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Figure 1-3. Diagram of simulated HOMO and LUMO energy levels of
cyclopentadiene and heteroles by BSLYP/6-31G(d,p) level of DFT calculation.
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Figure 1-4. Photo-physical properties change depending on the chemical
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Figure 1-5. Examples of dramatical improvement by substitution on the

phosphole’s phosphorus atom of a) thermal stability!al and b) electron mobility!7al.
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electrochromic materiall®.
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Figure 1-9. Rough history of photochromic molecules.
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Figure 1-11. Examples of conformational torsion control for photochromic
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RAR— RN RAR—/L LT H Figure 2-1. Dibenzophosphole derivative
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Figure 2-2. Diagram of HOMO and LUMO energy levels of fluorinated
dibenzoheteroles based on experimental data for CV and optical band gaps!2al.
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(DBPPO) 7% # & & 1 7= (Fig.2-3)4l DBPPO

DBPPO (ZE W EINEZ/R9Z Figure 2-3. Molecular structure of
EDRHEINTED, WINEOFIE A DBPPOM,

7 R VHEIE DS

MNH ICT REZEMT D Z ENREBIN TV, ZILETIZUR Y R AR —/Lik

HRKIZEBWT, VR EOI Vv a by VR EERT D L TRLONDWHEEIIZD

WTCOREIIITONTELN, v ayr VEERN S 2 5280 ICT IRIEZE K

T 507k L THADEBIZONTOHRERIT o7, mWBAETINEREZ AT

DI EMNDIRNEEMEICET 2RIENES TH D DBPPO XV a7 i E IR

IR EBE LGB, AFEICHWS 2 L E Lz, FRE1ETHR

NRTFRIZ, RAR—IVERORIEEHN ThH DY VR LD v aly i3 b

fifilz & O’Cﬁ% IEBT S ENMTEHZ LD, DBPPO M OEEEBRIATH S

DBPPS k& L o EHATH D DBPPSe ~#FE 95 Z & A 5HHE L7-, G AZ1T 9 Hi
ICRKILD T OWE Z B L Frt BN bR, ZORER%Z Fig.2-4 IZF LT,

o, E _ Ph_ E E - 0
@Ooo@@ a2
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Se PE
DBPPE J. Yinand W. Huang et al., J. Phys. Chem. A

2010, 114, 3655-3667.
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Figure 2-4. Diagram for simulated HOMO and LUMO energy levels (solid line) of
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DBPPO derivatives at BSLYP/6-311G(d), and PO derivatives (dotted line) as the
reference simulated at BSLYP/6-31G(d)[5!.

B LR RS B 6 DA #5125 DBPPO., DBPPS K (O} DBPPSe (25T
XAl U REFOBEEIAE D BN NS WD ENTRENT, 2Ty a s U
T3 DA #EEIZ Ko TR RS N an B RISk L CEEE L T 63, §uanERe Y
D/NSNWZ LITERLTWA EHERIL72, 72 Huang HI2 L > TUVRU YR AR —
NI A= RERPO, PS KO PSe) BSFFOME IR T 5 & (LRt R OfE R 3 #
LI TV B (Fig.2-49)bBl, Huang 5 OWEICKIUX, UV VR EOB Va7 U EAO
BT LUMO Y7282 % 5.2 3912 HOMO ¥ OR L ENEZRLTBY, 771
TH—FETHDHIR S RAR— VT XY ROLRDLGEIZITIN AT VR D
BNRKEWVWZ LEARBENTND, FEFKC DA #i&E %> DBPPO, DBPPS K}
DBPPSe DG IZiE v =y VR OEMD 53T G2 DB BET D720
\Z. DBPPO 7>% DBPPS }x (R DBPPSe # &% L., illiziTo Z & & LT,

AFETIE, Scheme 2-1 (TR T EREE CEWELETINEEZETHZ ERHMLN
TW5 DBPPOM DA EI Z >, HBEEHIIX 1,4- 7 vE-2-= huX B
ZIRE L., S RE AWz o~ U s S DBPPO O/ E Bt L=, vL~ X
JEN BB T = = VEERRRFO= b rikid, AR EHWEE TR LD
P R~ P—LEITH) LTI — RENEEBH L6, 7 == 1D 22 IZ&
al/l-a3— R r7ou 7 == LR A7 4 A2 X HBERISH S DBPPO RifERA
DA A ZRK LT-, DBPPO ~DO##E X DBPPO Rk L Y 7 ==L 7 I vRu v
ez HWi=gsAD v 7Y TR E W T T 728, BIZA&RL7- DBPPO & rn—Y
VREIZEL DY VRF EOMERF~OBE#R, KO —Y CREICLD Y VET EO
LU URF~DEREZITH Z & T DBPPS & DBPPSe OAKEEM LT-, ZiLHD
i tH, 13C, 31P NMR, @ fifeEE &0 A7 Mvaz W TG RE LTz,
DBPPS [Z oW TITHAERAE LN Z &0 X BRGNS b RE LT,
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0, 1)
Br 2% o @ No, 9% O NH,

c I O Br d @0 Br
3% O , 38% -
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r

59%

62%

@ DBPPSe

Scheme 2-1. Synthetic pathway for DBPPO derivatives. Reagents: a) Cu (powder),
DMF; b) Sn (powder), conc. HCl, ethanol; ¢) NaNOQg, conc. HCl, KI; d) n-Buli,
THF; PhPCly; e) (4-(diphenylamino)phenyl)boronic acid, Pd(PPhs)s, KsPOu,

THF/H:0; f) Lawesson’s reagent, toluene; g) Woolin’s reagent, toluene.
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2-2.  FEkE

U VIR Eo v a7 ST ORI &5 T THEE ORI RS % %(2 DBPPO,
DBPPS % U* DBPPSe 0 h vty BN & b= b UL COWILAY | L4 I
L7z, #8% Fig2-5 1R 7,

a) b)
5 , ]
= 1.0 5 1.0
=~ 0.8 ~ 0.8
c c
2 06+ S 0.6
S 04+ 2 04-
2 024 9
£ o £ o
’ _| T T T 1 < 0.0 B T T 1
300 350 400 450 500 300 350 400 450 500
Wavelength / nm Wavelength / nm

Figure 2-5. UV-Vis absorption spectra of DBPPO (blue), DBPPS (green), and
DBPPSe (red) in (a) toluene and (b) acetonitrile at ambient temperature.

DBPPO.DBPPS & O DBPPSe D i K KX by I TZENZE4 396 nm,
396 nm & 1398 nm, 7 & h=hK VU /LHFTIL 391 nm, 391 nm, 393 nm “C“&)O?L:o
DBPPO 75 DBPPS }. T DBPPSe ~D #1 /L 2 7 U - B #1356 End itk R O E 14
BB LG5 N ENRB SN, 2 ORERER ORI 75:75-75*1%5}5%’7 IZH5<
So—S1 &R 2R L 7= (Fig.2-5),

Fig.2-6 {Z DBPPO., DBPPS O DBPPSe @ /v KON T+ h= K U /)LD
HART MV ERT, £722 2 F TORRBEA TOWINL, 6K OFExr 76 &I
KROWPER % Table 2-1 1ICF & D7,

Q)
—

(o)
S—r

Intensity / a.u.
Intensity / a.u.

]

0.0- T T T T T 1 ' T T T T T 1
450 500 550 600 650 700 450 500 550 600 650 700
Wavelength / nm Wavelength / nm

Figure 2-6. Photoluminescence spectra of DBPPO (blue), DBPPS (green), and
DBPPSe (red) in (a) toluene and (b) acetonitrile at ambient temperature.
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DBPPO. DBPPS & O DBPPSe [ZIFIZFREROMRFE NI REZH LT D 2 L H1HE
M &47=, DBPPSe (23 ClZ DBPPO K. Uf DBPPS & 3572 2 fREhik i & 8ls34
5 ENTE, ZOREZRIVFE —OMRENEE D F IR OIREEN ~DEBIZH KT 5
D L HEH L 7= (Fig.2-6(a)), DBPPO & U DBPPS Tid, Z OEBIIIHI S TEBY .
0-0 XN 0-1 EBRBICHKT D EBONDIHENHEANT NVOABBEISNTZ, 260
#8755 DBPPSe iZ DBPPO K T* DBPPS & 3572 % hl ke GEE) & 2 5> =
EDRBEINTE, £7- DBPPSe TITMRMEIABEH CTOMAI L EORKELIZBW
T%H. DBPPO X O*DBPPS (2R D LA F Ly KU 7 852 EBRBIE I,

Table 2-1. Photophysical properties of DBPPO derivatives in several solvents at

ambient temperature.

Compd Solvent Aabs Aem VST Dy
[nm] [nm] [cm]

DBPPO Toluene 396 451 3100 0.89
Chloroform 399 487 4600 0.83
Acetonitrile 391 545 7300 0.80

DBPPS Toluene 396 450 3100 0.72
Chloroform 398 481 4300 0.72
Acetonitrile 391 543 7200 0.76

DBPPSe Toluene 398 449 2800 0.02
Chloroform 399 486 4500 0.05
Acetonitrile 393 550 7200 0.17

42C? DBPPO §HERIB W T, MR CTH 5 v o R CIIIREEE 2 67 5
ZEHERO/NSWREATH S Z &&U“tt@é’w\é IR A b —2 237 F(3000 cm™)

ZoRd 2 LB RPN (n-n) 3R E L 7= (Fig.2-6 & Uf Table 2-1), WA TH
27t r="1KU /pqu@gg%xx\y N T TOFERICI DT, FEMmRMHREE & b
B9 5 EMBRFENE R ORABRBEIZHE) A b—27 A7 FOENN(7200 cm™ F££) %
RLUTE, Fo, BHAXRT MLVOHERBHEICRE < 2>TWnAHZ b, ICT K
RRD TR ORI K D FhE KRB D2 E L 2 B2 L T D EHERI L 7o, M 360
HFFEIL DBPPO @ M= I TORIE TR EV 89% %~ L, MPEEEH T
T L7 BABETFIERPBIEEL T TR T35 2 &3, WEOHFE M & O REE T
DOREEZALIZIR 2 RGN RIR T 5 & HEHI L 7= (Table 2-1), DBPPS Tix DBPPO &
ey 5 & Mo BOE B FIERITEAD L=, —J7. DBPPSe TIIE&TOBEETE L L
FHHETPEENBD Lz, ZHTRRLI 5 TFRIZBNWTHERLBIEI N TWLHIEL
JEADE AN D BRI Z2 R L TR Y, Si-Ti HEEAZZEOEERIFE I N 5 T %
NN B DITEN N 72 & HERl & 517, DBPPS } O DBPPSe Tix DBPPO & (357
D ARSI RS B IR A BT A A B S,
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T IR TE—FRTHDHIX Y RAR—LH)Las =Ko TD DFT #HEICL D
WIEH Huang HIZ K> TITbN T g, VRV RAFR—/LA XL RPO) LT R
VY IRAR—=NV AT ¢ RPS) L ITELRY RV IR AR —/LE L= F(PSe) Tl
T LU AO n #0EEN & afilEl (HOMO) N N WilRT 5 Z E N PRI TEY
(Fig.2-7DBl, [FERD n #LE K& OrnifliE Oif#E7Y DBPPSe THil & T\ 5 && x 72,

Ph\P,’E E=0O
AN Se é ‘:‘: HOMO
PE

PO PS PSe

Figure 2-7. Energy diagram for simulated HOMO and HOMO-1 level of
dibenzophosphole chalcogenides!?!.

DBPPSe Oni#liE(HOMO)YENL LV & n BUBHEM SR LZE RS, LUMO A1)
5 HOMO ¥EAL~DIFEIZH D HKIE LD R n BB bl ~DE - BEIE
Z 5 HEEMEN B 5 (Fig.2-8), niEfrd n MU OBE LI-EFICL > ThHAE I
A LUMO Y72 hifl L7213, BN EBREAZ R T n B~ RIET 52 &85
ZHN5, EEBMEIKT LT n BUEHEM A L0 Q28T 2%E. n il
ORYEN O BENINH S 4, RN ERIC RS B 27, LLED n #EYE
NS OEFBENIERN T 5 KIEEFR L, Table 2-1 1277 L 7= DBPPSe Oiffasxt 3
TR PRI BE R CHOMT 2R & L E L2V,

~ 1
LUMO LUMO . LUMO LUMO
]
213‘\ i ‘l?‘\ Y
> . 1
9 . A 1
g Excitation Emission : Excitation
w 1
$ ' _% _T_
Homo 434~  HoMo 4~ | HOMO norbital i
1 n
. ! orbita HOMO n orbital
n orbital n orbital
DBPPO DBPPSe

Figure 2-8. Expected deactivation process for DBPPO (left), and DBPPSe (right).
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AT S VHITEN D DBPPSe Tlid DBPPO K O) DBPPS & /3872 2 hic iRk RE
BRI 2 ATREVEDRIE S -, £ D 7= DBPPO &R DR FFmillE 21T - 72,
FEONTAERS R AL E L TRIR TR R Z VT, B@AEE T & &
OVEHE S R S B ke DR 21T o 72, £ OFEHR% Table 2-2 (I2F L DTz,

kf = — (1)

Table 2-2. Photophysical properties derived from photoluminescence lifetime

measurement of DBPPO derivatives in several solvents at ambient temperature.

