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,/"2&(%#@X6G#%M6E#-%$%#,()$$%.#2*$#>H#4#&(#N7#)+#(*"/%+%#@G6>#U#'*+'%+($&()*+#*2#&+)")+%E6#74%#$%,/"()+3#

:)J(/$%# -&,# 2)"(%$%.# &+.# '*+'%+($&(%.# %3* 4,-P06# 74%# ):)+%# -&,# $%.),,*"1%.# )+# (*"/%+%# @G6GX# U#

'*+'%+($&()*+# *2# ):)+%E9# (%($&;/(8"&::*+)/:# '4"*$).%# @G6># %M6E# &+.# &+48.$*/,# 2$%,4"853$*/+.#

0*(&,,)/:#48.$*J).%# @>G#%M6E#-%$%#&..%.#&+.# (4%# $%&'()*+#,()$$%.# 2*$#>H#46#74%#:)J(/$%#-&,# (4%+#

M/%+'4%.# -)(4# &::*+)/:# '4"*$).%# @,&(6# &M69# XG# :Ch::*"# ):)+%E# &+.# %J($&'(%.# -)(4#

.)'4"*$*:%(4&+%#@T#J#XG#:Ch::*"#):)+%E6#74%#'*:;)+%.#*$3&+)'#"&8%$,#-%$%#.$)%.#*1%$#:&3+%,)/:#

,/"2&(%9#2)"(%$%.9#'*+'%+($&(%.#%3*4,-P0#&+.#0/$)2)%.#;8#2"&,4#'*"/:+#'4$*:&(*3$&0486#

#

H2F* D1(1%.0*7%$41;"%1A*,$%*&@1*8.A4.;1*8G40'S.&'$(*$,*!!T7@1(G0*/A&1%*!"=A&%.&1A#

N

CO2iPr
Ph
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EWG

R

NH2
R CO2iPr

Ph
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EWG
+

#

4-*-/"$(5/+'-36/-(;*E(,-#$%-GN*74%#&00$*0$)&(%#&+)")+%#@>6G#%M6E9#&".%48.%#@>6G#%M6E#&+.#:&3+%,)/:#

,/"2&(%#@X6G#%M6E#-%$%#,()$$%.#2*$#>H#4#&(#N7#)+#(*"/%+%#@G6>#U#'*+'%+($&()*+#*2#&+)")+%E6##74%#$%,/"()+3#

:)J(/$%#-&,#2)"(%$%.#*1%$#D%")(%j#&+.#'*+'%+($&(%.#%3*4,-P06##74%#'$/.%#):)+%#-&,#(4%+#$%.),,*"1%.#

)+# (*"/%+%# @G6># U# '*+'%+($&()*+# *2# ):)+%E9# '**"%.# (*# <# kD# &+.# @fX9e+E5Y5;%+<8"')+'4*+).)+)/:#

'4"*$).%#CC#@G6>#%M6E#&+.#&+48.$*/,#2$%,4"853$*/+.#0*(&,,)/:#48.$*J).%#@>G#%M6E#&..%.6##!2(%$#>H#4#

(4%#:)J(/$%#-&,#&""*-%.# (*#-&$:#(*#N7#&+.#,()$$%.# 2*$#&# 2/$(4%$#H#46# #74%# $%&'()*+#-&,#M/%+'4%.#

-)(4# &::*+)/:# '4"*$).%# @,&(6# &M69# XG# :Ch::*"# ):)+%E# &+.# .)"/(%.# -)(4# .)'4"*$*:%(4&+%# @XG#

:Ch::*"# ):)+%E6##74%#&M/%*/,#"&8%$#-&,#%J($&'(%.#-)(4#.)'4"*$*:%(4&+%#@T#J#XG#:Ch::*"# ):)+%E9#

&+.# (4%# '*:;)+%.# *$3&+)'# %J($&'(,# .$)%.# *1%$# :&3+%,)/:# ,/"2&(%9# 2)"(%$%.9# '*+'%+($&(%.# %3* 4,-P0#

&+.#0/$)2)%.#;8#2"&,4#'*"/:+#'4$*:&(*3$&0486*

4-*-/"$(5/+'-36/-(=#E(,-#$%-GN*74%#&00$*0$)&(%#&+)")+%#@>6G#%M6E9#&".%48.%#@>6G#%M6E#&+.#:&3+%,)/:#

,/"2&(%#@X6G#%M6E#-%$%#,()$$%.#2*$#>H#4#&(#N7#)+#(*"/%+%#@G6>#U#'*+'%+($&()*+#*2#&+)")+%E6##74%#$%,/"()+3#

:)J(/$%#-&,#2)"(%$%.#*1%$#D%")(%j#&+.#'*+'%+($&(%.#%3*4,-P06##74%#'$/.%#):)+%#-&,#(4%+#$%.),,*"1%.#

)+#(%($&48.$*2/$&+#@G6>#U#'*+'%+($&()*+#*2# ):)+%E#&+.#0*(&,,)/:#'#('5;/(*J).%#@P6G#%M6E#-&,#&..%.#

(*# (4%# ,()$$%.# ,*"/()*+# &(# N76# # !2(%$# FX#:)+,# (4%# $%&'()*+#-&,#M/%+'4%.#-)(4# &::*+)/:# '4"*$).%#

@,&(6#&M69#XG#:Ch::*"#):)+%E#&+.#.)"/(%.#-)(4#.)'4"*$*:%(4&+%#@XG#:Ch::*"#):)+%E6##74%#&M/%*/,#

"&8%$# -&,# %J($&'(%.# -)(4# .)'4"*$*:%(4&+%# @T# J# XG# :Ch::*"# ):)+%E9# &+.# (4%# '*:;)+%.# *$3&+)'#
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%J($&'(,#.$)%.#*1%$#:&3+%,)/:#,/"2&(%9#2)"(%$%.9#'*+'%+($&(%.# %3*4,-P0#&+.#0/$)2)%.#;8#2"&,4#'*"/:+#

