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Tablel. 4t FuF 2.t FaF I AF L2 7axyF 14 v (1) DEK

O O
O
HO | o OH
g — OH OH OH
HO' H,0 + + m
OH HO OH
1 2 3

Entry Temp. (°C) Time (h) Solid (mg) Yield (%)®) Ratio (1/2)© 3 (%)@
1 100 1 7 n.d. = 1
2 5 n.d. = 7
3 0 n.d. = 21
4 12 6 16 1:2.16 24
5 24 1 32 1:0.88 17
6 48 2 31 1:0.15 14
7 72 22 50 1:0.11 2
8 120 1 3 n.d. = 15
9 1 n.d. = 11
10 4 24 1:0.87 20
11 12 22 52 1:0.57 6
12 24 23 61 1:017 1
13 48 95 41 1:0.04 0.3
14 140 1 n.d. = 3
15 42 1:1.20 7
16 7 35 55 1:0.41 1
17 12 37 55 1:0.12 1
18 24 66 47 1:0.06 0
19 160 1 3 n.d. = 1
20 3 20 30 1:0.19 14
21 5 63 47 1:0.10 1
22 7 74 54 1:0.04 0
23 12 145 43 1:0.06 0
24 24 199 21 1:0.06 0

Unless stated otherwise, reactions were performed as follows: An aqueous solution of b-Glucal (3)
(4.0 mmol) in H,O (20 mL, 0.2 M) at indicated temperature and for indicated time without stirring.
(b) Isolated yield of 1 including 2. (c) Ratio of 1 and 2 was determined by "H NMR analysis.

(d) Isorated yield of 3. n.d. = not detected.
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Table
OH EE—— OR
THF
HO HO
1 8 R=TBDPS
9 R=TBS
10 R=TIPS
MR=Tr
entry conditions products yield (%)
1 TBDPSCI, Et3N, RT, overnight 8 N.D.
2 TBSCI, Et3N, RT, overnight 9 82
3 TIPSCI, Et3N, RT, overnight 10 trace
4 TrCl, Et3N, RT, overnight 1" N.D.
5 TrCl, Et;N, DMAP, RT, overnight 1" 29

N. D. = Not detected
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KA | |Lase
b v /\)k
N
H H NN,
Indole 4-Fluorcindole 5-Fluoroindole
)« 9
/\u/lo"
o R
@ [~ © 2 (68 CL’
N / \ OH Y\( "
N ﬂ Ty
H /
6-Fluoroindole \ ~F “‘th
NH 3-Indoleacrylic acid
i 3-Indoleacetic acid

1. 1Y F=VRLEWOREE
A F=(@QRXVEUyEB4L. 5, 6 OEERMBE I,
7y FRFICMENCESEZ SN, 47 0vFa S v
F—=(b). 57+ uaf ¥ =) 67N+ uaAf
YR= V(IR Lz 4 Y F= VRV EVERDS
F-frEid. FRENEEE T 7 ) VB TER S,
34 ¥ F—VEERE(e) 34 ¥ F—7 7 U V()12

%5
1200  =Ctrl --Ctrl (DMSO)
g —&-Indole T-3-1AA
~0-4-FI -A-5-FI
%"100" T -®6FI —3-IARA (DMSO)
£
2 800
=
=
< 600
=
=
£
5 400
@
g
= 200
[’}
=
0
0 2 4 6 8 10
Time (day)

K2, 3mMOA Y F—=LREEWICX 2100 2 5 » 4K

BOZL

Ctri(zv bu—nxz% —n, M. Ctrl DMSO(=2
v hu—), @), Indole(f ¥ F—)L, &), 3IAA(3-
4 v K= VEEE. ) 4 F14-7 vt a4 ¥ F—=L, ),
5FI(5- 7VvAtuaAf v F—, &), 6FI(6-7VFaA
Y F—l, @).3IARA(3-4 ¥ F— 7 7 ) Vg, ~—
7% L) LT N—IBHEFAEEZRT (n=23)

L. AZ CHEARIEIZAR S, 90% DL B S 7z, &
B, A Y F—=WE3TAAE, A& VA E 4128
25% £ 58% WA E8¥7ze TDO—)T, NIT VT &
FARICIIM L 72856, A7 Y AEROBHNE R SN h o
720

3-2. BWSUHILBRMASBRISICEIFERA VY F—LFR
LEMOFERE

A4 Y F=VRIALEWZ R L 7210 %0 15 %120
rpm. 37 CTIOHMREEL, Zo#METH 7)) v 7
AT, O EECTHIREE & B, S 51202 u
mORA YTV TTANY =R LIk, TOHHEEH
WC, Fu77—¥, pH. AEEBEZNE L7z, FKE
RIEEIZY Y HTHEIN TV 0, ¥ 87|
SRR THL T T T O EANRL 2 LI &
0 MKGIRSORE T 5 2 LA TE 27, 2HED
K Cld, 4FIo7u s 7 —¥iftksiay ha—n kb
B MDA ¥ F= VB LD V=T 2, 6.
BLUI0H#, B&W Loy ba—v 7 v—7L 1
WLTTasr 7 —BlEAEN I Loz (HM3), &
DEITHLIZRT L) A ¥ F=VRILEWIT L -
TRA Y VEEAPIH S D A3, MKGRPOS I IE A OR
BAT2 T2, MUKGIREDS A 7 VRO FE O T 7 BN
TEHARVWIEZRLTWA, ZO—J T, 3IARAICE
F57ur 7 —EiEEIZ2HBEB X 06 HRICHR
DMSO& R L T <, 3TARATOD X ¥ VR % &
O Day 2

EDay 6 ®Day10

Protease activity (mU)

Ctrl  Ctrl  Indole 3-IAA 4-FI  5FI  6FI 3-JARA
(DMSO) (DMSO)

B3. TABGROBRIEILTOMKISREREICBT S A >
F—=nVRILEWDOEECHI(a > e -V ¥y ) —
JV)., Ctrl DMSO (2~ hu—)v), Indole (f ¥ F—)v),
3IAA(B-A ¥ F—VEEEE). 4FI(4-7vto 4 v F—
V). 5FI(5- 7vtuaAf v F—)), 6FI(6-7 V41
£ Y F—=n), 3IARABA ¥ F—=NT7 27 ) Vi), T
T = N— 3R EE RS (n = 3),



FTHADZZALDA ¥ F—BIOMhoOF L E 87 5
AR EI NI,

3-3. BMRHILPBRERRGICEITSZM4 Y F—LR1E
AYDLERE

ARG A ¥ K=V RAEEWIC X - THEZ %
Fav7zo, BABUG % il 3 5 LR H 5. TKEG
PRSI B30T 2 MR A LB I C A B & 7 A5 B R i
MREM AR L7z AERANES 2, 6. 10HED
B CME L 72 L 2A, K7V — T TR KD
HEZHEOT WD olze LOLEDVL, 4V F—
VEREEWORMBRTIE, I bo— VX ) RO
FEDMEL 2o T\ ize F7204 ¥ F=VRILEWD S B,
A Y F=WE3A Y F=VEROBTMAICE VT, 7
DS VROERDLET LML Tz, —H, 7
VA A Y R=ViEh% T2 oo v 7 v izidkh
ENLh o HBOERITHRTE 72,

IV —=NVITNV—=TEAL Y F=V T —TITDn
T BRSEHALICB U 2pHEMLE R~ 2 A, KED
Fime L S EA L2 2 & MBI L . pHAEA%6.8 + 0.1
H 548 = 0L L7=(M5), £20—KT, A
BEEOZBERIZS b 53, 3TAADPHIL 5 A 547~
ObENREAER L, JTARAIZHHIpH & ik U T
WICZE LlpHiEE e o7 /20 2 b=V
DMSO. 4-FI. 5-FI, 6-FI®pHfiii36.8 + 0122562 = 0.1
WZHFTHITHD L7ze 3STAAD MIIpHAMK K 7 » 72 %
Hid. FEREOHE;EEL TV b0LEZBNLY,

3-4., ARVERBREICBEITRA Y F—LR(ELEYD
TERE

Fakoiy, X & AR, BFREEEE LT
X5V EELEEREALIED * 7 VARG & kFEE
AL ZE R IE L LTA Y v 2 E B RFBALED 2 7 ~
HEROEAH Bo 2 TlE, MEBHOWHEZ IR L, 2
VR HEOME ORI TE 27 v AR T, ¥
F— IV RALEWATE T B S RERE LIS & OKEE
LD 2 & P AEREE R, 20T v 4 RELT
1. 5 %DUBEIZHEE L 72 FAIGIRIC, 3mMOA » F—
WERALEY. A5 AR DA ORI % 83 K O 5
7O ABOPUENH (R I VR=V Y ¥, 05
mg/mL. A ML 7 F=A ¥ UM, 05 mg/mL. /°

w
o
|
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4, TKFBROBRIELTORARERIZBITLAL v F—
VEALEYORBCHI(a Y ba—LT sy ) —)),
Ctrl DMSO(2 » Fu—)V), Indole(4 ¥ F—)b),
3IAA(3-A ¥ F—VEEER). 4FI(4-7 vt a4 v F—
V), 5FI(5- 7Vt ua4 v F—J), 6FI(6-7 )+ 1
4 Y F—=)), 3IARA(BA ¥ F—=NVT7 27 ) VEE, T
T —N— 3R AEERT (n = 3),

7
6 +
T 5L
-&-Ctrl --Ctrl (DMSO)
4 + -&Indole F3-1AA
=<-4-FI --5-FI
-@-6-F1 —3-IARA (DMSO)
3 f } } t i
0 2 4 6 8 10

5. 4 ¥ F—=VRALEWZ @M L 72 FRGROBENC
BB &Y T VopHZEAL
Ctrl(a>v hra—nx% /) —)), Ctrl DMSO(2 >~ b
o —)V), Indole(£f ¥ F—)V), 3IAA(3-A ¥ F—)
WEfg) . 4-FI(4-7vta4f v F—L), 5FI(5- 7+
g4 Y F=), 6FI6-7 v+ a4 ¥ F—=)),
BIARABA Y F=NVT 27 VNV, TT—/"—3E
H#RAE%ZRT (n=3),

vaw A v rvHEE, 02 mg/mL. 7T rE¥E Y v, 02
mg/mL)?, 10 mM®OE:RE £ 7213H2/CO:(4 : 1) DiRE
HARPKE L. £2DO)NA TNV %120 rpm. 37 CTI0H
MEE L, X7 AR A SN L 72,

FUDIZ, K6 IR L7z &) ICHFRE LD X & > 1
WA ¥ F=VRMEEMDEIET HHRMATED L HITE
LT 200%HRI2ETH, 4V F—)b, 6704+ 04
YR= 3 A Y R VEERR 2RI L 7RIS B W TIE



250 T O-4A/N: <-4A/N: Ctrl (ET)
-0-4A/N; Indole 4-4A/N: 3-1AA
= 4A/N; 6FI --4A/N:/SA Ctrl (ET)
200 T -@-4A/N./SA Indole -44A/N2/SA 3-1AA
—4A/N/SA 6FI

150 -

100 -

50 -

Methane production (umol/g VS)

0 = l/i
0 2 4 6 8 10
Time (day)
R6. BEMEILIER ¥ VBRI BIT 54 » F—VRILE
WO F

4A / N2 : AFEPLA WY & B EMB 4A / N2 Ctrl
(ET): 4fipiEmE, =% /) —Nva v bu—), %%
¥, 4A / N2 / SA Ctrl(ET) : 4fEpiAwme., © ¥
J—=lvary hu—, @RI FEEEF MY T AL 4A
/ N2 / SA Indole, 4A / N2 / SA 6FI, 4A / N2 / SA
3TAAIE. ATEPUEME. BRI, BEEEF MY 7 A
2% <, Indole(f > F—), 3IAA(BA ¥ F—
BEf). 6-FI(6-7 0 F a4 ¥ F—V)ZRMLTW5,
I T —N— I A RS (n = 3),

FA S VARSI SN T WD 2 ED G h o 72. FE
FEL T, FEEZRML TOARWRTI A & 2 AR
RoNdr o7z, 4 FOBAEWERMC & > TRl
BEOWEYE KRR B A 2 &2 ) M) 1d & bA L
IR TETVD T EPHERTE 7,

