
!"#

!"#$%&'()*+,+*(-./'$)0"%+*+1+)1"2-3&#45"'+,)1+&*-&$-3"'4#"*"2++5+2".-&*-

+*2+/5-1+*-&6+2".-

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

!

"#$%&'(#)'!*+!,&-%)./!01#(.2'&34!5).6#&2.'3!*+!7#)#6%4!7#)#6%4!89.':#&;%)</!

8%&''&9:)*'+,--*.;<-%=&9:)/#-*,1%9>*2*%;<-%=&9:)/#>4&5*-91*4%7&;<-%=&9:)#

!!

!/33#"5"*1)'4-7*$&'5)1+&*-

#

?*+7&#,5#:,-4&-4#

#

"9# 6*4&'%*7#*-3#1&4),3># # # # # # # # !@#

@9# !<88,'4%-=#4&A4#-- # # # # # # # !B#

@9"9# !C-4)&>%># # #- # # # # !B#

@9"9"9## !C-4)&>%>#,5#%-%4%*4,'>#8-*-3 -89- - - - !B -

@9"9@9# !C-4)&>%>#,5#8',8*=*4,'>#:;-8<-*-3 -:=- - - !"D#

@9@9# E7&:4',:)&1%>4'C# # #- # # # !"B#

@9F9# !&75G,'=*-%.%-=#><'5*:&G%-%4%*4&3#8,7C1&'%.*4%,-# # # !"B#

@9B9# $),4,:<''&-4#1&*><'&1&-4># # #- # # !"H#

F9# !<88,'4%-=#>:)&1&>#*-3#5%=<'&>## # # # # # !"I#

B9# !<88,'4%-=#'&5&'&-:&># # # # # # # # !@J#
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1.! Materials and methods 
 

As in ref. S1, Supporting Information.  Briefly, reagents for synthesis were purchased from 

Fluka and Acros, amino acid derivatives from Novabiochem and Bachem.  MDESA was prepared 

according to ref. S2.  Indium tin-oxide (ITO) coated glass substrates were obtained from either 

Merck KGaA (Darmstadt, Germany) or Präzisions Glas & Optik GmbH (Iserlohn, Germany).  

Reactions were performed under N2 or Ar atmosphere when specified.  Unless stated otherwise, 

column chromatography was carried out on silica gel 60 (Fluka, 40-63 µm) and analytical (TLC) 

were performed on silica gel 60 (Fluka, 0.2 mm).  Melting points (m.p.) on a heating table from 

Reichert (Austria).  UV-Vis spectra were recorded on a JASCO V-650 spectrophotometer 

equipped with a stirrer and a temperature controller (25 ºC) and are reported as maximal 

absorption wavelength  in nm (extinction coefficient  in mM-1cm-1).  Circular dichroism spectra 

were obtained using JASCO J-815 spectropolarimeter and are reported as extremum wavelength  

in nm (  in M-1cm-1).  IR spectra were recorded on a Perkin Elmer Spectrum One FT-IR 

spectrometer (ATR, Golden Gate, unless stated) and are reported as wavenumbers  in cm-1 with 

band intensities indicated as s (strong), m (medium), w (weak).  1H and 13C spectra were recorded 

(as indicated) either on a Bruker 300 MHz, 400 MHz or 500 MHz spectrometer and are reported as 

chemical shifts ( ) in ppm relative to TMS (  = 0).  Spin multiplicities are reported as a singlet (s), 

doublet (d), triplet (t) and quartet (q) with coupling constants (J) given in Hz, or multiplet (m).  

Broad peaks are marked as br.  Proton signals with low deuterium exchange rates (half life  5 

min) are marked �“exchangeable�”.  1H and 13C resonances were assigned with the aid of additional 

information from 1D & 2D NMR spectra (H,H-COSY, DEPT 135, HSQC and HMBC).  

Multiplicity of 13C signals are assigned with the aid of DEPT 135, and reported as s (C), d (CH), t 

(CH2) and q (CH3).  Multiplicity due to 13C-31P coupling is reported as Pd, Pt or Pm.  ESI-MS were 

performed on an ESI API 150EX with 2 mM ammonium acetate in methanol as a solvent and are 
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$%&'$(%)#*+#!"# #,-./##0112$*(%#3*++#)%(%$345*(4'5+#2+456#7!8#,9:#7!8;<!.#=%$%#&%$>'$3%)#'5#*#

!14%?# @!A0:# B2C+*$# '$# D$2E%$# F*C('541+#3*G4+# 3*++# +&%1($'3%(%$H# <0IF8;AJK# '5# *# 0?43*#

LK: M# ,!N43*)O2./# # 7C%1($'1N%341*C# 3%*+2$%3%5(+# =%$%# )'5%# '5# *5# 7C%1($'1N%341*C# 05*CPO%$#

=4(N#B41'*3&#Q''+(%$#*5)#K*$*)*P#1*6%#,L9#85+($23%5(+#RRSL./##BN'('12$$%5(+#=%$%#3%*+2$%)#

2+456#*#TUS#V#+'C*$#+432C*('$#,W%=&'$(.#*5)#*5#7C%1($'1N%341*C#05*CPO%$#,L9#85+($23%5(+#RRSL./##

AN%#4$$*)4*(4'5#&'=%$#=*+#3%*+2$%)#2+456#*#$*)4*5(#&'=%$#%5%$6P#3%(%$#,W%=&'$(#3')%C#XSYRS./##

0K<#43*6%+#=%$%#*1Z24$%)#=4(N#*#W*5'!1'&%#888*# ,[%%1'\#F464(*C#85+($23%5(+H#!*5(*#D*$Q*$*H#

L0.#32C(43')%#*('341#>'$1%#341$'+1'&%H#45#(*&&456#3')%#2+456#!4#1*5(4C%]%$+#,J<LI;0LTRSA!H#

JCP3&2+.#*(#+1*5#$*(%+#'>#2+2*CCP#T#9O#,S/YU#9O#>'$#+1*5#*$%*#'>#TSS#?#TSS#µ3 Y./##J&(41*C#43*6%+#

=%$%#(*E%5#2+456#*#341$'+1'&%#%Z24&&%)#'5#0K</#

 