'4$*:&(*3$&048#(*#&22*$.#(4%#$&'%:)'#'8'")<%.#0$*./'(6l*

#############################################################

l#Y0'#*'",'*8%,&'#(#0$#(%-*R(08P-'&*50($#8*P38#(*(,-#$%-*(#,-'%03*-038%'%03&*'",'*Z#(#*30'*50($#8*P38#(*
,&)$$#'(%-*-038%'%03&*Z#(#*30'*&R#-'(0&-0R%-,<<)*,&&%U3#8N#

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2011



- 11 - 

H2H* U"00*7%$41;"%1A*.(;*8@.%.4&1%'S.&'$(*B.&.*

>N>N9* X)3'"#&%&*05*@3%<%3#&*

[&050$*08"#P5@P5+)($*04%+8"E5P504%+8"&'%(&(%#@FQE#
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#

_*.)/:#48.$).%#@HG#Y#.),0%$,)*+#)+#:)+%$&"#*)"9#>6>G#39#P^6X#::*"E#-&,#&..%.#)+#(4$%%#0*$()*+,#*1%$#

TG# :)+,# (*# &# ,()$$%.# ,*"/()*+# *2# %&050$*08"# P504%+8"&'%(&(%# @X6G# 39# Pf# ::*"E# )+# Y1Y5

.):%(48"2*$:&:).%# @XG#:CE# &(# G# °D6# # !2(%$# &# 2/$(4%$# TG#:)+,# P52"/*$*+)($*;%+<%+%# @>6eX#:C9# >f6X#

::*"E# -&,# &..%.# .$*0-),%# &+.# (4%# ,*"/()*+# &""*-%.# (*# $),%# (*# N76# # !2(%$# >H# 4# (4%# $%&'()*+#-&,#

.)"/(%.#-)(4# .)%(48"# %(4%$# @PGG#:CE9# M/%+'4%.#-)(4# &::*+)/:# '4"*$).%# @,&(6# &M69# XG#:CE# &+.# (4%#

*$3&+)'# 04&,%#-&,4%.#-)(4# >G#Y# &M/%*/,#:&3+%,)/:# ,/"2&(%# ,*"/()*+# @T# J# XG#:CE6# # 74%# &M/%*/,#

-&,4%,#-%$%#;&'V5%J($&'(%.#*+'%#-)(4#.)%(48"#%(4%$#@XG#:CE9#&+.#(4%#'*:;)+%.#*$3&+)'#"&8%$,#.$)%.#

*1%$#&+48.$*/,#:&3+%,)/:#,/"2&(%9#2)"(%$%.#&+.#'*+'%+($&(%.#%3*4,-P06##74%#'$/.%#$%&'()*+#:)J(/$%#

-&,#0/$)2)%.#;8#2"&,4#'*"/:+#'4$*:&(*3$&048#@,)")'&#3%"9#0%($*"%/:#%(4%$#K#%(48"#&'%(&(%9#XG#K#>E#&+.#

,/;,%M/%+(#$%'$8,(&"")<&()*+#@0%($*"%/:#%(4%$h%(48"#&'%(&(%E#(*#&22*$.#FQ# @P6Ff#39#FX#YE#&,#&#-4)(%#

'$8,(&"")+%#,*").6#74%#.&(&#*;(&)+%.#),#'*+,),(%+(#-)(4#(4&(#$%0*$(%.#)+#(4%#")(%$&(/$%6F#

mA#@FGG#UA<9#D\D"TEK#f6GT#@>A9#..9#T#f6G9#>6F9#APE9#^6XG#@>A9#(.9#T#^6H9#>6F9#AFE9#^6FF5^6TP#@FA9#:9#AT9#

A>G9#A>>E9#^6P^#@PA9#.9#T#H6H9#AeE9#^6>T#@>A9#..9#T#^6f9#>6G9#AXE9#X6HT#@>A9#,9#A^E9#X6>>#@>A9#,%0(%(9#T#H6T9#

A>TE9#>6TG#@TA9#.9#T#H6>9#A>FE9#>6>f#@TA9#.9#T#H6T#9#A>FnE6#

mD# @>G>#UA<9# D\D"TEK#>^G6f# @D>PE9#>Ff6e# @D>E9#>TH6f# @DfE9# >TF6P# @DHE9# >TT6># @DFE9# >T>6H# @DXE9# >Pe6P#

@D>GE9#>Pe6G#@DeE9#>Pf6>#@DTE9#>P^6f#@D>>E9#>PF6f#@DPE9#He6P#@D>TE9#XT6F#@D^E9#P>6^#@D>FE9#P>6F#@D>FnE6#

#:&J#@+%&(EK#PefG9#PTHG9#>^P^#@Do?E9#>XPF#@Z?PE9#>FXT#':
5>6#

ANU_#@`_pEK#2*/+.#TPP6>GFeq#D>^A>^Z?FZ&9#rUpZ&sp#$%M/)$%,#TPP6>GXG6#

UBK#He5^F#°D#@0%($*"%/:#%(4%$h%(48"#&'%(&(%E6#

#
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[&050$*08"#P5@P5&:)+*04%+8"E5P504%+8"&'%(&(%#@FP.E#
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!#N7#,/,0%+,)*+#*2#+)($*&$%+%#FQ#@T6X^#39#>>6e#::*"E#&+.#0&""&.)/:#*+#&'()1&(%.#'&$;*+#@TXG#:3E#)+#