WA, KRFERBMER 7V AROTEHEII D W T Rz
EZAH AV F=I, 3AA, 6FIICE o TR T VERK
P END ZEFWALNER-72(KT7),

3-5. X % ¥ BEMethanosarcina acetivorans C2A%k
DIEBICHITEM4 Y F—LVLEYOZERE

TARIGIE &) BEMAEWROEROR R EZ S HITH
— W DR R R THFET % 72 . Methanosarcina
acetivorans C2AMEZ VT, T DX Y Y HMHEIHET 5
WREICBOWTERT LAY VAN ¥ F—=VRILEW
EWMML2EHTED X HITBLT 2 Dh 272, X
Y YHCZARIIEAMR TH 5720, HAETO—T Ky
7 AR TEMAEMED . 4 ¥ F—LRILEYW (3 mM) b &
ATEREHL O 4530 mLIZH LT, 1.5 mLOD W & 4758 L .
BEFNAERFEAL, BHLAHEIC, 120 rpm, 37 TT
I0H ¥ L7zo TOREMBITIEA S ¥ A ADHE,
7 5 ONCERIOH #1213 A 7 ¥ B OB 2 O 1% ODeoo
ZWE L7z

4000 T -O-4AN:
3500 ~0-4A/N: Ctrl (ET)
3000 + =0O-4A/N: Indole

—A-4A/N: 31AA
-8 4A/N: 6FI
—~-4A/H:/CO: Ctrl (ET)
-@-4A/H:/CO: Indole

—&-4A/H:/CO: 3-IAA

— — ~ N

n = n = n

(=3 S = = >

= =] =] = >
:

Methane production (umol/g VS)

—4A/H2/CO: 6F1
0 — ===
0 2 4 6 8 10
Time (day)
7. KEEMMEX Y VERERICBIT24 v F—VR{LE
Y oRh R

4A / N2 : AREPUAWE & BEEME. 4A / N2 Ctrl
(ET): 4MiHEWE, =4 ) —vary ba—), %#F
Hf 4A / Ho/CO, Ctrl(ET) © 4fiHiAWE. 25 ) —
vy b=, BEFT A 4A / H2/COzIndole,
4A / Ha/CO:2 6F1, 4A / Hy/CO2 3TAAW. 4 Fifizk
WL RET AW Z T, Indole(f ¥ F—b),
3IAA(3-A ¥ F—)VEEER), 6-FI(6-7 v+ a4 ¥ F—
M ERIMLTVWS, TI—N—3fEiEFEEZRY (n

= 3)0
800 ¢ &-Ctrl
700 + -e-Ethanol
600 + -4-Indole
00 L #3AA
{16-FI

-0-C0,/ H,

Methane production (umol)
g n
()

300
200
100
0
0 2 4 6 8 10
Time (day)

Kl 8. %% ¥ WMethanosarcina acetivorans C2A¥ED X & »
BT AL v F=IVRILEMORE:
CtrlGEH DX H). Ethanol(=% / — V7V —7),
Indole(f ¥ F—)), 3IAA(3-Af ¥ F—)VEERE) . 6-FI
6-7nvFwu Ay F—), H2 / CO2(RE# A TiE
Ao ITT7—N—I3HHEFAZRT (n=23),

AY YRC2AIE, X & Y ARGHE 2R T 5 €TV
BrE LTHIZES N TR0, 72, A% YHC2AZ A ¥
JHNYFIBIBTH A Y VR E LT, BEREILTE Lk
FEAMZ EL 32OD A ¥ AR EZFINT 5 2 &
wEEINTWEY, M3DFROMY, 1 ¥ F—n &
6-FLIARFEGALLED 2 & ¥ A 2T S 72—,
STAAZRM L2 R TIE A 7 Y AEROHE RS 5 7%
Motze 720 AF YHC2AOBGE S 10H %O O
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9. #x% ‘/%Methcmosarcina acetivorans C2AR¥ED10 H %
DEFEIZ BT B4 ¥ K=V RILEW D

Ctrl Gl o) . Ethanol (=% 7 — )V 27 )V — 7). Indole (£

Y F=), 3IAA(B-A4 ¥ F—)VEE#E). 6-FI(6-7 vA oA »

F—=). Hy / CO:(REANATHEAN) e TT—N—I3HEHER

#%R 3 (n=3),

WETHERLIZEZ A, XY VAEEPA LN o7z,
4 ¥ K=V EGFIDRMRICBWTIE A &V HC2ADH
FEAIH ST WD S EWG5h o7z,

3-6. TAEROEKEILICHITZM Y F—L{LEY

DE=LZYVY

AV F=NV5TFOHkh, BILTEOMEIWR720
HHEMIBI B4 v F= LAY OBREL 72, K10
R L7z &9, TABIRAMKICS 027 mMo A ~
F—= U HHEAE Ly 10H M OBEIHALIC B Tl EEZLIX
Gdrolze o A Y F=IVIRIMRICBVWTE, IO
D3 mMO DS, 10H M OBEZHEILIZ X - T2 mMEE
BEEFTHA L, —H. MIT T 7 02 BmIMLAZRT

EDay(0 ODay2 ODayé6 @mDay10

i § > =
S o= N W
1

)

[

Indole concentration (mM)

WSS Ctrl Indole 3-1AA 6-Fl Trp
(Normal)

K10, TFARGROBESBEILHICBIT L4 v F— L oB)ERT
WSS({HRDA) . Ctrl(iFiR+x% 7 —v), Indole({H
+4 ¥ F—n), 3TAAGHR+ 3-4 » F—IVEERR).
6-FI(HJe+ 6-7 v F a4 » F—)v), Trp(i5ie+ 1+ Y
ThT7 V)0 TT—N—R3EEHERAEERT (0 =23),

k. 6 HUBEOBERIHILTA & F— VIR EEASHEE (23
L7ze KIBW 2 EI2BWTE A Y F=VIE M) T v T 7
YBEREIND 2D FAKFRP MBI L > T
FIZRT7 7oA Y F=UaERERZbDEEZ
bbb,

3-7. RUKY—F ¥ —IC & 2MERERBERNT
A ¥ F=VREEW R L 72 F KGR OB
BT, WENEORELZLTZ200% 5 HHB LU0
HHOY > 7V EHWT, pEMMEFMET2o7.
DFFFTIZ BT, EBITEED H 2 MR HED A % K4
L5720, FARHRAES S IERNAZ i - FRL .
cDNA%Z G L 721, iz ISR Y — 7 » 3 —Miseq
T L 720 1L BB HMEORRE LT D OT, o
TIVHOR#FEDENZFMT LI LN TEL, T—5D
RAEELTIE,. PO F /3@ LA I2H 256
EZENSOWEIIHP L TWE I E, BENTWAYEIX
BaoltWHEZHRLTWD I L2 EHT 5, H11OHK
Rpb, arybu—nvEd, £ F—J, 6740
A Y F=, 34 ¥ F=VEFRRZHMN L 72 RI2B W T,
BEESH B2 D, TNETNOWHIIRKECRE ST
Wb ZENGroiz. £725 HEE10H HOWHEZELD
BT TIEZ, A Y F=VZRIML72RICSBWT, Wik
WOH > TNEDHRECELTVDZENFRASL2L
o7

¥7:. S5 HHEI10H H OB BT 2 M k%

D ZEAb k. K120

Firmicutes. Chloroflexi. Bacteroidetes b

) & 7% o 720 Proteobacteria,

PC2 (12.82 %)
@ culs
u Indole_5
Ctrl_10 ®
Indole_10 6-FI_5
¢ Q) 6-FL10
3.JAA S
Q) 314410
PC1 (21.33 %)
PC3 (10.28 %)

K11, %55 HHELEI0H B FAHGROBAHIICBIT S A
YR VRALEYOTMOL I X DR DEN (S
e 2]
WSS® 5 HH (B4 L10HH (FHAL). Ctrl(=% /) —
V7 v—7), Indole(f > F—), 3IAA(3-A4 ~ F—
JVEERE). 6-FI(6-7 vt uq > K—)),
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B Others
B Actinobacteria;c_ Acidimicrobiia;o  Acidimicrobiales;f ;2
¥ Bacteroidetes,c_ [Saprospirael;o_ [Saprospirales;f ;g
Bacteroidetes;c  Bacteroidia;o  Bacteroidalesf ;g
" Bacteroidetes;,c  Flavobacteriia;o  Flavobacterialesf Cryomorph
m %f:?tee%ﬂms - Sphingobacteriia;o _Sphingobacterialesf ;
® Chlordbi;c ;o0 ;f ;@
B Chlordlesiic ;o ;f ;g
EFirmiaites;c Bacillio Lactobacillalesf ;2
BFirmiaitesc  Clostridia;o_ Clostridialesf ;g
B Nitrospirae;c  Nitrospira;o  Nitrospirales;f Nitrospiraceae;g  Nit
L ;’?xlcrtilmcm;c_ﬂlyciq:‘haerae; o_ Phycisphaerales;f ;2
B Planctamycetes;c Planctamycetia;o  Pirellnlales;f  Pirellulaceae,g
u Proteobacteria;c _ Alphapratedbacteria;o ;f ;g
B Proteobacteria;c  Betaproteobacteria;o ;f ;o
Proteobacteria;c _ Deltaproteobacteria;o  Myxococcalesf ;g
¥ Proteobacteria;c  Epsilmprotechacteria;o  Campylobacterales;f

Campylobacteraceae; g Arcobacter
® Proteobacteria;c  Gammaprotecbacteria;o Pseudommadales;f

Moraxellaceae;
L Spirochaetts;c
;g Turneriella

eptospiraef;o_ [Leptospirales;f Teptospiraceae

E12, TARGIEROBEGIFILOME LD ZILIZB T 51 ¥ F—RMEEWOR)R
Bt 5 HH E1I0HH T, A ¥ F=VARLEW ORI, RBMOTGIEH O3 FEA IR L~V THE S N7 B2l

B OB e R ~ A4 F—2 5 A (1

planctomycetes\I A ¥ F— B X OFOIEPADO TR
BIERZ <L BEGIHALTIC &Y > 7V ASAES 5 R M
W TdH 5, WIS N =Firmicutes. Acidobacteria.
Planctomycetes\IBEZIEEA BT B MK & BEA R D
OB EE 2 RHE R 2T IEPMOENRTWEY,
Bacteroidetes & choroflexilx 4 ~ K — )V RALE W %= RN
L7gtbvdar bu—vHr 7 dmiisn
720 % 7zFirmicutes. Proteobacteriat Planctomycetesi
BSIHALRTA ¥ F—= L & Z0HUPKIC L > THE S
Ldrolzlzh, A8 VEKOBRETINS OME RO
HAERIZEA ¥ F= VR 2 OFUEOEE 2 Z T ]
HEEDSD 5o MASRETRILAIE & L THI S L5 Nitrospira
34 Y F=VRIEEWE2RmIMT 22 8128 o TRA L
72o TOMERIZ. A Y F=UBLOZOHUMAEL, T
THIED MANIRIRILEAR (B 2 TSRt 2 "k L C
Who

WIZ, WA — 7 23— 12 X 2 BEEEME EAT O &5 R

% Adii) 1 7 v —7 [Others] I2F & ¥ 517z, Indole.3TAA6-FLIZ 1 ~ F—
V. 34 v F—)VEEEE, 6-7 VAo A >~ F—)b, 5d, 10diZ5 HH.

10HH®DY > 7,

% X0 FENCIITT B 72012. 4 ¥ F= LV R{baW iR
IE 72RO T AKHROBMRIHLICB VT, FEs
NIHERED 77 AR EBIEROFTERE F L O
7o A Y F—=NVET T LBIERE 7T LBTEROQSY
AT B EMET AMBEN Y Vs TFThY 4 v F—
WREE ORI LD 77 2EHERB L7 T A8
TR OBIEAZALT 2RV H S K1LITIRLIZED
2 FRHROBSHELT O 5 HE. 10HHIZBT 519
TIN—TD7 T AEERIEE 5 7 V—T D7 T KRR
BOFEREZ Y ba—)b, 4 ¥ F—)b, 3HERRA >~ F—
Vo 6-7 AT A Y F= VA THRKLZEZ A, A
Y F=WREEM R R L 72 TARGRTREHRD 7T A
Pk R RE DR S RN C A, a v ba—nk
HBLTr 7 2RO D B dr o 720 FRIZ,
7 5 LMY W & % bBacteroidetes. Chloroflexi.
Nitrospirae & Planctomycetes 42 DEEIZA ¥ F— V%
L&MW OLAE T TN L 720 Clostridia. Cladilinea.