Compd Solvent 7 Al ) Ag kt ko kel kor
[ns] [ns] [ns1]  [ns]

DBPPO Toluene 1.59 — — — 0.56 0.07 8.0
Chloroform  2.21 — — — 0.37 0.08 4.63
Acetonitrile  4.80 — — — 0.17 0.04 4.25

DBPPS Toluene 1.36 — — — 0.53 0.21 2.52
Chloroform  1.82 — — — 0.40 0.15 2.67
Acetonitrile  4.59 — — — 0.22 0.05 4.4

DBPPSe  Toluene 0.91 59.10 1.45 40.90 0.02 1.08  0.02
(0.01) (0.68) (0.01)

Chloroform  0.11 87.57 1.86 1243 0.45 863 0.05

(0.03) (0.51) (0.06)

Acetonitrile 1.15 93.08 393 6.92 0.15 072 0.21

0.09 (0.21) (0.19)

DBPPO & O DBPPS i kr/knmi%“w ERLTED, %%L&ﬁiﬁﬂt@%kt@é
(Table 2-2), Z#iZxi LT DBPPSe 1T il DR NFEmniH S, oI
W, MAESHRRENERR L D - k%éﬁ L7z, FNFEMUENS L DBPPSe o><77a
BIp HRER %R L=, DBPPSe O EFHMA/7iE DBPPO &KUY DBPPS & FERIZITV
¥ F &~ Lz, DBPPO, DBPPS }2 () DBPPSe |3t A7 b L K ORI F
225 ICT JREDIEEN THENTEY ., 2 TOHERICB O THESNT-EHMH

DRI DA REE IR T 5 ICT IREED B DI & HER L 7=, LL_E DR ERE R S
DBPPSe (25 TiZ, DBPPO K& X DBPPS & 13572 % il iR iE A > = Mwuﬁé
iz,
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2-3. BRIbFRE

DBPPO. DBPPS () DBPPSe ®»¥ 7 un A & HzEiF 5 CVHIEEITV., %
Dt H % Figure2-9 & (X Table 2-3 (ZF LTz, £y 7 unu XX U HTORILAN
7 MVRIEZEATV, ORI L Y HOMO-LUMO R KXy v 7% gD -7z,
FNENDLFDOfLENMIL 0.47 V., 0.48 VXTX0.60 V THY ., ZDEL HOMO
DEFNVF—WENITALTHEREL, V7 aa XX ORI ALY [ LG 7
t, > 72 HOMO-LUMO /N> R¥ ¥ » 7% T LUMO O 3L —HENL 2R H L
7=, DBPPO } 0" DBPPS [ZiFIE Ak D HOMO #fi %2R L7-, *®D—J T DBPPSe
(2B TIE HOMO N2 E b 2 BlEE LTz,

a) b)

< . <
o 60 E =0.72510V, o 60

' 404 o 40

= 20 =

X E = 047333V A = 20 E =0 65460V

+ - E = 0.48430V

: a0 w ?

£ 407 £
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Figure 2-9. Cyclicvoltammograms of DBPPO derivatives, a) DBPPO, b) DBPPS,
and ¢) DBPPSe, in dichloromethane at ambient temperature.

Table 2-3. Summary of the electrochemical properties of DBPPO derivatives in
dichloromethane at ambient temperature.

Compd Fhox onset Aabs,onset FEgap HOMOfouna LUMOftouna
[V]lal [nm] [eV] [eV]Db] [eV]El
DBPPO 0.47 448 2.77 -5.04 -2.27
DBPPS 0.48 449 2.76 -5.05 -2.29
DBPPSe 0.60 450 2.76 -5.17 -2.41

[a] 1 mM. [b] HOMO = [- (Eixonset - 0.232) - 4.8] eV, where 0.232 V is the value for
the half-wave potential of ferrocene/ferrocenium vs. Ag/Ag* in dichloromethane

and 4.8 eV is the energy level of ferrocene below the vacuum. [c] Estimated from
optical band gap.
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2-4. X BRELRS LB ST

DBPPS OHifEfhZ Y 7 un A X 7% b= b U AR D=, £ OHEAERIZ K
% X HR L S A S AT OFE B & Fig.2-10, Table 2-4 } O} Table 2-5 {Z7~¢, DBPPS
MO P=S fEAFIL 1.9563 A /R LTh V. 24 Kabe HIT L - THE ST
BN RAR—ILANLT 4 RPS)NAT S P=S faF01.9545 AL —FK LT
BBl —TJ5, RAR—NVEBENEEOER Y C1-P1-CUMAN 91.08° L . 15 AHEL TV
% PS @ C1-P1-CI'#(92.03 ) L B —F& LT\ %, ULEOFEEESEARDMITIFAEE
DfEHZR LT Z & 76, DBPPS 10 PS B#&1% DA B EICH S22 L AVRIB S
N7, F7-DBPPS HOPS KRN Y 72 =7 I v OEEFE FOKER ORI X
% AB BRI DML 46.89° & 72> T -,

Figure 2-10. ORTEP drawing (showing 50% probability displacement elipsoids) of
the crystal of DBPPS, a) general view, and enlarged view for dibenzophosphole
sulfide of b) side view and c) overview.

Table 2-4. Selected bond lengths and angles.

Bonding species Length (A) Angle species Angle (°)
P1-S1 1.953(4) C1-P1-CY’ 91.08(3)
P1-C1 1.827(7) C1-P1-C7 105.77(3)
P1-C7 1.823(11) C1-P1-S1 118.17(3)
C1-C6 1.383(9) C7-P1-S1 114.78(4)
C6-C6’ 1.486(9) C8-C7-P1 119.02(8)

C12-C7-P1 122.09(9)
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Table 2-5. Crystallographic data for DBPPS.

Molecule

Formula

Mol weight (g mol'1)
Crystal dimension (mm)
Crystal system
Space group

a(A)

b (&)

¢ (A)

V(A3

Zvalue

Dealea (g molt)
F(0O00)

1 (Mo Ko) (cm™)
Temperature (K)

No. of measured reflections

No. of unique reflections
Goodness of fit

Final Rindices

b5}

whs [ 1> 26())]

DBPPS
Cs4H39N2PS
778.95

0.180 x 0.160 x 0.070
Orthorhombic
Pnma (#62)
15.9099(3)
30.3831(6)
8.4834(2)
4100.8(2)

4

1.262

1632.00

1.586

123

67473

4777

2.790

0.1888
0.5644
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2-5. BETLFEHE

ARIE Tl DBPPO, DBPPS K& T* DBPPSe D43 etz SW TR 21T 5 12,
DFT 55217 > 72, i#, A% T DFT #5113 B3LYP/6-311G(d) T{TV ), Gaussian09
Z T2, XS RS AT TR DNy TR E A AL & L OIS R b 21T - 72,
(Fig.2-10), % FHi& i3 DBPPO., DBPPS $ X1 DBPPSe M Cld k& 222 kIT K
NI, TR O LR EME LG L, VXY RAR— LA F Y REBLO Y 7
T =VT X UEED X 37.1°0 5 37.4°Th o7z,

) J J
¢ 9 § » 2 2
23 ; e 23 k! e
9 2, ) > o 2@ 3, -3 &>
29 o ; o 0 9 9 3 >
9 .‘JJ’ 9 99 )0‘. - : “0‘ R aa‘O N
o ) 29, 99 -a° 29 %23, 9d
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Figure 2-11. Optimized molecular structures of (a) DBPPO, (b) DBPPS, and (c)
DBPPSe by DFT calculation.

ENZEND4F O HOMO ;TN LUMO OJANY &bl 25 &, Ziv b & Rk
ICRE R 2 o3, BETHRHEEL (L LN LRI, Znb
D41 LUMO 3B FZAMEK TH DLV N Y RAR— IVEKICRBIEL L,
HOMO 134 T &EICIERTELT 5 2 & 3R S 7z (Fig.2-11),
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Figure 2-12. Optimized molecular structures of (a) DBPPO, (b) DBPPS, and (c)
DBPPSe by DFT calculation.

Table 2-6. Summary of their vertical absorption energies, oscillator strengths, and
characters by TD-B3LYP/6-311G(d)//B3LYP/6-311G(d) level of theory.

Compd A [nm] f Major contribution

DBPPO 429.0 1.14 H — L (98 %)
360.7 0.25 H — L+1 (95 %)
321.2 0.46 H-2 — L(87 %)

H-1 — L+3 (4 %)
H-2 — L+1 (2 %)
DBPPS 431.3 1.11 H — L (98 %)
363.4 0.25 H — L+1 (85 %)
H-2 — L9 %)
H-2 — L+1 (3 %)

319.4 0.39 H-1 — L+2 (66 %)

H-4 — L (20 %)
DBPPSe 433.6 0.99 H — L (94 %)
H-2 —» LG %)

366.7 0.28 H — 1+1 (90 %)

H-2 — L+1 (5 %)

320.2 0.33 H-1 — 1+2 (73 %)

H-4 — L7 %)
H-1 — 1L+3 (6 %)
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FIZ, BHEIREE DB Z1T 2 A12, b -4 7% AT TD DFT #t5H %
1T 7=(Table 2-5), EZEH G THE I IEE) 778 E O &\ - M 0 E % (DBPPO:
429.0 nm, DBPPS: 431.3 nm, DBPPSe: 433.6 nm)/Z. TiZH hL= 2 i CHLI &
7= e R = (DBPPO: 396 nm, DBPPS: 396 nm, DBPPSe: 398 nm) {25t/ L T
W5, IREN IR 2 L5 & DBPPO S8 KIXEnNEnnfFovay VR’ 6T
-t OB NMESB R R THDLEEBEZDND, ZOZ LIRS 2= T B (L% R
THIANT MVITHK T HFERTH 55, HOMO KO LUMO O#LE % L E i
DHFTHE LTS, M) 7227 2 VBB R AR =LAV aF = RERE~D
ICT MERENZROND ZEEEETDHZ L TRAERELZHETE 5(Fig.2-12),
TD DFT FEOFER TR b EE 2 DX, DBPPO K (* DBPPS 1T Fig.2-12 (2777 #)
BEOENRY BFEER T THD Z Licxt LT, DBPPSe Tik HOMO-2 #LEIZHW T,
T U VREA DI RBEL LR Y 28> 2 L TH D, FIiZ DBPPSe DIEHE)F il
DEW (= 0.99)E% X HOMO 75 LUMO ~DOr-n* MBI %2 T HOMO-2 2> 5
LUMO ~® ICT YEEB N & £ T 5 (Table 2-6), —® HOMO-2 % 2-2 I T
L7 n#uEICHEY T2 EZ 2 b0, So—S: MEBBA~OFHIX, Fig.2-8 Oikin & b xt
T 5,
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2-6. FEw
FL2ETIHIVRVYBRAR—NAX TV REKET 727 %=1, N 7z2=17 <
Y RFP—L L THWE DA &% H 795 DBPPO % W\ THROERHE ORI 21T -
7o T2V RUYRAR—NA TV REEO V27 VR A %iE# L 7= DBPPS KO
DBPPSe % T, FNEMEDOFAM AT o720 WL AT RN BT RU YR AR
— NIV = REEDFFO AV a7 AL DA REE BIZIED Hndb R OE
WEEIZHR ERB AR 5 27202 L 22 T, DBPPSe (2B N2/ KXy v 7D
W E#EZE Lz, —F, CVHIEIZL > THRMED -7 HOMO #(7/%X DBPPSe Tl
R EALE R Uiz, FEMME R O MRS To R A7 S VRNEIZ BV T
DBPPO. DBPPS O} DBPPSe T, %7¢ 2 iREMEE D O H S, Hie p bkl ikhg
EEZFF O Z ERBE STz, oM & FIERENIEICS W TS DBPPSe (23
T DE LW EFINR OB 28122 LT-, DBPPSe M ¥ EFINROB/ITBNT
1T, VRV IRAR— VAl = REKICEAN L' L VRN 5 2 DN BT
R IK T2 Ty EAL~OIEMRZE, KO n #uE(h v a7 VR EOIMNLE %))
oI E T BEEN RIEFRICAE Y 55 S HER L7z, B FEMIEICB N T
DBPPSe |3 DBPPO & ) DBPPS &I AHFEREZ R L, 2 ORAFEEFFOZ &
EBIE LT, 2D 2 OND 1A IE ICT IREEDTEAIZEE S ICT 356 Th 5 & HE
B LU7-, F72 TDDFT #HEOERH 51X DBPPSe 2 DBPPO . () DBPPS & [ #72
% So—S1 BB AT Z R EI N, LEDOIIERRNG, VRV IR AR —L
ANy = RERICEBNTE UV RAITEBER RO ER - o i 5 &, KREL<
R DM EZ R T RREENE W EARB STz, ZOMAEENL, 5 3 B CILE
FHEA M OMERFZ2 AV THR AR =L al = RERNSFRIRICS 2 5 2
olEfEimdo2 & & Lz,
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2-7. EBIE
2-7-1. RIEESS K OBIE KM