.%3&,,%.# :%(4&+*"# @TX# :CE# -&,# ,()$$%.# 1)3*$*/,"8# /+.%$# &+# &(:*,04%$%# *2# 48.$*3%+# @;&""**+#

0$%,,/$%E6##!2(%$#P6X#4#(4%#$%&'()*+#:)J(/$%#-&,#2)"(%$%.#*1%$#D%")(%j#&+.#'*+'%+($&(%.#%3*4,-P06##74%#

'$/.%# 0$*./'(#-&,# 0/$)2)%.# ;8# 2"&,4# '*"/:+# '4$*:&(*3$&048# @,)")'&# 3%"9# 0%($*"%/:# %(4%$# K# .)%(48"#

%(4%$9#>G#K#>E#&+.#,/;,%M/%+(#$%'$8,(&"")<&()*+#@.)%(48"#%(4%$h0%($*"%/:#%(4%$E#(*#&22*$.#&+)")+%#FP.#

@P6XG#39#^f#YE#&,#&+#*225-4)(%#'$8,(&"")+%#,*").6#

mA#@TGG#UA<9#D\D"TEK#^6Pe5^6>X#@XA9#:9#Ae9#A>G#t#A>>E9#^6Gf5^6GG#@PA9#:9#AT#t#AXE9#H6^G#@>A9#(.9#T#

^6X9#>6>9#AFE9#H6H>#@>A9#.9#T#^6e9#APE9#X6GT#@>A9#,%0(%(9#T#H6T9#A>TE9#F6eG#@>A9#,9#A^E9#T6Xe#@PA9#;$#,9#ZAPE9#

>6>^#@HA9#(9#T#H6^9#A>FE6#

mD#@^X#UA<9#D\D"TEK#>^P6>#@D>PE9#>FF6H#@D>E9#>T^6>#@DfE9#>Pe6T#@DXE9#>Pf6f#@DehD>GE9#>Pf6H#@DehD>GE9#

>Pf6F#@DThD>>E9#>P^6F#@DThD>>E9#>PT6X#@DHE9#>>f6e#@DFE9#>>H6f#@DPE9#Hf6f#@D>TE9#XT6X#@D^E9#P>6f#@D>FE9#

P>6^#@D>FnE6#

#:&J#@+%&(EK#TFFP9#PefP9#PeTX9#>^PP#@Do?E9#>HT^#@!$#DoDE9#>FX>#':5>
6#

ANU_#@`_pEK#2*/+.#PeP6>T>Tq#D>^A>eZ?PZ&9#rUpZ&sp#$%M/)$%,#PeP6>T>T6#

UBK#^F5^f#°D#@.)%(48"#%(4%$h0%($*"%/:#%(4%$E6#
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[&050$*08"#P5@X5'4"*$*5P5+)($*04%+8"E5P504%+8"&'%(&(%#@HPE#
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#

!''*$.)+3#(*#&#")(%$&(/$%#0$*'%./$%F#%&050$*08"#04%+8"&'%(&(%#@P6PH#39#>P6^#::*"E#)+#(%($&48.$*2/$&+#

@PX# :CE# -&,# &..%.# (*# &# ,()$$%.# ,/,0%+,)*+# *2# 0*(&,,)/:# '#('5;/(*J).%# @>6FP# 39# >P6^# ::*"E# )+#

(%($&48.$*2/$&+# @>GG#:CE#&(# 5^f#kD9#&+.# (4%# $%,/"()+3#8%""*-#,*"/()*+#,()$$%.# 2*$# (4$%%#:)+/(%,6# #>5