F1, KL =7 ¥ =12 X ZMREIFERE O RD S S NZEIETN S 5 77 AR L 7 7 AR TEOF/EL D

g
ARIBACIE, 19) 20) 21) DSCHERDTERUIED W THIT AT 22 b7z,
Percentage of phylum abundance (%)
Phylum Ctrl_5d Indole_5d  3-IAA_5d 6-FI_5d Ctrl_10d Indole_10d 3-IAA_10d 6-FI_10d G+/G-
Acidobacteria 1.05 +0.05 0.30+0.00 0.45+0.05 0.20 +0.00 0.70 + 0.00 0.25 + 0.05 0.25 + 0.05 0.10 + 0.00 G-
Armatimonadetes 0.15+ 0.05 0.00+0.00 0.10 +£0.00 0.00 +0.00 0.15+ 0.05 0.00 + 0.00 0.15 + 0.05 0.00 + 0.00 G-
Bacteroidetes 237+0.3 15.7+09 20.8+0.6 16.20+0.6 276+0.7 195+09 21+1 156+ 0.7 G-
BRC1 0.15+0.05 0.00+0.00 0.00 +0.00 0.00 +0.00 0.00+0.00 0.00+0.00 0.00 +0.00 0.00 + 0.00 G-
Caldiserica 0.00 + 0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.10 + 0.00 0.05+ 0.05 0.00 + 0.00 0.00 + 0.00 G-
Chlamydiae 0.10 + 0.00 0.10+0.00 0.10+0.00 0.20 +0.00 0.10+0.00 0.10 + 0.00 0.10 + 0.00 0.25 + 0.05 G-
Chlorobi 1.40+0.10 235+0.15 3.85+0.25 2.65+0.15 2.15+0.05 3.30 £ 0.30 3.90 £ 0.00 2.20 £ 0.10 G-
Chloroflexi 11.25 + 0.05 11.7+04 6.3+02 64+01 11.2+03 94+05 44+03 50+0.1 G-
Cyanobacteria 0.3+0.1 0.35+0.05 0.35+0.05 0.40+0.00 0.25+0.05 0.20 + 0.00 0.15 + 0.05 0.25 + 0.05 G-
Elusimicrobia 0.55 + 0.05 0.70+0.10 0.40 +£0.00 1.25+0.05 0.50 + 0.00 0.85+ 0.05 0.40 + 0.00 1.80 + 0.20 G-
Fusobacteria 0.10 + 0.00 0.10+0.00 0.10 +0.00 0.10 +0.00 0.10 +0.00 0.10 +0.00 0.10 +0.00 0.10 +0.00 G-
Gemmatimonadetes 0.25+0.05 0.25+0.05 0.50+0.00 0.10 £0.00 0.30 +0.00 0.30 +0.00 0.40 +0.00 0.10 +0.00 G-
Nitrospirae 22+0.2 0.75+0.05 03+01 05+01 07+01 025+0.05 02+0.1 0.45%0.05 G-
OP3 0.00 + 0.00 0.05+0.05 0.05+0.05 0.00 +0.00 0.05+0.05 0.05+0.05 0.05+0.05 0.10 + 0.00 G-
Planctomycetes 5.8+0.1 44+0.3 56+03 395+0.05 35+02 34+0.1 5+ 1 3.6+0.2 G-
Proteobacteria 34.65 + 0.05 389+0.7 375+06 453+0.2 328+0.00 38z%1 376+0.7 47303 G-
Spirochaetes 1.65 £ 0.05 1.90+0.00 1.05+0.05 145+0.05 18+01 22+03 1.10+0.00 1.4+0.1 G-
Verrucomicrobia 1.95 +0.05 1.2+0.1 1.8+02 1.75+0.05 1.1+0.3 1.15+005 09+02 1.9+0.1 G-
WS3 0.15+ 0.05 0.10+0.00 0.25+0.05 0.25+0.05 0.15+0.05 0.20 + 0.00 0.25 + 0.05 0.35 + 0.05 G-
Actinobacteria 3.30 + 0.00 7.15+0.05 2.85+0.05 56+0.2 505+0.05 53+08 225+0.05 46+0.2 G+
Firmicutes 7.2+0.2 10.2+0.4 13+2 10.0+0.3 8.15+0.05 12+1 185+06 11.0+0.9 G+
NKB19 0.35+0.05 0.40+0.00 0.70+0.00 0.40+0.10 0.30 £ 0.00 0.30 + 0.00 0.70 + 0.00 0.50 + 0.00 G+
TM6 0.00 + 0.00 0.10+0.00 0.10+0.00 0.15+0.05 0.10 +0.00 0.10 £ 0.00 0.10 £ 0.00 0.25 + 0.05 G+
WSs2 0.00 + 0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00 +0.00 0.05 +0.05 G+
Total Gram-negative 83.4+0.3 78.7+0.3 79+2 80.7+0.7 832+0.05 79+2 756+02 81%1 G-
Total Gram-positive 10.8+0.2 17.8+0.3 17+2 16.2+0.6 13.6+0.1 18+2 21505 16 +1 G+

TARIGROBSEHLD 5 HEB L TI0HHE T, 4 ¥ F—B X OHUE(3mM) ORI, RKIEMOEMHZB T 5. 77 2BHR

BLOT I 2EMROH G T— 5L =SDEIRT

Planctomycetes & Alphaproteobacterian’s F KGR D X ¥
YR O AE I B b B W RE. Nitrosomonadaceae &
Nitrospiraceaeld X ¥ ¥ AR OMHNIZ DL L HWETH 5
TEDPHESN TR, S5, 7T AETERIZE L,
TGP o B &K 5 E S Al & S 150
FirmicutesDE x4 ¥ F=VRILEWE TN L 72%
THINL 72s & 512, NKB19. TM6. WS2, WS3.

OP3SEDWEICH L TIEA Y YAEEADOHED Y BT D
BTV WA, BEEIHILHIII A D £ ) 2L 7%
Motz 4 Y F=IREEWOTMC & 2 K#EZLo*
M7 Xy = X2 HFITIIEH SR TH RV, 774
BRI OQSY AT JIBWT, ¥ 7T VRES T &
LTA Y F=EWL 29Dy YRV EHDT 5 — VT4
Y7 MEL. AHLIZH &3 210 LR FLuxR 2 #i15
5T ELMESNTBY T, e SRR B D %8
HERIZBWT, 2o L) T3z ommsh Ty
BWEHEDSE DD A LT AV F=VRLEWET
KIGPRISETM L 72 B CHEDPELT 50 ERHN

%0 LT 4 ¥ F=VRILGEWZRML72RIZBNT
& 77 ABEEREEASHIHR SN, 7T AREREEOES
AHIMLCTBY., ZOMBEMDINT v AL, 25 ¥
EREPBY LEERTHLLEZ NS, EXROMNE
F T TARIGIROBEIHEALIZ B 2 QSFHE#] D %) R
EIRAELZZEEED ). ZOREL 7 T HABEEROQS
FEIC L 5 Tr7 7 2R OB EGHIML, x % V4
WA T % 2 LA ho T3,

4, &8

AR TIE, QS%. FABROURIHELIZHB VT,
MR RO EAMEH OB ) 2B 720, 4 ¥ F—
RALEWZ VI EBRGE %177 > 720 QSY 7 F V4
TELTHMOEND A ¥ F—id, FARBIRICEI L THi
FAHALZ AT o 72 I I A & Y 2 W35 2 &
TR RSO S B % A S §, B KIEREY £ <
BRI LI L, A5 VERIEEEREREE S . KFEE
LS MBI 2R R 2 FD 2 & 2 & Y HC2AMKD Kl



WCHBE RIZTIEPHLNE Lol E oA ¥ F—
VoI EBRO FRGRAICH #9025 mMOBEE THEAE
LTWbZ e hoTl,

AR > — 4 =12 X % Ml SR A AT
PO, 4 ¥ F=VREEWERML72RTIR, T~
FE—VORERE LT HMBE SRR L, 7
7 WEVERBEOAFTEL MR 20 77 AR R OAF
EDFEE 572

PDElozens, 25 VEREZNESE720121F
77 ABTERTEO IR K LoD, 77 AT
MWEHALT I L, BOWTICAY VERIZEDSL XS &~
WHOWHMEREL BB 2 kO b, 5K, I
DEEBEIEL, FRIBRIOD A5 v AERE R LS
B LEEROBEE L2,

5. BiEF
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HFEE BHEMIKE LN E3

R BE SR B AEEE D AEIAR 1 A > F v 2L ICX T 5 FE(EF

1. iIRE=

G BR (LR R 2 W L C bk E a2 PR 2 720,
ARPERE OHMEFRHIC I 2B 240 9 o MR ERAERS X,
IR, BHIME. WEIRA SRR S D, M ok
T, AL & MEMNCa IREEIC X o THIE S b, B
BALIE, Ca¥F v AV, K'F ¥ 2, ClF v 2 Ve &
DAF Y F X ANMEIZ L o TRES NS, 72, Mg
WCa? R, MIBLBECa? F x & V2 & DCa? it A &
FaNCa® B AL 2 & D Ca* WIS X - TR SN %,
AL & ML N Ca® I BE IS BB Ly I i LI
BoMmENERET %o

B RF-348 f5 OS2 1%, BAKAETECa F + &
V. ZEMEBECa F X AV, A b THEBMECa> F ¥
AN EDCPEMYET X A VHFEH L. MfLANCa i
EERFIHL T2 [1], BIAKAECa T v VI,
Bisrmc X 0 iEEIL L CCa¥ 2 A S ¢ 50 ZAMRIER)
PECa? F x A Vi, WRPEIME MW E TH S b=
YRIY R vl EOZHFRY 7 F VO i TCa?
AR L U CHRRES B0 A b T EBIMECa® T v RV I,
fi/NaR D Ca® Wi & o THiEAL L CCa® it A % it
T 5, /o, BIKGHKF v 2V, Kavsy sy
ACa* G ALK F % & IV (BKeoF ¥ V). Ca? il k1L
CIF ¥ AV 73 &b HEM I/ N Ca® i BE o FR i 12 B 5
T2 [2]c 2hooA4F v F v 2viEtEa 4 LGl
WCa™ REED L33 2 & IEIIR P 57 (2§ % o
BRI IR BIR O RS Th 5. BIRICIE, TE
IF VR AATELF VMR XTA MY VR Ex
. A VESIVER, T Nu7EezF r#ie & oiEmg
BEEND (M), Fx OFFEETIE, b MEEEHE
20340 i (HEK293#1 ) % 724 F ¥ F % A VI BLR
BWT, EXVENOBKLT ¥ &2 V& iGEMHILT %
[3]. @QEBBMAKGECHF ¥ ANV EMETZ (4], ®

YRR KBTI
iy 55

“COOH “COOH
Pimaric acid Abietic acid
R1., ¥Evlke 7T U BoOMER

B F v AV A WEALT 5 [56] 2L a2%R
L7z L22L. E~IVEED MAE AR R 3 % SEBEH I
BalshTwniv, KifsETid. BIRHRBIRRECH 2
EViEL 7 F VDT v MlBIIR RS O Bk
PG & 7 = 2 MR 2 SEEE IS D W TR
L7z

2. Bk

1) 8=k

AHFZEIZ BT BB FEERT, 2ol RIS B S A
AMHER X L o TRB S N7z (H30-P-1) o B LR
& TEM BRI ISR RS ] [ L2t T
FEhL 720

2) INHEEER

Mtk Sprague-Dawley 5 » b (7 ~133#i#% : HASLC) 2»
SITEIIR 2 L. B2 JBE L 720 BBIIRPE A o )
YRR R ES mm) Z T v - IZEE L, 36+
1 °COKrebsia il & #E i L 720 Krebsia i o LK 1.
112 mM NaCl. 4.7 mM KCIl. 2.2 mM CaClz, 1.2 mM
MgClos 25 mM NaHCOs, 1.2 mM KH:POs 14 mM
glucose7Z 5 72o KrebsiEOpHIZ. 95%ME% & 5 % Fk
IERFEOREH AN X > TTHUIHRAE L 720 BKRE
KrebsiE 13, 18 % Krebsia il ONaClift B & KClift B %



FNZENT6T7 mMEA0 mMIZHEHE U TR L 72, Sk
AI21E5 mNOBRT) & Fff L 7zo WG BOS 1, AR5t b
SUATFa—Y—btryFursrAFr—rlLa—5—
(MDL-201 ; AHIG%) & v TRtk L 720

