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Optical imaging PET imaging
Advantages: Disadvantages: Advantages: Disadvantages:
» High-throughput screening | | » Limited clinical » Clinical translation » Cost
for target confirmation and translation « High sensitivity with
compound optimization * Low depth unlimited depth
» High sensitivity penetration penetration

Magnetic resonance imaging SPECT imaging

Advantages: Disadvantages: Advantages: Disadvantages:
« Clinical translation = Costs « Clinical translation « Limited spatial resolution
« High resolution and « Imaging time « Unlimited depth
soft-tissue contrast penetration
Ultrasound imaging CTimaging
Advantages: Disadvantages: Advantages: Disadvantages:
« Clinical translation = Operator dependency | [P « High spatial resolution * No target-specific
« High spatial and = Targeted imaging (bone/lung) imaging
temporal resolution limited to vascular « Clinical translation * Radiation
« Low costs compartment * Poor soft-tissue contrast

Figure 1-1-1. A summary of modalities used for molecular imaging'.
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J. Am. Chem. Soc., 2005, 127, 4888-4894. J. Am. Chem. Soc., 2011, 133, 10629-10637.
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Hooc\/\)l O O NH, Hzn": O'i Nh
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Non-fluorescent Green-fluorescent

Sci. Transl. Med., 2011, 3, 110-119.

Figure 1-2-1. Molecular design of PeT-based and spirocyclization-based fluorescence probes.
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< NIR window =

RFP-PH-GRP-1 M Cy5 -labeled Ab
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Nat. Neurosci., 2010, 1, 36-44.

Nat. Biotechnol., 2001, 19, 316-317. Curr. Opin. Chem. Biol. 2003, 7, 626-634.

Figure 1-3-1. Advantages of near-infrared (NIR) imaging.
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0,8 g g s0; NH, N=N.NH

NHz :
gyl - W Se PR BV,
& ) G

0 Cy5.5 ‘ R ‘ R

Ex/Em = 675/692 nm

€= 178,000 cm-'M- Almost non-fluorescent NIR-fluorescent
@, =0.28
Bioconjugate Chem., 2013, 24, 1174-1178. J. Am. Chem. Soc., 2005, 127, 3684-3685.
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IR-783 derivatives (DX)
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HOMO Energy of Benzene {or Phencl) Molety (hartrees) Chem. Eur. J., 2009, 15, 9191-9200.

Figure 1-3-2. (a) Photophysical properties of NIR-fluorophore Cy5.5. (b) Relationships between the
HOMO energy level of the benzene moiety and the ®g value of the corresponding IR-783 and
TokyoGreen (TG). (c) PeT-based NIR-fluorescent NO probe.
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(a) BTS2 (b) SRERKEL-Ca*TR— {d) SIREREELAHOCTIA—7
\ r'\ '+
oo w%:]r \
{Ex/Em = 646/660 nm)}
ﬁ +500m m
(&) TNEAD—A J=D2 I ~DIEN (o) in vivo{ A= d~OBM
‘fm’ PEAH PMAG) PEAL PMA

White Light 2000
Pvronlne\' I
dVenus CaSiR-1 Merged I ,

Figure 1-4-1. Si-thodamine (SiR)-based NIR-fluorescence probes. (a) NIR-fluorophore TMDHS.
(b) SiR-based Ca®" probe’ and (c) its application to multicolor imaging’. (d) SiR-based HOCI probe
and its application to in vivo imaging”.
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Figure 2-1-1. Optimization of HOMO-LUMO energy level with unsymmetrical rhodamine."
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RNA7 77—l To—7 ESHEME - iPSHIRRBRIRAIRBHEE

Q,

]
RNAFEAFFICH KON

FECVE—XICHE
Figure 2-1-2. Chemical structures of unsymmetrical rhodamine-based fluorescence probes. (a) RNA

aptamer sensor. (b) Rhosamine dye for labelling of ES cells and iPS cells.

F72. RNA 7 75 ~— LG L CEOMEIC 72 5 RNA 7'r— 703, FEFrast 2 v
% Z & T, RNA FEAFRHCHEOEMEZEIET 572007 = U VEL, RNA & OFFPEZ 5D
HIEODAVKR R, B LT BV B —XIZAEE L T SELEX EIC L A/ =0T %
TOTODEFF AL E Vo Te I DREME L Z LA T Z L ITRREI L TV D
(Figure 2-2-2a)4,

E BT, FHREEIT TN R A R T E DD, ZERIEICEATE R —& 3

YERFRTA T TV =LA SN CDyL I, £O0 1A D= ALNIRMTIEH 528, ES
AiE & iPS AR 2RI Yt 5 2 E A STV S (Figure 2-1-2b)15,
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RIS EREL 72D, — T, TNETIC SiR ZRE L Loz it « SRS E 7 1 —
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WARSNEEE] TIExR SiR) BRI 5 2 & C, IR 7 v — 7 ORISRt A K& i
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___________________________ 00
Xanthene moiety [ O O O O
(fluorophore) H,N SI NHZ \N Sl \N/ /\N \N’\
2-Me SiR600 SiR650 SiRB
oo ® ® ®
O O L0 CUOR LIS,
N N Si Ny Si N Si
\j | A | / /\ \ | /\ \,Ibr
ical SiR
Symmetrical SIRS JFm SiR680 SiR700 SiR720

Figure 2-1-3.  Representative chemical structures of Si-rhodamines used as platforms for far-red

to NIR fluorescence probes.
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FEBIZHIE L, BT 54 A =20 VSR ICE LRI - SR A2 w7 e —70
BRFNAE S & 725 (Figure 2-1-4),

F72. SIN OEWEINT v —T7 25T 5 72 DI2iE, BG5S & DT RIS O T
FOCH DI REN R E BT 2 X O ICHHIEZATO ZENEETH D, n—F I
R SiR @R E L L@ty a—7 020k, KFEETBHD LJITAErERL
FO&ZFIH U 7od S 7ol b . i b OEsfilEl o zh == 121388 F o HOMO -
LUMO =L — LR E S BT 5, HAHE SiR B W TEF V7 B 3,6 (LD
T EEOT R NVERBLZETNIENT S 2L T, AHEEFBEORSLA R
{EEED p Keyae \ZEH 2 806 H O HOMO + LUMO =R /V¥— L~UL 2 EEICHIE T 5
728, SIN OEWIRED DT RIVEI T 0 — T OB NEZ D LB BD,

(Y=
- AL

SiR600 SiR650
Ex/Em =593/613 nm Ex/Em = 646/660 nm
Excitation & emission >
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LUMO >
energy level Low High

Figure 2-1-4. Molecular design of unsymmetrical SiRs for fine-tuning of absorption and emission

wavelengths and LUMO energy levels.

12



@ 7 X BEOLHER AR LT R o dOe 7 v — 7 OB A IREIC 8 D

YT UREMEICEEMS G Lo T 2 2 ik, #EHoFREICRE<BEET 52
EBRHMOENTWD, Db, T2 EETIMbT 52 & THRADEMEE U, KEEEEREE T
TTYEPNBTLINTT I 2 EBERT 52 L TREaEEEE R HRBIREEAE T r—T R
200 7RI T o) VEEBAE ST TEAEEEE L, ONOO 12L& 7= ) — L)
Wrsind Z & TR et & 72D ONOO e —778 & 21 7 2/ JD{b=A(E i & bt il 4
JREICRIAT 28t 7 n— 7 B < BiE ST s (Figure 2-1-5a,b), —J7., {EH#finl6E
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Z 2T, HEHFR SIR XV T UVERO—FHOT X REALHE L TERS T ONG
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WRALEAL E LCRIAT D 2 & T, 72 7 oL HERi 2RI Lo f bt 7 e — 7/

DOERFE R H =12 (2725 & & %2 7= (Figure 2-1-5¢),
(a) N'FU“Ct|°"a| Red-fluorescence probe (c) N-Functional NIR-fluorescence probes
O Bio-reactive O O
Reductases ¢ & Quenching Biomolecule
~ S
\N O S| O NH Hypox|a H,N O /SI\ O N+H2 R\N O Si \N+ HoN O Si \N+
SN H N\ \ VAN \
MASR 2-Me SiR600
Non-fluorescent Red-fluorescent Non-fluorescent NIR-fluorescent
(EX/Em = 593/613 nm) (Em > 650 nm)

(b) N-Functional Green-fluorescence probe

O COOH ONOO O COOH
“°©T& I, — & X,

HK Green-4
Non-fluorescent Green-fluorescent
(Ex/Em = 517/535 nm)

Figure 2-1-5. (a) Red-fluorescence probe for hypoxia. (b) Green-fluorescence probe for
peroxynitrite. (¢) Molecular design of NIR-fluorescence probes using functionalization of an amino

group of xanthene moiety.
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% ~
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Library of
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Figure 2-1-6. Development of unsymmetrical SiR-based fluorescence probes.

FEXIFR SR ITHHR B TH D, T D72, FEXFR SiR OFFEARZ RHANT AR L,
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THI= a7 e —7 %% & 5 (Figure 2-1-6),

U bo 3 8Dk oIz, IERHZFY T VB2 FD SIR BT TE UL, TR
n—7 ORI EREERTEXDEEZ, RFRICET LT,
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Scheme 2-2-1  Representative synthetic scheme of SiR
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xR SIR DERMIEZBET DI2HT2 0 . BEFOXHL SiIR OBRIEEZ S EIZEMAF
—LEBZT O SIRIZ, 7=V v 2 5 F0EHET CHRLAT AT e REMIELT 4,4
AFLUERT =Y C@EAR L, RIZT A BIRFOEAN &R DN OB ER TS b
CEATLHHEGOIE LN, ZOTHESAEROBERELGT OB VRN AR S
SELHZETEHEMIND (Scheme 2-2-1)16,

Scheme 2-2-2. Synthetic scheme of unsymmetrical SiRs.

1) sec-BulLi

1 8
O 2) SiMe,Cl, R O O R®  KMnO,
7 2
L & N R’y si NR7
4

R3 R*/\ R5 RS
Unsymmetrical 7
metylenebisaniline (6)

Unsymmetrical SiRs (9)

FIT, TR EOBEBRIEORL D 2FHEOT =V 2 2 55F DD IR ATF L
YERT =V oESERTENT. BEEO SiR DA A F— AT hE > TIEXFR SiR BAE KT
& % L& %7~ (Scheme 2-2-2),
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FERIFR SIR OFRFEH L 72 AFERITFRA F L ERT = U ZiE, BloaFo-U F 17 A%
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WALD C-C FEBTERUTIH S 2 T XU F U LEORS) IR A iz Sn2 FUSR.
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Scheme 2-2-3.  Mechanism of methylenebisaniline formation.
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Scheme 2-2-4. Synthesis of unsymmetrical methylenebisaniline (13)

O
W,
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, @Br+Br£:EN> HH ) >< + —
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Z 2T, 7 UIVEETEH# L 7= 3-bromo- N, N-diallylaniline (10)iZ, WRIX - # 56RO R
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Table 2-2-1. Synthesis of unsymmetrical methylenebisaniline (13)

O, L, O B \if/ ﬁ :
AcOH | [ |

Il 10 11 12 13 14

(1.0 eq.) (1.0 eq.)
Recovery (%) Isolated yield (%)
Entry Temp. Time 10 11 12 13 14
1 60°C 15 min 86 9 0 2 16
2 60°C 90 min 68 0 6 0 0
3 80°C 15 min 68 0 4 3 0
4 80°C 90 min 11 0 13 0 0

Entry 1 TIIFERE I T, ISIRE Z 600C (% E L C 15 RIS Z1To T, & DFER,
A2 RU CADREEDNIS LT A TF L ERAT =) ANV EE SRR, BRI
HERHRAF L ERT =V AN E AL/ LR Tz, ZORKE LR, ROGRE
DM BUSRFRI BN 28D | BOSHEDIRNT = U 2 (10)03FE & A ERKE TR Tzizd &5
z b,

ZZC, Entry 2, 3, 4 TIIRNREZ BT 26 L<IE, OGKMZES LTRIRETT>
oo TOREF, 10 FERIE LR AF L EAT =0 ANV EE LN, H
FIDAF L ERAT =0 ANXT LA E/ NPT, TORKE LTE, MmiREix
REMOKIETHE, 4 R QDA BE SR ECKISE# YKL T, BEAREIKT 572D
LBz bR,

ULED XSz, PAXNVEBREOR 5T =) v 2 FEZRAG L CIESHRAT L ER
T=UrOEKEITD & KD EFELWRI—OT =V UREIEBHES LI A F L
EARAT =V COERBELT B0, BIIOERIRAT L ERAT =) v 52455 2 LT
HThHDLZ ERghol,
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Scheme 2-2-5. Synthesis of unsymmetrical methylenebisaniline.

;
R OH Ar—\
z S —
R*r.l e T e N RN/ R7

Br Br RS

R® R4 RS RS

Hydroxymethyl Electrophile Unsymmetncal bisaniline
aniline

ZIZT. MAL7 =Y VAEORISERE, BRAJIZIEAFEAF L EAT = VA AR
T 5 HFIEOKF %217 -7 (Scheme 2-2-5),

AF L ERT = VAERKIGOHFREETH L Rufx v 2AF 0T =V % FRic il
L. b9—=FH07 =V U ZMATHUERFICTHZET, E FRF U ATFAT =0 DA
NG REFPED @O EIEN AR L, SREFEIRLINC LY BROIFHEAF L ERT
=V UBRERICEOND LB X T,

Scheme 2-2-6. Synthesis of hydroxymethylaniline (15).

N 1) DMF, POCI, CHO
I /@\ 2) 2N NaOH ag. \L @ _ NaBH, \L
N Br ——

toluene, 80°C EtOH r.t.
Il 10 | 15

y. 85% in 2 steps

ERrX U AF L7 =0 A5, i3 57 =1 26 Vilsmeler KRIZ X D7 VT B
REDEA, $i< NaBH4IZ L 57 /7 & ROETIC L » Tl romiRicE5hiz, b
RFadx s AFAT =0 AL U BTNV H T DFERINARETH Y . FIRTHEMA U ERFEL
THLREREW Th o7z,
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Table 2-2-2. Synthesis of unsymmetrical methylenebisaniline (13)

\L @(\ m Conditions \L + \L J/
ﬁ 15 r13Br 12 |

Isolated yield (%)

Entry Conditions Temp. (°C) Time 13 12
1 H20/CHsCN 80 48 hr 0 0
2 AcOH 80 15 min 0 67
3 BFs- OEts (2.0 eq.), CH2Clo 35 24 hr 65 0
4 BF3- OEt: (2.0 eq.), CH2Cl: r.t. 24 hr 94 0

ERaeX AT A7 =00 15)FHANT, ERFRA T LU ERT = U VA RO S
METo T,

Entry 1 TiZt FrF A FAEDOT 0 F oAbz fgd LG ST e, KEaheaikn
BERCRIREAT o 7228 28, ROGITHEAT Lo 7z,

Entry 2 TIIXFR AT LU ERAT = U OGRS, BiET € 800C I& TG EAT
S Z A BHOIERNH AT L ERAT =0 v AFHELNT, B AT LU ERAT =
U QQDHNFREOIE TR/ LN, £/o, FEKISORIAERHE LT Raf 2L
7 =V ) DKEEIEN T & F AL S NTALE D 10%RER bz, 7 Ffbainizte
FaxAFL7 =) vEHEREICAF Lo ERAT =) U AART S Z ERIESA T
HZEDD U FHRTCIEE Rax v AF AT =0 o7 BF I L0 @Gt g
HELDZETRFRRATF LU ERT =Y COERPBELIZEEZEZ DD,

Entry 3 TiX, N> U TV a—/LOKEEEZ BBES 5 ORI v A ABEOMFH %
iz, rana 2% T BFs OBt ZIRM L 35°C TG ZIT-72& 2 A, HIDIE
AT L ERAT =) CA)BPREDIRETHLNL Z L2 R Lz, TOE, 13 &
L9 =0T =1 ARG LICRIAERY AR S -2 & 025, Entry 4 TSR
EAERIZTT, 13 DSR2 7 F bzl + 52 & T, mINERTIHENHEAF LB
AT =Y v afEH T EITRB L,

UEOEHT, B RrX AFAT =Y o RTACEBIL LR 27207 =1 12 BFs-
OEt: Z¥IN¥ 2 Z &L CRINRIZERNH AT LU ERAT =Y VBN 2 2R LK,
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i AFLUVERTZ UERGEDRARAMORKE

COOH COOH
O AN" ;\»\

Tetramethylrhodamine Rhodamine B Rhodamine 101

H H 1S,f

h @

E

SiR700 SiR720
Figure 2-3-1. Chemical structures of Rhodamine and SiR.

n—X I UENEEEIE, XV T URT I BICESET LR AL T VX LR
Chkx REHEL B AT 5 2 & T, xR - #OGEES HOMO - LUMO =% /L¥F —
LAV RO EBREZREAETHY . TR o7 e —T O E LTHWLRT
W5 (Figure 2-3-1)16.18, 26, Z (D7, ffx IpEHIL A FFom — & I 2 % BAF v Re 722 LA E
DEWAERIEL, =¥ I 02 E Lok 7 e — 7 ORBICmO THHATH 5,

ZZ T, AR LIIERRA T Lo ERAT =V UABIEONHAMEZ G 5720, ka7
BEREEZETET7 =) CERAVWTIEGHRATF LU EAT =0 U ORRS ATRETH 5 0t
EiTo7, MESNTnHr—F IR SiR O7 I 7 K EO@EHRECHRELEZ 25|
FROT =Y VARG LT, REFRELZZTL27 =0 o (FENIIT U AREEL AT
27 =02 A0B LY, £ RV 16), Y=l rQA7, YERax/ U018k ED
HOMO =V F— L~V RN B2 57 =) U EAWT, KETAIERDE FuXxi A F LT
=V VORENIET U R#EREE 2 D15 F 71X 1 SADFT DD, XUV MR#ELE A
T2H0@0), YATFNLQY), VTR, ErYT(23), NAFNLENT T (24),
NBoc EXT7 T (25), BLOA R UAEEEFFOH DQ6) ZBIR LT,

Anilines Hydoxymethylanilines

%rgswywalﬁflam@\

/%dﬁm oS ST T o

! N Oy N
18 O\|< 25 26

Figure 2-3-2. Chemical structures of anilines and hydroxymethylanilines.
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Scheme 2-3-1. Synthesis of anilines and hydroxymethylanilines.

cI”"Br

OH
1) POCl,
Ki 2) 2N NaOH aq. NaBH4
> N Br >
HoN Br  pMF N Br N Br
27 /

DMF, 80°C MeOH /

17 (y. 21%) 26 (y. 93% in 2 steps)

OH
?;i.r 1) POCI5, DMF
K2003 @\ 2) 2N NaOH aq. NaBH,
> > N Br

H2N 27 Br CH3CN toluene, 80°C  EtOH
29 (y. 86%) 20 (y. 38%, in 2 steps)
Br OH
Br "N 1) POCl;, DMF
/@\ K,COs3, KI @ 2) 2N NaOH aq. NaBH,
H,N Br - G« Br ———————» ——> Gl Br
DMF, 10000, 19 hr toluene, 80°C MeOH
27 30 (y. 45%) 23 (y. 73% in 2 steps)
o) OH
1) POCI;, DMF
@ 2) 2N NaOH aq. H  NaBH, /(:ﬁ
SN Br > °N Br —> | N Br
| toluene, 80°C | MeOH |
31 32 (y. 80%) 21 (y. 87%)
N-methylpiperazine OH
Pd(OAc), @ 1) POCI, Cﬁ
2) 2N NaOH a
|/©\B BINAP, Cs,CO; N ) Q. _ NaBH, |~y B
r >
33 toluene, 85°C, 18 h - DMF, 80°C, 18 h MeOH, r.t, 2 h |~
34 (y. 60%
(y- 60%) 24 (y. 52% in 2 steps)
e ™
OH
cHo K,CO; @(CHO
N-Boc-piperazine NaBH,
/@ > (N T o e
F Br > o NS o N
35 DMF, 100°C, 18 h E/ MeOH, rt.,3h Oy
\ﬁ 36 °\|<
.

J
25 (y. 86% in 2 steps)

17, 20, 21, 28, 26 |1 ZEEEIDO 7 1 E 7 =V )25 Vilsmeier fis. NaBH4E T2 R TEAK
Lize NI OUBRAATHT =V 24, 2513 UERIRM D v 7Y VRSB LT
SR R B F R ER S N T T X B B8 Esn b5 LT,
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Table 2-3-1. Synthesis of unsymmetrical bisanilines with various N-alkylsubstituents.

R® BF3*OEt, (2.0 eq.) O O

6 h— 2

. +Br R > R
R® R’ CHCl, 3 4Br Bros

RR7

3, 1 2, O GO O O >
Br Br Br Br Br Br
ﬁ 37 (72%)? | 13 (94%)° 38 (87%)° 39 (86%)°

ER (? } WTER

Br Br Br Br
40 (70%)° 41 (86% )b 42 (69%)° 43 (72%)°
z
SO RS
Br Br \ o Br Br \ /N\) Br Br \ / Br Br
44 (83%)° o\'< 45 (B7%)° 46 (0%)° 13 (a0%) |

Reactions were performed at 35°C? or r.t.”), and higher isolated yields were shown.

BA%E U7 SO OLAYEZ MG L7=(Table 2-3-1), REFHEEZZITHT7 =V (FE)L L
T, VAFAT=U @D, A RV16), varn Q7. Y Rkex /U018 %
MAWTIHRHEATF L2 T =1 2(18,87-39 %G L7 L 25, HOMO =R /L¥—L~
ARRLDT7 =) 2 ANTHR 710% U EOEIRTHIMNEOND Z L3 nhoTz,
Z DR, HOMO =NV F— L DIRWT A F LT =0 @D E AWV LEA1E, =ik T
JREATH & BR@T DA EITD R CTHEEN TE . 35 ETHILATTH EEmIETHR
Whrts bz, —J5 T, HOMO O@EWA > FU 2 (16), v=ar A7, YE RKax/
U (A8)I1E 35 ETHRIGEAT ) ERIFIEDT-DITNENKE L TFTHZ &b, R TK
IR AT > T2,

T, RETAIE 2D Fuxy AFAT7 =0 VERE)E LTT U, RUDVIETR
EINTT =V ERHWTHEIEETHY0, 43504, VATV, YT vr
U NVET =0 2N THH 70%LL EOEEER T HNWA2-40) 3G bz, DR,
fEil&ET X ) HTh D NAFNERT DU GT 57T =1V (25)1%, BFs-OEt: OIRMN%ZIC
Hrh 3 2 72O SOSBAH Il 783, Akm@e)t NH > U 7 v 7 A% GPC % T
LHEECXahotz, £I T, BT VTR %A Boe ETH#ET L LTI S Z
LEBISZEICEDK 90% & mINETHIMUSZHL ZENTE, IHIZ, MLEA
7= A)DAEUITEBNTH, HOMO =R /LF— LU RRnE KXo A F Lo 7 Y
N7 =0 AB)EHWTEEMIELY S, HOMO =RV —L~ULRENE Raf v 2 F L
AV RY @26 FHWTEARIED T, WEEMET T2 Z ENghot,
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PbEo X oz, BAFLIZSE, RIGRFEEZTRTHZ L Tr—F I VEtaRIcHny
BN RBEREEZ AT HAF LU ERAT =) U EARNRICAKR TE D2ILAEOE WA
BiETH D Z ENmnot,

ARG DRGHERE L, Figure 2-3-3 DX 9ICEAZ NS, E Ruxs AF L7 =1 DKk
FEILZ VA AW Td D BF3 OEte BEML T 5 EKEEIEDOBENERE L . 7 X /) » 2T Nk
DOREBEFFINERT D, THETIFABBELETE ST = VST ARG REF
WS a2 Z L, ERFRATF L ERT =D URNERT L EEZ NS,

Bexp7 =0 v EHAWERFHZ LY | KRS ZRZVFRIIT O 12D O 2 572D TLLTF
(29 (Figure 2-3-3), SREFHEA2Z 157 =1 L (FH)IC HOMO = /L — L~UL D
W7 =Y 2 E WD EICIE SR S5 72O ONREZ 35°C IZFRE L., — 7,
HOMO =R/ F— L~ DEWT =Y & O D581 A O R 72 2 UG % < T2
R CHIGEITH 2 & TRIRICEMRE O D,

Fio, RETHERDT =V COREICIE, RETHBEZZT27=0 U (HFR)LDV L
HOMO = /L F— L DOENT =V 2 WD Z & altlf, 7=, IBRT 2 7 %0
A APEDSENL FTREZR B REEEDMEAET D L BRIRIEDAR N T F- 7 DR U TRUR R RN
XT3 %728, Boc DI /L/S A— FRGERZE AW TV A AFROBULABL < 2 & CRllg
BB LD,

UL EDFREHZHE > TRKIEZFIAT 2 2 & T, v—& I a7 2 7 & EICHWS
NDEBRIELDITE LV ERTEMBALVTEIENH SIR B TE DB 20D,

| REShIRIGHE |
2 BF,
T O o [T (TR~ TR

FER/BAFLUERT =Y

 BRETHNNERILOOMES |

T HOMOAMEWZ=Y> —— T  HOMOAJEW7Z=Ur
RS @ © z
B N'Rs = Br ,i‘/ Br N/r Br N /%j /@\)j<
r oy i \
RiEEORL = RiGRE35°C BIRIEZEMSC = RIGERER r.t.
- HOMOASBW7Z =YY —— BBWKR7IVEEL7=UY
. w X o
OH NAg,
R?Nm _ (;/(D\/;OH ) 0/@\:, BF3OEt, (\ N B [> Y(\ N
ﬁs R* ! BF; OtBu
ERZ#TS WA RBERAICE D RIGHEDIETESC = AL/ A—HMRE

Figure 2-3-3. Proposed mechanism of the reaction.
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B EXRMSIRIA TS —DBELRPHIEORE

E

E

Scheme 2-4-1. Synthesis of unsymmetrical SiRs.

Pd(PPh3)4 "
Br o
] 1) sec-BuLi 4”1 MgBr
j\ O O 2) SiMe,Cl,  KMnO, \L O O o*no O O 2) 2N HCl aq.
N Br N\ ' H,N st N\ —_—
THF, -78°C acetone, 0°C . CH,Cl,, 35°C THF, r.t.oreflux _
I 13 | ggt(ey- 1)3/"v 51 (y. 88%) 60 (y. 38%) CFsCOO
pS,
o K
Br ;) ;_ec-BgLi KMnO MgBr
n
) SiMle;Cl, . LD MR ENER )
~ > > i i +
'i‘ Br N\ THF, -78°C  acetone, 0°C ’i‘ P \ T ’i‘ A \ cFico0°
THF, 0°C—reflux
42 52 63 (y. 6% in 3 steps)
o 1) 1)
MgBr 2 MgBr
2) 2N HCl aq. O O X 2) 2N HCl agq.
N st N ——— AN Si N E—
M THF, 0°C—>reflux A | THF, 0°C—reflux CF.COT™
53 | 54 62 (y. 60%)

THF, -78°C acetone, 0°C C,N
55 (y. 8% in 2 step)

THF, 0°C—reflux

» G

Li

1) sec-BuLi 2)2NHClag.  TFA
2) SiMe,Cl, KMnO, O O
(\ N Sl

Br 1) sec-BuLi 2 MaB:
2) SiMe,Cl, KMnO, 95r
O O N - N 2 2NHClaq.
1
G‘l Br \ 7\ \
44

Si
N
BocN\)N Br Br \ THF, -78°C  acetone, 0°C BocN\) HN\) CF,C00"
45 56 (y. 10% in 2 steps) 66 (y. 27% in 2 steps)
Pd(PPh;),
o [e] o 1
B 1) sec-BuLi \N”l )
OO0 SR e N COOD) A OO
N Br N~ s 5 N7 > HN S N 2) 2N HCl aq.

THF, -78°C  acetone CH,Cl, 35cc Y K e >
| 38 | 57 58 THF, r.t.—sreflux

BEAFD SiR E[RIBRD A — L& AWT, JBIZER L Ictkx B 2 A9 D IERTR A T
LU EARAT = UMb IEXFR SIR OARRIZ AT L7 (Scheme 2-4-1), —J5. FEXFr SiR @
ARICBWTIE, ~Na U BB HRICHE S U VDA - R DAL D AT v T,
XFR7R SIR DAL E I L TIRINGR & 7220 | FRZY 2 ) VU EEZFFOATF LU ERT
=V @B8)—>F 4 h BDDOIGTIEHIING Lo T,
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Scheme 2-4-2. Silylation reaction with SiMe,Cl,.

R _R7
N
R8 RS R8RS RS
Li  SiMe,Cl, R RS Si
— > R O O RO+ R N R
°N Si N~
. e 1O O e
R R /N REORT N Li Li N’R
R® R R* R

Objective compound Byproduct

MG DREITIIE SR 272 REEHRIZS T RO RE ZEVERD RGBT Z & h
5., ZOWRFETOFENIT, AFLrexT7=0r0EA07 =Y O HOMO = 3 /L ¥ —
VAOLIR 72 B 78, Ar-Li R0 v U VIR Z A LTz oy N OGRS & HOMO =R /L %
— L OEW Ar-li FEICE 25 FHROBRBRISHHAT S Z LItk deEx bR
(Scheme 2-4-2), =D 7=, AEKIETHOMO =R /LF—L LN RKELS B T7=0
MORLDIERIFR SIR &GRS D721 iE, RIREE TRISEAT O 78 KR Dat N g72 &
B,

Scheme 2-4-3. Synthesis of unsymmetrical SiR (73) via Buchwald-Hartwig cross coupling.