Abbreviations.  0K<^# # 0('341# >'$1%# 341$'+1'&P_# D'1^# #$%D2('?P1*$Q'5PC_# LQO^##

,D%5OPC'?P.1*$Q'5PC_#L[^##LP1C41#]'C(*33%($P_#LP+^##LP+(%45%_#FL<^##F41NC'$'3%(N*5%_#F<K^##

WHW;F43%(NPC>'$3*34)%_# FAA^# # FI;F4(N4'(N$%4('C_# K1^# # K%$$'1%5%_# 9JD(^##

T;9P)$'?PQ%5O'($4*O'C%_#8BL7^##8514)%5(#&N'('5#('#12$$%5(#1'5]%$+4'5#%>>414%51P_#8AJ^##85)423#(45#

'?4)%_# IP+^# # IP+45%_# <F7!0^# # &;3%(N'?P# *54C45%# )4,Y;%(NPC+2C>'541# *14)._# WF8^##

TH`HUHa;W*&N(N*C%5%)4434)%_# BF0^# # "H`HbHTS;B%$PC%5%(%($*1*$Q'?PC41)4*5NP)$4)%_# BF8^##

"H`HbHTS;B%$PC%5%(%($*1*$Q'?PC41)4434)%_# $(^# # :''3# (%3&%$*(2$%_# !J!8B^# # !%C>;'$6*54O456#

+2$>*1%;454(4*(%)# &'CP3%$4O*(4'5_# ADAc^# #&;,D%5O'($4*O'C;T;PC.;'('(')(' d;(%($*3%(NPC2$'5423#

(%($*>C2'$'Q'$*(%_# AK7^# # YHYHY;($4>C2'$'%(N*5'C_#A70^# # A$4%(NPC*345%_# A7J0^# # A$4%(N*5'C*345%_#

AK0^##A$4>C2'$'*1%(41#*14)/#
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!
!"/"##$0+)1-2*2#

#

!"/"/"##$0+)1-2*2#'3#*+*)*4)'(#/#4+5#/6#7$81-9-#$/:#

#

;'9&'%+5#<"   This compound was synthesized according to reported procedures.S3 

 

;'9&'%+5# = .  A solution of < (0.150 g, 0.28 mmol) and H-Lys(Cbz)-NH2 (0.315 g, 1.1 

mmol) in pyridine (6 ml) was refluxed (130 °C) for 18 h under argon.  H-Lys(Cbz)-NH2 (0.08 g, 

0.28 mmol) was added and the mixture was further heated at reflux for 1 h.  The reaction was then 

allowed to cool down and carefully poured on 80 ml of 1 M KHSO4.  The aqueous layer was 

extracted with AcOEt (4 x 50 ml) and the organic layer dried over anhydrous Na2SO4, then 

concentrated "#!$%&'(.  Silica gel column chromatography of the residue (DCM/MeOH 95:5; ) f 

0.1) gave pure = (0.161 g, 55%) as a green solid.  Mp: 154-155 ºC; CD (DCM/MeOH 1:1):  709 

(+0.56), 432 (-0.91), 339 (+2.60), 283 (-1.59), 26 (-0.42); IR:  3347 (w), 2931 (w), 1685 (s), 1590 

(m), 1512 (w), 1415 (m), 1343 (m), 1243 (m), 1126 (w), 735 (w); 1H NMR (500 MHz, CDCl3):  

8.45-8.40 (m, 2H), 8.22 (s, 2H), 7.49-7.44 (m, 2H), 7.31-7.23 (m, 10H), 6.23-6.15 (m, 1H), 

5.73-5.69 (m, 2H), 5.07-5.04 (m, 2H), 5.02-4.97 (m, 4 H), 3.85-3.75 (m, 2H), 3.45-3.31 (m, 2H), 

3.15-3.00 (m, 4H), 2.38-2.30 (m, 2H), 2.14-2.01 (m, 8H), 1.72-1.64 (m, 2H), 1.60-1.45 (m, 4H), 

1.41-1.31 (m, 2H), 1.23-1.15 (m, 2H); 13C NMR (125 MHz, CDCl3):  172.4 (s), 164.8 (s), 163.1 (s), 

156.4 (s), 146.5 (s), 136.6 (s), 133.3 (s), 129.1 (s), 128.5 (s), 128.0 (s), 126.5 (d), 125.1 (d), 121.7 

(s), 121.5 (d), 120.8 (s), 118.5 (s), 117.7 (s), 66.5 (t), 54.48 (d), 53.5 (t), 50.73 (t), 40.8 (t), 29.7 (t), 

28.3 (t), 25.8 (t), 23.7 (t); MS (ESI, DCM):  791 (100, [M+H]+); HRMS (ESI, +ve) calcd for 

C60H61N8O10:  1053.4505, found:  1053.4493. 
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Compound 1.  To a solution of 11 (17 mg, 7 " mol) in DCM (440 " l) was added TMSBr (15 

" l, 0.11 mmol).  The mixture was stirred for 2 h under argon at rt, and then concentrated in !"#$%.  