D4"*$*5F5+)($*;%+<%+%# @F6GG#39#PX6F#::*"E# )+# (%($&48.$*2/$&+# @PX#:CE#-&,#&..%.#*1%$#&#0%$)*.#*2#

*+%# :)+/(%9# &+.# (4%# ,*"/()*+# ,()$$%.# 2*$# &# 2/$(4%$# T# :)+/(%,6# \\b# @T6FX# 39# >X6P# ::*"E# )+# Y1Y5

.):%(48"2*$:&:).%#@PX#:CE#-&,#&..%.#&+.# (4%#,*"/()*+#,()$$%.#2*$#&#2/$(4%$#X#:)+/(%,#;%2*$%#(4%#

$%&'()*+#:)J(/$%#-&,#M/%+'4%.#-)(4#&::*+)/:#'4"*$).%#@,&(6#&M69#XG#:CE#&+.#&""*-%.#(*#-&$:#(*#

N76# #74%#'$/.%#:)J(/$%#-&,#0*/$%.#)+(*#-&(%$#@>#CE#&+.#%J($&'(%.#-)(4#%(48"#&'%(&(%#@T#J#PXG#:CE9#

(4%# '*:;)+%.# *$3&+)'# %J($&'(,# -&,4%.# -)(4# ;$)+%# @PXG# :CE9# .$)%.# *1%$# &+48.$*/,# :&3+%,)/:#

,/"2&(%9# 2)"(%$%.# &+.# '*+'%+($&(%.# %3* 4,-P06# # 74%# $%,/"()+3# '$/.%# 0$*./'(# -&,# 0/$)2)%.# ;8# 2"&,4#

'*"/:+# '4$*:&(*3$&048# @,)")'&# 3%"9# 0%($*"%/:# %(4%$# K# %(48"# &'%(&(%9# XG# K# >E# &+.# ,/;,%M/%+(#

$%'$8,(&"")<&()*+# @%(48"# &'%(&(%h0%($*"%/:# %(4%$E# (*# &22*$.# +)($*&$%+%#HP# @P6GT# 39# Ff#YE# &,# &#-4)(%#

'$8,(&"")+%#,*").6##74%#.&(&#*;(&)+%.#),#'*+,),(%+(#-)(4#(4&(#$%0*$(%.#)+#(4%#")(%$&(/$%6F#

mA#@FGG#UA<9#D\D"TEK#f6GP#@>A9#.9#T#f6^9#APE9#^6FH5^6TX#@FA9#:E9#^6Pf5^6PF#@PA9#:E9#^6GX#@>A9#.9#T#P6P9#

AXE9#X6HT#@>A9#,9#A^E9#X6>G#@>A9#,%0(%(9#T#H6T9#A>TE9#>6Pe#@TA9#.9#T#H6P9#A>FE9#>6>^#@TA9#.9#T#H6P9#A>FnE6#

mD# @>G>#UA<9#D\D"TEK# #>^G6F# @D>PE9#>F^6># @D>E9#>Te6f# @DFE9#>TH6T#t#>TX6e# @DH#t#DfE9#>T>6f# @!$#DAE#

>Pe6P#t#>Pe6># @De#t#D>GE9#>Pf6T# @!$#DAE9# >Pf6P# @!$#DAE9#>PH6F# @!$#DAE9# He6X# @D>TE9# XT6X# @D^E9#P>6^#

@D>FE9#P>6F#@D>FnE6#

ANU_#@`_pEK#2*/+.#TXH6GHXPq#D>^A>H
TXD"Z?FZ&9#rU@TXD"EpZ&sp#$%M/)$%,#TPH6GHHG6#

#:&J#@+%&(EK#Pef>9#>^T>#@Do?E9#>X>H#@Z?PE#>TTe#@Z?PE9#>>GH9#^>T#':
5>6#

UBK#eF5ee#°D#@%(48"#&'%(&(%h0%($*"%/:#%(4%$E6#

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2011



- 14 - 

[&050$*08"#P5@P5&:)+*5X5'4"*$*04%+8"E5P504%+8"&'%(&(%#@FP=E#
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#

!''*$.)+3#(*#&#")(%$&(/$%#0$*'%./$%X#<)+'#./,(#@P6FT#39#T^6>#::*"E#&+.#&::*+)/:#'4"*$).%#@P6eT#39#

XF6f# ::*"E# -%$%# &..%.# (*# &# ,()$$%.# N7# ,*"/()*+# *2# +)($*&$%+%# HP# @>6PX# 39# T6^X# ::*"E# )+# XK>#

&'%(*+%K-&(%$# @>GG#:CE6# # !2(%$# >G#:)+/(%,# (4%#4%(%$*3%+%*/,# $%&'()*+#:)J(/$%#-&,# 2)"(%$%.#*1%$#

D%")(%j9#&+.#.)"/(%.#-)(4# %(48"#&'%(&(%# @>GG#:CE6# # 74%#'$/.%#:)J(/$%#-&,#-&,4%.#-)(4#-&(%$# @>GG#

:CE#&+.#(4%#&M/%*/,#"&8%$#%J($&'(%.#-)(4#%(48"#&'%(&(%#@T#J#XG#:CE6##74%#'*:;)+%.#*$3&+)'#%J($&'(,#

-%$%#.$)%.#*1%$# &+48.$*/,#:&3+%,)/:# ,/"2&(%9# 2)"(%$%.# &+.# '*+'%+($&(%.# %3* 4,-P06# # 74%# $%,/"()+3#

'$/.%#0$*./'(#-&,#0/$)2)%.#;8#$%'$8,(&"")<&()*+#@%(48"#&'%(&(%h0%($*"%/:#%(4%$E#(*#&22*$.#&+)")+%#FP=#

@fff#:39#^f#YE#&,#&#0&"%#8%""*-#'$8,(&"")+%#,*").6#

mA#@FGG#UA<9#D\D"TEK#^6Te5^6PH#@XA9#:9#Ae9#A>G#tA>>E9#^6>T#@>A9#,9#AXE9#^6Gf#@>A9#.9#T#f6F9#ATE9#H6HP#

@>A9#.9#T#f6H9#APE9#X6>P#@>A9#,%0(9#T#H6>9#A>TE9#F6eT#@>A9#,9#A^E9#T6fG#@PA9#;$#,9#ZAPE9#>6Pe5>6PF#@HA9#:9#

A>FE6#

mD#@>G>#UA<9#D\D"TEK##>^>6X#@D>PE9#>FT6T#@D>E9#>TH6T#@DfE9#>Pe6>#@DXE9#>Pf6f#t#>Pf6^#@De#t#D>GE9#>Pf6P#

@DTE9#>P^6^#@D>>E9#>PF6e#@DHE9#>PT6X#@DFE9#>>^6f#@DPE9#He6>#@D>TE9#XT6F#@D^E9#P>6^#t#P>6H#@D>F#t#D>FnE6#

ANU_#@`_pEK#2*/+.#TPH6GeGHq#D>^A>f
TXD"Z?PZ&9#rU@TXD"EpZ&sp#$%M/)$%,#TPH6Ge>f6#

#:&J#@+%&(EK#TF^^#@Z5AE9#TT^F#@Z5AE9#PefT9#PeTP9#>^PG#@Do?E9#>FeT9#>PG>9#>GeT9#f>T9#Hef#':5>6#

UBK#>>f5>P>#°D#@%(48"#&'%(&(%h0%($*"%/:#%(4%$E6#
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[&050$*08"#P5@>5+)($*+&04(4&"%+5P58"E5P504%+8"&'%(&(%#@HCE#
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!''*$.)+3#(*#&#")(%$&(/$%#0$*'%./$%F#%&050$*08"#04%+8"&'%(&(%#@P6PH#39#>P6^#::*"E#)+#(%($&48.$*2/$&+#