Pd(PPh),
o
o o)
\Nul o
LD, o
N i ril/ H,N St N~ > HO Si N~
H CH,Cl,, 35°C \ ' H,s0, 0°c-80°C /N '
[ 68 69 (y. quant.) 70 (y. 42%)
Tf,NPhe,
DIPEA
O 1) Pd,(dba);eCHCI; ICH,CI,
Cs,CO;

MgBr

9 Xantphos o
eeSWELLLEN s s BRI 0o
. N\o-g
AT Sy Si N~ TfO Si N~
J THF, r.t.—reflux J /\ | toluene 7\ )

F3C FsC
73 (y. 30%) 72 (y. 23%) 71 (y. 87%)

HOMO = F /L F— L~ UL K& BB 7 =V U HLIERSFRSIR 2B KT 570 0—o
DHFEE LT, TYNMMRET =) U EROX o M AbEMmE G L, 7V VRO B,
TR D OTf ~OEH, LEOT X /L BHD 7Y U 7RI L0 TR F
R ALEW AR T, FExIFR SIR AT 2 HIEN T L5 (Scheme 2-4-3), AFikE%H
WHZET  VATFAT =Y eV N 7t uF Ly =1 ) HOMO = R/L¥—
VAR RESELRD 2007 =Y Uinb e 5358 SIR (13) &2 G RT 2 Z L IThPh Lz,
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Ex/Em = 620/638 nm Ex/Em = 637/660 nm ExX/Em = 654/672 nm Ex/Em = 675/698 nm
(Dﬂ =0.21 CDﬂ =0.18 CDﬂ =0.24 CDﬂ =0.07

63 64 65 66
Ex/Em = 666/684 nm Ex/Em = 670/687 nm Ex/Em = 671/687 nm Ex/Em = 596/676 nm
(Dﬂ =0.25 (Dﬂ =0.27 CDﬂ =0.29 CDﬂ =0.21

Figure 2-4-1. Chemical structures and photophysical properties of unsymmetrical SiRs.
Photophysical properties were measured in 100 mM NaPi buffer (pH 7.4) containing 1% DMSO as a

co-solvent.

Table 2-3-1 lZ/R LT2IEXFRA F L BERAT = U U on b A ATREZ: 9 DD IEXRIFR SiR D&
AR, Yanl D UEEA TS SiR 67 %FR< 8 FEEOIEXIF SiR (59-66) D4k %
ik L7z (Figure 2-4-1), 215 DOIERIFR SiR OHFERHEZ T~ T2 & 2 A k72 SiR &[]
BRIC, 7R VEBEEITS U RE DTS L SO ELEFICEA A L TR, #
W7 =T OREELE LT LB BRTH D 2 Enmnois,

UED X o1z, RFFRTHE LI-EMIEEZ WD Z & T, IV 07 VBRICER X el it
AT LI SIR BT 5 Z LTI L, £ B IIHREN LTV E T v —T DR
e LR R A R Lc, IRICZA G OFERFR SIR S0t a2 FV R0, =
N EZHW-EE T e — T O SR ONWTIRR S,
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FRET FERMSROBHXAA—DUITADIGHA
1. FEXFR SiR OFAEQ DU « 8t Yl = O 5% il

ot C
Lk, Ly AT

/

2-Me SiR600 SiR650 SiR700
Ex. 593 nm, Em. 613 nm Ex. 646 nm, Em. 660 nm Ex. 691 nm, Em. 712 nm
1 L 1
600 nm \ 650 nm \ 700 nm
B BN
O O
+ <
H,N Si N7 SN Si N+
/\ | | VAN \
2-Me SiR620 (59) 2-Me SiR666 (63)
Ex. 620 nm, Em. 638 nm Ex. 666 nm, Em. 684 nm

Absorption spectra Emission spectra

1 ——2-Me SIiR600
——2-Me SiR620 1 2-Me SiR600

0.8 ——2-Me SiR650 ——2-Me SiR620
; 2MesiRees  _. 08 [——2-Me SiR650
8 06 ——2MeSiR700 L& g 2-Me SiR666
< o 96 ——2.MesiR700
2 &
g o4 S 04
E £
E 02 5 02
2 z
P4 0 N 0 ‘

450 500 550 600 650 700 750 800 850 450 500 550 600 650 700 750 800 850

Wavelength (nm) Wavelength (nm)

Figure 2-5-1. Absorption and emission wavelength of SiRs are fine-tunable by chemically
introducing alkyl groups into their xanthene moiety. Photophysical properties and spectra were

measured in 100 mM NaPi buffer (pH 7.4) containing 1% DMSO as a co-solvent.

FHoT VRO OT I VR AF I, b O — IR EEBROIEITE SIR Th
% 2-Me SiR620 (59)1%, & DWIN - #OEHRIE R 27 < /7 KAV EE LD 2-Me SIR600 & [
FOT ) FENY AFMbE iz 2-Me SiR650 D5 & 9 FRIR Lz, FERIZY AT AT
=Y Ay R UAHEEEHT 5 2-Me SiR666 (63)13, & DWLUL - MK % 2-Me SiR650
EXV T UVBROMEANIA R UAEEE AT D 2-Me SiR700 ORI L7z (Figure 2-5-1),

U bokoic, #lziE, AE\vw) SiR & C &9 SiR OMOFRGEHEEFEESC, C &)
SiR & E &9 SiR OO ARINE RREIICRIN - #b2F T 2 BRBLERGE, =
DTS % G B FRFOIEMFR SiIR-B ° D 5% it LARGH/LV— MIEWERT 5 2 & T, B
DRI« EHEREFFOBRNOREEGL LN TE D,
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(a) BEEORHLSIRMSERLEZRER () EAHORIERZEZET SSIREDA K

o
=]
=]

1. i SIRODFTYIY 2. HERELHHICLIREREDRE 3. TD-DFTAHICKZBRRRIMLOF A

y =0.7936x + 16.525
RE=1 SiR700

/ " O

SiR650
QE;\ )
R!N si \N*.R‘
R2 /\ R3

SiR600

«a
a
o

AR K B e (R WAE) (nm)
g
o

550 600 650 700
RILHEA S & (SR (nm)

(b) HEFLSIREEDRERIZ 5. EHDBINHEREE T HIERFR)SIROER 4. BERERVKP TORRBREROT R
IR FFSIRLES ) 600

__ 600 R R e R R® KMnO, T

E R7::,5R7 Rz::‘:, £ y= °‘79:f: I 16.525 SiR700
~ asymmetrical 7 a 550 siRe80

ﬁ 550 SiR666 metylenebisaniine (6) <:| g SiR650

& N g 500

! i Dr > i

g 00 SiR620 L @n o é SiR600

I X Hel R\ R®

by Ry & i ‘N K - RZN‘ Si‘ R B 50 |

g R RN RS RE R® R 7N RS RS = 550 600 650 700
= 450 asymmetrical SiRs (9) 8 R IR KB (S E) (nm)

550 600 650 700
BIEA B (AN (nm)

Figure 2-5-2. Calculations of absorbance wavelength of unsymmetrical SiRs using B3LYP
6-31+G* level.

F7-, BOEGEORIUE R RIE, Gaussian (2 &% TD-DFT HIC k> TFHITH 2 &
NTE D, BEFEOXFR: SIR FO/KH T ORI K o FZHIE & TD-DFT 3HRIC K 53+
B, HORME LR 2N EAHBRRIC B D -0, RHEED O ERIE~ & BRT HHRE
#i & 720 (Figure 2-5-2a). FE6 #5772 2-Me SiR620, 2-Me SiR666 O W F i £ & Bk ok
BRRICD D Z &R orhoT=(Figure 2-5-2b), £ D7, 7 ILF/ViEHE S L2 IExFr SiR 8
DK TOWINPE K%, TD-DFT FH5E L REMRICE Y PRIT 22 ERAMRETH 5, Lo T,
TRED BT ROV SEREIRI AT OWIE B2 H T 5 BN L E RS AL, GlE LD Dl
27T A oM ER#E{E=TD-DFT FHEIC L > THRTREDFT A L EHIRET D
ZET, MEET 2HEEREZRITE T E S (Figure 2-5-20),

WEND LT 2B 50DV SHE E LT, 12-color or 17-color flow cytometry %%
D24 FACS OBRFEMFIENR T B D 27 28, T HHERRCIE R W % < OFHO MK i O
PURZFAT 572512, Cyb (Ex. 649 nm), Cyb.5 (Ex. 675 nm), Alexa700 (Ex. 702 nm)
AR & W o 7o LT DIRINL - R RN R D V7 = U EFEREA TR Z MO
AnTna,

VT = LR L TEVSRE AT R R D . IR - HORIR & RS IS T X D AR~
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2. FERFR SiR OF 5@ HOMO « LUMO = R /L¥F — L ~UL OS5

A z B z C ; D z E ;
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/

2-Me SiR600 2-Me SiR620 (59) SiR650 2-Me SiR666 (63) SiR700
-3.42eV -3.38eV -3.34eV -3.27eV -3.22eV
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Caluculated LUMO energy level of SiRs (eV)

Figure 2-5-3. Calculated LUMO energy levels of SiRs. Calculations were performed using

B3LYP/6-31+G(d) with water as a solvent.
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ITHEH O HOMO » LUMO = % /L ¥ — L~UL OB bR BB TH D 29,
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Flz X, SiRA & SiR C Ofj=°, SiRC & SiR E O LUMO =V X — L~V EFT 5
SiR NLERR G5, 2 DOMEIEZ G DR OIERFR SIR-B X° D kit L. AEAL— MZ
WA IUE, BO LUMO =R L¥— L% SiR 2155 = & 3 Tx % (Figure
2-5-3),

ZDEDIT, AR K o Thkx ZREHE A AT 2 IERFR SIR OB ATREIZ /R 572 2
& T, SiR ® HOMO - LUMO T /L F— L ~ULROWRIN » 3O R DR B 727 A A3l RE
(2720 SiR ZRE L LIoRE~TRNAEE T 0 — T ORBENEL R B2 61D,
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Figure 2-5-4. Design strategy of N-functional NIR-fluorescence probe.

BORD K S, 907 U RaBEENCERERES Lo 7 2 7 T, #tH o R K
SLEETHZENMOILTEY Bix ikt - REHET 7 — 7 233 ST 5 (Figure
2-1-5), —J5. RIS TIET I 7 BO(RFHEMZFIR Lizdt 7 r — 713 sh T
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2-Me NH,SiR637 (60)  2-Me NHSiR654 (61)  2-Me NHSIR675 (62)

Dye Aas (NM) Ay (NM) £ (M'cm”) @
60 637 660 5.4 x 104 0.18
61 654 672 8.0 x 104 0.24
62 675 698 8.8 x 104 0.07
(b) —2-Me NH2siR637  (C) ——2-Me NH2SiR637
1t ——2-Me NHSiR654 10 ——2-Me NHSIR654
g ——2-Me NHSIR675 2-Me NHSIR675
£ 0.8 = 08
go6 - 206
go04 | £ 04
S02 - S 0.2
0 \ \ \ 0
450 550 650 750 600 650 700 750 800 850

Wavelength (nm) Wavelength (nm)
Figure 2-5-5. (a) Chemical structures, (b) absorption and (c) emission spectra of N-functional
unsymmetrical SiRs. Photophysical properties and spectra were measured in 100 mM NaPi buffer

(pH 7.4) containing 1% DMSO as a co-solvent.
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SR E R LT,

UED X 5ic, @it & TIUEE2 A L, EMirieke T I/ B2 H T 2R et H
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9%,
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Angew. Chem. Int. Ed., 2013, 52, 13028-13032.
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PARREE 2L B %200 %

Reductases liver
R ~

SN+

i H,N Si
Hypoxia 2 Pl \
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Non-fluorescent (®; <0.001) NIR-fluorescent (®; =0.18)
(Ex/Em = 637/660 nm) Ref. #b X, H26EERTHRX

Figure 2-5-6. (a) Azorhodamine-based green-fluorescent and (b) NIR-fluorescent hypoxia probes.
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WK SRR A A — Y 7 &M L T Zo(Figure 2-5-62)20,

o IIAMFZECRAFE LT- 9B SiR 1 Bfioy ket 2005 2 & C, imfsbaoetk
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Non-fluorescent (®; <0.001) Fluorescent (®; =0.24)
(Ex/Em = 654/672 nm) Ref: H255 F A Bt 1E1+5RX

Figure 2-5-7.  Anunsymmetrical SiR-based NIR-fluorescent HOCI probe.
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e EEIC e D | — 5T IEMEREERE CTh H HOCL £721X ONOO & i T 52 & T7
= ) —VRPBEL . SRR D T E N B LTV D 21,

Eio kit A RA L, ERANVESEOTE R R R L T r — T ORI Lz
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B—H ENXSTUVIREET HIEXN SIR DAFERE

X7 VB EOT I I e T VR VIEBIE AT D IR SIR BEEAR A SRR
B L, BEREEEFHRIZE A, IV UT VR EICA U R UG L BT O U8Rk
AT HIEXRFR SIR(66) D pH 7.4 12381 2B RIERIL, ¥Y o7 VBRICA  RY v
ML vr Y U U BRESE A AT 5 IExHFR SIR(65) & Hilg LT 80 nm M R{bT 252 L&
R L7z,

Tbb, IR SIR 1I7 2 EOTIVRVEBILICEIART 2 NS D LW
RN RE HEERIT 52 LiminoTl,

g ! -
< 0.8 0.8 '-_;
206 06 §
T 0.4 048
£ £
5 0.2 026
> Z
Ex/Em = 596/676 nm 0 ‘ ‘ ‘ 0
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Figure 3-1-1. (a) Chemical structures, absorption and emission spectra of (a) SiR 66 and (b) 65.
Photophysical properties and spectra were measured in 100 mM NaPi buffer (pH 7.4) containing 1%

DMSO as a co-solvent.
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A DU & DR Z 2B RAGIZIZ Ko TEC TV D NEHRL5720I12, 66 D
I - A AT o pH KT 2K L 7= (Figure 3-1-2), 66 ORI A7 bk, &R
® pH 78 10.0=23.0 £ T 512N T 666 nm 75 588 nm £ THK 80 nm & DK X 72
R EALEZAT, —HFTHIEALNZ MIIRE REEE(ITA T 72 h o 7= (Figure
3-1-2b,d,e), 66 O K ETH S 666 nm OWIES pH Ikt L TF ey hLz&Z
A, WU BRI S pKalX 8.4 TH-o7=(Figure 3-1-2f), ZOEITHE S TND
NT ==V ERT D DIEIRD pKa Off(pKa = 8.80) LT &M D 82, 66 1FERT Y
VEANEDOREWIET X 2 KT m AT A Z Ik o THEMEE A LT E FWIE R OK
N BAEE Uz &5 %2 b7z (Figure 3-1-2a,0),

(b) (c)
Absmax En"max (Dfl

(nm)  (nm)
C
HN

pH3.0 588 675  0.20
pH7.4 596 676  0.21
pH10.0 666 687 0.4

pK, = 8.80

(e) Emission spectra (f) Abs. vs pH

1500 - —pH 3.0 0.09
—pH 4.0
pH 5.0 0.08 1
1000 —pH 6.0 g 0.07
— —pH7.0 v
3 —pH7a § 006
= 500 —pH80 & 005}
w —pH85 @
—pH9.0 < 0.04F
0 - . pH 10.0 0.03
450 500 550 600 650 700 750 600 650 700 750 800 850 0.02
Wavelength (nm) Wavelength (nm) Ex. at 640 nm 5

Figure 3-1-2. (a) Proposed pH-dependent balanced equation of SiR (66) (b) Photophysical
properties of 2Me PipelndoSiR were measured in 100 mM NaPi buffer. The determination of
fluorescence quantum yields was conducted with a Hamamatsu Photonics Quantaurus-QY. (c)
Reported pK, value of phenylpiperazine. (d,e) Absorption (d) and emission (e) spectra of 2 uM SiR
(66) at various pH values in 100 mM NaPi buffer containing 1% DMSO as a cosolvent. (f) Plots of
absorbance of SiR (66) vs pH.
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Scheme 3-1-1. Synthesis of unsymmetrical SiR (75).

1) HCHO, AcOH
2) NaCNBH;3 p-chloranil

MeOH, r.t. CH,Cl,, r.t.

75 (y. 34% in 2 steps)
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TV VERORIMIET X HE A F L LT IEFR SiR (75) % A% L 72(Scheme 3-1-1), 75
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L TTHENMEEA Lo W RO KX 28 Bk %7~ L7 (Figure 3-1-3b,c), F7-.
FEPEAR DO WA R T d 5 580 nm TIbiE L72FR D 675 nm Oa Y& % | M ELMEAR O
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LT ay LR, LA oflid pH BERMIC 2 D120t > TRELS BT 5 2 &0y
molo, Thbb, BT VUVRAAT DI SIR 1L, Ried TR T L7-BEos
TEFRED L2 A O BIKEED pH 2 ET 5 Z L3 TE 5, ZRRE — RO
VA pH 7 —7 L U CTHERET D Z & o Tz,
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En'|675nm ( )
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Emg;5nm (EX. 665 nm)
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Figure 3-1-3. (a) Proposed pH-dependent balanced equation of SiR (75). (b) Absorption and (c)
emission spectra of 1.6 uM SiR (75) at various pH values in 100 mM NaPi buffer containing 5%
DMSO as a cosolvent. (d) Plots of the ratio vs pH.

38



lBl !Bsorp!'uon Spec!ra lpﬂ ’U’

O O 0.04 —0min
OH - T ——5min
— OH 9
O - GO
N Si N N Si SN+ 4 002 —15 min
Q P\ - Py \ < )
N N —20 min
0.01 .
R —25min

in buffer o

30 min

400 500 600

Wavelength (nm)

700

Ho'-)\\

6'2'

= m
AJ AT

SiRpH1 (76)

Figure 3-1-4. (a,b) Instability of 75 in aqueous solution.(c) Protection of the 9 position of the

xanthene ring by methyl groups.

—J5C, W 2 BT R OBR TR AR NSRS AFAET D53, 75 OWRILA
AT N VIR S 2 s X 72 o 7= (Figure 3-1-3a), © Z CT75 O DMSO Ak~ 7 % pH 7.0
® NaPi Ny 7 7 —ICHR S BT ITRIN AR MV ORRFZELZRIE LTz L 2 A K &
HATWEEEN EFT A0 BlE Sz (Figure 3-1-4b), ZHUE, 751X T 2 U HiD
ARG IZIRIZE Y LUMO =R/ X — L~ ME< . ZD72%H DMSO A kv 7 IERH T
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Zz bn7- (Figure 3-1-4a),
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M5 2,6diMe |24 H L7z SiRpH1 (76) & 5%51 - & Ak L72(Scheme 3-1-2)), ZAUZ LY, ~
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Scheme 3-1-2. Synthesis of SiRpH1 (76).
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(a) SiRpH1
pPK, = 6.7
+H*
+ N - H*
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H
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pH 3.0 585 676 25,000 0.18
pH7.4 605 683 25,000 0.18
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Figure 3-1-5. (a) Proposed pH-dependent balanced equation and photophysical properties of

SiRpH1 (76). (b) Absorption, (c) emission and (d) excitation spectra of 2 uM SiRpH1 (76) at various

pH values in 100 mM NaPi buffer containing 1% DMSO as a cosolvent. (e) Plots of the ratio vs pH.
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Figure 3-2-1. Photophysical properties of acidic-pH activatable fluorescence probe
“RhP_mPF3’).33
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Figure 3-3-1. pH values in the different subcellular compartments.
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W =S
F 1)
ok ok *t‘\ RS +.
(& ¢ :> ok
Cell Cell y
[ LiadbepnnERiCRS | Carboxy 8NARF-1 o %

Wavelength (nm)
Figure 3-3-2.  (a,b) Schematic images of Off/On pH probes and (c,d) ratiometric pH probes.
(b,d; ref: Thermofisher HP https://www.thermofisher.com)

Off/On ! pH 7' = — 7|3 phl I L OO A T EN 1 R OATIT H 728, ki
WAL R CTHRIARRETH D LW IOFIESH D, L L b, OffOn A pH 71—
TE T r =T ORIEZE. MENAS O, SCRREEIC K DEE T 7 — 7 O R
DEALRR, MRCAERE DR S D72 GREREOCBAMEE 2 BR <) . MR B Zaoto
DRI« BEELEREL D 7272 B2 K 2 30 CRE O¥i 2 pH 28k & L TBUIIL TLE S 720,
fad pH Z E&RIZHIES 2 Z L IINEETH 2,

IS OB RS T LS DERN OB 2 Z T K TD2HA A=V 7 FiEL LT,
Ly ARt 7 a —7 0z U A REES AV S 10TV A (Figure 3-3-2¢,d), L A
E LT, e D TR OB R £ 23O R &2 AV TR CRELORIE 217V, &
o OESEEEL(L U ERET L FETH D, VIAREICHNGND Lo AR,
a2 —71%, RS & ORI SOS O RS TR R 7o i3sm bl RN RE < ET S
BN DD,

B2 B ENTNWE LA pH 71 —7 Tdh %5 SNARF-1 @ 488 nm TJihie L
TZBRDE AT bAERD & KEIED pH SBMALT I o THEIEm KIS 633
nm 75 585 nm F£ T 48 nm & K=  EE b3 % (Figure 3-3-2d), § 725, pH Z1{kiC
Ji& UC 585 nm I OHYEHRE & 633 nm (L OWENIRED L > A3 E(T 5, ZhiZ X -
T, WA A=Y ZBIC 585 nm & 633nm O JHETHDE L, Th b OEEHRED L
FERPET S LT, pHZE(LSN O BELEZTHZ L7, EREWRpH A A=Y 7R
ARe L 725, LU AMO pH 7'r— 713 OF AN B L < OAEMEIFAIZEIZB W THWS
. pH O 2 AMBIG OB E B L C & 72 %6,
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(a) SNARF-1

HOOC,
S ®
Z~CcooH
HooC O N O COOH O X O
(N S SN+
\
HO (o) o] N VA
pK,=7.5 pK,=7.0 pK,=6.7
€514 X H6.0)=1.6x103 €440 X D;y (pH 5.0) = 7.3 x 103 €550 X D5, (pH 5.0) = 4.5 x 103
s1a X @y (PH 6.0) L Px00a T " (pH 5.0) , Jroas Bt (pH 5.0) Pxoss
€514 X Dy (pH 9.0) = 1.7 x 10 €490 X @g (pPH 9.0) = 4.5 x 10 €663 X D (PH 9.0) =5.1x 10
Fluorescence spectra Excitation spectra Excitation spectra
633 nm pH 663 nm
400 [, =l 5, _pHeO 1000 @oamA 90 —PHS.0 1600 1 —pHS50
so 1 —pH 6.5 1 —PpHE.0 o ssonm )~ PHSS
- —pH70 - 800 —pHT.0 1200 50 | /,/"\ —pH 6.0
3 l pPH7.4 3 600 pH 7.4 3 \ —PpHES
<200 —pH80 < —pH 8.0 S 800 l ) —PHT.
m 50 pHoo i 400 [ womm —pH9O = \ pH 2.
6.0 - i . . \ —_ .
200 1 >0 I 400 -2 M —Priso
0 0 0
500 600 700 800 400 450 500 550 600 450 550 650 750

Wavelength (nm) Ex=514nm Wavelength (nm) em=535nm Wavelength (nm) &m=675nm

Figure 3-3-3. Photophysical and spectral properties of (a) 2 uM SNARF-1, (b) 2 uM BCECF and
(c) 2 uM SiRpH1 (76) at various pH values in 100 mM NaPi buffer containing 0.2% DMSO.

BAE, EWFFRICGLE SN TS Ly AR pH 72 —7' 1% seminaphthorhodafluor
(SNARPF#EFE LY, 2,7-bis(2-carboxyethyl)-5-(and-6-)-carboxyfluorescein (BCECF)|Z1X;
FEINDTNA LA UFED 2 FEETH 5 (Figure 3-3-3a,b),

SNARF-1 (3 pHARFHNC SO R AR & < BT 2 — R i RRDER TH v 488
nm OFENZTIVEZ 5 2 LR< 2WRDHEOLMICT IV L FREZITA D720, #Kig
FERI NV Tl A B AEMBIRZIR L DIZH L TS, —~F TpKa=T76 ThH720,
SR SEITAIIRE O pH IEICR S s, F7z, SNARF-1 (Tt &7, OH 7 4+ — AT
0.03. O 74+ —AT0.09 & IANRW 7= DRV YE 2 B & 35 2 & Fiookhlifas i
LT WVENKHTH D720, BRHOA A= U I S 02 E B BTN S 36,

BCECF IZf{FESNB 7 LA LA VT IR ERME - RERYRCH Y | HWILSThH
% 440nm & ©—7 by T TEO 488 nm THET 5 Z & TL oA pH A A—T 2 W AlHE
L%, TNA LA T SNARF-1 FARIC AT pKa 2 A L TWD 720, HfdE
DpHA A= 7L TW5S, TDO—JT, Ly AR pH 7' —713 pKa K 0 & kA
BEEVEM O pH TOBEEDZEIN/NSWIEE LA MERESIT R DN, 7vA LA 3
L pKa OEEMERI CHENMEL 725720 L ARIENHEE L < (Figure 3-3-3b), 7= JtHlta %
LT WZ ERMBATND 36,
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UloXoic, BfFo LA pH 7u—71%, O7 =/ —/NVIECH kT 5 htEftiro
pKa RO T OENEA VT R T 72 ERIRVE LA O/ E O pH IENEE L < | AL FHERIC X
%5 pKa OFELE L, OpKa OMMOBEEZENKE < LA RENE LV, @NARAIZ
59 RFFH DA A= 0 I L WVEDORER N b o7z, LinLigans, g L% pH
H—T7 P FELRWZD, THE TAKE S W7 VA LA UERERE IV CgtE AL
T2 7 O pH PENTI0IL T & 72 37,38,

—J5, SiRpH1 (76)1Z, OEXZ VT I /D7 a FALIC LY LA BRET 5720,
TR HEROEATLEHIEICLY pK A HRICHETE 5, QpKa O OFEEE A3 AR
ETHY, LUAREICHE LTV 5 (Figure 3-3-3c), @ —4 I v 2REEE LTERY, Bl
BAZRWED LA pH 7o — 7 OfREE L TENTZEEZ AT 5 2 LB 0h ol

ZDIH, AEEHAZANT LY AR pH 7o —7 2%+ 5 2 L2k 0, BFEO S n—
TR DR R L, pHIICHED DA RAEMBIROMPIICHERTE 2 & B R T,

BROREERLE
663 nmMD EIAE i
+ H* \
- S
—_—
_H* N
H R N(\ /\ \
N
H NIR-fluorescent NIR-fluorescent

PK, B AR L

Figure 3-3-4. Molecular design of unsymmetrical SiR-based ratiometric pH probes.

BN FERFR SIR 2 RE & L= L v A7 pH 7 o — 7 D4y 1%t & 7~ (Figure 3-3-4),
XY T UBRICA VR UG BRI VUSR5 IR SIR 1%, BRNIET X 2 5
N7 hAb I D LA EEE A Lo £ ERINE R 25 80 nm & K& S EHERILT 5729,
580 nm & 660 nm ® K ThHiEL L, 680 -750 nm CHYEHDET D I E bk — 3 K HDE
DOFEFRIEFME L AR pH e —T 70 n, £To, VT UVROEXT U7 I K
TEEOEMBLEZEANT L2 LT pKa # HHEIZHETX 5720, 55EENE, Mk, S9EeMEER
B DOMMN ORE 2 72 ANV H 27 O pHBPIEICHE L7z LU AR pH o —7 2% 452 &
NTED,

DI AT 32T O pHREIZH L2 pKa(=5~6)2HT 57 0 —7 ORIFREITV,
TXARNT RN T VAT 2 U UV EDRFED AN 3T IZED IAEND AR E D T IR
L, BHEANLNTRTZO pHBIEEITS> Z L& LT,
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m

% BRMED pK, EHTHLIUAE pH TO—TDEH

T EEDAF NI R DNVIEICER T H LT, TR D pKa iy 1.0 BEKT
THZEN—EANTH SN TWNA 39, FZ T BT V2 Bn A% E A L7- SiRpH2 (79).
BXOFEICEFRKIIMEDE VW 3-fluorobenzyl %% A L7~ SiRpH3 (80) %Ak L 7=
(Scheme 3-4-1),

Scheme 3-4-1. Synthesis of SiRpH2 and SiRpH3.