To the residue was added MeOH (560 " l), and the resulting mixture was stirred for 0.5 h.  The 

reaction mixture was concentrated in !"#$%.  The non-polar impurities were removed from the 

residue by solid-liquid extraction using diethylether (5 x 5 ml), petroleum ether (3 x 5 ml) and 

DCM (3 x 5 ml) to leave pure 1 as a green solid (12 mg, quant).  Mp:  >230 ºC; CD 

(DMSO/MeOH 1:1):  679 (+1.36), 478 (+0.31), 421 (-0.83), 342 (+3.68), 290 (-1.51); IR:  3233 

(m), 2925 (w), 2857 (w), 1641 (s), 1587 (s), 1552 (s), 1416 (m), 1337 (m), 1233 (m), 1165 (m), 

1122 (m), 998 (s), 910 (s), 803 (w), 749 (w); 1H NMR (400 MHz, CD3OD):  8.32-8.20 (m, 4H), 

7.47 (br s, 2H), 5.71-5.65 (m, 2H), 4.54-4.49 (m, 2H), 3.73-3.64 (m, 8H), 3.17-2.81 (m, 14 H), 

2.34-2.25 (m, 4H), 2.03-1.83 (m, 8H), 1.65-1.58 (m, 4H), 1.43-1.29 (m, 4H), 1.20 (s. 18 H); 13C 

NMR (125 MHz, CD3OD):  175.3 (s), 173.3 (s), 172.2 (s), 165.6 (s), 165.3 (s), 147.7 (s), 135.3(s), 

130.8 (s), 127.9 (d), 125.2 (d), 123.2 (s), 122.4 (s), 122.1 (d), 119.7 (s), 118.8 (s), 55.5 (d), 54.7 (d), 

42.6 (t), 40.3 (t), 35.7 (d, Pt, 1&(C,P) = 130 Hz),  32.9 (t), 30.2 (q), 29.9 (t), 29.4 (t), 26.7 (t), 25.0 

(t); MS (MALDI) 1598 (60, [M+H]+), 1582 (100, [M-NH2]+). 

 

Compound 22.  This compound was synthesized according to reported procedures.S3 

 

Compound 23.  A solution of 3 (25 mg, 0.064 mmol) and H-Lys(Cbz)-NH2 (105 mg, 0.38 

mmol) in pyridine (3.4 ml) was refluxed (120 °C) for 24 h.  The reaction was then allowed to cool 

down and concentrated '()!"#$%.  Silica gel column chromatography of the residue (DCM/MeOH 

92:8; * f 0.55 with DCM/MeOH 9:1) gave pure 23 (43 mg, 74%) as a red solid.  Mp:  >230 ºC; CD 

(DCM/MeOH 1:1):  542 (-0.75), 522 (-0.62), 496 (+0.07), 482 (-0.24), 350 (+0.27), 294 (-0.46), 265 
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2H), 2.39-2.29 (m, 2H), 2.25-2.15 (m, 2H), 1.70-1.60 (m, 4H), 1.40 (s, 22H), 1.26 (s, 18H); 13C 

NMR (125 MHz, CDCl3/CD3OD 1:1):  172.5 (s), 170.8 (s), 162.6 (s), 155.6 (s), 133.2 (s), 130.7 

(d), 128.0 (s), 124.5 (s), 122.6 (d), 121.8 (s), 79.7 (s), 54.2 (d), 47.5 (s), 42.2 (t), 38.9 (t), 29.0 (q), 

28.5 (t), 27.9 (t), 27.6 (q), 23.69 (t); MS (ESI, DCM/MeOH 1:1):  1251 (100, [M+Na]+), 1229 (10, 

[M+H]+), 1211 (20, [M-NH2]+); HRMS (ESI, +ve) calcd for C60H78N8 Na2O12S4:  637.2125, found:  

637.2121. 

 

Compound 25.  A solution of 24 (32 mg, 26 ! mol) in TFA (0.55 ml) and DCM (0.55 ml) was 

stirred for 2 h at rt under argon.  The mixture was concentrated in vacuo, then redissolved in 

MeOH (1 ml) and HCl (1 M, 0.5 ml) and concentrated in vacuo.  To the residue was added the 

mixture of 10 (62 mg, 0.10 mmol), TBTU (33 mg, 0.10 mmol) and 2,4,6-collidine (30 ! l, 0.23 

mmol) in DMF (0.65 ml).  The resulting mixture was stirred for 1 h at rt, then 2,3,6-collidine (30 

! l, 0.23 mmol) was added and the resulting mixture stirred for 1 h more.  It was then diluted with 

EtOAc, washed successively with 1 M aqueous HCl, brine, saturated NaHCO3 aqueous solution, 

and brine, dried over Na2SO4, and concentrated in vacuo.  Silica gel column chromatography of the 

residue (DCM/MeOH 93:7; Rf 0.37 with DCM/MeOH 93:7) afforded pure 25 (40 mg, 71%) as a 

red solid.  Mp:  114-115 ºC; CD (CHCl3):  554 (-11.14), 493 (+12.87), 382 (-2.03), 360 (+0.53), 

322 (-2.22), 300 (+0.29), 271 (-7.2), 257 (-4.10); IR:  3391 (s), 1656 (m), 1591 (m), 1403 (w), 

1343 (w), 1250 (w), 998 (w), 741 (w), 697 (w); 1H NMR (400 MHz, CDCl3/CD3OD 1:1):  8.45 (d, 

3J(H,H) = 8.0 Hz,  4H), 8.31 (d, 3J(H,H) = 8.0 Hz,  4H), 7.22-7.17 (m, 40H), 5.62-5.57 (m, 2H), 