IH NMR (600 MHz), 13C (150 MHz)}% O* 31P NMR (243 MHz)!% JEOL JNM-
ECA600, 'H NMR (400 MHz)iZ JEOL JNM-ECP400 } 7' 'H NMR (300 MHz)
JEOL JNM-AL300 (2 X 2HEZIT o7z, morfEieE R A ~2 kit JMS-700
MStation (Z XV HIE L7z, 34k O HPLC 13 LaChrom Elite > A7 A K Y
LCO110-NEXT % iU 7=, Bk it X S EAATIZ Rigaku R-AXIS RAPID/s (2 & 2 i
EZAT o T, RN A~ 7 SV ORIFEIZIT JASCO V-670, Ft6 & OFE bt
A7 FVOREILIE FP-6500 & MV iz, SOt & O J6 Ot & 1 ICRRE 11
Z £+ HORIBA FluoroCube 3000U & ) HAMAMATSU C9920-02 % H 7=, CV
B 7E 1T Metrohm Autolab n-AUTOLABIIL, EH &M & ORI 1T A e EiR, FEKE
% 2 BE MR (Ag/Agh) . X FFEME 21T 0.1 M tetrabuthylammonium
hexafluorophosphate (TBAPFg) s OEA B (X 100 mV s1 &0 9 KfETITo 72, &
FALFEHEIZIE Gaussian09 % V7=,
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2-7-2. BHFR

4,4'-dibromo-2,2'-dinitro-1,1'-biphenyl O &k

N02 NOz
/@Br -
Br Br O NO,

FOWE T CIEGZEE L7-U-> 1~ Z 22T 1,4-dibromo-2-nitrobenzene (12 g,
43 mmol) & Ol AR (6.0 g, 94 mmol, 2.3 eq)Z AL, EREHK FIC Lz, b
DAY % DMF(80 mL) 1 THAEMBGRTE, kS, INREAY % EiRLE THA
K O'DMF OERE E#%, VA7V KROBEEE LT M2 HWiEmEIc X -
THI KRR 2 b= Uiz, JRIRZ A E K CUtgd Lo, BES Y 17 vz Huv
TR EITV, BOKEEE~ 7 % 7 A CTORMRE, I8 & OYRTEE £ X > THARD
ST, BRI A YT e ) — LB AW AT, BRI TH D 4,4'-dibromo-
2,2'-dinitro-1,1'"-biphenyl % 157-(3.11 g, 72%).
1H NMR (300 MHz, CDCls/ TMS): § = 8.39 (d, J= Hz, 2H), 7.84 (d, J= 8.2, 2.0 Hz,
2H), 7.17 (d, J= 8.1 Hz, 2H).

Br

4.4'-dibromo-[1,1'"-biphenyl]-2,2'-diamine D& ik

AT o, AT

F A7 F A 3|T 4,4"-dibromo-2,2'-dinitro-1,1'-biphenyl (2.6 g, 6.5 mmol) & O'&#)
AK(3.1 g, 26 mmol, 4.0 eQ AL, EREIAKFIZ L, 2D DIREGY % RIER
(12M, 18 mL) k. O’ =% 7 —/L(32 mL) ' C 6 IR EEMNBGEGE, fHEE S8, KGR
B ERNDFT A7 T X TG LT mKRRICERA L, KB N U 7 LKERZ
THPED Y EANE(pH 7-1TONCFREE L7z, 5 O N2 i 28 L 7= 12, 7 v e kL
AEKRZHNTHE Lz, LICAFIRE/KRTHE L, WK~ 7 R0 LTl
JEE N BT LT 5 2 & CHAERM Z 5Tz, BRI & ) — V& W BfEdn C
TV, B TH 5 4,4'-dibromo-[1,1'-biphenyl]-2,2'-diamine #57-(2.1 g, 95%).
TH NMR (300 MHz, CDCls/ TMS): § = 6.92 (m, 6H), 3.75 (br, 4H).

Br
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4.4'-dibromo-2,2'-diiodo-1,1'-biphenyl ® & Ak

NH, O
Br O NH,

A7 F A 2|Z 4,4'-dibromo-[1,1'"-biphenyl]-2,2"-diamine (2.13 g, 6.2 mmol), &
(12 M, 7.5 mL) L OZER K5 mL)ZBA L, KGEKTHAI LI, T DRA
W HREEE T b U v 4(1.07 g, 16 mmol, 2.5 eq) e O Z% 8K (5.5 mL) %1 F1%. KK
¢ 30 A REIRRER R S, ROSEAWICa vk U 7 2(10.4 g, 63 mmol, 10 eq)
F OZREE K (20 mL) &3 F L7=1212. Jkim/KHh < 1R, SIEICHIE LT 1,
60 °C IZHNEA L 3 RF DR AAT o 7o, ISIERAM A IR E TWAEIL . LEWD 2 J8iH
5L THAERMES, AT 7o X2 20y v 7 AL—HiH 2170,
HE9¥ Td % 4,4'-dibromo-2,2'-diiodo-1,1"-biphenyl % 4537-(1.07 g, 31%).

TH NMR (300 MHz, CDCl; / TMS): & = 8.10 (d, J = 2.0 Hz, 2H), 7.56 (dd, J = 8.2,
1.9 Hz, 2H), 7.03 (d, /= 8.2 Hz, 2H).

Br

3,7-dibromo-5-phenylbenzo[b]phosphindole 5-oxide D&%

FOWE T TMEGZEE L7 — 07 7 2A2|Z 4,4'-dibromo-2,2'-diiodo-1,1'-biphenyl
(0.53g,0.94 mmo)ZH AL, P=FILT—T LIRS E, BRFMKFIC L%
I20°C £ THH L7z, nBuli ®i%(1.6 M, 1.18 mL, 1.8 mol, 2.0 eq) i F L. 15 7%y
FREEMNBEYE, HiHR L7z, B 0°C £ THAIL, PhPCly(168 mg, 0.94 mmol, 1.0 eq)
A UTz, 1R OMMBGET, %2 0°C T TmAIL, fafilET =7
LKEERE M A, ¥ =F—T W XD R O B KIS LB 5 21T - 7,
HERmEE T b YU ¥ A K DR I OV 5 2/ CHUAE R 2 157, R
YUVATNRKROY7ar AR AL ) =V EEEAO D REE L LTHWE T Z A
J m <~ k7 72 7 4 — THAT W H B W T & % 3,7-dibromo-5-
phenylbenzo[blphosphindole 5-oxide % 157-(149 mg, 38%).
1H NMR (300 MHz, CDCl3/ TMS): 6 = 7.81 (dd, /= 10.0, 1.7 Hz, 2H), 7.67 (m, 7H),
7.45 (m, 2H).
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4-bromo-N,N-diphenylaniline ® & k%

Br

(;3@ @?@

A7 F A 2T triphenylamine (4.9 g, 20 mmol) &2 O NBS(3.91 g, 22 mmol, 1.1
eq) Z A L, DMF(100 mI)IZEEfiE S B 72, £ 5 DIREWIE 24 R R ENEGET,
HEEO®%IZ, BRE THAI L., RINEEMITAKE KL RN =F L —T L Z MR,
HH 21TV, AR I T EKRER~ 7 R 2w A TR, T8 M OB B 2 28 CHLAERK
Wyatsic, ERITEAT X ) — VA2 W TR m a7V, BRI CTH 5 4-bromo-N,N-
diphenylaniline % f57-(4.40 g, 68%),

'H NMR (300 MHz, CDCl3 / TMS): § = 7.29 (m, 4H), 7.05 (m, 4H), 6.95 (m, 2H).

(4-(diphenylamino)phenyl)boronic acid ® &K,

Br B(OH),

P
A Sae

FOWJE T TINEG B L7= — 1 7 7 A 21 4-bromo-N,N-diphenylaniline (3.57 g,
11 mmo) Z#: A L, ik THF(10 mI)IZiEME &, 73 U FEEK FIC Liz&ic-
78 °C £ THH L7z, nBuli ##%(1.6 M, 8.25 mL, 13.2 mol, 1.2 eq) & N L. [FIi&
FERARFF U735 1 RRRIFREE R #E L 72, B(OMe)s DA, iR E THIE L7215 ICHK
IR ZATV, D BEOKZEINZ 721412 6N HCl KSR & I 2 7=, BOSIRG Y O %
TruBu AR ATTHTY, FAFEBEK TCOWEEIT o7, BKRET M U ALK -
THR L, RSIEEB X OBERE EIC L > THAERM 21572, ATV D70 L EE
erFrvrsun X2 A(LDEREREBE LTHWED I 520 b5 74—
{7V, BRI CT&H 5 (4-(diphenylamino)phenyl)boronic acid % #57-(0.98 g, 31%),
1H NMR (300 MHz, CDCl;/ TMS): § = 8.02 (m, 2H), 7.29 (m, 4H), 7.11 (m, 8H).
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3,7-bis(4-(diphenylamino)phenyl)-5-phenylbenzolblphosphindole 5-oxide (DBPPO)
DE K

DEPPO

v 2 L 7 %12 dibromophosphole oxide(302 mg, 0.7 mmol). boronic acid(443 mg,
1.5 mmol, 2.2 eq). Pd(PPh3)4(80 mg, 0.07 mmol, 0.1 eq) KNV VEE =71 U 7 LK
(2.0 M, 0.7 mL, 1.4 mmol, 2.0 eq) & AL, 7T/ I UFHAFIZ Lz, 5 0R
A% THF(15 mI)IZEEfE S &, 3 HREEIEGERE., W27 o 72%IC, JoKhifE~
TRy NTHIE, R L ONIERE EE21TH 2 & AR E Lz, Akixv ) 15
nevrmuaAZ o7 b oERERREE L THW AT A ux N5 T 4 —
1T, HE9¥ <& 5 DBPPO %457-(480 mg, 90%)
1H NMR (600 MHz, CDCls3/ TMS): § 7.92 (dd, /= 10.4, 1.3 Hz, 2H, ArH), 7.87 (dd,
J=28.1,29 Hz, 2H, ArH), 7.80 (dt, J = 8.1, 1.5 Hz, 2H, ArH), 7.75-7.67 (m, 2H,
ArH), 7.52-7.45 (m, 5H, ArH), 7.42-7.36 (m, 2H, ArH), 7.30-7.24 (m, 8H, ArH),
7.13-7.10 (m, 12H, ArH), 7.07-7.02 (m, 4H, ArH). 3'P NMR (243 MHz, CDCly): §
34.40. ESI-HRMS (m/2z) [M + Nal* caled. for C54H39N2OPNa*: 785.2698; Found:
785.2701.
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3,7-bis(4-(diphenylamino)phenyl)-5-phenylbenzol[blphosphindole 5-sulfide
(DBPPS) D&%

(D
@é’ S

DBPPO DBPPS

v 2 L7 12 DBPPO(50 mg, 66 umol) }2 O Lawesson’s #3£(53 mg, 0.13 mmol,
20eZHAL, MG m)IIERSE, TVICFERFIC L, b0l
AEWIEBNBGRYE, HPORICER T THEI L7, USRS YIZIEE & O 2
AT, AR E LT, ERIZT U AL s A Z R EREE LTHWE
NI Ly a~v NTTT7 4 =T\, B TH D DBPPS % 137-(30 mg, 59%).
1TH NMR (600 MHz, CDCl; / TMS): § 7.91-7.89 (m, 4H, ArH), 7.80-7.75 (m, 4H,
ArH), 7.49-7.47 (m, 4H, ArH), 7.46-7.43 (m, 1H, ArH), 7.38-7.35 (m, 2H, ArH),
7.28-7.25 (m, 8H, ArH)*, 7.12-7.10 (m, 12H, ArH), 7.06-7.03 (m, 4H, ArH). *This
peaks contain the CHCls in CDCls. 13C NMR (150 MHz, CDCls / TMS): § 147.88,
147.44, 142.07 (d, J = 11.6 Hz), 139.60 (d, J = 18.8Hz), 137.09, 136.50, 133.18,
131.85(d, J=2.9 Hz), 131.05 (d, J=11.6 Hz), 130.89 (d, J=2.9 Hz), 129.34, 128.66
(d, J=13.0 Hz), 127.67, 127.44 (d, J=11.6 Hz), 124.62, 123.54, 123.21, 121.67 (d,
J=10.1 Hz). 31P NMR (243 MHz, CDCls): § 41.39. ESI-HRMS (11772 [M + Nal* calcd.
for Cs4H39N2PSNa*: 801.2469; Found: 801.2461.
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3,7-bis(4-(diphenylamino)phenyl)-5-phenylbenzol[blphosphindole 5-selenide
(DBPPSe) D&%