[e] o

F H
1) , AcOH

H
1) , AcOH

p-chloranil 2) NaCNBH,

2) NaCNBH, p-chloranil
N Si” NN - >
VA \

A

CLCR

CF,CO0"|  CHCl MeOH LN ., CFico CH,Cl, IMeOH CH,Cl, CF,CO0
SiRpH3 (80) SiRpH2 (79)
y. 31% in 2 steps y. 43% in 2 steps
(a) SiRpH2 (e) LiFIzkBpHAlE
pK,=5.9
+H § 1.4
E 121
g 1
H Yoosl
(=]
Abs, ., [nm] Em,, [nm] &€ (Mlm?) (O E 0l
pH 3.0 588 676 26,000 0.19 w 04
pH7.4 662 687 30,000 0.13 '% 02
ool o .
pH 10.0 663 689 33,000 0.12 3 4 5 6pH7 8 9 10
(b) BRURRARIFILDpHFFE (c) BFEARARIFILDpHEFE (d) I A RO ML DpHEFE
0.07 —pH3.0 700 —pH 3.0 800 -
—DH 4, : —pH 3.0
0.06 —Piso 600 —pH 4.0 T PH 40
0.05 H55 3 500 —pHS5.0 600 | —pH 5.0
p 5
» —_ : pH6.0 ~ pH 6.0
3 0.04 PH6.0 & 400
< 903 —pH65 ——pH 6.5 3400 | —pH 6.5
: —pH7.0 w 300 —pH70 = —pH7.0
0.02 —pH7.4 200 —pH74 —pH 7.4
0.01 —pH 8.0 100 —pH 8.0 200 - —pH 8.0
—pH 10.0 _ 0 — -
450 550 650 750 pH 10.0
620 670 720 770 450 550 650 750

Wavelength (nm)

Wavelength (nm) gy - 603 nm

Wavelength (nm) Em = 700 nm

Figure 3-4-1. (a) Proposed pH-dependent balanced equation and photophysical properties of
SiRpH2 (79) measured in 100 mM NaPi buffer. (b) Absorption, (c) emission and (d) excitation
spectra of 2 uM SiRpH2 (79) at various pH values in 100 mM NaPi buffer containing 1% DMSO as
a cosolvent. (e) Plots of the ratio vs pH. The determination of fluorescence quantum yields was

conducted with a Hamamatsu Photonics Quantaurus-QY.
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(a) SiRpH3 (e) LAIZkBpHEIE
X
+ u
<8 g
Abs__ [nm] Em,,,, [nm] € (M1cm) (O §
pH 3.0 585 676 25,000 0.20 uE.|
pH7.4 662 688 30,000 0.12 g
pH 10.0 663 689 31,000 0.11 €
pH
(b) BRIRR Y ML DpHEEE (c) EHAEZRRYMILDpHfFHE (d) BhEE R RY ML DphfEtE
—pH 3.0 —pH 3.0 —pH 3.0
0.07 —BH g0 1% —BH 4.0 800 —pH4.0
0.06 —pH4.5 600 —pH4.5 —pH4.5
0.05 pH5.0 500 pH50 600 pH 5.0
.0 —pH55 = o —pH55 _ —pH5.5
2 0.04 —pH6.0 —pH 6.0 S 400 —pH 6.0
< 0.03 :gn 8.5 300 —pHE5 & —pH 6.5
0.02 —pH7.4 =200 PHTe F200 —mizo
0.01 —pHB8.0 100 —pH 8.0 —pHT.
0 e, o e pH 9.0 0 —enss
450 550 650 750 © 620 670 720 770 —pH10.0 450 550 650 750 PR

Wavelength (nm) Wavelength (nm) Ex =597 nm Wavelength (nm) o~ 700 nm

Figure 3-4-2. (a) Proposed pH-dependent balanced equation and photophysical properties of
SiRpH3 (80) measured in 100 mM NaPi buffer. (b) Absorption, (c) emission and (d) excitation
spectra of 2 uM SiRpH2 (80) at various pH values in 100 mM NaPi buffer containing 1% DMSO as
a cosolvent. (e) Plots of the ratio vs pH. The determination of fluorescence quantum yields was

conducted with a Hamamatsu Photonics Quantaurus-QY.

e .
Me’O ’Si‘\N‘Jr /‘?‘i\\N\+ i> @\/0 /Si\‘N\+

Yoo

SiRpH1 SiRpH2 SiRpH3
pK,=6.7 pK,=5.9 pK,=5.5
§ 1.4 pH4.7~6.3 514 pH 4.7 ~6.3 @14 pHA4T~6.3
—— : @ 14—
812 *‘\ &1 E12] ™
S o =3 w
g \ g g \
w 0.8 ] X
- \\ uo{OB
% 0.6 \‘ 086
E
u;_, 04 | w04 S—
202 202
= 345 6 7 8 910 E 345678910
pH pH

Figure 3-4-3. pK, modification of pH probes.

Ak L7 SiRpH2, SiRpH3 O E L2 2 A, HfF BV Iy e —7 D pKald
5.9, 5.5 FTIKF L, WtEA LA 37D pH 2l TH 5 pH 4.7~6.3 TRKE 2 LT AED
ZAL AR S 7= (Figure 3-4-2, Figure 3-4-3)35, L ED X 9512, BTV VB EOEBE R
BIEEAZEUNTEING 5 2 & ¢ AT 327 O IZiE L7z pKa 2 A3 5 L A% pH
7u—7 ORI LT,
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(a) 10 mM NaPi (b) 50 mM NaPi (c) 100 mM NaPi (d) 200 mM NaPi

2 S16 316 216

go ¢ € 1y %14

X141 & 14 S 145 w !

g1.2} 212 S 121 § 12

1 © 1] pK,=5.5

x 10 X 1 x 1L x 1 a

w w w LI{

s 08t 8‘ 0.8 8' 081 g 0.8

%o.e, R 06 06} T 06

w4l 404 W 04| w4

202 - 202 - 202 — 202 :

g 3 4 5 6 7 88 3 4 5 6 7 8 8§ 3 4 5 6 7 8¢ 3 4 5 6 7 8
pH pH pH pH

Figure 3-4-4. Plots of the ratio value of 2 uM SiRpH3 vs pH in (a) 10 mM, (b) 50 mM, (c) 100 mM,
(d) 200 mM NaPi buffer containing 1% DMSO as a co-solvent.

JERFR SIR ZREEE Lo LU A pH 7o —T7 OA 4V RERTFIEOMR 21T 12
(Figure 3-4-4), FRFREEE VM2 & A A2 03B DAL M IV TL IR O A A i (R
BE)NMEEEEE B A5 252 RH 5, pH 70 —T7 O LV AENA A L 3REIC L - T
WEBEZITHI LT, 2y RY—LANOA A UREOEENC LY pH JIE% EfEIZITH) 2 &
WNHELL 2%, 2T, BI L7z SiRpH3 OA A VBRI Z BRI+ 2 Lo Lz, A
A BREEAY 10 . 50, 100, 200 mM @ NaPi Xy 7 7 —H Tl 2 ~<7 MLZHEL, L
VAEpHIZH LT ey h925Z & T SiRpH3 @ pKa ZHIE L=, TORKBR, A7 n—
7O pKa DEALITA A HRED 10 mM~200 mM TIX 0.2 FRETH V. A A IR DR E
3T pH MIEDM T2 D EN IR EE2 A L Q. £ 2 TRIC, SiRpH3 24 K& 01
AL, U Y Y —20 pH ZHIET DL & Lz,
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ERE EARESHFAESE pH JO0—J O

T 0 — T I IEAMNRICIRIN T 2720 Tk, MilRESCI har KU T, U Y Y — A7
EHBIN DRk & AR T D0, Z U BEOAKE S FICERTH LT, 2D
B XY B ORRANENREIZE - MR EIBRIRICE . 7 — T AR A EET D2 LT
x5,

FZT BUEANLTRTTHLY VY — LB T 0 — T 2 ikET 572912, SiRpH3-
T XA NT UEAROERE R T, T8 10kDa OZHFHTH 57 F A ~ 7 13
EIEZEETHY, = P A b= AL DMBENICERYIAEND L= NV —A
ST RY =20 VY —ANERAZESND D, TXFANTACEN T 0 —T %

A LT, VY Y- ABIRIICE N T T R RETEI L ERMLNT VWD,
T, 10kDa 7/ THARNT AT e —T EIE#HRT H7-DIC, NHS =27 Va2 HT 5
SiRpH3-SE #&h L. SiRpHS3 Ei#hi7 ¥ 2 N 7 L ZER L CHFHFIED K& 217 - 7=,

Scheme 3-5-1. Synthesis of SiRpH3-SE (85)

1) sec-BulLi, 78°C

Br 1) NaNO,, AcOH Br 1) n-BuLi (1 eq.)
2) CuBr, HBr 2) Boc,0
zso4 o o S
NH. THF, -78°C — reflux HN\) _
CF;CO0
80 81 (y. 34%) 82 (y. 55%)

F. CHO
1) \©/ , AcOH

HO, _
15 (e
2) NaCNBH N=C=N
) 3 E o ,
83 — > Ty >
MeOH, r.t. N(\\)N hx v DMF, r.t. @\/
CF,CO0 N CF;C00"

84 (y. 78%) SiRpH3-SE (85) (y. 88%)

Succinimidyl ester (SE)Z /M L C7 2 /T % A b 7 U \IAE# rl4E72 SiRpH3-SE D&k &
B LTI, TFA LT AD TG « TVIER T T MM X DM AT o2, T
XA N7 AR OBRIZIX, Dextran @ SiRpH3-SE = 1:1, 1:3, 1:9. 1:15 ® 4 i &27l ATz,

Protocol :
FEART QYL 1, 3,9, 15 48D F n—7 SE KA Z 7~ 78 v ieiEE ik (pH 8.0)
ZEIRT 1RREPERLT v 7 2L, PD-10 ZVEiR S 7 L2 FETXF A NT >
Sy - AR, BASR L. T e — TR T X A b T 20 1 mM KEIR &R Lz,

49



1. TXANTDTINALROPIE

(a) SiRpH3-SE : Dextran (b) SiRpH3-SE : Dextran
9:1

SiRpH3 (1 uM
0.05 - 15:1 350 - 9I'$ ( " )
0.04 - SiRpH3 (1 uM) Azgg L 1501
] 3:1 3 r
£oos o 3 200 | 3:1
002 | ’ E 150 - 1:1
100 -
001 | 50 |
\ 0l A —
045‘30 500 550 600 650 700 750 550 600 650 700 750 800 850
Wavelength (nm) Ex=580nm Wavelength (nm)
(c)
Degree of labeling (DOL) @ (pH 3.0)
SiRpH3 — 0.20
SiRpH5-Dex (SE 1 eq.) 0.13 0.15
SiRpH5-Dex (SE 3 eq.) 0.50 0.14 1 -
SiRpH5-Dex (SE 9 eq.) 1.79 0.08 Clvm4
SiRpH5-Dex (SE 15 eq.) 1.47 0.08 SiRpH3-SE

Figure 3-5-1. Determination of the degree of labeling (DOL). (a) Absorbance and (b) fluorescence
spectra of 1 uM SiRpH3 and 1 uM SiRpH3-Dextran conjugates (SiRpH3-Dex) in 100 mM NaPi
buffer at pH 3.0. For the determination of fluorescence quantum yields, SiRpH3 (@4 = 0.20) was

used as fluorescence standard.

Wiz, FERLL7= 1 uM @ SiRpH3 fZ#% 7 % A k7 L (SiRpH3-Dex)® pH 3.0 DXy 7 7
— I TOWKEFHEL, 1upM O pH 72— 7 OWKEL kT 52T, TFART
15y F®7- 0 © SiRpH3 @ V¥4 (Degree of labeling, DOL) % Ik & L 7= (Figure
3-5-1a,0)s WIEEN D, HEF UG SiRpH3-SE/Dextran MEE7AS 1, 3, 9, 15 DS
RZHB VT, SiRpH3-Dex @ DOL /X 0.1, 0.5, 1.8, 1.5 &72->7-, F£7=, DOL O/ %
SiRpH3-Dex 7> £ Ok FI AT 2 1A METT 5729, DOL 072 % SiRpH3-Dex @
JEEREE % 8~ 7= (Figure 3-5-1b), Z DO#EH, SiRpH3-Dex Ot 1-UL3 1% DOL 23 L5
THIFEEL 2B AICH Y, DOL = 1.8 Tid SiRpH3 @ 40%fRE F TR F L7z, Zhix
THXANT AT 20U EOARIER I, BEHEEHELLTLDEZEZBRD,

% ZC,SiRpH3-SE D £ & DOL D I BB & 0 ARSI O IR 72 AT 23R S 4.
THXARNT U1 THT2 ) OWEIEIREN K SV DOL = 1.8 ® SIRpH3-Dex % LA Kk
WCHWDH Z & & LT,
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2. SiRpH3-Dex O J&F 4 D F5A

(a) —PH3O0 () s
0.05 —PpH4. 200 |- LY
pH 4.5 Iy
0.04 pH5.0 —~ 150 | PHes
“hHeo 8 ——pH 5.5
2 0.03 — pH6D S —hss
—pH65 =100 - .
0.02 —2H 70 —pH 6.5
. —pH 7.0
0.01 —pH 7.4 50 - e
—pH 8.0 hHeo
0 | T T _pH 9.0 0 ‘ | —_PHO0
450 550 650 750 450 550 650 750
Wavelength (nm) (Fl=700nm) Wavelength (nm)
s 16
H o
Oy N=Dextran (c) & 44
% 40
w
S 12/
%
g 1
S 08!
~
£ 06}
w
SiRpH3-Dex (DOL = 1.8) _% 041
ry 02

3 4 5 6 7 8 9

Figure 3-5-2. (a) Absorbance and (b) excitation spectra of 1 pM SiRpH3-Dex at various pH values

in 100 mM NaP1 buffer. (c) Plots of the ratio vs pH.

I, B L7z SiRpH3-Dex @ pH FtEZ i~ Z & T, W « phid A7 h (LS
LY AEEACIC IS pKa DME#% BHEFF SN TV D D RET 21T o 72, WY - fibkg 222
NV DOTEIRIE SIRpHS & ARk TH 0 /Ny 7 7 — SR FEMEIC 72 1223 TR K73 80 nm
FEREMEA L, 590 nm ThbiEd L72FE0 700 nm O EHE % 670 nm Tk L 7=E D
700 nm OESNIRE CHI ST LA EAFEM L, pHICXH L TT Ry F 52 L TLUAHE
D pKaZH I LT 2 A, pKa=5.4 L0 T XA NT N EZIT o 1% bIRMEA L
HHT ORI L 72D pKa = 5.5 2495 Z LB ool

FetEA NV IT 2T OAEUKIZE LTz pKa AT % pH 70 —71E%T 2 M7 3G 6h
Teled, WICHlaIZ= R A F—Y AKXV THFA N T EZRVIAEE, VY Y —LAN
DO pHHELZRAD Z & & LT,
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VIV —=EDA A= Tl B DI2HT20  Bi% L7z SiRpH3-Dex % ffus M EIZ N
L. SiRpH3-Dex ATy FH A h— A 2L 0 HMIIENIZEY A E N D 0 Z2 7~ 7= (Figure
3-5-3a),

Protocol :

HeLa Hifd D2 FBS-free DMEM (Z42#2 LT 16 K#fH]E5# =100 ng/mL EGF, 100
png/mL Alexa488-Dextran %7213 SiRpH3-Dextran % & » HBSS (Z42#2 L T 37°C T 30
SEA ¥ 2= 3 =3 Bl wash L721%2IC Leica TCS SP5 M Sa LBIMERIZ T A 2

T

SiRpH3-Dex #&ie\y 77 —HTA v FaX— g Zfiolzb 2 A, HIlMAND I b
Ay RYTEYY Y= RWEESBII S, WL DRy Y — A@RI R
HBITBIE SN2 72 (Figure 3-5-3b), 22> b —/L3EE & LT, Alexa488-Dextran
ZéateNy 77— T HeLa Mz A v FaX—2a U LR, = RY—2HkLEE
265 Ky MROJEEEEPEII S Z 06, B L7- SiRpH3-Dex ([ZRENH 5
LBz,

SiRpH3-Dex Z V=BT Fa v RU T & U Y Y — A bAoA 8l S 7RI
SiRpH3-Dex # {ERT 2 BT, ik S 41720 » IR MO @V SiIRpH3-SE & 7% A F 5 o~
LESNIER S T A TRAICHEERN TE TOARWED, REH#o SiRpH3 23 HINIE %
WLTI har R T EY VY —=ANIRTIE LT &5 2 bitlz(Figure 3-5-3c),

{a) (b) (c)
oy H<Dextran SIRpH3-Dex g5  Bright field og,oH
® s ®
i Négﬁa . - Lo
QU TR ‘ RS QU R
SiRpH3-Dex B SiRpH3

Cytosol Cytosol

Alexad88-Dex Bright field

Early
endosome

@ “J®Late

Lysosome endosome

2

Mitochondria

10 pm " | Lysosome

Figure 3-5-3. (a) Schematic image of endocytic delivery of SiRpH3-Dex to lysosome. (b)
Representative fluorescence images of SiRpH3-Dextran- or Alexa488-Dextran-treated HeLa cells.

(c) Schematic image of non-specific labeling by prepared SiRpH3-Dex.
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3. KM pH 7o —7 D%

Figure 3-5-4. Molecular design of hydrophilic pH probes.

Z T, DTNICHAKREERERZEATHZ & T, FVERY 7 A X DEMERSIC
L. D2ORAFT 2RI D 7 0 — 7 DA 2 G I IR A 2 e e % [ < 0 ik R
#17- 7= (Figure 3-5-4), EMRAJIZIZ, N2 OV BIZE W KENE & B KRB IR 2 2 72 A
NWRIEEBANTHZ LT, KEMEZN EEE 5 LR pKa 2K D BRI/ D 2 L 2 Wi
L CAN MLIZ ANV HEEZFF> SiRpH4, BEL A/ MMLE XTI ANVEEEFGT S
SiRpHb % 53 fi%at « Ak L7,

Scheme 3-5-2. Synthesis of SiRpH4 (86) and SiRpHS5 (87).

SO;Na
CHO

1) , AcOH
2) NaCNBH;3

_—
MeOH

SiRpH4 (86)
y. 19%

SO;Na
CHO
1) NaO;S , AcOH
2) 2-picoline borane
> HO;S
MeOH, r.t.

SOsH  siRpHS5 (87)
y. 63%
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4. HfapsZEEYE, pKa ORER
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Figure 3-5-5. Fluorescence images of (a) SiRpH3- or (b) SiRpH4-treated HeLa cells. HeLa cells
were incubated for 5 min in HBSS containing 1 uM SiRpH3 or SiRpH4, and then imaged with Leica
TCS SP5. (c) Chemical structures and pK, values of pH sensors.

ANFRERT L7 0 —TRNERTE 20, £ OHMIBBEIEEEMEOMRZIT> 72, 5
BEYED E VY 3-fluorobenzyl % £F> SiRpH3 & #HKMED E VW 2-sulfobenzyl % FF>
SiRpH4 Z MAMNRIZHEIN L, #eA A — 0 7 %47 -7, SiRpH3 ITMIfui A i L T
Fa RUT LU YV — A bat0 iR S 7c— 75T, SiRpH4 1R L T H AN B
WHITBER SN T, AVREOE ALY 7o —7 ZaEIEE @I 2 Lok L
7z (Figure 8-5-5a,b), A/LTRINNIEI DK FHENLTH Z ERFHITEY , A/LRHE
1O THEWBKMEAM G TE MIEIEGEMEIC R To B BD ,

BUKMEOT 0 —T7 BB TEXOT, WIZTa—T O AT MV EZRE L, B4
NV F T ORI Lz pKa 28 L TV 2 0B 21T - 7= (Figure 3-5-5¢), SiRpH4 137
FREIFETH D 2-sulfobenzyl Fa AT 503, £ D pKa ITWIFFICK L THEEHR O DK
ZFFO SiRpH2 XY 0.7 EF- L=, — 5. AV MLz 3 F A0 b ALk % R SiRpHbB

YA N TR T OREMGIZE LT pKa 2R L, BBYEA VTR T ORMEIZE Lz L
TR pH Vm—7 L 7e o7,

54



5. SiRpH5 O FRED KA

€550 X Oy, (PH 4.5) = 4.8 x 103 I 133
€663 X Py (PH 9.0) = 3.6 x 103 ’

T O ~ BN A Aex (NM) Aer (nm) & (M'em™) @y
\Q\/N\) A ‘" pH45 588 679 23,000 0.23

SO3 SO3 pH9.0 668 690 33,000 0.1
(b)  Absorbance spectra (c) Excitation spectra (d)
3.0 663 nm —pH 3.0 214
0.07 4.0 700 —pn i-g S
4.5 100 —pH4. X125
0.06 2 600 Phso 4
5905 5.5 500 —pH55 2 1|
20.04 6.0 = —pH 6.0 X
< 65 400 —EH 65 W08
0.03 7.0 =300 —pH70 S
0.02 74 g —pH74 =06;
0.01 80 o0 —pH80 S04
\ - —pH85 = L
04 7 Hoo 0 —pH9O 202 . . . .
50 550 650 750 —pH10. 450 550 650 750—pH100 § 3 4 5 6 7 8 9 10
Wavelength (nm) Wavelength (nm) Em =700 nm p

Figure 3-5-6. (a) Proposed pH-dependent balanced equation and photophysical properties of
SiRpHS5 (87) measured in 100 mM NaPi buffer. (b) Absorbance and (¢) excitation spectra of 2 pM
SiRpHS5 at various pH values in 100 mM NaPi buffer containing 0.1% DMSO as a cosolvent. (d)
Plots of the ratio vs pH. The determination of fluorescence quantum yields was conducted with a

Hamamatsu Photonics Quantaurus-QY.

SiRpH5 BT DN FHRHEDIEE 1T o7, TN FETHFE L pH 7' v — 7RI W T, &
I« R A2 N L AN S 2 il L7 L3 o 728, SiRpHB DRI « ik 222
R VI & VDT S 2188 U7, SAUF A LERIED 2 DA I7= 2 & TRIEMENH
EL., Ak coEeErmbELizzdEEzZ BN, £72. SiRpH5 (%, OIERFR SiR
AR L L7z pH 70 — 7RIS, pKa DFHAIOBEE DFAENRN/NS U E WD L A RIEICE L
TR A LT,

ULED I, ANKRONVEEEAT 50 FRFHT L0 | MR IEZ e TRt A
AR T ORPMEIZE Lo Lo A% pH 7'v—7 [SiRpH5] DOBAZIZEKEh L7-, SiRpH5
DA VR U E I UCERS IR T 5 2 & CIHAFRN YO ZBIE ., R L5 Bk
ANTAZ7 D pH ZHETE 5 W s 5,
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6. SiRpH5 & GSH (259 % 22 M D 2

RPN IISREEE DR W T A — L Z 479 % GSH 28 1 mM~10 mM O E TFEET 5 &
STV 41, LUMO = F/LF— L UL SiR #0Ea#EIE GSH IC L D547 v
B O ML~ DR INEENEE Z 0 097 < . 2D K 5 72 GSH OREEAHIMNEHEA A —2 7
RRHCHOE 7 B — 7 OHOERE ORNc >R’ b &2 bhvd, £ 2T, Bi% L7 SiRpH5
2% 0.1~10 mM @ GSH 771E FIZRB W CREKBE A 5217 5 0 et 247> 72,

2 uM @ SiRpH5 3 L 100, 0.1, 1, 10 mM D2 GSH % & ¢ NaPi /N v 7 7 —iHiR (pH
4.0, TOZFEE L, WL - AT PAZHE LTz, TORE, EXTI0T I R
1 hAbd 5 pH4.0, BLUOT 1 b AL pH 74 D EH 5D pH FFICTB W T HIOE
JE - HOEIREE OB <P, SiRpHS 1% 10 mM @ GSH (2 & » T b R M #4251}
IRNT ERy o Tz, 2,6-diMe fEEDY 9 G2 NLARRICIRGE L, REZANC T 2 ZEMEZ )
EEETWEEBLLNTND, BT UUVERICE D LUMO =R L X — L~V AT
HE N7 SiRpHS Th - =M AN F A — L OB A2 Z TP TE L L EZHNLD,

Glutathione (GSH)

(@) pH4.0
GSH

0.07 —0mM

0.06 \, —0.1 mM

0.05 // 1 mM
@ 0.04 /,/ 10 mM
< 0.03 /

0.02

0.01

o

450 500 550 600 650 700 750
Wavelength (nm)

(c)

GSH
1250 | A —0mM
1000 41
T 750 - 10 mM
< 500 -
w 250 -
0

600 650 700 750 800 850
ex=580nm Wavelength (nm)

(b) pH7.4
GSH
01 r—omm
0.08 | =—0.1 mM
1mM \\
.0.06 - 10 mM |
3 |
< 0.04 - \
002 \
0 — N

450 500 550 600 650 700 750
Wavelength (nm)

(d)

1500 GSH
| —0mM

1250 | —0.1mM

1000 | \ 1mM
T e \ 10 mM
3 I
— 500 \
['hy

250 - / -

0 —~4

600 650 700 750 800 850
Ex=630nm  Wavelength (nm)

Figure 3-5-7. (a,b) Absorption and (c,d) emission spectra of 2 uM SiRpH-5 at pH 4.0 and pH 7.4 in

100 mM NaPi buffer containing 0, 0.1, 1, 10 mM GSH and 0.1% DMSO.
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7. SiRpH5 O YtEB M D R Et

WEAED L 2 AR pH 71— 7 Tdb % SNARF-1 X° BCECF |3t 41255 < B o #0 e A
A=V TREHELWZ ERHMLNTEY JEEEICHRW L AR pH e —7 BB TER
X, LV ZLOFEBRART pH 4 A—Y U VAR D, & 2 TH%E L7= SiRpH5 DYtk
GitE % et L7z,

1 uM @ BCECF, SNARF-1, SiRpH5 % & ¢¢ pH 7.4 FEMEHEIZH LT, #7327 4 /L4 —
ZB LT 26 mW OJta g L7cf&ic, ot - @t A2 b2 HIE L7z (Figure 3-5-8),
BCECF, SNARF-1 I% 48 J/cm?2 D JERREFIT & 0 a0 iR EE 23 BT AT D 60~T0% KT Lz, —
77 C SiRpH5 13 96 J/em?2 D YIRS 21T - T HEOEHE O FITEN S vz - 72, et
(258 SiR #aK 2 % L L7z SiRpHb 1, BEfFD LY AR pH 7’0 —7 & AR TEW
HHRATMELZFF > TRV, OOV EDOAERS I T v —T7 2% L TRFFMA A —
YT EATHOMBEDND D FERRIIBNT, BORA A=Y =T RDEEZ LD,

LLEo X 212, 6 SiR 2% E+5 2 & T, pKa OWIOBEE OFEN/INE < IElF
Ry 7pgeta 2B SRR EEME S KON GSH ORIk 2 mWEENE, BitA v
I LT pKa e BT HENT VAR pH 70— T OB Z1T 9 Z LITEPI LT,

COOH

HOOC\ HOOC,
N N
i I O
o COOH O OOH

N N
L OOy ey OR
HO o 0 O | i A \

H
HO SO3H
BCECF SNARF-1 : SiRpH5
a C e
(a) KESE (c) (e)
0.08 — 0Jlcm? 0.04 — 0Jlem? 0.05 — 0Jicm?
16 Jlcm? — 16 Jicm? 0.04 ,J/I\ — 32J/lcm?
0.06 32Jicmz  0.03 — 32J/cm? ’ | — 64 Jicm?
¢ 48Jcm? 48Jicm? 4 0.03 | 96 Jicm?
20.04 2002 < ‘
< 0.02
\ / \
0.02 \ 0.01 \ 0.01
0 0 0
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3 00 s2dem =10 — 32Jjem? 64diem? o0 o |
s 48Jiem? g 1 48 Jiemz 2150 96Jicm? T _
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[ A — ol R e [ J
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Ex=475nm  Wavelength (nm) Ex=514nm Wavelength (nm) Ex=610nm  Wavelength (nm)

Light irradiation dose (J/cm?)

