* YZZ!ls?Jp+KUtpT!A@@qmT!?XY!lsJpKtpT!X@qmR!
-&/'*^%'[_* ")%-.!?XYRA?\BT!7AZKA[FU!sJpKtp!,3W%1,35!?XYRA?\ZR!
=<7*!8*7*/+"#<7"'#!

!

!

!

!



()<;7*/!W@!-C;*/"+*#7<%!

A@U!

!

(8A3*^5_* MQL2**
^i_* =1*\'/]* L56*>4234*4763*H=>6*

!
@!
?A@!
B@@!
UY@!
Z@@!
XY@!

!
@!
?A@!
B@@!
UY@!
Z@@!
XY@!

7T.!$"4#<%!
A@@!
\ZRA!
XXRY!
ZYRX!
YBRU!
UZRU!

b*!$"4#<%!
A@@!
\UR[!
X\RX!
ZXRZ!
YURU!
UXR[!

!
URZA!
URUZ!
URBY!
URA[!
BR[\!
BR\U!

!
URZA!
URUU!
URBX!
UR?A!
UR@@!
BR\X!

*

*
*

*

* *

(!x!S@R@@A@?V!p!URZB[!
=M!x!@R[\[!

BRZ!

BR\!

U!

UR?!

URU!

URZ!

UR\!

@! ?@@! U@@! Z@@! \@@!
=1
*\'
/
] 6*

(8A3*^5_*



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 A@Y!
! !

MXOWF8A36D>P;WQWHD31;=17HD6D7=313WLXNW28>=*^MQL3_**

!

+#>6'6#&3-3SATUS.1)-3!MQL3!$)%&.!83!*),23.!1-![Yq!(13&.!%51-<!'63!<3-3,#&!23'6).!P1'6!

#!,351.3-$3!'123!)*!B!6T!*)&&)P3.!8(!5'1,,1-<!)*!'63!,35%&'1-<!5)&%'1)-!1-!#1,!*),!U!6R!!

!/0* XYdXX!°7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR*

! *A7P**^:-:=O_* ?[?\! l2mT!AZZX! l5mT!AY[\! l2mT!A?AZ! l5mT!A??@! l2mT!A@BU!
l5mT![AU!lPmR!

)-*^OUU*/-fX*:F:=O_* \RBA!lA!KT!.T!0x?R@!KnT!9,-m!
\RAU!lA!KT!.T!0xXRX!KnT!9,-m!
XR[?!lA!KT!..T!0xXRXT!?R@!KnT!9,-m!
XRZ[!l?!KT!..T!0xXRAT!ARY!KnT!?!V!9,-m!
XRYUdXRUU!lB!KT!2T!B!V!9,-m!
URAY!lB!KT!5T!F7-Bm!
URAU!lB!KT!5T!F7-BmR!

):*^SR*/-fX*:F:=O_* A\@RA!l:xFmT!A\@RA!l:xFmT!AZZRU!l:mT!AUZRX!l:mT!AB\R[!l:mT!
ABBR[! l:mT! ABAR[! l:KmT! A?[RA! l:K!V!?mT! A?\R[! l:KmT! A?XRB!
l:K! V! ?mT! A?XR@U! l:KmT! A?URX! l:KmT! AA?R\! l:mT! AA@RA! l:mT!
ZARY!lF:KB!V!?mR!

g&/'*^%'[_* BY\!lsJpJ37+p+#tpT!A@@qmR!
=<7*!8*7*/+"#<7"'#!

!!!!!! !

!



()<;7*/!W@!-C;*/"+*#7<%!

A@Z!

!

(8A3*
^5_*

MQL3*
^i_* =1*\'/]* L56*>4234*4763*H=>6*

@!
B@@!
UY@!
Z@@!
[@@!
A?@@!

A@@!
XBRX!
ZBRZ!
Y[R\!
UUR\!
BYRX!

URZA!
URB@!
URAZ!
UR@[!
BR\@!
BRY\!

*
$

(!x!S@R@@@\V!p!URYXY!
=M!x!@R[[!

BRU!

BR[!

URU!

UR[!

@! ?@@! U@@! Z@@! \@@! A@@@! A?@@!

=1
*\'
/
] 6*
*

(8A3*^5_*



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 A@X!
! !

+X+WF885>H4>H;=WRXTW28D;24>P;WQXSW28A36D>P;WMW17HD6D7A823*^MQLG_*$

!

+#>6'6#&3-3SATUS.1)-3!MQLG!$)%&.!83!*),23.!1-!\Uq!(13&.!%51-<!'63!<3-3,#&!23'6).!P1'6!

#!,351.3-$3!'123!)*![@!21-T!*)&&)P3.!8(!5'1,,1-<!)*!'63!,35%&'1-<!5)&%'1)-!1-!#1,!*),!?!6R!!

/0* AB@dAB?!°7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR*

! *A7P**^:-:=O_* ?[UZ!lPmT!AZXU!l5mT!AZZX!l5mT!AZA?!l5mT!AZ@@!l5mT!AY\B!l5mT!AB@@!
l5mT!A?BY!l5mT!A@BX!l5mT!XU[!l5mR!!

)-*^NUU*/-fX*:F:=O_* \R@[!lA!KT!.T!0xXR\!KnT!9,-m!!
XR[\!lA!KT!.T!0xARY!KnT!9,-m!!
XRZ?!lA!KT!..T!0xXR\T!ARY!KnT!9,-m!!
URA?!lB!KT!5T!F7-Bm!!
URA?!lB!KT!5T!F7-Bm!!
BRZX!lA!KT!8,R!5T!+7-l7KBm?m!!
BRY\!lA!KT!8,R!5T!+7-l7KBm?m!!
ARYY!lZ!KT!8,R!5T!+7Kl7-Bm?m!!
ARAX!lZ!KT!8,R!5T!+7Kl7-Bm?mR!!

):*^LUU*/-fX*:F:=O_* A\ARB! l:xFmT! A\ARB! l:xFmT! AZ\RX! l:xFmT! AUXRX! l:mT! AUUR@T! l:mT!
ABAR@! l:mT! AB@RX! l:mT! AB@RY! l:mT! A?ZR\! l:KmT! A?BRB! l:KmT! A@BRZ!
l:mT!ZARY!lF:KB!V!?mT!YAR?!l8,RT!:KmT!UZRB!l8,RT!:KmT!?@RZ!ll:KBm?m?R!!

g&/'*^%'[_* B\X!lsJpJ37+pKtpT!A@@qmT!BUZ!lsJpKtpT!XYqmR!!
!

=<7*!8*7*/+"#<7"'#!

!

!



()<;7*/!W@!-C;*/"+*#7<%!

A@\!

!

(8A3*^5_* MQLG**
^i_* =1*\'/]* L56*>4234*4763*H=>6*

@!
B@@!
UY@!
Z@@!
XY@!
[@@!

!

A@@!
\URU!
X?RY!
ZZRY!
YYR?!
UXRY!
!

URZA!
URUU!
UR?\!
UR?@!
UR@A!
BR\Z!

*
*

* *

(!x!S@R@@@\B?V!p!URZU\!
=M!x!@R[\@!

BRZ!

BR\!

U!

UR?!

URU!

URZ!

UR\!

@! ?@@! U@@! Z@@! \@@! A@@@!

=1
*\'
/
]6
*

(8A3*^5_*



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 A@[!
! !

MXOXQW(48A36D>P;17HD6D7=313WLXNW28>=*^MQL9_**

!

+#>6'6#&3-3SATUS.1)-3!MQL9!$)%&.!83!*),23.!1-![Uq!(13&.!%51-<!'63!<3-3,#&!23'6).!P1'6!

#!,351.3-$3!'123!)*!U!6T!*)&&)P3.!8(!5'1,,1-<!)*!'63!,35%&'1-<!5)&%'1)-!1-!#1,!*),!Y!6R!!!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,Z!

/0* AAZdAA\!°7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR*

! *A7P**^:-:=O_* ?[YY!lPmT!AZZ[!l5mT!AZYX!l2mT!AY[Z!l5mT!ABAA!l5mT!A@AA!l5mT!\BX!
l2mR!

)-*^NUU*/-fX*:F:=O_* \R@A!lA!KT!.T!0x\RZ!KnT!9,-m!
XRY?!lA!KT!.T!0x?RZ!KnT!9,-m!
XRAZ!lA!KT!..T!0x\RZT!?RZ!KnT!9,-m!
URAB!lB!KT!5T!F7-Bm!
UR@\!lB!KT!5T!F7-Bm!
BR[Y!lB!KT!5T!F7-BmR!!

):*^LUU*/-fX*:F:=O_* A\?R@!l:xFmT!A\ARA!l:xFmT!AZUR?!l:mT!AUXR\!l:mT!AUXR@!l:mT!AB?R[!
l:mT!A?\RX!l:KmT!A?URA!l:mT!AA[R[!l:KmT!AA@R@!l:KmT!ZARU!lF:KB!V!
?mT!YYR[!lF:KBmR!!

g&/'*^%'[_* YAU!ls?Jp+KUtpT!U@qmT!?U[!lsJpKtpT!A@@qmR!
=<7*!8*7*/+"#<7"'#!

!

!

!



()<;7*/!W@!-C;*/"+*#7<%!

AA@!

!

(8A3*^5_* MQL9**
^i_* =1*\'/]* L56*>4234*4763*H=>6*

@!
!

?A@!
!

B@@!
!

UY@!
!

Z@@!
!

XY@!
!

A@@!
A@@!
\[RX!
\[RY!
\URU!
\BRY!
XZR?!
XZRX!
Z[RB!
Z\R\!
Z@RZ!
Z@RZ!

URZA!
URZA!
URY@!
URY@!
URUU!
URUB!
URBB!
URBU!
UR?U!
UR?B!
URA@!
URA@!

*

!

* *

(!x!S@R@@@ZZUV!p!URZ?U!
=M!x!@R[[B!

U!
URA!
UR?!
URB!
URU!
URY!
URZ!
URX!

@! A@@! ?@@! B@@! U@@! Y@@! Z@@! X@@! \@@!
=1
*\'
/
] 6*

(8A3*^5_*



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 AAA!
! !

QW,=@>4>WMXOW28A36D>P;17HD6D7=313WLXNW28>=*^MQLD_**

!

+#>6'6#&3-3SATUS.1)-3!MQLD!$)%&.!83!*),23.!1-![?q!(13&.!%51-<!'63!<3-3,#&!23'6).!P1'6!

#!,351.3-$3!'123!)*!U!6T!*)&&)P3.!8(!5'1,,1-<!)*!'63!,35%&'1-<!5)&%'1)-!1-!#1,!*),!Y!6R!!

/0* AA@dAAA!°7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR*

! *A7P**^:-:=O_* ?[??! lPmT! AZY\! l5mT! AZAU! l2mT! AY\Y! l5mT! AB@A! l5mT! A?B\! l5mT!
A@B\!l5mT!\U?!l2mR!

)-*^NUU*/-fX*:F:=O_* \RAA!lA!KT!..T!0x\RZT!YRA!KnT!9,-m!
XRXB!lA!KT!.T!0x\RZT!?RY!KnT!9,-m!
XRBZ!lA!KT!'.T!0x\R?T!?R\!KnT!9,-m!
URAB!lB!KT!5T!F7-Bm!
URAA!lB!KT!5T!F7-BmR!!

):*^LUU*/-fX*:F:=O_* A\UR@! l:xFmT! AZXR[! l:xFmT! AB@RY! l:mT! A?[RU! l:mT! A?[RB! l:KmT!
A?@R[! l:mT! A?@RZ! l:KmT! AAZRY! l:mT! AABRB! l:KmT! AABRA! l:mT! ZARY!
lF:KB!V!?mR!!

),*^MTMIN*/-fX*:F:=O_* dA@?RU!l7,mT!

g&/'*^%'[_* ?BX!lsJpKtpT!A@@qmR!!
* !
*
*

!

* !
* !
=<7*!8*7*/+"#<7"'#!

!

!

!

!

!



()<;7*/!W@!-C;*/"+*#7<%!

AA?!

!

(8A3*^5_* MQLD**
^i_* =1*\'/]* L56*>4234*4763*H=>6*

@!
!

?A@!
!

B@@!
!

UY@!
!

Z@@!
!

XY@!

A@@!
A@@!
\[R@!
\ZR\!
\ZR@!
\YR?!
X[RX!
\AR@!
XURA!
XURB!
XARA!

URZA!
URZA!
URU[!
URUZ!
URUY!
URUY!
URB\!
URB[!
URBA!
URBA!
UR?Z!

*

*

* *

(!x!S@R@@@UZAV!p!URY[A!
Gy!x!@R[\U!

UR?!

URB!

URU!

URY!

URZ!

URX!

@! ?@@! U@@! Z@@! \@@!

=1
\'
/
] 6*

(8A3*^5_*



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 AAB!
! !

MXOWF8A36D>P;WQW^648G=@>4>A36D;=_17HD6D7=313WLXNW28>=*^MQL8_**

!

+#>6'6#&3-3SATUS.1)-3!MQL8!$)%&.!83!*),23.!1-![Bq!(13&.!%51-<!'63!<3-3,#&!23'6).!P1'6!

#!,351.3-$3!'123!)*!U!6T!*)&&)P3.!8(!5'1,,1-<!)*!'63!,35%&'1-<!5)&%'1)-!1-!#1,!*),!Y!6R!!

/0* [\dA@@!°7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR*

! *A7P**^:-:=O_* ?[Y\! lPmT!?\B[! lPmT!AZZA! l5mT!AZA@! l5mT!A?[Z! l5mT!A?@[! l5mT!
A@\U!l5mT!A@B?!l2mT![AU!l5mT!XB?!l5mR!!

)-*^OUU*/-fX*:F:=O_* !\RBBd\RBZ!lA!KT!.T!0xARB!KnT!9,-m!
\R?A!lA!KT!.T!0x\R@!KnT!9,-m!
XR[Y!lA!KT!..T!0x\R?T!ARA!KnT!9,-m!
URAY!lB!KT!5T!F7-Bm!
URAY!lB!KT!5T!F7-BmR!!

):*^SR*/-fX*:F:=O_* A\@R\!l:xFmT!A\@RZ!l:xFmT!AUXR[!l:mT!AUXR\!l:mT!ABYRY!l:7"BT!
WT! 0(d!x!BBRZ!KnmT!ABBR@! l:mT!ABAR?! l:mT!AB@R?! l:KT!WT! 0(d!x!BR[!
KnmT!A?XR@!l:KmT!A?BRU!l:KT!WT!0(d!x!BR[!KnmT!A?BRA!l:"BT!WT!0(d!x!
?XB!KnmT!ZARZ!lF:KB!V!?mR!

),*^MTMIN*/-fX*:F:=O_* dZBRZ@!l7,OmR!!

g&/'*^%'[_* ?\X!lsJpKtpT!A@@qmR!!
-&/'*^%'[_* ")%-.!?\XR@YBAT!7ABKA@FU"B!sJpKtp!,3W%1,35!?\XR@YU@R!
!

=<7*!8*7*/+"#<7"'#!

!! !

!



()<;7*/!W@!-C;*/"+*#7<%!

AAU!

!

(8A3*^5_* MQL8**
^i_* =1*\'/]* L56*>4234*4763*H=>6*

@!
!

B@@!
!

UY@!
!

Z@@!
!

XY@!
!

[@@!
!

A@@!
A@@!
\XRY!
\XR?!
\?R?!
\?RA!
XXR@!
XXRY!
XAR[!
X?R@!
ZXRU!
ZZRX!

URZA!
URZA!
URUX!
URUX!
URUA!
URUA!
URBUA!
URBY!
UR?\!
UR?\!
UR?A!
UR?@! *

*

LW-;24>P;WMXOW28A36D>P;WN-Wd@81>=8f81WNW>13*^MQT_**

!

9! 5)&%'1)-! )*!MQS! lYR@!2<T! @R@?B!22)&m! 1-! ATUS.1)V#-3! l?!2Dm!P#5! 63#'3.! #'! A@@! r7! 1-!

5'#1-&355!5'33&!'%81-<!*),!#!,351.3-$3!'123!)*!A@!21-!%51-<!#!H#>)%,'3$!GUoG?p!.301$3R!!:63!

,35%&'1-<!5)&%'1)-!P#5!5'1,,3.! 1-!#1,! *),!A!6!'63-!$)-$3-',#'3.! "#!><&.'! ')!#**),.!'63!'1'&3!

$)2>)%-.!#5!#!>#&3!8,)P-!5)&1.!lUR[!2<T!@R@??!22)&T![[qmI**

/0* AA@dAA?!°7!l/'F9$o>3',)&3%2!3'63,mR!*

! *A7P**^:-:=O_* ?[YY!lPmT!?[?Y!lPmT!AXBB!l2mT!AZBU!lPmT!AY[Y!lPmT!AUYX!lPmT!
A?\\!l2mT!AA??!lPmT!XY[!lPmT!Z\?!lPmR!!

)-*^NUU*/-fX*F/'+_* \R\\!lA!KT!5T!F-m!
\RX@!lA!KT!.T!0xXRZ!KnT!9,-m!
XRXB!lA!KT!.T!0x[R@!KnT!9,-m!
XRAZ!lA!KT!..T!0x\R@T!ZRZ!KnT!9,-m!
ZR\Z!d!ZR[X!lA!KT!2T!9,-m!
UR@B!lB!KT!5T!F7-Bm!
BR\X!lB!KT!5T!F7-BmR!

):*^LUU*/-fX*F/'+_* AY?R@X!l:xFmT!AY@RAZ!l:mT!AB?R\!l:mT!A?\RZ!l:mT!A?\RU!l:mT!A?URX!
l:KmT! A?URZ! l:KmT! A?@R[! l:KmT! AAUR@! l:KmT! Z@R[! lF:KBmT! Y[RB!
lF:KBmR!

g:/'*^%'[_* ???!lsJpKtpT!A@@qmR!!
-&/'*^%'[_* ")%-.!???R@XZZT!7AAKA?+FU!sJpKtp!,3W%1,35!???R@XXYR!

!

(!x!S@R@@@UU?V!p!URZA[!
=M!x!@R[[?!

URA!

UR?!

URB!

URU!

URY!

URZ!

URX!

@! ?@@! U@@! Z@@! \@@!
=1
*\'
/
] 6*

(8A3*^5_*



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 AAY!
! !

RXQWF8A36D>P;?31f>\,]6D8>HD313WNXSW28>13*^MSM_**

!

9! 5)&%'1)-! )*!MSU! lYR@!2<T! @R@??!22)&m! 1-! ATUS.1)V#-3! l?!2Dm!P#5! 63#'3.! #'! AY@! r7! 1-!

5'#1-&355!5'33&!'%81-<!*),!#!,351.3-$3!'123!)*!A@!21-!%51-<!#!H#>)%,'3$!GUoG?p!.301$3R!!:63!

,35%&'1-<!5)&%'1)-!P#5!5'1,,3.! 1-!#1,! *),!A!6!'63-!$)-$3-',#'3.! "#!><&.'! ')!#**),.!'63!'1'&3!

$)2>)%-.!#5!#-!),#-<3!5)&1.!lUR[!2<T!@R@??!22)&T![\qmR!!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,Z!

/0* AZ[dAX?!°7!l.13'6(&!3'63,o>3',)&3%2!3'63,mR!*

! *A7P**^:-:=O_* B@BB!l2mT!B@@\!l2mT!?[?[!lPmT!AZYA!l5mT!ABU@!l5mT!A?[?!l5mT!\Y\!
l2mR!

)-*^NUU*/-fX*:F:=O_* XRBB!lA!KT!..T!0xYRAT!ARB!KnT!9,-m!
XRAA!lA!KT!..T!0xYRBT!ARB!KnT!9,-m!
UR@[!lZ!KT!#>>R!5T!?!V!F7-BmR!!

):*^LUU*/-fX*:F:=O_* AX\R@!l:xFmT!AXZRZ!l:xFmT!AUXR?!l:mT!AUZRX!l:mT!AUARU!l:mT!AB[RY!
l:mT!ABBRU!l:KmT!A?YR[!l:KmT!ZARY!lF:KBmT!ZARZ!lF:KBmR!!

g:/'*^%'[_* ??Y!lsJpKtpT!A@@qmR!
*

^OWE4>A>H;48281WMW;=_A36D717A813*^OUU_**

!

:)!#!$))&3.!l@!r7m!5)&%'1)-!)*!BS8,)2)S?S$(#-)>(,1.1-3!l@RA@@!<T!@RYUZ!22)&m!1-!')&%3-3!

l?@! 2Dm! P#5! #..3.! #&#-3{J3?+/'! $)2>&3V! l@RY! J! 5)&%'1)-! 1-! ')&%3-3T! ?R?! 2DT! AR@[B!

22)&m!.,)>P153R!!:63!,35%&'1-<!21V'%,3!P#5!P#,23.!')!G:!'63-!,3S$))&3.!')!@!°7!#*'3,!AZ!

6R! !J3'6#-)&!lA@!2Dm!'63-!5#'R!>)'#551%2!5).1%2!'#,'#,3!lY@!2Dm!P3,3!$#%'1)%5&(!#..3.!

#-.! '63! #W%3)%5! >6#53! 53>#,#'3.! #-.! 3V',#$'3.!P1'6! 7K7&B! l?@!2D! V! BmR! :63! $)281-3.!

),<#-1$! >6#535! P3,3! '63-! P#563.! P1'6! 8,1-3! l?@! 2D! V! ?mT! .,13.! lJ<4FUmT! *1&'3,3.! #-.!

$)-$3-',#'3.!"#!><&.'!')!#**),.!'63!'1'&3!$)2>)%-.!#5!#!(3&&)P!)1&!lZ@RY!2<T!22)&T!Z@qmR!!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,!



()<;7*/!W@!-C;*/"+*#7<%!

AAZ!

!

)-*^OUU*/-fX*:F:=O_* \RY?!lA!KT!..T!0xYR@T!ARY!KnT!9,-m!
XR\Y!lA!KT!..T!0xXR[T!ARY!KnT!9,-m!
XRAA!lA!KT!..T!0xXR[T!YR@!KnT!9,-m!
URAU!l?!KT!5T!7-?m!
?RXX!l?KT!5T!+-?mR!

):*^SR*/-fX*:F:=O_* AZ?RU! l:mT! AY@R?! l:KmT! AUYR?! l:KmT! A?BRA! l:mT! AAYR[! l:KmT! UYR?!
l:K?mR!

g:/'*^%'[_* A\[!lsJ~\AM,�pKtpT!A@@qmT!A\X!lsJ~X[M,�pKtpT!A@@qmR!
!

+W^^OWE4>A>H;48281WMW;=_A36D;=_7<367A823*^OUL7_**

!

:)! #! 5)&%'1)-! :SlBS.123'6(&#21-)>,)>(&mS+gS3'6(&$#,8).1121.3! 6(.,)$6&),1.3! l?R\U! <T!

AUR\B!22)&m!1-!;7J!lB@!2Dm!#'!G:!P3,3!#..3.!53W%3-'1#&&(!#$3'1$!#$1.!l@R\Y@!2DT!AUR\B!

22)&m!#-.!',13'6(&#21-3!lURAB!2DT!?[RX!22)&mR!!9*'3,!A!6!#!5)&%'1)-!)*!OUU!lARU??!<T!YR[B!

22)&m!1-!;J"!#-.!lAY!2Dm!#-.!;7J!lA@!2Dm!P#5!#..3.T!*)&&)P3.!#*'3,!#!*%,'63,!A!6!8(!

?J!#W!+#?7FB!lB@!2DmR!!:63!#W%3)%5!>6#53!P#5!53>#,#'3.!#-.!3V',#$'3.!P1'6!;7J!lB!V!?@!

2DmR! !:63!),<#-1$!>6#535!P3,3! $)281-3.T!.,13.! lJ<4FUmT! *1&'3,3.T! $)-$3-',#'3.! "#! ><&.'!

#-.! >%,1*13.! 8(! $6,)2#')<,#>6(! l/'F9$m! ')! #**),.! '63! '1'&3! $)2>)%-.! #5! #! P61'3! 5)&1.!

l@RXB@!<T!BRA\X!22)&T!Y?qmR!!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,A@[!