4.95-4.85 (m, 16H), 4.56-4.51 (m, 2H), 3.39-3.31 (m, 2H), 3.12-3.04 (m, 6H), 2.92-2.85 (m, 2H), 

2.75-2.71 (m, 4H), 2.26-2.18 (m, 4H), 1.55-1.50 (m, 4H), 1.41-1.32 (m, 2H), 1.23 (s, 20H); 13C 

NMR (125 MHz, CDCl3/CD3OD 1:1):  171.9 (s), 169.3 (s), 169.2 (s), 169.1 (s), 162.5 (s), 134.7 (s), 

133.6 (s), 130.7 (d), 128.2 (s), 127.7 (d), 127.2 (d), 127.0 (d), 125.0 (s), 122.5 (d), 121.8 (s), 
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%&'&(%&')$*+,$- ./,$)0'&$*1/,$)2'3$*1/,$3#'4$*+/,$$05'0$*+/,$0"'4$*1,$- +,$" ! *6,-/$7$"0%$89/,$0#')$*+/,$25'5$

*:/,$ 2&'&$ *+/,$ 2&'2$ *+/,$ 22'4$ *+/;$ <!$ *=!>/?$$ 2"44$ *0",$ @<AB83CA/,$ 2"52$ *4,$ @<A8CA/,$ "3&0$*%4,$

@2<A0B83C0A/,$ "3%%$ *25,$ @2<A8A2B83C0A/,$ ""#4$ *53,$ @<A2B83C2A/,$ ""#"$ *0",$ @<A8ABDC2A/,$

"#42$ *"##,$ @<A28C2A/;$ 8E<!$ *=!>,$ AFG/$ HDIH1$ JKL$ 6""2 8 "2#B5$ BD2M22- 3! 3?$ $ """0'0#%&,$ JKNO1?$$

"""0'0#%3'$

$

!"#$"%&'()* '$$PK$D$QKIN+RKO$KJ$+,$*%#$.S,$2&$! .KI/$RO$T6<$*"%0#$! I/$UDQ$D11G1$P<!VL$

*)3$! I,$#'3"$..KI/'$$PWG$.RX+NLG$UDQ$Q+RLLG1$JKL$2$W$NO1GL$DLSKO$D+$L+,$DO1$+WGO$HKOHGO+LD+G1$RO$

"#$%&'$$PK$+WG$LGQR1NG$UDQ$D11G1$<GM8$*"#5#$! I/,$DO1$+WG$LGQNI+ROS$.RX+NLG$UDQ$Q+RLLG1$JKL$#')$W'$$

PWG$LGDH+RKO$.RX+NLG$UDQ$HKOHGO+LD+G1$RO$"#$%&'$$PWG$OKO(YKIDL$R.YNLR+RGQ$UGLG$LG.KFG1$JLK.$+WG$

LGQR1NG$Z[$QKIR1(IR:NR1$GX+LDH+RKO$NQROS$1RG+W[IG+WGL$*0$X$)$.I/$DO1$T6<$*0$X$)$.I/$+K$IGDFG$YNLG$

)* $DQ$D$LG1$QKIR1$*3#$.S,$:NDO+/'$$<Y?$$\20#$]6;$6T$*T<!M/?$$)34$*(4'34/,$342$*A"#'#3/,$05"$

*("'#5'/,$0)2$*A2'%%/,$2&%$*(0'%%/,$2)4$*(#'#%/;$>E?$$024)$*U/,$242)$*U/,$25%)$*U/,$"%43$*./,$"%35$

*U/,$")42$*U/,$"30%$*U/,$"3#2$*U/,$"032$*./,$"2&#$*./,$""24$*./,$445$*./,$4""$*./,$5#5$*U/,$&3%$

*U/;$"8$B<E$*0##$<89,$T<!M(1%/?$$5'42$*1,$' ! *8,8/$7$5'#$89,$$38/,$5')%$*1,$' ! *8,8/$7$5'#$89,$$

38/,$5'03(5'24$*.,$28/,$5'"5$*Q,$28/,$&'3)$*Q,$28/,$%'45$*Q,$28/,$)'30()'0)$*.,$28/,$3'00(3'2%$*.,$

28/,$0'"&(0'")$*.,$28/,$0'#)(2'5)$*.,$%8/,$2'%#(2')#$*.,$28/,$2'0#(2'"4$*.,$28/,$2'"2("'45$*.,$

28/,$ "'3&("'00$*.,$38/,$ "'"5$*Q,$22$8/$ ;$"06$B<E$*"2)$<89,$T<!M(1 %/?$"&#'&$*Q/,$ "%4'3$*Q/,$

"%2'5$*Q/,$"03'#$*Q/,$"0"'#$*1/,$"25'5$*Q/,$"2)'%$*Q/,$"23'#$*1/,$"20'#$*Q/,$)3'#$*1/,$)2')$*1/,$3&'3$*Q/,$

3"')$*+/,$05'%$*+/,$03'5$*1,$- +,$" ! *6,-/$7$"2&$89/,$0"'&$*+/,$24')$*:/,$25'5$*+/,$2&')$*+/,$20'%$*+/'$

$

+-)-+-((./&012343("5($6"$7870"63(+9():(7&'(+;(<.=12#23(.+9(.>?(

$

!"#$"%&' ( : '$ $ PWRQ$ HK.YKNO1$ UDQ$ YLGYDLG1$ JKIIKUROS$ +WG$ IR+GLD+NLG$ YLKHG1NLGQ'!) $ PWG$

YLK1NH+$UDQ$LGHL[Q+DIIR9G1$*=+M^H/$ZGJKLG$NQG'$
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Compound 2$# # %&# '# (&)*+,&-# &.#6# /0$1# 23# 0$"4# 55&)6# ,-# %78# /1$9# 5)6# :;<;# '==;=#