N

DBPPO DBPPSe

v a2 L7 %12 DBPPO(83 mg, 0.11 mmol) & Of Woolin #3%(116 mg, 0.22 mmol,
20eZ &AL, Mz r@m)IEESE, TAVIUFHAFIC L, b Dk
APNIHEINBGEFE, HIPORICEIRE THEI L7z, USRS ZIEE & O E %
AT, AR E LT, ERIZT U AL s A Z R EREE LTHWE
NI Lra~w NI T7 4 —%{TV, BRI TH S DBPPS %#4572(56 mg, 62%),
1TH NMR (600 MHz, CDCl; / TMS): § 7.91-7.89 (m, 4H, ArH), 7.81-7.77 (m, 4H,
ArH), 7.50-7.47 (m, 4H, ArH), 7.46-7.42 (m, 1H, ArH), 7.38-7.35 (m, 2H, ArH),
7.28-7.25 (m, 8H, ArH )*, 7.13—-7.10 (m, 12H, ArH), 7.06-7.03 (m, 4H, ArH). *This
peaks contain the CHCls in CDCls. 13C NMR (150 MHz, CDCls / TMS): § 147.90,
147.42, 142.15 (d, J = 13.0 Hz), 139.56 (d, J/ = 17.3 Hz), 136.58, 136.04, 133.10,
131.92 (d, J= 2.2 Hz) 131.53 (d, J= 11.6 Hz), 130.81, 129.33, 128.68 (d, J = 11.6
Hz), 127.94 (d)**, 127.69, 124.61, 123.51, 123.21, 121.81 (d, /= 10.1 Hz). **Second
peak of this doublet superimposed by other signal, and no coupling constant
assignable. 31P NMR (243 MHz, CDCls): § 28.50 (t, J=374.23 Hz). ESI-HRMS (112/2)
[M + Nal* caled. for Cs4H39N2PSeNa+: 849.1908; Found: 849.1920.
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BIE FRRAF—NAINVAT=FRERE 6nBETFRECETDI7x Mo uIvrfgT
DEREEDT7 + b7 vy 7Rk

3-1. TRt
NUVRAR— A F Y Rid, AF L o
MEFDOE /) 2 b7 2= VERE R AR @\}1 @%’R*
YVIETRAG LIt &L Z T Styrer;ue Benzo[b]phosphole oxide
% % (Fig.3-1), > ~F o — LIEIZ
E_XTEHWEFREIMEEZHFT DA ARV Figure 3-1. Molecular structure of
NEEETHZ D, BWE AN  benzolblphosphole oxide as the fixed
WMbF 2 EVE % T (Fig.3-2), %5 1 7 C  stylene by using phosphoryl group.
Bk~ 7z
INTR AR — /L OWFFEOFEIIHRA < 1950 FRThH D, TFEICR>TEDE
SAMEDHEBEMEMEHC A TH L Z L b BOMIZEDEANATON HERIC > T2,
BRUCB L THREREE L <, 2010 FHIED BN Y IR AR —/VEAE OREGLEDR s
SN E ooz,

-0.47eV
1.0 + -0.66eV

5.33eV

-1.86eV
5.51ev 2238V g3y -2.11eV

Energy / eV
)
o
5 |
< ¢

-5.0 -5.42eV 4.76eV

-5.98eV 5 89eV -6.05eV

P s '/

Figure 3-2. Diagram of simulated HOMO and LUMO energy level of
benzo[blheteroles by B3LYP/6-31G(d,p) level of DFT calculation. BPy:
benzolblpyrrole, BF: benzo[blfuran, BT: benzo[blthiophene, BP: benzol[blphosphole,
BPO: benzo[blphosphole oxide, BTDO: benzo[b]thiophene dioxide.
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RV IR AR — VR OREEIT FEEOF RN O T T a—F N Thit T\ 5,
—HXo(TNAF=V T 2= )V)IR AT 4 UiFERNS, BEAELLIEIPXsX =Clor
Br)Z H W BALK G X > TRV R AR — VB2 RESE L TU A (Scheme 3-1)11,

Base
Cl e (en
P” Solvent Pxg

Ry Ry
Scheme 3-1. Synthetic pathway with the cyclization of alkynylarene bearing ortho-

phosphorus functional group!.

MFIEY T 2=V RAT 4 AR RE Y 7 == v T7 T LD Aglifia Fvwie
RALKS, & L < ITEBSRAE L W2 ETHY | ZNENR Y R AR
— VA% RFEROEE 2 2% L TV % (Scheme 3-2)12,

©:H 3 Ag ” Mnm /

H + X R
-
P\ \ P 2

’ \O Solvent

Scheme 3-2. Synthetic pathway with the cyclization between diphenylphosphine
oxide and diarylethynel2..

W SRR Y R AR —AFERIZIT 3 (S v 7Y v TSR AT /e B
RRLIAUENERTL2O0bH0, SHOEEMEMEI~DISHBBIF I TS
Yoshikai & OHAEIZIL, B GHEAL(D, R —)NE S R/RESAA, 7787 &
=) THDHR Y RAR =LA XL REK EICEBR LT DA #EZ2 6T 5 mVIELE
FINHREATL5HFERE DD . FEAEHEMB~DOFEENS RSN TV, &,
Yamaguchi 512 5> T D-A#EICRY Y RAR— VA F T REKEEZFH LB
BT a — 7 s S - (Fig.3-3)8l,

NPh,
O 1) t-BuLi Br PhB(OH), Ph
2) PhP(NEt;)CI Pd(PPh
// ) (NEt,) \ O NPh [Pd( 3)4] I\ O NPh,
3) PBry P * KyPO, P
@ 4)H,0; aq. PH Yo toluene PH /=0
Br

Environment-sensitive
probe

Figure 3-3. Symthetic pathway for environment-sensitive fluorescent probel3l.
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RV RAR=NAF Y REKITERETH LN Y B — LR FF T =
v EWV ST MOREERA~T 1 — /L X0 b IFFREDME S | R B EIMSL L2
TUMEEATHEBEZR, B/ D UHEEAETHOTHIUL, ~FH N = o
ICEDHRICEITO 7+ by 704 TV — T o4 —7 ) —L
VADEANFRETH D EEZT-, TEMNRHARMIGERT 74+ a3 v 75051
(Fig.3-4(@)UNZEES AT M) = U EEAEET L2 T 7+ hor Iy
1 EEt L2 (Fig.3-4(b), E-8EEa Y 74 A= a Y ORERD DI, 3L
RS SN, CH-N KU CH-n& W o 70 T INFESA MM AAERBIZ Z i TITH
AENTEEN, KR TIER Y RAR—=/VAEF T RREFOR AR Y VDS HNIE
IHMEAHAIEH~ORAZ R LT,

H
N
~)

Figure 3-4. Molecular structure of a) Photochromic molecule having photon-
quantitative reaction, b) designed novel photochromic molecule, and c) reported

photochromic molecule having benzophosphole framework as first example!46!,

INETIC, Yam HIZE o TRV RAR—/IVEREZEA L7+ h7aI v s
DFR|ESNTVDLN, Rt 7+ b7 a Iy 7 5 FRHICBW TR Y R AR
— VBRSNS BB R HEEN CTHLE LTV 5 (Fig.3-4(c), Yam & OENH
RAR—)VENE DB TV DG 12T, RFmSC D5 2 5 CBIEE LT ARITAHR AR —/VER
(BT DNy R EMRN G5 X DN WD AR S e, iR
Wi - CILE 72 5 van der Waals PRISCE KM ER I B 2> b, 6nE
FHRANTHEESE D Z LT, 2 E TIOARW R E 275 % 5 35 18 HA AR N O 28 i A
HCTbBHTED B2,

et L7+ b7 v v 7551 (Fig.3-4b) D52 1E Duan HIZ X > THE SR
TWAY T 2= VERAT 4 VXY AT 7 2= V7 BF LA EDI R VR
AR =N A F Y REE 5% & L7=(Scheme 3-3)20, 3%Et L7= racla ORIERAE L
TlE. Yokoyama 52 L > CTERBIEDESLSILTWA YT T Y U LT BT LU Z2i%EiR
L. FARV XTI ROOBLKIE. ~NaZ ALIE R OEEEY » 7 o T RO % %
FIH U722 TATRICE D RIBMA £ TOA A FHE L 72 (Scheme 3-D, 7=, HRkL
7= racla =\ b Cor—Y Uil EDNIGI D rac2a D& E R L
oo TNUHDOFITH, 13C, 3P NMR, @S E &0 A7 vz v T
Z[AE LTz, racla XN rac2a (2 OW IS B2 2 &b XORR B Sl
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fEHT 25 B FE LT,

g 2.0 equiv. Ag,0 EP-'P
Px Z " G 7,
4o O Solvent
100 °C, 8h

Scheme 3-3. Silver-mediated oxidative cyclization of diphenylphosphine oxide and

diphenylacetylenel2bl,

s s
a D > TN
NH2 - N - > Br
95% 73% N ggy, @A\
Me

Me
d
"'-N TMS - “‘-N —H
T1% :=99% 84%

—_———

32% : (:\M&f\) : 51"" : g;\mefxg :

rac-1a rac-2a

Scheme 3-4. Synthetic pathway for racla and rac2a. Reagents: a) 2-
chloroacetaldehyde, ethanol; b) NBS, chloroform; ¢) LDA, Mel, THF; d) n-Buli, Io,
THF, e) ethynyltrimethylsilane, PdCla(PPhs), Cul, NEts, THF, f) K2COs,
methanol/THF, g) 4-iodo-5-methyl-2-phenylthiazole, PdCla(PPhs)2, Cul, NEts/THF,
h) diphenylphosphine oxide, Ag20, acetonitrile, 1) Lawesson’s reagent, toluene.
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3-2. 74 hruIvrftlETEHE

racla KON rac2a OUESNEIREIC X - THE B L7 6 E & 1k fE (Photostationary
state: PSS). M OBHERAEAD KLU 2b)D M U XA K ) — )LD AT kL
% Fig.3-5 KON Fig.3-6 (2~ d, BAERIK TH D racla L rac2a ~DE/ R
WAL AR MVZE b E 52 LD RIERANCZNZENOARK TH S 1b LTV 2b IZ
HORT 28722 e — 2 s LTz, £ 72PABRIK 1b LT 2b 1T 480 nm B ED AIFE
U A217T9 2 & T, BARIK 1a KV 2a ODWRINART MAEZFURLIEZ Enb, Al
7 NI RLERTIEEMR LR,

a) b)
8 0.8 1 8 1.0 4
0.8 1

S 0.6 g
2 04 2 06+
o BT S 04+
< 027 A < 02

0.0 T T T 1 0.0 T T T 1
300 400 500 600 700 300 400 500 600 700
Wavelength / nm Wavelength / nm

Figure 3-5. Absorption spectral changes in toluene (open-form as la or 2a: blue
solid line, photostationary state (PSS): red dotted line, closed-form as 1b or 2b: red
solid line) of (a) rac-1a (1.9 x 105 M) and (b) rac-2a (2.9 x 105 M).

a) b)

© 1.2 o 1.0

% 0.8 % 08

£ ’ £ 06

o o

& o4 g 04

< < 02 \A
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Figure 3-6. Absorption spectral changes in methanol (open-form as la or 2a: blue
solid line, photostationary state (PSS): red dotted line, closed-form as 1b or 2b: red
solid line) of (a) rac1a (2.3 x 10°M) and (b) rac2a (2.8 x 105 M).

Fig.3-5 & (* Fig.3-6 (277 S5 1b KN 2b DOHERIKRIL racla O rac2a & DR
AWint, 7 b= RUVEBEEE L CTHWZHFE HPLC 125 - Tl Sz,
TH NMR A7 bL BTt N8l S Ve OB RURFE D A F NV EIKRFEE—7
W2 TH o7 &b, LT 1b O 2b (TR RIER(T T AT LA~ —) & 5&
INTWBZ ERbool=(Fig. 37, ZDOZ LD racla KO rac2a DORIZEBNT
%, ENENOFARKIZHIET 5 6nEFRE D D PR M~V v 7 AgEZ R
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VT F A=y a VRO WNVERBPEIE L TEY (Fig.3-8). LR TO7 4+ h7 a2
AATHDHI ENRBINT, Mo FOT74 7 uaI XATIE, Moo DBEH
FRAUC &0 SIS 2 BRI C & 72 v o 72(Fig.3-5) 78, A X/ — /LT, la KO 2a
DORT 7+ b7 a I ALXENEFN 275 nm & 278 nm (TSI S 2R 2 & A TR
L72(Fig.3-6), 3 R THO 7+ F 7 I AL THDHIZH D LTSI A B 770
WZEIE,ZDHI LD 2N PRI E LTIRATE O 2R 74+ a2
ALERETAHIETHHTES, KARTIE1b KO 2b ODENENNETH 2 FHLD
SRR T AT U A~ )X RBEOWIL AT [ L SBHER SO E B OBV T8 14
EHTDHEHERILT,

B—
58—

203—

181—
829

yu%‘ullﬁ.ﬁ)"ﬁ L JL.L\._/ "
e ——
0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

Figure 3-7. 1TH NMR spectrum of photoproducts 1b prepared by UV irradiation to
the toluene solution followed by the separation with reverse phase HPLC
(measured in CDCls).
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Figure 3-8. Diastereoselective photoreaction except for (Sp)-isomer of la and 2a
associated with conformational change (inversion about twisting of side-thiazole

units).