3) HIRMEAR

J v MBIIREE 7> 5SDRNA iso Plus(% # 5 /34
+) W THRRNAZ I L7z. RIZ. ReverTra Ace
gPCR RT Master Mix CR#ERE) & W Tz 5 St &
fFo720 #tIZ, SYBR Premix Ex Taq(% # /51 %)
% v TLightCycler 96V 7V % £ APCRY 2 7 4 (1
v 2) CTmRNAZEBENT 2175720 U 7V % 4 LPCRH
DT FTAR =L TITRL7,
BKc. 7 ¥ %)V

a ¥ 7 2 = v I (GenBank Accession number.
NM_031828)

(+)CCCAATAGAATCCTGCCAGA

() GCAATAAACCGCAAGCCAAA

17 2= b (NM_019273)
(+)CCCAATAGAATCCTGCCAGA
()GCAATAAACCGCAAGCCAAA

B2% 7= b (NM_176861)
(+)CCCAATAGAATCCTGCCAGA
()GCAATAAACCGCAAGCCAAA

B 3% 7= b (NM_001104560)

(+) TGTCCACACACACATTGCAGA

() ACTGCTTGTGGACGTCCGTTCC

B 4¥ 7= bk (NM_023960)
(+)GTATTGGAAAGATGAGATC
(-)CCTCCTGTTAGAGCAGTACA
BAAKAEECa® T ¥ AV
alC¥#721=v b (NM_012517)

(+) ACACCTCCTTCAGGAACCAC
(-)GATCGCGCTGGACTGAATG

alD¥ 7= b (NM_017298)
(+)GTGCCCTGCTTGGAAACTAT

() AGTGAACGTCCACCTTAACTTC

B1H 7=  (NM_017346)
(+)GGCCCCCATCATTGTTTACA
()CTCAATGTCCAAATAGCAGCCTC

B2 7= b (NM_053851)

(+)CCAAGCAAGGGAAATTCTAC
() ATCGTCTACTACCTCCACAG
B3¥ 7= b (NM_012828)

(+) TGCCCACCTGAGTCATTTGA
() ACCCATCGCGCGGTCATTTG
f4¥ 7= bk (NM_ 001105733)
(+)CTTTGACGCCAAGGACTTTCTT
() GAGATCGGCTTCATCCCAAG
B-7 2 F >~ (NM_001101)

(+) AGGCCAACCGCGAGAAGATG
(-)GCCCAGAGGCGTACAGGGATA

4)ptE

Vv vzl 75 YBIE. EhEhHelix Biotech
L ICN Biomedicals? 5MA L7z =¥ F&1) ¥ 1& /38
¥ Y vid, Sigma-Aldrich?> S5BEA L7z Dok
FiX, BL7AVLHOGMEL2SBEA L 72,

5)FEEH0LE

BT — 5 &, P = BRERUE TR L 72, 2RO
HEAMEICIE, StudentDthisE % 72 (BellCurve V
7 b7 MAERY - R). SR OABERE
ZiE, — ol 5 8 AT (ANOVA) @ 92 it # 12 Scheffé
#esg % v 7z (BellCurveY 7 b = 7))

3. @R
1) Bt 43 131 B B AR AR = 33 9 2 MBS ER sl it AR B D 338
1EF

v MHBIREH D) v Z AR E FWT, BT
R 2 € VRO A 2 MRS L7zo ENIR T
OB 1. 40 mM K* KrebsiAifilZ & » THEE
L7720 MK, 3 uMYE < VER Tldh &%
ENGhorzh 10 pME < VEE TR 2SHIHI L. 30
UMY VIR T BISIES L7 (K2A, C)o

Y VR LGRS 22 AR RS IRRE C°H 5 7
Y F VRO BRI SN 2808 % T v MiliBhik
FHEEATHE L7ze 3~30 uM7 ¥ F VI, 55
K7 56 1k o0 Jili B iR 1448 45 DU V2 e B % - 2 T 2o 72 (1M
2B, C)o

DEXy, U vigixs v MlBIRSEHE R o B o
W % R FEARAF IS 3 2 S E A S 22 % o 720



— — 40 mM K*
3 10 TuM Pimaric acid
B 1mN
AT |
/ \ 20 min
| \
— 40 mM K*
3 10 ?uM Abietic acid
C 1.4- [——JPimaric acid
: Il Abietic acid
1.2-
o 1.01
Z 0.84
©
o 0.6 *k
© 0.4
0.2+
0.0

0 3 10 30
Concentration (uM)

B2, oot B IR ST A DU V2057 B & = VR oD R A
M
Z v DRV 75 0 W S0 R U V23 & A F o
BINRER DR A % Wi U720 (A)40 mM KA FE M EY Ik
P BIRE IS 3F % 3~30 uME S VEEDOR) R (B)
o K 35 6 Ml Bl R ~F- 44 A5 R LK 97 % 3~30 u M7
Y RO W) R (C) I 53 Hsi2 il 8l J0R ~F- o4 453 AL L
x93 B AR N 1 R IR TR o 35 B R (3 ~581),
*p<0.01 vs. 0 u Mo

2)7 I=R HERENARINGE I X T B AR BE R B AEEE

IP(EF

v MRS O ¥ FERE VT, 7TIT=A
MRS 2 U VORI R MG L, T T= A
Pk O B IRP-18 5 00R 1 O B e L AR 22 NN
MY ECTH LY Fh) vk THEREL
720 MHBIRFEHE A 010 nMT > K&V V-1 X 2.
30 UME S IVIRIZ X o THEIZIES L7z (K3A. C)o
TELF VROT T A MEDGEIZH T 28K E T v
N By ARSP-HE AAEA TG L 720 30 uM 7 € 2 F VR I,
Y N ) V- 1EEFE TR E R T 5 DG 1 B & 52 7
H o7z (3B, C)o

DLEX Y, USRI v MliBIIRT- 5 o sk

A e
/ 10n Gl SN
e,

. ]/ . ) i

10 nM ET-1
30 uM Pimaric acid

B o5m”
_i/‘.w"ﬁ_ﬁv\ ’

10 min

\‘\_“"\.\’_

10 nM ET-1
30 uM Abietic acid

1.4- [—JPimaric acid
1'2 Il Abietic acid

1.04
0.8
0.6+
0.4
0.24
0.0

Relative

0 30
Concentration (uM)

B3, 7T=A MEMBIIRTHE GG S35 E~ VRO H
EVEH
F v MEEIIRTEER O 7 2= A MEIGE 63 2805
ke R e O xh H % AT L 720 (A)10 nMT > K1)
> -1(ET-1) 7 56 1 I B IR - 765 DU L 0h 97 530 wu M
EX VO E,(B) Ty Kty Y-1(ET-1) 31N
BRI 9 530 uMT7 EZF YO
Ho (C) 7 T = & b B IR T34 70 DUAE L2 x5 2 A i
FHR BRI O SRV (% 4 61) o *p<0.05 vs. 0 u Mo

WG <, 7 =2 MEPGHE IS LT sk 2
RYZEDYSDPITR o7,

3)EHENIRF B A ICH 17 3BKCaF v 2L & BRIKFME

Ca®F ¥ FNDY 7=y FRENR

ESVIRIZ X 2 7 v B AR P-3 55 AE o0 $0 i 7
&, ¥ VBB OBKe T ¥ A VIGYEALTE N & B AR
C"F ¥ A NWVHEMEHZNALZ-bDOTH L EHEM S
7eo D72, T v MEEIIR S Z B0 ABKeF ¥
POV & BVARAFECa> F X ANV OY T 2=y MNEHE )
TV F A LPCRIETHHT L 72,

BKe7 ¥ A VOH 7 2=v r(a. Bl. 2. B3
B4)FEBURENT OFER, T v MIHEIIRTPIE #1121 3BKe T v



= 0.030-

(o)

g 0.0254 'l'

2 0.020+

o

5 0.0154

< 0.010+

2

X 0.005-
0.000

1=
a p1 p2 p3 p4

BKCa channel

MRNA expression
'O o
(=} o
o -—
S

0.000 — I—"'—l
a1Ca1D B1 B2 B3 p4
VDCC

B4, BBk MBKe T v 4V & BAKAENECaZ F ¥ F v
DY T2 = vy bIEBUENT
7 v MEIREH S FI T ABKeT v AV & AL
AW Ca?F ¥ ANDYF T2y FE2YT VI AL A
PCRE TN L 720 (A) T v b B IR -1 5 ©BKCa
Fx AV T2y Ma. Bl B2, B3. AT
fEHNT (n=3)o (B) 7 v b ili B IR F 5 5 o T8 A7 4k A7 1
Ca*F v # )V (VDCO)H72=v b (alC, alD. A1,
B2, 3. B4)FEBUEANT (n=3)o mRNAZBIL ~Lid,
W B-7 7 F >~ OFBLE THBAL L 72,

ANVDaH Ty eI Toy PHPEFEBELT
W7z (R4A)s —Jiv B2, B3 B4V 7T 1=y FDOFH
3, FRERD LN o T2

B EC” Fr A VOH T 2=y b(alC, a
ID. B1. B2. B3. BAFEBURH ORE. 7 v Milig)
IR P-4 95 02 AR AEECa* - v AV D a 1CH 7
=y he B2 Ty PEREHEL TV (H4B), *
2o B3 T =y VoERLEDLN. —FH. «a
1D, 1. B4¥ 7=y FORBIIFHERB SN H 5
720

DEX Y. F v PAEIIRPHE 5 OBKeF ¥ F Vid a/
B1H T L=y b+ THEL S, BAAKLFAEC F ¥ A

T alC/B2/B3Y7 2=y FTHLEIND Z LAIRE
SNz,

4., EE

AWEZEIZ & o To ¥ VRO BKe T v & WIGEALLE
& BAARAFEC> F v A VHEEHZ AL T, v b
il IR -1 575 D e & B0 9 % & E S B Il R o 720

INFETICHEA OWRETIX, ¥~ VEDIBK.T ¥
ANVt 7=y MAEM LT, BKa? v &V &2 G
bd %2 & #HEK293MI@ BLARCTHRHMB L7 [3], ¥
CIVEEIC X 2BKeaT ¥ A VIEMALO A = A 8, €
< VIRHDBKc. T ¥ 4V OCa® &Sk & AL RS & B
MER7RERICE D EHEW ST 5 AR OB T,
Y~ Vg AR ECaY T v AV (alC/ B3 7
=y M) &MEYT 2 & HHEK293MMa B3R TR L
7204 1o BT, ¥ VERASEMAKAEK T v 4V (Kvll,
Kvl2, Kvl.3, Kyl4, Kyl6, Kv21) 2 ifHAbd 2 2 &
bE LA [51.

RIFZETIE. EVEEDT v MIBYIRFH 5 0 B s
BIXOT7T=Z MUBMIC X 2 D2 #IHIT 5 2 L 2R L
2o TNETIC, BUEAVESTHHTFL FOIET ¥
F o 2 5 v »(3p-hydroxy-5-androsten-17-one.
DHEA)[ 6] R &EARMIEHRTH S Fay A4
Y& (DHA)[7] 25 BKc ¥ A VOIEPALIZ X o Tl
BRI 2 R S8 5 Z G S hTw b, A%
FRIE, NS OLEWITINA T, BIRHSREIERE CdH
% ¥ Vb BKe T v R VIEEAL % 4 L TRl B DR P34
xS e 2R LTWD,

Y= L (8 (14),15-pimaradien-18-oic acid) & 7 ¥ =
F 1 (7,13-abietadien-18-oic acid) 1348 & AU IZFHML L T
WA RIFHCREIRRICIE~ VR LD~ S VAl
Wi T F v BREDTELY VRSN H S, ¥
TUREERRRY, TEIF VBT v MEBIREEAS
DOYHEMIIR ER B R R E hdr otz TORRIT, ¥
RVIRD T € LT YR &) HBKeaT v F VI WA
MEeHTHE)UEOWE [3] -T2, ZOM
HEIZIE, ExVERE 7T VEEOCIM ORI D E N
BELET LIS THD [3], 20 ThE
TIZT ¥ F Y ROBAARLEMEC F ¥ A VAT 5 1E
HiEHE ST Rnds, AIFERRP L, TEZF >
F21IBKe. T v A VT2 Ty BAARGEECa> F X 2L o