/0* Z?dZU!°7!l/'F9$mR!*

! *A7P**^:-:=O_* BBAU!l2mT!AZU?!l5mT!AYZ@!l2mT!\A?!lPmR!!

)-*^NUU*/-fX*:F:=O_* \RY@!lA!KT!..T!0xURYT!ARB!KnT!9,-m!
XR\[!lA!KT!..T!0xXR[T!ARU!KnT!9,-m!
XRA\!lAKT!8,R!5T!+-m!
XRAZ!lA!KT!..T!0xXR[T!URB!KnT!9,-m!
URZU!l?!KT!.T!0xURB!KnT!7-?m!
?RAB!lB!KT!5T!7-BmR!

):*^LUU*/-fX*:F:=O_* AX@R@!l:xFmT!AYBRX!l:mT!AUZR[!l:KmT!AU@RU!l:KmT!A?BRY!l:mT!
A?@RB!l:KmT!UURA!l:K?mT!?BRB!l:KBmR!

g:/'*^%'[_* ?BA!lsJ~\AM,�pKtpT!A@@qmT!??[!lsJ~X[M,�pKtpT!A@@qm!



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 AAX!
! !

^%6D>P;36D;1;=_648A36D;=58=713*

*

:)!#!5)&%'1)-!)*!3'6)V(#$3'(&3-3!lU!<T!U@!P'!q! 1-!63V#-35T!??R\B!22)&m! 1-!.13'6(&!3'63,!

lZ@!2Dm!5'1,,1-<!%-.3,!-1',)<3-!#'!@!r7!P#5!#..3.!#!5)&%'1)-!)*!23'6(&&1'61%2!lARZ!J! 1-!

.13'6(&! 3'63,T! AYRZ[!2DT! ?YRA!22)&m! .,)>P153R! :63! ,3#$'1)-!21V'%,3!P#5! 5'1,,3.! *),! A@!

21-!#'!@!r7!#*'3,!P61$6! *,356&(!.15'1&&3.!$6&),)',123'6(&51&#-3!lBR?A!2DT!?YRA!22)&m!P#5!

#..3.!.,)>P153R!9*'3,!'63!#..1'1)-!P#5!$)2>&3'3T!'63!21V'%,3!P#5!#&&)P3.!')!5'1,!#'!G:!*),!

AZ!6R!:63!,3#$'1)-!21V'%,3!P#5! '63-! *1&'3,3.! '6,)%<6!$3&1'3!#'! &)P!0#$%%2!#-.! '63! *1&'3,!

$#Q3!P#563.!P1'6!#-6(.,)%5!.13'6(&!3'63,!lA@!2D!V!?m!#-.!$)-$3-',#'3.!"#!><&.'!')!6#&*!

1'5! 0)&%23R! :63! ,32#1-1-<! 5)&%'1)-!P#5! >%,1*13.! 8(! *,#$'1)-#&! .15'1&&#'1)-! ')! ,32)03! '63!

.13'6(&! 3'63,! *)&&)P3.! 8(! 0#$%%2! .15'1&&#'1)-! l?\! r7! #'! AB! 28#,m! ')! #**),.! '63! '1'&3!

$)2>)%-.!#5!#!$&3#,!)1&!lAR@[B[!<T!XRZ[!22)&T!BUqmR!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,A?A!

)-*^NUU*/-fX*:F:=O_* URAB!l?!KT!WT!0xXRA!KnT!7KB7-?Fm!
XR\[!lB!KT!'T!0xXRA!KnT!7-B7K?Fm!
@RAU!l[!KT!5T!41l7-BmBmR!

):*^LUU*/-fX*:F:=O_* A@[RY!l:mT!XUR\!l:K?mT!BZR\!l:mT!AUR?!l:KBmT!@RZ\!l41l:KBmBmR!

*

+W^^OWE4>A>H;48281WMW;=_A36D;=_WMW^648A36D;=58=;=_7<367A823*^OUL?_*

!

9! 5)&%'1)-! )*! OUU! lAR@@! <T! YRBY! 22)&mT! 1-! ')&%3-3! lAY! 2Dm! #-.! #! 5)&%'1)-! )*!

l3'6)V(3'6(-(&m',123'6(&51&#-3!l@RXZA!<T!YRBY!22)&m!P3,3!63#'3.!#'!AA@!r7!%-.3,!*&)P!1-!

5'#1-&355! 5'33&! '%81-<! *),! [@!21-R! :63! ,35%&'1-<! 5)&%'1)-!P#5! $)-$3-',#'3.! "#! ><&.'! #-.!

>%,1*13.! 8(! *&#56! $)&%2-! $6,)2#')<,#>6(! l@#A@q! J3FKN7*/7S8%'(&! 23'6(&! 3'63,m! ')!

#**),.!'63!'1'&3!$)2>)%-.!#5!#!8,)P-!)1&!lARU?\!<T!URXU!22)&T!\[qmR!!

! *A7P**^:-:=O_* BB@A!l2mT!?[YY!lPmT!AZB\!l5mT!AU?B!l2mT!\YU!lPmR!!

)-*^NUU*/-fX*:F:=O_* \RU[!lA!KT!..T!0xURYT!AR?!KnT!9,-m!

N

Br

NH2 N

Br
H
N O

  C6H7BrN2
Mol Wt: 187.04

  C11H17BrN2OSi
Mol Wt: 301.26

Me3Si



()<;7*/!W@!-C;*/"+*#7<%!

AA\!

!

XR\X!lA!KT!..T!0x\RAT!ARY!KnT!9,-m!
XRAB!lA!KT!..T!0xXR[T!UR\!KnT!9,-m!
ZR\U!lAKT!8,R!5T!+-m!
URZ?!l?!KT!.T!0xURU!KnT!7-?+Km!
AR[Y!l?!KT!5T!7-?m!
@RAZ!l[!KT!5T!41l7-BmBmR!

):*^LUU*/-fX*:F:=O_* AX?RA!l:xFmT!AYUR?!l:mT!AUZR[!l:KmT!AU@R?!l:KmT!A?BRB!l:mT!
A?BRU!l:KmT!UURA!l:K?mT!?[R?!l:K?mT!dARB?!l:KB!V!BmR!

g:/'*^%'[_* B@B!lsJ~\AM,�pKtpT!A@@qmT!??[!lsJ~X[M,�pKtpT!A@@qm!
-&/'*^%'[_* ")%-.!B@AR@BX@T!7AAKA\+?F41M,!sJpKtp!,3W%1,35!B@AR@BX?R!
!

TWE4>A>WOWA36D;=8A827f>\LXRW7]H;482813*^OUM_**

!

:)!#!5)&%'1)-!)*!#$3'#21.3!OUL7!l@RXB@!<T!BRA[!22)&m!1-!')&%3-3!lA@!2Dm!#'!G:!P#5!#..3.!

>6)5>6),%5!)V($6&),1.3!lAR@X!2DT!AARY!22)&m!.,)>P153R!:63!,3#$'1)-!21V'%,3!P#5!63#'3.!

#'!,3*&%V!*),!U!6!'63-!$))&3.!')!@!r7!#-.!5#'%,#'3.!+#K7FB!lB@!2Dm!#..3.R! !:63!#W%3)%5!

>6#53!P#5! 53>#,#'3.! #-.!3V',#$'3.!P1'6!/'F9$! lA@!2D!V!BmT! '63-! '63! $)281-3.!),<#-1$!

>6#535!P3,3!P#563.!P1'6!P#'3,!lA@!2D!V!?mT!.,13.!lJ<4FUmT!*1&'3,3.!#-.!$)-$3-',#'3.!"#!

><&.'!')!#**),.!'63!'1'&3!$)2>)%-.!#5!#!8,)P-!)1&!l@RZ\@!<T!BR???!22)&T![[qT![\q!>%,1'(mR!!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,A@[!

)-*^NUU*/-fX*:F:=O_* XRZ\!lA!KT!.T!0xXRB!KnT!9,-m!
XRUZ!lA!KT!5T!9,-m!
ZR[?!lA!KT!.T!0xZR\!KnT!9,-m!
ZRUX!lA!KT!#>>R!'T!0xXRA!KnT!9,-m!
?RZ[!lB!KT!5T!7-BmR!

):*^LUU*/-fX*:F:=O_* AX[R@! l:mT! ABZRZ! l:mT! AB@R@! l:mT! A?@R\! l:KmT! AA[R\! l:KmT!
AA[RY!l:KmT!AA?RX!l:KmT!A?RZ!l:KBmR!

g:/'*^%'[_* ?AB!lsJ~\AM,�pKtpT!A@@qmT!?AA!lsJ~X[M,�pKtpT!A@@qm!
*

* *



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 AA[!
! !

.=6341768K3*4>@63*6>*OUM*G4>A*OUL?*

*

:)!#!5)&%'1)-!)*!OUL?!lARUB!<T!URXY!22)&m!1-!')&%3-3!l?@!2Dm!5'1,,3.!%-.3,!-1',)<3-!#'!G:!

P#5! #..3.! >6)5>6),%5! )V($6&),1.3! lARY[! 2DT! AXR@[! 22)&m! .,)>P153R! :63! ,3#$'1)-!

21V'%,3!P#5!'63-!,3*&%V3.!*),!U!6R!:63!,3#$'1)-!21V'%,3!P#5!$))&3.!')!@!r7!#-.!5#'%,#'3.!

+#K7FB!lY@!2Dm!#..3.R!!:63!#W%3)%5!>6#53!P#5!53>#,#'3.!#-.!3V',#$'3.!P1'6!/'F9$!l?@!

2D!V!BmT! '63-! '63!$)281-3.!),<#-1$!>6#535!P3,3!P#563.!P1'6!P#'3,! lA@!2D!V!?mT!.,13.!

lJ<4FUmT! *1&'3,3.! #-.! $)-$3-',#'3.! "#! ><&.'! ')! #**),.! '63! '1'&3! $)2>)%-.!#5! #! 8,)P-!)1&!

l@R\Y?!<T!UR@BX!22)&T!\YqmR!

J<7<!"#!<&&'/8<#&*!5"7)!7)*!;/*>"'.$%O!$O#7)*$"$*8!$.F$7/<7*!-./,!

**

OW%6D>P;WNWD;24>P;WMWA36D;=WNW^OWA36D;=8A827f>\LXRW7]H;48281WTW;=_<;<=>?@6WMW

31>13*^OUO_*

!

:)! #! 5)&%'1)-! )*! \S8,)2)SBS23'6(&121.#n)sARYS#t>(,1.1-3!OUM* l?U?!2<T! ARAY!22)&mT! 1-!

:K"!lY!2Dm!#'!dX\!r7!P#5!#..3.!#M%D1!lARZ!J!1-!63V#-3T!@RX\\!2DT!AR?Z!22)&mR!!9*'3,!B@!

21-!#! 5)&%'1)-!)*!BS3'6)V(SUS23'6(&SBS$($&)8%'3-3SAT?S.1)-3!MYM! l@RAZA!<T!ARAUX!22)&m!

1-!:K"!lY!2Dm!P#5!#..3.!.,)>P153T!*)&&)P3.!#*'3,!#!*%,'63,!A!6!8(!5#'R!+KU7&!l?@!2DmR!!F-!

P#,21-<! ')!G:! '63! #W%3)%5!>6#53!P#5! 53>#,#'3.! #-.! 3V',#$'3.!P1'6!;7J! l?@!2D! V! BmR!!

:63!$)281-3.!),<#-1$!>6#535!P3,3!P#563.!P1'6!8,1-3!l?@!2D!V!?mT!.,13.!lJ<4FUmT!*1&'3,3.T!

$)-$3-',#'3.! "#! ><&.'! #-.! >%,1*13.! 8(! *&#56! $)&%2-! $6,)2#')<,#>6(! l@q#Yq!

J3FKN;7J!P1'6!Aq!+/'Bm!')!#**),.!'63!'1'&3!$)2>)%-.!#5!#!>#&3!),#-<3!)1&!lAXY!2<T!@RZU?!

22)&T!YZqmR!

! *A7P**^:-:=O_* ?[?\! lPmT! ?\ZA! lPmT! ?BZ@! l5mT! ?BB[! l5mT! AXAY! l2mT! AXBA!
l2mT! AZAX! l2mT! ABB?! l2mT! AABY! lPmT! A@X\! lPmT! \X\! lPmT!
ZZ[!lPmR!!

N

Br
H
N O

Me3Si

N
N

Br

  C11H17BrN2OSi
Mol Wt: 301.26

  C8H7BrN2
Mol Wt: 211.06



()<;7*/!W@!-C;*/"+*#7<%!

A?@!

!

)-*^NUU*/-fX*:F:=O_* XRZU!lAKT!.T!0xXR@!KnT!9,-m!
XRB[!lAKT!5T!9,-m!
ZR[X!lAKT!.T!0xZR\!KnT!9,-m!
ZRZ@!lAKT!'T!0xZR[!KnT!9,-m!
URUY!lAKT!.WT!0x[R\T!XRA!KnT!F7-?7KBm!
UR?Z!lAKT!.WT!0x[R[T!XRA!KnT!F7-?7KBm!
?RZZ!lBKT!5T!F7-Bm!
?R@Y!lAKT!5T!F-m!
AR\Y!lBKT!5T!F7-Bm!
ARBZ!lBKT!'T!0xXR@!KnT!F7K?7-BmR!

):*^LUU*/-fX*:F:=O_* A\[RY!l:xFmT!A\?R?!l:jFmT!ABYRY!l:mT!A?XR\!l:mT!A?XRZ!l:mT!
A?YR?!l:mT!A?@RX!l:KmT!AA\RY!l:KmT!AAZRY!l:KmT!AA?R@!l:KmT!
[ARZ!l:mT!Z[R?!l:K?mT!AYR@!l:KBmT!A?RZ!l:KBmT!ZR[!l:KBmR!

g:/'*^%'[_* ?XB!lsJpKtpT!A@@qm!
-&/'*^%'[_* ")%-.!?XBRA?B?T!7AYKAX+?FB!sJpKtp!,3W%1,35!?XBRAAZAR!
!

YW%6D>P;WOXTW28A36D;=8A827f>\RXLW7]85>d@81>=813WSXLUW28>13X*:48?4>567681*Q*^MSO_**

!

7($&)8%'3-)-3!OUO! lY[!2<T!@R?AX!22)&m! 1-!ATUS.1)V#-3!l?!2Dm!P#5!63#'3.!#'!AA@!r7! 1-!

5'#1-&355!5'33&! '%81-<! *),!#! ,351.3-$3! '123!)*!A!6!%51-<!#!H#>)%,'3$!GUoG?p!.301$3R! !:63!

,35%&'1-<!5)&%'1)-!P#5!5'1,,3.!1-!#1,!*),!B@!21-!'63-!$)-$3-',#'3.!"#!><&.'!#-.!>%,1*13.!8(!

$6,)2#')<,#>6(!l?q!J3FKN;7Jm!')!<103!$,18,)5'#'1-!Z!MSO*#5!#!&1<6'!8&%3!5)&1.!lY?!2<T!

@RA[B!22)&T![@qmR!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,AAB!

/0* AZXdAZ[!°7R*

! *A7P**^:-:=O_* ?[?Y!l2mT!AZZ?!l5mT!AZ?Z!l5mT!AZAA!l5mT!AY?X!l2mT!AAX?!
l2mR!!

)-*^NUU*/-fX*:F:=O_* \RY?!lAKT!5T!9,-m!
\RA@!lAKT!.T!0xXRZ!KnT!9,-m!
XR?Z!lAKT!.T!0xXRZ!KnT!9,-m!
URU[!l?KT!WT!0xZR\!KnT!F7-?7KBm!



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 A?A!
! !

BR@[!lBKT!8,R!5T!7-Bm!
?RAB!lBKT!5T!7-Bm!
ARUY!lBKT!'T!0xZR\!KnT!F7K?7-BmR!!
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>%,1*13.!8(! *&#56!$)&%2-!$6,)2#')<,#>6(! lA@q#B@q!/'F9$N>3',)&3%2!3'63,m! ')!#**),.!

'63!'1'&3!$)2>)%-.!#5!#!>#&3!(3&&)P!)1&!l@RA?X!<T!@RUZ!22)&T![?qmR!!



()<;7*/!W@!-C;*/"+*#7<%!

A?\!

!

! *A7P**^:-:=O_* ?[Y[! lPmT!?BZA! l5mT!?BU@! l2mT!AXZU! l2mT!AZX[! l5mT!AUZA! l5mT!
ABBX!l5mT!AAB@l2mT!A@YA!l5mT!\UU!lPmR!

)-*^OUU*/-fX*:F:=O_* XRUA!l?!KT!.T!0x\RY!KnT!?!V!9,-m!
XR?U!l?!KT!.T!0x\RB!KnT!?!V!9,-m!
YRY@!lA!KT!5T!7-m!
UR@X!lB!KT!5T!F7-Bm!
BR[@!lB!KT!5T!F7-Bm!
ARB?!l[!KT!5T!7l7-BmBmR!

):*^SR*/-fX*:F:=O_* AZ[RB! l:xFmT! AY[RA! l:mT! AY?RZ! l:mT! ABARA! l:mT! A?ZR\! l:K!V!?mT!
A?YR\!l:K!V!?mT!A??R?!l:mT!XZRX!l:KmT!Z@RY!lF:KBmT!Y[RB!lF:KBmT!
BURX!l:l7KBmBmT!BARB!l7l:KBmBmR!

g&/'*^%'[_* BU@!lsJpJ37+p+#tpT!A@@qm!
-&/'*^%'[_* ")%-.!?[[RA?YUT!7AZK?@+#FU!sJp+#tp!,3W%1,35!?[[RA?Y[R!
*

OXNWF8A36D>P;WRW^HD31;=36D;1;=_G@471WM^R0_W>13*^MNL?_*

!

9!>,3>#,3.!5)&%'1)-!)*!MNU?!l@RA??!<T!@RY!22)&m!1-!#$3')-1',1&3!lA@!2Dm!P#5!>%2>3.!1-')!

'63! >6)')S,3#$'),! *),! [@! 21-R! :63! ,35%&'1-<! 5)&%'1)-! P#5! $)-$3-',#'3.! "#! ><&.'! '63-!

>%,1*13.!8(! *&#56!$)&%2-!$6,)2#')<,#>6(! lA@q#B@q!/'F9$N>3',)&3%2!3'63,m! ')!#**),.!

'63!'1'&3!$)2>)%-.*#5!#!(3&&)P!)1&!l@RAAY!<T!@RUXA!22)&T![YqmR!!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,?B!

! *A7P**^:-:=O_* ?[Y?! lPmT! ??BB! l5mT! AXZX! l2mT! AZX[! l5mT! AUZA! l5mT! ABBX! l5mT!
A@BX!l5mT![UZ!l5mT!XYX!l5mT!Z[A!l5mR!

)-*^OUU*/-fX*:F:=O_* XRU[dXRUZ!l?!KT!2T!?!V!9,-m!
XRB[dXRB@!lB!KT!2T!B!V!9,-m!
YRUX!lA!KT!5T!7-m!
UR?@!lB!KT!5T!F7-Bm!
BR\\!lB!KT!5T!F7-BmR!

):*^SR*/-fX*:F:=O_* AZ\RA!l:xFmT!AYZR@!l:mT!AB?R@!l:K!V!?mT!A?[RU!l:KmT!A?\RU!l:K!
V!?mT!A??R?! l:mT!A?AR?! l:mT!\\R?U! l:mT!\@RB! l:mT!ZYRUl:KmT!Z@RB!
lF:KBmT!Y[RZ!lF:KBmR!



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 A?[!
! !

g&/'*^%'[_* YAA!ls?Jp+#tpT!A@@qmT!B@\!lsJpJ37+p+#tpT!YXqmR!
!

RW^")*"WE@6;=_WOXNW28A36D>P;G@471WM^R0_W>13*^MNL<_*

!

9! >,3>#,3.! 5)&%'1)-! )*!MNU<! l@R@\A! <T! @RBZ!22)&m! 1-! #$3')-1',1&3! lXRU!2Dm!P#5!>%2>3.!

1-')!'63!>6)')S,3#$'),!*),![@!21-R!:63!,35%&'1-<!5)&%'1)-!P#5!$)-$3-',#'3.! "#!><&.'! '63-!

>%,1*13.!8(! *&#56!$)&%2-!$6,)2#')<,#>6(! lA@q#B@q!/'F9$N>3',)&3%2!3'63,m! ')!#**),.!

'63!'1'&3!$)2>)%-.!#5!#!>#&3!(3&&)P!)1&!l@R@XXZ!<T!@RBYU!22)&T![XqmR!!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,Z[!

! *A7P**^:-:=O_* ?[Y[!lPmT!?BZ@!l5mT!AXZ?!l5mT!AZXU!l5mT!ABUU!l5mT!A@ZY!l5mR!

)-*^OUU*/-fX*:F:=O_* UR?Z!lA!KT!5T!7-m!
URA?!lB!KT!5T!F7-Bm!
BR\?!lB!KT!5T!F7-Bm!
@R[[!l[KT!5T!7l7-BmBmR!

):*^SR*/-fX*:F:=O_* AZ[RU!l:xFmT!AZ@R@!l:mT!A?BR?!l:mT!\?RB!l:KmT!Z@RY!lF:KBmT!Y[RA!
lF:KBmT!BUR[!l:l7KBmBmT!?YRB!l7l:KBmBmR!

g&/'*^%'[_* ?ZU!lsJpJ37+p+#tpT!YYqm!
*

RWE@6;=WOXNW28A36D>P;G@471WM^R0_W>13*^MNL3_*

!

9!>,3>#,3.!5)&%'1)-!)*!MNU3!l@RA@@!<T!@RY!22)&m!1-!#$3')-1',1&3!lA@!2Dm!P#5!>%2>3.!1-')!

'63! >6)')S,3#$'),! *),! [@! 21-R! :63! ,35%&'1-<! 5)&%'1)-! P#5! $)-$3-',#'3.! "#! ><&.'! '63-!

>%,1*13.!8(! *&#56!$)&%2-!$6,)2#')<,#>6(! lA@q#B@q!/'F9$N>3',)&3%2!3'63,m! ')!#**),.!

'63!'1'&3!$)2>)%-.!#5!#!>#&3!(3&&)P!)1&!l@R@[YA!<T!@RUXY!22)&T![YqmR!!

! *A7P**^:-:=O_* ?[YZ!lPmT!?BZA!l5mT!AXZ@!l5mT!AZXX!l5mT!AB?Y!l5mT!A@XY!l5mR!



()<;7*/!W@!-C;*/"+*#7<%!

AB@!

!

)-*^OUU*/-fX*:F:=O_* URYZ!lA!KT!..T!0xXRZT!BRZ!KnT!7-m!
URAA!lB!KT!5T!F7-Bm!
BR\A!lB!KT!5T!F7-Bm!
AR\\dAR\?!lA!KT!2T!7-?l7K?m?7KBm!
ARYXdARU\!lA!KT!2T!7-?l7K?m?7KBm!
ARU?dAR?X!lU!KT!2T!7K?l7-MmM7KBm!
@R\[!lBKT!'T!0xXRA!KnT!7K?l7K?m?7-OmR!

):*^SR*/-fX*:F:=O_* AZ[RY!l:xFmT!AZ@R@!l:mT!A??RA!l:mT!XYRU!l:KmT!Z@RU!lF:KBmT!Y[R?!
lF:KBmT!BARZ!l:K?mT!?ZRA!l:K?mT!??RB!l:K?mT!ABR\!l:KBmR!

g&/'*^%'[_* ?ZU!lsJpJ37+p+#tpT!XXqm!
-&/'*^%'[_* ")%-.!?@ARAA?AT!7A@KAXFU!sJpKtp!,3W%1,35!?@ARAA?AR!

!

OXNWF8A36D>P;WRW^H;48281WMW;=_G@471WM^R0_W>13* ^MNL8_* 712* LW-;24>P;WMXOW

28A36D>P;WN0Wd@81>=8f81WNW>13*^MQT_*

!