VL EOHER 2R 57201213 1b K 2b OZNFNITBW T, SLIRRMR % 5y
WL, G EIT O 2 ERB A ONHN, A CIIE EFEHEICL - T,
Z DOSLIEREE &L ZEMEZ T Lo, B EFRRIC K o T ABRIEOSLERMEARTH
% Sp-(RR)-b K SB-(89Db MDD RNFE =KL OENZNOWIN ALY kL,
-7,

(R,R)-Left-handed helical structure

>
J\‘i J AE = 0.3 kcal/mol (E = O)

.k » .0 0.2 kcal/mol (E = S)
J g A

(S,S)-Right-handed helical structure

Figure 3-9. Diagram of energy difference between Sp-(&, B)-1b and Sp-(S,9)-1b, and
Sp-(R,R)-2b and Sp-(S,9)-2b, calculated by CAM-B3LYP/6-31G(d,p) level of DFT

calculation.
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Figure 3-10. Simulated UV-Vis spectra for (a) Sp-(&,E)-1b (blue line) and Sp-(S,9)-
1b (red line), and (b) Sp-(&,R)-2b (blue line) and Sp-(S,S)-2b (red line) calculated by
CAM-B3LYP/6-31G(d,p) level of DFT calculation.

BAHEFHBREICL > THELNE 1b KT 2b ONREMEAR O = %L F—21% 0.3
kecal/mol KT} 0.2 keal/mol /NSy, ©F V| PBABRIK) HBIBRIE~DEE D SO0 ETE
Se-(RR)-1b & Sp-(S.9-1b IZBWTIFIFFETH D L HEE SN 5 (Fig.3-9), £/~ &
IEFHBEIZ L > THELNEE ST AT LA~ —OWIN AT huid, 1ZIERel
LT % (Fig.3-10), Z OFEFED DTS K 2 PABRIRD b BABR R~ D BB UGS
BWTH, MARBMEENFEREOEI BN ERTZ ENTFRINT, BEDZ b,
la X OP2a D/RT 7 4 b7 1 I X AT 2FEDONARBEIERDN R OMWE 2 FF> 2 & T,
Hflizy 1 MOBRRKL 1 MOMRKLE L THEZE I 2 R0 7+ a7y
Ot & Rfesng EEx T, L Laens Fig.3 -7 [ SN DERICSIIRBRIERZ 1:1
THEKT H20TTIER, VT AT LAY —B#EIFRIC LT 43%0°5 66%FRE &9
MY ZREDZ 0D, RSFHROARKIGIZE U TIXBBREDEERRED = 7 &
A—varPEBEHE2DLEEZT,

Table 3-1 12 1a & U} 2a ORI K, E/AROLRE, PARKISE I, PR
FOSEFIR L ORISR Wol- T 3 b v 7Bt a2 £ L 07, £72 1la KX 2a
DFRFT Lo 7+ b a2 v 75+ 3a MOV RERIRENLIC~F Y 7 LA a2
TUEATHT 4 U a v Tyt da OYEE DT H k10
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Table 3-1. Absorption maxima, coefficients, conversion rasio at PSS, and
diastereomer-excess of benzol[blphosphole oxide derivatives, racla, rac2a, and

references.

R F
O3 . P
v Me M e N
A o B oG
3a 4a

A

uvl TVis. uv | | vis. uvl TVis.

+

] NG y

me"

R F

)<

N vy
4b

E=0:1b 3b
S: 2b
Compd Amax[nm)] @ocl%]  Dcol%] de Conv.[%]
(l104 M1 em1])
la 316 (2.57) 2l 311 (2.75) bl 47lal 550b] - - 84lal, g9lbl
1b 531 (1.10) &l 529 (1.07) ! — 1.6l 54lal 430l -
2a 316 (2.76) 2l 310 (2.83) bl 9glal_ 79Ibl - - 902!, 88lbl
2b 529 (0.99) &l 531 (0.98) ! — 1.3l gglal, 470 -
3alel 307 (2.90) L] 98lcl, 54l - - 96l
3blel 597 (0.95) Ll — 0.8lel - -
4alfl 305 (3.70) lal 42]al - - 95lal
4blfl 534 (1.45) lal — 1.7lal - -

[a] In toluene. [b] in methanol. [c] in hexane. [d] values for the mixture of
diastereomers. [elref. [4]. [f] ref. [9].

PABRIR 1b KO8 2b DRI R 1L, & &M 72 PABR K &/~ 3 8% 8a O PAER (R
3b LT 5 L. 70 nm FBREOERAENBH Sz, T OFININLET D ERH
IZAF Y T A LT o B EROREBAR 4b 13 1b KON 2b & FEF T VORI R R
ZaRLTWD, ZORRIE 1a KO 2a DHREEICN Y TFAT7 = 20T 50T
3a VY 4a lTWnd R RE2GTDHLE2RLTEY, XRUYKRAR—LAXT R
DIRNWEFHMEZ L6 0 L b b,

ML= COMBRMIGEFIRIT 1a T 47% & PRE, 2a TE 98% L IZIXTEE
B7pfE%E R LTz, ZOfEIX 8a LRFRETHY, 2a BN THINEHER 2> 7 4 A
—2a M LEMML TV ARTFBFET D2 ENTRINT,
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3-3. FOLFE

BHERIR la AN a RT Z LIk L, EEANESS Z R BERIR 2a TIERL 2814
THZENTERMoT=, racla DIEHEARXT FLE | FOERMNEIRENTAE 5 i
E A Fig.3-11 IZ5R7,

a) b)
60
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ey e
3 40 s 197
8 § 104
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400 450 500 550 600 400 450 500 550 600

Wavelength / nm Wavelength / nm

Figure 3-11. Fluorescence spectral changes (open-form: blue, closed-form: red) that
recorded every 5 seconds until a 20-second period, of racla (a) in toluene, and (b)

in methanol at ambient temperature.

AN DI > T racla OFIREITE LW 28122 L7z, PARK~DIR
LR DY 90% ULV PSS IZEB W TRAEMIZIEZEICTHENE INZZ 0D, 1b 3R FF
MR 7202 ER PRI, la BRI AAL v F o TR Fio, F I BATHHED
O, T V=T UOBBRKICE W T S DTN SOEATEE = > 7 4 A
—2a UL NTHDL Z ERHEINTVAIL, 1a 12\ TH IERICARTEE =
VT F A= arNHEORNEEBEL TCWDHAREENH V. 1la 29RTHEE DR
POSEFPERIINOEAREE T T4 A= a URFE LTS EHElEn D
(Scheme 3-5).

O3
“p

Me Me
N )

Crﬁcﬁs

Scheme 3-5. Example of exchange between photo reactive and photo non-reactive

conformation for la.

EREADCR S E ML TR LT 2a Tl Scheme 3-5 TR G SATE M =2 o
TH A =g ENEnERa T A= g VR TTOREAN 5 FNA BRI X
STHHI SN TWARIEEERH 5,
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3-4. X HREARE SAEEMENT

BHER (K racla MO rac2a OHEFERIIELL Y7o A X7+ =k U LR
KLV EFGT 52 LN TE, Fig.3-12 (IR THRICHIRRED racla k) rac2a IZ45
IR 5 LIREONDRE~D T+ b7 1 I R L& L0218,

Figure 3-12. Photochromism of rac-la and rac2a in crystal; (a) and (c) before and
(b) and (d) after UV irradiation, respectively.

W OFERIZO)-BLUR)-EREE LS ELT7EIMMTHD Z &% X B AE
EHEAT LV HPA L7, 26 0fE % Fig.3-13 KO Fig.3-14 (257%, CIF 1H#Rix
Table 3-2 (Z/R T,

b) N-P distance : 3.106 A C.C distance - 3.463 A C) N-Pdistance 131614 (g ; 2.982 A
N-O distance : 3.452 A o N-O distance : 3.579 A C distance : 3.408 A
¥ “H/N -
299 , CH/N : 2424 A .f‘J e “3
> Y g g ) ¥ @
2 J @ ) 3 ‘f o -J‘ @ oF » J‘“ ) q
AP T, £ N & 2
. b
» ‘a Ogﬁ:q 24 ‘g:fl‘ a2 2503 8% 34 X Jrﬁ“fo
J‘ 1 ] +d P ; " ) SoEd,
% 5
) s pa % ;4 9 2o
CH/m: 3.862 A CH/m: 2.943 A CH/m: 2911 A

CH/N :2.441 A

Figure 3-13. (a) ORTEP drawing of open-ring enantiomers in racemic crystal
showing 50% probability displacement ellipsoids, and atomic contacts observes in
the (b) Sp-P1a and (c) Bp-M-1a enantiomer of racla.
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b) N-P distance : 3.112 A C-C distance : 3.548 A C) N-P distance : 3.112 A CH n: 3.}93 A
N-S distance : 3.804 A N-S distance : 3.804 A -C distance : 3.548

o CH/m : 3.061 A
2 CTI/N : 2538 " 3 . CH/m : 3.552
L N s’ 2 2.3
Y 0”9, 2o\,
"‘.' o o N ﬂ: 3 Qo gt 4 ,30‘. )
u i ) - -

“\‘*

p 99 v
. 3 x 2 2 2 o9
@ 2 : 4‘ &> ? %y 25 29 2 ™ f;
‘ @ 2 ,j J‘ N J}Q @ ‘3? @ o, I .9,
> > 33
J ]\ f‘: s 2 J“J s ] "‘J
CH/m : 3.552 A Clr : 3.253 A CH/N :2.538 A CH/m : 3.465 A

Figure 3-14. (a) ORTEP drawing of open-ring enantiomers in racemic crystal

showing 50% probability displacement ellipsoids, and atomic contacts observes in
the (b) Sp-M-2a and (c) Rp-P2a enantiomer of rac2a.

T4 hra v SIS R RIALET D 6nE R THDL~FY R U = S
D O TH A= a T IGEIlET T2 LML TS, racla &
W rac2a O THIEEEICA~FY N = EE ISR E RISV T Gxffra 7
F A= a VORIENRREE CHD T E AR Lz, 213K 3-6 THIZIB U
T DFT 3R Z W THE-EREOR R L 13FE 8T 5, Fig.3-21 X Fig.3-22
2R L7z racla OfEEEH T Sp-Pla & Re-M-1a OSGBEGO 2 RGO, rac2a

DOt T Sp-P2a & Rp-M2a O8%ERD 2 FN#G: 57z, P-N O CH-N 451
P MR FAE N B 2 S5 7RI EEREI . Sp-Pla TIEZN 2 3.106 A K 11 2.424
A, Re-Mla Ti33.161 A %10 2.441 A, Sp-P2a TiZFhZih 3.112 A K1) 2,538
A, Re-M2a Tl 3.112A K10 2.538 A Th -7, ZiHit van der Waals DN
Th 5 3.35 AP-N)KRW2.75 ACH-N) LV LTS Z Lk, 1la KT 2a
BT THNIERLAEREAEMEEERNRETH D EHEE LT,
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Table 3-2. Crystallographic data for racla and rac2a.

Molecule

Formula

Mol weight (g mol'1)
Crystal dimension (mm)
Crystal system
Space group

a(A)

b (&)

c(A)

a (®)

B )

7 (©)

V(A3

Zvalue

Dearea (g molt)
F(0O00)

1 (Mo Ko) (em™)
Temperature (K)
No. of measured
reflections

No. of unique reflections
Goodness of fit
Final Rindices

i)

whs [ 1> 26())]

racla

Cs4H25N20PS3

572.68

0.100 x 0.070 x 0.020

Monoclinic
P21 #14)

11.4597(2)
29.0720(5)
16.6209(3)

93.7884(7)

5525.24(17)
8

1.377
2384.00
2.825

123

95332

12666
1.05

0.0395
0.0997

rac2a
CssH2sN3PSs
629.79

0.140 x 0.100 x 0.050

Triclinic
Pl #2)
10.0101(2)
11.0471(2)
14.5019(3)
86.1262(7)
83.4645(7)
81.5450(7)
1573.81(5)
2

1.329
656.00
3.171

123

27280

7207
1.09

0.0374
0.1026
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3-5. NMR RUEBEFLFEFHEIC K DBARMEDABLRE L FAIRE O G

3-5-1. 'H NMR K O* 31P NMR (2 & % BRBR {4 D ST AAHC B oD 34l

la KO 2a DA T DHIAREEIZ DWW T DELE TH NMR OHlIENHIT-7-, H
NMR JE T FNIELEMEFREERHZBIE LS WE ML U HTITW, Z0ORER %
Fig.3-15 {27~

rac-la
In [D8]toluene

I — o — e . —
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Figure 3-15. '"H NMR spectra in [D8]toluene for rac-la and rac2a, a) molecular
structure, b) partially image of C: geometry around hexatriene framework, and c)
results of 1H NMR spectra.