>;-+'5;+?@)A;-B;-;# /1C# 523# 0$"4# 55&)63# +?,&'-,(&);# /1D# 523# 0$"4# 55&)6# '-=# EF<# /G$9# H# ,-#

8IJE3#"00#µ)3#0$GG#55&)6$##%?;#5,K+*<;#:'(#(+,<<;=#.&<#L#?#'+#<+#+?;-#EF<#/G$9#H#,-#8IJE3#"00#

µ)3#0$GG#55&)6#:'(#'==;=#'2',-#'-=#+?;#5,K+*<;#(+,<<;=#.&<#"$G#?#5&<;$##8.+;<#I&-I;-+<'+,&-3#+?;#

<;(,=*;#:'(#:'(?;=#:,+?#=,;+?@);+?;<#/(&),=M),N*,=#;K+<'I+,&-63#=,)*+;=#:,+?#H;JE#/"#5)6#'-=#"#H#

EO)#/0$G#5)63#I&-I;-+<'+;=#,-#vacuo3#+<;'+;=#:,+?#%P8#/0$1#5)6#'-=#I&-I;-+<'+;=#,-#vacuo$##%?;#

<;(*)+,-2#><&=*I+#:'(#=,((&)Q;=#,-#ROH#/S$G#5)6# '-=#RH7#/4$L#5)63# '-=#+?;#>E#&.#+?;#(&)*+,&-#

:'(#'=T*(+;=#+&#UC#A@#+?;#'==,+,&-#&.#%P8$##%&#+?,(#(&)*+,&-#:'(#'==;=#7#/"40#523#0$9S#55&)63#

'-=#+?;#5,K+*<;#:'(#(+,<<;=#.&<#D0#5,-$##%P8#:'(#'==;=#+&#+?;#(&)*+,&-#+&#5',-+',-#+?;#>E#'+#UC$##

!'+*<'+;=#VEDO)#'N*;&*(#(&)*+,&-#:'(#'==;=#+&#+?;#(&)*+,&-3#'-=#+?;#><&=*I+#:'(#;K+<'I+;=#:,+?#

ROH3# :'(?;=# :,+?# A<,-;3# =<,;=# &Q;<# V'1!J D# '-=# I&-I;-+<'+;=# ,-#vacuo# :,+?# (5'))# '5&*-+# &.#

(,),I'#2;)#/(&),=#=;>&(,+6$##O&)*5-#I?<&5'+&2<'>?@#&.#+?;#<;(,=*;#/ROHWH;JE#4X"Y#R.#0$9"#:,+?#

ROHWH;JE# DX"6# '..&<=;=# >*<;#2# /"L0# 523# SGZ6# '(# '# 2<;;-# (&),=$# # R,(*).,=;#2# >&)@5;<,B;=#

<;'=,)@#:?;-#=<@#'-=#:'(#+?;<;.&<;#[;>+#'(#'#(&)*+,&-#,-#OEO)LWH;JE#"X"$##H>X##\1L0#]OY##OR#

/OEO)LWH;JE#"X"6X##9"L#/^0$DC63#DDS#/^0$GD63#LD9#/M0$G063#L11#/^0$C06Y#_`X##LL11#/:63#14L"#/:63#

"S9C#/(63#"SDL#/(63#"GCC#/(63#"G9D#/(63#"GGS#/(63#"D"D#/(63#"LD"#/(63#"1LD#/563#"100#/:63#""10#/563#

4GD#/:63#CSG#/:63#C0D#/:63#9GD#/:63#9L0#/:6Y#"E#VH`#/D00#HEB3#ORO)LWORLJR#1X"6X##C$D0#/(3#

1E63#C$LC#/=3#LJ#/E3E6#a#C$0#EB3#1E63#9$SL#/=3#LJ#/E3E6#a#C$0#EB3#1E63#G$SC#/+3#LJ#/E3E6#a#9$G#EB3#

1E63#L$9DML$SC#/53#DE63#L$"GM1$4G#/53#"DE63#1$S4M1$GG#/53#DE63#1$L0M1$10#/53#DE63#1$"GM"$CG#/53#

CE63# "$SGM"$DG# /53# DE63# "$D0M"$1G# /53# 1E63# "$1GM"$"D# /53# 1E6Y#"LO# VH`# /"00# HEB3#

ORO)LWORLJR#1X"6X##"9D$4#/(63#"9L$S#/(63#"SS$0#/(63#"SG$G#/(63#"DC$1#/(63#"LS$0#/(63#"L"$L#/(63#"1C$D#

/=63#"1G$4#/=63#"1L$S#/N63#"11$C#/=63#"11$S#/N63#""4$4#/N63#""4$S#/N63#GG$9#/=63#GL$9#/=63#DL$9#/+63#D0$G#
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%&'($)*+"$%&'($$#,+)$%&'($#-+)$%&'($#.+,$%&'/$0!$%1!2($340'5$$"*-"$%-($60789:7'($"*.,$%.)($607;: 7'($