Figure 3-5-8. Photostability of fluorescent dyes. Absorption and fluorescence spectra of 1 uM
(a,b) BCECF, (c,d) SNARF-1 and (e,f) SiRpH5 at pH 7.4 in 100 mM sodium phosphate buffer
containing 0.1% DMSO as a cosolvent. Samples were exposed to the light ((a,b) 26 mW, 450-510
nm, (c,d) 26 mW, 515-569 nm, (e,f) 26 mW, 615-695 nm) for described time by a fiber optic
illuminator MAX-301 (Asahi Spectra) equipped with a 150 W xenon lamp (Bunkoukeiki). (g)

Fluorescence intensity changes of fluorescent dyes under the light irradiation.
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FETARE pH I7O—JETIRA NI VERAWEUYY—LDPpHA A—D VT
1. SiRpH5 fZi#k7 & A h 7 » DA%

VR ENE - MR M - B LT R T ORBURICE L pKa AT LA
W pH 7'm—=7 [SiRpH5] MR TE 72728, WITERE ST ~DOEk 21T\, EMfE A
A=V TG TE 20 BEt 217 - 72, BARIZIZ, SiRpH5 % 10kDa 7 X / 7% A |k
T AKERR U, IRIEMEOEY SiRpHS TIERIEFR D 7' a0 — 7 BRI TICIER TE o7z
UYY—LDpH A A=V 7k HERMRT,

70— 7 OIERSOE DR 2 0] ESETRIEER DO T v —7 272570, FARK
BT OFREBE T T —T OMICHEREAY & VRIS T a—T ONFREOEb I 2 %
e, RV x=F Lo 7Y a—L(PEGe Y v —%ATIEM/ NHS = AT V26T 5
SiRpH5-PEGe-SE (89) % & /i L . SiRpH5 f53%7 ¥ 2 | 7 L (SiRpH5-Dex) DAERL 1T - 72,

Scheme 3-6-1. Synthesis of SiRpH5-PEG¢-SE (89)

o
HZN\/I. /\,IJL
o~/ EDCeHCI 0" g OH
DIPEA DIPEA

’ >

DMF DMF/H,0

H
SiRpH5-PEG,-OH (88)

SO;H

[o]

H o
Oy N \/\o/\/o\/\o/\/o\/\o/\/ox/\n/oﬁ
(o)
[of

o , EDCeHCI
DIPEA
88
DMF
SO3H i
SiRpH5-PEG¢-SE (89)
Y. 27% in 3 steps
SO3H

Succinimidyl ester (SE)Z /L C7 2/ T % A k7 NHE# A E7% SiRpH5-PEGs-SE %
AR CTETD, THFARNT DT ALK « AR 7 22K SRR AT 72,
T XA b7 AERHOBIZIE, Dextran : SiRpH5-PEGs-SE=1:3.8,1:7.5,1:11.3 ® 3%
&R T,

58



Protocol :

10kDa 7 2 /7% A ;7 (5.1 moles amine/mole, 1 %)% &% 0.1 M [KEEKFET b
U v LkiEIE(pH 8.4) & 3.8, 7.5, 11.3 24 & SiRpH5-PEGeSE &1 0.1 M jxE/KFET
U U LKESE(pH 8.4) % 1:1 TR LRI : 2 mg/mL 7 X /7% X h7 1, 0.76, 1.5,
2.26 mM SiRpH5-PEGe-SE, 26% DMSO) ., =i T 2 KffEjAR /L7 v 7 2L, PD-10 /L&
WA T BERANT/INGFETHANT a0 - R R L, e — T T R
k7 > (SiRpH5-Dex)® 1 mM /KK Z ¥ L7,

2. 1ER% L 7= SiRpH5-Dex Y2445

wiZ, 1 uM @ SiRpH5-Dex @ pH 3.0 DNy 7 7 —HTOWNEZBEL, 1 uM ®
SiRpHb5 OW R & i35 Z & T, 7 F A b7 12k4 % SiRpHS OEE#E(DOL) % & &
L 7=(Figure 3-6-1a,c), 1=k SiRpH5-PEGs-SE/Dextran 7% 3.8, 7.5, 11.3 O
Sz BT SiRpHS-Dex @ DOL 1 2.6, 4.2, 5.1 £ 720 SE ADEE NV MEE DOL
TR L, 7 BHLET I ) TR A NIV 1IEBARAETHT 2 /7 KE51ELTHD
7o, 11.3 ¥ &ED SE (K& L7 HAI3L2ToT7 I/ EPE#R I LB 2 6n 5,

DOL ®#72 % SiRpH5-Dex DR ZHIE L7z & Z A, SiRpH5-Dex 0 Yo I
I DOL 28 LT 512 LK< 72 A2 H W, DOL = 5.1 Ti¥ SiRpH5 O 25% 22 F T
& F L7=(Figure 3-6-1b,c), £ Z T, TX A T2 1531 7- 0 OEREN D72 < @i
IR R E DOL = 2.6 @ SIRpH5-Dex % LIREDEBRICH WS Z &1 L7z (Figure
3-6-1d),

DOL = 2.6 ® SiRpH5-Dex D A7 MVEREZAGE L7 & 2 A, I - il A~2 ~v
1% SiRpH5 & [AIRIZ pH ZLIZIE U THI 80 nm i Ffk L7 (Figure 3-6-2a,b), F7-. L
UAMEEAIZ IS pKa i 5.7 EEEMEA AT R T O pH PIEICHEH L7 r—T Lir ol
(Figure 3-6-2c), SiRpHb5 fHifk7 ¥ A b 7 U AERKC& /272, WIZU VY —AD pH A A
— VT ERA BT,
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Absorbance spectra

(b)

Fluorescence spectra

SiRpH5-Dex (SE 11.3 eq.)

0.12 SiRpH5-Dex (SE 11.3 eq.) 300
041 SiRpH5-Dex (SE 7.5 eq.) 250 | SiRpH5-Dex (SE 7.5 eq.)
; 008 SiRpHS5-Dex (SE 3.8 eq.) 3200 | SiRpH5-Dex (SE 3.8 eq.)
2 o006 1 uM SiRpH5 f 150 1 uM SiRpH5
0.04 v 100
0.02 50
0 A o ‘ ‘ ‘ ‘
450 500 550 600 650 700 750 600 650 700 750 800
Wavelength (nm) Ex=590 nm Wavelength (nm)
R
() ®
DOL @y &e(M'em?) ex®y "‘ﬁ@v O ,;\\'v
SiRpH5 — 021 23x10° 48x10° Lo
SiRpH5-Dex (SE3.8eq.) 2.6 0.07 59x10°  4.1x10° SReHs:R=cooH ™" )
SiRpH5-Dex (SE7.5eq.) 4.2 0.05 9.5x10°  4.8x10%  SRPHSPEGSE:R= *§' o onron gyl
SiRpH5-Dex (SE11.3eq.) 5.1 0.05 1.1x10° 5.5 x 103

Figure 3-6-1. Determination of the degree of labeling (DOL) of SiRpHS5-Dex. (a) Absorbance
and (b) fluorescence spectra of 1 uM SiRpHS5 and 1 uM SiRpHS5-Dextran in 100 mM NaPi buffer at

pH 3.0. (c) Photophysical properties of SiRpH5-Dextrans. DOL was determined by absorbance of

the conjugates at pH 3.0. For the determination of fluorescence quantum yields, SiRpHS5 in NaPi

buffer (Og = 0.21 at pH 3.0) was used as a fluorescence standard.

®

H o)
° N\/fO’\%JLH—Dextran

SiRpH5-Dex (DOL = 2.6)

Aex (nm) Aerm (NM) € (M-lcm-l) Dn
pH3.0 591 680 5.9x10* 0.07
pH9.0 673 694 8.5x10° 0.10

(a) Absorbance spectra
0.04 —pH 4.0
—pH45
—pH 5.0
0.03 pH 5.5
—pH 6.0
< 002 —pH65
—pH 7.0
0.01 —pH7.4
—pH 8.0
0 ‘ ‘ —pH 8.5

450 550 650 750

Wavelength (nm)

(c)

Ratioggg 673 VS PH

- 1.8
8
u’j 16}
g 141
9o 121
e
(=]
2 08}
5 o6l
_g 04}
[v]
0.2 . . . . X
734 5 6 7 8 9
pH
(b) Excitation spectra
80 —pH 4.0
—pH 45
_. 60 —pH 5.0
5 pH 5.5
S —pH 6.0
— 40 —pH 6.5
w —pH7.0
20 —pH74
—pH 8.0
0 —pH 8.5
450 550 650 750
Wavelength (nm) Em =700 nm

Figure 3-6-2. Photophysical properties of SiRpHS5-Dex. (a) Absorbance and (b) excitation spectra

0f 0.33 uM SiRpHS5-Dex at various pH values in 100 mM NaPi buffer. (c) Plots of ratio values vs pH.

For the determination of fluorescence quantum yields, SiRpH5 in NaPi buffer (&g = 0.23 at pH 4.5

and 0.11 at pH 9.0) was used as a fluorescence standard.
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3. SiRpH5-Dex % iV 72U ¥ v — 40 pH HIE

BRMEAN TR T THD U Y V=401, 7a bR 72D ZONEHEBIEICRSZ &
TR FRESE R OTEPE A TUE S, SR, MIIN TREL R ofe X LN SN
MO IANTESZ R BEDRREAT> TN D, VY Y —L0 pH ZFEMHEICRDZ &3 T
TR 72D LA RIRBIZOBRNR DT ENAOLNTED | EERD A = X AFERHIZBWT
VY Y= pH ZMET D LITHETH D,

INETY Y Y—=L2OpH DL A A A= 0 7E, BeESM T RN 3 2 ke
WHEARETNVA LA L pHIFKEO RGBS AR R — 2 I O 2FEO (A 2 [RIFFC
TXANT AR U “EHIE#T XA T EANTUIThILTE 2, Loy, EREFIE
IHERET F A T COERPNEHETH 2 2 L0, HARRAIZIWT LA LA o EORRAIC
SRR — X IV EFIAT A ORI LA EE ST D 2 L k& IR EOEREI A il
AT 210~V TF DT —A A=V T LoD 5y & ORIFFBENEE L\ 7 PR x 7
BN DD, £O7D, JSAREICHE | 1FHEOBRET TLIAA A -V TRTE,
WFNT—A A=V ZICHIGETE D SiRpH5-Dex X, VY Y —LAD pH A A=Y 7|
FEIHHATHDIEBEZBND,

% Z T, SiRpH5-Dex #/HNTVU VY —LD pH DL F A A—20 72470, B LT
T —T7OFAMERT Z EERA T, FRIZIZY Y Y —AD~—H—Th5H Vamp7 L35
gk & /7 B Venus & ORLE 5 v /37 & ZEFRBL L 7= MEF Mo OK BF70E L 0 3#5%)
A L7,

Protocol :
« MEF #if2> U > ) — LR A 7o Yuth,

Vamp7-Venus 81 MEF #iid O55H#1% 200 pg/mL @ SiRpH5-Dex % & ¢e DMEM (10%
FBSIZi#E#2 L, 37°C T2 WffilA ¥ 2 _X—3 3 > L72tIZ 3 Bl wash L. 5 DMEM
T3WFEDRA b A F a— g &7V, R REOREIMENIC CHOBlE 21T o 72,
(SP5 setup: Ex = 510 nm (20%), 580 nm (40%), 670 nm (30%), Em = 530-560 nm (PMT
700), 690-750 nm (HyD, Std130))
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(a) (b) (d)

o n\/(c’\fL”-Dextran 200 pug/ mL 16
® SIRpH5-Dex € g -
{ ' 2hr wash 3hr E
B SOOI —3—p——3 Imaging
L srec 3roC 14
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e o8 |
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Figure 3-6-3. Lysosomal staining with SiRpHS. (a) Schematic image of endocytic delivery of
SiRpH5-Dex to lysosome. (b) Protocol of the experiment. (c) Representative fluorescence images
and (d) lysosomal ratio values of MEF cells stably expressing Vamp7-Venus. Filled circles are

means *+S.D. for individual experiments, and open circles are overall means *=S.E.

VY Y—AFE ity X7 8 Venus Tifak L7 MEF fifldicisnC, U Y YV —AN
HZ SiRpH5-Dex HIRDHE N R 67 2 &6 AERK L7z SiRpH5-Dex Z 5 Z & T,
U VY — BETRIRICE TR TE 5 2 &30 ho 7= (Figure 3-6-3¢,d), & Z CkIZ, U Y
V= LOWHEMALRIE L LT T VBT AOUIIZES U Y Y —AD pH &
{bDO VI FAA A= 0 7EATV [BEEMIIE A2 W TERL L7 &2 6 pH OE & & i A7z,

Protocol :
- MEF gV Y Y —2D pH A A=Y 7

AR DFEIZ LY SiRpH5-Dex # MEF fiffldd U YV YV — MZHERE S 5 =W RO R
WEETHA LT T AL A= 730 frame/min, 3 2 D EITV, A A= BRGNS
57 T IR T 33 mM @ NH4Cl aq. 2@ L7,

- B AR OVERL

AT D FIEIZ LV SiRpH5-Dex 2 MEF #ifad U Y Y — LR S E 2 =2/1d 2 10%74s
= U o CHEE=7ME % 100 mM NaPi buffer (pH 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.4) T 2
Bl wash, E#iL7-%ICHESEOLBMEECRIZE, U Y Y — L4 4~5 {2 ROI (Region of
interest) |ICA D X 212 1 Mifad7= v 4 » s ROI CHA, 4 flifasrd ROI & L o F DL
%z pHIZx LTy kLT,
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(a) Timelapse imaging
(2 secl/frame, total 2 min)

SiRpH5-Dex Ratio|

SiRpH5-Dex 1.8

loaded NH,CI aq. =
| |
MEF cells 5g goc / 64 sec £
— H
=
(b) . EMgoo.750nm (Ex. 580 nm)
Ratio =

EMgoo.750nm (Ex. 670 nm)

[ G G Gy
0 W = =2 N W s~ O

o o

Ratio (Em690-750, Ex580/Ex670)

45 5 55 6 65 7 1.5
pH

NH,CI
(c) 0 sec 54 sec 56 sec ‘;f 58 sec 60 sec 120 sec

Figure 3-6-4. Measurement of lysosomal pH changes with SiRpHS. (a) Protocol of the
experiment. (b) Calibration of SiRpH5-Dex-labeled lysosomes in fixed MEF cells. Cells were
labeled with SiRpH5-Dex and fluorescence ratios were measured with Leica TCS SP5. Bar means

+S.D. (c,d) Fluorescence images of the cells before and after the addition of NH4Cl aq.

B~ CEEMOSMNE Z R4 72 pH Oy 77 —IZE#RL, VY Y —AMERLEZ
SiRpH5-Dex HIKRD®E D L o F 24K D pH I L TEMESEDL Z & T, MigNoD
SiRpH5-Dex DD L A L pH & O s A VERL L 72 (Figure 3-6-4b), 1EAL L 72 i fi
Mz & 2 A, Figure 3-6-4d (2B T ROI THHA LY ¥ Y — ADHLT T =17 LD
EG(A A= > 7Bk 56 7)) pH 13K 4.7 TH Y | MIAMKIZIELT =7 DA
EMZ T A= 0 T 58 BMEICIX, £ @ pH 234 6.2 F TR EEME L3 28k
T &7z (Figure 3-6-4c,d), F72. 25 OEITHE STV 25 R L O Rk
(EERFERINEED U v Y — 240 pH & [FIFLE TH - 7= 43,

bk X 51z, SiRpH5-Dex & A5 Z & T, U Y Y —2A0 pH BHIEMALT DR 2 1%
FRFEIZ29 5 Z L2k L7=, SiRpH5-Dex % 30 frame /min T 10 73O 217> TH N
FREEE A ER I HRVE VARG 2 A L, ok - sty v X7 g L Rk
I TE D700 DAy FO%E) & pH Z{bZ RIRFICBIZE TE 28N/ pH 72 —7
Tho, 20D, VY Y —=00 pH ZUICED L EMBIARDHEN~ L SHRAMS 5 2 &2
Mo,
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FEEH oY ) VDEEBREDpH A A =DV

1. SiRpHH #Eik b7 > 27 = U  DBA%

. o K0~ iR
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endosome (RE) ::ld;_;?;‘s (EE)
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Figure 3-7-1. Schematic image of endocytosis of SiRpH5-labeled Ttn and transferrin receptor

WIZ, SiRpHb % & L /R 7 IR L. FEEDIEMEA N TR T D pH A A —2 2 ZITRH]
TELHZ e amT e, S A Ml idad 20 FEK80kDa DX /"I EH [T
A7 =V A(T)) IR L, T OEEREDO pH A A —Y v 72k,

Tfn 1%, 2 7O A 4> L EARMHolo T Z KT 5 &, MO h T v 27 <
U U ZRR(TIR) EFEA LTy R A b= 2SN Iy K Y — A055[EM: pH BR5E
TEREWHE L 72 %I YA 27 ) 7oy B Y — Ak S, £ O%MIEEEICRSh
TfnR & 73 5 (Figure 3-7-1)44,

INETELOMIITBNTIAA LA TE#K L T ZHONCYV A7) 7=
¥ RV =20 pH EDTONTELN, pKa 3 T O 7 VA LA AIFHERMED AV T+
TTHHLIIA 27V T2y RV — O pH PIEITEH LW EE X HAL5 87 38 45,46,
—J5C SiRpH5 [Z5MMEA LR Z7 0 pH MIEICE LTz pK (= 6.DZH L TWDHT20,
SiRpHH #F Tn 2 WD Z & TRV EREIC Y A 7 V7 RY — L0 pHBIEDT R
HEEBEZOND, £z, Tin 1IFBEMEOYII= Y Y — N TEA 4 & f#EE L 72121, pH
DO UEBEHEMEAL L2V YA 7 VT2 R —ANEEE SN D 2 ENH LTV D MR,
MW= RV — LA OREMEEIZHE LT pKa 273 pH 7’0 —7 R[S TV RN 870,
Tin OIEIEBFEIZI T 5 pH Z ORI 2 BIZIL 2 E THRE ST,

% ZT. SiRpH5 % Tfn (2% L 7= SiRpH5-Tfn # /B L. T 2A¥IHl— > K Y — A0 b
VYA 7)o Ty RY —h~Eik S DR pH ZLORRHR L A A A=V
Tl AT, ERlaA A= 702, VA7 ) Ty R — ARBEOREFIZES L
THYEREMAEIE L300 COS-1 Ml AL 8E L i) 2 A Lz 47,
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%9, SiRpH5-PEGeSE (89) % %1 4 L #E&M Tfn(Holo-Tf)lZEERR L. 7 /VIEE S T 2
\Z K AR ZFT o 72, BEEROFRICIZ, Holo-Tfn : SiRpH5-PEGe-SE=1:8 B X0 1:11 D
2 o i AT,

Protocol: Holo-Tfn % & pH 8.0 7 VKR & SE K% & 17k UV EARE@E R A2 1:1 CTIRF
(R #%  5 mg/mL Holo-Tfn, 250 pM (4 eq.), 500 uM (8 eq.) SiRpH5-PEGe-SE, 10%
DMSO)==iE T 1 KAV T v 7 2=PD-10 7 /VEia A 7 2% AWy 1 & Tt %%
HE - SRS BRI | AR T O KVEIR 2 1ERL

1 pM @ SiRpH5-Tfn @ pH 3.0 DNy 77— TORSCEAZHE L, 1 pM © SiRpH5
DOYWSEHE L g3 % Z & T, Holo-Tfn (249 % SiRpH5 D iZk%k(DOL) % ik & L 7= (Figure
3-7-2a,0), IEFESEHE D SiRpH5-PEGe-SE/Holo-Tfn 7% 8, 11 O¥EMELMAICH VT,
SiRpH5-Tfn ® DOL 1% 7.3, 9.9 £72 0, SERDREENE WL DOL X FH- L7,

DOL D472 % SiRpH5-Tfn O PRt ZFi~7= & Z A, SiRpH5-Tin O HOE &R
DOL 2 ERT 213 LKL AR A HAICH B, THA LT v E T 5 & @t &1 IR
o> Tz (Figure 3-7-2b,c), ZAULTT F A R T AT Tin Oy FRENB KX < | JEEE
HEADBAECIZS WD EEZBND, Tinl 51 &7 D ORERED D78 < @t EIERA
A9 DOL = 7.3 @ SiRpH5-Tfn % LD EER WS Z L2 LT,

(a) Absorbance spectra (b) Fluorescence spectra
025 1200 - SiRpH5-Tfn (SE 11 eq.)
SiRpH5-Tfn (SE 11 eq.) SiRpH5-Tfn (SE 8 eq.)
0.2 1000 -
SiRpH5-Tfn (SE 8 eq.) . 800 -
,; 015 S
£ o1 1 uM SiRpH5 % 600 - 1 uM SiRpH5
’ 400
0.05 200 -
0o " T~ N 0
450 500 550 600 650 700 750 600 650 700 750 800 850
Wavelength (nm) Ex=580nm  Wavelength (nm)
(c)
-1 -1 A
i DOL @y &(M cma) X Dyg - H0:$9 o~ O . _N+
SiRpH5 — 021 23x10° 4.8x10 ACUSAS S

0:8:0

SiRpH5-Tfn (SE8eq.) 7.3 0.17 1.7x10° 2.9x10* SiRpH.5:R=COOH _ On
SiRpH5-Tfn (SE11eq.) 9.9 0.14 2.3x10° 3.2x10* SIRPHS-PEG, SE :R = oxnwwuwwomwoqoﬁ

Figure 3-7-2. Determination of the degree of labeling (DOL) of SiRpHS-Tfn. (a) Absorbance and
(b) fluorescence spectra of 1 uM SiRpHS5 and 1 pM SiRpHS5-Ttn in 100 mM NaPi buffer at pH 3.0.
(c) Photophysical properties of SIRpH5-Tfn measured in 100 mM NaPi buffer at pH 3.0. DOL was
determined by absorbance of the conjugates at pH 3.0. For the determination of fluorescence
quantum yields, SiRpHS in NaPi buffer (&g = 0.21 at pH 3.0, 0.11 at pH 9.0) was used as a
fluorescence standard.
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2. SiRpH5-Tfn (DOL = 7.3) DYt 4 D kg4

(c) RatiovspH

—_
N

H H
Oy, N 0. 0. 0. N
SN0 OO g \/\g “Holo-Tfn

®

—_
T

o
=)
T

o
o
T

0:5:0 SiRpH5-Tfn (DOL = 7.3)

o
e
T

Ratio (Em700, Ex590/Ex673)

Aex (hM) Aem (nM) €(M?em?) @y ex Dy

o
[N

pH4.5 596 682 1.6x10° 0.14 2.2x10° 4 5 6 y 7 8 9
pH 9.0 673 696 2.5x10° 0.05 1.3x10* P
(a) Absorbance spectra (b) Excitation spectra
0.08 - —pH 4.0 350 _pH 4.5
0.07 - —PpH45 300 | —PpH5.0
—PpH 5.0 —pH55
0.06 - pH5.5 250 pH 6.0
$0.05 —pH 6.0 E L ——pH 6.5
< 0.04 |- —PpH6.5 g 20 —pH7.0
: —pH 7.0 =150 ¢ —pH 7.4
0.03 |- —pH7.4 100 | ——pH 8.0
0.02 —pH 8.0 —pH9.0
0.01 + —pH 9.0 50 -
0 . . , , ) 0 : T T T T v
450 500 550 600 650 700 750 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm) Em=700nm

Figure 3-7-3. Photophysical properties of SiRpH5-Tfn (DOL = 7.3). (a) Absorbance and (b)
excitation spectra of 0.31 uM SiRpHS5-Ttn at various pH values in 100 mM NaPi buffer. (c) Plots of
ratio values vs pH. For the determination of fluorescence quantum yields, SiRpHS in NaPi buffer

(®q=0.23 at pH 4.5 and 0.11 at pH 9.0) was used as a fluorescence standard.

DOL = 7.3 ® SiRpH5-Tfn O 2R % k4 L 7= (Figure 3-7-3), WX - b 2 ~27 hv
% SiRpH5 & [AERIC pH Z1biZ)E U TR 80 nm £ KAk L7=(Figure 3-7-3a,b), F7-.
SiRpH5 #4Fak L CH Lo HMEZARIZHS < pKa lIFZ T e <. BIFFE 0 ICfetEA L 47
* 7O pH PIEIHE Lz 7 v —7 & 72 5 7= (Figure 3-7-3¢), ¥ v /N7 EORMEITIIFE~ 72T
2 BRPIBEAIFELTODER, EVWPEG Vo —2 N0 L CTHE#E1T5 2 L TFu—7 0
PREEHERFCE LB X TV D, ZDT2%, SiRpH5-PEGe-SE % A\ T, Holo-Tn (2[R
BPREx e 2 7 \Z SiRpHS ZAE#T 5 Z & T, BRA AV R TISEINIC ST X
5pH 7r—T7RHETEDLLEZALND,

WA A= U TNy PR 2 9% SiRpHS ik b7 v A7 = U U HERLTX
Toied, FT7 U AT7 2V OEEfED pH A A —V 7 il AT,
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3. SiRpH5-Tfh # W2 T v A7 = U OidEafio pH 4 A —2 0 27

(a) (b)
25 pg/ mL j Timelapse Em
SiRpH5-Tfn loaded imaging Ratio = 680-750 (Ex. 580 nm)
/ - ato=———
20 min Wash (10 min)

— > EMggo.750 (Ex. 660 nm)

S5
> rd

COS-1 cells 4°C 4°C 37°C

13
. % 1.2
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E0.7, |
0086 ¢
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d . . . . .
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Figure 3-7-4. pH imaging in trafficking of transferrin. (a) Protocol of the experiment. (b)
Calibration of SiRpHS5-Tfn-labeled endosome in fixed COS-1 cells. Cells were labeled with
SiRpHS-Ttn and fluorescence ratios were measured with Leica TCS SP5. Bar means + S.D. (c,d)

Timelapse images of the cells incubated at 37 °C.

Protocol :

- COS-1fifRIcBIT D F T A7 =2 U Okl e pH A A—2 > 7

EGFP-Rabll % —i#{F 58l X ¥7- COS-1 Mifantshz 25 pg/mL @ SiRpH5-Tfn % & e
HBSS [ZE#HL L., 4°C T20 A v FaX—2 3 L7242 2 F wash L, A SEGEE
WEETIZT 87°C THA LT TAA A= T %FT7-572(2 frame/min, # 10min), (SP5
setup: Ex = 488 nm (20%), 580 nm (60%), 660 nm (45%), Em = 500-530 nm (PMT 900),
680-750 nm (HyD, Std136))

- COS-1 MRl 31T 2 B @& DR

COS-1 i A 25 ng/mL @ SiRpH5-Tfn % & ¢ HBSS (ZE# L. 37°C T 30 4>fH
Ao Far—T gy LRI E 4% KL AT LT RCHEESIMESZ 5 mM HEPES
buffer (pH 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.4) T 2 [A] wash, &t L 7272 HE UGB
BECHE, VA7V RV —2% ROI CTHA, 5#iidsyo ROI O L 40l
& pHIZK LTy FLT,
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(a) 0 min (b) 10 min

SiRpH5-Tfngs5 | GFP-3xFYVE (EE) | Merged SiRpH5-Tfngs | EGFP-Rab11 (RE) | Merged

Figure 3-7-5. (a) COS-1 cells transiently expressing GFP-3xFYVE were incubated in HBSS
containing 25 pg/mL SiRpHS5-Tfn at 4°C for 20 min, then washed twice, warmed to 37°C and
imaged. (b) COS-1 cells transiently expressing EGFP-Rab11 were incubated in HBSS containing 25
pg/mL SiRpHS5-Tfh at 4°C for 20 min, then washed twice, warmed to 37°C and imaged after 10 min

incubation.

Tfn (AR B> TR EF5AT 5 &= R¥A b—v 2 si, 558EQEH 5.0~5.5) D))
M B —AEE)~EE S, 0% 10 531FETEE L9/ L pH OFE W (pH 5.2~6.6)
VA7) 7o R —ARE)~EHESND, —F, 4°C TA o FaX—Ta %217
9 & T, Th TSR ET 2Ry R A b= AR bRV EMbN TS, £
Z T, 4°C T COS-1 #ifafEE kiz SiRpH5-Tfn ZFEA SH 721412 37 °C ITIREE LT,
SiRpH5-Tfn ¥ = KV —A, UV A 7 VT R — ALk SN DO pH &
CDEA LT T AA A= 7 hikIri=(Figure 3-7-4),

SiRpH5-Tfn (DT KV —AD L AL, BIEBRMRE L ITEENE 2 R @ vl 815
v, HEE oRGE & AR M~ & 2281k L 7= (Figure 3-7-4d), SiRpH5-Tfn O JF{EZ <5
&, BIEMGE®%O min) Tl EE ~— 7 —TC® % GFP-3xFYVE & LRTET 52 &b,
E \ZRET 5 Z &N HU(Figure 3-7-5a), #£204A 10 /321X RE O~—H—T
&» 7% EGFP-Rabll L ILJGET 2 2 &006 ., RE ~ LWk S d 2 &3O b iz (Figure
3-7-5b), SiRpH5-Tfn 7 Tfn & [FIERICHENIE SILD Z &3y no =i, [FHEMIE TrER L
7ok 2 O Tl iB e o pH O E &% 1T - 7= (Figure 3-7-4c), = OfER, BEBMAE %
O EE 28175 pH 138 5.1 TH Y, RE ~ LWk S DIV 6.2 £ THREM LT 5 Z
ERBIERINT, INOLOMEIFHRESN TS EE X° RE @ pH LRIEETHY 48,
SiRpH5-Tfn % H 5 Z & TEWMEA /LT % 7 OfERi 72 pH JIEIZ MO TR LTz,

ko X5z, BF L7z SiRpH5 T #HWNW5Z LT, N7V A7 U URPi=2 R
VBN H VYA T RY — AN EHE STV BEO pH 2l A R REA BT
T 5 LIZRkEh LTz, SiRpH5 ZA%5k L7z % o /X7 B Olkimfe o pH ENELHIITZ D
TN HROH D H T B OWEEFEIZI T 5 pH Sl OEEI A X0 FEMICHENT T X
LRI D EHIFFIND,
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FTINE LIAEpH TO—TORREEADZXLIZDVNTHDER

ARHBFFETHA%E L7236 SiR 2Rk & L7 pH Y0 —71%, BTV UVEROMEIIKRT 2
JENTa b END LEEME R E TR ESKE S EERE(LT B0, LYy
AHO pH 7a—7 L L THEE LT, L LARRE, —RIce —4 2 LV REEGHEOWIL -
SO R pH B O ELZ T 72N ERMBLATEY, pH ITIRF L CTRIE R/ K E
SHERMAT 20 —F IV RENAEITINETHEINTELT A pH e —7 Ol E
BAEA T =X RIS o T, Fiz, WERZEFHEEZFIN Uiz v A REE
H—7 ORI LR VELEICERITIEFICRESNTND, ZOD, A7 0 —T7 DK
ZAVRERE DS C Z AU, FERIFR SIR ITA A L o AR 7 e —7 ORZE L 720 | pHIZ
FROTHEA 70 L AR T 0 — T ORI N AREIC /2 5 & &2 bivd,

2T, #EAEFERTIEE O TIESR SIR 8% & L7z pH 7'r—7 O EE(LA D
= X L DT ik IR T2
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(a)

‘ Excitation spectra in NaPi buffer ‘

pPK,=6.7
1500 — Non-protonated + H+
— Protonated P S
—_ —
S 1000 _H* N
«
= 500
Protonated form Non-protonated form
0
Wavelength (nm)
(b)

TDDFT-based predicted (calculated at the B3LYP/6-31+G* level, scrf=water)

absorption spectra
U
N Si SN+
A

\ Si
+
A
H
Protonated form Non-protonated form
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40000 — Protonated

30000

20000
10000
| Ex =630 nm (calcd) | | Ex =673 nm (calcd) |
0 T T 1
450 550 650 750 f=0.9720 f=1.0552
HOMO ->LUMO 98.4% HOMO ->LUMO 100.1%

Wavelength (nm) GER#IE#) HOMO <-LUMO 2.2%

Figure 3-8-1. Observed and calculated spectral properties of SiRpH1. (a) Excitation spectra of
SiRpH1 (76) in 100 mM NaPi buffer (pH 3.0, pH 10.0). (b) Predicted absorption spectra of
protonated and non-protonated SiR (75) in water calculated at the B3LYP/6-31+G (d) level.