WD ERE L T LAVRIBE L7z,

BKc. 7 v A Vi, o & RN Ca® i EERIINC & -
TIHHEAL SN Do BKeaT ¥ 4V O PEAb I8 55k % kL
29720, BAAKIFECa F ¥ AV OEHE AT S % 5,
ZOREE, MTEHNCa* B LA Ly A 3R 3 %,
Z D720, BKeaF ¥ A NVIIMENGHDO AT T 4 77 4 —
KNy 7 x> TV EEZ BN TS, BKe, T ¥
IV AF VLR S 4O a T L=y bEZ
DIEEEEBHITEL YT L=y bBLYyHT2=v b
oMK IS [8]. a7 =y Mid, BAEKZ
PEFEIR (S0~S4) . A A » LAEI(S5~S6) . Ca®'#h £ #Hisk
GFLNCAR ) BT 50 fH T2y bEy ¥ T
Z=v M, EEARERTH L a7 2=y P OREEL B
fili L, Ca™ &Mk, WALMAFE, EMAL, NS Lz &
EREHT L. oo FNOLOBMHIY T =y ME. Mk
FRRM 2 FEBHRIENC S 59 %0 AT BT 2 5EBUH%
Mok, 7 v PIEIREEH Tl BKeT v F VD
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Figure 1. Structures of D- and L-nucleic acids.
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Figure 2. Synthesis of unnatural L-methylcytidine
phosphoramidite. (a) Structure of L-methylcytidine
phosphoramidite. (b) Glycosidation using 3,5-di-
toluoyl protected sugar. (c) Glycosidation using
3,5-TIPDS protected sugar.
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Figure 3. CD measurement of L-C1 12mer and L-"C1 12mer
at varied concentrations of NaCl (0.5 M to 4.0 M),
50 mM phosphate buffer (pH 7.0 at 25 C), 20 uM
strand concentration for all oligonucleotides.
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Figure 4. CD measurement D,L-heteroduplex at varied
concentrations of NaCl (05 M to 40 M), 50 mM
phosphate buffer (pH 7.0 at 25 C), 20 uM strand
concentration for all oligonucleotides.
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my mol%
o LN, + | z - OWH(EW
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p—— Ph 100 °C

16 h 79% (Z:E = 9.4:1)
35h 83% (ZE = >20:1)
Pd(dba), (1 mol%)
PCys, tAmylCO,H (2 mol%) 17 h 82% (Z:E = 12:1)
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Ly BEEWT ) = VEN a MISEA SN OPMELL
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B2l SOWE, ZEVIY ALY TOEL T Y IV
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TNTFT=NVPHDOCHL BT T VR B TE
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MeO
O\/\/HO\/\/H

MeO
80% (ZE=4.4:1) 29% (major isomer) 48% (Z:E = 1:>20)
(44 h) (44 h) (91h)
Ph Ph
{ M AH WH
/ Y Apn W 0
Ph Ph

74% ZE 1 1.5) 57% (Z:E = 3.0:1)
(46 h) (neat, 16 h)

45% (ZZE=1.7:1)
(neat, 19 h)

B3, 7Vv79—=1V®D a7 V5= {bofl

XUCRAFNT T v OYE, WHOREHRMETIZA S S
DEAT L ap o 723, BE ST T 9 & S H3HEAT
Ly WIBT 2 a i 7 Vo = AR EI2 Sz,
TR L7z, 3 -7 VT VT FICH L CGREIE®
TVFEHEHT L E W a o7V 2 VALDHELT L.
SHBS 2 EW OB ROREW E LTRL N
(X 2)e AEHRIX. 79 V2 FHFHKIHO>TI—L Y
VoL YR —OEBIT - EE LR TH %,

N
d Ph
H/Q - //
PH

2.5 equiv

Pd(dba), (5 mol%)
PCy; (10 mol%)
tAmyICO,H (10 mol%)

1,4-dioxane (0.5 M)
100 °C, 46 h

O
\
H H
Ph*™\ /O\ 2 vph (K2)

Ph Ph

57%
(2(E)-5(E) : 2(E)-5(2) : 2(2)-5(Z) =
1.00: 0.97 : 0.63)

TNT T = VOEGERELLTRETS 2. 7.
Oble 2 Poli& S L7z 7 Vv 7 5 — v 3G %
FIH LY, 3ACT ) —VERBAT 2, DOWT, K
TVr =Ll E 5T, ZHEBRIVT FT-AHRELRD
(X3)o KWHRIEE. ZLOEREEZHT L7 7 VLAY
DERITHEL TV 5,

o [\ _1PMP-NH,

0 2) Q
X oeen
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Ru3(CO)y; cat.

Ph—=—Ph
(1.5 equiv)
Pd(dba), (5 mol%)
Ph PCy; (10 mol%) Ph Ph
tAmylCO,H (10 mol%) o T\ ‘
NPy = X ZH (3)
o~ H  14-dioxane (0.5 M) ¢}
° Ph
100 °C,43 h

41% (ZE=1.4:1)
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NEOA I VIRKEFM Lz AT V7 = VARG 2 B
L7z WO Z IS, TUFLVT I 2 HWTR
HCA I VR L ST V7 A/ VR VBl X -
T RMC-HA & Z UM 2 Fi: (N4), 7:Geb Dk
HEBEY, BT IVBEHCTRNT VY AR R
MACHERE S® 278 (R5), FLERPMAORNME
ZRT VT = AR EHT 52 BE ok
Bt L 72N BEE B AL T OV = VAR & GRS
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Pd(OAc), (10 mol%)
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tAmylC O,H or TFAA (20 mol%) —
QV[§+W| > (4)
6) DMA (0.5 M), 130 °C oy [\
4 equiv Ph 0
nd
Pd(OAc), (5 mol%)
NH,
Ph 4\/COZH (10 mol%) Ph Ph
o '\ . Il = (X5)
TFA/tAmylCO,H oy /' \
4 equiv Ph (11‘:0 II\CA) e

nd

F 720 T ZIOVALAERA D Scholl UG & % FRALm
PBR SIS 2 Bt L 7zo X6 1R Hi{bsk,. DDQZ M v
LHENS, AT, T RFIFLavREHNLS
& B OMEEER LA, wind HAERK
W oN Aotz MARMEREL 2L A, FR
DTNV ZMUKIZERE L T dh oz, $hbb, B
HMOPABRIG D&M T TR, 77 VBN 2 Hhin
LEZOND, G KOG SEHELZHREL, EiiT
BB, T2y 3-TIVNTIVTE FOT V7=
WML O RN I NVEEE 7V r = vk L OfEIZ X 21
BREOG S PR TRGT L7225, 2 O%E S HINERY 2375
Lol (K7).
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. OMe
FeCl; (5 equiv) o. M\
DDQ (1 equiv) 0 O

o. '\
oo~ —————>Meo (X6)
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rt MeO
MeO nd
OH
BF;-OEt, (2 equiv) O (£7)
. / \ OMe
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0°C CDOW

3

VLB, NS U AR E VKR V2 BV D &
L2, INVTT=NVDOTNF LKL afiT V=
LIS DRI L7z RRIEVWA WAL TIVF

WA TE, WIRTHEKRD TN T T —)VikEifke —%
WHESETE D, — . BIOT VY ZIVLIRES TR
{y GHROMBEEDDVLEDN DL, MAT, KTV
= VAL R D Scholl U & WFFE M I i CIERL 3% 2 &
NTE Loz, G%IZ. BHE LTV 7 I v &ty
W& T DA EHRRACKE L LT 2B 70t A%
SER S B, HiiR L7z BB OSERIZ AT T Y A
2o BB ANEOERETH S a 7V = VLIS
FET TR ERZTND",

4. Wi
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P2 BRI FTHE AR AR BB I C 35300 Lk
FEF. 7 EREEN LT R E AL R LA
ST L LT
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5. BEXW

(1) P. Hong, B-R. Cho, H. Yamazaki, Chem. Lett. 1980,
507.

(2) For selected examples, see a) T. Tsuchimoto, K.
Hatanaka, E. Shirakawa, Y. Kawakami, Chem.
Commun. 2003, 2454 ; b) N. A. B. Juwaini, J. K. P.
Ng, J. Seayad, ACS Catal. 2012, 2, 1787 ; ¢) Y.
Shang, X. Jie, J. Zhou, P. Hu, S. Huang, W. Su,
Angew. Chem. Int. Ed. 2013, 52,1299; d) X. Wu, J.
W. T. See, K. Xu, H. Hirao, J. Roger, ]J.-C. Hierso, J.
Zhou, Angew. Chem. Int. Ed. 2014, 53, 13573 e) C.
Pezzetta, L. F. Veiros, J. Oble, G. Poli, Chem. Eur.
J. 2017, 23, 8385 f) F. Siopa, V.-A. R. Cladera, C. A.
M. Afonso, J. Oble, G. Poli, Eur. J. Org. Chem.
2018, 6101.

(3) Several examples employing furan derivatives for
this alkenylation by alkynes were reported. a) A.
Gorgues, A. Simon, A. LE Coq, F. Corre,
Tetrahedron Lett. 1981, 22, 625 ; b) F. Kakiuchi, Y.
Yamamoto, N. Chatani, S. Murai, Chem. Lett. 1995,
681 : c) D. J. Schipper, M. Hutchinson, K. Fagnou,
J. Am. Chem. Soc. 2010, 132, 6910 : d) M. Min, D.
Kim, S. Hong, Chem. Commun. 2014, 50, 8028 ; e)
C. S. Sevov, ]J. F. Hartwig, J. Am. Chem. Soc. 2014,
136,10625 ; ) C. Wang, X. Xie, J. Liu, Y. Liu, Y. Li,



(4)

Chem. Eur. J. 2015, 21, 559 ; g) T. Morita, H.
Morisaka, T. Satoh, M. Miura, Asian J. Org. Chem.
2018, 7, 1330.

a) Y. Minami, Y. Furuya, T. Kodama, T. Hiyama,
Chem. Lett. 2018, 47, 674 ; For related catalytic
transformations, see : b) Y. Minami, M. Sakai, T.
Sakamaki, T. Hiyama, Chem. Asian J. 2017, 12,
2399 ; ¢) Y. Minami, Y. Noguchi, T. Hiyama, J.
Am. Chem. Soc. 2017, 139, 14013; d) Y. Minami, T.
Sakamaki, Y. Furuya, T. Hiyama, Chem. Lett. 2018,
47,1151 : e) Y. Minami, Y. Furuya, T. Hiyama,
Chem. Eur. J. 2020, 26, 9471.

(5) For catalytic transformations involving the

aldehyde group in furfural, see a) A. Herath, W. Li,
J. Montgomery, J. Am. Chem. Soc. 2008, 130, 469 ;
b) A. Thirupathaiah, G. V. Rao, Indian J. Chem.
2008, 47B, 1762 ; ¢) S. Hatanaka, Y. Obora, Y. Ishii,
Chem. Eur. J. 2010, 16,1883 ; d) Q-A. Chen, F. A.
Cruz, V. M. Dong, J. Am. Chem. Soc. 2015, 137,
3157.

(6) B. Li, K. Seth, B. Niu, L. Pan, H. Yang, H. Ge,

Angew. Chem. Int. Ed. 2018, 57, 3401.