@PX# :CE# -&,# &..%.# (*# &# ,()$$%.# ,/,0%+,)*+# *2# 0*(&,,)/:# '#('5;/(*J).%# @>6FP# 39# >P6^# ::*"E# )+#
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mA#@XGG#UA<9#D\D"TEK#>G6>X#@>A9#,9#A>PE9#^6fF#@>A9#.9#T#^6H9#A^E9#^6XH#@>A9#..9#T*^6H9#^6X9#AeE9#^6F^#@>A9#

(9#T#^6X9#AfE9#^6Pf#@>A9#.9#T#^6H9#A>GE9#^6>X#@>A9#.(9#T#>X6H9#H6X9#AFE9#X6^T#@>A9#.9#T#>X6H9#ATE9#T6ee#@PA9#.9#

T#H6X9#AXE9#T6^G#@TA9#,9#A>E6#

mD#@>PH#UA<9#D\D"TEK#>eP6X#@D>PE9#>HH6^#@DPE9#>F^6G#@D>>E9#>Te6H#@DFE9#>TF6G#@DeE9#>TT6f#@D^E9#>TT6^#

@DHE9#>T>6F#@D>GE9#>P^6X#@DfE9#>PP6P#@DTE9#X>6X#@D>E9#TX6T#@DXE6#

#:&J#@+%&(EK#P^TF9#PfHG9#PfX>9#>^PT9#>He^9#>HXX9#>HGG9#>X^X#':
5>
6#

ANU_#@`_pEK#2*/+.#PP^6GHe^q#D>PA>P?TZ&9#rUpZ&sp#$%M/)$%,#PP^6GH^e6#
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F5@P5Q*$:8"04%+8"E;/(5P5%+%+)($)"%#@HHE#