9!>,3>#,3.!5)&%'1)-!)*!MQS!l@R??A!<T!AR@!22)&m!1-!#$3')-1',1&3!l?@!2Dm!P#5!>%2>3.!1-')!

'63! >6)')S,3#$'),! *),! AY@! 21-R! :63! ,35%&'1-<! 5)&%'1)-! P#5! $)-$3-',#'3.! "#! ><&.'! '63-!

>%,1*13.! 8(! *&#56! $)&%2-! $6,)2#')<,#>6(! l?@q#Z@q! /'F9$N;7Jm! ')! #**),.!MNL8! #5! #!

>1-Q!)1&!l@R@[Y!<T!@RUB!22)&T!UBqm!#-.!MQT!#5!#!8,)P-!5)&1.!l@R@\[!<T!@RU@!22)&T!U@qmR!!

;#'#!*),!MNL8*

! *A7P**^:-:=O_* ?[YU! lPmT! ?BY\! l5mT! AXZ?! l5mT! AZXY! l5mT! ABBY! l5mT! AA?X!l5mT!
A@UX!l5mT![YB!l2mT!XY?!l2mR!

)-*^NUU*/-fX*:F:=O_* \RZA!lA!KT!...T!0xUR[T!ARXT!AR@!KnT!9,-m!
XRXU!lA!KT!'.T!0xXRXT!AR\!KnT!9,-m!
XRBA!lA!KT!..T!0xZR\T!AR@!KnT!9,-m!
XR?\!lA!KT!...T!0xXRZT!YRAT!AR@!KnT!9,-m!
YRZY!lA!KT!5T!7-m!
UR@X!lB!KT!5T!F7-Bm!
BR[@!lB!KT!5T!F7-BmR!

):*^LUU*/-fX*:F:=O_* AZ[RA! l:xFmT! AY\RX! l:mT! AYURA! l:mT! AU[RX! l:KmT! ABXRB! l:KmT!



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 ABA!
! !

A?BRU!l:KmT!A??RB!l:mT!A??R?l:KmT!XXRY!l:KmT!Z@RB!lF:KBmT!Y[RY!
lF:KBmR!

g&/'*^%'[_* ?\Y!lsJpJ37+p+#tpT!A@@qm!
-&/'*^%'[_* ")%-.!???R@XZAT!7AAKA?+FU!sJpKtp!,3W%1,35!???R@XZZR!
!

;#'#!*),!MQT!

J<7<!"#!<&&'/8<#&*!5"7)!7)*!;/*>"'.$%O!$O#7)*$"$*8!$.F$7/<7*!/12,!

OXNWF8A36D>P;WRW^H;48281WOW;=_G@471WM^R-_W>13*^MNLD_*

!

9!>,3>#,3.! 5)&%'1)-!)*!MNUD! l@RA@@!<T! AR@!22)&m! 1-! #$3')-1',1&3! l[R@U!2Dm!P#5!>%2>3.!

1-')!'63!>6)')S,3#$'),!*),![@!21-R!:63!,35%&'1-<!5)&%'1)-!P#5!$)-$3-',#'3.! "#!><&.'! '63-!

>%,1*13.!8(!*&#56!$)&%2-!$6,)2#')<,#>6(!l\@q#A@@q!/'F9$N$($&)63V#-3m!')!#**),.!'63!

'1'&3!$)2>)%-.!#5!#-!)**SP61'3!)1&!l@R@[U!<T!@RUB!22)&T![UqmR!!

)-*^QUU*/-fX*:F:=O_* \RZY!lA!KT!.T!0xUR@!KnT!9,-m!
\RZA!lA!KT!8,R!5T!9,-m!
XRZ\!lA!KT!.T!0xXRX!KnT!9,-m!
XRB\!lA!KT!..T!0xXR[T!UR[!KnT!9,-m!
YRY\!lA!KT!5T!7-m!
URAA!lB!KT!5T!F7-Bm!
BR[A!lB!KT!5T!F7-BmR!

):*^LRU*/-fX*:F:=O_* AZ\RY! l:xFmT! AY\R?! l:mT! AY@RAl:KmT! AUXR[! l:KmT! ABURY! l:KmT!
AB@RX!l:mT!A?BR[!l:KmT!A??R?!l:mT!XURB!l:KmT!Z@RU!lF:KBmT!Y[RZ!
lF:KBmR!

g&/'*^%'[_* ???!lsJpKtpT!A@@qm!
*

!

!

! !



()<;7*/!W@!-C;*/"+*#7<%!

AB?!

!

OXNWF8A36D>P;WRW^MWA36D>P;HD31;=_G@471WM^R-_W>13*^MNL2_*

!

9! >,3>#,3.! 5)&%'1)-! )*! MNU2! l@RA@@! <T! @RU@@! 22)&m! 1-! #$3')-1',1&3! lXR[! 2Dm! P#5!

>%2>3.!1-')!'63!>6)')S,3#$'),!*),![@!21-R!:63!,35%&'1-<!5)&%'1)-!P#5!$)-$3-',#'3.!"#!

><&.'! '63-! >%,1*13.! 8(! *&#56! $)&%2-! $6,)2#')<,#>6(! lA@q#B@q! /'F9$N>3',)&3%2!

3'63,m!')!#**),.!'63!'1'&3!$)2>)%-.!#5!#!>#&3!(3&&)P!)1&!l@R@\\!<T!@RBY?!22)&T!\\qmR!!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,Z[!

! *A7P**^:-:=O_* ?[YA!lPmT!?\UA!l5mT!AXY[!l5mT!AZXZ!l5mT!ABBZ!l5mT!A@Y@!l5mT!
XYZ!l5mR!

)-*^NUU*/-fX*:F:=O_* XRB?dXRU@!lA!KT!2T!9,-m!
XRAY!lA!KT!..T!0xXRXT!ARZ!KnT!9,-m!
XR@?dZR[@!l?!KT!2T!?!V!9,-m!
ZR@Y!lA!KT!5T!7-m!
UR@Z!lB!KT!5T!F7-Bm!
BR[A!lB!KT!5T!F7-Bm!
BR\Z!lB!KT!5T!F7-BmR!

):*^LUU*/-fX*:F:=O_* AZ[RY!l:xFmT!AY[RU!l:mT!AY\RA!l:mT!AB@R\!l:KmT!A?XR\!l:KmT!
A??RX! l:mT! A??RA! l:mT! A?@R\! l:KmT! AAARB! l:KmT! XARX! l:KmT!
Z@RU!lF:KBmT!Y[R?!lF:KBmT!YYR\!lF:KBmR!

g:/'*^%'[_* ?YA!lsJpKtpT!Z@qm!
*

!

*

! *



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 ABB!
! !

QIN %PH348A3167=*04><32@435*G>4*:D7H634*R*

LXLW28?4>A>WOXSW28A36D;=><67WLXQW28313*^OLR_*

!

9! <,3(! 5%5>3-51)-! )*! ',1>63-(&>6)5>61-3! l[RBY! <T! BYRX! 22)&mT! n1-$! .%5'! l?RYZ! <T! B[R?!

22)&m!#-.!$#,8)-!'3',#8,)21.3!lAAR\?!<T!BYRX!22)&m!1-!;7J!lAY@!2Dm!P#5!5'1,,3.!%-.3,!

-1',)<3-!*),!?U!6!#*'3,!P61$6!P#5!#..3.!#!5)&%'1)-!)*!?TZS.123'6(&63>'SYS3-#&!l?R[U!2DT!

AXR\B!22)&m!1-!;7J!l?@!2DmR!:63!,3#$'1)-!21V'%,3!P#5!5'1,,3.!#'!G:!*),!?!6T!#*'3,!P61$6!1'!

P#5! W%3-$63.! P1'6! #! 5#'%,#'3.! 5)&%'1)-! )*! >)'#551%2! $#,8)-#'3! lY@! 2DmR! :63! ),<#-1$!

&#(3,! P#5! 53>#,#'3.! #-.! '63! #W%3)%5! &#(3,! P#563.! P1'6! 2),3! ;7J! l?@! 2D! V! ?mR! :63!

$)281-3.!),<#-1$!&#(3,5!P3,3!P#563.!P1'6!P#'3,!l?@!2D!V!?mT!*)&&)P3.!8(!8,1-3!lB@!2DmT!

.,13.! lJ<4FUm! #-.! $)-$3-',#'3.! "#! ><&.'R! :63! $,%.3! >,).%$'!P#5! 5%5>3-.3.! 1-! .13'6(&!

3'63,! #-.! '63! 5)&1.! *),23.! *1&'3,3.T! #-.! '63! *1&',#'3! $)-$3-',#'3.! "#! ><&.'R! :615! >,)$355!

P#5! ,3>3#'3.! Y! '1235! P1'6! .13'6(&! 3'63,! *)&&)P3.! 8(! $($&)63V#-3! ')! <103! '63! '1'&3!

$)2>)%-.!lBRB[!<T!AAR?B!22)&T!ZBq!(13&.m!#5!#!(3&&)P!)1&!P61$6!P#5!%53.!P1'6)%'!*%,'63,!

>%,1*1$#'1)-R!

! *A7P** ?[ZU!l2mT!?[?U!l2mT!?\Y?!lPmT!AUY?!lPmT!X\@!l5mR!

)-*^NUU*/-fX*:F:=O_* ZRA[!lA!KT!.T!0x[RY!KnT!M,?7x7-m!!
YR@[!lA!KT!'!lP1'6!*1-3!5>&1''1-<mT!0xXRA!KnT!7-x7l7KBm?m!
?RU\!lA!KT!2T!7-m!
AR[[!l?!KT!WT!0xXRB!KnT!7-?m!
ARX@!lB!KT!.T!0xAR@!KnT!7-Bm!
ARZ?!lB!KT!5T!7-Bm!
ARUZdARB?!l?!KT!2T!7-?m!
AR@A!lB!KT!.T!0xZR[!KnT!7-BmR!

):*^LUU*/-fX*:F:=O_* AUURB! l:KmT! AB?R@! l:mT! A?BR[! l:KmT! \XRU! l:M,?mT! B\R@! l:KmT! BZR?!
l:K?mT!?YRXY!l:K?mT!?YRXU!l:KBmT!A[R?!l:KBmT!AXRXl:KBmR!

g&/'*^%#_* ??U! lsJ~?X[M,�d7KB7Kx7l7KBm?tp•T! ??Z! sJ~X[M,T! \AM,�d
7KB7Kx7l7KBm?tp•T!??\!sJ~?\AM,�d7KB7Kx7l7KBm?tp•T!AYqmT!?AY!
sJ~X[M,�dM,tp•T!?AX!sJ~\AM,�dM,tp•T!?XqmT!ABY!lA@@qmR!!

*

*

H

O

H H
Br

Br

  C10H16Br2
Mol Wt: 296.05

  C9H16O
Mol Wt: 140.23



()<;7*/!W@!-C;*/"+*#7<%!

ABU!

!

NW^OXSWF8A36D;=><6WQW31WLW;1WLW;=_WNWD;24>P;WMXOW28A36D>P;<;<=>?@6WMW31WLW>13*
^OLQ_!

!

:)!#!5)&%'1)-!)*!OLR!l@RB@Z!<T!AR@AB!22)&m!1-!:K"!l?@!2Dm!5'1,,1-<!%-.3,!+?!#'!dX\!r7!P#5!

#..3.!#M%D1!lARAA!2&T!ARZ!J!1-!63V#-35T!ARXX!22)&m!.,)>P153R!:63!,3#$'1)-!21V'%,3!P#5!

5'1,,3.!#'!dX\!r7!*),!B@!21-!#-.!'63-!P#,23.!')!G:!#-.!5'1,,3.!*),!#!*%,'63,!B@!21-R!:63!

,3#$'1)-!21V'%,3!P#5! '63-! $))&3.! 8#$Q! ')! dX\! r7T! #-.! $#--%&#'3.! 1-')! #! 5)&%'1)-! )*!LQ!

l@RA?@!<T!@R\UU!22)&m! 1-!:K"! lA@!2Dm!#'! SX\! r7!#-.! '63! ,3#$'1)-!21V'%,3! 5'1,,3.! *),!B@!

21-R!:63!,3#$'1)-!21V'%,3!P#5!W%3-$63.!#'!dX\!r7!P1'6!+KU7&!lAY!2Dm!#-.!3V',#$'3.!P1'6!

;7J! lA@! 2D! V! BmR! :63! ),<#-1$! >6#53! P#5! P#563.! P1'6! P#'3,! lA@! 2DmT! *)&&)P3.! 8(!

5#'%,#'3.!8,1-3!lA@!2DmT!.,13.!lJ<4FUmT!*1&'3,3.!#-.!$)-$3-',#'3.!"#!><&.'!#-.!>%,1*13.!8(!

*&#56! $)&%2-! $6,)2#')<,#>6(! l@q#Y@q! /'F9$N! >3',)&3%2! 3'63,m! ')! #**),.! '63! '1'&3!

$)2>)%-.!#5!#!$&3#,!)1&!l@RAXA!<T!@RZAU!22)&T!XBqmR!!

! *A7P** BBZX! lPmT! ?[BA! lPmT! ?\Y[! lPmT! AXXZ! l2mT! AZ?U! l5mT! AUZ[! l2mT!
ABBY!l5mT!A@BZ!l2mT![\U!lPmR!

)-*^NUU*/-fX*:F:=O_* YR@[!lA!KT!'!lP1'6!*1-3!5>&1''1-<mT!0xXRA!KnT!7K?7-l7KBm?m!
URA[!lB!KT!5T!F7-Bm!
BR[X!lB!KT!5T!F7-Bm!
?R[Y!lA!KT!5T!F-m!
?RYA!lA!KT!5V'T!0xZR[!KnT!7-m!
?R@[!l?!KT!WT!0xXRY!KnT!7-?m!
ARZ[!lB!KT!5T!7-Bm!
ARZ?!lB!KT!5T!7-Bm!
ARBYdARYZ!l?!KT!2T!7-?m!
ARAX!lB!KT!WT!0xXRA!KnT!7-BmR!

):*^LUU*/-fX*:F:=O_* A\ARA!l:xFmT!AZUR\!l:mT!ABYRU!l:mT!AB?R?!l:mT!A?BRZ!l:KmT![UR[!l:mT!
X\RX! l:mT! XURX! l:mT! Y[R[! lF:KBmT! Y\RZ! lF:KBmT! BZRZ! l:K?mT! ?YR\!
l:K?mT!?YRX!l:KmT!?YRZ!l:KBmT!?@RY!l:KBmT!AXRZ!l:KBmR!

g:/'*^%'[_* ?[Z!lsJp+KUtpT!ZYqmR!!
*

*

MeO

MeO

O

OH

H

  C16H22O4
Mol Wt: 278.35

MeO

MeO

O

O

  C6H6O4
Mol Wt: 142.11



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 ABY!
! !

MXOWF8A36D>P;WRW^QWA36D;=D3H6WRW31WMW;=_<;<=>D3P7WMXRW28313WLXNW28>13* ^OLT_* 712*
RW#5>H4>H;=WMXOW28A36D>P;WTWA36D;=WRXQXSXTW63647D;24>17HD6D7=313WLXNW28>13*
^OMU_*

!

9!5)&%'1)-!)*!OLQ! lY@!2<T!@RA\@!22)&m! 1-!ATUS.1)V#-3! l?!2Dm!P#5!63#'3.!%-.3,! *&)P!#'!

AY@!r7!*),!B@!21-R!:63!)%'>%'!P#5!$)&&3$'3.!#-.!$)-$3-',#'3.!"#!><&.'R!:63!$,%.3!>,).%$'!

P#5! >%,1*13.! 8(! >,3>#,#'103! ,303,53! >6#53! K=D7! lAYq#YYq! #$3')-1',1&3! lP1'6! @RAq!

#22)-1#mNA@!2J!#22)-1%2!81$#,8)-#'3!5)&%'1)-!1-!P#'3,m!')!<103!OLT!#5!#!),#-<3!)1&!l\!

2<T!@R@?[!22)&T!AZqm!#-.!OMU!#5!#!),#-<3!)1&!lB@!2<T!@RA?Z!22)&T!X@qmR!

;#'#!*),!OLT*

! *A7P** ?[?[!lPmT!AZY?!l2mT!AZ@A!l5mT!AUY?!l2mT!AAB[!l2mR!

)-*^NUU*/-fX*:F:=O_* ZRBU!lA!KT!.T!0x!AR@!KnT!7-m!
YR@Y!lA!KT!'!lP1'6!*1-3!5>&1''1-<mT!0x!XRA!KnT!7K?7-l7KBm?m!
UR@?!lB!KT!5T!F7-Bm!
UR@@!lB!KT!5T!F7-Bm!
?R[U!lA!KT!5V'T!0x!ZR\!KnT!7-?7Kl7KBm?m!
AR[Z!l?!KT!.WT!0x!AYRBT!XRZ!KnT!77-?7K?m!
ARZX!lB!KT!.T!0xARA!KnT!7-Bm!
ARYZ!lB!KT!5T!7-Bm!
ARZAdARY@!lA!KT!2T!7-?m!
ARU[dARBZ!lA!KT!2T!7-?m!
ARAA!lB!KT!.T!0x!ZR\!KnT!7-BmR!

):*^LUU*/-fX*:F:=O_* A\URUZl:xFmT! A\BR\! l:xFmT! AY?RY! l:mT! AUYRA! l:mT! AUURB! l:mT!
AB?RAY!l:KmT!A?[R?! l:KmT!A?BR\! l:mT!ZAR?! lF:KBmT!ZARA! lF:KBmT!
BYR\!l:K?mT!BARU!l:KmT!?YR\!l:K?mT!?YRX!l:KBmT!A[RY!l:KBmT!AXRX!
l:KBmR!

g:/'*^%'[_* YX[! ls?Jp+#tpT! ZYqmT! BU?! lsJp+#pJ37+tpT! XBqmT! ?X[!
lsJpKtpT!Y\qmR!

-&/'*^%'[_* ")%-.!B@ARAUA@T!7AZK??+#FU!sJp+#tp!,3W%1,35!B@ARAUA@R!
!

!

!

MeO

MeO

O

OH

H

O

O
MeO

MeO

55
44

33

7788

H66

O

O

MeO1010

MeO99
+

  C16H22O4
Mol Wt: 278.35

11

H H22

  C16H22O4
Mol Wt: 278.35



()<;7*/!W@!-C;*/"+*#7<%!

ABZ!

!

;#'#!*),!OMU*

! *A7P** ?[?[!lPmT!AZYA!l2mT!AZ@A!l5mT!AUY?!l2mT!AAB[!l2mR!

)-*^QUU*/-fX*:F:=O_* UR@A!lZKT!5T!F7-B[g!#-.!F7-BA@gm!
BR[X!lBKT!5T!F7-B[oA@m!
BR[X!lBKT!5T!F7-B[oA@m!
BR@Ad?R[U!l?!KT!2T!7-?!#-.!7-?gm!
?R\Yd?RX\!lA!KT!2T!7-Ym!
?RXA!lA!KT!8,R!'T!0x!YRY!KnT!7-Ygm!
?R??!lA!KT!#>>R!)$'3'T!0x!ZRX!KnT!7-Zm!
AR[@dAR\@!l?!KT!2T!7-Zg!#-.!7-Bm!
ARXX!lA!KT!8,R!.WT!0xAURAT!ARB!KnT!7-Um!
ARZYdARYZ!lY!KT!2T!7-?BgT!7-UT!#-.!7-?Ugm!
ARUZ!lA!KT!8,R!.'T!0x!ABRZT!UR?!KnT!7-Bm!
ARAU!lB!KT!.T!0xXRB!KnT!7-BAm!
AR@[!lB!KT!.T!0xXR@!KnT!7-BAgm!
@R[Y!lB!KT!.T!0xXR@!KnT!7-BXm!
@R[A!lB!KT!.T!0xZRZ!KnT!7-BXgo\gm!
@R\\!lB!KT!.T!0xXR@!KnT!7-BXgo\gm!
@RXX!lB!KT!.T!0xXR@!KnT!7-B\mR!

):*^LRU*/-fX*:F:=O_* A\URX! l:xFgmT! A\URZ! l:xFmT! A\BR[! l:xFgmT! A\BR\! l:xFmT! AUYRU!
l:gmT! AUYR?! l:gmT! AUUR\! l:mT! AUURY! l:mT! AUURU! l:gmT! AUURB! l:mT!
AUUR?! l:mT! AUBR[! l:gmT! ZAR?! l[goA@gF:KBmT! ZAR@B! l[oA@F:KB! #-.!
[goA@gF:KBmT! ZAR@! l[oA@F:KBmT! B\RB! lY:K?mT! BZRY! lYg:K?mT! B?R@!
lZg:K?mT!?[R[!lZ:K?mT!?XRU!lBg:K?mT!?ZRY\!l?:KmT!?ZRY!l?g:KmT!?YRY!
lB:K?mT! ??R@! lXgo\g:KBmT! ?ARAA! lAg:KBmT! ?AR@[! lX:KBmT! ?@RZ!
lXo\:KBmT!?@RY!lA:KBmT!A[R@!lU:K?mT!A\R[!lUg:K?mT!AXR\!l\:KBmR!

g:/'*^%'[_* ?X[!lsJpKtpT!A@@qmR!
-&/'*^%'[_* ")%-.!B@ARAU@UT!7AZK??+#FU!sJp+#tp!,3W%1,35!B@ARAUA@R!
!

*

*

*

*

* *



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 ABX!
! !

4(-'63515!')P#,.5!ATAS.18,)2)SXS23'6(&)$'#SATZS.13-3!lORLm!

QW/36D;=D3H6WRW31WLW>=*^ORU_**

!

:)!#!5%5>3-51)-!)*!>)'#551%2!6(.,1.3!lAR?U!<T!B@R\U!22)&m! 1-!:K"!lA?@!2Dm!P#5!#..3.!

15)>,)>(&',1>63-(&>6)5>61-3! 1).1.3! lAYR?U!<T! BYR?Y!22)&m! #-.! '63! ,35%&'1-<! 5%5>3-51)-!

5'1,,3.!#'!G:!P61&3!#!5)&%'1)-!)*!'3',#6(.,)S?AS>(,#-S?S)&!lBR@@!<T!?[RB\!22)&m!1-!:K"!lA@!

2Dm! P#5! $#--%&#'3.! 1-')! '63! #8)03! 5%5>3-51)-! .,)>P153R! :63! ,35%&'1-<! 21V'%,3! P#5!

,3*&%V3.!*),!B!6T!#-.!'63-!$))&3.!')!G:R!:63!,3#$'1)-!21V'%,3!P#5!.1&%'3.!P1'6!P#'3,!l?@@!

2Dm! #-.! 3V',#$'3.!P1'6! .13'6(&! 3'63,! lA@@!2D! V! BmR! :63! $)281-3.! ),<#-1$! &#(3,5!P3,3!

P#563.!P1'6!8,1-3!l?@@!2DmT!.,13.!lJ<4FUmT!*1&'3,3.T!'63!5)&03-'!,32)03.!%-.3,!,3.%$3.!

>,35%,3!#-.!>%,1*13.!8(!*&#56!$)&%2-!$6,)2#')<,#>6(!lA@dY@q!.13'6(&!3'63,N>3-'#-3m!')!

#**),.!'63!'1'&3!$)2>)%-.!#5!#!$&3#,!)1&!l?R??!<T!AXRB?!22)&T!Y[qmR!!

! *A7P**^:-:=O_* ?[?[!l2mT!?\Y\!l2mT!AUUU!lPmT!ABX\!l5mT!A@Z@!l2mT!X?[!l5mR!

)-*^NUU*/-fX*:F:=O_* YRAABdYR@[!lA!KT!2T!7K?7-l7KBm?m!
BRZB!l?!KT!8,R!'T!0xZRZ!KnT!7-?FKm!
?R@@!l?!KT!WT!0xXR?!KnT!7-?7Kl7KBm?m!
AR\X!lA!KT!8,R!5T!F-m!
ARZ\!lBKT!5T!7-Bm!
ARZ@!lBKT!5T!7-Bm!
ARY[dARYB!l?KT!2T!7-?m!
ARUBdARBY!l?KT!2T!7-?mR!