(7) Y. Minami, H. Miyamoto, Y. Nakajima,

ChemCatChem 2021, 13, 855.
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Figure 1. 0 % ¥4 Ui T SN 7onBBEER AR Y 72 &~

nBEEEERY) 7= v ot hr HwE$50 5
FH B OMEFILIINE TRV,

COXH)HERDOT. HEEHEHIE, 2250 0K - B&H)
TREENEBEERE ST 2T 572012, HiETn
WER ) T7E2FLEIRLIENTELR)T=) V2 H
V. nBUEMF v ) TR VARNICRET S 7201ICa s F
VUM AEHT A 2 L RF ML, BRI, vy
FH O OEGIH FF VA EAT B,
MICE D, REERT IV HNT =F & VAR R#ES
BT THRL, WOWGHRAFF > F=r e LT
#re s % (Figure 1)o ABFZETIE, LELOMIFIZEED <
07 4 VIOV THE T 5,

2. BRLEE
2-1. BRAFFAVEBLIOERENBFRY 7Y D
FE

BRI FF UL LTL4- L) Vo 2% 2R
57 b7 AFF ALEW 1 (Figure 2) Wb 2 L L L
720 BBUIBERIEIC L7225 T T 7217,

PR 222 120, K 7 =) VR bR %2 DMSOH
TNal & RIG S22 &1k ), nfiRY 7= V258
H & 72, UV-vis-NIRWZXL A X 27 b )V % Figure 3127736
BEHRIMEDO AR —F 0 2 X W, nBIEM F v )
TEAETLHR) T2 VOERERELTWS,
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F 95T DADFENIREE 2 A L 72, Figure 412,
Yo =y ANaHTRILL 727 =F VD FIHBA RS b
VERS REER) . RRFEIEHEFEIZ517 nmTH D,
FENBREE L1250 T dH > 720 i\ TEBEEERD RASER
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T & RRERR L7z (R IEML, FEOLIERS517 nmiZ BV TH
SEHRIEA0.050) o FENC, ¥ = v iduEEEhb 2 LT,
M2 DR TE, B 7 FH VB ERRL
DI, TOWUESR LR ) 7 =) v ERREADE
b EHFOERTIRENDL ARY MVIZh o7z, BEE
517 nmiZ BV THIGIMEABBICEBL TV 5 Z & »
O, nfl R 7=y rouy R YEERIAREBI N, T
k7= =X LCOT0EDBRIRA T4 Sl 25& T
Wb RS b,

2-3. PTFAVHEBREEZFTIRITUERIK
hFAVE 10Dz FY 0K

RYT7 =) EMICT =4 SEEBRIEE AT LR
7= v ERRVIUE BIRA Tk L OFFEAH AR
XD, vy FH UL ) FREICHEITT 5D TR
Wpr k¥ z 72 (Figure 5)o 7= Y PEERIEEH T H R
V7= e LTE RADVPHELICARAR VBREET
5RY 7= ¥ THAHPMAPY B X UPMAPEY, 12
Za AWK VAT HPMASIY & SPAN 2 & MeE) L
7z (Table 1),
BHGFTHAEET = EHVIZHEART PVllE
WX HECTT =4 v EREEE TR T2~
EBRIRAFF HE 0T & XY VIR R KB TR
L7ze T3, G TTHLHET =0k b WK
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PLEo X5z, AREfgE T, R anlEE YR 51
ORFEEHRL, il k=TSR ) 7=y rouy
X VBT MA 2, T F U EOBIRILE Z H
WHZ LTy TS SRR L
o, TEA WEREEETLR) T =) YRV
EZAhH, ANK Y EEEAT HPMASE V72RO
XY UHPRIL SN S GEEERLEM T AL,
BRZDTEFNIKM STV 2 LT A ZankE
BT FEHEL TV E 720,
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BACOIEHALEE & 3H > TV 2 O3 R ERTH
D, EERL, Sl EHEEDAEA S, 211k
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DE DI LN,

FHL I N TV S ERELF T (Organic Light-Emitting
Diode : OLED) iZ 4 7% & 10/8 O 45 #% 2354k o 5 (i 1%
J&. AR, BEEE) 28 S OIS
XVRNT L. COLREMEETH L7720, BERIZBIT
5 TROBHE - FHAL, BEOHMH L VWi, A
ELO Eifiitg, KKaIC & 2580 oKF, AEOK
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o TWh, —J, JEEICHIEHERS T LT 2 HH%
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Table 1 UV-vis absorption maxima, PL emission and PL
quantum yields of BBPhRMI

Run BBPhRMI fﬁxgﬁ A"”xﬁz:iffhy)m ?%;
MImE 2615, 389.0 541 (46.5) 589

H 264.0, 390.0 532 (515) 898

D 264.0, 393.0 534 (534) 925

) Concentration : 1.0 x 10* mol/L in THF.
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Figure1 (A) UV-vis and (B) PL spectra of N-substituted maleimide derivatives in THF (1.0 x 10* mol/L).
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Abstract

Donor-acceptor- r -conjugated (D-7m-) 2A fluorescent dyes OUY-2, OUK-2 and OUJ-2 with two
(diphenylamino) carbazole-thiophene units as D (electron-donating group)-n (m-conjugated bridge) moiety
and a pyridine, pyrazine or triazine ring as electron-withdrawing group (electron-accepting group ; A) have
been designed and developed. The photophysical and electrochemical properties of the three dyes were
investigated by the photoabsorption and fluorescence spectroscopy, Lippert-Mataga plots, cyclic voltammetry
and density functional theory calculations. The photoabsorption maximum ( 1 *...) and the fluorescence
maximum ( A "...) for the intramolecular charge-transfer characteristic band of the (D-x-) 2A fluorescent dyes
show bathochromic shift in the order of OUY-2 < OUK-2 < OUJ-2. Moreover, the photoabsorption bands of the
(D-m-) 2A fluorescent dyes are nearly independent of solvent polarity, while the fluorescence bands showed
bathochromic shift with increasing solvent polarity (i.e., positive fluorescence solvatochromism). The Lippert-
Mataga plots for OUY-2, OUK-2 and OUJ-2 indicate that the Ay (= pe - u,) value, which is the difference in
the dipole moment of the dye between the excited (u.) and the ground (u.) states, increases in the order of
OUY-2 < OUK-2 < OUJ-2. Therefore, the fact explains our findings that OUJ-2 shows large bathochromic shifts
of the fluorescence maxima in polar solvents, as well as the Stokes shift values of OUJ-2 in polar solvents are
much larger than those in nonpolar solvents. The cyclic voltammetry of OUY-2, OUK-2 and OUJ-2
demonstrated that there is little difference in the HOMO energy level among the three dyes, but the LUMO
energy levels decrease in the order of OUY-2 > OUK-2 > OUJ-2. Consequently, this work reveals that for the
(D-m-) 2A fluorescent dyes OUY-2, OUK-2 and OUJ-2 the bathochromic shifts of A *u. and A%... and the
lowering of the LUMO energy level are dependent on the electron-withdrawing ability of azine ring, which
increases in the order of OUY-2 < OUK-2 < OUJ-2. Moreover, it was found that the dye OUK-2 shows a
bathochromic shift-type mechanofluorochromism (MFC) : as-recrystallized OUK-2 exhibits a bathochromic shift
of fluorescent color by external mechanical stimuli, being accompanied by a reversion to the original fluorescent

color by heating.

Introduction

Donor-acceptor- r -conjugated (D-n-A) dyes,
which are constructed of the electron-donating
group (D) such as a diphenyl- or dialkylamino group
and the electron-withdrawing group (electron-ac-
cepting group ; A) such as a nitro, cyano, and car-

boxyl group and a azine ring such as pyrizine, pyra-

zine and triazine linked by the x-conjugated bridges
such as oligoene and heterocycles. Thus, the D- 7 -A
dyes exhibit intense photoabsorption and fluores-
cence emission properties based on the intramolecu-
lar charge transfer (ICT) excitation from the D moi-
ety to the A moiety "*. Moreover, the D-n-A

structure possess a considerable structural charac-



teristics : the increase in the electron-donating and
electron-accepting abilities of D and A moieties and
the expansion of 7 conjugation, respectively, can
lead to the decrease in the energy gap between the
HOMO and LUMO because the highest occupied
molecular orbital (HHOMO) is localized over the =
-conjugated system containing the D moiety, and the
lowest unoccupied molecular orbital (LUMO) is lo-
calized over the A moiety. Thus, the photophysical
and electrochemical properties based on the ICT
characteristics of D- 7 -A dyes should be tunable by
not only the electron-donating ability of D and the
electron-accepting ability of A, but also the electron-
ic characteristics of the 7 bridge. Consequently, the
D-n-A dyes are of considerable practical concern
as a useful fluorescence sensor for cation, anion and

14 an efficient emitter for organic

neural species
light emitting diodes (OLEDs) %Y and a promising
photosensitizer for dye-sensitized solar cells
(DSSCS) [25:34]

Thus, in this work, to gain insight into photophysi-
cal and electrochemical properties of D-7 -A fluo-
rescent dyes with azine ring as electron-withdraw-
ing group, we have designed and synthesized (D-
7 -)2A fluorescent dyes OUY-2, OUK-2 and OUJ-2
with two (diphenylamino)carbazole-thiophene units
as the D-n moiety and a pyridine, pyrazine or tri-
azine ring as A moiety (Fig. 1), although we have
already reported the synthesis of (D-7-) 2A fluores-
cent dyes OUY-2 ! and OUK-2 % and their partial
photopysical and electrochemical properties. An ad-
vantage of (D-m-)2A fluorescent dyes over other
D-n-A fluorescent dyes is the broad and intense
photoabsorption spectral features. Herein, based on
photoabsorption and fluorescence spectroscopy, Lip-
pert-Mataga plots, cyclic voltammetry and density
functional theory (DFT) calculations, we reveal the
photophysical and electrochemical properties of the
(D-7-)2A fluorescent dyes OUY-2, OUK-2 and
OUJ-2. Moreover, we investigated the mechanofluo-

rochromism (MFC) of OUK-2.

N O Q N
S $ %
AN
NN
OuJ-2

Fig.1 Chemical structures of (D-m-)2A fluorescent dyes
OUY-2, OUK-2 and OUJ-2.
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Scheme 1 Synthesis of OUY-2, OUK-2 and OUJ-2.

Results and Discussion
Synthesis

The (D-7-)2A fluorescent dyes OUY-2 &
OUK-2 B4 and OUJ-2 were prepared by Stille cou-

B8] with 3,5-dibromopyri-

pling of stannyl compound 1
dine, 2,6-diiodopyrazine, and 2,4-dichloro-1,3,5-triazine,

respectively (Scheme 1).

Optical properties

The photoabsorption and fluorescence spectra of
0OUY-2, OUK-2 and OUJ-2 in various solvents are
shown in Fig. 2, and their optical data are summa-
rized in Table 1. OUY-2, OUK-2 and OU]J-2 in tolu-
ene as a non-polar solvent show the photoabsorption
maximum ( A absmax) at 398 nm, 401 nm and 433

nm, respectively, which is assigned to the ICT exci-
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tation from the two (diphenylamino)carbazole-thio-
phene units as D-n moiety to a pyridine, pyrazine
or triazine ring as A moiety. Fo r OUK-2, the shoul-
der band was observed at around 430 nm. Thus, the

ICT-based photoabsorption band of the three dyes

0 ‘ , .
300 400 500 600 400 500 600 700 800 appears at a longer wavelength region in the order
Wavelength / nm Wavelength / nm
(c) 120000 — (A [~ e i s of OUY-2 < OUK-2 < OUJ-2, which is in agreement
100000 — 1,4-dioxane 8| R, THF with increase in the electron-withdrawing ability of
- so000l ethyl acetate % — DMF
E :;T:F & f azine ring in the order of pyridyl group < pyrazyl
60000 £
3 40000 % F group < triazyl group. The photoabsorption spectra
20000 g of the three dyes are nearly independent of solvent
%oo 200 500 600 - 400 5(‘)0 500 700 800 polarity. This indicates that the electronic and struc-
Wavelength / nm Wavelength/ nm tural characteristics of both the ground and Franck-
(e)120000 — toluene [ (f) —~ | — toluene — ethyl tat
u ethyl acetate > etnyl acetate . . .
100000 — 1:4-dioxane — THF 3 | tadioxane — THE Condon (FC) excited states do not differ much with
— DMF z| ) ) o
% 80000 2] a change in solvent polarity. The molar extinction
% 60000 3 coefficient ( & ma) for the ICT band is ca. 100000 M
40000 @
20000 g cm™ for OUY-2, 75000 M cm™ for OUK-2 and 80000
0 & ‘ ! M cm™ for OUJ-2. The corresponding fluorescence
300 400 500 600 400 500 600 700 800
Wavelength / nm Wavelength / nm maximum ( A%...) of the three dyes in toluene also
Fig. 2 (a) Photoabsorption and (b) fluorescence (1% = appears at a longer wavelength region in the order
ca. 400 nm) spectra of OUY-2 in various solvents.
- < - < -
(c) Photoabsorption and (d) fluorescence (A% = of OUY-2 (453 nm) < OUK-2 (480 nm) < OUJ-2 (509
ca. 400 nm) spectra of OUK-2 in various solvents. nm). Interestingly, in contrast to the photoabsorp-
(e) Photoabsorption and (f) ,ﬂuoréscence (A== tion spectra, the fluorescence spectra are strongly
ca. 430 nm) spectra of OUJ-2 in various solvents
dependent on solvent polarity, that is, the three dyes
Table 1 Optical data of OUY-2, OUK-2 and OUJ-2 in various solvents.
Dye Solvent A [nm] (e [M'em™])  AMuax [nm] (®reomion)®  Brightness [M'em?']  Stokes shift [cm™]
OUY-2 Toluene 398 (91100) 453 (0.38) 34600 3050
1,4-Dioxane 398 (95800) 455 (0.40) 38300 3147
Ethyl acetate 394 (98500) 480 (0.39) 38400 4547
THF 397 (100000) 485 (0.58) 58000 4570
DMF 399 (97500) 533 (0.59) 57500 6300
OUK-2  Toluene 401 (74800) 480 (0.48) 35900 4104
1,4-Dioxane 397 (78300) 487 (0.62) 48500 4655
Ethyl acetate 398 (75800) 518 (0.55) 41700 5820
THF 394 (77400) 524 (0.65) 50300 6296
DMF 399 (73300) 588 (0.14) 10200 8055
OUJ-2  Toluene 433 (78500) 509 (0.81) 63600 3448
1,4-Dioxane 430 (85100) 525 (0.86) 73200 4208
Ethyl acetate 428 (80100) 568 (0.72) 57700 5758
THF 433 (81100) 576 (0.72) 58400 5733
DMF 435 (78900) 665 (0.09) 7100 7950