"*)#$%"**($60<8;#:7'/$;=0!$%1!2($7>?'$@9A@B$CDE$4F#; F-8 GHG! . 5$$"*.,+)"-I($CDJKB5$$"*.,+)"-G+$$

$

!"#$"%&' ()* +$ $ LD$ 9$ MDAJ&NDK$ DC$)+$ %"GF$ OP($ *+#$ OODA'$ NK$ LQR$ %)+*$ OA'$ S?E?$ 9BB?B$

T?K&9O?&UVAW?KX?K?$%)*$OP($*+#$OODA'($&UND9KNMDA?$%#F$OP($*+#$OODA'$9KB$;YE$%F+-$0$NK$R@H;($

""*$ µA($ *+#$ OODA'+$$ LU?$ ONZ&JE?$ S9M$ M&NEE?B$ CDE$ G*$ ONK+$$ RC&?E$ @DK@?K&E9&NDK($ &U?$ E?MNBJ?$ S9M$

S9MU?B$SN&U$BN?&UVA?&U?E$9KB$T?&EDA?JO$?&U?E$%MDANB<AN[JNB$?Z&E9@&NDK'($BNAJ&?B$SN&U$0?H;$%"$OA'$

9KB$"$0$;4A$%*+F$OA'($@DK@?K&E9&?B$NK$!"#$%($&E?9&?B$SN&U$L1R$%#$OA'$9KB$@DK@?K&E9&?B$NK$!"#$%+$$

LU?$E?MJA&NKP$TEDBJ@&$S9M$BNMMDA>?B$NK$340$%")$OA'$9KB$&U?$T;$DC$&U?$MDAJ&NDK$S9M$9B\JM&?B$&D$]G$

WV$&U?$9BBN&NDK$DC$L1R+$$LD$&UNM$MDAJ&NDK$S9M$9BB?B$, $%#**$OP($*+G$OODA'($9KB$&U?$ONZ&JE?$S9M$

M&NEE?B$CDE$)*$ONK+$$4DOTDJKB$, $%"**$OP($*+.$OODA'$S9M$9BB?B$9P9NK$9KB$&U?$ONZ&JE?$M&NEE?B$CDE$

"+F$U$ODE?+$$L1R$S9M$9BB?B$&D$&U?$MDAJ&NDK$&D$O9NK&9NK$&U?$T;$9&$ ]G+$$LU?$@EJB?$ONZ&JE?$S9M$

@DK@?K&E9&?B$NK$!"#$%$SN&U$MO9AA$9ODJK&$DC$MNAN@9$P?A$%MDANB$B?TDMN&'+$$4DAJOK$@UEDO9&DPE9TUV$DC$

&U?$E?MNBJ?$%340^0?H;$,"5,/$&C$*+.-$SN&U$340^0?H;$"-5)'$9CCDEB?B$TJE?$)* $%"".$OP($I#_'$

9M$9$E?B$MDANB+$$3NMJACNB?$)* $TDAVO?ENX?B$E?9BNAV$SU?K$BEV$9KB$S9M$&U?E?CDE?$`?T&$9M$9$MDAJ&NDK$NK$

4;4A )^LQ1$"5"+$$0T5$$#".<#"F$a4/$43$%4;4A)^LQ1$"5"'5$$FFI$%<#+..'($.,#$%7#+-G'($)G*$%<*+-I'($

)")$%<"+F,'($#GI$%7*+*F'/$2=5$$)#G,$%S'($)#"*$%S'($)*G#$%S'($#,)"$%S'($#GI-$%S'($#-)G$%S'($#I--$

%S'($"IG*$%M'($"I)#$%M'($"F,)$%S'($"F)I$%O'($".).$%S'($"))#$%S'($"#F#$%S'($"#*-$%S'($""-"$%S'($

"*)F$%S'($,G*$%S'($G*-$%S'/$" ;$80=$%)**$0;X($30!H<B I '5$$,+*)<G+,)$%O($.;'($G+I"<G+FF$%O($

.;'($G+**<-+,I$%O($#;'($-+F*<-+.F$%O($#;'($-+*)<I+,-$%O($#;'($F+..<F+),$%O($#;'($)+".<#+G#$%O($

".;'($#+#,<#+#*$%O($#;'($#+"F<#+*)$%O($#;'($"+F*<"+)#$%O($.;'($"+)*<"+"*$%O($.;'/$") 4$80=$%"**$

0;X($30!H<B I ^434A)$,5"'5$$"-*+-$%M'($"-*+*$%M'($").+"$%M'($")"+*$%B'($"#F+-$%M'($"#.+*$%B'($"#)+"$

%M'($F)+,$%B'($F"+F$%B'($."+-$%&'($)G+.$%&'($#,+*$%&'($#-+.$%&'/$0!$%1!2($0?H;'5$$,))$%F"($60789:7'($

,""$%).($607;: 7'($G,.$%"**($60<8;#:7'+$
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"#$%#&'( !)* %$$&'()$*+,-+./0$12)$-34-2340$5+66+1(/7$6(84328.34$-3+*40.34)%!" $$

$$

"#$%#&'( !+,%$ $ &+$ 2$ )+6.8(+/$ +5$)* $ 9":;$ ,7<$ ;%=>$ ,,+6?$ (/$ &@A$ 9>%>$ ,6?$ 1434$ 20040$

-4/82,48'B6C4/D4/4$ 9"E$ ,7<$ ;%""$ ,,+6?<$ 8'(+2/()+64$ 9E"$ ,7<$ ;%>:$ ,,+6?$ 2/0$ FG3$ 9H%I$ J$ (/$

A*KF<$ ";=$! 6<$ ;%=$ ,,+6?%$ $ &'4$ ,(L8.34$ 12)$ )8(3340$ +M43/(7'8$ 28$ 38%$ $ A5843$ *+/*4/8328(+/<$ 8'4$

34)(0.4$ 12)$ 12)'40$ 1(8'$ 0(48'B648'43$ 9)+6(0N6(O.(0$ 4L832*8(+/?<$ 0(6.840$ 1(8'$ "$ J$ FP6$ 9"$ ,6?<$

*+/*4/832840$(/$vacuo<$0())+6M40$(/$J4KF$9"$,6?$2/0$&QA$9"$,6?$2/0$*+/*4/832840$(/$vacuo%$$&'4$