5

10 CHO

CN
1 #

!''*$.)+3#(*#&# ")(%$&(/$%#0$*'%./$%>>#,*.)/:#:%(&0%$)*.&(%#@P6XX#39#>>6e#::*"E# )+#-&(%$#@>GG#:CE#

-&,#&..%.#(*#&#,()$$%.#N7#,*"/()*+#*2#.)*"#HF#@>6XG#39#>G#::*"E#)+#(%($&48.$*2/$&+#@XG#:CE6##!2(%$#eG#

:)+,#(4%#*$3&+)'#,*"1%+(#-&,#$%:*1%.#%3*4,-P0#&+.#(4%#$%:&)+)+3#&M/%*/,#,*"/()*+#,&(/$&(%.#-)(4#

,*.)/:#'4"*$).%6##74%#&M/%*/,#"&8%$#-&,#%J($&'(%.#-)(4#%(48"#&'%(&(%#@T#J#XG#:CE#&+.#(4%#'*:;)+%.#

*$3&+)'#"&8%$,#.$)%.#*1%$#&+48.$*/,#:&3+%,)/:#,/"2&(%9#2)"(%$%.#&+.#'*+'%+($&(%.#%3*4,-P0#(*#&22*$.#

'$/.%# %&0M'4$*:&+5>9T5.)*"9# -4)'4# -&,# )::%.)&(%"8# $%.),,*"1%.# )+# .)'4"*$*:%(4&+%# @>GG# :CE# &+.#

,()$$%.#-)(4#&+48.$*/,#:&3+%,)/:#,/"2&(%#@X#3E6##!2(%$#P#4#(4%#:)J(/$%#-&,#2)"(%$%.#&+.#'*+'%+($&(%.#

%3*4,-P0# (*#&22*$.#'$/.%#4*:*04(4&".)&".%48.%#@0/$%#;8#>A#ZUNE#)+#M/&+()(&()1%#8)%".6# #74%#'$/.%#

&".%48.%# -&,# .),,*"1%.# )+# .)'4"*$*:%(4&+%# @>G# :CE# &+.# &..%.# (*# &# ,()$$%.# N7# ,*"/()*+# *2#

($)04%+8"04*,048").%+%#&'%(*+)($)"%#@T6Tf#39#>>#::*"E# )+#.)'4"*$*:%(4&+%# @>G#:CE6# #!2(%$#PF#4#(4%#

,*"1%+(# -&,# $%:*1%.# %3* 4,-P0# &+.# (4%# '$/.%# :)J(/$%# 0/$)2)%.# ;8# 2"&,4# '*"/:+# '4$*:&(*3$&048#

@,)")'&#3%"9#0%($*"%/:#%(4%$#K#.)%(48"#%(4%$9#>X#K#>E#(*#&22*$.#&".%48.%,#V)WTHH*@>6>X#39#H^#YE#&+.#V>WTHH#

@>eP#:39#>>#YE#&,#'*"*/$"%,,#*)",6#

V)WTHH*

mA#@XGG#UA<9#D\D"TEK#>G6Ge#@>A9#,9#A>>E9#^6fF#@>A9#..9#T#^6X9#>6H9#AHE9#^6Xe#@>A9#(.9#T#^6X9#>6H9#AfE#^6XT#

@>A9#(.9#T#^6X9#>6G9#A^E9#^6P^#@>A9#..9#T#H6e9#>6H9#AeE9#H6eG#@>A9#.(9#T#>H6F9#H6X9#ATE9#X6PX#@>A9#.(9#T#>H6F9#

>6f9#APE9#T6ee#@PA9#..9#T#H6X9#>6f9#AFE6#

mD#@>PH#UA<9#D\D"TEK#>eP6f#@D>>E9#>XT6T#@DTE9#>T^6e#@D>GE9#>TX6F#@DHE9#>TF6>#@D^E9#>TT6^#@DXE9#>T>6X#

@DeE9#>Pf6G#@DfE9#>>^6P#@D>E9#>GG6e#@DPE9#TH6H#@DFE6#

#:&J#@+%&(EK#TGX^9#TePX9#PfXe9#PTHG9#PTFP9#>He^9#>HT>9#>HG>#':
5>
6#

ANU_#@`_pEK#2*/+.#>eF6GX^Xq#D>>AeZ?Z&9#rUpZ&sp#$%M/)$%,#>eF6GX^H6#

V>WTHH*

mA#@XGG#UA<9#D\D"TEK#>G6>X#@>A9#,9#A>>E9#^6fT#@>A9#..9#T*^6X9#G6e9#AHE9#^6Xe#@>A9#(.9#T#^6X9#>6T9#AfE9#^6X>#

@>A9#(9# T#^6X9#A^E9#^6FG#@>A9#.9# T#^6X9#AeE9#H6^>#@>A9#.(9#T#>G6f9#^6X9#ATE9#X6Te#@>A9#.9#T#>G6f9#APE9#F6>e#

@PA9#.9#T#^6X9#AFE6#
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mD#@>PH#UA<9#D\D"TEK#>eT6>#@D>>E9#>XP6P#@DTE9#>Tf6F#@D>GE9#>TX6P#@DHE9#>TF6T#@DfE9#>TT6H#@DXE9#>T>6H#

@DeE9#>P^6f#@D^E9#>>H6G#@D>E9#>GG6>#@DPE9#TX6^#@DFE6#

#:&J#@+%&(EK#TGP>9#Pe>^9#PfFe9#PTHG9#PTFP9#>He^9#>HGP#':
5>
6#

ANU_#@`_pEK#2*/+.#>eF6GX^fq#D>>AeZ?Z&9#rUpZ&sp#$%M/)$%,#>eF6GX^H6#

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2011



- 24 - 

@LE5P5@T5@B4%+8",/"2*+8"E0$*05>5%+5>58"E;%+<&".%48.%*@HJE*

8

13 CHO

S
O

O

1

#

!''*$.)+3# (*# &# ")(%$&(/$%# 0$*'%./$%>P# &# :)J(/$%# *2# P5;$*:*;%+<&".%48.%# @>6G# 39# X6F# ::*"E9#

&""8"04%+8",/"2*+%#@efG#:39#X6F#::*"E9#,*.)/:#&'%(&(%#@>6T#39#>H6P#::*"E9#($)04%+8"04*,04)+%#@>FG#

:39#G6X#::*"E#&+.#0&""&.)/:@ccE#&'%(&(%#@HG#:39#G6T#::*"E#)+#(%($&48.$*2/$&+#@>G#:CE#-&,#,()$$%.#)+#

&#,%&"%.#(/;%#&(#>GG#°D#2*$#PF#46##74%#$%,/"()+3#:)J(/$%#-&,#2)"(%$%.#(4$*/34#D%")(%j9#'*+'%+($&(%.#%3*

4,-P0#&+.#0/$)2)%.#;8#2"&,4#'*"/:+#'4$*:&(*3$&048#@,)")'&#3%"9#0%($*"%/:#%(4%$#K#%(48"#&'%(&(%9#X#K#>E#

(*#&22*$.#&".%48.%#HJ#@>6>#39#^>#YE#&,#&#8%""*-#,*").6l#

mA#@XGG#UA<9#D\D"TEK#>G6GG#@>A9#,9#A>FE9#^6eG#@PA9#.9#T#^6f9#ATE9#^6^^#@>A9#.9#T#^6f9#AehA>PE9#^6HX#@>A9#

(9#T#^6^9#A>E9#^6Xf5^6FX#@XA9#:9#!$#DMVE9#^6P^#@>A9#.9#T#>X6^9#A^E9#H6>>#@>A9#.(9#T#>X6^9#^6^9#AHE9#F6GX#@PA9#

.9#T#^6^9#AXE6#

mD#@>PH#UA<9#D\D"TEK#>eP6P#@D>FE9#>Tf6T#@DFhDfE9#>T^6e#@DFhDfE9#>TX6f#@D^E9#>TT6e#@D>E9#>TT6e#@!$#DAE9#

>TP6^# @D>TE9#>TP6X# @!$#DAE9# >Pe6P# @DPhDTE9#>Pf6H# @!$# DAE9# >Pf6F# @DPhDTE9# >P^6^# @!$# DAE9#>PG6F# @DHE9#

HG6H#@DXE6#

#:&J#@+%&(EK#TGHF9#P^TG9#>HeF9#>XeH9#>XHf#':
5>
6#

ANU_#@`_pEK#2*/+.#TGe6GXXfq#D>HA>F?T_Z&#rUpZ&sp#$%M/)$%,#TGe6GXXH6#

UBK#^P5^X#°D6#

#############################################################

l#@<'"0PU"*'"#*(#5#(#3-#*(#R0('&*'"#*&)3'"#&%&*05*'"#*%&0$#(%-*-0$R0P38*Z"#(#*'"#*,<Q#3#*&%'&*%3*-03]PU,'%03*
Z%'"*'"#*&P<503#1*%3*0P(*",38&*03<)*'"#*&')(#3%-*-0$R0P38*Z,&*%&0<,'#8N#
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P5@[/(5T5%+5>58"E;%+<&".%48.%#@HME*