ZAVE T SIR FHOWIEE DO FRNZHW SN TE 72 TD-DFT EEZ W TERT VU RA
95 SiR (D71 b bR B LT 1 h AL DO KT TOWILIEE Z 75 L.
SiRpH1 (76)» pH 3.0 (7’12 F L ALR)FB L O pH 10.0 GE7 & kALK D U o ERfEERR ¢
DFHEES & & i 217 > 7= (Figure 3-8-1), TR R 1X, xIFr7e SiR FEHO S D WL
£ LRI L B PRI E ok B A2 O THIE L7262~ 3 (Figure 2-5-2), SiR(75)
D7 a b ALERB LT v b ABIRD So—81 ~DERITIFIESE T HOMO—LUMO ##
THERR SN TEB Y BRWRILERIZZN 21 630 nm, 673 nm & 75 & 7= (Figure 3-8-1b),
b OfElE SiRpHU(76) D 7' v h KB L OYET 1 b AKEROER O ETH 5
630 nm. 666 nm EFEFRETHD Z &b, o FHUEFRIC KD W R OZET 2 AL
SALEBETEDLLEZZ DN,
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(a) Non-protonated form

7

H1419A 1.336A

Figure 3-8-2. Calculated most stable three-dimensional structures of (a) non-protonated and (b)
protonated SiR (75). Calculation was performed at the B3LYP/6-31+G (d) level.

9 IR SiR (15) D7 1 R ALK L FET 1 M ABIKO R ST e ERE O il &
1To7= (Figure 3-8-2), XTI VUVERT I /D7 a b AbIZE Y, 97 8D C-N
HARIE1.351 A—1.336 A & 720 “EHAMESHEAR L, R CeN fHAKIE 1.364 A—
1419 A L WAV T 5 2 L ho Tz, /o, ZRICEEVN T 1 R AR BT,
7T P AR E L RTERT D URNK 20 ERE L o HEN R EMSE L R o T,
Figure3-8-2 DIRKFITAR LICRBIR 11X, FE7 1 b AR TIES Yo 7 VB O Gk
)LV E REICEEZEH LTS~ T, 77 NAMK TR FEO FIZRELD Z &b BT
VUBRMPEEE L TWD Z e 00D, ZOMENRG IR L EMENFHLH72D, 7 b
NEEROERT U UBROMAEE 45, 90 FE, 135 . 180 E L CTHEIERIE 7= 4 DO R 5 )
B S S FoB L E R 2 A8 728 ARSI 20 FERIEE L 7= & DS e e & Te o 72,

VL EDOREREREND, BT UVBROIRMET X/ En7 e h AL ST e B 1k
Bl L 72D & ¥Y T VR CoN A DOHMAMEIER L, EXTUVERRIF 7 VB
DMK U TR L 7o S D e I ERIE T2 D 2 & DR S T,
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(Calculated at the B3LYP/6-31+G* level, scrf=water)

_ LUMO
-3.0 LUM O w O‘ “Z)’) ‘ O
3.5 { OQ Qﬂo
4.0+ — 3.30 eV
% a5k — 3.48 eV !
5 A
e 55 — \m\J vn
65 % Homo — 5.65eV
— 6. 04 eV
-7.0 -
A N
Foatat SN ac ot
Protonated form Non-protonated form

Figure 3-8-3. Molecular orbital calculation of non-protonated and protonated SiR (75). Calculation

was performed using B3LYP/6-31+G (d) with water as solvent.

Wiz, R SIR (TB) D7 v R AR EFET v R AUIRO Sy B & bl d 5 2 & T, )
I B2 D A I = X L% 4E52 LT= (Figure 3-8-3), x5 SiR (TB) DASIAET X/ &0~
g hAfbEind & LUMO =% /LX— LUt HOMO T3 /F— L~V H K9 528, FF
IZ HOMO =R F— LR RE KT T2 Z &L THOMO-LUMO =3 /LF¥—F % v 7
MREL 720 WIEENERRAT 2 L SR,

DTHEE T D L T R AR EIET v b ABERO LUMO 123K & 7258 W AL D
nigol-—J7, F7m b Abd HOMO (21X BT U VB BICREORAITR LI H Aol
ERFET D08, 71 b ALKRO HOMO ([ZIZFE LR o7z, 7 u b AbRiZ e T v
BRAXYT T VRICH L THWTWD 72D, BUEDER D PNNS LS Rotelzb bBEZ bR
D, D, 7a MAURTIIGES YR EAERA Y . HOMO =3 L ¥ — L L D%
EAEDELTEEZEZBND, FRFZ, 717 hABEKIE CoN O AENEL o772l
ERTUUBREFY T VEROER EOGREEMER AN S Z L1285, HOMO =
ANF =LV OZELBAELTND EEZ LD,

UEOHFIZED, XTI UVEBREART HIESH SIR 172 hfkic XL 5 HOMO =%
= LD TECITEW I RN ERRL L TWD Z RIS Nz, £DId,
XY UTFUBOL ) —HFDOT I ) EFOTAFABEBRLIILEENARETHD EEZ B,
TFVEBIL A EUNORINT 5 2 LT, T OIHRFRICG S TERINEREFT 570
— 7N TELLEZOND,
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EAE ME

Bz R BRI 2479 2 06 PR SIR B E 2 ¥ A 92 2 & T pH Z{EI)E U THIY
WENRKRES BT DERNT O UEREA U R LA AT 5IEFR SIR AR Sz,
REHOFREREE L, EXTV VR BICEFRIIEEZEAT L LT, BEALVTRT
IZi L7z pKa 2 AT 5 B ERE — R ERYEo LA pH 7' a—7 [SiRpH5| OBH%&IC
B L7z,

B—& I U R AR L Lo L AR pH 7 e — T I3 R OWETH 0 | BEFD
7' —7 X0 b ARATTEICERL, REHOA A= 7@ L pH T r—7 e o7z,
FART 0 =TI XREOER Y VIR WER, fRE, EHEAadty N7 E LRIV S
ZENTELED BHFEOTa—7 I3 LW~ LT H T —A A= b L7z pH 7
n—7 kol

K70 —T VL@V KIEMEE R U, ZHEC S 8 R OARE S IR L C b pH FF
PEZHERF CE B2 FARE S TITAER L7z pH 70 — 7 2 15 ORI/ MR E ISR
%%LT;H/ﬂ%~V/7€%?5_kﬂT%%>5%% FERZX T ACERH L -
SiRpH5-Dex ZHWT U VY —LBIRMIC T 01— 7 25 L, WA LRIEOTIITLE S
U Y Y — 20 pH ZALDOTHRAICHES Lz, 72, h T > 27 = U k% L 7= SiRpH5-Tfn
ERAWT, R A7 2 ) UREESNDIBIEO pH ZbD X A LT T AL A=V 72
FEh L7z,

AR EROTAT =T ORI REICD AN =X LDELE T2 2 A, B
FIUVEROT 0 N ALIZEEN R T VRO C-N S OB SN KT D 2 & TR
ROEERNEZD ZENRBRENT, TOD, YT UVREOL I —H0T I /K
EHEOBHIC L, AT 2 HERICA DY T 0 — 7 ORI E O RS E A /6
boHEZEZDLND,

LED L ST, KT v —T13ERF~DEMR pKa OFEE, WL « #OCIR ORI
BHTHDHIeD MHT LIHFRCHEDOS 54N H R T IThGED pH 70— 7 2R 52T
WA o TCEBHENTFEEZ OOV VA pH 7' —7 CTh b, £D7=8, pH O %A
BROMPICRE AT 5 Z L3 liff s s,
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ABFIETIX, R DRIV IC B O CER ST e — T 2% T 5 2 &N T
%% SiR #OEMICER L, FHEOEHATH 2 [IExHR SiR) O ket 2 K T 288
BRIEDBIE ZAToTe, ZHUT XY | FERSNEOET 7 — 7 DRI « HOGIE & O RS HIlE <0,
FOCHIEE & LTI S 2 B EE FBEIRC A B w BRGSO O SUSMEIZ B 2 3OO
HOMO - LUMO =RV ¥ — L ~ULOREEGITN AIRE & 22 o 7o 7o sd, T 2065 R0 L
ToWRINS e % L SIN DN TR BRI T 0 — T OB NE S L 7x o7z, 514,
TREN BRI T 10— T Doy FiRGEE « GRICAFE TE DA RA NN D Z &
T, EMBEOLF LV TOMBICERT 2 Z Eh s n s,

F7o. PR SIR A RE L $5 2 & T ARAMEIR CIX Z AL E TRIA CE o 7oadlt
HIEETH DT X FEOLHERM 2RI LI RN T 0 — 7 OB N ATRE & 7e o 72,
Lt BT =T 3 FETET invivoA A=V TICRERFEEEZRIZL TN Z ERT
MEINnHH . KUFEOH R 2 LBk % 7 RAVEDE 7 0 — 7 23 BAJE S v, B EiR T4
A - B A N = X LOMAIICEIRT 2 Z ERHfr s D,

I, FERIR SIR 205 L S 7R 72 A bR 2RI LC, Lo AR pH &7
0 — 7 ORRICRI LIz, A7 —7 13 FEO LY A8 pH 7P u—7 & e _RTOBER ISR < |
FanLEAOENOELFFFICHND Z LN TE D L0 ) Bl % ks 2 2= pH
Ta—7Thol, pHITkkx 2 EMBRICE D S Ml 0 BEELHIEEE CH Y . £<
ORENDEB L TNDHTeD, K7 —T7 By —L e LTABIESERShD Z &R
WP SN 5, 7. AWFZE TR L 72N & ORI R O T pH LIS o L o A R0
Tu—T7 OBICBISHAEETH D LB X DL, JERFR SIR 2R LizHilzz L
AT v — T DRI OER b SN D,

LLED XS, FUIARBIFEIZEWT Si v —4 X Ui AR OE RN E S 7oA Tk
AT H 2 LT, AR R R T 0 — T DRI 2 S NSRRIV E A A —D
7 DIERIZETR LT,
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Figure 4-2-1. Molecular design of pK, modified pH probe (93).

AWFFETRFE L, PEA LI R T TOAMIA A —Y 2 706 H L C& - SiRpH5 XL
VAR pH r—7 & L CHERITENTMEEE R LT, —FH T, OV AHEEND pKa
361 THY VYA 7)o T B —LEOFRIEA /N3 T TR 513 7l
N, LOBEEOEWANLTRT THDHY VY —ALH<5.000 pH % IEfEICHIET 5 7-

E, BIEWpK A L7 —T OB NEE LU,

KT =T D pKa lZERT VT I FRIZEBI NI DN EOBEBRILIZ IV ES
\ZAHFERTRETH U . 2-sulfo LT NIAREIZ LY pKa & 0.7 7] LS, 4-sulfo F&IXE 7K5]
PEICEY pKaZ 0.3 1K T2 Z 200 oT, £ 2T, 4-sulfo L FIZEDNA > NEE
AL XU UNVEEOR RN A L 720 3-sulfo, 5-sulfo A EATHZ L TFr—T7 D pkKa
BH5RREFEF TSI, VY Y —20 pH MEIZHE LT pKa & @\VKEEEZGT 5 pH 7
a—73)NHFETE 5 L& 25N D (Figure 4-2-1), AREITLLFOAXF—22 X0, il
@ 3,5-disulfobenzoic acid (90)7>5 3 TR CTEMR TE 5 &5 % 5115 (Scheme 4-2-1),

Scheme 4-2-1. Synthesis of 94.

COOtBu COOtBu COOH

HATU Z)TFA
NaoasJ@\g ~AALICRY = AT O O 5 O b 510: O 5 O b
HN S HO,S

HO,S
90 91 5
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Aex (NmM)
pH 4.5 588
pH 9.0 668

Figure 4-2-2. Molecular design of absorbance wavelength modified pH probe (94).

F7-. BFE L7z SiRpHbS 1&, L AEOZE b EZ RKE < T 5729H121%, 580 nm & 660 nm
DN EFHNTA A=Y U T EATHILEN S 500, HE RSB EICH S TS
FRREDO L —%—12633nm TH Y., SiRpH5 DOJFHIEIZILIE L T\ o tz, 207, I
BAIEDOKRTIA R TA FL—F—ZHWTA A=V T 2T TELN, WHIN DT
RICHE LRI R AR T 57 —7 2T 52 TEVZ OMEENART n—T %
EHT&2 X5k 5,

HBEALRICEOART O =T OWELBA D =R L EELZ LA, XY UT U 3 if
DEART I HIFHEREITLATIT RS, MOT AFAEBHELTE 7 a FoARITHE D 3
REMPEZD ZEPRB SN, ZDD, AV R UEZ D AF LT =) AAEEIC
LT SiR (94) ZBRFE T 2 Z & T, W E &) 25 nm B R L ST LH S5 633
nm He-Ne L —%—_ 561 nm DPPS L —#—|ZHIGZEDHZENTEDLEEZOLND
(Figure 4-2-2),

ZNHD pKa RN EDOFELEZITO 2 & T, XV EL OEMTFNREFICAR T e —7
PRSI, pH O EMBRITEBNTEY L OMANGFLND Z L 28T 5,
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2. BREMBIRIZBIT S pHA A=V

H o
°. NV‘(O’\zJJ“H— Dextran

0:8 ;
N(J‘ /s\ \
so;  SiRpH5-Dex
\@ Lysosome
Autophagosome N Autolysosome
GFP-LC3 _— —_

Figure 4-2-3. pH imaging of vesicle fusion between autophagosome and lysosome.

AN TRH%E L2 SiRpHS-Dex 1%, HEAHKF LT EDOVNANTHT—A A=
V7 EATWIRR S 30 frame/min O L — M TRET D52 ERAMRETH Y S HIZAL— T
10 IO E A LT T AL A= 0 7 54T o THHMBAIZIZME R o T2, T ORMEZTED
LC A7 v —7 13817 pH ZILDA A=V 712 Ko TEMFRE~OEMB IR S
Do

AR HERIC R D LA L DA —F 7 7 V—BIRIZBWT, A— 773V —ALE UV Y
—AVETHI LT, ANVTXRTZHET 24— M) VY —LRERTDHZ ENFLR
TW5 (Figure 4-2-3), Z DA BIERIIA— N7 7 ¥V —OHITIZIEFICEE 2 L D TH DM,
ZDFEIR S TV E T 0 D2 ERE L, @A B 2 55 1RO fRIAAF 72 A3 e
ODOENTND O F— 77 I —NEBEANTRT THDHY V) —LEEETHZET
B LT 2 B2 O TV DN, BE OB AN TR Z7NEHO pH B ED X 5 I8 T %
DI ZNE T TR,

I T, AVm—T7%n— K LicfilazflfikEgic L, A— 773V —Lb~v—A—T
7% LC3-GFP &V v Y —AD pH ORI ZRIFICITH 22 T A—h 77 IV — A
LU Y —APREET DB O pH ZIbDA A=V U IRAEETHDH EB 2 HD,

Flo A= 773V =L LYY= LDORMEIZL D pH Z{bZEICBIE TE 52 R
ST AHZENTENRX, BAERRICUAERD G FREORT V== TREGITRY | A
— F 77 V=D F AN = XA LDORPIEICHRCE D &EBF 2 biLd,
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3. ARSI Lo A Ca2t 7 | — 7 DB

SEFRSE K l/’/d’*;.‘:’ij’El—j |

X. Ex. 663 nm
& 0 Gy 22 3
S| N+ _H* (\)N /s.\ \N\+

H )( Fluorescent Fluorescent
BEFR3IE

P2 [4: i

EFRSERELSARCa» TO—T

=Q_=(=P /© |,coo‘ )
i TN B T
-
%}/\, O O T ooc™ N O 'Si O N+

L ¢ )( _OOC

Fluorescent Fluorescent

BRI

Figure 4-2-4. Molecular design of unsymmetrical SiR-based ratiometric Ca** probe.

STEEFEIC L D &L BB LIV pH e —T 0, J5ilET R T e koAb
SN TELRGMEREICRD Z L THRINEROEREEZA LD Z LRI, ZOK
FLANIE LT AUT, ABHEIIMO L o AEOE T 0 — 72 bISHT 5 2 LR TEDHLHER D
hb,

LU AR Cazt 7' —7 Th D Fura2 Z Mz Ca2tDEEMN A A—V 0 71, #ifkF
PICBWCIEFICEERHIN L 2> T D, L L2 G, Fura-2 (T840 TRl 217
SWMEND DT, NI A BB COM AN RE R CoMERH Y. LV E
WREOL A Ca* 7 u— 7 OB NEEN TN D,

—J5. ABFEIC XY RSN LU AR T o —T7 OREARIMT 5 2 & T, IR0
PED LA Cazv 7' m — T R TE 5 L& 2 Hivd (Figure 4-2-4), ¥4 27 VBRIC Ca2t
X L —&—Tdh 2 BAPTA #iEAHAAATEIERITFR SIR 1, Ca2tIEAFAE T CITraRAMR I
EHTLHEBZONEN, C2HFEFTIEF T T VROT IV ED 2 DOALRF
LU— MEEDS Ca2 Tl L CRlEFREIZE L 725 2 & T C-NfH O HAEEMENHE AR L, WK
ENERERET 2B 26N 5, Lo rofEcEiuE, BRI OBIEICE S Mot

FEIE 2 C &, i OIS T O ZERI S AERE O m ) Ca2t A A—V U /R TE
D eSS ND,
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Materials
General chemicals were of the best grade available, supplied by Tokyo Chemical Industries, Wako

Pure Chemical, Aldrich Chemical Co., Dojindo, Watanabe Chemical Industries and Invitrogen, and
were used without further purification. HeLa cells were purchased from American Type Culture
Collection (ATCC). MEF cells stably expressing Vamp7-Venus were kindly gifted from Prof.
Noboru Mizushima’s lab (The University of Tokyo, Graduate School of Medicine). COS-1 cells
were kindly gifted from Prof. Hiroyuki Arai’s lab (The University of Tokyo, Graduate School of

Pharmaceutical Sciences)

Instruments
NMR spectra were recorded on a JEOL JNM-LA300 instrument at 300 MHz for "H NMR and at 75

MHz for °C NMR, or a JEOL INM-LA400 instrument at 400 MHz for 'H NMR and at 100 MHz
for *C NMR. Mass spectra (MS) were measured with a JEOL JMS-T100LC AccuToF (ESI). HPLC
analysis was performed on an Inertsil ODS-3 (4.6 x 250 mm) column (GL Sciences Inc.) using an
HPLC system composed of a pump (PU-980, JASCO) and a detector (MD-2015, JASCO).
Preparative HPLC was performed on an Inertsil ODS-3 (10.0 x 250 mm) column (GL Sciences Inc.)
using an HPLC system composed of a pump (PU-2080, JASCO) and a detector (MD-2015 or
FP-2025, JASCO).

UV-Vis Absorption and fluorescence spectroscopy

UV-Visible spectra were obtained on a Shimadzu UV-1650. Fluorescence spectroscopic studies were
performed on a Hitachi F4500. The slit width was 5 nm for both excitation and emission. The
photomultiplier voltage was 700 V. Absolute Quantum Yields were measured by a Hamamatsu
Photonics Quantaurus QY. Relative fluorescence quantum efficiencies were obtained by comparing
the area under the emission spectrum of the test sample with standard samples. Values were
calculated according to the following equation.

O, /Dy = [As/Ax][n /s 1[Dy/ Dy

where st: standard; x: sample; A: absorbance at the excitation wavelength; n: refractive index; D:

area under the fluorescence spectra on an energy scale
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Computation Details
All calculations were performed at the Density Functional Theory (DFT), by means of the

B3LYP***? functional level as implemented in Gaussian 09>°. The 6-31+G(d) basis set was used for

all atoms. The number of imaginary frequencies is 0 for all structures.

Preparation of Cells
HeLa cells, MEF cells and COS-1 cells were cultured in Dulbecco’s modified Eagle’s medium

(DMEM) (Invitrogen Corp., Carlsbad, CA) supplemented with 10% fetal bovine serum (Invitrogen),

1% penicillin streptomycin (Invitrogen). Cells were cultured at 37 °C in a 5/95 CO,/air incubator.

Lysosomal pH Imaging in MEF Cells with SiRpHS5-Dex
1.6x10* MEF cells stably expressing Vamp7-Venus were seeded on 8 chamber plate (NUNC™) and

cultured for 1 day before imaging. Cells were incubated in 200 pL of DMEM (10% FBS) containing
200 pg/ml SiRpHS5-Dex for 2 hr at 37°C, then washed three times with DMEM and further incubated
in DMEM for 3 hr at 37°C and imaged. The fluorescence imaging were operated using a Leica
Application Suite Advanced Fluorescence (LAS-AF) instrument with a TCS SP5 and 63% oil
immersion objective lens. The light source was white-light laser. The excitation wavelength and the
emission wavelength were 510 nm / 530-560 nm for Vamp7-Venus and 580 nm, 670 nm/ 690-750

nm for SiRpHS5-Dex.

Endosomal pH Imaging in COS-1 Cells with SiRpHS-Tfn
5.0x10* COS-1 cells were seeded on 35 mm poly-L-lysine-coated glass-bottomed dishes

(Matsunami Glass Ind., LTD.), transfected GFP-3xFYVE or EGFP-Rab11 with lipofectamine 2000
and cultured for 1 day before imaging. Cells were incubated in 1 mL of HBSS containing 25 pg/ml
SiRpH5-Tfn for 20 min at 4°C, then washed twice with ice cold HBSS and imaged at 37°C. The
fluorescence imaging were operated using a Leica Application Suite Advanced Fluorescence
(LAS-AF) instrument with a TCS SP5 and 63x oil immersion objective lens. The light source was
white-light laser. The excitation wavelength and the emission wavelength were 488 nm / 500-530

nm for GFP-3xFYVE, EGFP-Rab11 and 580 nm, 660 nm/ 680-750 nm for SiRpHS5-Ttn.
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Labeling of Dextran with SiRpH3-SE

Each solution of 10 kDa aminodextran (1.42 mg, 142 nmol) in 284 uL of 100 mM borate buffer (pH
8.0) and 1, 3, 9, 15 eq. of SiRpH3-SE in 57 pL of DMSO were mixed and stirred at room
temperature for 1.5 hr. Reaction mixtures were purified by size exclusion PD-10 columns using

water mobile phase and lyophilized to yield SiRpH3-Dextrans.

Labeling of Dextran with SiRpHS-PEG¢-SE

Each solution of 10 kDa aminodextran (1.30 mg, 130 nmol) in 460 pL of 100 mM NaHCO; aq. (pH
8.4) and 3.8, 7.5, 11.3 eq. of SiRpH5-PEG¢-SE in 160 uL of DMSO were mixed and stirred at room
temperature for 2 hr. Reaction mixtures were purified by size exclusion PD-10 columns using PBS
mobile phase, desalted with PD-10 column using water mobile phase and lyophilized to yield
SiRpHS5-Dextrans.

Labeling of Holo-transferrin with SIRpHS-PEG¢-SE

Each solution of 80 kDa human Holo-transferrin (9.04 mg, 113 nmol) in 1 mL of 100 mM borate
buffer (pH 8.0) and 8, 11 eq. of SiRpHS5-PEG¢-SE in 1 mL of 100 mM borate buffer (pH 8.0)
containing 20% DMSO were mixed and stirred at room temperature for 1 hr. Reaction mixtures were
purified by size exclusion PD-10 columns using PBS mobile phase, desalted with PD-10 column

using water mobile phase and lyophilized to yield SiIRpH5-Tfns.

Synthetic procedures and characterizations

A 1) DMF, POClI,4 CHO
2) 2N NaOH aq. NaBH4
N Br

toluene EtOH
Il 10 | | 15
y. 85% in 2 steps

To a solution of 3-bromo-N,N-diallylaniline®* (10) (1.21 g, 4.80 mmol) in toluene (20 mL) were
added DMF (456 uL, 6.24 mmol) and phosphorus oxychloride (534 pL, 5.76 mmol) under argon
atmosphere. The reaction mixture was stirred for 21h at 80°C. An aqueous solution of 2N NaOH
was added while the system was immersed in a water bath and cooled, the system was stirred for 5
minutes, and the mixture was extracted with dichloromethane and washed with brine. The organic

layer was dried using Na,SOy, the solvent was distilled away under reduced pressure, ethanol (10
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mL) and sodium borohydride (182 mg, 4.80 mmol) were added, and the system was stirred for 1h at
room temperature. After the solvent had been distilled away under reduced pressure, water was
added to the residue and the mixture was extracted using dichloromethane. The organic layer was
dried using Na,SO,, the solvent was distilled away under reduced pressure, and the residue was
purified using column chromatography (silica gel, AcOEt/n-hexane) to afford 15 (1.15 g, 4.08 mmol,
85%).

'H NMR (300 MHz, CDCl3): & 3.89-3.91 (m, 4H), 4.62 (d, J = 6.0 Hz, 2H), 5.12-5.19 (m, 4H),
5.76-5.88 (m, 2H), 6.60 (dd, J = 2.3, 8.6 Hz, 1H), 6.86 (d, J=2.3 Hz, 1H), 7.20 (d, J= 8.6 Hz, 1H);
C NMR (75 MHz, CDCl3) 8 52.69, 65.04, 111.31, 115.86, 116.31, 124.43, 136.95, 130.45, 133.02,
149.35; LRMS (ESI") 264 [M—OH]"

cI”"Br

2, —
—T
H,N Br N Br

DMF
27

17 (y. 21%)

To a solution of 3-bromoaniline (27) (2 g, 11.6 mmol) in DMF (8 mL) was added KI (1.5 g, 9.3
mmol). The reaction mixture was stirred for 26 h at 130°C. The mixture was concentrated in vacuo
and H,O was added to it, then the aqueous layer was extracted with n-hexane. The combined organic
layers were washed with brine, dried over Na,SO,4 and concentrated in vacuo. The residue was
purified by column chromatography (silica gel, 10% AcOEt / n-hexane) and further purified by GPC
to afford 17 (620 mg, 2.46 mmol, 21%).

'H NMR (300 MHz, CDCls): § 1.90-2.01 (m, 4H), 2.69 (t, J = 6.6 Hz, 2H), 2.77 (t, J = 6.6 Hz, 2H),
3.08-3.15 (m, 4H), 6.63 (d, J = 8.0 Hz, 1H), 6.75 (d, J = 8.0 Hz, 1H); °*C NMR (75 MHz, CDCl;) &
21.80, 21.91, 27.58, 28.48, 49.65, 50.00, 119.42, 120.55, 120.65, 122.90, 127.73, 144.54; HRMS
(EST") Calcd for [M+H]", 254.0367 Found, 254.0331 (-3.6 mmu)

1) POCI, NaBH OH
2) 2N NaOH aq. 4

(N\’CL - > N

/ Br DMF,80°C  MeOH Br

28
26 (y. 93% in 2 steps)

To a solution of 6-bromo-1-methylindoline'® (28) (212 mg, 1.00 mmol) in DMF (5 mL) was added
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phosphorus oxychloride (139 uL, 1.5 mmol) under argon atmosphere. The reaction mixture was
stirred for 14 h at 80°C. An aqueous solution of 2N NaOH was added while the system was
immersed in a water bath and cooled, the system was stirred for 15 minutes, and the mixture was
extracted with dichloromethane and washed with brine. The organic layer was dried using Na,SOy,
the solvent was distilled away under reduced pressure, methanol (10 mL) and sodium borohydride
(38 mg, 1.00 mmol) were added, and the system was stirred for 1 h at room temperature. After the
solvent had been distilled away under reduced pressure, water was added to the residue and the
mixture was extracted using dichloromethane. The organic layer was dried using Na,SOy, the solvent
was distilled away under reduced pressure, and the residue was purified using column
chromatography (silica gel, AcOEt/n-hexane) to afford 26 (224 mg, 0.926 mmol, 85%).