IH NMR A7 MUVIZEND 2 KD ATFNE—T T 1la & 2a TRESERD 7
HNTT7 RaEasL, 1la T 2.1 ppm X 1.74 ppm & K& BT AT LB — 7 %f
%, 2a Tl 1.83ppm KON 1.77ppm LT LT AT A E—I 2B LT, ~FH
M ZUEEN Gar T+ A—varzBT5LE, BHETLIAFALE—TXDE
RENDHZ ENRRESNTEY, 2a 13 PN HELEHASS CH/N HEEHRICE->T G
KPR G 2 e LTV D EHERI L7, RFTRRUIC 1a O A F LB — 7 whidk & <
NTEY ., 2T G xtFEE RO NAARBLEE & 135 70 2 6 SOSANTE S LARBLEE D % 5-
MRENWZ EERLTND,

FIZ3PNMR HIE AT o7, A TR L7 PIN MHAAEH DR H THEE L C
WDHDTHIUL, SIPNMR O I vy 7 hME, LB ERF 2515 2a
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IZBWT, L VIRBGMICEND LB 2 bhd, T2 TS & A L7 DBPPO
K OYDBPPS @ 31P NMR Ofb2y 7 b % PIN fHEAEH O 72 WA ObEy 7 - B4R
ELTz, 2F0., UV UVETF ERBERFCTEBINTWDEAIZ 34.4 ppm (2, Hiik
TEHRINTVHIEAIC 41 4ppm I —7 Z-d, 25 OEAIC PINFHA/ERN
2. INHDOE—=IEDEFEY T PO KE &) PIN FHAAER O % K4 5
L& xR T, 3P NMR 27 MUVTERFREWAR TH 5 1la TIL 35.8 ppm (2, Hi & #i
KTH5H 2a TIF 49.2 ppm IZE—7 ZRLTED, LVEBEGHICEY—27 Z25RT 2
LERBIE LI, EhEnobFy 7 0% k&L 1a T 1.4ppm, 2a T 7.8 ppm & 72
n. 2a TIE5MELULEOBENA SN, Z D3P NMRHEDOK 1%, 1la LV b 2a
IZBWT PINFHAEERANBRWN E&2/RL, 2a TIIERIGTEEa Y 74+ A —v 3 U0
TEEIND Z &R ST (Fig.3-16),

@ Ph S @ Q P @
o0 SO0V 4 F OGOV
ﬁ.-' — , DBPPS TR sp ND:;F(C::DC|3):

%] 31p NMR (cD0l,): " YoM
. : 5 (ppm) = 34.4
®J\s 2 5)\© 5 (ppm) = 41.4 @J\S e 5)\© (Ppm)
a
31p NMR ([D8]toluene):

31p NMR ([D8]toluene):
8 (ppm) = 49.2 & (ppm) = 35.8

AB=T. A8 =1.4 ppm
= ¥
40 35

o/ ppm

Figure 3-16. Diagram of chemical shift on 3P NMR of 1a and 2a, and DBPPO and

DBPPS as a chemical shift for non-intramolecular interaction.
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3-5-2. ETLFEHEICK Z2BREDNKISTEME R O TE MEELEE K D ik
3-3HHIZHBWT 1la DENPAT HRMEAA v T ZHRHEWTNT, 2a DT EE R
FOGHEDN D | 1a KON 2a 3ELD 152 FSIEM(AP: Anti-Parallel) & UNSE S ARG
(P:Paralle) 2> 7 4 A—va O EERIZEND D Z EIRBI N, £ZTla K&k
O 2a DL 15 2 HOSTEME R OYERSRNEE T o 7 + A —2 a3 VO R L F—2%
FRACFHENLEB L, E8E21T-72(Fig.3-17), BHEFHEOFKENS ., la
ICBWTIIERISTEE a7 A —v g V(AP-D L 0 S ZER ISR IEEa v~
A= arPIANHDHIEIIREBINT, BIRENZ LI, P3aryr7rA—T3
¥ 2a TlE, AL ELSNTWND, —FH, 2allBW TR 7 4 A —
VaUBREZETHY ., la & 2a OGO ENE B KR T 5, P-3IXE b
PEHBE T o7 4 ONERIGAREE a7 3 A—2 3 »(P-1, P-2, P-3 KX P-4)D
PCHRLFT Y =B FEOXAFNIERN DLV aF VU RHICaETsary 73 A—32 g
YTHY ., 1la KO 2a 1T 1T D NEABRKISIZ P=E/CH fHA/ERA L IXIAKR
FLEERKFTHDL ZENRBR SN, P-3 IZBIT AN Y ARAR—IVEHE L
NENDT == VF T =/ FiEeE O AL la TlE 40.8 ° &Y 52.6 °, 2a Tl
50.6 °}TN54.1°%2 R L TEY, 2a TEV IV aF UV RTERTLa L T+ A—T g
B ERRENT, ULEORERNS 1a KON 2a (28T P=E/CH SRR FE N
ARG DO EE R XHK FTHH Z ENRBINTz, BT, 2a X lalltb_X TR
72 AP-1 K OVAP-2 DR NV F—EEZ [T H T ENRINTND RITONTIEL, 3-54
BECHLLGLDAZ LT 5,
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Figure 3-17. Diagram of simulated energy difference (red: la, blue: 2a) between

photo reactive and photo non-reactive conformation at CAM-B3LYP/6-31G(d,p). All

energy differences are given relative to stable anti-parallel conformation
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3-5-3. P ROBKEF 7+ b7 v I X AL 3HREDORE

3F4IHELY, HEoNTERI/FED~Y v I AEEDH(racla THIVE., Sp-Pla

& Ro-Mla O &R, fmRETT7 r eI v 7 ]SERT I ERGHo T

%o FEERHTCIIIESTHE D ~Y v 7 AREE DO HRITINH S D 728, fEdmikiE T

SRS A24T - 7212 CDCLs IZEfiE S/, TH NMR IiEZ#1T9 Z & T, —*tD08ik
BfRICH 527 AT LA~ —OFRIGHTBRMA % )78 T % 5 (Fig.3-18),

PSS in crystal

closed form
MECN (S R, R)-1b and
| (R» S, 5)-1b
o] [o]
@ B uv @ B O 2.08 ppM
” B 1.84 ppm
oI oM w o
S” Me” S Me® S . .
(Sp)-P-1a N I I S )L
(Rp)-M-1a (Rp, S, S)-1b i § 3
U i
foo ¥ L -

iy ! ’
+ el
e e Il
" me" S S ”Me S R e 7':'.? = .. e eme————
(Se, R, R)-1b (Sp. S, S)-1b HH HEE
(Rp, S, S)-1b (Rp, R, R)-1b
Major Minor L ‘
i N

_a M A

Figure 3-18. '"H NMR spectra in CDCl; for BPPO-2PTA (rac-1a) of PSS in crystal

(top), and separated closed forms (bottom) from PSS in chloroform.

la Ofb b I RFFRIERAOE U 21T o 7230BHT 2.08 ppm & TF 1.83 ppm (2 'H NMR
V— 2 &5 27, 2RISR LT raR A0 T PSS 12T 5 F CEN R 21T 9
Z & THRR L= 1b © NMR X 2.08 ppm & T8 1.83 ppm D %f & 2.06 ppm &Y
1.87 ppm DXt & 52 TW\W5, RFEBROFMERNO REREMELZ AT 2 2.08 ppm K&
W 1.83 ppm DY T AT LA~—xN Sp-Pla & Be-M-1la b FNEAEREI NS
Se-(R,R)-1b }x )} Rp-(8,9-1b TH 2 LRE LTz, T D=, 2.06 ppm M} 1.87 ppm
DXL Se-Mla & Rp-P-la 7»b 2N ENARRT 5 S (5,9-1b Kk O Be-(R,R)-1b & it
B LTz, [AEROIEERR %2 rac2a TITV, Sp-P2a & Rp-M-2a N ERK/7 7 CThHDHTT
AT LA~ —%(Se- (R, R)-2b 2 ¥ RBe-(S,9-2b) DHIEMMATH 5 Z &, Sp-M-2a & Rp-
R2a " OAERT DT AT LA~ —2 S (5,92b LN Be-(R,R)-2b Th 5 LREL
77
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3-5-4. BT LFFEIC X 2 BRI D RIGTEMEELEE DR R

Vk (2. BABRIRDSLIRBLEIZ SOV T REFRITRE WD Z L TELRZ2{T o7z, DFT
FHEIZIE Fig.3-17 & [A££IZ Coulomb-Attenuating Method BSLYP (CAM-B3LYP)!14
B’lU\ 6- 31G(d,p)€’ﬁf5§§ﬁc‘: L CHWT Gaussian09 TIT o 7z, F7oARTELIKE T3
ARENZGEmM O FL DT DI T B KON, Sp-RKOEDH D EMREEZ T, F
I OFET iﬁ-‘(ﬂi‘i“/ﬁ:zi‘“?“—)ﬁﬁﬁf\ RERFHEBROZENE RN L&, S
Pla & Re-Mla OfESERECEREZHWS Z LTk, 21 7-(Fig.3-19),

a) b)
:3.239 A _ :3.238 A .3,
P=OIN : 3.726 A :3.563 A P=OIN :3.726 A . 3.
o :3.037 A , CHin:3.494 A
ad :2.488 A ) ba L2
> ““ J““‘ e ] J‘ " 'J“%‘;
R\ fa -’/ L\ t“b Sa e “.54
A @ ag PILEIED y 9@ o
J | & 2 @ & a 2 *0
54 83230 %8 RaP%Uw 3373030 23
J““J-‘jJ f’ , ? “‘ "Q‘QJ JJ‘JJ d ,"
Il F rl & 2
* " CHin:3.404A ° . 3.003 A
:2.488 A

Figure 3-19. Comparison of optimized geometry (overview and side-view) between
(a) Sp-P1la, and (b) Rp-M-1a that calculated by CAM-B3LYP/6-31G(d,p) level of

DFT calculation.

TNZENOREHEEIZIR S —E L, WEF OGO ZITFE 2 HEREIIC W T
<0.001 A BETH -7, Z0 I L BIAEROFEIC B TIEARELLE Tlass
WZWT D NI WR D IX SR DB EH D Z & T 5,

T4 b7 a3y TREICOWTOREE K0 EEICIT ) I & LT R
o> CLEREMEDOBEH 21TV, FHEMER%Z Fig.3-20 (2”7, %ﬂ%ﬂ@ﬁﬂfﬁﬁi@}imqj
DR FEE 7RIS racla Tl 3.56 A, rac2a Tl 355A L2420, ULVET EOS
/V:I#/J;ﬁ%@%?ﬁ@ FEAEANFTY Y = UL RIS RN L DR
STz, F72. P-N KO CH-N O4r +NIEHLG MR E/EAIZOWTIE racla TlE%
NFN 324 A 10249 A, rac2a TiZ3.11 A K254 A L7857, 245 1E van
der Waals DO TH 2 3.35 A@-N) KL 2.75 ACH-N) LV LiFE LTS Z L
M5, racla XN rac2a \[CB W TCIFELERE S EIERIC L - THEONTE e =2
TA A= alPNEEIRENDZ ENBZOND,
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-3.238 A 3563 A :3.112A :3.548 A
P=OIN : 3.726 A 3037 A P=S/N:3.804 A - 3.061 A
4
2 2 93 3 o
pé s9%° ) J e 2°3,
’ s 'J‘J‘ y J*J‘J ‘w g, ‘,.Jg
WA g
RO A RN B e BN P
2 5, <9 ")
* CHin:3.494 A -3.093 A CHin: 3.552 A ©3.253 A

Figure 3-20. Optimized molecular geometries of overview and side-view of (a) Sp-
Pla, and (b) Sp-P2a calculated by CAM-B3LYP/6-31G(d,p) level of DFT

calculation.

3-2 THIZFEM 2 7R L72ARIS . A28 1T 2 EARKISIZE W TIL 6B RIZDOW
THERDANY v 7 AL -T2 ONSISHIFMAD LT D27 HE SN D, HE
END 2HEOFEKT L 74 A — g L ORERERFELEITV., fEE% Fig.3-21 KO
Fig.3-22 12" T, HtW\V T, TENOLDOTZRLFX—2ENG, FL LTEKRT LI 74 A
— 3 a v ORERE G L (Fig.3-23 O Fig.3-24), Z 151X Fig.3-17 281 %
AP-1 FL OV AP-2 ([ZF4 55,

a) b)
13.239A -3563 A :3.261 A

P=OIN : 3.726 A 3,037 A P=OIN : 3.366 A

%9°

: 9, / :‘ @,

9
2 ,
*  CHin:3.494A .3003A ° CH/n:6.099A °

Figure 3-21. Optimized geometries of overview and side-view of (a) Sp-P1a, and
(b) Sp-M-1a calculated by CAM-B3LYP/6-31G(d,p) level of DFT calculation.

a) b)
13.112A :3.548 A 13.332 A
P=S/N:3.804 A .3.061 A P=S/N : 3.657 A
e, da’ ‘s,
J“L“ :/ J: e,‘J J‘“ J“ :
2
%3 ‘o";’;a‘: ° ;, é 44 'o'i‘:ﬁ g
., ‘o s 2 ?:J ‘: L9923 25
s 9 s ? ?
CHin: 3.552 A .3.253 A CH/:6.313 A

Figure 3-22. Optimized geometries of overview and side-view of (a) Sp-P2a, and
(b) Sp-M-2a calculated by CAM-B3LYP/6-31G(d,p) level of DFT calculation.
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(S)-Left-handed helical structure

(S)-isomer (AF:-f) ‘a
‘ 9
.4
" ﬂ ﬂ’*’“ PP
“
J J
1.7 k‘ mol
2 2
o A(P-N): 0.022 A
’s tgéf/‘ >, A(CH-N): 0.012 A
®)

JJ") J,J/*A‘afj;:;

>
). Q R

(S)-Right-handed helical structure
(AP-1)

Figure 3-23. Diagram of energy difference between Sp-P1a and Sp-M-1a calculated
by ©B97XD/6-31G(d,p) level of DFT calculation.