):*^LUU*/-fX*:F:=O_* ABARZ!l:mT!A?URU!l:KmT!Z?R[!l:K?mT!B?RB!l:K?mT!?XRX!l:K?mT!?YR[!
l:K?mT!?YRX!!l:KBmT!AXRZ!l:KBmR!

g&/'*^%'[_* AUZ!lsJp+KUtpT!A@@qm!
!

!

* *

O OH

  C5H10O2
Mol Wt: 102.13

HO

  C8H16O
Mol Wt: 128.21



()<;7*/!W@!-C;*/"+*#7<%!

AB\!

!

LXLWF8?4>A>D3H67WLXQW28313*^ORL_**

!

BC"8<7"'#!'N!7)*!<%&')'%!7'!7)*!<%8*)O8*!N'%%'5*8!FO!('/*OX=<+"/*?Xd.&)$!/*<&7"'#,!!

:)!#! 5)&%'1)-!)*! )V#&(&! $6&),1.3! lARUX!2DT! AXRAZ!22)&m! 1-!;7J! lAY@!2Dm! #'! dX\! r7!P#5!

#..3.! ;J4F! l?RUU! 2DT! BURB?! 22)&m! .,)>P153R! ! 9*'3,! 5'1,,1-<! *),! A@! 21-! #'! dX\! r7T! #!

5)&%'1)-! )*! ORU! l?R@@! <T! AYRY[! 22)&m! 1-! ;7J! lB@! 2Dm! P#5! #..3.! .,)>P153T! #-.! '63!

,35%&'#-'!$&)%.(!,3#$'1)-!21V'%,3!5'1,,3.!*),!#!*%,'63,!A!6!#'!dX\!r7R!:,13'6(&#21-3!lA@R[!

2DT!X\R@@!22)&m!P#5!#..3.!')!'63!$&)%.(!,3#$'1)-!21V'%,3!#-.!5'1,,3.!*),!B@!21-5!#'!dX\!

r7! 83*),3!P#,21-<! ')!G:! )03,! ?! 6R! :63! ,3#$'1)-!21V'%,3!P#5! W%3-$63.!P1'6! Aq!K7&! 1-!

+#7&! 5)&%'1)-! l?@@!2Dm!#-.! '63!),<#-1$! &#(3,! 53>#,#'3.!#-.! *%,'63,!P#563.! *%,'63,!Aq!

K7&! ! 1-!+#7&! 5)&%'1)-! lA@@!2D!V!?mT! *)&&)P3.!8(!8,1-3! lA@@!2DmR! !:63!),<#-1$! &#(3,!P#5!

.,13.! lJ<4FUmT! *1&'3,3.T! '63! 5)&03-'! ,32)03.! %-.3,! ,3.%$3.! >,355%,3! ')! #**),.! '63!

#&.36(.3!#5!#!5)&%'1)-!1-!;7J!l?@!2DmT!P61$6!P#5!$#,,13.!*),P#,.!P1'6)%'!>%,1*1$#'1)-R!!

:)!#!5)&%'1)-!)*!',1>63-(&>6)5>61-3!lAZRBX!<T!Z?RB[!22)&m!1-!;7J!lA@@!2Dm!#'!@!r7!P#5!

#..!$#,8)-!'3,',#8,)21.3!lA@RBU!<T!BAR?@!22)&m!#-.!'63!),#-<3!,3#$'1)-!21V'%,3!5'1,,3.!

%-.3,! 9,! *),! Y! 21-T! #*'3,! P61$6! '63! #8)03! #&.36(.3! 1-! ;7J! l?@! 2Dm! P#5! #..3.R! :63!

,3#$'1)-!21V'%,3!P#5!W%3-$63.!#*'3,!AY!21-5T!8(!#..1'1)-!)*!#!5#'%,#'3.!5)&%'1)-!)*!f?7FB!

l?@@!2Dm! #-.! '63! ),<#-1$! &#(3,! 53>#,#'3.T!P#563.!P1'6!8,1-3! lAY@!2DmT! .,13.! lJ<4FUmT!

*1&'3,3.!#-.!'63!5)&03-'!,32)03.!%-.3,!,3.%$3.!>,355%,3!')!<103!#!8,)P-!5)&1.T!P61$6!P#5!

>%,1*13.!8(!*&#56!$)&%2-!$6,)2#')<,#>6(!l-3#'!>3-'#-3m!')!#**),.!'63!'1'&3!$)2>)%-.!#5!

#-!>#&3!(3&&)P!)1&!lBRXX!<T!ABRBX!22)&T!\ZqmR!

!! *A7P**^:-:=O_* ?[?Y!lPmT!AZ?@!lPmT!AUUU!lPmT!ABXX!lPmT!XZZ!l5mR!

)-*^OUU*/-fX*:F:=O_* ZRU@!lA!KT!'T!0xXR?!KnT!M,?7x7-7K?m!!
YRA@!lA!KT!'.'T!0xXR?T!?R\T!ARU!KnT!7K?7-x7l7KBm?m!
?RA@!l?!KT!WT!0xXRU!KnT!7-?m!
?R@?!l?!KT!WT!0xXRB!KnT!7-?m!
ARX@!lB!KT!5T!7-Bm!
ARZ?!lB!KT!5T!7-Bm!
ARUX!l?!KT!W%1-T!0xXRY!KnT!7-?mR!

):*^SR*/-fX*:F:=O_* AB\R\! l:KmT! AB?RB! l:mT! A?BRX! l:KmT! \\RZ! l:M,?mT! B?RZ! l:K?mT!
?XR[!l:K?mT!?XRU!l:K?mT!?YRX!l:KBmT!AXRXl:KBmR!

HO

  C8H16O
Mol Wt: 128.21

Br

Br

  C9H14Br2
Mol Wt: 282.02



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 AB[!
! !

g&/'*^%#_* ?UA! lsJ~?\AM,�d! K7l7KBm?tp•T! ZqmT! ?B[! lsJ~X[M,T! \AM,�d!
K7l7KBm?tp•T! A?qmT! ?BX! lsJ~?X[M,�dK7l7KBm?tp•T! XqmT! ?AU!
lsJ~?\AM,�d7KBK7l7KBm?tp•T! A?qmT! ?A?! lsJ~X[M,T! \AM,�d
7KBK7l7KBm?tp•T! ?Zq! mT! ?A@! lsJ~?X[M,�d7KBK7l7KBm?tp•T!
ABqmT! ?@B! lsJ~\AM,�dM,tpT! BUqmT! ?@A! lsJ~X[M,�dM,tpT! UUqmT!
A?A!lsJdKM,?tpT!YUqmR!

*

NW-;24>P;WMXOW28A36D>P;WNW^SWA36D;=><6WQW31WLW;1WLW;=_<;<=>?@6WMW31>13*^OMO_**

!

:)!#!5)&%'1)-!)*!ORL*l@RY[Y!<T!ARXY[!22)&m!1-!:K"!l?Y!2Dm!5'1,,1-<!#'!dX\!r7!P#5!#..3.!
#M%D1!!lAR\U!2DT!?RU!J!1-!63V#-3T!URB[\!22)&m!.,)>P153!#-.!'63!,3#$'1)-!21V'%,3!5'1,,3.!

#'!dX\!r7!*),!B@!21-!#-.!'63-!P#,23.!')!G:!)03,!B@!21-R!:63!,3#$'1)-!21V'%,3!P#5!$))&3.!

8#$Q!.)P-!')!dX\!r7!#-.!$#--%&#'3.!)03,! 1-')!#!5)&%'1)-!)*!LQ! l@R?Y@!<T!ARXY[!22)&m! 1-!

:K"!lA@!2Dm!#'!dX\!r7R!:63!,35%&'#-'!,3#$'1)-!21V'%,3!P#5!5'1,,3.!#'!dX\!r7! *),!B@!21-T!

#-.!'63-!W%3-$63.!P1'6!+KU7&!l5#'Rm!lY@!2Dm!#'!dX\!r7R!:63!,3#$'1)-!21V'%,3!P#5!P#,23.!

%>!')!G:T!#-.!'63!#W%3)%5!5)&%'1)-!3V',#$'3.!P1'6!;7J!lY@!2D!V!?mR!:63!$)281-3.!),<#-1$!

&#(3,5!P3,3! .,13.! lJ<4FUmT! *1&'3,3.T! $)-$3-',#'3.! "#! ><&.'! #-.! >%,1*13.! 8(! *&#56! $)&%2-!

$6,)2#')<,#>6(! l@q#U@q!/'F9$N>3',)&3%2! 3'63,m! ')! #**),.! '63! '1'&3! $)2>)%-.! #5! #-!

)**SP61'3!P#V(!5)&1.!l@RUU[!<T!ARY[A!22)&T![@qmR!

/0* ;3$)2>)51'1)-!#'!U@!r7R!

! *A7P**^:-:=O_* BBZX! lPmT! ?[?[! lPmT! ?\Y[! lPmT! AXXX! l2mT! AZ??! l5mT! AUZ\!
l2mT!ABB[!l5mT!A@BU!l2mT![\B!lPmR!

)-*^NUU*/-fX*:F:=O_* YR@\!lA!KT!'!lP1'6!*1-3!5>&1''1-<m!0xZRX!KnT!7K?7-l7KBm?m!
URA[!lB!KT!5T!F7-Bm!
BR[Z!lB!KT!5T!F7-Bm!
BR@Y!lA!KT!5T!F-m!
?R?Y!l?!KT!'T!0xXR?!KnT!7-?m!
?R@Z!l?!KT!WT!0xXR?!KnT!7-?m!
ARZ[!lB!KT!5T!7-Bm!
ARZ@!lB!KT!5T!7-Bm!
ARY[dARY@!l?!KT!2T!7-?mR!

):*^LUU*/-fX*:F:=O_* A\ARA! l:xFmT! AZUR[! l:mT! ABYRU! l:mT! AB?RZ! l:mT! A?BRB! l:KmT!
[@RX!l:mT!X\RX!l:mT!XURY!l:mT!Z@R@!lF:KBmT!Y\RZ!lF:KBmT!?\RU!
l:K?mT!?XRA!l:K?mT!?YRX!l:KBmT!A\RU!l:K?mT!AXRZ!l:KBmR!

MeO

MeO

O

O

MeO

MeO

O

  C6H6O4
Mol Wt: 142.11

OH

  C15H20O4
Mol Wt: 264.32



()<;7*/!W@!-C;*/"+*#7<%!

AU@!

!

g&/'*^%'[_* YYA!ls?Jp+#tpT!A@@qmT!B?\!lsJp+#pJ37+tpT!?YqmR!
-&/'*^%'[_* ")%-.!?ZYRAUB\T!7AYK?AFU!sJpKtp!,3W%1,35!?ZYRAUBUR!
*

MXOWF8A36D>P;WRW^RWA36D;=D3PWNW31WLW;=_<;<=>D3P7WMXRW28313WLXNW28>13*^OMR_**

!

9!5)&%'1)-!)*!OMO! l@R@Y@!<T!@RA\[!22)&m! 1-!ATUS.1)V#-3!p!Aq!K?F!lY!2Dm!P#5!63#'3.!#'!

AY@! r7! %-.3,! *&)P! 1-! 5'#1-&355! 5'33&! '%81-<! *),! B@! 21-R! :63! ,35%&'1-<! 5)&%'1)-! P#5!

$)-$3-',#'3.! "#! ><&.'! '63-! >%,1*13.! 8(! 61<6! >3,*),2#-$3! &1W%1.! $6,)2#')<,#>6(! l\q!

/'F9$N$($&)63V#-3m! ')! #**),.! '63! '1'&3! $)2>)%-.! #5! #-! ),#-<3! )1&! lU\!2<T! @RAXX!22)&T!

[YqmR*

! *A7P**^:-:=O_* ?[BA! lPmT! ?\[Y! lPmT! AZXY! l5mT! AZ@A! l5mT! AUYB! l2mT! AABZ!
l2mT!A@XX!l2mR!

)-*^OUU*/-fX*:F:=O_* ZRB\!lA!KT!'T!0x!ARY!KnT!7-m!
YRAYdYR@B!lA!KT!2T!7K?7-l7KBm?m!
UR@?!lB!KT!5T!F7-Bm!
UR@@!lB!KT!5T!F7-Bm!
?RUZd?RBY!l?!KT!2T!7-?7Kl7KBm?m!
?R@U!l?!KT!WT!0x!XRA!KnT!77-?7K?m!
ARZ[!lB!KT!.T!0xARA!KnT!7-Bm!
ARZ@!lB!KT!5T!7-Bm!
ARY\dARU\!l?!KT!2T!7-?mR!

):*^SR*/-fX*:F:=O_* A\URU! l:xFmT!A\URA! l:xFmT!AUXR[! l:mT!AUURZ! l:mT!AB?RY! l:mT!
AB@RU! l:KmT! A?BRY! l:KmT! AA@R@! l:mT! ZAR?! lF:KBmT! ZARA!
lF:KBmT!?\RB!l:K?mT!?XR[!l:K?mT!?XRY!l:K?mT!?YRX!l:KBmT!AXR\!
l:KBmR!

g&/'*^%'[_* YYA! ls?Jp+#tpT! YXqmT! B?\! lsJp+#pJ37+tpT! BUqmT! ?ZY!
lsJpKtpT!A?qmR!

-&/'*^%'[_* ")%-.!?\XRA?ZXT!7AYK?@+#FU!sJp+#tp!,3W%1,35!?\XRA?YUR!
*

* *

MeO

MeO

O

OH

  C15H20O4
Mol Wt: 264.32

O

O
MeO

MeO

  C15H20O4
Mol Wt: 264.32



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 AUA!
! !

MXOWF8A36D>P;WNW^A36D>P;A36D>P;_WNW^SWA36D;=><6WQW31WLW;1WLW;=_<;<=>?@6WMW

31>13*^OMT_**

!

:)! #! 5)&%'1)-! )*! ATAS.18,)2)SXS23'6(&)$'#SATZS.13-3* l@RY[Y! <T! ARXY[!22)&m! 1-! :K"! l?Y!

2Dm!5'1,,1-<!#'!dX\!r7!P#5!#..3.!#M%D1!!lAR\U!2DT!?RU!J!1-!63V#-3T!URB[\!22)&m!.,)>P153!

#-.!'63!,3#$'1)-!21V'%,3!5'1,,3.!#'!dX\!r7!*),!B@!21-!#-.!'63-!P#,23.!')!G:!)03,!B@!21-R!

:63!,3#$'1)-!21V'%,3!P#5!$))&3.!8#$Q!.)P-!')!dX\!r7!#-.!$#--%&#'3.!)03,!1-')!#!5)&%'1)-!

)*!BT!US.123'6)V($($&)8%'SBS3-3SAT?S.1)-3!l@R?Y@!<T!ARXY[!22)&m! 1-!:K"!lA@!2Dm!#'!dX\!

r7R!:63!,35%&'#-'!,3#$'1)-!21V'%,3!P#5!5'1,,3.!#'!dX\!r7!*),!B@!21-T!#-.!JFJ7&!l@RAX!2DT!

?RA[[!22)&m!#..3.!#'!dX\!r7!#-.!#&&)P3.!')!P#,2!')!G:!)03,-1<6'R!:63!,3#$'1)-!21V'%,3!

P#5!W%3-$63.!P1'6!K?F!lY@!2Dm!#-.!#W%3)%5!5)&%'1)-!3V',#$'3.!P1'6!;7J!lY@!2D!V!?mR!

:63! $)281-3.! ),<#-1$! &#(3,5! P3,3! .,13.! lJ<4FUmT! *1&'3,3.T! $)-$3-',#'3.! "#! ><&.'! #-.!

>%,1*13.! 8(! *&#56! $)&%2-! $6,)2#')<,#>6(! l@q#U@q! /'F9$N>3',)&3%2! 3'63,m! ')! #**),.!

'63!'1'&3!$)2>)%-.!#5!#-!>#&3!(3&&)P!)1&!l@RB[A!<T!AR?ZX!22)&T!X?qmR!

! *A7P**^:-:=O_* ?[BA! lPmT! AX\?! l2mT! AZU@! l5mT! AUZ\! l2mT! ABB[! l5mT! A@?A!
l2mT![\@!lPmR!

)-*^NUU*/-fX*:F:=O_* YR@X!lA!KT!'!lP1'6!*1-3!5>&1''1-<mT!0xXR?!KnT!7K?7-l7KBm?m!
UR[@!lAKT!.T!0xXR\!KnT!7-?F7KBm!
UR\X!lAKT!.T!0xXR\!KnT!7-?F7KBm!
URAX!lB!KT!5T!F7-Bm!
BR[\!lB!KT!5T!F7-Bm!
BRB[!lB!KT!5T!F7-Bm!
?R?\!l?!KT!'T!0xXRB!KnT!7-?m!
?R@Z!l?!KT!WT!0xZR\!KnT!7-?m!
ARZ\!lB!KT!5T!7-Bm!
ARZ@!lB!KT!5T!7-Bm!
ARY[dARYA!l?!KT!2T!7-?mR!

):*^LUU*/-fX*:F:=O_* AX[RZ! l:xFmT! AZURB! l:mT! ABZRA! l:mT! AB?RY! l:mT! A?BRB! l:KmT!
[BR@! l:K?mT! [?RU! l:mT! \BRA! l:mT! X?R@! l:mT! Z@RAlF:KBmT! Y\RZ!
lF:KBmT! YYR[! lF:KBmT! ?\RU! l:K?mT! ?XRA! l:K?mT! ?YRX! l:KBmT!
A\RY!l:K?mT!AXRZ!l:KBmR!

g&/'*^%'[_* ZB[! ls?Jp+#tpT! UYqmT! BX?! lsJp+#pJ37+tpT! YZqmT! BBA!

MeO

MeO

O

O

MeO

MeO

O

  C6H6O4
Mol Wt: 142.11

O

  C17H24O5
Mol Wt: 308.37

OMe



()<;7*/!W@!-C;*/"+*#7<%!

AU?!

!

lsJp+#tpT!A@@qmR!!
-&/'*^%'[_* ")%-.!BBARAYABT!7AXK?U+#FY!sJp+#tp!,3W%1,35!BBARAYAZR!
*

SXTWF8A36D>P;WQW^A36D>P;A36D>P;_WMW^MWA36D;=H4>HWLW31WLW;=_<D4>A71*^OOL_**

!

9!5)&%'1)-!)*!OMT!l@R?@@!<T!@RZU[!22)&m!1-!ATUS.1)V#-3!lY!2Dm!P#5!63#'3.!#'!AY@!r7!%-.3,!

*&)P!1-!5'#1-&355!5'33&!'%81-<!*),!B@!21-R!:63!,35%&'1-<!5)&%'1)-!P#5!$)-$3-',#'3.!"#!><&.'!

'63-! >%,1*13.! 8(! 61<6! >3,*),2#-$3! &1W%1.! $6,)2#')<,#>6(! l\q! /'F9$N$($&)63V#-3m! ')!

#**),.!'63!'1'&3!$)2>)%-.!#5!#!>#&3!(3&&)P!)1&!l@RABB!2<T!@RUXU!22)&T!XBqmR!

! *A7P**^:-:=O_* ?[B?! lPmT! AU\Y! l2mT! AUZA! l5mT! AU@U! l2mT! A@Z?! l2mT! [[@!
lPmR!

)-*^NUU*/-fX*:F:=O_* ZRZ@!lA!KT!5T!9,-m!
YRB\!lAKT!..'T!0x\R?T!?RXT!ARY!KnT!7-l7KBm?m!
YRAB!l?!KT!5T!7-?F7KBm!
URXZdURZZ!lAKT!2T!F7-7K?m!
BR\\!lB!KT!5T!F7-Bm!
BR\X!lB!KT!5T!F7-Bm!
BRYB!lB!KT!5T!F7-Bm!
?R\\d?RXZ!lA!KT!2T!7-?m!
?RXZd?RZZ!lA!KT!2T!7-?m!
AR[[dAR[A!lA!KT!2T!7-?m!
AR\XdARX\!lA!KT!2T!7-?m!
ARXX!lB!KT!.T!0xAR?!KnT!7-Bm!
ARXU!lB!KT!.T!0xAR?!KnT!7-BmR!

):*^LUU*/-fX*:F:=O_* AUUR@!l:mT!AUBRZ!l:mT!AU?RY!l:mT!AU?RB!l:mT!ABZRU!l:KmT!A?URZ!
l:KmT! AAXR?! l:mT! AA?R?! l:KmT! [ZR?! l:K?mT! X?R\! l:KmT! ZARB!
lF:KBmT! ZAR@! lF:KBmT! Y[RA! lF:KBmT! ?XR[! l:K?mT! ?YR\! l:KBmT!
?URY!l:K?mT!A\RU!l:KBmR!

g&/'*^%'[_* ZB[!ls?Jp+#tpT!?[qmT!BX?!lsJp+#pJ37+tpT!A@@qmR!

MeO

MeO

O

O

  C17H24O5
Mol Wt: 308.37

O

O
MeO

MeO

OMe OMe

  C17H24O5
Mol Wt: 308.37



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 AUB!
! !

-&/'*^%'[_* ")%-.!BBARAYAXT!7AXK?U+#FY!sJpKtp!,3W%1,35!BBARAYAZR!
*

OXNWF8W")*"W?@6>P;<;<=>?@6WOW313WLXMW28>13*^")*"W?@6;=*5d@74763_**

!

9! 5)&%'1)-! )*! 5W%#,1$! #$1.! l?R@! <T! AXRYU!22)&m! 1-! 7M%FK! lX@!2Dm! 5'1,,1-<! %-.3,! 9,!P#5!

,3*&%V3.!*),!A!6!P61&3!',123'6(&!),'6)*),2#'3!lA[RB\!2DT!AXY!22)&m!P#5!#..3.!.,)>P153R!

:63!,35%&'1-<!.15'1&&#'3!P#5!$)&&3$'3.!512%&'#-3)%5&(!8(!56),'S>#'6!.15'1&&#'1)-R!:63!$,%.3!

,3#$'1)-!21V'%,3!P#5! $))&3.! ')! G:! #-.! $)-$3-',#'3.! "#! ><&.'! P63,3! '63! $,%.3! >,).%$'!

P#5!>%,1*13.!8(!$)&%2-!$6,)2#')<,#>6(!l@q#?Yq!/'F9$N>3',)&3%2!3'63,m!')!#**),.!'63!

'1'&3!$)2>)%-.!#5!#!P61'3!5)&1.!l?RX\!<T!A?R?\!22)&T!X@qmR!!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,AA[!

/0* A@ZdA@\!°7!l/'F9$o63V#-3mR!

! *A7P**^:-:=O_* ?[\@!lPmT!A\@U!l2mT!AX?Z!l5mT!AYXB!l5mT!ABXU!l5mR!

)-*^NUU*/-fX*:F:=O_* ARZ?!lA\!KT!5T!?!V!F7l7-BmBmR!

):*^LUU*/-fX*:F:=O_* A\\RZ! l:xF! V! ?mT! A\ZRB! l:! V! ?mT! \XR@! lF:l7KBmB! ! V! ?mT! ?\RX!
lF7l:KBmB!V!?mR!

g:/'*^%'[_* ?UU!lsJp+KUtpT!A@@qmR!
*

tBuO

tBuO

O

O

HO

HO

O

O

  C4H2O4
Mol Wt: 114.06

  C12H18O4
Mol Wt: 226.27



()<;7*/!W@!-C;*/"+*#7<%!

AUU!

!

OW^")*"WE@6>P;_WNWA36D;=<;<=>?@6WOW313WLXMW28>13*^LTR_*

*

:)!#!5)&%'1)-!)*!7*/7S8%'(&!5W%#,#'3!l?R@!<T!\R\U!22)&m!1-!:K"!lA@@!2Dm!5'1,,1-<!%-.3,!+?!