“Fluorescence quantum yields (@ tsuion) Were determined by using a calibrated integrating sphere system (4% = 400 nm for
OUY-2, 400 nm for OUK-2, and 430 nm for OUJ-2, respectively).



showed a bathochromic shift of the fluorescence
band with increasing solvent polarity from toluene
to DMF (i.e., positive fluorescence solvatochrom-
ism). Thus, the Stokes shift (SS) values of the three
dyes increase with increasing solvent polarity. Com-
pared with OUY-2, OUK-2 and OUJ-2 exhibit signifi-
cant fluorescence solvatochromic properties, that is,
the two dyes show a significant decrease in the fluo-
rescence quantum yield ( ®;) in polar solvent such
as DMF (®¢ = 059, 0.14 and 0.09 for OUY-2, OUK-2
and OUJ-2, respectively), although in relatively low
polar solvents OUK-2 and OUJ-2 exhibit a higher ®;
value (0.48-0.65 and 0.72-0.86, respectively) than
OUY-2 (@ = 0.38-0.58). For OUK-2 and OUJ-2, the
large bathochromic shifts of the fluorescence band
with a significant decrease in the ®; value in polar
solvent such as DMF might be arising from the
twisted intramolecular charge transfer (TICT) ex-
cited state due to the twisting between the pyrazyl
or triazyl group and the (diphenylamino)carba-
zole-thiophene moiety, leading to non-radiative deac-
tivation "Y. On the other hand, it is worth mention-
ing here that the brightness values (¢ X @) for
OUY-2, OUK-2 and OUJ-2 in various solvents are
fairly large (Table 1). Thus, the fact indicates that
the (D-m-)2A fluorescent dyes have advantageous
characteristics as emitters for OLEDs and fluores-
cence probes for biological imaging.

It is well accepted that the dipole-dipole interac-
tions between the fluorescent dye and the solvent
molecules are responsible for the solvent-dependent
shifts in the fluorescence maxima "**%, Therefore, in
order to understand the fluorescence solvatochrom-
isms of OUY-2, OUK-2 and OUJ-2, we have investi-
gated the relationships between the solvent polari-
ty-dependent shift of fluorescence maximum and the
dipole moment of dye molecule on the basis of the

Lippert-Mataga equation [eqn (1)]: #+

1 oA
Ve = dree hed Af + Const. (1)

where

_e=-1 A -1
A= x1 ol @)

Consequently, on the basis of eqns (1) and (2),
the change in dipole moment, Ay = e - 1, between
the ground (ug) and the excited (u.) states can eas-
ily be evaluated from the slope of a plot of v
against Af (the Lippert-Mataga plot), where v is
the Stokes shift (SS) (Table 1), ¢ is the vacuum
permittivity, 2 is Planck’s constant, ¢ is the velocity
of light, @ is the Onsager radius of the dye molecule
(781 A, 799 A and 7.91 A for OUY-2, OUK-2 and
OUJ-2, respectively, estimated from DFT calculation
at the B3LYP/6-31G (d,p) level “?), Afis the orien-
tation polarizability, & is the static dielectronic con-
stant, and 7 is the refractive index of the solvent.
The Lippert-Mataga plots (Fig. 3) for the three
dyes show high linearity, indicating that for the
three dyes the solvent-dependent shift in the fluores-
cence maximum is mainly attributed to the dipole-
dipole interactions between the dye molecule and
the solvent molecule. The slopes (my) became steep
in the order of OUY-2 (10500 cm™) < OUK-2 (12200
cm™) < OUJ-2 (13700 cm™). The correlation coeffi-

cient (R2) value for the calibration curve regarding
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Fig. 3 Correlation of the Stokes shift (v) and the orienta-
tion polarizability ( Af) according to eqn (1) and
(2), respectively, for OUY-2, OUK-2 and OUJ-2 :
solvent (¢, n, Af) : toluene (2.38, 1.4969, 0.0132),
14-dioxane (2.21, 14224, 0.0205), ethyl acetate (6.02,
1.3724, 0.199), THF (758, 14072, 0.2096) and DMF
(36.71, 14305, 0.274) ¥,



the three dyes is 0.90 for OUY-2, 0.88 for OUK-2, and
0.89 for OUJ-2, which indicates good linearity. The
A i values increase in the order of OUY-2 (22 D) <
OUK-2 (25 D) < OUJ-2 (26 D), which corresponds
to the increase in the electron-withdrawing ability of
azine ring (pyridyl group < pyrazyl group < triazyl
group). Consequently, the Lippert-Mataga plots ex-
plains our findings that OUJ-2 shows large ba-
thochromic shifts in its fluorescence maximum in po-
lar solvents, as well as the SS values for OUJ-2 in
polar solvents are much larger than those in nonpo-

lar solvents (Table 1).

Mechanofluorochromism

First, in order to investigate the solid-state photo-
physical properties of OUY-2, OUK-2 and OUJ-2, we
have measured the solid-state fluorescence spectra
of the solids. The A ™. of the as-recrystallized dyes
appears at 550 nm for OUY-2, 531 nm for OUK-2,
and 557 nm for OUJ-2, which showed a significant
bathochromic shift by 97 nm, 51 nm, and 48 nm, re-
spectively, compared with those in toluene. The sol-
id-state D teoution vValue is below 0.02 for OUY-2, 0.03
for OUK-2 and 0.09 for OUJ-2, which are much low-
er than those in toluene. It is well known that the D-
n-A fluorescent dyes show the bathochromic shift
of the A%, and the lowering of the @ teoion value
by changing from the solution state to the solid
state. The fact is attributed to the delocalization of
excitons or excimers due to the formation of inter-
molecular 7-7 interactions “**Y between the dye
molecules in the solid state, although we could not
prepare single crystals of OUY-2, OUK-2 and OUJ-2
for the X-ray structural analysis.

Next, the MFC characteristics of OUK-2 was in-
vestigated according to the following procedure. By
grinding the as-recrystallized dye OUK-2 at a stress
of 50-100 N/cm? in a mortar with a pestle, the A “nax
and A", for OUK-2 show bathochromic shift by 14
nm and 27 nm. It is worth noting here that the @

tsoid value was enhanced by grinding from 0.03 to

0.06. When the ground sample of OUK-2 was heated
at 230 °C (beyond the recrystallization temperature
(To), described later), the colors and fluorescent col-
ors of the dyes recovered to the original one. The
X-ray diffraction (XRD) patterns and differential
scanning calorimetry (DSC) curves for OUK-2 be-
fore and after grinding of as-recrystallized dyes are
shown in Figs. 4 and 5, respectively. The XRD mea-
surements with as-recrystallized dye OUK-2 exhibit-
ed diffraction peaks ascribable to well-defined micro-
crystalline structures. They almost disappeared after
grinding, showing that the crystal lattice was signifi-
cantly disrupted. The diffraction peaks of the ground
dyes after being heated were quite similar to those
before grinding, suggestive of recovery of the micro-

crystalline structure. The DSC analysis indicated

(a)
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Fluorescence Intensity (a.u.)
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Wavelength / nm

400 450 500

Wavelength / nm

Fig. 4 (a) Solid-state excitation and (b) fluorescence spec-
tra of OUK-2 before (A« = 487 nm) and after (1
ex = 501 nm) grinding of as-recrystallized dye, and
after heating (1 = 487 nm) the ground solids at
230 °C : insets show photographs of powder of
OUK-2 under (a) room light and (b) UV irradia-
tion before (left) and after (middle) grinding, and
after (right) heating the ground solid.
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Fig. 5 (a) XRD patterns of OUK-2 and before and after
grinding, and after heating the ground solid. (b)
DSC curves (s heating process with scan rate of 10
°C min") of OUK-2 after grinding.



that the dye OUK-2 before grinding showed only
one sharp endothermic peak associated with melting.
On the other hand, the ground solids underwent an
endothermic glass transition (7,) and then an exo-
thermic recrystallization (7T.) before melting (7).
The DSC traces of the ground powders are typical
of amorphous solids. Consequently, based on the
above experimental results, this study demonstrates
that the MFC of the (D-7x-)2A fluorescent dyes is
attributed to a reversible switching between crystal-
line and amorphous states with changes of intermo-
lecular hydrogen bonding and 7z -7 interaction be-

fore and after grinding.

Electrochemical properties

The electrochemical properties of OUY-2, OUK-2
and OUJ-2 were investigated by cyclic voltammetry
(CV) in DMF containing 0.1 M tetrabutylammonium
perchlorate (BuNClO4). The cyclic voltammograms

of the three dyes are shown in Fig. 6. The reversible

8.0
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40
2.0
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0L

-4.0

20 1 !
-0.2 0 0.2 0.4 0.6

E/V vs. Fc/Fc*
Fig. 6 Cyclic voltammograms of OUY-2, OUK-2 and OUJ-

2 in DMF containing 0.1 M BusNCIO4. The arrow
denotes the direction of the potential scan.

|

oxidation waves (E,.>*) for the three dyes were ob-
served at 042 V for OUY-2 and OUK-2 and 045 V
for OUJ-2, vs. ferrocene/ferrocenium (Fc/Fc*) (Ta-
ble 2). The corresponding reduction waves (Z,.°%)
appeared at 0.35 V for OUY-2 and OUK-2 and 0.36 V
for OUJ-2, thus indicating that the three dyes un-
dergo an electrochemically stable oxidation-reduc-
tion process. The HOMO energy level (- [E12™ +
48] eV) versus the vacuum level was estimated
from the half-wave potential for the o xidation (£
= 0.39 V for OUY-2 and OUK-2 and 040 V for OUJ-
2). Therefore, the HOMO energy level was -5.19 eV
for OUY-2 and OUK-2 and -5.20 eV for OUJ-2, re-
spectively. The fact indicates that the three dyes
have comparable HOMO energy levels. The LUMO
energy level versus the vacuum level was evaluated
from the E12°* and an intersection of photoabsorp-
tion and fluorescence spectra (449 nm ; 2.76 eV for
OUY-2, 481 nm; 2.58 eV for OUK-2, 506 nm: 245 eV
for OUJ-2) in DMF. Consequently, the LUMO ener-
gy level was obtained through eqn = [HOMO +
Eoo] eV, where Eoo transition energy is the inter-
section of the photoabsorption and fluorescence
spectra corresponding to the optical energy gap be-
tween the HOMO and the LUMO. Thus, the LUMO
energy level versus the vacuum level lowers in the
order of OUY-2 (-243 eV) > OUK-2 (-261 eV) >
OUJ-2 (-2.75 eV). This result demonstrates that in-
creasing the electron-withdrawing ability of azine
ring lowers the LUMO energy level of the (D-x-)
2A fluorescent dyes. Consequently, the fact revealed

that the bathochromic shift of the ICT-based pho-

Table 2 Electrochemical data, and HOMO and LUMO energy level of OUY-2, OUK-2 and OUJ-2.

Dye Ey™ V] Ey> [V] E1> [V] HOMO [eV]* LUMO [eV]* Eoo [eV]?
ouY-2 042 0.35 0.39 -5.19 -243 276 eV
OUK-2 042 0.35 0.39 -5.19 -2.61 258 eV
OuJ-2 045 0.36 040 -5.20 =275 245 eV

*The anodic peak (E,.°), the cathodic peak (E,°*) and the half-wave (E12°) potentials for oxidation vs. Fc/Fc* were record-
ed in DMF/BwNCIOs (0.1M) solution. the HOMO energy level (- [E™» + 48] eV) versus the vacuum level was evaluated
from the E12 for oxidation. ‘the LUMO energy level versus the vacuum level was evaluated from the HOMO and the optical
energy gap (Eoo), that is, the LUMO energy level was obtained through eqn = [HOMO + Eyo] eV. sThe optical energy gap
(Eo0) was determined from the intersection of photoabsorption and fluorescence spectra in DMF.



toabsorption band in the order of OUY-2 < OUK-2 <
OUJ-2 is attributed to the stabilization of the LUMO
energy level due to the increase in the electron-with-
drawing ability of azine ring in the order of pyridyl
group < pyrazyl group < triazyl group, resulting in
a decrease in the energy gap between the HOMO
and the LUMO.