34).68(/7$-3+0.*8$12)$0())+6M40$(/$RPJ$9"%E$,6?$2/0$RJ@$9#%=$,6?<$2/0$8'4$-F$+5$8'4$)+6.8(+/$

12)$20S.)840$8+$TU$CB$8'4$200(8(+/$+5$&QA%$$&+$8'()$)+6.8(+/$12)$20040$, $9=#I$,7<$;%:E$,,+6?<$

2/0$8'4$,(L8.34$12)$)8(3340$5+3$"H$,(/%$$&QA$12)$20040$8+$8'4$)+6.8(+/$8+$,2(/82(/$8'4$-F$28$TU%$$

&'4$ *3.04$ ,(L8.34$ 12)$ 0(6.840$ 1(8'$ RPJ$ 2/0$ 12)'40$ 1(8'$ )28.32840$ VF>P6$ 2O.4+.)$ )+6.8(+/%$$

&'4$-3+0.*8$12)$4L832*840$1(8'$RPJ<$12)'40$1(8'$C3(/4<$03(40$+M43$V2=!K >$2/0$*+/*4/832840$(/$

vacuo$ 1(8'$ ),266$ 2,+./8$ +5$ )(6(*2$ 746$ 9)+6(0$ 04-+)(8?%$ $ P+6.,/$ *'3+,28+732-'B$ +5$ 8'4$ 34)(0.4$

9RPJWJ4KF$ :X"Y$R5$ ;%E=$1(8'$RPJWJ4KF$>X"?$255+3040$-.34$+,$9""#$ ,7<$E;Z?$2)$2$C3+1/$

)+6(0%$$+,$-+6B,43(D40$3420(6B$1'4/$03B$2/0$12)$8'4345+34$[4-8$2)$2$)+6.8(+/$(/$PFP6#WJ4KF$"X"%$$

J-X$$"H:N"E;$\PY$PR$9PFP6#WJ4KF$"X"?X$$#II$9N;%#U?<$#>>$9];%=U?<$#;I$9N;%#I?<$=H:$9]"%"#?Y$^_X$$

##"H$9C3$<$1?<$=:#=$91?<$=>">$91?<$"I;H$9,?<$"EH:$9)?<$"HI:$9,?<$">H"$9,?<$"#I#$9,?<$"##"$9)?<$

"=>U$9)?<$""::$9,?<$";:E$91?<$:UE$91?<$UI:$91?<$IE:$9,?<$I#=$9)?<$I;=$9,?Y$"F$VJ_$9>;;$JFD<$

PRP6#WPR#KR$"X"?X$$U%IH$9)<$>F?<$H%E>$98<$#J$9F<F?$`$I%H$FD<$=F?<$#%"UN#%;I$9,<$UF?<$#%;=N=%:>$9,<$

EF?<$=%=U$9O<$#J$9F<F?$`$I%U$FD<$>F?<$"%EHN"%>#$9,<$>F?<$"%>;N"%=I$9,<$=F?<$$"%=IN"%"H$9,<$=F?Y$

"#P$VJ_$9";;$JFD<$PRP6#WPR#KR$=X"?X$$"I>%H$9)?<$"I#%U$9)?<$"EE>%H$9)?<$"#=%H$90?<$"=U%>$9)?<$

"=U%=$9)?<$HE%;$90?<$H#%>$90?<$>#%I$98?<$>;%#$98?<$#;%#$98?<$=:%"$98?<$=H%;$98?Y$J!$9Q!^<$J4KF?X$$U;U$

9";;<$aJ]V2b] ?Y$F_J!$9Q!^<$]M4?$*26*0$5+3$P#>F#:VEKU! >X$$IUI%"I;E<$5+./0X$$IUI%"EU>%$$$$
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or MDESA (50 mM) and Na2SO4 (0.1 M) and irradiated with a solar simulator (area of irradiation:  

!"= ~0.5 cm2).  Changes in current upon on-off switching of irradiations were measured at 0 V #$ 

Ag/AgCl unless stated.  The power of irradiation was 66 mW cm-2 unless stated otherwise.  

Currents were normalized using transmittance (%) of 15 and 18 at 737 nm and 21 at 508 nm.  

 

Photocurrent measurements.  Dependence on TEOA concentration (Fig. S5).  Setup was 

as in �“Photocurrent measurement�” and TEOA concentration was varied between 30 mM and 1.0 

M.   

 

!"#$measurements. Short circuit current density (&sc, A/cm2) and open circuit voltage (' oc, V) 

were determined by &('" measurements. Experimental conditions are as described in the above 

�“photocurrent measurements�”, with 67 mW/cm2 of irradiation. Fill factors ()) ) were calculated 

from the maximum power (* m, W/cm2), &sc and ' oc using equation (S2). S9 

"

))" = * m / &sc ' oc  (S2) 

 

Action spectra (Fig. 3b and 5c).  Photocurrent densities (&sc = +sc / ! ) were measured using 

TEOA (50 mM) or MDESA (50 mM) and Na2SO4 (0.1 M) at 0 V #$ Ag/AgCl upon excitation by 

monochromatic light (150 W Xe lamp with Oriel 1/8 m monochromator).  The obtained current 

densities were converted into incident photon to current conversion efficiencies (IPCEs) by using 

the equation (S3).S10 

 

IPCE = 1240 /  (nm) x &sc / * in (S3) 
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3. Supporting schemes and figures  
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!"#$%$&!'(   a) Ref S3; b) H-Lys(Cbz)-NH2, pyridine, reflux (6:  55%; 23:  74%); c) 1. HBr / AcOH, 

thioanisole, pentamethylbenzene, TFA. 2. Boc-Cys(S-!"Bu)-OH, TBTU, HOBt, 2,4,6-collidine, DMF 