#'!dX\!r7!P#5!#..3.!J3D1!lZR@\!2DT!ARZ!J!1-!3'63,T![RX?!22)&mR!:63!,3#$'1)-!21V'%,3!P#5!

5'1,,3.!#'!dX\! r7! *),!AY!21-T! #*'3,!P61$6!:"99!lARY!2DT!A@RZ!22)&m!P#5!#..3.T! #-.! '63!

5'1,,1-<! P#5! $)-'1-%3.! *),! #! *%,'63,! AY! 21-R! :63! ,3#$'1)-! 21V'%,3! P#5! W%3-$63.! P1'6!

+KU7&! l?@!2Dm! #-.! '63! ,35%&'1-<! 5)&%'1)-!P#,23.! ')! G:! #-.! 5'1,,3.! *),! A! 6! #'! G:R! :63!

#W%3)%5! 5)&%'1)-! P#5! 3V',#$'3.! P1'6! .13'6(&! 3'63,! l?@! 2D! V! ?mR! :63! $)281-3.! ),<#-1$!

&#(3,5!P3,3!P#563.!P1'6!8,1-3!lY@!2DmT!.,13.!lJ<4FUmT!*1&'3,3.T!$)-$3-',#'3.!"#!><&.'!#-.!

>%,1*13.! 8(! *&#56! $)&%2-! $6,)2#')<,#>6(! l@q#?Yq! 23'6(&! 7*/7S8%'(&!

3'63,N$($&)63V#-3m!')!#**),.!'63!'1'&3!$)2>)%-.!#5!#-!)**SP61'3!5)&1.!lAR@Y!<T!ZR?U!22)&T!

XAqmR!

J<7<!"$!&'#$"$7*#7!5"7)!%"7*/<7./*,AY!!

/0* ZXdZ[!°7!l/'F9$o>3',)&3%2!3'63,mR!

! *A7P**^:-:=O_* ?[\A!lPmT!AX[B!l5mT!AXB[!l5mT!AYXU!l5mT!AB[Y!l5mR!

)-*^OUU*/-fX*:F:=O_* ?RA[!lB!KT!5T!7-Bm!
ARZ?!l[!KT!5T!7l7-BmBmR!

):*^SR*/-fX*:F:=O_* A[[R[!l:xFmT!A[YR[!l:xFmT!A[?RX!l:mT!A\?RX!l:mT!\XRY!l:l7KBmBmT!
?\RX!l7l:KBmBmT![RB!l:KBmR!

g:/'*^%'[_* A\Z!lsJp+KUtpT!X@qmR!
*

tBuO

tBuO

O

O tBuO

O

O

  C12H18O4
Mol Wt: 226.27

  C9H12O3
Mol Wt: 168.19



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 AUY!
! !

MW^")*"WE@6>P;_WOWA36D;=WNW>P>WLW^HD31;=36D;1;=_<;<=>?@6WMW31WLW;=*7<36763*^ONL?_*

*

:)!#!5)&%'1)-!)*!>63-(&#$3'(&3-3!l@RB!2DT!?RX@Y!22)&m!1-!:K"!lB@!2Dm!5'1,,1-<!#'!dX\!r7!

P#5!#..3.!#M%D1!!lAR?X!2DT!?RB!J!1-!63V#-3T!?R[AU!22)&m!.,)>P153R!:63!,3#$'1)-!21V'%,3!

P#5! 5'1,,3.! #'! dX\! r7! *),! AY! 21-! #-.! $#--%&#'3.! 1-')! #! 5)&%'1)-! )*! BSl7*/7S8%')V(mSUS

23'6(&$($&)8%'SBS3-3SAT?S.1)-3! l@RBY@! <T! ?R@\A! 22)&m! 1-! :K"! lA@! 2Dm! #'! dX\! r7R! :63!

,35%&'#-'! ,3#$'1)-!21V'%,3!P#5! 5'1,,3.! #'! dX\! r7! *),! B@!21-R!9$3'1$! #-6(.,1.3! l@R?Z!2DT!

?RX@Y!22)&m!P#5!'63-!#..3.!#-.!'63!,3#$'1)-!21V'%,3!5'1,,3.!*),!#!*%,'63,!A!6!#'!dX\!r7R!

:63!,3#$'1)-!21V'%,3!P#5!W%3-$63.!P1'6!+#K7FB!l5#'Rm!lA@@!2Dm!#-.!3V',#$'3.!P1'6!;7J!

lY@!2D! V! BmR! :63! $)281-3.!),<#-1$! &#(3,5!P3,3!.,13.! lJ<4FUmT! *1&'3,3.T! $)-$3-',#'3.! "#!

><&.'! #-.!>%,1*13.!8(! *&#56!$)&%2-!$6,)2#')<,#>6(!l@q#U@q!/'F9$N>3',)&3%2!3'63,m!

')!#**),.!'63!'1'&3!$)2>)%-.!#5!#!(3&&)P!5)&1.!l@RUZ@!<T!ARUXB!22)&T!XAqmR!

/0* AA?SAAU!°7!l;7Jo63V#-3mR*

! *A7P**^:-:=O_* ?[\B! lPmT! ??BB! lPmT! AXYB! l2mT! AZ@?! l5mT! AUZZ! l2mT! ABUY!
l5mT!AAUZ!l2mT![AU!lPmR!

)-*^NUU*/-fX*:F:=O_* XRUZ!l?!KT!..T!0xXRXT!AR\!KnT!?!V!9,-m!
XRBUdXR?\!lB!KT!2T!B!V!9,-m!
?RA?!lB!KT!5T!7-Bm!
AR\B!lB!KT!5T!7-Bm!
ARY[!l[!KT!5T!7l7-BmBmR!

):*^LUU*/-fX*:F:=O_* A\BR@!l:xFmT!AXURX!l:xFmT!AZ\RY!l:mT!AB?R@!l:K!V!?mT!A?\R[!
l:KmT! A?\R?! l:K! V! ?mT! A?YR\! l:mT! A?AR[! l:mT! [@R@! l:mT! \\RU!
l:mT!\YR?!l:mT!\ARB!l:mT!?\R\!l7l:KBmBmT!?ARB!l:KBmT![RA!l:KBmR!

g&/'*^%'[_* ZUX!ls?Jp+#tpT!A@@qmT!BXZ!lsJp+#pJ37+tpT!B@qmR!
-&/'*^%'[_* ")%-.!BBYRA?ZAT!7A[K?@+#FU!sJp+#tp!,3W%1,35!BBYRA?YUR!

tBuO

O

O tBuO

O

  C9H12O3
Mol Wt: 168.19

O

O

  C19H20O4
Mol Wt: 312.36



()<;7*/!W@!-C;*/"+*#7<%!

AUZ!

!

NW^")*"WE@6>P;_WQWD;24>P;WOWA36D;=W\LXLhW?8HD31;=]WMXRW28>13*^ONY_*

*

9!5)&%'1)-!)*!ONL?!l@RA@@!<T!@RB?U!22)&m!1-!ATUS.1)V#-3!lp!Aq!K?Fm!lY!2Dm!P#5!63#'3.!#'!

AY@! r7! %-.3,! *&)P! 1-! 5'#1-&355! 5'33&! '%81-<! *),! B@! 21-! #-.! '63! ,35%&'1-<! 5)&%'1)-!

$)-$3-',#'3.!"#!><&.'R!:63!$,%.3!2#'3,1#&!P#5!.155)&03.!1-!:K"!lY!2Dm!#-.!')!1'!#..3.!?J!

+#FK! lB!2Dm! #-.! 5'1,,3.! *),! B@!21-! #'! G:R! :63! ,3#$'1)-!21V'%,3!P#5! #$1.1*13.! ')! >K! [!

%51-<!?J!K7&!#-.!>#,'1'1)-3.!83'P33-!/'F9$!l?@!2D!V!?m!#-.!K?F!l?@!2DmR!:63!$)281-3.!

),<#-1$!&#(3,5!P3,3!P#563.!P1'6!8,1-3!l?@!2DmT!.,13.!lJ<4FUmT!*1&'3,3.!#-.!$)-$3-',#'3.!

"#!><&.'R!:63!$,%.3!),#-<3!)1&!P#5!5'1,,3.!#5!#!;7J!5)&%'1)-!1-!#1,!*),!?!6T!$)-$3-',#'3.!"#!

><&.'T!#-.!>%,1*13.!8(!*&#56!$)&%2-!$6,)2#')<,#>6(!lB@q#Y@q!/'F9$N>3',)&3%2!3'63,m!

')!#**),.!'63!'1'&3!$)2>)%-.!#5!#-!),#-<3!5)&1.!l\\!2<T!@RB@\!22)&T![YqmR!

/0* A\@dA\?!°7!l.13'6(&!3'63,o63V#-3mR!

! *A7P**^:-:=O_* BBZZ! lPmT! ?[X?! lPmT! AZY\! l5mT! AZB?! l5mT! ABZ?! l5mT! A?[U! l5mT!
XB\l2mR!

)-*^NUU*/-fX*:F:=O_* XRUXdXRBU!lY!KT!2T!Y!V!9,-m!
XRA[!lA!KT!5T!9,-m!
?R@[!lB!KT!5T!7-Bm!
ARUZ!l[!KT!5T!7l7-BmBmR!

):*^LUU*/-fX*:F:=O_* A\XRA!l:xFmT!A\ARU!l:xFmT!AYARA!l:mT!AU[RB!l:mT!ABXRY!l:mT!AB@RY!
l:K!V!?mT!A?[R\!l:mT!A?\RU!l:KmT!A?XR[!l:K!V!?mT!AA\R\!l:mT!\URZ!
l:mT!?[RY!l7l:KBmBmT!AARY!l:KBmR!

g&/'*^%'V_* ?\Y!lsJdKtdT!A@@qmR!
-&/'*^%'[_* ")%-.!B@[RAA@AT!7AXKA\+#FU!sJp+#tp!,3W%1,35!B@[RAR[XR!

*

* *

tBuO

O

O

O

tBuO

O

O
OH

  C19H20O4
Mol Wt: 312.36

  C17H18O4
Mol Wt: 286.33



! ! ()<;7*/!W@!-C;*/"+*#7<%!

 AUX!
! !

OW^")*"WE@6>P;_WNWD;24>P;WMWA36D;=WNW^HD31;=36D;1;=_<;<=>?@6WMW31WLW>13*^ONL7_*

*

:)!#!5)&%'1)-!)*!>63-(&#$3'(&3-3!l@R?!2DT!AR\Y\!22)&m!1-!:K"!l?@!2Dm!5'1,,1-<!#'!dX\!r7!

P#5!#..3.!#M%D1!!l@RXX!2DT!?RU!J!1-!63V#-3T!AR\Y\!22)&m!.,)>P153R!:63!,3#$'1)-!21V'%,3!

P#5! 5'1,,3.! #'! dX\! r7! *),! AY! 21-! #-.! $#--%&#'3.! 1-')! #! 5)&%'1)-! )*! BSl7*/7S8%')V(mSUS

23'6(&$($&)8%'SBS3-3SAT?S.1)-3! l@R?Y@! <T! ARU\Z! 22)&m! 1-! :K"! lA@! 2Dm! #'! dX\! r7R! :63!

,35%&'#-'! ,3#$'1)-!21V'%,3! P#5! 5'1,,3.! #'! dX\! r7! *),! B@!21-T! #-.! W%3-$63.!P1'6! +KU7&!

l5#'Rm! lY@!2Dm! #-.! 3V',#$'3.!P1'6!;7J! lY@!2D! V! ?mR! :63! $)281-3.! ),<#-1$! &#(3,5!P3,3!

.,13.! lJ<4FUmT! *1&'3,3.T! $)-$3-',#'3.! "#! ><&.'! #-.! >%,1*13.! 8(! *&#56! $)&%2-!

$6,)2#')<,#>6(! l@q#Z@q! /'F9$N>3',)&3%2! 3'63,m! ')! #**),.! '63! '1'&3! $)2>)%-.! #5! #!

(3&&)P!5)&1.!l@RBXY!<T!ARB\X!22)&T![BqmR!

/0* \Yd\X!°7!l;7Jo63V#-3!#'!U!r7mR*

! *A7P**^:-:=O_* BBAZ! lPmT! ?[\A! lPmT! AXYB! l2mT! AY[@! l5mT! AB\\! l2mT! ABB[!
l5mT!AAUY!l2mT![A@!lPmR!

)-*^NUU*/-fX*:F:=O_* XRUB!l?!KT!.T!0xXRXT!ARZ!KnT!?!V!9,-m!
XRBZdXR?\!lB!KT!2T!B!V!9,-m!
BRXA!lA!KT!5T!F-m!
ARXB!lB!KT!5T!7-Bm!
ARZU!l[!KT!5T!7l7-BmBmR!

):*^LUU*/-fX*:F:=O_* A\\R?! l:xFmT!AX[RU! l:mT!ABAR\! l:K!V!?mT!A?\R\! l:KmT!A?\R?!
l:K!V!?mT!A?ZR[!l:mT!A??R@!l:mT!\[RY!l:mT!\YRZ!l:mT!\UR\!l:mT!
\UR?!l:mT!?[R@!l7l:KBmBmT!XRY!l:KBmR!

g&/'*^%'[_* YZB!ls?Jp+#tpT!A@@qmT!BBU!lsJp+#pJ37+tpT!ABqmR!
-&/'*^%'[_* ")%-.!?[BRAAYYT!7AXKA\+#FB!sJp+#tp!,3W%1,35!?[BRAAU\R!

*

tBuO

O

O tBuO

O

  C9H12O3
Mol Wt: 168.19

OH

  C17H18O3
Mol Wt: 270.33
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E31f;=82313WNW^")*"W?@6>P;_WRWA36D;=<;<=>H316WNW313WLXOW28>13*^ONR_I**

*

9! 5)&%'1)-! )*!ONL7! l@RA@@! <T! @RBZ[!22)&m! 1-! ATUS.1)V#-3! lY!2Dm!P#5! 63#'3.! #'! AY@! r7!

%-.3,!*&)P!1-!5'#1-&355!5'33&!'%81-<!*),!B@!21-R!:63!,35%&'1-<!5)&%'1)-!P#5!$)-$3-',#'3.!"#!

><&.'!#-.!>%,1*13.!8(! *&#56!$)&%2-!$6,)2#')<,#>6(!lB@q#Y@q!;7JN63V#-3m! ')!#**),.!

ONO! #5!#!P61'3!5)&1.! lBZ!2<T!@RABB!22)&T!BZqm!#-.!ONR! #5!#-!(3&&)P!)1&! lYA!2<T!@RA\[!

22)&T!YAqmR!

;#'#!*),!ONO!

/0* A?YdA?X!°7!l.13'6(&!3'63,o63V#-3mR!

! *A7P**^:-:=O_* B@XB! lPmT! ?[XY! lPmT! AZZZ! l2mT! AZ?Y! l5mT! AY[\! l2mT! AB\@!
l5mT!AAA[!l2mT!X\@!lPmR!

)-*^NUU*/-fX*:F:=O_* \RB?d\R?U!l?!KT!2T!?!V!9,-m!
XRU\dXRU?!lB!KT!2T!B!V!9,-m!
XRUA!lA!KT!5T!7-m!
?R@?!lB!KT!5T!7-Bm!
ARYZ!l[!KT!5T!7l7-BmBmR!

):*^LUU*/-fX*:F:=O_* A[@R?!l:xFmT!A\[RU!l:xFmT!AZYR[!l:mT!AUURZ!l:mT!AB[RA!l:KmT!
ABBR?!l:K!V!?mT!AB?R[!l:mT!ABARX!l:KmT!A?\RY!l:K!V!?mT!A?ZR\!
l:mT!\YR?!l:mT!?[RY!l7l:KBmBmT!XR\!l:KBmR!

g&/'*^%'[_* YZB!ls?Jp+#tpT!BUqmT!BBU!lsJp+#pJ37+tpT!A@@qmR!
-&/'*^%'[_* ")%-.!?[BRAAY@T!7AXKA\+#FB!sJp+#tp!,3W%1,35!?[BRAAU\R!

*

;#'#!*),!ONR!

! *A7P**^:-:=O_* ?[XZ! lPmT! ?BY[! lPmT! AZY?! l5mT! AY[Z! l2mT! ABZ[! l5mT! AAUU!
l2mT!\UA!lPmR!

)-*^NUU*/-fX*:F:=O_* XRYAdXRUA!lY!KT!2T!Y!V!9,-m!
ZRXY!lA!KT!5T!7-m!
?R@\!lB!KT!5T!7-Bm!
ARUY!l[!KT!5T!7l7-BmBmR!

):*^LUU*/-fX*:F:=O_* A\XR\! l:xFmT!A\YR@! l:xFmT!AYURY! l:mT!AUYR\! l:mT!ABUR[! l:mT!
ABBRA! l:mT! ABARY! l:KmT! A?[R\! l:KmT! A?[RB! l:K! V! ?mT! A?\RB!

tBuO

O

OH tBuO

O

O

O

O
tBuO

+

  C17H18O3
Mol Wt: 270.33

  C17H18O3
Mol Wt: 270.33
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g&/'*^%'[_* YZB!ls?Jp+#tpT!ZYqmT!BBU!lsJp+#pJ37+tpT!YZqmR!
-&/'*^%'[_* ")%-.!?[BRAAU\T!7AXKA\+#FB!sJp+#tp!,3W%1,35!?[BRAAU\R!
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:D7H634*SI !"#"$"%&"'*

lAm! =3,,1T!4R!:R`!")&#-.T!DR!;R`!;3$Q3,T!FR!KR!OR`!J)),3T!KR!OR!0,!B/4,!()*+,!LYTQT!91T!B@ZXR!
l?m! J)),3T!KR!OR`!E3,V#T!MR!GR!()*+7/<&7$eB/4<#"&!()*+"$7/O!LYYMT!9T!?XBR!
lBm! J)),3T!KR!OR`!E3,V#T!MR!GR!38>,!H7/<"#!B/4,!()*+,!LYYRT!^T!\AR!
lUm! M1,$6&3,T!9R!LR`!D1%T!"R!vR`!D13835Q1-.T!DR!4R!0,!B/4,!()*+,!LYYNT!9]T!XXBXR!
lYm! j6#-<T!;R!OR`!D&),3-'3T!IR`!D13835Q1-.T!DR!4R!0,!B/4,!()*+,!LYYST!WGT!UBB@R!
lZm! J)),3T!KR!OR`!=3,,1T!4R!:R!0,!B/4,!()*+,!LYTTT!9IT![[ZR!
lXm! K#,,)P03-T!;R!7R`!=#5$)3T!;R!;R`!;32%,'#5T!;R`!M)%,-3T!KR!FR!3#4*5,!()*+,!6#7,!-8,!

MUURT!^^T!A??AR!
l\m! K#,,)P03-T!;R!7R`!=#5$)3T!;R!;R`!L%(T!IR!DR!3#4*5,!()*+,!6#7,!-8,!MUUST!^WT!U?YR!
l[m! D13835Q1-.T!DR!4R`!I(3,T!4R`!c3P3&&T!7R!"R!0,!B/4,!()*+,!LYTQT!91T!B@ZYR!
lA@m! f1,253T!OR`!G)-.#-T!+R!LR`!K)%QT!fR!+R!0,!3+,!()*+,!H'&,!LYTNT!1\WT!X[\[R!
lAAm! D13835Q1-.T!DR!4R!P*7/<)*8/'#!LYTYT!^9T!B@YBR!
lA?m! ]%T!4R!DR`!J)),3T!KR!OR!0,!B/4,!()*+,!LYTYT!9^T!U@?UR!
lABm! ]%T!4R!DR`!J)),3T!KR!OR!0,!B/4,!()*+,!LYYMT!92T!B?ZR!
lAUm! G33.T!JR!OR`!=)&&#,'T!;R!cR`!=3,,1T!4R!:R`!")&#-.T!DR!;R`!J)),3T!KR!OR!0,!B/4,!()*+,!LYTTT!

9IT!?UXXR!
lAYm! D13835Q1-.T!DR!4R`!"3-<&T!GR!OR`!O1,'nT!fR!GR`!46#P3T!:R!:R!0,!B/4,!()*+,!LYTTT!9IT!?U\?R!!
lAZm! :%,-8%&&T!=R`!J)),3T!KR!OR!0,!B/4,!()*+,!LYYRT!W\T!ZUUR!
lAXm! ;355T!;R!MR`!J#,'1-T!cR!7R!0,!B/4,!()*+,!LYTOT!^fT!UAYYR!
lA\m! 7)21-5T!;R!DR!P*7/<)*8/'#!D*77,!LYTOT!G^T!?\@XR!
lA[m! D33T!fR!KR`!J)),3T!KR!OR!0,!B/4,!()*+,!LYYRT!W\T!XBYR!
l?@m! D)653T!=R`!D)-3,T!KR`!9$Q&1-T!=R`!4'3,-*3&.T!"R`!=*#&'nT!9R!P*7/<)*8/'#!D*77,!LYYLT!IGT!ZAYR!
l?Am! f#,&55)-T!cR!FR`!+<%(3-T!+R!HR`!")&#-.T!DR!;R`!J)),3T!KR!OR!0,!3+,!()*+,!H'&,!LYTRT!1\2T!

BB[?R!
l??m! =3,,1T!4R!:R`!;(Q3T!KR!cR`!J)),3T!KR!OR!0,!B/4,!()*+,!LYTYT!9^T!?@B?R!
l?Bm! ")&#-.T!DR!;R`!f#,&55)-T!cR!FR`!=3,,1T!4R!:R`!4$6P#83T!GR`!]%T!4R!DR`!=#'1&T!4R`!J)),3T!0,!3+,!

()*+,!H'&,!LYTYT!111T![XYR!
l?Um! ]1)-<T!ER!"R`!J)),3T!KR!OR!0,!B/4,!()*+,!LYYQT!W1T![AZ\R!
l?Ym! K3,<%3'#T!9R!GR`!J)),3T!KR!OR!0,!B/4,!()*+,!LYYYT!W^T!Y[X[R!
l?Zm! ]%T!4R!DR`!:#1-<T!JR`!J)),3T!KR!OR!0,!B/4,!()*+,!LYYLT!9WT!ZA@UR!
l?Xm! ]1#T!KR!cR`!J)),3T!KR!OR!0,!B/4,!()*+,!LYYMT!92T!BXZYR!
l?\m! O1>*T!=R`!K)>Q1-5T!7R!GR!0,!B/4,!()*+,!LYYYT!W^T!Z\\AR!
l?[m! :6)25)-T!GR!KR!:<7./<%%O!B&&.//"#4!g."#'#*$!666XX=*&*#7!38><#&*$h!76#>2#-!K#&&N!

D)-.)-T!+3P!E),QT!A[\XR!
lB@m! =#,QT!9R`!4$621'nT!"R!cR!P*7/<)*8/'#!D*77,!LYYOT!I^T!B[\BR!
lBAm! ;#01.5)-T!MR!4R!P*7/<)*8/'#!D*77,!LYYMT!IIT!BX?AR!
lB?m! J$f33T!:R!7R`!I,3&#-.T!7R!JR!0,!:<7,!Q/'8,!LYTST!9\T!XYUR!
lBBm! J$f1&&)>T!9R`!M,)P-T!4R!=R!HO#,!('++.#,!LYTST!12T!ZYXR!
lBUm! f)8#(#561T!JR`!G#)T!4R!GR`!76#0#Q%&#T!GR`!4#,2#T!+R!4R!0,!()*+,!=*$,!YH[T!1]]^T!?\?R!
lBYm! f,#-3T!MR!;R`!"#<8%&3T!JR!FR`!46#22#T!JR!0,!:<7,!Q/'8,!LYTNT!^2T!AR!
lBZm! 4)')2#(),T!+R`!;)21-<%3nT!/R`!D3'3T!/R!P*7/<)*8/'#!D*77,!LYYNT!I9T!?[XBR!
lBXm! 43,#>61-T!;R`!D(-$6T!JR`!;%0#&T!FR!P*7/<)*8/'#!D*77,!LYYRT!IWT!YXBAR!
lB\m! f#',1'nQ(T!9R!GR`!M&#$QT!JR`!"#-T!OR!vR!0,!B/4,!()*+,!LYYLT!9WT!Y@UYR!
lB[m! ]1)-<T!ER!"R`!]1#T!KR!cR`!J)),3T!KR!OR!0,!B/4,!()*+,!LYYRT!W\T!ZUZ@R!
lU@m! =3,,1T!4R!:R`!J)),3T!KR!OR!P*7/<)*8/'#!D*77,!LYTST!GfT!UY@XR!
lUAm! c)-35T!LR!KR`!H3-%'1T!JR!7R`!E)%-<T!cR!JR`!J%,'6(T!;R!HR!fR`!D)3T!MR!/R`!412>5)-T!GR!9R`!