'H NMR (300 MHz, CDCls): & 1.81 (t, J = 5.9 Hz, 1H), 2.74 (s, 3H), 2.90 (t, J = 8.0 Hz, 2H), 3.35 (t,
J = 8.0 Hz, 2H),4.63 (d, J = 5.9 Hz, 2H), 6.60 (s, 1H), 7.10 (s, 1H); °C NMR (75 MHz, CDCl;) &
28.06, 35.68, 56.05, 65.02, 110.58, 121.83, 125.28, 128.20, 130.00, 154.02; HRMS (ESI") Calcd for
[M+H]", 244.0160, Found, 244.0126 (-3.4 mmu)

BnBr
TBAI
cho3 /@\

HzN Br CH3CN

27

29 (y. 86%)

To a solution of 3-bromoaniline (27) (2 g, 11.6 mmol) in CH;CN (35 mL) were added K,CO; (4 g,
29.0 mmol), benzylbromide (3.45 mL, 29.1 mmol) and tetrabutylammonium iodide (429 mg, 1.16
mmol). The reaction mixture was stirred for 63 h at 80°C. The mixture was concentrated in vacuo
and H,O was added to it, then the aqueous layer was extracted with CH,Cl,. The combined organic
layers were washed with brine, dried over Na,SO,4 and concentrated in vacuo. The residue was
purified by column chromatography (silica gel, CH,Cl,/n-hexane) to afford 29 (3.54 g, 10.1 mmol,
21%).

'H NMR (300 MHz, CDCly): 4.61 (s, 4H), 6.63 (dd, J = 8.3, 2.7 Hz, 1H), 6.81 (d, J = 8.3 Hz, 1H),
6.89 (s, 1H), 6.99 (t, J = 8.3 Hz, 1H), 7.20-7.36 (m, 10H); °C NMR (75 MHz, CDCl;) & 54.03,
111.10, 115.11, 119.61, 123.50, 126.58, 127.10, 128.74, 130.42, 137.78, 150.48
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OH
1) POCI;, DMF
Q 2) 2N NaOH aq. NaBH,
N Br - - N Br
K© toluene, 80°C  EtOH K@

29 20(y. 38%, in 2 steps)

To a solution of 29 (3.51 g, 9.97 mmol) in toluene (20 mL) were added DMF (946 pL, 13.0 mmol)
and phosphorus oxychloride (1109 pL, 12.0 mmol) under argon atmosphere. The reaction
mixture was stirred for 15 h at 80°C. An aqueous solution of 2N NaOH was added while the system
was immersed in a water bath and cooled, the system was stirred for 30 minutes, and the mixture
was extracted with dichloromethane and washed with brine. The organic layer was dried using
Na,S0O,, the solvent was distilled away under reduced pressure, ethanol (20 mL) and sodium
borohydride (379 mg, 9.97 mmol) were added, and the system was stirred for 3 h at room
temperature. After the solvent had been distilled away under reduced pressure, water was added to
the residue and the mixture was extracted using dichloromethane. The organic layer was dried using
Na,S0O,, the solvent was distilled away under reduced pressure, and the residue was purified using
column chromatography (silica gel, AcOEt/n-hexane) to afford 20 (1.45 g, 3.79 mmol, 38%).

'H NMR (300 MHz, CDCl;): 4.58 (s, 2H), 4.60 (s, 4H), 6.63 (dd, J = 8.7, 2.5 Hz, 1H), 6.94 (d, J =
2.5 Hz, 1H), 7.15 (d, J = 8.7 Hz, 1H), 7.18-7.34 (m, 10H); "C NMR (75 MHz, CDCl;) & 54.02,
64.87, 111.54, 115.96, 124.50, 126.51, 127.01, 127.53, 128.72, 130.52, 137.61, 149.84; HRMS
(ESI") Calcd for [M+Na]", 404.0626, Found, 404.0655 (+2.9 mmu)

/@\ K,CO3, KI /@\
H,N Br > N Br

DMF, 100°C, 19 hr
27 30 (y. 45%)

To a solution of 3-bromoaniline (27) (2 g, 11.6 mmol) in DMF (20 mL) were added K,CO; (7.07 g,
51.2 mmol), 1,4-dibromobutane (2.76 g, 12.8 mmol) and KI (10 mg, 60.2 umol). The reaction
mixture was stirred for 19 h at 100°C. The mixture was concentrated in vacuo and H,O was added to
it, then the aqueous layer was extracted with CH,Cl,. The combined organic layers were washed
with brine, dried over Na,SO,4 and concentrated in vacuo. The residue was purified by column

chromatography (silica gel, CH,Cl,/n-hexane) to afford 30 (1.17 g, 5.18 mmol, 45%).
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'H NMR (300 MHz, CDCls): & 1.97-2.01 (m, 4H), 3.22-3.27 (m, 4H), 6.45 (dd, J = 8.0, 2.2 Hz, 1H),
6.67 (s, 1H), 6.74 (d, J = 8.0 Hz, 1H), 7.04 (t, J = 8.0 Hz, 1H) ; °C NMR (75 MHz, CDCl;) § 25.41,
47.55,110.23, 114.27, 117.98, 123.32, 130.25, 148.99; HRMS (ESI") Calcd for [M+H]", 226.0231,
Found, 226.0202 (—2.9 mmu)

OH

1) POCI;, DMF
@\ 2) 2N NaOH aq. NaBH,
Br > G‘l Br
toluene, 80°C MeOH

30 23 (y. 73% in 2 steps)

&)

To a solution of 30 (511 mg, 2.26 mmol) in toluene (6 mL) were added DMF (214 pL, 2.94 mmol)
and phosphorus oxychloride (251 pL, 2.71 mmol) under argon atmosphere. The reaction mixture
was stirred for 14 h at 80°C. An aqueous solution of 2N NaOH was added while the system was
immersed in a water bath and cooled, the system was stirred for 30 minutes, and the mixture was
extracted with dichloromethane and washed with brine. The organic layer was dried using Na,SQOy,,
the solvent was distilled away under reduced pressure, methanol (15 mL), CH,Cl, (5§ mL) and
sodium borohydride (379 mg, 9.97 mmol) were added, and the system was stirred for 6 h at room
temperature. After the solvent had been distilled away under reduced pressure, water was added to
the residue and the mixture was extracted using dichloromethane. The organic layer was dried using
Na,SOy, the solvent was distilled away under reduced pressure, and the residue was purified using
column chromatography (silica gel, AcOEt/n-hexane) to afford 23 (421 mg, 1.64 mmol, 73%).

'H NMR (300 MHz, CDCl;): 8 1.79 (t, J = 6.2 Hz, 1H), 1.98-2.03 (m, 4H), 3.24-3.28 (m, 4H), 4.64
(d, J= 6.2 Hz, 1H), 6.47 (dd, J = 8.1, 2.1 Hz, 1H), 6.74 (d, J = 2.1 Hz, 1H), 7.22 (d, J = 8.1 Hz,
1H) ; "C NMR (75 MHz, CDCl3) & 25.41, 47.60, 65.21, 110.76, 115.21, 124.49, 125.93, 130.62,
148.57; HRMS (ESI") Calced for [M+H]", 256.0337, Found, 226.0365 (+2.8 mmu)

(¢}

1) POCI,, DMF
O\ 2) 2N NaOH aq. H
>N Br > SN Br
| toluene, 80°C |
31 32 (y. 80%)

To a solution of 3-bromo-N,N-dimethylaniline (31) (516 mg, 2.58 mmol) in toluene (4 mL) were
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added DMF (245 uL, 3.35 mmol) and phosphorus oxychloride (287 pL, 3.10 mmol) under argon
atmosphere. The reaction mixture was stirred for 20 h at 80°C. An aqueous solution of 2N NaOH
was added while the system was immersed in a water bath and cooled, the system was stirred for 4 h,
and the mixture was extracted with dichloromethane and washed with brine. The residue was
purified using column chromatography (silica gel, AcOEt/n-hexane) to obtain 32 (470 mg, 2.06
mmol, 80%).

'H NMR (300 MHz, CDCls): & 3.08 (s, 6H), 6.64 (dd, J=9.0, 2.7 Hz, 1H), 6.80 (d, J= 2.7 Hz, 1H),
7.80 (d, J = 9.0 Hz), 10.09 (s, 1H); >C NMR (75 MHz, CDCl3) & 40.04, 110.52, 114.80, 121.99,
129.66, 131.00, 154.48, 190.12

o) OH
H  NaBH, /@ﬁ
N Br ———> O\ Br
| MeOH |
32 21 (y. 87%)

To a solution of 32 (433 mg, 1.90 mmol) in methanol (6 mL) was added sodium borohydride (74 mg,
1.90 mmol). The reaction mixture was stirred for 2 h at room temperature. The mixture was
concentrated in vacuo and H,O was added to it, then the aqueous layer was extracted with CH,Cl,.
The combined organic layers were washed with brine, dried over Na,SO, and concentrated in vacuo.
The residue was purified by column chromatography (silica gel, AcOEt/n-hexane) to afford 21 (412
mg, 1.79 mmol, 87%)).

"H NMR (300 MHz, CD,Cl,): 5 2.93 (s, 6H), 4.60 (d, J = 6.6 Hz, 1H), 6.65 (dd, J= 8.1, 3.0 Hz, 1H),
6.89 (d, J = 3.0 Hz, 1H), 7.24 (d, J = 8.1 Hz, 1H) ; °C NMR (75 MHz, CDCl;) & 40.37, 65.02,
111.40, 115.98, 124.36, 127.02, 130.35, 151.12; HRMS (ESI") Calcd for [M+H]", 230.0181, Found,
230.0162 (1.9 mmu)

N-methylpiperazine

Pd(OAc), /@
/@\ BINAP, Cs,CO; N &
| Br

33 toluene, 85°C, 18 h /N\)
34 (y. 60%)

To a solution of 1-bromo-3-iodobenzene (33) (1.0 g, 3.53 mmol) in toluene (15 mL) were added
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N-methylpiperazine (393 pL, 3.53 mmol), PA(OAC), (79 mg, 0.353 mmol), BINAP (220 mg, 0.353
mmol) and Cs,CO; (5.77 g, 17.7 mmol) under argon atmosphere. The reaction mixture was
stirred for 18 h at 85°C. The reaction mixture was diluted with NaHCO; aq., and extracted with
CH,Cl,. The combined organic layers were washed with brine, dried over Na,SO, and concentrated
in vacuo. The residue was purified by column chromatography (NH silica gel, AcOEt/n-hexane) to
afford 34 (540 mg, 2.12 mmol, 60%).

'H NMR (300 MHz, CDCl5): & 2.35 (s, 3H), 2.56 (t, J = 5.1 Hz, 4H), 3.21 (t, J = 5.1 Hz, 4H), 6.83
(dd, J=8.1, 2.1 Hz, 1H), 6.95 (d, J= 8.1 Hz, 1H), 7.03 (d, /= 2.1 Hz, 1H), 7.10 (t, /= 8.1 Hz, 1H);
C NMR (75 MHz, CDCl3)  46.09, 48.57, 54.88, 114.27, 118.59, 122.10, 123.20, 130.26, 152.42;
HRMS (ESI") Caled for [M+H]', 255.0497, Found, 255.04464 (=3.3 mmu)

OH

Q, 4R Y,
2) 2N NaOH aq.
(\N Br ) q NaBH, Br

N
' '
N DMF, 80°C MeOH /N\)

34

24 (y. 52% in 2 steps)

To a solution of 34 (337 mg, 1.32 mmol) in DMF (5 mL) was added phosphorus oxychloride (2.45
mL, 26.4 mmol) under argon atmosphere. The reaction mixture was stirred for 18 h at 80°C. An
aqueous solution of 2N NaOH was added while the system was immersed in a water bath and cooled,
the system was stirred for 2h, and the mixture was extracted with dichloromethane and washed with
brine. The organic layer was dried using Na,SO,, the solvent was distilled away under reduced
pressure, methanol (15 mL) and sodium borohydride (50 mg, 1.32 mmol) were added, and the
system was stirred for 2 h at room temperature. After the solvent had been distilled away under
reduced pressure, water was added to the residue and the mixture was extracted using
dichloromethane. The organic layer was dried using Na,SOy,, the solvent was distilled away under
reduced pressure, and the residue was purified by column chromatography (NH silica gel, AcOEt /
n-hexane) and further purified by GPC to afford 24 (196 mg, 0.687 mmol, 52%).

'"H NMR (300 MHz, CDCls): § 2.34 (s, 3H), 2.55 (t, J = 5.1 Hz, 4H), 3.18 (t, J = 5.1 Hz, 4H), 4.65 (s,
2H), 6.83 (dd, J= 8.1, 2.4 Hz, 1H), 7.08 (d, J = 2.4 Hz, 1H), 7.30 (d, J= 8.1 Hz, 1H); °C NMR (100
MHz, CDCl;) 8 45.87, 48.30, 54.65, 64.00, 114.79, 119.36, 123.42, 129.61, 130.81, 151.43; HRMS
(ESI") Calcd for [M+H]", 285.0602, Found, 285.0613 (+1.1 mmu)
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OH

K,COs CHO
CHO N-Bocpiperazine NaBH
N Br 4
F N Br

Br > O N —
35 DMF, 100°C Y ~ MeOH OYN\)

0\|< 36 °\|<

25 (y. 86% in 2 steps)

To a solution of 2-bromo-4-fluorobenzaldehyde (35) (2.41 g, 12.9 mmol) in DMF (30 mL) were
added N-Bocpiperazine (2.19 g, 10.8 mmol) and K,CO; (2.24 g, 16.2 mmol). The reaction mixture
was stirred for 18 h at 100°C, diluted with NaHCOj; aq., and extracted with CH,Cl,. The combined
organic layers were washed with brine, dried over Na,SO, and concentrated in vacuo. The residue
was added methanol (30 mL) and sodium borohydride (494 mg, 13 mmol). The reaction mixture was
stirred for 3 h at room temperature. After the solvent had been distilled away under reduced pressure,
water was added to the residue and the mixture was extracted using dichloromethane. The organic
layer was dried using Na,SOy,, the solvent was distilled away under reduced pressure, and the residue
was purified by column chromatography (NH silica gel, AcOEt / n-hexane) to afford 25 (3.46 g, 9.33
mmol, 86%).

'H NMR (300 MHz, CDCls): & 1.48 (s, 9H), 2.02 (t, J = 6.6 Hz, 1H), 3.13 (t, J = 5.1 Hz, 4H), 3.56 (t,
J=15.1 Hz, 4H), 4.66 (d, J = 6.6 Hz, 2H), 6.85 (dd, J = 8.1, 2.2 Hz, 1H), 7.08 (d, J = 2.1 Hz, 1H),
7.32 (d, J = 8.1 Hz, 1H); >C NMR (75 MHz, CDCl;) & 28.40, 48.89, 64.77, 80.05, 115.35, 120.09,
123.85, 130.03, 130.87, 151.76, 154.64; HRMS (ESI") Calcd for [M+H]', 371.0970, Found,
371.0922 (4.8 mmu)

OH
R
O oo L
N
+ m N Br Br \
N Br Br N CH,Cl, ﬁ
ﬁ 15 11 13 (y. 94%)

To a solution of 15 (73 mg, 0.260 mmol) and 11 (55 mg, 0.260 mmol) in CH,Cl, (5§ mL) was added
BFs5-OEtz2 (65 puL, 0.520 mmol). The reaction mixture was stirred for 24 h at room temperature,
diluted with water and extracted with CH,Cl,. The organic layer was dried using Na,SOy,, the solvent
was distilled away under reduced pressure, and the residue was purified by column chromatography

(silica gel, CH,Cl,/n-hexane) to afford 13 (116 mg, 0.244 mmol, 94%).
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'H NMR (300 MHz, CDCLy): & 2.73 (s, 3H), 2.83 (t, J = 8.1 Hz, 2H), 3.28 (t, J = 8.1 Hz, 2H),
3.87-3.88 (m, 4H), 3.97 (s, 2H), 5.14-5.20 (m, 4H), 5.76-5.89 (m, 2H), 6.64 (dd, J = 2.5, 8.2 Hz, 1H),
6.65 (s, 1H), 6.73 (s, 1H), 6.80 (d, J = 8.2 Hz, 1H), 6.90 (d, J = 2.5 Hz, 1H); °C NMR (75 MHz,
CDCls) & 28.36, 36.03, 40.14, 52.72, 56.28, 110.85, 111.64, 115.92, 116.27, 123.06, 125.49, 126.11,
127.05, 128.05, 130.17, 130.68, 133.52, 148.13, 153.03; LRMS (ESI") 477 [M+H]"

V3

r N Br Br
) CH2CI2
k” 15 I 37 (y. 72%)

1

To a solution of 15 (18.1 mg, 64.4 pmol) and 11 (14.5 mg, 72.5 pmol) in CH,Cl, (5§ mL) was added
BF3-OEt2 (16 puL, 129 umol). The reaction mixture was stirred for 8 h at 37°C, diluted with water
and extracted with CH,Cl,. The organic layer was dried using Na,SO,, the solvent was distilled
away under reduced pressure, and the residue was purified by column chromatography (silica gel,
AcOEt/n-hexane) to afford 37 (21.5 mg, 46.3 pmol, 72%).

'H NMR (300 MHz, CDCl3): & 2.91 (s, 6H), 3.86-3.88 (m, 4H), 3.98 (s, 2H), 5.14-5.19 (m, 4H),
5.76-5.89 (m, 2H), 6.54 (dd, J = 2.5, 8.8 Hz, 1H), 6.59 (dd, J=2.4, 8.5 Hz, 1H), 6.79 (d, J = 8.8 Hz,
1H), 6.87 (d, J = 8.5 Hz, 1H), 6.90 (d, J = 2.5 Hz, 1H), 6.93 (d, J = 2.4 Hz, 1H): "C NMR (75 MHz,
CDCly): & 39.8, 40.5, 52.7, 111.7, 111.8, 116.0, 116.2, 125.5, 125.6, 126.9, 127.1, 130.7, 130.8,
133.5, 148.1, 150.0; LRMS (EST") 465 [M+H]"

“ Qg %j e SR

CH2C|2 H Br Br
| |

15 38 (y. 87%)

To a solution of 15 (25 mg, 89.0 pmol) and 11 (22 mg, 89.0 umol) in CH,Cl, (8 mL) was added
BFs5-OEtz (22 puL, 178 pmol). The reaction mixture was stirred for 3 h at room temperature, diluted
with water and extracted with CH,Cl,. The organic layer was dried using Na,SO,, the solvent was
distilled away under reduced pressure, and the residue was purified by column chromatography

(silica gel, CH,Cl,/n-hexane) to afford 38 (40 mg, 77.5 umol, 87%).
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'H NMR (300 MHz, CDCl;): & 1.89-2.03 (m, 4H), 2.64 (t, J= 6.6 Hz, 2H), 2.82 (t, J = 6.6 Hz, 2H),
3.05-3.12 (m, 4H), 3.86-3.88 (m, 4H), 3.95 (s, 2H), 5.14-5.19 (m, 4H), 5.76-5.89 (m, 2H), 6.49 (s,
1H), 6.54 (dd, J = 9.0, 3.0 Hz, 1H), 6.79 (d, J = 9.0 Hz, 1H), 6.90 (d, J = 3.0 Hz, 1H); °C NMR (75
MHz, CDCly) § 21.98, 22.31, 27.52, 29.43, 40.88, 49.57, 50.11, 52.79, 111.73, 116.01, 116.31,
120.79, 121.27, 125.56, 125.63, 126.95, 127.25, 128.64, 128.70, 130.66, 133.68, 143.02, 148.10;
HRMS (ESI") Calcd for [M+H]", 515.0698 Found, 515.0712 (+1.5 mmu)

OH
A X BF;*OEt, BN
ir\(@\)sr + Br/(:dil\/'v \L O O

CHzClz Br Br
19 18 39 (y. 86%)

Compound 39 was synthesized as reported previously®'.

3 @ﬁ S o 1

CH2C|2 Br Br \

19 1 40 (y. 70%)

Compound 40 was synthesized as reported previously’'.

OH
/@ﬁ BF;+OEt,
T © @ iR
N N
N Br Br \ CH,Cl, Br Br '\
©) 20 11
41 (y. 86%)

To a solution of 20 (40 mg, 105 umol) and 11 (22 mg, 105 pmol) in CH,Cl, (8 mL) was added BF's -
OEtz (27 pL, 210 pmol). The reaction mixture was stirred for 17 h at room temperature, diluted
with water and extracted with CH,Cl,. The organic layer was dried using Na,SO,, the solvent was

distilled away under reduced pressure, and the residue was purified by GPC to afford 41 (52 mg,
90.2 pmol, 86%).
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"H NMR (300 MHz, CDCls): § 2.72 (s, 3H), 2.83 (t, /= 8.1 Hz, 2H), 3.28 (1, J = 8.1 Hz, 2H), 3.96 (s,
2H), 4.59 (s, 4H), 6.56 (dd, J= 8.7, 2.7 Hz, 1H), 6.63 (s, 1H), 6.74-6.77 (m, 2H), 6.98 (d, J = 2.7 Hz,
1H), 7.20-7.35 (m, 10H); °C NMR (75 MHz, CDCls) & 28.33, 35.98, 40.14, 54.09, 56.23, 110.84,
111.86, 116.01, 123.09, 125.55, 126.20, 126.65, 127.01, 127.66, 128.67, 130.16, 130.74, 138.05,
148.67, 153.05; HRMS (ESI") Caled for [M+H]", 577.0677, Found, 577.0678 (+0.1 mmu)

OH
SA®
SN Br + Br N\ \lil N

| CHCl, Br Br \
21 1 42 (y. 69%)

To a solution of 21 (25 mg, 109 umol) and 11 (23 mg, 109 pmol) in CH,Cl, (6 mL) was added BF's -
OEtz (28 uL, 218 umol). The reaction mixture was stirred for 17.5 h at room temperature, diluted
with water and extracted with CH,Cl,. The organic layer was dried using Na,SO,, the solvent was
distilled away under reduced pressure, and the residue was purified by column chromatography
(silica gel, AcOEt/n-hexane) to afford 42 (32 mg, 75.5 pmol, 69%).

'H NMR (300 MHz, CDCl3): § 2.73 (s, 3H), 2.81 (t, J = 8.1 Hz, 2H), 2.91 (s, 6H), 3.28 (t,J = 8.1 Hz,
2H), 3.98 (s, 2H), 6.59 (dd, J = 8.8, 2.2 Hz, 1H), 6.65 (s, 1H), 6.70 (s, 1H), 6.86 (d, J=2.2 Hz, 1H),
6.93 (d, J = 8.8 Hz, 1H); °C NMR (75 MHz, CDCl;) & 28.34, 36.02, 40.19, 40.50, 56.26, 110.86,
111.84, 116.20, 123.03, 125.56, 125.98, 127.22, 128.06, 130.13, 130.74, 149.98, 153.00; HRMS
(EST") Calcd for [M+H]", 425.0051, Found, 425.0022 (2.9 mmu)

OH
BF;°OEt,
|\r\li[D\)Br + Brm LN O O N

CH.CI, |\ Br Br \
22 11 43 (y. 69%)

Compound 43 was synthesized as reported previously’'.

OH

/@ﬁ BF;+OEt,

L O — g
N N

Br Br \ CHCl, C’i‘ Br Br \

23 1 44 (y. 83%)

&
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To a solution of 23 (39 mg, 152 pumol) and 11 (32 mg, 152 umol) in CH,Cl, (10 mL) was added
BFs-OEtz (38 pL, 304 umol). The reaction mixture was stirred for 13 h at room temperature,
diluted with water and extracted with CH,Cl,. The organic layer was dried using Na,SOy,, the solvent
was distilled away under reduced pressure, and the residue was purified by column chromatography
(silica gel, CH,Cl,/n-hexane) to afford 44 (57.1 mg, 127 umol, 83%).

'H NMR (300 MHz, CDCls): & 1.96-2.01 (m, 4H), 2.72 (s, 3H), 2.81 (t, J = 8.0 Hz, 2H), 3.22-3.30
(m, 6H), 3.98 (s, 2H), 6.42 (dd, J = 8.1, 2.1 Hz, 1H), 6.65 (s, 1H), 6.69 (s, 1H), 6.78 (d, /= 2.1 Hz,
1H), 6.85 (d, J = 8.1 Hz, 1H) ; °C NMR (75 MHz, CDCl3) & 25.41, 28.34, 36.03, 40.19, 47.58,
56.26, 110.79, 110.98, 115.14, 122.97, 125.57, 125.85, 125.95, 128.29, 130.07, 130.88, 147.33,
152.92; HRMS (ESI") Caled for [M+H]", 451.0208, Found, 451.0222 (+1.4 mmu)

OH
BF;°OEt,
(\N/(:(Br + Brm e

N
BocN\) CH,Cl; Bocr\(\) Br Br \

25 1 45 (y. 87%)

To a solution of 25 (41 mg, 110 umol) and 11 (23 mg, 108 pmol) in CH,Cl, (5 mL) was added BFs -
OEtz (28 pL, 220 pmol). The reaction mixture was stirred for 6 h at room temperature, diluted with
water and extracted with CH,Cl,. The organic layer was dried using Na,SO,, the solvent was
distilled away under reduced pressure, and the residue was purified by column chromatography
(silica gel, AcOEt/n-hexane) to afford 45 (53 mg, 93.7 umol, 87%).

'H NMR (300 MHz, CDCls): & 1.48 (s, 9H), 2.73 (s, 3H), 2.82 (t, J = 8.1 Hz, 2H), 3.10 (t, /= 5.1 Hz,
4H), 3.30 (t, J = 8.1 Hz, 2H), 3.56 (t, J = 5.1 Hz, 4H), 4.00 (s, 2H), 6.65 (s, 1H), 6.70 (s, 1H), 6.77
(dd, J = 8.7, 2.1 Hz, 1H), 6.88 (d, J = 8.7 Hz, 1H), 7.13 (d, J = 2.1 Hz, 1H); "C NMR (75 MHz,
CDCl;) 6 28.31, 28.40, 35.96, 40.38, 49.13, 56.22, 79.95, 110.81, 115.64, 120.25, 123.13, 125.36,
126.09, 127.47, 130.20, 130.77, 131.20, 150.52, 153.13, 154.65; HRMS (ESI") Calcd for [M+H]’",
566.0841, Found, 566.0850 (+0.9 mmu)
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C
VIR, —= WL

Br Br /\ |
H 37 59 CF;COO

Compound 59 was synthesized from 37 as reported previously™ .

Br
< 3L e 1

THF, -78°C acetone, o°c
| 13 I 50 (y. 18%, 2 steps)

To a solution of 13 (207 mg, 0.434 mmol) in anhydrous THF (10 mL) was added 1 M THF solution
of sec-BuLi (0.91 mL, 0.91 mmol) at =78 °C under argon atmosphere. The reaction mixture was
stirred for 20 min at the same temperature, then dichlorodimethylsilane (112 mg, 0.868 mmol) in
anhydrous THF (5 mL) was added to it and the mixture was warmed to room temperature and stirred
for 1 h. 2 N HCI aq. was added to the mixture to quench the reaction, and the mixture was
neutralized with NaHCOj; aq. The whole was extracted with CH,Cl,. The organic layer was collected,
washed with brine, dried over Na,SO, and evaporated to dryness. The residue was dissolved in
acetone (30 mL) at 0 °C and KMnO, (275 mg, 1.74 mmol) was added in small portions over 3 h
with stirring at the same temperature. Then the mixture was filtered through celite filter and the
solution was evaporated to dryness. The residue was purified by column chromatography (silica gel,
AcOEt/n-hexane) to afford 50 (30 mg, 77.3 pmol, 18%).