Theoretical calculations

In order to examine the HOMO and LUMO distri-
butions of OUY-2, OUK-2 and OUJ-2, the molecular
structures and the molecular orbitals of the three
dyes were calculated using the DFT at the B3LY-
P/6-31G (d,p) level ™. The result of the DFT calcu-
lation for the three dyes indicated that the HOMO is
mostly localized on the two (diphenylamino)carba-
zole moieties containing the thiophene ring and the
LUMO is mostly localized on the thienylpyridine
moiety for OUY-2, the thienylpyrazine moiety for
OUK-2 and the thienyltriazine moiety for OUJ-2
(Fig. 6). Accordingly, the DFT calculations reveal
that the photoexcitation of OUY-2, OUK-2 and OUJ-
2 induces the ICT from the two (diphenylamino)

carbazole moieties to each azine ring. The HOMO

energy level of the three dyes is remarkably similar
to each other (-4.80 eV, -4.78 eV and -4.84 eV for
OUY-2, OUK-2 and OUJ-2, respectively), and the
LUMO energy level is lowered in the order of QUY-
2 (-156 eV) > OUK-2 (-1.76 eV) > OUJ-2 (-1.98
eV), which are in good agreement with the experi-
mental results from the photoabsorption and fluores-
cence spectral analyses (Fig. 2) and the cyclic vol-
tammetry (Fig. 7). Thus, the experimental results
and the DFT calculation strongly demonstrated that
the bathochromic shift of the ICT-based photoab-
sorption band in the order of OUY-2 < OUK-2 <
OUJ-2 is attributed to stabilization of the LUMO en-
ergy level due to the increase in the electron-with-
drawing ability of azine ring in the order of pyridyl

group < pyrazyl group < triazyl group.

Conclusion

To gain insight into photophysical and electro-
chemical properties of D- 7 -A fluorescent dyes with
azine ring as electron-withdrawing group, we have
designed and synthesized a new type of (D-7m-)2A
fluorescent dyes OUY-2, OUK-2 and OUJ-2 with two

(diphenylamino) carbazole-thiophene units as the D
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Energy level diagram, HOMO and LUMO of OUY-2, OUK-2 and OUJ-2, derived from the DFT calculations at B3LY-
P/6-31G(d,p) level. Numbers in parentheses are the experimental values.



(electron-donating group)-n (m-conjugated bridge)
moiety and a pyridine, pyrazine or triazine ring as
the electron-withdrawing group (electron-accepting
group; A), and their photophysical and electrochem-
ical properties were investigated. It was found that
the intramolecular charge-transfer (ICT)-based pho-
toabsorption and fluorescence bands of the three
dyes appear at a longer wavelength region in the or-
der of OUY-2 < OUK-2 < OUJ-2. This results is due
to the increase in the electron-withdrawing ability of
azine ring in the order of pyridyl group < pyrazyl
group < triazyl group. Moreover, the (D-n -) 2A flu-
orescent dyes showed a large bathochromic shift of
fluorescence maxima with increasing solvent polari-
ty (i.e., positive fluorescence solvatochromism). The
Lippert-Mataga plots revealed that the difference in
the dipole moment of dye between the excited state
and the ground state increases in the order of OUY-
2 < OUK-2 < OUJ-2. Thus, the fact explains our
findings that OUJ-2 shows the large bathochromic
shifts of fluorescence maxima in polar solvents, as
well as the Stokes shift values for OUJ-2 in polar
solvents are much larger than those in nonpolar sol-
vents. The cyclic voltammetry and the DFT calcula-
tions demonstrated that the HOMO energy level of
the three dyes is remarkably similar to each other,
but the LUMO energy level is lowered in the order
of OUY-2 > OUK-2 > OUJ-2, showing that increas-
ing the electron-withdrawing ability of azine ring
lowers the LUMO energy level of the (D-7-)2A flu-
orescent dyes. Consequently, this work reveals that
for the (D-m-)2A fluorescent dyes OUY-2, OUK-2
and OUJ-2, the bathochromic shift of photoabsorp-
tion and fluorescence maxima and the lowering of
LUMO energy level are dependent on the elec-
tron-withdrawing ability of azine ring which increas-

es in the order of OUY-2 < OUK-2 < OUJ-2.

Experimental
General methods

Melting points were measured with a Yanaco mi-
cro melting point apparatus MP model. FT-IR spec-
tra were recorded on a SHIMADZU IRAffinity-1
spectrometer by ATR method. High-resolution mass
spectral data were acquired on a Thermo Fisher
Scientific LTQ Orbitrap XL. '"H NMR and “C NMR
spectra were recorded on a Varian-400 (400 MHz)
FT NMR spectrometer. Photobsorption spectra were
observed with a HITACHI U-2910 spectrophotome-
ter, and fluorescence spectra were measured with a
HORIBA FluoroMax-4 spectrofluorometer. The fluo-
rescence quantum yields in solution were deter-
mined by a HORIBA FluoroMax-4 spectrofluorome-
ter by using a calibrated integrating sphere system.
Cyclic voltammetry (CV) curves were recorded in
DMF/BwNCIO; (0.1 M) solution with a three-elec-
trode system consisting of Ag/Ag* as reference
electrode, Pt plate as working electrode, and Pt wire
as counter electrode by using a Electrochemical

Measurement System HZ-7000 (HOKUTO DENKO).

Synthesis

(D-7-) 2A fluorescent dyes OUY-2 ¥ OUK-2
and OUJ-2 were prepared by Stille coupling of stan-
nyl compound 1 ¥ with 3,5-dibromopyridine,
2,6-diiodopyrazine, and 2,4-dichloro-1,3,5-triazine, re-
spectively, by using Pd (PPhs) 4 as a catalyst in tolu-
ene at 110 °C under an argon atmosphere (Scheme
.
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AE R 2 L 72 A%, ARSEBRIE o 45 B S IR B ©
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Table LZKFEALHT %D 4 TR DR < — DESHT O
EREF L O, KEILHEDOH-poly (endo-NBL) B
X UH-poly (exo-NBL) &, TGA#ll 2 12 & % 10%E & K
DIEIFEBITKRES EA L, 450 CREE o7z, —
Jiv T ARERIREE Tl 3K FAL IR #1260 ° ClT &
L. H-poly (endo-NBL) & O'H-poly (exo-NBL) # N2
1163 °C, 131 °CE o7z T, BRI T & i 24
L AWMV TEDMERME R o7, TRV T, TTY
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Table 1. &FHAR 1) < — D EFFE

hydrogenation T Tho

degree (%) (°C) (°C)

poly (endo-NBL) - 244 401
poly (exo-NBL) - 190 422
H-poly (endo-NBL) 95 163 444
H-poly (exo-NBL) 97 131 453

T4 glass transition temperature by DSC.
T,o: 10% weight loss temperature by TG-DTA.
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5o KFALIGHIRE D, exoffIZHRendotk® T 7550
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V— U PEIEEIN, TEVI T ATHEIEVGD 5o
F7o WAY =& HIZDCM% Eonar v SRIEEER
DMF7Z ED3E7 v b PR BAF 2 B 2 R L 72,
LIl Z & A SHpoly (endo-NBL). H-poly (exo-NBL)
WEH 72 %COPE LCTHiIfES %,

3. f&Wm
Gl T A7 VR LRGSR “RAR ) v — %,

NBLO BB # & £ ¥ ZEA L 5] & fi < RFALBUSIZ &
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Ph,P  PPh, Arf,P  PArf, AP CI
FCPP 1 2 (Ar = Ph)
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OAc
OA
® _ Aucat. (Au: 6 mol%) /i\ﬂ//
Ph/J\\$$§ H,O/ 4-dioxane (1:3) "N
rt, 24 h o
4 5
Entry Au cat. 4 (%) 5 (%)
1 [(AuCI),(FCPP)] 51 47
2 [AuCI(2)] 35 61
3 [(AuCI),(1)] 58 42
4 [AuCI(3)] 0 95

L72(£1)o Au(DBEC X 2 7V F Y AKRIBUEIEZ <
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2X 254 AU SR DTN LHE SNTH
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1 Ph H [(AuCl)y(FCPP)] 36

2 Ph H [(AuCl)y(1)] 46

3 Ph H [AuCI(2)] 43

4 Ph H [AuCI(3)] 54

5  CO,Et CO,Et  [AuCI(3)] 38

6 Ph Me [AuCI(3)] 60

7  nCgHis H [AUCI(3)] 0

8 Et Et [AuCI(3)] 0
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motze —MRMIS, BT ORE REEO TR % &
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Th o720 MBET VN2 ¥ 2Ry BN F TS
BFTIEEALRBEEZRE RV (Do < 01%) 2 & 2
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X OB E DGR IS B 5 2 T b 2 L AURIE
SNz MA T, BIRIEOZBANIZL Y OpvKE HEN
(QpL = 57 ~ 34.0%) T 2B RSN/ K2, TAz-
NPh2TI3713 nm& v 9 HIZ R 2 2= WAL RS EB T O e
= 292%& FHWITEAR IR R L, MR T VXY
U2 XKD RHFEFEIBIC B 256k LTOHM
TEERTDDTH o7z FEMEBITOWT LY FEM 2R
HEAT) 720, HObHEG () MWBIC XD B E e
(ko) & TR IE AL (b)) B ENZNEH L 720 Z O
B B GMEOEIRIEOEARL L ROPIRIZL D,
ROWEMBE SN, kKR E AT 2T L T O3
MT 22 EWGhotze Thbh, NEy VEHRKICE
WTh, MBI T VRV ErOH-BZIZSIL T
LHDIEEZEZLND,

AR R ARV RIARIFL
— TAz-Me
— TAz-CF3
— TAz-OBu
—— TAz-Ph
— TAz-NPh2

Normalized Intensity

250 350 450 550 650
Wavelength (nm)

750 500

600
Wavelength (nm)

700 800 900

- _

Me CF3 OBu Ph NPh2 in CHCI, (5.0 10-5 M)

TAz-H TAzF TAz-Cl TAz-Br TAzl TAz-Me TAz-CF3 TAz-OBu TAz-Ph TAz-NPh2
Aubs (NM) 546 523 543 547 555 545 550 544 571 624
Ap (nm) 653 619 636 639 643 645 657 623 659 713
P 0.045 0239 0209 0181 0.115 0085  0.057  0.340 0.198 0.292
7 (ns)®! 0.8 3.2 26 2.2 1.3 1.2 1.0 3.1 1.8 2.0
k /108 (s)el  0.60 0.76 0.81 0.82 0.89 0.69 0.55 1.1 1.1 15
Ko ] 108 (s71)te) 13 2.4 3.1 3.7 6.9 74 9.1 2.1 44 3.6

[a] Excited at As. [b] Excited by white LED and monitored at Ap,.. [c] k, = @Pp ./ T, Ky = (1-Pp )/ T.
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AR ARV REZARIML

o
®
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— TAz-BrOct
— P-TAz-FI

— P-TAz-BT

—— TAz-HOct
— TAz-BrOct
= P-TAz-F|
— P-TAz-BT

o
o
Normalized Intensity

£/105 M 'em™!
(=]
£

bt
N

0250 350 450 550 650 750 5;50 650 750 850 950
Wavelength (nm) Wavelength (nm)
TAz-HOct TAz-BrOct P-TAz-FI P-TAz-BT
Aas (NM) 550 554 668 659
Apy (nm) 653 642 690 724
[ome) 0.047 0.192 0.322 0.208
1 (ns)®l 0.9 22 1.4 0.7
k. /108 (sl 0.55 0.87 2.2 29
K / 108 (571001 1 36 47 1

[a] Excited at A,y,. [b] Excited by white LED and monitored at A, .
[clk = Pe /T, ko= (1=Pp)/ 7.

UV (365 nm)

TAz-HOct P-TAz-FI
TAz-BrOct  P-TAz-BT in CHCI; (1.0 % 10~5 M per repeating unit)
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