M3,Q5T!9R!KR`!4>1,35T!;R!9R`!J#&)-3(T!=R!cR`!f,%532#-T!JR`!G)%6#*n#T!4R`!f#>>#5T!fR!7R`!
M3#,.T!7R!7R`!C-<3,T!4R!KR`!763%-<T!=R!4R!0,!b*8,!()*+,!LYTQT!G]T!AY@UR!

lU?m! G33.T!JR!OR`!J)),3T!KR!OR!0,!B/4,!()*+,!LYTTT!9IT!UAZZR!
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lUBm! G33.T!JR!OR`!J)),3T!KR!OR!0,!B/4,!()*+,!LYTST!9GT!BU[AR!
lUUm! L#221&&T!GR!MR`!;#(T!7R!/R`!4$6%,,T!=R!/R!0,!b*8,!()*+,!LYTOT!GWT!AZX?R!
lUYm! :,)5'T!MR!JR`!:613&T!FR!GR`!:5%1T!KR!7R!0,!3+,!()*+,!H'&,!MUUOT!1G9T!ABAYYR!
lUZm! O1-'3,5T!JR!=R`!4',#-83,<T!JR`!J)),3T!KR!OR!0,!B/4,!()*+,!LYYNT!9]T!XYX?R!
lUXm! fP#-T!KR!DR`!J)),3T!KR!OR!P*7/<)*8/'#!D*77,!LYYOT!I^T!?BYR!
lU\m! "1353,T!DR!"R`!K#,'P3&&T!cR!DR`!43&1<2#-T!9R!JR!0,!3+,!()*+,!H'&,!LYOQT!9fT!A??BR!
lU[m! K))Q3,T!4R!7R!0,!3+,!()*+,!H'&,!LYOQT!9fT!AAXUR!
lY@m! K))Q3,T!4R!7R`!4'3(3,2#,QT!9R!0,!3+,!()*+,!H'&,!LYOQT!9fT!AAX[R!
lYAm! K))Q3,T!4R!7R!0,!3+,!()*+,!H'&,!LYOQT!9fT!AAZ\R!
lY?m! "1353,T!DR!"R`!"1353,T!JR!0,!3+,!()*+,!H'&,!LYNTT!2\T!B?AYR!
lYBm! "1353,T!DR!"R`!M#.3,T!9R!GR!0,!3+,!()*+,!H'&,!LYRLT!2IT!Z\AR!
lYUm! =#$Q#,.T!/R`!=#5$)3T!;R!;R`!J#..#&%-)T!cR`!L)-b#&035T!:R!=R`!K#,,)P03-T!;R!7R!3#4*5,!

()*+,!6#7,!-8,!MULOT!9GT!AB@XZR!
lYYm! M3''Å&)T!LR!MR!JR`!7#51-)01T!7R!LR`!L#&3**1T!7R!P*7/<)*8/'#!D*77,!LYQRT!WT!U\YXR!
lYZm! L#,$1#T!/R`!J3-.)n#T!HR`!L%n2#-T!cR!9R!:<7,!Q/'8,!D*77,!LYYST!11T!ZXR!
lYXm! 46#>1,)T!GR!KR`!D1>')-T!JR!"R`!f)&)-Q)T!fR!cR`!M%5P3&&T!GR!DR`!7#>%#-)T!DR!9R!P*7/<)*8/'#!

D*77,!LYSRT!A\AAR!
lY\m! /-653-T!9R`!f#,#83&#5T!fR`!K33,.1-<T!cR!JR`!J)),3T!KR!OR!0,!B/4,!()*+,!LYYUT!99T!AAXXR!!
lY[m! ;3$Q3,T!FR!KR!OR`!J)),3T!KR!OR!0,!B/4,!()*+,!LYTST!9GT!AAXUR!
lZ@m! ")&#-.T!DR!;R`!;3$Q3,T!FR!KR!OR`!J)),3T!KR!OR!0,!3+,!()*+,!H'&,!LYTYT!111T![\[R!
lZAm! =#,-35T!cR!4R`!7#,'3,T!;R!4R`!f%,nT!DR!cR`!"&1>>1-T!DR!9R!0,!B/4,!()*+!LYYNT!9]T!BU[XR!
lZ?m! L6)5#&T!4R`!4#1-1T!fR!4R`!",#62T!9R!OR!Q)O7'&)*+"$7/O!LYTOT!GGT!?B@YR!
lZBm! L,%-.)-T!JR!"R!:<7,!Q/'8,!=*;,!LYTYT!WT!X[R!
lZUm! 763-<T!GR!fR!ER`!E#-T!4R!cR`!763-T!7R!7R!0,!b*8,!()*+,!LYSTT!G1T!A[[R!
lZYm! :),,3<,)5#T!cR`!M#8)%&3-3T!JR`!4>3n1#&3T!HR`!D#''35T!9R!0,!B/4<#'+*7,!()*+,!LYTOT!G^^T!

BAAR!
lZZm! M,3(3,T!4R`!/**3-83,<3,S+31.-1$6'T!fR`!4$6)83,'T!GR!0,!B/4,!()*+,!MULUT!29T!Z?AUR!
lZXm! =3-#S7#8,3,#T!/R`!D13835Q1-.T!DR!4R!0,!B/4,!()*+,!MUUMT!W2T!AZ\[R!
lZ\m! +1$6)&5T!9R!DR`!j6#-<T!=R`!J#,'1-T!4R!"R!P*7/<)*8/'#!MULMT!WfT!XY[AR!
lZ[m! =3,,1T!4R!:R`!")&#-.T!DR!;R`!J)),3T!KR!OR!P*7/<)*8/'#!D*77,!LYTTT!G]T!BY?[R!
lX@m! E#2#2)')T!ER`!F6-)T!JR`!/<%$61T!4R!P*7/<)*8/'#!LYYNT!9\T!XX\BR!
lXAm! G)-.#-T!+R!LR`!K)%QT!fR!+R!0,!3+,!()*+,!H'&,!LYTRT!1\2T!?@[[R!
lX?m! K)%QT!fR!+R`!4>3&&23(3,T!;R!7R`!c3**),.T!7R!OR`!G128#%&'T!7R!LR`!O#-<T!ER`!J1&&3,T!GR!;R!0,!

B/4,!()*+,!LYTTT!9IT!?A?YR!
lXBm! /V-3,T!FR!('//*%<7"'#!3#<%O$"$!'N!()*+"&<%!J<7<`!=&3-%2N!+3P!E),QT!A[\\R!
lXUm! K#223''T!DR!=R!Q)O$"&<%!B/4<#"&!()*+"$7/OT!?-.!3.R`!J$L,#PSK1&&N!+3P!E),QT!A[X@R!
lXYm! M#V3-.#&3T!IR!GR`!K#(P#,.T!cR!cR`!D3(T!4R!HR!('+F,!()*+,!A"4)!P)/'.4);.7!H&/**#"#4!

MUUST!1\T!\@?R!
lXZm! D3(T!4R!HR`!M#V3-.#&3T!IR!GR!()"+"<!MUUTT!WGT!AZ?R!
lXXm! 7#,'3,T!7R!"R`!D#-<3T!KR`!D3(T!4R!HR`!M#V3-.#&3T!IR!GR`!O1''Q#2>T!MR`!L)).3T!cR!LR`!T!+R!DR!

B/4,!Q/'&*$$!=*$,!J*>,!MULUT!1^T!B[BR!
lX\m! Di035W%3T!"R`!43383,<3,T!=R!KR!3#4*5,!()*+,!6#7,!-8,!MULMT!91T!AX@ZR!
lX[m! :%$Q3,T!cR!OR`!j6#-<T!ER`!c#215)-T!:R!"R`!4'3>63-5)-T!7R!GR!cR!3#4*5,!()*+,!6#7,!-8,!MULMT!

91T!UAUUR!
l\@m! L%'13,,3nT!9R!7R`!c#215)-T!:R!"R!B/4,!D*77,!MULLT!1IT!ZUAUR!
l\Am! M)%,-3T!GR!9R`!K#-T!]R`!=)&1#Q)**T!JR`!L3),<3T!JR!OR!3#4*5,!()*+,!6#7,!-8,!MUUYT!U\T!

YB??R!
l\?m! f-)P&35T!cR!=R`!/&&1)''T!DR!;R`!M))Q3,SJ1&8%,-T!fR!IR!T*"%$7*"#!0,!B/4,!()*+,!MULMT!fT!?@?YR!!
l\Bm! c#**iT!KR!KR!()*+,!=*>,!LYROT!9IT!A[AR!
l\Um! 421'6T!JR!FR`!J#,$6T!cR!b</&)i$!38><#&*8!B/4<#"&!()*+"$7/O@!=*<&7"'#$Z!b*&)<#"$+$Z!
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7A@[+7A@\+7A@X! AA\R[lBm!
7A@\+7A@[+7A@A! A?ARZlBm!
7?@B+F?@?+7?A@! AA[R\l?m!
7?@U+F?@B+7?AA! AAUR[l?m!
7?@A++?@A+7?@Z! AA[RUl?m!
7?@A++?@A+7?@Y! A??RZl?m!
7?@Z++?@A+7?@Y! AA\R@l?m!
7?@?+7?@A++?@A! A?@R@lBm!
7?@?+7?@A+7?@[! A?AR[lBm!
+?@A+7?@A+7?@[! AA\R@l?m!
F?@A+7?@?+7?@A! AAZR[lBm!
F?@A+7?@?+7?@B! A?BR[lBm!
7?@A+7?@?+7?@B! AA[R?lBm!
F?@?+7?@B+7?@U! A?URAlBm!
F?@?+7?@B+7?@?! AAYRUlBm!
7?@U+7?@B+7?@?! A?@RBlBm!
F?@B+7?@U+7?@B! AA[R@lBm!
F?@B+7?@U+7?@Y! AA\RXlBm!
7?@B+7?@U+7?@Y! A??RAlBm!
F?@U+7?@Y+7?@U! A?UR@lBm!
F?@U+7?@Y++?@A! A?@RBlBm!
7?@U+7?@Y++?@A! AAYRXlBm!
7?@X+7?@Z++?@A! A?ARYlBm!
7?@Z+7?@X+7?@\! A?@RBlBm!
7?@[+7?@\+7?@X! AA[R?lBm!
7?@\+7?@[+7?@A! A?ARYlBm!

7A@B+FA@?+7AA@! AAUR[l?m!
7A@U+FA@B+7AAA! AAURUl?m!
7A@Z++A@A+7A@A! AA[RAl?m!
7A@Z++A@A+7A@Y! AA\RAl?m!
7A@A++A@A+7A@Y! A??RXl?m!
7A@?+7A@A++A@A! AA[RAl?m!
7A@?+7A@A+7A@[! A??RXlBm!
+A@A+7A@A+7A@[! AA\R?lBm!
FA@A+7A@?+7A@A! AAXR\lBm!
FA@A+7A@?+7A@B! A??RXlBm!
7A@A+7A@?+7A@B! AA[RYlBm!
FA@?+7A@B+7A@U! A??RAl?m!
FA@?+7A@B+7A@?! AAXR@l?m!
7A@U+7A@B+7A@?! A?@R[lBm!
FA@B+7A@U+7A@B! AA\R\l?m!
FA@B+7A@U+7A@Y! AA[R@l?m!
7A@B+7A@U+7A@Y! A?AR[lBm!
FA@U+7A@Y+7A@U! A?URYlBm!
FA@U+7A@Y++A@A! AA[R\lBm!
7A@U+7A@Y++A@A! AAYRXlBm!
7A@X+7A@Z++A@A! A?ARXlBm!
7A@Z+7A@X+7A@\! A?@RUlBm!
7A@[+7A@\+7A@X! AA\R[lBm!
7A@\+7A@[+7A@A! A?ARZlBm!
7?@B+F?@?+7?A@! AA[R\l?m!
7?@U+F?@B+7?AA! AAUR[l?m!
7?@A++?@A+7?@Z! AA[RUl?m!
7?@A++?@A+7?@Y! A??RZl?m!
7?@Z++?@A+7?@Y! AA\R@l?m!
7?@?+7?@A++?@A! A?@R@lBm!
7?@?+7?@A+7?@[! A?AR[lBm!
+?@A+7?@A+7?@[! AA\R@l?m!
F?@A+7?@?+7?@A! AAZR[lBm!
F?@A+7?@?+7?@B! A?BR[lBm!
7?@A+7?@?+7?@B! AA[R?lBm!
F?@?+7?@B+7?@U! A?URAlBm!
F?@?+7?@B+7?@?! AAYRUlBm!
7?@U+7?@B+7?@?! A?@RBlBm!
F?@B+7?@U+7?@B! AA[R@lBm!
F?@B+7?@U+7?@Y! AA\RXlBm!
7?@B+7?@U+7?@Y! A??RAlBm!
F?@U+7?@Y+7?@U! A?UR@lBm!
F?@U+7?@Y++?@A! A?@RBlBm!
7?@U+7?@Y++?@A! AAYRXlBm!
7?@X+7?@Z++?@A! A?ARYlBm!
7?@Z+7?@X+7?@\! A?@RBlBm!
7?@[+7?@\+7?@X! AA[R?lBm!
7?@\+7?@[+7?@A! A?ARYlBm!

!

!
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(7?=3*NI!9-15)',)>1$!.15>&#$323-'!>#,#23'3,5!s}?*!A@BtR!:63!#-15)',)>1$!.15>&#$323-'!
*#$'),!3V>)-3-'!'#Q35!'63!*),2N!+?&!?s)?<w?_AA!p!RRR!p!?!)!K!<w!Fw!_A?!tR!
!
9')2! _AA! _??! _BB! _?B! _AB! _A?!
FA@A! B@lAm!! UBlAm! A\lAm!! AlAm! +?lAm!! +\lAm!
FA@?! ?UlAm!! ?ZlAm! ?@lAm!! ?lAm! BlAm!! @lAm!
FA@B! ?@lAm!! ?[lAm! ?YlAm!! +BlAm! +UlAm!! +AlAm!
FA@U! B?lAm!! UAlAm! AYlAm!! +?lAm! +AlAm!! @lAm!
+A@A! A[lAm!! ?BlAm! A\lAm!! +?lAm! BlAm!! AlAm!
7A@A! A[lAm!! ?@l?m! ?Al?m!! +AlAm! +AlAm!! UlAm!
7A@?! ??l?m!! ?Bl?m! A[l?m!! +AlAm! +UlAm!! UlAm!
7A@B! AZlAm!! ?@l?m! A\l?m!! AlAm! UlAm!! UlAm!
7A@U! ?@lAm!! AXlAm! ?Bl?m!! @lAm! +?lAm!! ?lAm!
7A@Y! ?Bl?m!! ??l?m! A\l?m!! AlAm! ?lAm!! BlAm!
7A@Z! B?l?m!! ?\l?m! A[l?m!! ?lAm! XlAm!! YlAm!
7A@X! ?Yl?m!! ?[l?m! B@l?m!! AlAm! AAlAm!! +UlAm!
7A@\! AXlAm!! ?Bl?m! UBl?m!! +AlAm! @lAm!! ?lAm!
7A@[! ?Ul?m!! ?Ul?m! ?Xl?m!! @lAm! +AlAm!! AlAm!
7AA@! UUl?m!! B@l?m! U?l?m!! ABl?m! AUl?m!! Bl?m!
7AAA! BUl?m!! BBl?m! B\l?m!! +Zl?m! +[l?m!! +?l?m!
F?@A! ?[lAm!! BXlAm! A\lAm!! BlAm! +AlAm!! +YlAm!
F?@?! UBlAm!! B\lAm! AXlAm!! +BlAm! [lAm!! +A?lAm!
F?@B! ?BlAm!! ??lAm! ?ZlAm!! +BlAm! @lAm!! +AlAm!
F?@U! U?lAm!! B?lAm! AZlAm!! +AlAm! +?lAm!! +?lAm!
+?@A! ?YlAm!! ??lAm! ?AlAm!! ?lAm! UlAm!! AlAm!
7?@A! ?Zl?m!! AZlAm! AUl?m!! @lAm! @lAm!! ZlAm!
7?@?! ?Yl?m!! ?Bl?m! AZl?m!! +AlAm! +YlAm!! UlAm!
7?@B! ?Yl?m!! ?Ul?m! A[l?m!! ?lAm! UlAm!! UlAm!
7?@U! A[lAm!! AXlAm! ?Bl?m!! AlAm! +AlAm!! BlAm!
7?@Y! ?Xl?m!! ?Bl?m! AZl?m!! AlAm! @lAm!! BlAm!
7?@Z! ?\l?m!! ?[l?m! AZl?m!! @lAm! AlAm!! +AlAm!
7?@X! ?\l?m!! B@l?m! ?Al?m!! YlAm! UlAm!! @lAm!
7?@\! ?Ul?m!! ?Ul?m! BAl?m!! @lAm! AlAm!! +AlAm!
7?@[! ?Yl?m!! ?Ul?m! ?Bl?m!! +?lAm! +UlAm!! YlAm!
7?A@! Y@l?m!! B[l?m! B?l?m!! Zl?m! AAl?m!! +A@l?m!
7?AA! BYl?m!! ??l?m! ?[l?m!! +UlAm! +?l?m!! +AlAm!
!!
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(7?=3*RI!K(.,)<3-!$)),.1-#'35!s*!A@Ut!#-.!15)',)>1$!.15>&#$323-'!>#,#23'3,5!s}?!*!A@BtR!
!
9')2!! C! O! ?! _*c! H,',N,!
KA@A! UX! B@A\! X@\@! UZ! A!
KA@Z! U\B! BZ[Z! ?[Y?! BA! A!
KA@X! AAYA! UXXY! B?XU! BU! A!
KA@\! ABXZ! YAB?! U\@X! BB! A!
KA@[! \[[! UUX\! Y[ZX! B@! A!
KAA9! +?XU! +B@! ZU?B! Y\! A!
KAAM! +XXA! +ZU! Z@BB! Y\! A!
KAA7! +Z\Z! ?A?! X@[Z! Y\! A!
KAA;! +ZZB! +YX\! UU?X! Y?! A!
KAA/! +ZAA! B??! BU[@! Y?! A!
KAA"! +A@[Z! +[Y! B\ZY! Y?! A!
K?@A! ??B[! +Y\@! +?X?! U?! A!
K?@Z! ?A@B! +AA@\! B[U?! ?[! A!
K?@X! AU?Z! +???[! B\@[! B?! A!
K?@\! AAAX! +?Z[?! ?BYA! B?! A!
K?@[! AY?B! +?AA[! A@X?! ?[! A!
K?A9! ?[?X! ?Y?U! U[Y! ZA! A!
K?AM! B@ZU! ?@YX! +YA[! ZA! A!
K?A7! BU@[! A\BB! B@@! ZA! A!
K?A;! BA?\! BA[Y! A[XU! UB! A!
K?A/! BYXB! ?\?@! ?Y?Y! UB! A!
K?A"! B@[[! ?U\[! ?[XU! UB! A!
*
(7?=3*QI!K(.,)<3-!8)-.5!s}!#-.!rtR!
!
!J+KÜÜÜ3! 8lJ+Km! 8lKÜÜÜ3m! 8lJÜÜÜ3m! -lJK3m!
!FA@A+KA@ARRRFA@U1! @R\U! AR\\! ?RZX[lBm! AY[RA!
!FA@A+KA@ARRRFA@?! @R\U! ?RBA! ?RXY@lBm! AABRA!
!F?@A+K?@ARRRF?@U11! @R\U! AR[A! ?RZXUlBm! AY@R[!!
!4(223',(!',#-5*),2#'1)-5!%53.!')!<3-3,#'3!3W%10#&3-'!#')25N!!
l1m!VT+(pAo?TnpAo?!!!!l11m!+VpAo?T(Tn+Ao?!!!
!
* *
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;3'#1&5!)*!]S,#(!7,(5'#&!4',%$'%,3!;3'3,21-#'1)-!*),!ONY!
!
!
(7?=3*LI!7,(5'#&!.#'#!#-.!5',%$'%,3!,3*1-323-'!.3'#1&5R!

!

I.3-'1*1$#'1)-!$).3!! MULOA4UUQk&*****
/2>1,1$#&!*),2%&#!! 7AXKA\FU!
"),2%&#!P31<6'!! ?\ZRBA!
:32>3,#'%,3!! A@@l?m!f!
O#03&3-<'6!! @RXA@XB!}!
7,(5'#&!5(5'32!! :,1$&1-1$!
4>#$3!<,)%>!! Q+A!!
C-1'!$3&&!.123-51)-5! <!x*QIMUT^M_*l! '!x!LUSINMM^T_m*
* F!x!LUIUUM^N_*l* (!x*YQITTS^Q_m*
* &!x*LMILYQ^R_*l* )!!x*YLIYMR^Q_m*
H)&%23! XAYRUlYm!}B!
E! ?!
;3-51'(!l$#&$%&#'3.m! ARB?[!J<!o!2B!
985),>'1)-!$)3**1$13-'! @R@[U!22+L!
dY\\\[! B@U!
7,(5'#&! á`!á!
7,(5'#&!51n3! á!V!á!V!á!22B!
"!,#-<3!*),!.#'#!$)&&3$'1)-! BRY?\!+!?XRU\?r!
I-.3V!,#-<35! +\!,!)!,!\T!+A?!,!K!,!A?T!+AY!,!%!,!AY!
G3*&3$'1)-5!$)&&3$'3.! AY@B[!
I-.3>3-.3-'!,3*&3$'1)-5! B?YX!s="#7!x!@R@A\Zt!
7)2>&3'3-355!')!"!x!?YR?U?r! [[RX!q!!
G3*1-323-'!23'6).! "%&&S2#',1V!&3#5'S5W%#,35!)-!d?!
;#'#!o!,35',#1-'5!o!>#,#23'3,5! B?YX!o!@!o!A[U!
L)).-355S)*S*1'!)-!d?! AR@ZU!
"1-#&!=!1-.1$35!sd?!Ñ!?#ld?mt! =1!x!@R@UBXT!5=G!x!@RA?U\!
=!1-.1$35!l#&&!.#'#m! =1!x!@R@UZ?T!5=G!x!@RA?XA!
/V'1-$'1)-!$)3**1$13-'! -o#!
D#,<35'!.1**R!>3#Q!#-.!6)&3! @RY\U!#-.!+@RY\Y!3!}+O!
!
!!