"H NMR (300 MHz, CDCl3): § 0.43 (s, 6H), 2.90 (s, 3H), 3.05 (t, J = 8.5 Hz, 2H), 3.47 (t,J = 8.5 Hz,
2H), 4.02-4.03 (m, 4H), 5.18-5.23 (m, 4H), 5.82-5.94 (m, 2H), 6.50 (s, 1H), 6.80-6.86 (m, 2H), 8.21
(s, 1H), 8.34 (d, J = 9.0 Hz, 1H); >C NMR (100 MHz, CDCl;) & -1.17, 28.03, 34.55, 52.65, 54.79,
107.89, 107.93, 113.37, 114.65, 116.52, 120.40, 126.03, 129.98, 131.47, 131.59, 132.12, 133.04,
140.12, 140.27, 150.00, 154.80, 185.05; HRMS (ESI') Calcd for [M+H]", 389.2049 Found,
389.2069 (+2.0 mmu)
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Pd(PPh3),

R

— 3 H,N

H CH,Cl,, 35°C
| 50 51 (y. 88%)

To a solution of 50 (506 mg, 1.30 mmol) in CH,Cl, (20 ml) were added 1,3-dimethylbarbituric acid
(406 mg, 2.60 mmol) and Pd(PPh;), (225 mg, 0.145 mmol) under argon atmosphere. The reaction
mixture was stirred for 19 h at 35°C. The reaction was quenched with sat. NaHCO; aq., and the
aqueous layer was extracted with CH,Cl,. The combined organic layers were washed with sat.
NaHCOj; aq. and brine, dried over Na,SO,4, and concentrated in vacuo. The residue was purified by
column chromatography (silica gel, AcOEt/CH,Cl,) to afford 51 (354 mg, 1.15 mmol, 88%).

'H NMR (300 MHz, CDCls): § 0.43 (s, 6H), 2.90 (s, 3H), 3.04 (t, J = 8.2 Hz, 2H), 3.47 (t,J= 8.2 Hz,
2H), 6.49 (s, 1H), 6.76-6.82 (m, 2H), 8.20 (s, 1H), 8.31 (d, J = 8.1 Hz, 1H); °C NMR (75 MHz,
CDCly) 6 -1.28, 27.96, 34.44, 54.73,107.79, 107.84, 116.12, 117.51, 126.10, 131.15, 131.84, 132.20,
140.12, 140.80, 148.83, 154.91, 185.13; HRMS (ESI') Caled for [M+H]', 309.1423 Found,
389.1426 (+0.3 mmu)

1)

MgBr
2) 2N HCI aq. O
. -
H,N St N H,N

THF, r.t.—>reflux —
51 60 (y. 38%) CF3aCOO

To a solution of 51 (8.7 mg, 28.2 pmol) in anhydrous THF (5 mL) was added 1 M THF solution of
o-tolylmagnesium bromide (2.8 mL, 2.82 mmol) and the mixture was refluxed at 80°C for 2 h under
argon atmosphere. After it had cooled to room temperature, 2 N HCIl aq. was added to it. The
mixture was diluted with Sat. NaHCOj aq., and extracted with CH,Cl,. The combined organic layers
were washed with brine, dried over Na,SO, and concentrated in vacuo. The residue was purified by
HPLC (eluent, 48% CH;CN/0.1% TFA aq. (0 min) to 56% CH;CN/0.1% TFA aq. (20 min); flow rate
= 5.0 mL/min) to afford 60 (5.3 mg, 10.7 pmol, 38%).

"H NMR (300 MHz, CD,CL,): 5 0.54 (s, 3H), 0.56 (s, 3H). 2.03 (s, 3H), 2.96 (t, J = 8.0 Hz, 2H), 3.21
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(s, 3H), 3.83 (t,J = 8.0 Hz, 2H), 6.58 (d, J = 8.7 Hz, 1H), 6.79 (s, 1H), 6.91 (s, 1H), 6.95 (d, J=8.7
Hz, 1H), 7.09 (d, J = 7.2 Hz, 1H), 7.29-7.43 (m, 4H) ); °C NMR (100 MHz, CD;0D) & -1.62, -1.34,
19.43, 26.80, 33.93, 56.04, 116.25, 117.14, 123.40, 126.85, 128.62, 129.81, 129.87, 130.08, 131.34,
134.54, 135.44, 136.88, 140.66, 141.80, 147.77, 154.49, 156.57, 159.59, 168.63; HRMS (ESI")
Calcd for [M+H]", 383.1944 Found, 383.1484 (+4.0 mmu)

Br
_—
N _—
NK Br \

40

Compound 61 was synthesized from 40 as reported previously’'.

1)

o MgBr
O O X 2) 2N HCl aq.
N Si N —_—
H /A ' THF, 0°C—reflux
| 54

To a solution of 54*' (20 mg, 46.4 pmol) in anhydrous THF (5 mL) was added 1 M THF solution of
o-tolylmagnesium bromide (10 mL, 10 mmol) and the mixture was refluxed at 65°C for 13 h under
argon atmosphere. After it had cooled to room temperature, 2 N HCl aq. was added to it. The
mixture was diluted with Sat. NaHCOj; aq., and extracted with CH,Cl,. The combined organic layers
were washed with brine, dried over Na,SO, and concentrated in vacuo. The residue was purified by
HPLC (eluent, 48% CH;CN/0.1% TFA aq. (0 min) to 80% CH3;CN/0.1% TFA aq. (20 min); flow rate
= 25.0 mL/min) to afford 62 (16 mg, 27.6 pmol, 60%).

"H NMR (400 MHz, CDCl;): & 0.54 (s, 3H), 0.55 (s, 3H), 1.35 (t, J = 7.2 Hz, 3H), 1.43 (s, 3H), 1.45
(s, 3H), 1.51 (s, 3H), 2.05 (s, 3H), 3.14 (s, 3H), 3.47 (q, J = 7.2 Hz, 2H), 5.29 (s, 1H), 6.63 (s, 1H),
6.85 (s, 1H), 7.06-7.08 (m, 2H), 7.27-7.42 (m, 5H); °C NMR (100 MHz, CDCl;) 5 —1.38, —1.14,
13.86, 17.61, 19.41, 29.28, 32.10, 38.40, 59.43, 112.53, 115.47, 117.65, 118.38, 122.44, 125.56,
126.26, 127.54, 128.69, 128.92, 129.80, 130.07, 131.39, 135.67, 138.84, 148.24, 149.09, 155.96,
161.05, 161.39, 167.36; HRMS (ESI") Calcd for [M]", 465.2726, Found, 465.2676 (—4.1 mmu)
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1)
MgBr

Br 1) sec-BuLi
2) SiMe,Cl, KMnO, 2) 2N HCI aq. N
>N Br N o = - I
| \

THF, -78°C acetone, 0°C THF, 0°C—reflux CF,CO00
42 63 (y. 6% in 3 steps)

To a solution of 42 (354 mg, 0.835 mmol) in anhydrous THF (20 mL) was added 1 M THF solution
of sec-BuL.i (1.7 mL, 1.7 mmol) at —78 °C under argon atmosphere. The reaction mixture was stirred
for 30 min at the same temperature, then dichlorodimethylsilane (118 pL, 1.02 mmol) in anhydrous
THF (3 mL) was added to it and the mixture was warmed to room temperature and stirred for 5 h. 2
N HCI aq. was added to the mixture to quench the reaction, and the mixture was neutralized with
NaHCOj; aq. The whole was extracted with CH,Cl,. The organic layer was collected, washed with
brine, dried over Na,SO,4 and evaporated to dryness. The residue was dissolved in acetone (30 mL)
at 0 °C and KMnOy (196 mg, 1.25 mmol) was added in small portions over 3 h with stirring at the
same temperature. Then the mixture was filtered through celite filter and the solution was evaporated
to dryness. The residue was purified by column chromatography (silica gel, AcOEt/n-hexane) and
GPC. The residue was dissolved in anhydrous THF (10 mL), added 1 M THF solution of
o-tolylmagnesium bromide (10 mL, 10 mmol) and the mixture was refluxed at 80°C for 5 h under
argon atmosphere. After it had cooled to room temperature, 2 N HCI aq. was added to it. The
mixture was diluted with Sat. NaHCOj; aq., and extracted with CH,Cl,. The combined organic layers
were washed with brine, dried over Na,SO, and concentrated in vacuo. The residue was purified by
HPLC (eluent, 52% CH;CN/0.1% TFA aq. (0 min) to 72% CH3;CN/0.1% TFA aq. (20 min); flow rate
=25.0 mL/min) to afford 63 (25 mg, 47.7 pmol, 6%).

"H NMR (400 MHz, CD,CL,): 8 0.47 (s, 3H), 0.50 (s, 3H), 1.95 (s, 3H), 2.88 (t, J= 7.2 Hz, 2H), 3.14
(s, 6H), 3.18 (s, 3H), 3.80 (t, J= 7.2 Hz, 2H), 6.46 (dd, J = 9.2, 2.0 Hz, 1H), 6.71 (s, 1H), 6.90-6.91
(m, 2H), 7.00-7.01 (m, 2H), 7.24-7.37 (m, 3H); °C NMR (100 MHz, CD,Cl,) 5 —1.03, —0.72, 19.69,
26.75, 34.37, 40.88, 55.73, 113.92, 115.94, 120.30, 126.28, 128.12, 129.34, 129.52, 129.78, 130.90,
134.33, 134.51, 136.41, 140.82, 146.77, 153.76, 154.28, 158.74, 168.76; HRMS (ESI") Calcd for
[M]", 411.2257, Found, 411.2219 (-3.8 mmu)
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1)

MgBr
2) 2N HCl ag.
/)\] Si N —mm 3 N

THF, 0°C—reflux
53 64 (y. 53%)

To a solution of 53*' (10 mg, 27.4 pmol) in anhydrous THF (5 mL) was added 1 M THF solution of
o-tolylmagnesium bromide (10 mL, 10 mmol) and the mixture was refluxed for 5 h under argon
atmosphere. After it had cooled to room temperature, 2 N HCI aq. was added to it. The mixture was
diluted with Sat. NaHCO; aq., and extracted with CH,Cl,. The combined organic layers were
washed with brine, dried over Na,SO,4 and concentrated in vacuo. The residue was purified column
chromatography (silica gel, MeOH/CH,Cl,) and HPLC (eluent, 56% CH3;CN/0.1% TFA aq. (0 min)
to 72% CH;3;CN/0.1% TFA aq. (20 min); flow rate = 5.0 mL/min) to afford 64 (8 mg, 14.5umol,
53%).

'H NMR (300 MHz, CD;CN): & 0.55 (s, 3H), 0.56 (s, 3H), 1.21 (t, J = 7.1 Hz, 6H), 2.02 (s, 3H),
2.90 (t,J = 8.1 Hz, 2H), 3.23 (s, 3H), 3.58 (q, /= 7.1 Hz, 4H), 3.85 (t, J = 8.1 Hz, 2H), 6.63 (dd, J =
9.9,2.6 Hz, 1H), 6.72 (s, 1H), 6.88 (d, J=9.9 Hz, 1H), 7.09 (t, J=7.2 Hz, 1H), 7.15 (s, 1H), 7.20 (d,
J = 2.6 Hz, 1H), 7.34-7.48 (m, 3H); °C NMR (100 MHz, CD;0D) & —1.52, —1.24, 13.00, 19.41,
26.88, 33.88, 46.37, 55.96, 114.52, 116.79, 121.12, 126.85, 128.18, 129.87, 129.98, 130.13, 131.33,
134.29, 135.31, 136.95, 140.63, 141.28, 147.48, 152.86, 154.14, 159.43, 168.22; HRMS (ESI')

Calcd for [M]", 439.2570, Found, 439.2522 (—4.8 mmu)

Y DB o “
iMe,Cl, 4

THF, -78°C  acetone, o°c C’,‘

44 55 (y. 8% in 2 step)

To a solution of 44 (336 mg, 0.747 mmol) in anhydrous THF (25 mL) was added 1 M THF solution
of sec-BuLi (1.64 mL, 1.64 mmol) at —78 °C under argon atmosphere. The reaction mixture was
stirred for 20 min at the same temperature, then dichlorodimethylsilane (134 pL, 1.12 mmol) in

anhydrous THF (5 mL) was added to it and the mixture was warmed to room temperature and stirred
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for 2 h. 2 N HCI aq. was added to the mixture to quench the reaction, and the mixture was
neutralized with NaHCO; aq. The whole was extracted with CH,Cl,. The organic layer was collected,
washed with brine, dried over Na,SO, and evaporated to dryness. The residue was dissolved in
acetone (30 mL) at 0 °C and KMnQ, (472 mg, 2.99 mmol) was added in small portions over 2 h
with stirring at the same temperature. Then the mixture was filtered through celite filter and the
solution was evaporated to dryness. The residue was purified by column chromatography (silica gel,
CH,Cl,/n-hexane) to afford 55 (21 mg, 58.0 pmol, 8%).

'H NMR (300 MHz, CDCls): § 0.45 (s, 6H), 2.03-2.07 (m, 4H), 2.90 (s, 3H), 3.05 (t, J = 8.0 Hz, 2H),
3.39-3.50 (m, 6H), 6.51 (s, 1H), 6.64 (d, J=2.1 Hz, 1H), 6.69 (dd, J = 8.1, 2.1 Hz, 1H), 8.22 (s, 1H),
8.39 (d, J = 8.1 Hz, 1H) ; >C NMR (100 MHz, CDCl;) & 25.46, 28.06, 34.59, 47.45, 54.84, 107.95,
113.08, 114.08, 126.00, 129.10, 131.62, 131.80, 132.12, 140.07, 140.54, 148.95, 154.76, 185.16;
HRMS (ESI") Caled for [M+H]", 363.1855, Found, 363.1893 (~3.8 mmu)

0 1)
@ O N N 2 2NHClaq.
THF, 0°C—reflux
55 65 (y. 66%)

To a solution of 55 (15 mg, 41.4 pmol) in anhydrous THF (20 mL) was added 1 M THF solution of
o-tolylmagnesium bromide (I mL, 1 mmol) and the mixture was refluxed for 4 h under argon
atmosphere. After it had cooled to room temperature, 2 N HCI aq. was added to it. The mixture was
diluted with Sat. NaHCOj; aq., and extracted with CH,Cl,. The combined organic layers were
washed with brine, dried over Na,SO,4 and concentrated in vacuo. The residue was purified by HPLC
(eluent, 64% CH;CN/0.1% TFA aq. (0 min) to 80% CH;CN/0.1% TFA aq. (20 min); flow rate = 5.0
mL/min) to afford 65 (15 mg, 27.3umol, 66%).

"H NMR (400 MHz, CD,Cl,): 5 0.55 (s, 3H), 0.57 (s, 3H), 2.03 (s, 3H), 2.10 (t, J = 6.9 Hz, 4H), 2.96
(t, J=7.2 Hz, 2H), 3.24 (s, 3H), 3.57 (t, J = 6.9 Hz, 4H), 3.86 (t, /= 7.2 Hz, 2H), 6.44 (dd, J=9.2,
2.4 Hz, 1H), 6.78 (s, 1H), 6.93 (s, 1H), 6.98-7.00 (m, 2H), 7.09 (d, J = 7.2 Hz, 1H), 7.33-7.46 (m,
3H); *C NMR (100 MHz, CD,Cl,) 8 —0.99, —0.69, 19.68, 25.77, 26.84, 34.23, 49.30, 55.56, 114.75,
115.43, 121.44, 126.28, 128.10, 129.31, 129.51, 129.61, 130.89, 134.04, 136.40, 139.78, 141.23,
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147.42, 151.57, 153.47, 158.44, 168.92; HRMS (ESI") Calcd for [M]’, 437.2413, Found, 437.2387
(2.6 mmu)

1) sec-BuLi o
O O 2) SiMe,Cl, KMnO,
(CNFL NN o e N Si N
BocN\) r Br \  THF, -78°C acetone, 0°C BocN\) /\ \
45 56 (y. 10% in 2 steps)

To a solution of 45 (890 mg, 1.57 mmol) in anhydrous THF (15 mL) was added 1 M THF solution of
sec-BuLi (3.2 mL, 3.2 mmol) at —78 °C under argon atmosphere. The reaction mixture was stirred
for 20 min at the same temperature, then dichlorodimethylsilane (203 pL, 1.70 mmol) in anhydrous
THF (5 mL) was added to it and the mixture was warmed to room temperature and stirred for 3 h. 2
N HCI aq. was added to the mixture to quench the reaction, and the mixture was neutralized with
NaHCOj; aq. The whole was extracted with CH,Cl,. The organic layer was collected, washed with
brine, dried over Na,SO,4 and evaporated to dryness. The residue was dissolved in acetone (30 mL)
at 0 °C and KMnOy (187 mg, 1.19 mmol) was added in small portions over 2 h with stirring at the
same temperature. Then the mixture was filtered through celite filter and the solution was evaporated
to dryness. The residue was purified by column chromatography (silica gel, AcOEt/n-hexane) to
afford 56 (77 mg, 0.161 mmol, 10%).

"H NMR (400 MHz, CDCl;): & 0.45 (s, 6H), 1.49 (s, 9H), 2.91 (s, 3H), 3.06 (t, J = 9.0 Hz, 2H), 3.35
(t,J=5.0 Hz, 4H), 3.49 (t, J=9.0 Hz, 2H), 3.62 (t, /= 5.0 Hz, 4H), 6.49 (s, 1H), 7.01-7.04 (m, 2H),
8.20 (s, 1H), 8.39 (d, J = 8.0 Hz, 1H); °C NMR (75 MHz, CDCl3) & —1.19, 27.88, 28.33, 34.36,
47.56, 54.63, 79.97, 107.74, 116.22, 117.61, 126.02, 130.95, 131.37, 132.20, 132.56, 140.21, 140.29,
151.98, 154.48, 154.91, 184.99; HRMS (ESI") Calcd for [M+H]", 478.2526, Found, 478.2483 (—4.3

mmu).

1) ; ~

(o) Li
2)2NHClaq. TFA

(\N O si O N > r
i THF
BocN\) /N \
56

66 (y. 27% in 2 steps)
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To a solution of 2-bromotoluene (36.4 pL, 0.3 mmol) in anhydrous THF (10 mL) was added 1 M
cyclohexane solution of sec-butyllithium (0.3 mL, 0.3 mmol) at —78°C. The reaction mixture was
maintained for 5 min, and then 56 (50 mg, 105 umol) in THF (5 mL) was added to it and the mixture
was stirred at —78°C for 20 min under argon atmosphere. The reaction mixture was quenched with 2
N HCI aq., diluted with Sat. NaHCOs; aq, and extracted with CH,Cl,. The combined organic layers
were washed with brine, dried over Na,SO, and concentrated in vacuo. The residue was purified by
HPLC (eluent, 24% CH3;CN/0.1% TFA aq. (0 min) to 56% CH3;CN/0.1% TFA aq. (20 min); flow rate
= 25.0 mL/min) to afford 66 (13 mg, 28.8 umol, 27%).

'H NMR (400 MHz, CD;0D): § 0.58 (s, 3H), 0.60 (s, 3H), 2.03 (s, 3H), 2.95-2.97 (m, 6H), 3.36 (s,
3H), 3.65 (t, J = 5.6 Hz, 4H), 3.95 (t, J = 7.2 Hz, 2H), 6.79 (s, 1H), 6.82 (dd, J = 9.4, 2.8 Hz, 1H),
6.96 (d, J= 9.4 Hz, 1H), 7.10 (d, J = 8.0 Hz, 1H), 7.32 (s, 1H), 7.35-7.47 (m, 4H); *C NMR (100
MHz, CD;0D) & —1.53, —1.24, 19.44, 26.71, 34.18, 46.25, 56.39, 115.59, 117.90, 121.58, 126.91,
129.53, 129.94, 130.13, 130.55, 131.39, 134.58, 136.06, 136.96, 140.49, 140.52, 146.29, 154.02,
155.74, 159.95, 167.48; HRMS (ESI") Calcd for [M]", 452.2522, Found, 452.2511 (1.1 mmu); The
HPLC chromatogram after purification was as follows. The elution was done with a 20 min linear
gradient from 16 % CH;CN/0.1 % TFA aq. to 80 % CH;CN/0.1 % TFA aq. (flow rate = 1.0

mL/min); Absorbance at 640 nm was detected.

Abs. at 640 nm

0 5 10 15 20

Time (min)
Pd(PPhs),
o) -9 o
Nul
ht oo LI
N Si N~ ———— HN Si N~
/\ | o /\ |
CH,Cl,, 35°C
| 68 69 (y. quant.)

To a solution of 68> (407 mg, 1.08 mmol) in CH,Cl, (10 ml) were added 1,3-dimethylbarbituric
acid (505 mg, 3.24 mmol) and Pd(PPh;), (187 mg, 0.162 mmol) under argon atmosphere. The
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reaction mixture was stirred for 63 h at 35°C. The reaction was quenched with sat. NaHCO; aq., and
the aqueous layer was extracted with CH,Cl,. The combined organic layers were washed with sat.
NaHCOs; aq. and brine, dried over Na,SOy, and concentrated in vacuo. The residue was purified by
column chromatography (silica gel, AcOEt/CH,Cl,) to afford 69 (320 mg, 1.08 mmol, quant.).

'H NMR (300 MHz, CDCly): & 0.44 (s, 6H), 3.10 (s, 6H), 4.06 (s, 2H), 6.77-6.85 (m, 4H), 8.33 (d, J
= 8.7 Hz, 1H), 8.38 (d, J = 8.7 Hz, 1H); °C NMR (75 MHz, CDCl;) & —1.24, 39.96, 113.09, 114.14,
116.11, 117.55, 129.27, 131.69, 131.81, 132.00, 140.34, 140.92, 148.96, 151.46; HRMS (ESI")
Calcd for [M+H]", 297.1423, Found, 297.1378 (4.5 mmu)

o) o)

H,N Si N~ >  HO Si N~
VAN | 7\ |
69

H,S0,, 0°C—>80°C
70 (y. 42%)

To a solution of 69 (226 mg, 0.764 mmol) in 5.0 M H,SO, aq. (12 ml) was added NaNO, (527 mg,
7.64 mmol) at 0°C. The reaction mixture was stirred for 1 h at the same temperature, and then
poured into 2.0 M H,SO, aq. (50 mL) at 80°C. The reaction mixture was stirred for 10 min,
quenched with 2 N NaOH aq. and the aqueous layer was extracted with CH,Cl,. The combined
organic layers were washed with and brine, dried over Na,SO,, and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, AcCOEt/CH,Cl,) to afford 70 (95 mg,
0.320 mmol, 42%).

'H NMR (300 MHz, CDCls): 8 0.46 (s, 6H), 3.11 (s, 6H), 5.22 (s, 3H), 5.30 (s, 3H), 6.78 (d, J = 3.0
Hz, 1H), 6.84 (dd, J= 9.5 Hz, 3.0 Hz, 1H), 6.97 (dd, J = 8.8 Hz, 2.2 Hz, 1H), 7.05 (d, J = 2.2 Hz,
1H), 8.37-8.43 (m, 2H); "C-NMR (75 MHz, CD;0D) § 1.3, 40.1, 114.2, 115.6, 118.2, 120.0, 129.6,
132.8, 133.0, 134.1, 142.3, 143.2, 153.5, 161.9, 187.6; LRMS (ESI") 298 [M+H]"

o)
Q Tf,NPhe
—_—
HO Si N~ TfO Si N~
/\ | /\ |

CH,Cl,
70 (y. 42%) 71 (y. 87%)

To a solution of 70 (95 mg, 0320 mmol) in CH,Cl, (10 ml) were added
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N-phenylbis(trifluoromethanesulfonimide) (229 mg, 0.64 mmol) and DIPEA (112 pL, 0.64 mmol) at
room temperature. The reaction mixture was stirred for 2 h at the same temperature, quenched with 2
N HCI aq. The aqueous layer was extracted with CH,Cl,. The combined organic layers were washed
with and brine, dried over Na,SOy, and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, AcOEt/CH,Cl,) to afford 71 (120 mg, 0.279 mmol, 87%).

"H NMR (300 MHz, CDCls): 8 0.51 (s, 6H), 3.13 (s, 6H), 6.77 (d, J= 3.0 Hz, 1H), 6.86 (dd, J = 9.6,
3.0 Hz, 1H), 7.41 (dd, J= 8.7, 2.9 Hz, 1H), 7.48 (d, J = 2.9, 1H), 8.37 (d, /= 9.6, 1H), 8.56 (d, J =
8.7 Hz, 1H)

Pd,(dba);eCHCI,

C52CO3
Xantphos
o Q, o
TfO S toluene A
FC
71 3 72 (y. 23%)

To a solution of 71 (20.4 mg, 47.5 umol) in toluene (5 mL) were added bis(trifluoroethyl)amine (172
mg, 0.95 mmol), Pd2(dba);- CHCl; (9.8 mg, 9.5 pmol), xantphos (5.5 mg, 9.5 pmol) and Cs,CO;
(310 mg, 0.95 mmol) under argon atmosphere. The reaction mixture was stirred for 39 h at 85°C.
The reaction mixture was diluted with water and extracted with CH,Cl,. The combined organic
layers were washed with brine, dried over Na,SO,4 and concentrated in vacuo. The residue was
purified by column chromatography (silica gel, CH,Cl,/n-hexane) to afford 72 (5 mg, 10.9 umol,
23%).

'H NMR (300 MHz, CDCl5): § 0.47 (s, 6H), 3.11 (s, 6H), 4.17 (q, J = 8.0 Hz, 4H), 6.81 (d, J=2.2
Hz, 1H), 6.86 (dd, J=9.2, 2.2 Hz, 1), 7.03-7.06 (m, 2H), 8.37-8.44 (m, 2H); HRMS (ESI") Calcd for
[M+H]", 461.1484, Found, 461.1443 (—4.1 mmu)

ﬂ@ C

MgBr

°F3 TR I PR
§ S
s. N Si NT

/\ |

THF, r.t. —>reflux
F3C F5;C

72 73 (y. 30%) CF3COO
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To a solution of 72 (1.9 mg, 4.13 umol) in anhydrous THF (4 mL) was added 1 M THF solution of
o-tolylmagnesium bromide (0.80 mL, 0.80 mmol), and the mixture was refluxed for 24 h under
argon atmosphere. After it had cooled to room temperature, 2 N HCI aq. was added to it. The
aqueous layer was extracted with CH,Cl,. The combined organic layers were washed with brine,
dried over Na,SO,4 and concentrated in vacuo. The residue was purified by HPLC (eluent, 56%
CH;CN/0.1% TFA aq. (0 min) to 80% CH3;CN/0.1% TFA aq. (20 min); flow rate = 25.0 mL/min) to
afford 73 (0.83 mg, 1.25 pmol, 30%)).

"H NMR (400 MHz, CD,Cl,): § 0.59 (s, 6H), 1.95 (s, 6H), 3.40 (s, 3H), 3.54 (s, 3H), 4.25 (q, J = 8.0
Hz, 4H), 6.73 (d, /= 9.6 Hz, 1H), 6.44 (dd, J=9.6, 3.2 Hz, 1H), 7.14 (d, J= 9.6 Hz, 1H), 7.20 (d, J
= 8.8 Hz, 2H), 7.25-7.28 (m, 3H), 7.35 (t, J = 7.6 Hz, 1H); HRMS (ESI") Calcd for [M]", 549.2161,
Found, 549.2127 (-3.4 mmu)

1) HCHO, AcOH
2) NaCNBH;3 p-chloranil

MeOH, r.t. CH,Cl,, r.t. N(\
-

66 75 (y. 34 % in 2 steps)

To a solution of 66 (12.7 mg, 28.1 umol) in MeOH (5 mL) were added AcOH (30 pL) and 37%
HCHO aq. (23 pL, 280 pmol). The reaction mixture was stirred for 37 h at room temperature and
then added NaCNBHj; (20 mg, 317 pmol). The mixture was stirred for 4.5 h at the same temperature
and then added water. The aqueous layer was extracted with CH,Cl,. The combined organic layers
were washed with brine, dried over Na,SO,4 and concentrated in vacuo. The residue in CH,Cl, (5
mL) was added p-chloranil (20 mg, 81 umol). The mixture was stirred for 4 h at room temperature
and concentrated in vacuo. The residue purified by HPLC (eluent, 32% CH;CN/0.1% TFA aq. (0
min) to 48% CH3;CN/0.1% TFA aq. (20 min); flow rate = 5.0 mL/min) to afford 75 (5.6 mg, 9.66
pumol, 34%).

"H NMR (400 MHz, CD;0D): & 0.58 (s, 3H), 0.60 (s, 3H), 2.03 (s, 3H), 2.35 (s, 3H), 2.59 (t, J = 5.6
Hz, 4H), 2.98 (t, J= 7.2 Hz, 2H), 3.37 (s, 3H), 3.67 (t, J = 5.6 Hz, 4H), 3.96 (t, J = 7.2 Hz, 2H), 6.80
(s, 1H), 6.83 (dd, J=9.4, 2.8 Hz, 1H), 6.96 (d, J=9.4 Hz, 1H), 7.10 (d, J = 8.0 Hz, 1H), 7.34-7.48
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(m, 5H); >C NMR (100 MHz, CD;0D) & —1.55, —1.25, 19.44, 26.70, 34.22, 45.94, 47.18, 55.56,
56.45, 115.39, 118.08, 121.61, 126.92, 129.66, 129.95, 130.13, 130.60, 131.40, 134.65, 136.18,
136.96, 140.40, 140.51, 146.14, 153.88, 155.98, 160.06, 167.49; HRMS (ESI") Calcd for [M]',
466.2679, Found, 466.2677 (—0.2 mmu); The HPLC chromatogram after purification was as follows.
The elution was done with a 20 min linear gradient from 24 % CH;CN/0.1 % TFA aq. to 52 %

CH;CN/0.1 % TFA aq. (flow rate = 1.0 mL/min); Absorbance at 650 nm was detected.