O

15

11

#

!''*$.)+3#(*#&# ")(%$&(/$%#0$*'%./$%>T#&""8":&3+%,)/:#;$*:).%#@H6X#:C9#>#U#)+#(%($&48.$*2/$&+9#H6X#

::*"E#-&,#&..%.#.$*0-),%#*1%$#TG#:)+,#(*#&#,()$$%.#N7#,*"/()*+#*2#P5;$*:*;%+<8";$*:).%#@>6G#39#

F6T^#::*"E# )+# (%($&48.$*2/$&+# @T#:CE6# # 74%# $%,/"()+3# ,*"/()*+#-&,# 4%&(%.# (*# $%2"/J# 2*$# P# 4# ;%2*$%#

;%)+3#&""*-%.#(*#'**"#(*#N76##74%#$%&'()*+#-&,#M/%+'4%.#-)(4#&::*+)/:#'4"*$).%#@,&(6#&M69#TG#:CE#

&+.# (4%# &M/%*/,# "&8%$# -&,# %J($&'(%.# -)(4# .)%(48"# %(4%$# @T# J# XG# :CE9# .$)%.# *1%$# &+48.$*/,#

:&3+%,)/:# ,/"2&(%9# 2)"(%$%.# &+.# '*+'%+($&(%.# %3* 4,-P06# # 74%# '"%&$# ")M/).# -&,# $%.),,*"1%.# )+#

(%($&48.$*2/$&+# @F# :CE# &(# 5^f# °D# &+.# 35;/(8"")(4)/:# @F6># :C9# >6H# U# )+# 4%J&+%,9# H6XH# ::*"E# -&,#

&..%.#.$*0-),%#*1%$#TG#:)+,#2*""*-%.#;8#Y1Y5\UQ#@G6f#:C9#>G6e#::*"E#)+#(%($&48.$*2/$&+#@>6X#:CE#

*1%$#TG#:)+,6# #74%#$%,/"()+3#,*"/()*+#-&,#&""*-%.# (*#-&$:#(*#N7#*1%$+)34(#;%2*$%#M/%+'4)+3#-)(4#

&::*+)/:#'4"*$).%# @,&(6#&M69#XG#:CE6# #74%#&M/%*/,# "&8%$#-&,#%J($&'(%.#-)(4#.)%(48"# %(4%$# @T#J#XG#

:CE9#.$)%.#*1%$#&+48.$*/,#:&3+%,)/:#,/"2&(%9#2)"(%$%.9#'*+'%+($&(%.#%3*4,-P0#&+.#0/$)2)%.#;8#2"&,4#

'*"/:+#'4$*:&(*3$&048#@0%($*"%/:#%(4%$#K#.)%(48"#%(4%$9#XG#K#>E#(*#&22*$.#&".%48.%#HM#@X>^#:39#Hf#

YE#&,#&#'*"*/$"%,,#*)"6#74%#.&(&#*;(&)+%.#),#'*+,),(%+(#-)(4#(4&(#$%0*$(%.#)+#(4%#")(%$&(/$%6>T#

"A#@FGG#UA<9#D\D"TEK#>G6Pf#@>A9#,9#A>>E9#^6fF#@>A9#.9#T#^6^9#AeE9#^6XP#@>A9#(.9#T#^6X9#>6P9#A^E9#^6Te#@>A9#

(9#T#^6X9#AfE9#^6Pe#@>A9#.9# T#^6X9#AHE9#X6eF5X6eG#@>A9#:9#APE9#X6>G5F6e^#@PA9#:9#A>E9#T6>X#@PA9#(9# T#^6H9#

AFE9#P6FT5P6TF#@PA9#:9#ATE6#

"D# @>G>#UA<9#D\D"TEK#>eP6F# @D>>E9#>FF6^# @D>GE9#>T^6F# @DPE9#>TT6^# @D^E9#>TP6G# @DeE9#>T>6># @DHE9#>TG6>#

@DXE9#>PH6H#@DfE9#>>X6X#@D>E9#TX6e#@DTE9#TP6G#@DFE6#

ANU_#@QcEK#2*/+.#>HG6Gfffq#D>>A>P?#rU•sp#$%M/)$%,#>HG6Gfff6#

#:&J#@+%&(EK#TGHH9#PeXe9#>^^F9#>He^9#>H>X9#>XeX9#>XHf#':
5>6#

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2011



- 26 - 

#@LE5U%(48"#X5@P52*$:8"04%+8"E0%+(5P5%+*&(%#@JE*

O

1
7

13

O

O #

A*1%8.&5=$/;;,#,%'*+.53%+%$&()*+#'&(&"8,(#@>f#:39#G6GT#::*"E#-&,#&..%.#(*#&#,()$$%.#,*"/()*+#*2#

&".%48.%#HM# @>GG#:39#G6Xf#::*"E#&+.#:%(48"#&'$8"&(%# @>GF#µC9#>6>H#::*"E# )+#.)'4"*$*:%(4&+%# @T#

:CE#&+.#,()$$%.#2*$#>H#4#&(#N76##74%#$%,/"()+3#,*"/()*+#-&,#'*+'%+($&(%.#%3*4,-P0#&+.#0/$)2)%.#;8#2"&,4#

'*"/:+#'4$*:&(*3$&048#@,)")'&#3%"9#0%($*"%/:#%(4%$#K#%(48"#&'%(&(%9#PX#K#>E#(*#&22*$.#&".%48.%#V)WTJ#

@>P>#:39#eG#YE#&,#&#0&"%#*)"6##74%#.&(&#*;(&)+%.#),#'*+,),(%+(#-)(4#(4&(#$%0*$(%.#)+#(4%#")(%$&(/$%6>F#

"A#@FGG#UA<9#D\D"TEK#>G6>F#@>A9#,9#A>TE9#^6^e#@>A9#.9#T#^6H9#A>>E9#^6XG#@>A9#(9#T#^6F9#AeE9#^6Te#@>A9#(9#T#

^6F9#A>GE9#^6PX#@>A9#.9#T#^6X9#AfE9#^6GG#@>A9#.(9#T#>X6^9#T#^6G9#AFE9#X6fP#@>A9#.9#T#>X6^9#ATE9#T6He#@TA9#,9#