(S)-Left-handed helical structure
(S)-isomer (APSZ) J

2.0 k‘ mol

2 2
R {\)/J f ? A(P-N): 0.220 A

A(CH-N): 0.033 A
3
,f" »od.

S)-Right-handed helical structure
(AP-1)

Figure 3-24. Diagram of energy difference between Sp- P2a and Sp-M-2a calculated
by ®B97XD/6-31G(d,p) level of DFT calculation.
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U VA DR OMBLE A (O & LIz & &, 1la KON 2a OB TE Y ZE/HE L
ol DIFAFY N ZUHIEN PN v I RA2FT5a0 74 A= aryTho
oo AR L o TROTE PR M~V v 7 AW O R VF—71% 1a LT 2a DZEi
F1T 1.7 keal/mol X 2.0 keal/mol & 720 . ZHIZBWTIL P~V v 7 A%
BRI T D ZEN RSN, Z0OLE, la ki 2Nk KRENTRILTF—
R LIEZ T, 2a VLD REW de DR IGZ T2 LR —&%T5, =
B OAIEL CAM-B3LYP/6-31G(d,p) THEE S5 45 R (Fig.3-171) E < —#H L T
o

Fz SRz T, P M~ v ANICEIT 5 P-N R MO Z1L 1a T
0.022 A, 2a T0.220 A ~& M~V v 7 ZZBNTEMT %, —F. CH-N JF7[H]
BB D Z5KIT 1a T 0.012 A 18 2a T 0.033A ~Z{bT 5, M d 2a BV THE
ThHv., ()22 lZBNT, £V P v 7 ZAZFBRLE L, ERIED @ de D F
Eb 8T 5, VUETELOSFNMHAEER X, PINMEIER. P=E(O, S)/N f»
RBIH LI AER RO = = VEBRIC K D SRR E 2 5D, PIN JH [
HEEEIE van der Waals RO L D b/hs< EFRZHDO U VIFET L 2R EOINL
BRI D EES 711X PIN fHE/ER O —RTH 5 LRI L7, FEZ P=E(O, S)-
N 1R X van der Waals ORI LD & K& <, LG D i EN T DA
HRTEINT,
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3-6. NFHEIE CD A7 FVEHH

NMR (T & % B SEER D D ERANEREIZ L > TERT D VT AT LA~ — L BERIK
NWeHary7xrA—arbOBEEZBHLNILIED, a7 4 A= a O
HEHOT-®, NMR TOREICTHEBAEORERICH D 2L XFIT 5 Lix Tk
VY, F ZTCTARIETIIRESGE 2TV, ZNENO NGRS EST 5 CD A~
RV R O FALFFEIC L > THEIS L7z CD A7 MLOFERZ i+ 52 & T 1H
NMR TIXRXBIN TE 2o I 8EBGEBIHRIC® 5 47 1 O ST G & 574 L 7=
(Scheme 3-6).

Q4 Q
A HPLC

— + =
W Me Y M \ i Me J
OB oWhe oWlo

Scheme 3-6. Optical resolution for rac-1a and rac2a to (8)-a and (&)-a.

Fig.3-25 (Z B LFHFEIC L - TR D= 1a ORBREN OHERIED CD 227 kL
Vialb—varaad, FHRICEL BEar T A= a D S Pla i 400
nmMHBAD Iy NUOBRAERT, BEIARO Bp-M-1a X400 nm /> HIED 2> %)
RERL, 26D CD A7 MUVIHSBERICR DFRB G LN, £ S-Pla
NHAERT HHHERIEKTH D So-(BR)-1b £ £7- 600 nm NHEAD T R U REERT
ZENTRES I, [FERIC Be-MFla SR T % Bp-(S,9-1b 13X 600nm LV ED = v
hohBERTZERTHRINT, 28 ICBWTHEEED CD v 2 b—v g U&7
WV, FORERE Fig.3-26 1287, 2a @ CD A7 hHIE 1a S IRIFREORE R
Ao ZENTHEEINT,

a) b)
40 40+
20+ 204
: o—@(} 4 o
-20 -20
40 -40-
T T T T 1 T T T T 1
300 400 500 600 700 300 400 500 600 700
Excitation energy / nm Excitation energy / nm

Figure 3-25. Simulated CD spectra of (a) Sp-P1a (blue line) and RBp-M-1a (red line)
and (b) Sp-(R,R)-1b (blue line) and Rp-(S,9-1b (red line) by CAM-B3LYP/6-
31G(d,p)//CAM-B3LYP/6-31G(d,p) level.
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40- 40-

o] 20_/\¢'\\\k_,___h__*_‘7
\/\/\ 0_

=20+ -20 —\/\/v
-40 1 -40 ]
T T T T 1 I T T T 1
300 400 500 600 700 300 400 500 600 700
Excitation energy / nm Excitation energy / nm

Figure 3-26. Simulated CD spectra of (a) Sp-P2a (blue line) and Rp-M-2a (red line)
and (b) Sp-(R,R)-2b (blue line) and Ep-(S,9-2b (red line) by CAM-B3LYP/6-
31G(d,p)//CAM-B3LYP/6-31G(d,p) level.

7 /)L HPLC #HW=2ir k v, Fig.3-27 -4/ u~ 7T L% 7-, racla
1% 3.5 min X T* 4.4 min, rac2a Tl 3.5 min XX 3.7 min D' — 7 Zx} L THr LA
1TV, LTk sy &2 % 70 HPLC T LT2fE R % Fig.3-28 &K Fig.3-29 1T/R
7

a) b) 5 i
| 3.5 min
4x10° 4 3.5 min 1.2x10 3.7 min
. ) .

‘% 3+ 4.4 min - 0.8
S 2 g '
= b= 0.4+
— 1 . - i

0 T T T T T T l 0.0 _| T T T T 1

0 1 2 3 4 5 6 0 1 2 3 4 5

Retantion time / min Retantion time / min

Figure 3-27. Chrial HPLC chromatogram of (a) rac-la, and (b) rac2a in ethanol.
(Flow rate: 6 mL/ min., Detection wavelength: 254 nm)

a) b) )
4| 3.5 mi 2.0x10 4.4 mi
> 3x10 min > min
= = 1.5
e 2 e
8 8 1.0
£ 1 = 0.5
0 T T T T T T 1 0'0 T T T T T T 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Retantion time / min Retantion time / min

Figure 3-28. Chrial HPLC chromatogram of (a) separated first and (b) second
fraction of racla in ethanol. (Flow rate: 6 mL / min., Detection wavelength: 254

nm)
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o
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Figure 3-29. Chrial HPLC chromatogram of (a) separated first and (b) second
fraction of rac2a in ethanol. (Flow rate: 6 mL / min., Detection wavelength: 254

nm)

BONTZE 1Ry &5 2 i IsigBtRicd 5 CD 227 hraE/RL, PSS 2k
WTHEEBERIZH S CD A7 kLR LT (Fig.3-30 & O Fig.3-31),

CD / mdeg Q
N
o o
1 |

n
)
L1

T
300

T T T
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wavelength / nm

1
700

o
—

N
o
1

CD / mdeg
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|

)
o
I

T T T T 1
300 400 500 600 700
wavelength / nm

Figure 3-30. CD spectra of first (blue line) and second fraction (red line) of 1a a)
after optical resolution (top) and b) CD spectra of UV irradiated PSS solution

(bottom) in methanol.
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Figure 3-31. CD spectra of first (blue line) and second fraction (red line) of 2a a)
after optical resolution (top) and b) CD spectra of UV irradiated PSS solution

(bottom) in methanol.
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FIR Y RAR—=NFF L REAMORIN AT VL 400 nm Th D 2 1a
KO 2a 7B 43HE L T- 4y D CD A7 kViE 440 nm Bife DX Rig&a R LTz, =
DFERITHE BNz CD BE— 27 DRV IR AR— LI al = RIZRE LT Y
TAWLED LD TIIRWI L EZRBR LTS, DFEV ., BREND Y v 7 AEEN
PELLIE M~ v 7 AR T2 FREOIR AN CD ZFE L TW\Wb, Zib
D CD AT hLERBROBETACFEHFE LV RDIZCD AT Ly Ialb—vay
ERWCHKZIT-> 72, B EFHEND Sp-Pla f 400 nm (i bHE D3y h o
REG 2D ZENTRENTEY, F 1 ROBEEOZEEZ 5 %25 CD AX7 kL
Zor Uiz, [BFEFICH 1 A5 PSS 1% 600 nm fHFbB8Day v #hia 52 % CD
AT MVERLEE, BHEPGROTEHBETH D SPla KOHREKTHD Sp-
(R,R)-1b D28 & 55 1 iy OFEN —HE REDLZ L5 H 1D Serla TH D
EVE LTz, RRIZE 2 B0 Rp-la TH D LIRE LT, WIRF T, Sp-Pla & Sp-
M-1a O EEEENTFET DY Sp-Pla DMELINCAERT D2 & T, EBO CD &
TFVNERIEND, UbEDZ L5 Fig3-8 1R Lizary 74 A—a VAL ST
REIRH 7 + b7 a2 v 7 ROSHNERIZEITL TS EHEHI L 7=, rac2a I2BWTH
CDAXT My Ialb—arEDiRE{ToTe, i HENOROIZFHERIKTH 5 Sp-
P2a KOHBRETHD So-(RE)-2b OFENL 1Ry O —E A HE5 Z &
Sy H 1S Sp2a THDHEWRE LT, FERIZEH 2 o h Re2a ThDHEREL
776
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3-7. ﬂl:nﬂﬂ

%3$fﬁm//fxf~wﬁw2# NEHE 6nilE TR CHL~FH R =
WG ICHAIAATE 7+ 7 v 757 1a KON 2a %t L. BRI L7, 1a
KON 2a 1357 %WTHNWE@%&UCWNWEW%%%&?%&9umﬁb
WA BAEH ORI R S 78 b v T la I3 RRE O T, 2a I1LE Eﬁﬁ;‘nf’ﬁfm
sz mr LT, EBEMNHRKICZ R L Z £ D, 2a (2B W TIIEE T CHRENTE
a7 A—va UINEERINNTWAD Z ENRBR i, TH L3P NMR 225 X
ISREYDa T A—a s KON VRFOBEDLAMHEEHEZELZ L, la K
2a [THHABRMIGICE > T2 MOUT AT LA~—xt% 527, 2 MOBRKD =2
T A= a 3T N UBEDNTEKT D PE LI MY v 7 AETH
0. ETALFEHENS(S)KIZBNT PAY v 7 ABENLETHDH 2 L IVRIE S
Nice ~V w7 A Oz —213 Y VRFJEDICREL L T b 5N E/EH
WCHRTDZENRBEN, TOTRIVX—ERNDT AT LA~ —@ERICEE L C
W5 ZE L EHLTFIHREROMEN O RR I N, FBREKICE T 27RO ED
EEIL CD A7 A ERHWTIT-> 72, %%ﬂ:??r% I2&DCD A7 hLv 2 b
—2ay ERIE LT CD AT MV OH )N & | IR T OBBRIK OBl 123D

SHEea L 7 x A—a LV OERR, KO o /77r>< g U OB SED
fERz1T o7,
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3-8. HEBIHE
3-8-1. HIERESRROHIERM

IH NMR (600 MHz), 13C (150 MHz)}% O* 31P NMR (243 MHz)!% JEOL JNM-
ECA600, 'H NMR (400 MHz)iZ JEOL JNM-ECP400 } 7' 'H NMR (300 MHz)
JEOL JNM-AL300 (& X 2 RIEEIT 72, mm e E BT A2 Fuid JMS-700
MStation (Z X 2HIE X 1T > 72, 728 KO3 Et HPLC 1% LaChrom Elite © 27 A K
NLCI9110-NEXT (2 X B HIE & 1T > 72, % 7 /L HPLC iZ DAICEL CHIRALPAK IA
% ke L 7= JASCO LC-2000 Plus Series (2 X D HIE&1T -7, HibS X S S fT
I% Rigaku R-AXIS RAPID/s I L HHEZIT -T2, IR A ~7 S L ORE
(2% JASCO V-670, M OFEIEHIEE A ~7 AV ORIEICIE FP-6500 % V7o,
St F A L O e & ICRHNE I21XZ 210 HORIBA FluoroCube 3000U & OF
HAMAMATSU C9920-02 % FV 7z, #ax s & IR OREIZIL QYM-01 Z 7z
6l EAbFERIC1E Gaussian09 & AV 7=,
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3-8-2. &F%

2-phenylthiazole D& ik

FARAT TR F AR XTI RMA0 g, 0.29 mo) 7 a7 ® R T LT B KK
Wik(6.1 M, 143 mL, 0.87 mol, 3.0 eQ) # A L. T HDREME =¥ /7 —/1(200
mL) F TRANNEGESE, S, MNEEYE SR E THHA KN H / — /L O
JERE%, 7 ra R LT XM ATV, A fa i B K T Lic, KA
27 R U AR D%, IERE TR ET 5 2 & CHAEB 21572, KTy
UBTZNK R aarbzZREME L THW AT L0~ N7 T 7 4 —T{TU,
HE9¥ T&H % 2-phenylthiazole % 157-(44.8 g, 95%).