0 5 10 15 20
Time (nm)

Abs. at 650 nm
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2) 2N HClI aq. TFA
LI ————
(N Si N
\) /\ \

N THF, reflux r.t. Hh(\)N

Boc

CF;C00
56 78 (y. 21% in 2 steps)

To a solution of 56 (32 mg, 66.9 pmol) in anhydrous THF (10 mL) was added 1 M THF solution of
o-tolylmagnesium bromide (2 mL, 2.0 mmol). The reaction mixture was refluxed for 6 h under argon
atmosphere. After it had cooled to room temperature, 2 N HCl aq. was added to it. The aqueous layer
was extracted with CH,Cl,. The combined organic layers were washed with brine, dried over
Na,SOy4 and concentrated in vacuo. The residue was added trifluoroacetic acid (4 mL) and stirred for
1 h at room temperature. The mixture was concentrated in vacuo and purified by HPLC (eluent, 29%
CH;CN/0.1% TFA aq. (0 min) to 72% CH3;CN/0.1% TFA aq. (20 min); flow rate = 25.0 mL/min) to
afford 78 (8.1 mg, 14.0 pmol, 21%).

HRMS (ESI") Caled for [M]', 466.2679, Found, 466.2653 (-2.6 mmu)
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1) HCHO, AcOH
2) NaCNBH; p-chloranil

CH2C|2 /MeOH, r.t. CH2C|2

Y

SiRpH1 (76)
y. 37% in 2 steps

To a solution of 78 (5 mg, 8.62 pmol) in MeOH (10 mL) were added AcOH (20 pL), 37% HCHO aq.
(1.4 pL, 17.3 umol) and NaCNBH3; (2.5 mg, 40 pmol) at room temperature. The reaction mixture
was stirred for 16 h at the same temperature and then added water. The aqueous layer was extracted
with CH,Cl,. The combined organic layers were washed with brine, dried over Na,SO, and
concentrated in vacuo. The residue in CH,Cl, (5 mL) was added p-chloranil (7 mg, 28.5 umol). The
mixture was stirred for 3 h at room temperature and concentrated in vacuo. The residue purified by
HPLC (eluent, 24% CH;CN/0.1% TFA aq. (0 min) to 52% CH3;CN/0.1% TFA aq. (20 min); flow rate
= 25.0 mL/min) to afford SiRpH1 (76) (2.0 mg, 2.82 pumol, 37%).

'H NMR (400 MHz, CD;0D): & 0.59 (s, 6H), 1.98 (s, 6H), 2.35 (s, 3H), 2.59 (t, J = 5.4 Hz, 4H),
2.98 (t,J= 7.2 Hz, 2H), 3.37 (s, 3H), 3.67 (t, /= 5.4 Hz, 4H), 3.97 (t, J = 7.2 Hz, 2H), 6.79 (s, 1H),
6.84 (dd, J=9.2,2.6 Hz, 1H), 6.97 (d, J=9.2 Hz, 1H), 7.22 (d, J = 7.6 Hz, 2H), 7.33-7.37 (m, 2H),
7.39 (d, J = 2.6 Hz, 1H); HRMS (ESI") Calcd for [M]", 480.2835, Found, 480.2858 (+2.3 mmu) ;
The HPLC chromatogram after purification was as follows. The elution was done with a 20 min
linear gradient from 32 % CH3;CN/0.1 % TFA aq. to 64 % CH3;CN/0.1 % TFA aq. (flow rate = 1.0

mL/min); Absorbance at 650 nm was detected.

Abs, at 650 nm
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Time (min)
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o

H
1) , AcOH

2) NaCNBH; p-chloranil

i > - (N
HN_/ = CH,Cl,/MeOH, r.t.  CH,Cl, @\/N

78 SiRpH2 (79)
y. 43% in 2 steps

To a solution of 78 (3 mg, 5.17 umol) in CH,Cl, (5 mL) were added MeOH (1 mL), AcOH (20 pL)
and benzaldehyde (1 pL, 9.91 pmol). The reaction mixture was stirred for 10 min at room
temperature and then added NaCNBHj; (1.26 mg, 20 pmol). The mixture was stirred for 23 h at the
same temperature and then added water. The aqueous layer was extracted with CH,Cl,. The
combined organic layers were washed with brine, dried over Na,SO,4 and concentrated in vacuo. The
residue in CH,Cl, (10 mL) was added p-chloranil (2 mg, 8.13umol). The mixture was stirred for 1 h
at room temperature and concentrated in vacuo. The residue purified by HPLC (eluent, 24%
CH;CN/0.1% TFA aq. (0 min) to 52% CH;CN/0.1% TFA aq. (20 min); flow rate = 5.0 mL/min) to
afford SiRpH2 (79) (1.5 mg, 2.24 umol, 43%).

'H NMR (400 MHz, CD;0D): 8 0.49 (s, 6H), 1.90 (s, 6H), 2.51 (t, J= 5.0 Hz, 4H), 2.91 (t, J=7.0
Hz, 2H), 3.25 (s, 3H), 3.49 (s, 2H), 3.54 (t, J = 5.0 Hz, 4H), 3.85 (t, J = 7.0 Hz, 2H), 6.58 (dd, J =
8.6, 2.8 Hz, 1H), 6.72 (s, 1H), 6.89 (d, J= 8.6 Hz, 1H), 6.97 (s, 1H), 7.10-7.12 (m,3H), 7.18-7.28 (m,
6H); HRMS (ESI") Calcd for [M]’, 556.3148, Found, 556.3134 (-1.4 mmu) ; The HPLC
chromatogram after purification was as follows. The elution was done with a 20 min linear gradient
from 32 % CH;CN/0.1 % TFA aq. to 64 % CH3;CN/0.1 % TFA aq. (flow rate = 1.0 mL/min);

Absorbance at 650 nm was detected.
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2) NaCNBH; p-chloranil

MeOH CH2C|2

78 SiRpH3 (80)
y. 31% in 2 steps

To a solution of 78 (3.5 mg, 6.03 pmol) in MeOH (5 mL) were added AcOH (20 pL),
3-fluorobenzaldehyde (1.3 pL, 12.1 pmol) and NaCNBH; (1.5 mg, 24.1 pmol) at room temperature.
The reaction mixture was stirred for 16 h at the same temperature and then added water. The aqueous
layer was extracted with CH,Cl,. The combined organic layers were washed with brine, dried over
Na,SO, and concentrated in vacuo. The residue in CH,Cl, (5 mL) was added p-chloranil (3 mg,
12.2umol). The mixture was stirred for 3 h at room temperature and concentrated in vacuo. The
residue was purified by HPLC (eluent, 27% CH3;CN/0.1% TFA aq. (0 min) to 64% CH3;CN/0.1%
TFA aq. (20 min); flow rate = 25.0 mL/min) to afford SiRpH3 (80) (1.5 mg, 1.87 pmol, 31%).

'H NMR (400 MHz, CD;0D): & 0.60 (s, 6H), 1.97 (s, 6H), 3.01 (t, J = 6.5 Hz, 2H), 3.38 (brs, 4H),
3.44 (s, 3H), 3.84 (brs, 4H), 4.03 (t, J= 6.5 Hz, 2H), 4.38 (s, 2H), 6.82 (s, 1H), 6.90 (dd, /=9.4, 3.0
Hz, 1H), 6.99 (d, J = 9.4 Hz, 1H), 7.23-7.38 (m,6H), 7.45-7.56 (m, 3H); HRMS (ESI") Calcd for
[M]", 574.3054, Found, 574.3032 (2.2 mmu); The HPLC chromatogram after purification was as
follows. The elution was done with a 20 min linear gradient from 32 % CH;CN/0.1 % TFA aq. to
64 % CH;CN/0.1 % TFA aq. (flow rate = 1.0 mL/min); Absorbance at 650 nm was detected.

Abs, at 650 nm

0 5 10 15 20
Time (min)
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1) NaNO,, AcOH Br

Br 5 CuBr, HBr
—ee
H,S0,
NH, Br
80 81 (y.34%)

Compound 81 was synthesized from 80 as reported previously™.

To a solution of NaNO, (1.04 g, 15 mmol) in concentrated H,SO, aq. (11 ml) were added
4-bromo-2,6-dimethylaniline (80) (3 g, 15 mmol) in AcOH (10 mL) and CuBr (2.58 g, 18 mmol) in
47% HBr aq. (10 mL) at 0°C. The reaction mixture was stirred for 2 h at 70°C and then poured into
crashed ice. The aqueous layer was extracted with n-hexane. The combined organic layers were
washed with and brine, dried over Na,SO,, and concentrated in vacuo. The residue was purified by
column chromatography (silica gel, n-hexane) to afford 81 (1.36 g, 5.15 mmol, 34%).

'H NMR (300 MHz, CDCls): 82.38 (s, 6H), 7.21 (s, 2H)

Br 1) n-BulLi (1 eq.) 0. 0O

2) Boc,0
—
Br THF Br
81 82 (y.55%)

To a solution of 81 (1.36 g, 5.15 mmol) in anhydrous THF (15 mL) was added 1.6 M cyclohexane
solution of n-butyllithium (3.2 mL, 5.15 mmol) at —78°C. The reaction mixture was maintained for
1.5 h, and then Boc,0O (3.37 g, 15.45 mmol) in THF (10 mL) was added to it and the mixture was
stirred for 1 h at room temperature under argon atmosphere. The reaction mixture was quenched
with 2 N HCI aq., diluted with water and extracted with CH,Cl,. The combined organic layers were
washed with brine, dried over Na,SO, and concentrated in vacuo. The residue was purified by
column chromatography (silica gel, AcOEt/n-hexane) and GPC to afford 82 (800 mg, 2.81 mmol,
55%).

"H NMR (300 MHz, CDCls): & 1.59 (s, 9H), 2.45 (s, 6H), 7.67 (s, 2H); °C NMR (75 MHz, CDCls)
523.86,28.14, 81.17, 128.79, 130.19, 132,41, 138.36, 165.48
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1) sec-BulLi, -78°C

\I/ 2) o
O o (\N
BocNY % CF3;COOH

> -
THF, -78°C — reflux

Br

82 83 (y. 63% in 2 steps)

To a solution of 82 (182 mg, 0.638 mmol) in anhydrous THF (10 mL) was added 1 M cyclohexane
solution of sec-butyllithium (0.64 mL, 0.64 mmol) at —78°C. The reaction mixture was maintained
for 30 min, and then 56 (61 mg, 128 umol) in THF (5 mL) was added to it and the mixture was
stirred at room tempeerature for 3 h under argon atmosphere. The reaction mixture was quenched
with 2 N HCI aq., diluted with water and extracted with CH,Cl,. The combined organic layers were
washed with brine, dried over Na,SO, and concentrated in vacuo. The residue was added
trifluoroacetic acid (5 mL) and stirred at room temperature for 30 min. The mixture was
concentrated in vacuo and purified by HPLC (eluent, 24% CH;CN/0.1% TFA aq. (0 min) to 64%
CH;CN/0.1% TFA aq. (20 min); flow rate = 25.0 mL/min) to afford 83 (50 mg, 80.2 umol, 63%).

'H NMR (300 MHz, CD;CN): 8 0.56 (s, 6H), 2.00 (s, 6H), 2.91 (t, J = 6.1 Hz, 2H), 3.30 (t, J = 4.5
Hz, 4H), 3.33 (s, 3H), 3.81 (t, J =4.5 Hz, 4H), 3.94 (t, /= 6.1 Hz, 2H), 6.73-6.77 (m, 2H), 6.87 (d, J
=9.6 Hz, 1H), 7.29 (s, 1H), 7.36 (d, J = 2.4 Hz, 1H), 7.86 (s, 2H); °C NMR (100 MHz, CD;0D) & —
1.39, 19.84, 26.39, 35.08, 43.68, 44.41, 56.88, 116.00, 119.30, 121.79, 129.64, 129.99, 132.04,
133.46, 137.28, 137.43, 137.60, 144.22, 144.64, 152.62, 156.24, 160.24, 164.39, 168.28; HRMS
(ESI") Caled for [M]", 510.2577, Found, 510.2557 (2.0 mmu); The HPLC chromatogram after
purification was as follows. The elution was done with a 20 min linear gradient from 24 %
CH;CN/0.1 % TFA aq. to 56 % CH;CN/0.1 % TFA aq. (flow rate = 1.0 mL/min); Absorbance at 600

nm was detected.

Ahs, at 600 nm

0 5 10 15 20
Time {min)
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F CHO
1) \©/ , AcCOH

2) NaCNBH; F

o QT
N _
CF,CO0

84 (y. 78%)

To a solution of 83 (16 mg, 25.6 pmol) in MeOH (3 mL) were added AcOH (14.6 puL, 256 pmol),
3-fluorobenzaldehyde (3.3 pL, 30.8 pmol) at room temperature. The reaction mixture was stirred for
10 min at the same temperature and then added NaCNBH; (1.5 mg, 24.1 pmol). The mixture was
stirred for 18 h at room temperature and then added water. The aqueous layer was extracted with
CH,Cl,. The combined organic layers were washed with brine, dried over Na,SO,4 and concentrated
in vacuo. The residue was purified by HPLC (eluent, 27% CH3;CN/0.1% TFA aq. (0 min) to 56%
CH;CN/0.1% TFA aq. (20 min); flow rate = 25.0 mL/min) to afford 84 (14.7 mg, 20.1 umol, 78%).

'H NMR (300 MHz, CD;CN): 8 0.56 (s, 6H), 2.01 (s, 6H), 2.93 (t, J = 6.1 Hz, 2H), 3.20 (brs, 4H),
3.34 (s, 3H), 3.82 (brs, 4H), 3.95 (t, J= 6.1 Hz, 2H), 4.20 (s, 2H), 6.74-6.77 (m, 2H), 6.87 (d, /= 9.6
Hz, 1H), 7.18-7.50 (m, 6H), 7.87 (s, 2H); HRMS (ESI") Calcd for [M]", 618.2952, Found, 618.2910
(4.2 mmu) ; The HPLC chromatogram after purification was as follows. The elution was done with
a 20 min linear gradient from 40 % CH3;CN/0.1 % TFA aq. to 64 % CH;CN/0.1 % TFA aq. (flow rate

= 1.0 mL/min); Absorbance at 600 nm was detected.

Abs. at 600 nm

N

0 5 10 15 20
Time {min)
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HO. 7
be
o
EDCeHCI

Si
DMF N _
CF,CO0

84 SiRpH3-SE (85) (y. 88%)

To a solution of 84 (2.3 mg, 3.15 pmol) in DMF (2 mL) were added N-hydroxysuccinimide (NHS)
(1.8 mg, 15.8 umol) and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC*HCI)
(3.0 mg, 15.8 pmol) at room temperature. The reaction mixture was stirred for 23 h at the same
temperature. The mixture was purified by HPLC (eluent, 36% CH;CN/0.1% TFA aq. (0 min) to 56%
CH;CN/0.1% TFA aq. (20 min); flow rate = 25.0 mL/min) to afford SiRpH3-SE (85) (2.3 mg, 2.77
pumol, 88%).

HRMS (ESI") Calcd for [M]", 715.3116, Found, 715.3134 (+1.8 mmu)

SO;Na
CHO

1) , AcOH
2) NaCNBH;

SiRpH4 (86)
y. 19%

To a solution of 83 (18.4 mg, 29.5 umol) in MeOH (2 mL) were added AcOH (14 pL, 240 pmol),
2-sulfobenzaldehyde sodium salt (10 mg, 48 pumol) and NaCNBHj; (2.2 mg, 35.4 umol) at room
temperature. The reaction mixture was stirred for 19 h at the same temperature. The mixture was
purified by HPLC (eluent, 24% CH;CN/0.1% TFA aq. (0 min) to 56% CH;CN/0.1% TFA aq. (20

min); flow rate = 5.0 mL/min) to afford SiRpH4 (86) (4.4 mg, 5.55 umol, 19%).

'H NMR (300 MHz, CD;0D): § 0.61 (s, 6H), 2.05 (s, 6H), 3.02 (t, J = 6.6 Hz, 2H), 3.46 (s, 3H),
3.54 (brs, 4H), 4.05 (t, J = 6.6 Hz, 2H), 4.36 (brs, 4H), 4.68 (s, 2H), 6.76 (s, 2H), 6.92-6.93 (m, 2H),
7.48-7.63 (m, 5H), 7.90 (s, 2H), 8.06 (dd, J = 6.6, 2.1 Hz, 1H); HRMS (ESI") Calcd for [M],
680.2614, Found, 680.2580 (3.4 mmu) ; The HPLC chromatogram after purification was as follows.
The elution was done with a 20 min linear gradient from 24 % CH;CN/0.1 % TFA aq. to 56 %
CH;CN/0.1 % TFA aq. (flow rate = 1.0 mL/min); Absorbance at 600 nm was detected.
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Abs. at 600 nm

0 5 10 15 20
Time (min)

SO3Na
CHO
1) NaO3S , AcOH
2) 2-picoline borane
» HOs3S
MeOH
SOzH SiRpH5 (87)
y. 63%

To a solution of 83 (12.8 mg, 20.5 pumol) in MeOH (5 mL) were added AcOH (250 uL) and
disodium 4-formylbenzene-1,3-disulfonate (19.1 mg, 61.5 pmol) at room temperature. The reaction
mixture was stirred for 30 min at the same temperature and then added 2-picoline borane (4.4 mg, 41
pmol). The mixture was stirred for 16 h at room temperature and purified by HPLC (eluent, 27%
CH;CN/0.1% TFA aq. (0 min) to 60% CH3;CN/0.1% TFA aq. (20 min); flow rate = 25.0 mL/min) to
afford SiRpH5 (87) (11.2 mg, 12.8 pmol, 63%).

'H NMR (400 MHz, 20 mM pD 9.7 phosphate buffered D,0): & 0.48 (s, 6H), 1.87 (s, 6H), 2.63 (brs,
4H), 2.81 (t,J= 7.0 Hz, 2H), 3.31 (s, 3H), 3.50 (brs, 4H), 3.90 (t, /= 7.0 Hz, 2H), 4.00 (s, 2H), 6.51
(d, J=9.4 Hz, 1H), 6.75 (s, 1H), 6.84 (d, J = 9.4 Hz, 1H), 7.28 (s, 1H), 7.38 (s, 1H), 7.65 (s, 2H),
7.72 (d, J = 8.2 Hz, 1H), 7.88 (d, J = 8.2 Hz, 1H), 8.30 (s, IH); °C NMR (100 MHz, CD;0D:D,0 =
1:3) 6-1.11, 20.10, 26.73, 35.45, 45.53, 52.91, 57.57, 59.77, 117.07, 119.58, 120.19, 122.40, 126.87,
129.41, 130.21, 130.34, 130.81, 131.79, 133.57, 135.96, 137.56, 138.12, 138.47, 144.92, 145.32,
146.11, 147.92, 152.72, 157.61, 160.90, 163.91, 170.85; HRMS (ESI") Calcd for [M]", 760.2183,
Found, 760.2137 (—4.6 mmu) ; The HPLC chromatogram after purification was as follows. The
elution was done with a 20 min linear gradient from 24 % CH;CN/0.1 % TFA aq. to 56 %

CH;CN/0.1 % TFA aq. (flow rate = 1.0 mL/min); Absorbance at 600 nm was detected.
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Abs, at 600 nm
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e
o , EDCeHCI

DIPEA

DMF
SiRpH5-PEGg-SE (89)
y. 27% in 3 steps
SO;H

To a solution of SiRpHS5 (87) (11.2 mg, 12.8 pmol) in DMF (2 mL) were added
N-hydroxysuccinimide (NHS) (2.2 mg, 18.9 pmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC<HCI) (3.6 mg, 18.9 umol) and DIPEA (6.6 pL, 37.8 umol) at room temperature.
The reaction mixture was stirred for 20 h at the same temperature, purified by HPLC (eluent, 27%
CH;CN/0.1% TFA aq. (0 min) to 60% CH3;CN/0.1% TFA aq. (20 min); flow rate = 25.0 mL/min)
and concentrated in vacuo. The residue was added DMF (2 mL), NH,-PEG4-OH (4.9 mg, 13.7 pmol),
DIPEA (25 pL, 260 pmol) and H,O (50 pL) at room temperature. The he reaction mixture was
stirred for 15 h at the same temperature, purified by HPLC (eluent, 27% CH3;CN/0.1% TFA aq. (0
min) to 60% CH3;CN/0.1% TFA aq. (20 min); flow rate = 25.0 mL/min) and concentrated in vacuo to
afford 88 as a crude material. The residue was added DMF (3 mL), NHS (4 mg, 35 umol), EDC*HCI
(6.7 mg, 35 umol) and DIPEA (20 pL, 208 pumol) at room temperature. The reaction mixture was
stirred for 17 h at the same temperature, purified by HPLC (eluent, 24% CH;CN/0.1% TFA aq. (0
min) to 44% CH3;CN/0.1% TFA aq. (20 min); flow rate = 25.0 mL/min) to afford SiRpHS5-PEG¢-SE
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(89) (4.1 mg, 3.44 umol, 27% in 3 steps).
HRMS (ESI") Calcd for [M]", 1192.4290, Found, 1192.4270 (—2.0 mmu)

Cartesian Coordinates and Total Electron Energies

Non-protonated form of SiR (75)

LUMO -3.30 ev
HOMO -5.65 eV
SiR (75)

E(RB3LYP) = -1618.47647643 a.u. Non-protonatad form

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 6 0 -2.179988 -0.940013 0.173451
2 6 0 -1.299449 1.675608 -0.002391
3 6 0 -3.160939 0.103976 0.167054
4 6 0 -2.649056 1.433711 0.086159
5 1 0 -2.514784 -1.965908 0.271733
6 1 0 -0.978919 2.707696 -0.080550
7 6 0 -0.818406 -0.706867 0.095122
8 6 0 1.390675 2.448173 -0.205529
9 6 0 2.188257 0.082255 -0.079897
10 6 0 -0.317545 0.636728 -0.002096
11 6 0 2.057869 -1.350678 0.022624
12 6 0 1.073163 0.981062 -0.086140
13 6 0 4.475224 -1.589466 -0.058071
14 6 0 1.459610 3.0184006 -1.485573
15 6 0 1.615577 3.244605 0.939007
16 6 0 4.621455 -0.178156 -0.161057
17 6 0 3.519787 0.628955 -0.173002
18 6 0 3.184588 -2.162019 0.032164
19 6 0 1.975453 5.170232 -0.524905
20 6 0 1.905893 4.604333 0.750361
21 6 0 1.751430 4.374165 -1.650022
22 1 0 3.080693 -3.242010 0.095993
23 1 0 3.648306 1.702173 -0.255850
24 1 0 2.080185 5.228666 1.623575
25 1 0 2.202702 6.226823 -0.636949
26 1 0 1.800964 4.801064 -2.647862
27 1 0 -3.315210 2.285896 0.065856
28 7 0 5.680059 -2.200656 -0.063779
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29 14 0 0.363291 -2.170203 0.119752
30 6 0 0.088037 -3.277509 -1.386120
31 1 0 0.816053 -4.097973 -1.410197
32 1 0 -0.912213 -3.728079 -1.367999
33 1 0 0.185370 -2.714128 -2.321152
34 6 0 0.192145 -3.157294 1.720928
35 1 0 -0.809533 -3.596424 1.808547
36 1 0 0.913982 -3.982880 1.754588
37 1 0 0.360390 -2.527559 2.601933
38 6 0 6.100726 0.150051 -0.211464
39 1 0 6.422987 0.638212 0.716394
40 1 0 6.360717 0.818143 -1.037937
41 6 0 6.764464 -1.243238 -0.363028
42 1 0 7.599742 -1.401309 0.326464
43 1 0 7.130845 -1.417349 -1.384808
44 6 0 5.916180 -3.631188 -0.116393
45 1 0 5.145750 -4.163684 0.446350
46 1 0 5.924291 -4.001789 -1.151751
47 1 0 6.885351 -3.8520091 0.340036
48 1 0 1.282481 2.392767 -2.357336
49 6 0 1.551681 2.665116 2.335024
50 1 0 0.574199 2.212844 2.543632
51 1 0 2.304850 1.880920 2.483489
52 1 0 1.726841 3.440616 3.086561
53 6 0 -5.044583 -1.522930 0.267747
54 6 0 -5.497156 0.856502 0.604919
55 6 0 -6.361587 -1.619688 -0.507929
56 1 0 -5.208230 -1.816006 1.315361
57 1 0 -4.339165 -2.219425 -0.182961
58 6 0 -6.794807 0.697559 -0.186542
59 1 0 -5.710084 0.741094 1.678007
60 1 0 -5.103578 1.857392 0.444976
61 1 0 -6.765260 -2.628825 -0.368492
62 1 0 -6.155065 -1.488832 -1.590321
63 1 0 -7.521944 1.422048 0.196788
64 1 0 -6.609264 0.940441 -1.253079
65 7 0 -4.498584 -0.157677 0.222948
66 7 0 -7.330164 -0.647167 -0.024158
67 6 0 -8.638637 -0.805865 -0.652725
68 1 0 -9.018659 -1.813645 -0.457009
69 1 0 -9.341448 -0.086883 -0.219865
70 1 0 -8.608966 -0.649804 -1.747829
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Protonated form of SiR (75)

LUMO -3.48 ev
HOMO -6.04 ev
H SiR (75)

E (RB3LYP) = -1618.78140098 a.u. Protonated form

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 6 0 -2.173450 -0.904784 -0.013054
2 6 0 -1.228423 1.691143 -0.115033
3 6 0 -3.103367 0.155889 -0.042469
4 6 0 -2.599139 1.464997 -0.091735
5 1 0 -2.549456 -1.922704 0.066652
6 1 0 -0.885526 2.717047 -0.169783
7 6 0 -0.794698 -0.696973 -0.034368
8 6 0 1.466316 2.442515 -0.218384
9 6 0 2.227399 0.076238 -0.087941
10 6 0 -0.284492 0.636463 -0.089824
11 6 0 2.075554 -1.369706 -0.006493
12 6 0 1.145125 0.976323 -0.120727
13 6 0 4.494912 -1.626181 -0.002867
14 6 0 1.584744 3.017809 -1.493516
15 6 0 1.644236 3.232281 0.939378
16 6 0 4.664770 -0.206455 -0.088193
17 6 0 3.578793 0.608981 -0.129221
18 6 0 3.185002 -2.187355 0.036067
19 6 0 2.057964 5.165196 -0.500971
20 6 0 1.939394 4.593462 0.767996
21 6 0 1.880727 4.374710 -1.638613
22 1 0 3.069721 -3.265775 0.097470
23 1 0 3.718039 1.681729 -0.195933
24 1 0 2.081327 5.213622 1.649736
25 1 0 2.289632 6.221993 -0.598807
26 1 0 1.972785 4.806413 -2.631143
27 1 0 -3.260259 2.323418 -0.136179
28 7 0 5.677306 -2.246453 0.026448
29 14 0 0.367971 -2.176732 0.034713
30 6 0 0.137393 -3.281941 -1.477665
31 1 0 0.860995 -4.106431 -1.475786
32 1 0 -0.863200 -3.732089 -1.490822
33 1 0 0.268519 -2.723700 -2.411529
34 6 0 0.133989 -3.144285 1.637332
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35 1 0 -0.871300 -3.580419 1.692807
36 1 0 0.849223 -3.973279 1.705725
37 1 0 0.272980 -2.508236 2.518785
38 6 0 6.147078 0.104033 -0.123200
39 1 0 6.447493 0.750617 0.707594
40 1 0 6.429450 0.615211 -1.049512
41 6 0 6.810804 -1.293652 -0.023805
42 1 0 7.418596 -1.416443 0.879856
43 1 0 7.439990 -1.533515 -0.887982
44 6 0 5.937816 -3.674874 0.118042
45 1 0 5.004370 -4.237592 0.108886
46 1 0 6.552452 -3.993858 -0.731111
47 1 0 6.479242 -3.897440 1.044884
48 1 0 1.446686 2.397012 -2.375918
49 6 0 1.538471 2.643791 2.329374
50 1 0 0.577155 2.139808 2.490112
51 1 0 2.324738 1.901092 2.516856
52 1 0 1.635388 3.423379 3.090301
53 6 0 -5.407230 0.993379 0.255721
54 6 0 -5.045187 -1.066559 -0.947962
55 6 0 -6.748788 0.483735 0.778843
56 1 0 -5.565606 1.606841 -0.651546
57 1 0 -4.997131 1.651030 1.026208
58 6 0 -6.374506 -1.636653 -0.460715
59 1 0 -5.181374 -0.588932 -1.937139
60 1 0 -4.360592 -1.903002 -1.094927
61 1 0 -7.463658 1.302204 0.897395
62 1 0 -6.631061 -0.037070 1.732494
63 1 0 -6.826041 -2.291780 -1.210461
64 1 0 -6.256655 -2.183644 0.478325
65 7 0 -4.494621 -0.118295 0.020533
66 6 0 -8.693835 -1.028365 0.290320
67 1 0 -9.364988 -0.179832 0.435180
68 1 0 -9.099706 -1.705044 -0.463947
69 1 0 -8.548487 -1.558592 1.232898
70 1 0 -7.518375 -0.025765 -1.071931
71 7 0 -7.358567 -0.516824 -0.182923
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