A>E9#T6>^#@PA9#(9#T#^6^9#AHE9#P6XP#S#P6FX#@PA9#:9#AXE6##

"D#@>G>#UA<9#D\D"TEK#>eP6^#@D>TE9#>HH6e#@DPE9#>F^6e#@DFE9#>FT6>#@D>PE9#>TT6f#@DeE9#>TT6f#@D>>E9#>TT6^#

@D^E9#>T>6>#@D>GE9#>P^6G#@DfE9#>P>6^#@DTE9#X>6F#@D>E9#TT6f#@DXE9#T>6X#@DHE6##

ANU_#@`_pEK#2*/+.#PF>6GfTGq#D>TA>F?TZ&#rUpZ&sp#$%M/)$%,#PF>6GfTX6#

#:&J#@+%&(EK#PeXP9#P^Tf9#>^P>9#>HeH9#>HX^#':
5>6#
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P5?J*5PV5'4$*:%+5F58"#:%(4&+%,/"2*+&(%#@HKE#

5

10

4

O
1

O

O

S
CH3
11

O

O
#

!''*$.)+3# (*# &# ")(%$&(/$%# 0$*'%./$%>X#:%(4&+%,/"2*+8"# '4"*$).%# @P6HT#:C9# TF#::*"E9#-&,# &..%.# )+#

*+%#0*$()*+# (*#&# ,()$$%.#N7#,*"/()*+#*2#F548.$*J8'*/:&$)+# @X6G#39#T>#::*"E#&+.# ($)%(48"&:)+%# @H6F#

:C9# FH# ::*"E# )+# .)'4"*$*:%(4&+%# @>PG# :CE6# # !2(%$# TG# :)+,# (4%# $%&'()*+# -&,# .)"/(%.# -)(4#

.)'4"*$*:%(4&+%# @PGG# :CE9# M/%+'4%.# -)(4# -&(%$# @>GG# :CE# &+.# (4%# *$3&+)'# "&8%$# -&,4%.# -)(4#

48.$*'4"*$)'# &').# @>#U9# >GG#:CE9# ,*.)/:#;)'&$;*+&(%# @,&(6# &M69# >GG#:CE# &+.#;$)+%# @>GG#:CE9# .$)%.#

*1%$#&+48.$*/,#:&3+%,)/:#,/"2&(%9#2)"(%$%.#&+.#'*+'%+($&(%.# %3*4,-P06##74%#$%,/"()+3#,*").#$%,)./%#

-&,# 0/$)2)%.# ;8# &# ,)+3"%# $%'$8,(&"")<&()*+# 2$*:# 4*(# (*"/%+%# (*# &22*$.# F548.$*J8'*/:&$)+#

:%(4&+%,/"2*+&(%#HL#@H6TH#39#fX#YE#&,#&#-4)(%#'$8,(&"")+%#,*").6l#

mA#@FGG#UA<9#D\D"TEK#^6^F#@>A9#..9#T#^6e9#>6X9#AHE9#^6HF#@>A9#...9#T#f6X9#^6P9#>6F9#AfE9#^6FG5^6TP#@PA9#:9#

A^#t#AeE9#H6XT#@>A9#,9#ATE9#T6FG#@TA9#,9#A>>E6#

mD# @>G>#UA<9# D\D"TEK#>HG6X# @DFE9#>X^6P# @DPE9#>XT6H# @D>GE9#>TT6X# @DfE9#>PF6^# @D^E9#>PP6e# @DHE9#>>^6P#

@DeE9#>>F6^#@DXE9#>GT6X#@DTE9#Te6P#@D>>E6#

#:&J#@+%&(EK#TG^G9#TGTX9#TG>>9#PeTT9#>^PG#@Do?E9#>THf#@_o?E9#>TTG#@_o?E9#>>^T9#fee9#fH^#':5>
6#

ANU_#@`_pEK#2*/+.#PHP6eef>q#D>GAf?X_Z&9#rUpZ&sp#$%M/)$%,#PHP6eefX6#

UBK#>>T#S#>>^#°D#@(*"/%+%E6#

#############################################################

l#Y0'#C*'(,-#*,$0P3'&*05*'"%&*-0$R0P38*Z#(#*0/&#(4#8*'0*-,P&#*%((%','%03*03*-03',-'*Z%'"*&Q%3N#
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P5@P5?J*5PV5'4$*:%+5F58"E;%+<&".%48.%#@HLE#

5

10

4

O
1

11

O

16 CHO
17

#

!''*$.)+3#(*#&#")(%$&(/$%#0$*'%./$%>H#&#,()$$%.#,/,0%+,)*+#*2#F5:%(4*J8'*/:&$)+#:%(4&+%,/"2*+&(%#

HK# @XGG# :39# P6Gf# ::*"E9# ;),@($)04%+8"04*,04)+%E+)'V%"@ccE# '4"*$).%>^# @P^P# :39# G6FP# ::*"E9#

($)04%+8"04*,04)+%# @P>^#:39#G6fF#::*"E#&+.#<)+'#./,(# @TFG#:39#X6P#::*"E# )+#.$8# (*"/%+%# @>P#:CE#

-&,#-&$:%.#(*#eG#°D6#P5[$*:*;%+<&".%48.%#@G6Pe#:C9#P6X#::*"E#-&,#&..%.#.$*0-),%#*1%$#T#4#&+.#

(4%#:)J(/$%#,()$$%.#2*$#&#2/$(4%$#T#4#/+()"#(4%#,(&$()+3#:&(%$)&"#-&,#'*+,/:%.6##74%#$%&'()*+#:)J(/$%#

-&,# &""*-%.# (*# '**"# (*#N79# .)"/(%.#-)(4# .)'4"*$*:%(4&+%# @XG#:CE9# 2)"(%$%.#*1%$# D%")(%j9# M/%+'4%.#
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