(2 steps, 9:  60%;  24:  55%); d) 1. TFA, DCM. 2. 10, TBTU, 2,4,6-collidine, DCM/ DMF (2 steps, 11:  

50%; 25:  71%); e) 1. TMSBr. 2. MeOH (quant).   
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"#$%&%!"'(  a) 1.  HBr / AcOH, thioanisole, pentamethylbenzene, TFA. 2.  7, DCM/DMF, TEA, pH 8, 

80 min (2 steps, 2:  65%; 20:  62%). 
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"#$%&%!")(  a) 1.  HBr / AcOH, thioanisole, pentamethylbenzene, TFA. 2.  7, DCM/DMF, TEA, pH 8, 

80 min (2 steps, 60%). 
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!"#$%&'()*  A.  Cyclic voltammograms of aqueous ferricyanide measured with an ITO electrode (a) 

before the deposition of initiator 1, (b) after 4 h, and (c) 24 h in the solution of the initiator as a 

working electrode.  B.  Same setup (a) before the deposition of initiator 19, (b) after 2.5 h, and (c) 

26 h.  C.  Initiator 1: Peak current (absolute value) of the ferricyanide reduction wave as a function 

of the incubation time.  D.  Same with initiator 19.   
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$

Figure S2.  %&$$'()*+)$,-*./00-12/03$-4$5/6$22$57&"8$096 +:$;'9<$/:=$5>6$.?@$+:+.+/.-2$)-/.@=$

ABC$@*@).2-=@$51$-:$ABC<$3)/:$2/.@$D$7&78<$7&#<$7&"<$7&E<$7&F$GH36&$$I&$$J@/K$)L22@:.$-4$.?@$3@)-:=$

2@=L).+-:$5>*/)K$/22-M$+:$N+1&$!"%6$/:=$.?@$3@)-:=$-O+=/.+-:$5>*L@$/22-M$+:$N+1&$!"%6$/3$/$4L:).+-:$

-4$!)/:$2/.@3&$$'&$$'()*+)$,-*./00-12/03$-4$5/6$23$5#$096 +:$;9N<$/:=$5>6$.?@$+:+.+/.-2$)-/.@=$ABC$

@*@).2-=@$519$-:$ABC<$3)/:$2/.@$D$7&7#"8<$7&7"8<$7&78<$7&#<$7&"<$7&P<$7&E<$7&8<$7&F$GH36&$$ ;&$$J@/K$

)L22@:.$-4$.?@$3@)-:=$2@=L).+-:$5>*/)K$/22-M$+:$N+1&$!"'6$/:=$.?@$3@)-:=$-O+=/.+-:$5>*L@$/22-M$+:$

N+1&$!"'6$/3$/$4L:).+-:$-4$!)/:$2/.@3&$$$

$
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Figure S4!""%&'(')*++,-($.,-,+/(,0$1+'2$345$/+)&6(,)(*+,$#$$37894$)'-),-(+/(6'-$:;<$=>$?'@,+$'1$

6++/06/(6'-$"<<$2AB)2"5$/-0$3C5$/+)&6(,)(*+,$%#$37894$)'-),-(+/(6'-$D<$2=>$EF$2AB)2"5$/G$/$

1*-)(6'-$'1$(&,$(&6)H-,GG$'1$(&,$16I2;$$A=4J $K$<;:$)'++,G?'-0G$('$/$16I2$(&6)H-,GG$'1$LF;M$-2$1'+$#$$

/-0$ L#;M$ -2$ 1'+$%#;$ $ 7&,G,$ ,G(62/(6'-G$ /+,$ ,N(+,2,IO$ P*/I6(/(6Q,$ 0,G?6(,$ R,)/*G,$ /RG'+?(6'-$

0,?,-0G$G(+'-.IO$'-$Q/+6/RI,$,N(6-)(6'-$)',116)6,-(G$6-$G,I1S/GG,2RI6,G>$)&+'2'?&'+,$'+6,-(/(6'-$QG$

6-)60,-($I6.&(>$/-0$G'$'-;$

$

Figure S5!" "%&'(')*++,-($ .,-,+/(,0$1+'2$345$ /+)&6(,)(*+,$#$$3?'@,+$ '1$6++/06/(6'-$ "<<$2AB)2"5$

/-0$3C5$/+)&6(,)(*+,$%#$3EF$2AB)2"5$/G$/$1*-)(6'-$'1$(&,$7894$)'-),-(+/(6'-;$$$
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Figure S6.!!%&$'()$*+,-./01$23$ "$45$(,678$$$

 

Figure S7.!!%9:$'()$*+,-./01$23$ "$45$(,678$$$
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!"#$%&'()*  %&$'()$*+,-./01$23$ 2$45$67689:(,;7$"<%=$$$

$

!"#$%&'(+*  %96$'()$*+,-./01$23$ 2$45$67689:(,;7$"<%=$$$
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Figure S10.  %&$'()$*+,-./01$23$ 17$45$67689:(,;7$%<%=$$$

$

Figure S11.  %&$'()$*+,-./01$23$ 17$45$67689:(,;7$%<%=$$$
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Figure S12.!!%&$'()$*+,-./01$23$ !" $45$6(!789: ;$$$

$

$

Figure S13.!!%<=$'()$*+,-./01$23$ !" $45$6(!789: ;$$$

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2012



S28 

!

!"#$%&'()*+  1H NMR spectrum of !"  in DMSO-d6. 

 

!"#$%&'(),+##13C NMR spectrum of !"  in DMSO-d6/CDCl3 9:1.   
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