Diffractometer: Rigaku AFC12 Kappa 3-circle with Saturn724+ area detector (% scans to fill 
asymmetric unit sphere). Cell determination: CrystalClear-SM Expert 2.0 r7 (Rigaku, 2011). Data collection: CrystalClear-
SM Expert 2.0 r7 (Rigaku, 2011). Data reduction and cell refinement: CrystalClear-SM Expert 2.0 r7 (Rigaku, 2011). 
Absorption correction: CrystalClear-SM Expert 2.0 r7 (Rigaku, 2011). Structure solution: SHELXS-2013 (Sheldrick, G.M. 
(2013)) Structure refinement: SHELXL-2013 (G Sheldrick, G.M. (2013)). Graphics: OLEX2 (Dolomanov, O. V., Bourhis, L. J., 
Gildea, R. J., Howard, J. A. K. & Puschmann, H. (2009). J. Appl. Cryst. 42, 339-341.)  
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(7?=3* MI! 9')21$! $)),.1-#'35! s*! A@UtT! 3W%10#&3-'! 15)',)>1$! .15>&#$323-'! >#,#23'3,5! s}?! *! A@Bt! #-.! 51'3!
)$$%>#-$(!*#$'),5R!_*c!15!.3*1-3.!#5!)-3!'61,.!)*!'63!',#$3!)*!'63!),'6)<)-#&1n3.!_"k!'3-5),R!
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9')2!! C! O! ?! _*c! H,',N,!
!
F?! \ZXBl?m! YAUlAm! BUAAlAm! AZlAm! A!
FA! [@?[l?m! U[Z\lAm! Z?A\lAm! AZlAm! A!
FB! AUX?Zl?m! ?@B@lAm! ZUZ\lAm! A\lAm! A!
FU! A?XXAl?m! ?\UlAm! UUU\lAm! A\lAm! A!
7?! [\?Ul?m! B\B\lAm! Y\Z[lAm! A?lAm! A!
7Z! A?\?Zl?m! ?BZAlAm! Y[[ZlAm! AUlAm! A!
7X! A?XYXl?m! UY\YlAm! XZ?\lAm! ABlAm! A!
7B! \X@Ul?m! ?XZ?lAm! UX[\lAm! ABlAm! A!
7AX! AA\X[l?m! BYY@lAm! ZU[UlAm! ABlAm! A!
7U! [ZXBl?m! AY\?lAm! UBB@lAm! ABlAm! A!
7\! AU[?Yl?m! YAU?lAm! X\Z\lAm! AYlAm! A!
7Y! AA\?Al?m! AB?XlAm! U\X\lAm! AUlAm! A!
7A?! AAB\Ul?m! Y@BZlAm! \UXYlAm! AYlAm! A!
7[! AYZ\Al?m! ZABZlAm! \[BBlAm! A\lAm! A!
7AB! [AB\l?m! BU@lAm! ??AAlAm! AZlAm! A!
7A@! AUB@\l?m! ZYZ[lAm! [XZ\lAm! A[lAm! A!
7AA! A?AY\l?m! Z@AUlAm! [YU@lAm! A\lAm! A!
7A\! ZYU\l?m! B@\Yl?m! U?\BlAm! AXlAm! A!
7AU! [[AUlBm! +AA?[l?m! AX\@lAm! ?YlAm! A!
7AY! A@\?AlBm! AUY[l?m! ?AX?lAm! ?UlAm! A!
7AZ! Z[ZUlBm! UUZl?m! AY?XlAm! ?XlAm! A!
!*
(7?=3*OI!M)-.!&3-<'65!s}t!#-.!#-<&35!srtR!

!
!

F?+7U! ARBZ?@lAYm!
F?+7AB! ARU\ZBlAZm!
FA+7?! AR??YZlAZm!
FB+7Z! ARBUYYlAZm!
FB+KB! @R\U@@!
FU+7Y! AR??UBlAZm!
7?+7AX! ARU\\ZlA\m!
7?+7B! ARU[YZlAXm!
7Z+7AX! ARBY?\lA\m!
7Z+7Y! ARU[?@lAXm!
7X+7A?! ARB[\YlA\m!
7X+7\! ARU@AZlA\m!
7X+7AX! ARU\UUlAXm!
7B+7U! ARBUU?lA\m!
7B+7A\! ARU[Z?lA\m!
7U+7Y! ARU\U@lA\m!
7\+7[! ARB[U[lA[m!
7\+K\! @R[Y@@!
7A?+7AA! ARB\[[lA[m!
7A?+KA?! @R[Y@@!
7[+7A@! ARB\Zl?m!
7[+K[! @R[Y@@!
7AB+7AY! ARY?@ZlA[m!
7AB+7AU! ARY?Al?m!
7AB+7AZ! ARY?Bl?m!
7A@+7AA! ARB[Al?m!
7A@+KA@! @R[Y@@!
7AA+KAA! @R[Y@@!
7A\+KA\9! @R[\@@!
7A\+KA\M! @R[\@@!
7A\+KA\7! @R[\@@!
7AU+KAU9! @R[\@@!
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7AU+KAUM! @R[\@@!
7AU+KAU7! @R[\@@!
7AY+KAY9! @R[\@@!
7AY+KAYM! @R[\@@!
7AY+KAY7! @R[\@@!
7AZ+KAZ9! @R[\@@!
7AZ+KAZM! @R[\@@!
7AZ+KAZ7! @R[\@@!
7U+F?+7AB! A?ARUXlA@m!
7Z+FB+KB! A@[RY!
FA+7?+7AX! A?@RUZlAAm!
FA+7?+7B! AA\R\?lAAm!
7AX+7?+7B! A?@RX?lAAm!
FB+7Z+7AX! A??RZAlAAm!
FB+7Z+7Y! AAYRYZlAAm!
7AX+7Z+7Y! A?AR\BlAAm!
7A?+7X+7\! AA\R\\lA?m!
7A?+7X+7AX! AA[RBXlAAm!
7\+7X+7AX! A?ARXUlAAm!
7U+7B+7?! AA[RZ@lAAm!
7U+7B+7A\! A?BRAUlA?m!
7?+7B+7A\! AAXR?UlAAm!
7Z+7AX+7X! A?URAUlAAm!
7Z+7AX+7?! AAXR[YlAAm!
7X+7AX+7?! AAXR[AlAAm!
7B+7U+F?! A??RY?lA?m!
7B+7U+7Y! A?@RZ@lAAm!
F?+7U+7Y! AAZRZ@lAAm!
7[+7\+7X! A?@RAYlA?m!
7[+7\+K\! AA[R[!
7X+7\+K\! AA[R[!
FU+7Y+7U! A?AR\\lA?m!
FU+7Y+7Z! AA[R?\lAAm!
7U+7Y+7Z! AA\R\UlAAm!
7AA+7A?+7X! A?@RY[lA?m!
7AA+7A?+KA?! AA[RX!
7X+7A?+KA?! AA[RX!
7A@+7[+7\! A?@RUYlA?m!
7A@+7[+K[! AA[R\!
7\+7[+K[! AA[R\!
F?+7AB+7AY! AAAR[XlA@m!
F?+7AB+7AU! A@YRZ\lA@m!
7AY+7AB+7AU! AAAR\?lA?m!
F?+7AB+7AZ! A@YRB?lAAm!
7AY+7AB+7AZ! AA@R[YlA?m!
7AU+7AB+7AZ! AA@R\@lA?m!
7[+7A@+7AA! AA[RXUlA?m!
7[+7A@+KA@! A?@RA!
7AA+7A@+KA@! A?@RA!
7A?+7AA+7A@! A?@RA\lA?m!
7A?+7AA+KAA! AA[R[!
7A@+7AA+KAA! AA[R[!
7B+7A\+KA\9! A@[RY!
7B+7A\+KA\M! A@[RY!
KA\9+7A\+KA\M! A@[RY!
7B+7A\+KA\7! A@[RY!
KA\9+7A\+KA\7! A@[RY!
KA\M+7A\+KA\7! A@[RY!
7AB+7AU+KAU9! A@[RY!
7AB+7AU+KAUM! A@[RY!
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KAU9+7AU+KAUM! A@[RY!
7AB+7AU+KAU7! A@[RY!
KAU9+7AU+KAU7! A@[RY!
KAUM+7AU+KAU7! A@[RY!
7AB+7AY+KAY9! A@[RY!
7AB+7AY+KAYM! A@[RY!
KAY9+7AY+KAYM! A@[RY!
7AB+7AY+KAY7! A@[RY!
KAY9+7AY+KAY7! A@[RY!
KAYM+7AY+KAY7! A@[RY!
7AB+7AZ+KAZ9! A@[RY!
7AB+7AZ+KAZM! A@[RY!
KAZ9+7AZ+KAZM! A@[RY!
7AB+7AZ+KAZ7! A@[RY!
KAZ9+7AZ+KAZ7! A@[RY!
KAZM+7AZ+KAZ7! A@[RY!

!
!

4(223',(!',#-5*),2#'1)-5!%53.!')!<3-3,#'3!3W%10#&3-'!#')25N!!
!!

!
!

*
*
(7?=3*NI!9-15)',)>1$!.15>&#$323-'!>#,#23'3,5!s}?*!A@BtR!:63!#-15)',)>1$!.15>&#$323-'!
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9')2! _AA! _??! _BB! _?B! _AB! _A?!
!

F?! A[lAm!! AUlAm! A?lAm!! @lAm! ?lAm!! +BlAm!
FA! AXlAm!! AUlAm! AXlAm!! BlAm! UlAm!! UlAm!
FB! A\lAm!! AYlAm! AXlAm!! AlAm! +AlAm!! \lAm!
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Introduction

Thermal rearrangements of aryl- and heteroarylcyclobute-
nones have become established as useful methods for the de
novo synthesis of many polyaromatic and heteroaromatic
ring systems, especially those with dense substitution pat-
terns.[1–3] Though widely used, little is known about the fac-
tors that influence the course of these reactions, or indeed
the optimal conditions for effecting them. Herein we present
a detailed study of the rearrangement and show how it is
possible to achieve near-quantitative conversions under con-
tinuous flow. In turn, this has allowed us to establish a Ham-
mett relationship for the reaction which,[4] in conjunction
with an in silico study, provides new insights into the mecha-
nistic course. Extensions to heteroarylcyclobutenone rear-
rangements include a short and efficient total synthesis of
the marine natural product cribrostatin 6,[5–9] which displays
useful anti-microbial and anti-cancer activity through a reac-
tive-oxygen species (ROS)-generating mechanism.[5,7]

Results and Discussion

Reaction optimization under continuous flow and establish-
ment of a Hammett relationship : Our investigation began
with a survey of the arylcyclobutenone rearrangement, 1!
2+3 (Scheme 1).[1] In batch, reactions of this type are usual-
ly conducted in xylenes at reflux (ca. 135 8C) and typically
give yields of 70–85% after 2–10 h.[1–3] By contrast, under
continuous flow on a Vapourtec R4/R2+ instrument with
stainless-steel tubing of 1 mm diameter,[10] it was possible to
employ dioxane as the solvent at 150 8C to induce rearrange-

ment of cyclobutenone 1a to benzohydroquinone 2a in
99% isolated yield in less than 1 h.

By reasoning that the marked improvement in efficiency
was due to a tight control of temperature across the narrow
tubing, we were pleased to observe similar results for the re-
arrangement of a range of related substrates 1b–i
(Scheme 1). In each case, reactions took longer to proceed
to completion than the parent compound 1a, with electron-
withdrawing substituents (F, CF3, amide) and some electron
donors (OMe) slowing the reaction down significantly. To
delineate the nature of substituent effects, the progress of
each reaction was determined at various residence times by
using 1H NMR analysis to assess the extent of conversion.[11]

Though complicated by incomplete aerial oxidation of the
product hydroquinones 2 to the respective benzoquinones 3,
the method proved reliable in establishing that each rear-
rangement exhibited first-order kinetics (Figure 1).

With these data a Hammett relationship for the reaction
was sought. No correlation was evident with either the sm or
sp parameter sets, as would be expected if the electrocyclic
opening of the cyclobutenone were involved in the rate-de-
termining step (Figure 2, 1a!5). A reasonable correlation
was given with the sI (inductive) parameter set (R2=0.8584,
Figure 3, grey line),[4b] with the parent compound 1a (X=
H) and those with large substituents (tBu, Me3Si, CF3) show-
ing greatest deviation from the line of best fit. This suggest-
ed a significant steric component to the reaction.[4,12] Indeed,
by introducing a small steric correction factor (sI!6% Es)
the correlation was improved to R2=0.989 (Figure 3, bold
line).[4,12]

Computational studies on the reaction mechanism : The
Hammett relationship observed suggests that the electrocyc-
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Scheme 1. Arylcyclobutenone rearrangements under continuouse flow
(with isolated yields quoted for the formation of 3 from 1).

Abstract: Aryl- and heteroarylcyclobu-
tenone rearrangements proceed in ex-
cellent yield under continuous-flow
conditions. The former shows a Ham-
mett correlation with sI providing
strong evidence that electrocyclisation
is the rate-determining step and has a
late transition state. The reaction has

been modelled by using DFT and
CCSD(T) methods, with the latter

giving excellent correlation with the ex-
perimental rate constant. A short and
efficient total synthesis of cribrosta-
tin 6, an anti-neoplastic and anti-micro-
bial agent, provides a topical demon-
stration of the value of this method.

Keywords: density functional calcu-
lations · flow chemistry · Hammett
correlation · reaction mechanisms ·
thermochemistry
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lisation of ketene 5 to bicyclic ketone 7 is rate determining
and has a late transition state (i.e., 6 is more akin to inter-
mediate 7 than precursor ketene 5, Figure 2). The rate of re-
action is thus dictated by the ease with which the sigma

bond, which is developing between the arene and the car-
bonyl in 6, is established; this explains the observed influ-
ence of inductive rather than resonance effects. To test this
hypothesis, the course of the reaction was modelled by DFT
calculations at the UB3LYP/6-311G ACHTUNGTRENNUNG(d,p) level with the
Gaussian 09 program.[14,15] The estimated E+ZPVE values
(Figure 2, in green) were interesting in that they showed
little difference between the activation barrier for electrocy-
clic ring opening (21.6 kcalmol!1) and ring closing (21.9 kcal
mol!1). However, when these were corrected to reflect free
energy, the calculated values for DG at 150 8C (23.4 and
25.3 kcalmol!1, respectively) supported our postulate that
electrocyclisation of vinylketene 5!7 is rate determining.
Importantly, they also showed the electrocyclic opening of
1a!5 to be reversible with the equilibrium favouring the
cyclobutenone rather than the ketene.

A limitation of the DFT method was exposed when we
sought to relate the predicted DG values to the reaction
rates observed experimentally for the rearrangement 1a!
2a. The calculated values implied a reaction rate substantial-
ly faster than the observed one, underestimating the energy
requirements by nearly 5 kcalmol!1. Consequently, we re-
fined our analysis further by employing high ab initio single-
point energy calculations [RCCSD(T)/6-31G(d)] with the
GAMESS(US) package.[17,18] The results attained predicted
a rate constant for the rearrangement of 1a!2a of
0.0016 s!1 after correction for the free energy at 150 8C; this
is in excellent agreement with the observed value
(0.00149 s!1). In addition, these calculations reaffirmed that
the electrocyclic closure 5!7 is rate limiting (30.5 kcalmol!1

compared with 28.9 kcalmol!1 for 1a!5).
The calculated geometry for transition-state 6 (Figure 4)

is also instructive as it shows an angle of incidence of 40.08
between the developing s bond and the plane of the arene.
The angle is reduced to 22.18 as the reaction progresses to
intermediate 7. Thus, interaction between this nascent s
bond and the residual p system is limited as it develops to
become part of the s framework—an observation that is
consistent with a late transition state under the influence of
inductive rather than resonance effects.

Further exemplifications of the method and a total synthesis
of cribrostatin 6 : Our attention next turned to the rear-

Figure 1. Determination of rate constants for 1!2+3. X=CF3: k=4.4!
10!4 s!1, R2=0.96; X=F: k=4.6!10!4 s!1, R2=0.98; X=OMe: k=6.6!
10!4 s!1, R2=0.99; X=CONiPr2: k=8.0!10!4 s!1, R2=0.98; X=Ph: k=
8.2!10!4 s!1, R2=1.00; X= tBu: k=10.2!10!4 s!1, R2=0.99; X=SiMe3:
k=12.1!10!4 s!1, R2=0.98; X=Me: k=13.1!10!4 s!1, R2=0.97; X=H:
k=14.9!10!4 s!1, R2=1.00. [SM]t=concentration of starting material at
a given time.

Figure 2. Summary of the energies calculated for the rearrangement 1a!
2a in the gas phase at 150 8C computed by D ACHTUNGTRENNUNG(E+ZPE) UB3LYP/6-311G-ACHTUNGTRENNUNG(d,p) (in green), DG(UB3LYP/6-311G ACHTUNGTRENNUNG(d,p)) (in blue) and DG-ACHTUNGTRENNUNG(RCCSD(T)/6-31G(d)//UB3LYP/6-311G ACHTUNGTRENNUNG(d,p)) (in red) as well as associ-
ated rate constants.[15–18]

Figure 3. Hammett plot for the arylcyclobutenone rearrangement 1!2+
3 with the sI parameter set (&) and with a steric correction (sI!6% Es,
^).[13]
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rangement of heteroarylcyclobutenones. With a myriad of
options available, we limited our study to representative
electron-rich (thiophene) and electron-poor (pyridine) sys-
tems, and an exemplification through total synthesis. The
thermolysis of (2-pyridyl)cyclobutenones provides rapid
access to quinolizidones,[2a] for example, 9!10, which are
used widely in medicinal chemistry as isosteres for naphtha-
lenes. In spite of this, the reaction has found little favour,
perhaps due to modest yields (29–60%) and a need to pro-
tect the alcohol moiety formed on addition of a 2-lithiopyri-
dine to a cyclobutendione. Under continuous-flow condi-
tions, the thermal rearrangement of pyridylcyclobutenone 9
in dioxane at 100 8C gave quinolizidone 10 in quantitative
yield after a residence time of just 10 min without the need
for alcohol protection (Scheme 2). Although the related syn-

thesis of quino[b]thiophene 13 from thiophene 11 required
a higher temperature (150 8C) and an aerial oxidation, it too
proceeded efficiently, to give a 98% yield over the two steps
(Scheme 2).[19]

To demonstrate the value of the method, we chose to
tackle the synthesis of the marine natural product cribrosta-
tin 6 (19), a popular target since it was identified by Pettit
et al. in 2003, that exhibits useful anti-neoplastic and anti-
microbial activity.[5,6] In 2010, cribrostatin 6 was reported to
induce death in cancer cells by inducing oxidative stress and

the build-up of ROS.[20] As an approach to cancer chemo-
therapy, ROS-inducing therapies are still in their infancy.
Esclomol, for example, was recently advanced to phase III
clinical trials in combination with taxol, though these were
halted because of increased mortality.[20] To date, four total
syntheses of 19 have been reported.[6–9,20] The shortest, by
Knueppel and Martin, was reported in 2009 and featured an
alkynylcyclobutenone rearrangement as a key step, namely,
18!19.[9] Although this step gave a low yield (26%), it al-
lowed the total synthesis to be completed in just five linear
steps.

Our plan was to achieve a synthesis of cribrostatin 6 in a
similar step count, but with greater efficiency. To that end,
nitrile 14 was reduced to the corresponding amine 15 with
alane (AlH3) (Scheme 3).[21] Acylation to 16 was followed by

cyclisation with POCl3 to give imidazopyridine 17 in a near-
quantitative yield. Halogen–lithium exchange then facilitat-
ed the union of 17 and 2-ethoxy-3-methylcyclobutendione,
to give a separable 3:1 mixture of adduct 20 and a regioiso-
mer 20a derived from addition to the vinylogous ester car-
bonyl. Finally, thermolysis of 20 in dioxane for 1 h at 110 8C
under continuous flow, followed by exposure to air for a fur-
ther 45 min, gave 19 in 90% yield after purification by
column chromatography.

Conclusion

In conclusion, we have shown that aryl- and heteroarylcyclo-
butenone rearrangements can be conveniently performed
under continuous flow in dioxane at 150 8C and proceed
with excellent yields. The approach has allowed us to deter-
mine a Hammett relationship for the reaction. This, in con-
junction with DFT and ab initio modelling,[11] provides
strong evidence that the electrocyclisation of ketene 5 to bi-
cyclic ketone 7 is rate determining in arylcyclobutenone re-
arrangements and has a late transition state. From a compu-
tational perspective, the excellent performance of
RCCSD(T)/6-31G(d)//UB3LYP/6-311G ACHTUNGTRENNUNG(d,p) in predicting
reaction kinetics is notable. The short and efficient total syn-

Figure 4. Calculated structures for the transition state 6 and intermediate
7.[16]

Scheme 2. Representative heteroarylcyclobutenone rearrangements
under continuous-flow conditions.[17, 18]

Scheme 3. A short total synthesis of cribrostatin 6 (19). EDC=1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide.
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thesis of cribrostatin 6 (19), a useful anti-neoplastic and
anti-microbial agent, provides a topical demonstration of
the value of the method for the rapid construction of con-
densed quinones.

Experimental Section

General procedure for continuous-flow reactions : Aliquots of 1a–i
(2 mL) in dioxane were taken from bulk solutions (0.25 g in 25 mL) and
heated at 150 8C under continuous flow in stainless-steel tubing (internal
diameter 1 mm, capacity 10 mL) for the stated residence time by using a
Vapourtec R4/R2+ device. The resulting solutions were concentrated in
vacuo then analyzed by 1H NMR to determine the composition (1, 2 and
3) by comparison of the respective integrals as indicated in the Support-
ing Information.

2,3-Dimethoxynaphthalene-1,4-dione (3a):[1a, f] Compound 3a could be
formed in a near-quantitative yield by using the general procedure with a
residence time of 30 min and stirring the resulting solution in air for 1 h.
M.p.: 116–118 8C (Et2O/petroleum ether; previously reported: 115–117 8C
(Et2O));[1a, f] 1H NMR (300 MHz, CDCl3): d=7.71 (m, 2H), 8.07 (m, 2H),
4.13 ppm (s, 6H); 13C NMR (75 MHz, CDCl3): d=182.0 (2!C), 147.5
(2!C), 133.8 (2!CH), 130.8 (2!C), 126.3 (2!CH), 61.5 ppm (2!CH3);
IR (CHCl3): ñ=3385, 2954, 1772, 1601, 1468, 1337, 1047, 994, 858 cm!1;
MS (ES+): m/z (%): 241 [M+Na]+ (46), 219 [M+H]+ (16). See Figure 5
and Table 1.

2,3-Dimethoxy-6-methylnaphthalene-1,4-dione (3b):[1a] Compound 3b
could be formed in 94% yield by using the general procedure with a resi-
dence time of 2 h and stirring the resulting solution in air for 3 h. M.p.:
89–91 8C (MeOH; previously reported: 90–92 8C (aq MeOH));[1a]
1H NMR (400MHz, CDCl3): d=7.96 (d, J=7.8 Hz, 1H), 7.87 (br s, 1H),
7.53–7.47 (ddq, J=7.8, 1.5, 0.8 Hz, 1H), 4.12 (s, 3H), 4.10 (s, 3H),
2.48 ppm (br s, 3H); 13C NMR (100 MHz, CDCl3): d=182.3 (C), 181.8
(C), 147.6 (C), 144.9 (C), 134.4 (C), 130.8 (CH), 128.6 (C), 126.7 (CH),
126.4 (CH), 119.7 (C), 61.4 (2!CH3), 21.8 ppm (CH3); IR (CHCl3): ñ=
2950, 1659, 1611, 1600, 1306, 1269, 1040 cm!1; MS (ES+): m/z (%): 482
[2M+NH4]+ (60), 233 [M+H]+ (100). See Scheme 4, Figure 6 and
Table 2.

Figure 5. NMR spectra used to extract data presented in Table 1.

Table 1. Concentration of 1a after thermolysis in dioxane at 150 8C for
the stated residence time, as determined by NMR integration.

Time [s] 1a [%] ln[SM]

0 100 4.61
300 63.2 4.15
450 53.5 3.98
600 39.6 3.68
900 25.1 3.22
1200 17.1 2.84

Scheme 4. Synthesis of 3b. CAN=ceric ammonium nitrate.

Figure 6. NMR spectra used to extract data presented in Table 2.

Table 2. Concentration of 1b after thermolysis in dioxane at 150 8C for
the stated residence time, as determined by NMR integration; the reac-
tions were run in duplicate.

Time [s] 1b [%] ln[SM]

0 100
100

4.61
4.61

210 81.9
78.4

4.41
4.36

300 72.4
67.5

4.28
4.21

450 62.7
56.9

4.14
4.04

600 46.5
43.7

3.84
3.78
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As an alternative to the general method, the crude reaction mixture
could be concentrated in vacuo, dissolved in CH2Cl2 then exposed to
23% CAN on silica. The procedure facilitates the quantitative oxidation
of the benzohydroquinone 2b to benzoquinone 3b with remaining start-
ing-material 1b converted to 3-methoxy-4-(4-methylphenyl)cyclobuten-
1,2-dione (21). 1H NMR (400 MHz, CDCl3): d=7.94 (d, J=8.1 Hz, 2H),
7.32 (d, J=8.1, Hz, 2H), 4.60 (3H, s), 2.44 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d=193.8 (C), 184.7 (C), 174.9 (C), 143.9 (C), 129.9
(2!CH), 127.9 (2!CH), 125.0 (C), 116.3 (C), 61.6 (CH3), 22.0 ppm
(CH3); IR (CHCl3): ñ=1784, 1595, 1369 cm!1; MS (ES+): m/z (%): 266
[M+MeCN+Na]+ (100), 203 [M+H]+ (2).[22]

4-Hydroxy-2,3-dimethoxy-4-(pyridin-2-yl)cyclobut-2-enone (9): nBuLi
(3.52 mL, 2.40m solution in hexane, 8.45 mmol) was added to a solution
of 2-bromopyridine (0.82 mL, 8.45 mmol) in THF (30 mL) at !78 8C over
5 min. After 15 min the resulting solution was added, through a cannula,
to a solution of dimethyl squarate (1.00 g, 7.04 mmol) in THF (10 mL) at
!78 8C, giving a red solution. After 30 min, saturated NH4Cl (20 mL) was
added. The reaction mixture was allowed to warm to RT then extracted
with CH2Cl2 (50 mL!3). The combined organic layers were washed with
brine (50 mL!2), dried (MgSO4), filtered, concentrated in vacuo and pu-
rified by flash column chromatography (5%!50% EtOAc/petroleum
ether with 2% NEt3) to afford the title-compound 9 as a pale brown oil
(0.97 g, 4.37 mmol, 62%). 1H NMR (400 MHz, CDCl3): d=8.62 (d+ fine
splitting, J=4.5 Hz, 1H), 7.77 (td, J=7.5, 1.5 Hz, 1H), 7.48 (d, J=7.5 Hz,
1H), 7.30 (ddd, J=7.5, 4.5, 1.0 Hz, 1H), 6.07 (s, 1H), 4.09 (s, 3H),
3.98 ppm (s, 3H); 13C NMR (75MHz, CDCl3): d=182.6 (C), 164.4 (C),
154.6 (CH), 148.3 (C), 137.6 (C), 137.4 (CH), 123.2 (CH), 120.0 (CH),
80.0 (C), 59.9 (CH3), 58.8 ppm (CH3); IR (CHCl3): ñ=3463, 2951, 1776,
1632, 1468, 1337, 1061 cm!1; MS (ES+): m/z (%): 222 [M+H]+ (100);
HRMS (ES+): m/z : calcd for C11H12NO4: 222.0775 [M+H]+ ; found:
222.0766.

1-Hydroxy-2,3-dimethoxy-4H-quinolizin-4-one (10): A solution of 9
(5.0 mg, 0.023 mmol) in dioxane (2 mL) was heated at 100 8C in stainless-
steel tubing for a residence time of 10 min with a Vapourtec R4/R2+
device. The resulting solution was stirred in air for 1 h and then concen-
trated in vacuo to give 10 as a pale brown solid (4.9 mg, 0.022 mmol,
99%). M.p.: 110–112 8C (EtOAc/petroleum ether); 1H NMR (400 MHz,
[D6]DMSO): d=8.88 (s, 1H), 8.70 (d, J=7.6 Hz, 1H), 7.73 (d, J=9.0 Hz,
1H), 7.16 (dd, J=8.0, 6.6 Hz, 1H), 6.86–6.97 (m, 1H), 4.03 (s, 3H),
3.87 ppm (s, 3H); 13C NMR (100MHz, [D6]DMSO): d=152.1 (C), 150.2
(C), 131.7 (C), 127.2 (C), 126.7 (C), 125.4 (CH), 125.2 (CH), 120.0 (CH),
114.0 (CH), 60.9 (CH3), 59.3 ppm (CH3); IR (CHCl3): ñ=2955, 2925,
1733, 1634, 1595, 1457, 1288, 1122 cm!1; MS (ES+): m/z (%): 222 [MH]+

(100); HRMS (ES+): m/z : calcd for C11H12NO4: 222.0775 [M+H]+ ;
found: 222.0766.

4-Hydroxy-2,3-dimethoxy-4-(thiophen-2-yl)cyclobut-2-en-1-one (11):[1a] 2-
Bromothiopene (0.376 mL, 3.87 mmol) was added to a solution of nBuLi
(2.42 mL, 1.6m solution in hexane, 3.87 mmol) in THF (15 mL) over
5 min at !78 8C. After 15 min, a solution of dimethyl squarate (0.50 g,
3.52 mmol) in THF (10 mL) was added over 5 min, giving an orange solu-
tion. After 1 h, saturated NH4Cl (20 mL) was added. The reaction mix-

ture was allowed to warm to RT then extracted with CH2Cl2 (20 mL!3).
The combined organic layers were washed with brine (20 mL!2), dried
(MgSO4), filtered, concentrated in vacuo and purified by flash column
chromatography (5%!40% EtOAc/petroleum ether with 2% NEt3) to
afford the title-compound 11 as a white solid (0.257 g, 1.14 mmol, 32%).
M.p.: 66–68 8C (Et2O/petroleum ether; previously reported: 68–69 8C
(Et2O));[1a] 1H NMR (400MHz, CDCl3): d=7.33 (dd, J=5.0, 1.3 Hz,
1H), 7.11 (dd, J=3.5, 1.3 Hz, 1H), 7.02 (dd, J=5.0, 3.5 Hz, 1H), 4.11 (s,
3H), 4.02 (s, 3H), 3.56 ppm (s, 1H); 13C NMR (100 MHz, CDCl3): d=
183.1 (C), 166.0 (C), 140.7 (C), 135.2 (C), 127.2 (CH), 126.2 (CH), 125.0
(CH), 85.7 (C), 60.3 (CH3), 58.8 ppm (CH3); IR (CHCl3): ñ=3400, 3008,
2956, 1781, 1644, 1635, 1470, 1348, 1040 cm!1; MS (ES+): m/z (%): 227
[M+H]+ (100).

5,6-Dimethoxybenzo[b]thiophene-4,7-dione (13):[1a] A solution of 11
(5.0 mg, 0.022 mmol) in dioxane (2 mL) was heated at 150 8C in stainless-
steel tubing for a residence time of 30 min by using a Vapourtec R4/R2+
device. The resulting solution was stirred in air for 1 h then concentrated
in vacuo to give the title-compound 13 as an orange solid (4.9 mg,
0.022 mmol, 98%). M.p.: 169–172 8C (Et2O/petroleum ether; previously
reported: 171.5–173 8C (CH2Cl2/petroleum ether));[1a] 1H NMR
(400 MHz, CDCl3): d=7.63 (d, J=5.0 Hz, 1H), 7.50 (d, J=5.0 Hz, 1H),
4.09 ppm (apparent s, 6H); 13C NMR (100 MHz, CDCl3): d=178.0 (C),
176.6 (C), 147.2 (C), 146.7 (C), 141.4 (C), 139.5 (C), 133.4 (CH), 125.9
(CH), 61.5 (CH3), 61.6 ppm (CH3); IR (CHCl3): ñ=3033, 3008, 2929,
1651, 1340, 1292, 858 cm!1; MS (ES+): m/z (%): 225 [M+H]+ (100).

(3-Bromopyridin-2-yl)methanamine (15):[21] To a cooled (0 8C) solution of
3-bromo-2-cyanopyridine (0.100 g, 0.546 mmol) in toluene (20 mL) was
added alane·Me2NEt complex (0.5m solution in toluene, 2.2 mL,
1.093 mmol) over 4 min. The resulting mixture was warmed to RT and
then, after 16 h, was re-cooled to 0 8C. Methanol (10 mL) and saturated
sodium potassium tartare (50 mL) were cautiously added, then the aque-
ous phase was separated and extracted with CHCl3 (20 mL!3). The com-
bined organic phases were then washed with brine (20 mL!2), dried
(MgSO4), filtered and concentrated in vacuo to afford the title-compound
15 as an yellow oil (60.5 mg, mmol, 60%). 1H NMR (300MHz, CDCl3):
d=8.52 (dd, J=5.0, 1.5 Hz, 1H), 7.85 (dd, J=7.9, 1.5 Hz, 1H), 7.11 (dd,
J=7.9, 5.0 Hz, 1H), 4.14 (s, 2H), 2.77 ppm (s, 2H); 13C NMR (75 MHz,
CDCl3): d=162.4 (C), 150.2 (CH), 145.2 (CH), 123.1 (C), 115.9 (CH),
45.2 ppm (CH2); MS (ES+): m/z (%): 189 [M ACHTUNGTRENNUNG(81Br)+H]+ (100), 187
[M ACHTUNGTRENNUNG(79Br)+H]+ (100).

N-((3-Bromopyridin-2-yl)methyl)acetamide (16):[21] Acetic acid
(0.850 mL, 14.83 mmol) and triethylamine (4.13 mL, 29.7 mmol) were
added sequentially to a solution of N-(3-dimethylaminopropyl)-N’-ethyl-
carbodiimide hydrochloride (2.84 g, 14.83 mmol) in dichloromethane
(30 mL) at RT. After 1 h, a solution of 15 (1.422 g, 5.93 mmol) in DMF
(15 mL) and CH2Cl2 (10 mL) was added, followed by 2m sodium carbon-
ate (30 mL) after an additional 1 h. The aqueous phase was separated
and extracted with dichloromethane (3!20 mL) and then the organic
phases were dried (MgSO4), concentrated in vacuo and purified by
column chromatography (EtOAc) to give the title-compound 16 as a
white solid (0.730 g, 3.187 mmol, 52%). M.p.: 62–64 8C (EtOAc);
1H NMR (400 MHz, CDCl3): d=8.50 (d, J=4.4, 1.3 Hz, 1H), 7.89 (d, J=
7.9, 1.3 Hz, 1H), 7.18 (br s, 1H), 7.16 (dd, J=7.9, 4.4 Hz, 1H), 4.62 (d,
J=4.3, 2H), 2.13 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=170.0
(C), 153.7 (C), 146.9 (CH), 140.4 (CH), 123.5 (C), 120.3 (CH), 44.1
(CH2), 23.3 ppm (CH3); IR (CHCl3): ñ=3314, 1642, 1560, 812 cm!1; MS
(ES+): m/z (%): 231 [M ACHTUNGTRENNUNG(81Br)+H]+ (100), 229 [M ACHTUNGTRENNUNG(79Br)+H]+ (100).

8-Bromo-3-methylimidazo ACHTUNGTRENNUNG[1,5-a]pyridine (17): Phosphorus oxychloride
(1.07 mL, 11.5 mmol) was added to a solution of acetamide 16 (0.730 g,
3.19 mmol) in toluene (10 mL) at RT over 5 min. The reaction mixture
was heated at reflux for 4 h then cooled to 0 8C and saturated sodium bi-
carbonate (30 mL) was added. The aqueous phase was separated and ex-
tracted with ethyl acetate (10 mL!3), then the combined organic phases
were washed with water (10 mL!2), dried (MgSO4) and concentrated to
give the title-compound 17 as a brown oil (0.680 g, 3.222 mmol, 99%, ca.
98% purity). 1H NMR (400 MHz, CDCl3): d=7.68 (d, J=7.3 Hz, 1H),
7.46 (s, 1H), 6.92 (d, J=6.8 Hz, 1H), 6.47 (apparent t, J=7.1 Hz, 1H),
2.69 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=179.0 (C), 136.6 (C),
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130.0 (C), 120.8 (CH), 119.8 (CH), 119.5 (CH), 112.7 (CH), 12.6 ppm
(CH3); IR (CHCl3): ñ=3314, 1642, 1560, 812 cm!1; MS (ES+): m/z (%):
213 [M ACHTUNGTRENNUNG(81Br)+H]+ (100), 211 [M ACHTUNGTRENNUNG(79Br)+H]+ (100).

3-Ethoxy-4-hydroxy-2-methyl-4-(3-methylimidazoACHTUNGTRENNUNG[1,5-a]pyridin-8-yl)cy-
clobut-2-enone (20): nBuLi (1.6m in hexane, 0.79 mL, 1.26 mmol) was
added to a solution of imidazo ACHTUNGTRENNUNG[1,5-a]pyridine 17 (242 mg, 1.15 mmol) in
THF (5 mL) at !78 8C. After 30 min a solution of 3-ethoxy-4-methyl-3-
cyclobutene-1,2-dione (0.161 g, 1.147 mmol)[1, 9] in THF (5 mL) was added
over 4 min, followed by saturated NH4Cl (20 mL) after an additional 1 h.
After warming to RT the aqueous phase was separated and extracted
with dichloromethane (20 mL!3). The combined organic phases were
washed with brine (20 mL!2), dried (MgSO4), concentrated in vacuo
and purified by flash column chromatography (0%!5% methanol/di-
chloromethane with 1% NEt3) gave firstly 20a (59 mg, 0.204 mmol,
18%) then the title-compound 20 as a pale orange oil (175 mg,
0.642 mmol, 56%). 1H NMR (400MHz, CDCl3): d=7.64 (d, J=7.0 Hz,
1H), 7.39 (s, 1H), 6.97 (d, J=6.8 Hz, 1H), 6.60 (t, J=6.9 Hz, 1H), 4.45
(dq, J=9.8, 7.1 Hz, 1H), 4.26 (dq, J=9.9, 7.1 Hz, 1H), 2.66 (s, 3H), 1.85
(s, 3H), 1.36 ppm (t, J=7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=
189.5 (C), 182.2 (C), 135.5 (C), 127.8 (C), 127.6 (C), 125.2 (C), 120.7
(CH), 118.5 (CH), 116.5 (CH), 112.0 (CH), 91.6 (C), 69.2 (CH2), 15.0
(CH3), 12.6 (CH3), 6.9 ppm (CH3); IR (CHCl3): ñ=2928, 2861, 1715,
1731, 1617, 1332, 1135, 1078 cm!1; MS (ES+): m/z (%): 273 [M+H]+

(100); HRMS (ES+): m/z : calcd for C15H17N2O3: 273.1161 [M+H]+ ;
found: 273.1232.

9-Ethoxy-3,8-dimethylimidazoACHTUNGTRENNUNG[5,1-a]isoquinoline-7,10-dione (19, Cribros-
tatin 6): Cyclobutenone 20 (59 mg, 0.217 mmol) in dioxane (2 mL) was
heated at 110 8C in stainless-steel tubing for a residence time of 1 h by
using a Vapourtec R4/R2+ device. The resulting solution was stirred in
air for 30 min then concentrated in vacuo and purified by chromatogra-
phy (2% MeOH in CH2Cl2) to give 19 as a light-blue solid (52 mg,
0.193 mmol, 90%). M.p.: 167–169 8C (acetone at !4 8C; previously re-
ported: 165–167 8C (acetone)[8, 9] , 169–171 8C (acetone)[5] , 171–172 8C
(acetone)[6, 7]) ; 1H NMR (400 MHz, CDCl3): d=8.52 (s, 1H); 8.10 (d, J=
7.6 Hz, 1H), 7.62 (d, J=7.6 Hz, 1H), 4.49 (q, J=6.8 Hz, 2H), 3.09 (br s,
3H), 2.13 (s, 3H), 1.45 ppm (t, J=7 Hz, 3H); 13C NMR (100MHz,
CDCl3): d=184.9 (C), 180.7 (C), 156.2 (C), 137. 7 (C), 130.1 (C), 125.9
(C), 125.0 (C), 124.7 (C), 123.9 (CH), 123.5 (CH), 107.6 (C), 69.6 (CH2),
16.0 (CH3), 12.6 (CH3), 9.2 ppm (CH3); IR (CHCl3): ñ=2925, 1662, 1626,
1611, 1527, 1172 cm!1; MS (ES+): m/z (%): 271 [M+H]+ (100).

CCDC-808547 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Thermal rearrangements of cyclobutenones give access to
numerous ring systems and have proven especially valuable
for the de novo synthesis of quinones, benzoquinones, and
related heteroaromatics with dense substitution.[1–3] A classic
example is the rearrangement of arylcyclobutenone 1a!
3a,[1a] where the emergence of a protocol to realize this
transformation in near quantitative yield means it achieves
many of the ideals for a green-chemical reaction.[2,4] In
principle, such criteria could also be met by the related
photochemical rearrangement of 1a to 5H-furanone 4a, yet
this reaction has lain almost dormant since its introduction by
Moore et al. in 1988 because of the low yields attained in each
of the published examples (27–51%, Scheme 2).[5]

Herein we show how the photochemical rearrangement of
4-hydroxycyclobutenones can be realized in near quantitative
yield under continuous flow using a simple, low-cost device
with an interchangeable low-energy light source.[6,7] In
addition, our results challenge the long-established view
that the electrocyclic opening of cyclobutenones is a torquo-
selective process, with the thermochemical and photochem-
ical rearrangements displaying complimentary torquoselecti-
vity,[1e] as implicated by the aforementioned examples
(Scheme 1).

Before our investigation could begin, we needed to
construct a photochemical reactor for use under flow.
Taking inspiration from the pioneering work of Booker-
Milburn and co-workers,[6] we assembled the apparatus
depicted in Figure 1.[8] A key difference between this and
the published setup was our use of inexpensive, low-energy
9 W lamps in place of the more conventional 400–600 W
medium-pressure mercury discharge lamps. While recogniz-
ing that this might limit the throughput of material, we hoped

that it would allow optimization for the wavelength to
become “as simple as changing a light bulb”, since lamps
spanning a wide spectrum of wavelengths have become
available at low cost in recent years.[8]

Our study began with an investigation of the rearrange-
ment of phenylcyclobutenone 1a to 5H-furanone 4a as the
reported yield of 27% was among the lowest disclosed in the
original study.[5] When conducted under flow using tetrahy-
drofuran (THF) as solvent, a 9 W broad-spectrum UVB lamp

Scheme 1. Thermal and photochemical rearrangements of 4-hydroxy-
cyclobutenone 1.

Figure 1. Flow photochemical reactor (cut-away between grey lines).
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(280–370 nm)[8] and a residence time of 120 min, we were
pleased to attain 5H-furanone 4a in 54% isolated yield,
double that given using a conventional photochemical setup.
NMR analysis of crude product mixtures given at various
residence times showed many side products, with the ratio of
product to by-products worsening as the residence times were
increased. In seeking to eliminate side reactions involving the
product, a comparison was made between its UV–visible
spectrum and that of the starting material. Each showed
strong absorbance below 275 nm, with cyclobutenone 1a
exhibiting additional absorbance bands at 295 and 315 nm. A
switch to a 9 W UVB narrow-spectrum lamp giving greatest
intensity in the region 310–320 nm was therefore implicated
and, in the event, this did lead to a modest improvement in
yield to 65%.

The step-change in performance we sought was realized
with a switch of solvent from THF to acetonitrile. Indeed,
through this simple expedient the rearrangement of cyclo-
butenone 1a to furanone 4a was achieved in 97% isolated
yield at 0.05m concentration with a residence time of 1 h.
Interestingly, under irradiation from a UVA lamp (350–
395 nm) the rearrangement was clean but proceeded at
a much slower rate (< 10% conversion after 1 h). The
broad-spectrum UVB lamp (280–370 nm) proved as effective
as the narrow band lamp, while irradiation for 1 h using
a UVC lamp (254 nm) gave complete conversion but the
product 4a was heavily contaminated with by-products which
accounted for around 5% of the total mass balance.[8]

To explore the generality of the method, a range of
4-hydroxycyclobutenones 1b–h were prepared by the addi-
tion of alkyl-, aryl-, alkyny-, and heteroaryl-lithium reagents
to dimethyl squarate.[1–3] Pleasingly, under the aforemen-
tioned conditions, each underwent smooth rearrangement to
the corresponding furanones 4b–h in excellent yield
(Scheme 2).

Our survey revealed a striking anomaly in respect of the
(2-pyridyl)-cyclobutenone 1 i. In this case the photochemical
rearrangement took longer to run to completion and gave
a 1:1 mixture of furanone 4 i and quinolizinone 5 (Scheme 3).
This anomalous result casts doubt on the view that rearrange-
ments of 4-hydroxycyclobutenones 1 each proceed by tor-
quoselective opening to a vinylketene, with thermolysis giving
(Z)-2 and photolysis giving its geometric isomer (E)-2

(Scheme 1).[1e] Rather, it suggests that the photoinduced
electrocyclic opening of 1 gives rise to a mixture of (E)- and
(Z)-vinylketenes 2, with (E)-2 giving cyclization to furan 6 en
route to furanone 4while (Z)-2 reverts back to cyclobutenone
1 unless it too can be captured by an internal nucleophile
(Scheme 4).

To explore this hypothesis we decided to model the
available cyclization pathways for the intermediate (E)- and
(Z)-vinylketenes, 2a and 2 i, bearing phenyl- and (2-pyridyl)-
residues, respectively. The method chosen used DFT calcu-
lations at the B3LYP/6-311G(d,p) level to establish the course
of the reaction (Gaussian 09),[9–11] with energies refined for
required points using the coupled cluster method CCSD(T)/6-
31G(d) (GAMESS(US), Schemes 5 and 6).[2,12] Notably, the
calculated barrier for 6p-electrocyclic closure of vinylketene
(Z)-2a to 7 at 25 8C (16.7 kcalmol!1) exceeded that for 4p-
electrocyclic closure to the starting material 1a (15.8 kcal
mol!1), consistent with the recycling of this intermediate. The
situation was reversed for its geometric isomer (E)-2a, where
the calculated barrier for returning cyclobutenone 1a
(20.4 kcalmol!1) exceeded that for cyclization to furan 6a
(12.4 kcalmol!1 [13]) leading to the observed product 4a. For
the thermal rearrangement of cyclobutenone 1a torquoselec-
tive opening was evidenced by the calculated activation
energies for formation of vinylketenes (E)-2a (35.0 kcal
mol!1) and (Z)-2a (28.9 kcalmol!1), respectively, at 150 8C.

Scheme 2. Photochemically induced cyclobutenone rearrangements of
1a–h [in a flask] and under continuous flow.

Scheme 3. Photochemical rearrangement of (2-pyridyl)-cyclobutenone
1 i under continuous flow.

Scheme 4. Revised mechanism for the photochemical rearrangement
of 4-hydroxycyclobutenones.
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For 2-pyridylcyclobutenone 1 i (Scheme 6), calculations
showed that cyclization of vinylketene (Z)-2 i to quinolizi-
none 5 was spontaneous on adoption of an appropriate
reactive conformer, thereby diverting it away from the usual

recycling loop. In parallel, the geometric isomer (E)-2 i favors
cyclization to furan 6 i (10.9 kcalmol!1)[13] over 4p-electro-
cyclic closure to cyclobutenone 1 i (23.2 kcalmol!1) and gives
the expected furanone 4 i. Torquoselectivity in the thermal
opening of cyclobutenone 1 i to vinylketene (Z)-2 i was again
evidenced, with calculations additionally indicating that
a hydrogen bond between the pyridine and hydroxyl residues
leads to a significant rate enhancement. This is manifest
experimentally by the realization of a near quantitative yield
for the thermolysis of 1 i to 5 at 100 8C for 10 min under
continuous flow (Scheme 3), when related aryl- and hetero-
aryl-cyclobutenone rearrangements typically require pro-
longed heating at 150 8C to achieve a similar outcome.[2]

Further observations relating to torquoselectivity in the
thermochemical rearrangements of cyclobutenones are
given in the Supporting Information.

In conclusion, we have shown that many 4-hydroxycyclo-
butenones can be transformed into 5H-furanones in near
quantitative yield using an inexpensive flow-photochemical
setup. The results attained challenge a long-held view that the
thermal and photochemical rearrangements of cyclobute-
nones display complementary torquoselectivity in their
electrocyclic opening to a vinylketene.[1e] Indeed, they provide
a detailed mechanistic understanding of both the thermal and
photochemical rearrangements of 4-hydroxycyclobutenones
giving valuable insights into their scope and limitations.
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