TH NMR (300 MHz, CDCls / TMS): § = 8.01-7.95 (m, 2H), 7.88 (d, /= 3.1 Hz, 1H),
7.51-7.40 (m, 3H), 7.33 (d, /= 3.3 Hz, 1H).

5-bromo-2-phenylthiazole ® &%

J A7 F A3 2-phenylthiazole(22.6 g, 0.14 mol) X * NBS(27.4 g, 0.154 mol,
LleZ#HEAL, TNHDEAWE 7 v vkl (75 mL)H CRAEINBGET, Bk
e, MINEREMEERE THAEAILT%IC, fafnTF FmigT N Y v LKER A,
7 v RkV S KD 21T o 7o, AREE AR B KR R O K K- T
Ve S, BICEKREEET B DA Ko TR Lz, RSIEBRE OETEREEIZL -
THAERM Z ST, ERIZT Y A5V R 7 aaiRv sz EREE LTHW 7 A
rma~ NI I 74—%ATolc, FTRKERAZ ) — /XD ML > T, B9
T& % 5-bromo-2phenylthiazole % 157-(24.6 g, 73%).

TH NMR (300 MHz, CDCl;3 / TMS): & = 7.89-7.85 (m, 2H), 7.75 (s, 1H), 7.47-7.43
(m, 3H).
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4-bromo-5-methyl-2-phenylthiazole ® & kL

Br Me

T O THNEGZIEE L 7=U-> 1 7 Z A 212 5-bromo-2-phenylthiazole(9.60 g, 40
mmol) Z # A L, THF(200 mI)IZIEfE & &, KR/ FHK TIZ L2%I2-78 °C £ THH!
L72, LDA(2 M, 60 mL, 0.12 mol, 3.0 eq) Zifii F L. -78 °C Z{&FF L7223 5 30 47
PR L7-, I3 b AF/1(17.0g,0.12mol, 3.0 eq) %1 F L7=14C, =iLE CTHIE
S, 6 WA L7, SISIRAWIC (LT =7 LKERE M2, THF O
JEREEIToT2, WNTYZF T —T UL DHHEITV, HHEE % fafn T 4 il
T U T LIKEEIR M OK Y Lo, MEARREET N U © A2 K D ackets . e & OV
JERE B a2 R CHARD 257, BRIV A AV E O vadkv bz R B E LTH
W T ha~ NI T 7 4 —TITW, AL ) —VEHWLHEAR TCEIYTH D
4-bromo-5-methyl-2-phenylthiazole % 157-(9.38 g, 92%).
1TH NMR (300 MHz, CDCl;/ TMS): & = 7.89-7.86 (m, 2H), 7.44-7.40 (m, 3H), 2.44
(s, 3H).

4-iodo-5-methyl-2-phenylthiazole ® &%

Me Me

S s
i S
N N

US> 7 Z A 22 4-bromo-5-methyl-2-phenylthiazole(2.54 g, 10 mmol) Z & A L .
THF(65 mL)IZFEfE S &, EHRFFAK NI L7214I2-78 °C £ THAIL 72, nBuli &
#%(1.6 M, 8.1 mL, 13 mmol, 1.3 eq) Z i F L. -78 °C Zfrff L7223 & 1 WpMIFREHI#E
L7-, 3 7#(2.79 g, 11 mmol, 1.1 eq) WIEME L 7= THF(25 mL)ISIE Z i T L7-1%12,
HRE CTHIE S, BRFEIREHE Lo, JOSEAIZEIT AmEET N U U LKER
ZNA Wi F VIS LD 24TV A 2 fa R &K Ty Lz, BEKmilg 7
NU DA K DR, JEIE N O E R E 2R CHARM = 157-, BRI U 7
KOEB = F L~ (L10)EREERE S LTHW A5 7a~v N7 77 ¢
—TIT\V, BB TH % 4-iodo-5-methyl-2-phenylthiazole #57-(2.15 g, 71%),
1H NMR (300 MHz, CDCls / TMS): & = 7.89-7.86 (m, 2H), 7.44-7.40 (m, 3H), 2.45
(s, 3H).

64



5-methyl-2-phenyl-4-((trimethylsilyl)ethynyl)thiazole D& ik

Me Me

5:‘\&‘|—h S-:-‘gi

177 A3 4-iodo-5-methyl-2-phenylthiazole(1.20 g, 4.0 mmol) & A L .
THF@ mL) KO MY =F L7 I (8 mICHfES Wiz, 73 FREKTIC LItk
(12 PdCl2(PPh3)2(67 mg, 96 pmol, 0.024 eq). Cul(7.6 mg, 40 pumol, 0.01 eq) XX
trimethylsilylacetylene(1.02 g, 10.4 mmol, 2.6 eq) & ¥ (2 A L 721 &Y % ==IE T
BARHE L. £ DRIC b MR OIBGETR, HEEE21T o7, EiRE THA L 7ZOSE
S INHCl AKIEiE = N 2. BEfE—F v iZ Lo 2170, Aifg 2 fafn ik ¢
Vet LTz, BEKEREET N U U A X DR e & OB R 2 4 % CHA W) 2 15
Too RUIT VB NAR OV 7 maa 242 o EEREE L THW T L7~ 7T
7 4 —TIT\, HEI® TH % 5-methyl-2-phenyl-4-((trimethylsilyDethynyl)thiazole
Z157-(1.25 g, >99%),

'H NMR (300 MHz, CDCls / TMS): § = 7.93-7.89 (m, 2H), 7.44-7.40 (m, 3H), 2.57
(s, 3H), 0.29 (s, 9H).

4-ethynyl-5-methyl-2-phenylthiazole D&k

Me Me

(:rL =—TMms S T=—H

N

J A7 Z A 2T 5-methyl-2-phenyl-4-((trimethylsilylDethynylthiazole(1.09 g, 4.0
mmol) & VREH U 7 24(2.82 g, 20 mmol, 5.1 e AL, A ¥/ —/1(48 mL) KO}
THF(40 mI)IZ¥ME S H 72, IR T 4 FFRE ORI Z TV BIERE £ 51T 5 121412,
FOSIREWNZAKZ A, BER=F WVIZ LD 21T -7z, KT Y 7 A28 D
Rz . TEE N ONE R B2 R CHARM 15 T-, KEIZ U 70 R OREE T F v
[T (119 D LYW EEBE E LTHW - Z A7 a~ 7T 7 4 —TITu,
HP¥ CTdH 5 4-ethynyl-5-methyl-2-phenylthiazole % #%7-(0.67 g, 84%),

IH NMR (300 MHz, CDCls / TMS): & = 7.92-7.86 (m, 2H), 7.43-7.37 (m, 3H), 3.11
(s, 1H), 2.55 (s, 3H).
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1,2-bis(5-methyl-2-phenylthiazol-4-yl)ethyne ® &k,

T 17 Z A2l 4-ethynyl-5-methyl-2-phenylthiazole(0.67 g, 3.4 mmol) &z O\ 4-
iodo-5-methyl-2-phenylthiazole(1.01 g, 3.4 mmol, 1.0 eq) Z#& A L. THF(5.7 mL) }
ORIV =FAT7 6T mD)ICEMRSE, TV FEHRKFICLERZIC
PdCl12(PPhs)2(47 mg, 67 umol, 0.02 eq) 2 O} Cul(13 mg, 67 pmol, 0.02 eq) & HIZHEA
L7CiR G 2 SR CTRAGRH: LT, ROSIEGWIZfafiEibT € =7 LK Z A,
7 a RV A5 A TV AE 2K TR L, BRI T N U AICE D
R ATV, I QYRR £ 2R CTHARM 25T, BRITS U 175V R ORE =
FT 7 A T A LLEREEHEE L THW -7 5~ 7T
7 4 —TIT\, BB TH S 1,2-bis(5-methyl-2-phenylthiazol-4-yl)ethyne % #%7=
(1.16 g, 93%),

IH NMR (400 MHz, CDCls, TMS): § = 7.96-7.90 (m, 4H), 7.47-7.41 (m, 6H), 2.67
(s, 6H).
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2.3-bis(5-methyl-2-phenylthiazol-4-yl)-1-phenylphosphinedole 1-oxide (racla) D&
%

o=

rac-1a

077 A3|T 1,2-bis(5-methyl-2-phenylthiazol-4-yl)ethyne (0.57 g, 1.5 mmol).
diphenylphosphine oxide(0.62 g, 3.1 mmol, 2.0 eq) & " Ag20(0.71 g, 3.1 mmol, 2.0
e AL, BiAK7E b= KV (26 mIIIAEREI T, 7T UFRAKTIC L%
[ZZN D DIREW & AEINEGETE, R L7z, MSRAYE =B E THALZH%IC,
74 FEHWIREZITW, WEOBER B X > THARD 21572, By
BTN OB FVEREBEE LCHW DT L0~ N7 T 7 4 —Tirn, k<
TR R=R UM r7aa A2 AL EEMEITO) ZE THIYMTH S 2,3-bis(5
methyl-2-phenylthiazol-4-yl)-1-phenylphosphinedole 1-oxide % %%7-(0.28 g, 32%).,
TH NMR (600 MHz, CDCls / TMS): § 8.00-7.99 (m, 2H, ArH), 7.89 (br, 2H, ArH),
7.77-7.74 (m, 1H, ArH), 7.66-7.42 (m, 11H, ArH), 7.32—7.28 (m, 3H, ArH), 1.95 (br,
6H, CHs). 13C NMR (150 MHz, CDCls / TMS): § 165.43, 164.34, 146.05 (d, J= 40.2
Hz), 145.05(d, J=28.8 Hz), 143.09 (d, J=109.2 Hz), 134.25, 133.49, 133.46, 132.99,
132.05, 131.88, 131.51, 130.14, 129.59, 129.35 (d, J = 46.2 Hz), 129.14, 129.08,
129.04, 128.59, 128.41 (d, J = 45.6 Hz), 126.41, 126.18, 125.28 (d, J = 40.2 Hz),
12.42,12.29. 31P NMR (243 MHz, CDCls): § 39.64. ESI-HRMS (m/2) [M + H]* calcd.
for C34Ho6N2OPSo*: 573.1224; Found: 573.1224.
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Figure 3-30. H-H COSY spectrum of rac1a.
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Figure 3-31. Enlarged view of H-H COSY spectrum of rac1a.
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2.3-bis(5-methyl-2-phenylthiazol-4-yl)-1-phenylphosphinedole 1-sulfide (rac2a) ®
Bk

o=
=0

O
W Me W Me
Spaae 250

rac-1a rac-2a

¥

A7 7 A=2|Z 2,3-bis(5-methyl-2-phenylthiazol-4-yl)-1-phenylphosphinedole 1-

oxide(0.17 g, 0.3 mmol) & O Lawesson’s #t#£(0.24 g, 0.6 mmol, 2.0 eqQ) Z# A L. bk
N (20 mIIZER S H 7=, 7L URKTIZ LTERIZEN D DIRA Y & KA
BGRWE, WL L7z, JONRAWE BB E CHALT%ZIZ, YU D5 v EHWziEin %
T, BER RIS L > THAERD 2157, BRI D A5V ERBY 7 nu X 2 o iRk
gL LTHW AT L70~x 777 =TT, ST =R W/ an
AR AKX DEREREITO) ZE THM®WTH D 2,3-bis(5-methyl-2-phenylthiazol-4-
y1)-1-phenylphosphinedole 1-sulfide #%37-(0.11 g, 61%).
'H NMR (600 MHz, CDCls / TMS): § 8.05-7.90 (m, 4H, ArH), 7.76-7.70 (m, 2H,
ArH), 7.57-7.43 (m, 10H, ArH), 7.34-7.30 (m, 3H, ArH), 1.97-1.89 (br, 6H, CHs).
13C NMR (150 MHz, CDCl; / TMS): § 165.39, 164.02, 146.03, 145.92, 144.55 (d, J=
34.2 Hz), 143.86 (d, J = 92.4 Hz), 142.08, 135.75, 135.17, 134.36, 133.89, 133.57,
133.41, 132.31, 131.63, 131.45 (d, J = 45.6 Hz), 130.15, 129.55, 129.52, 129.44,
129.05, 128.69, 128.60, 128.27 (d, J=51.6 Hz), 126.36, 126.12, 125.49 (d, J = 40.2
Hz), 12.48, 12.14. 31P NMR (243 MHz, CDCls): § 50.13. ESI-HRMS (m/2) [M + Nal*
caled. for Cs4HasN2NaPSst: 611.0815; Found: 611.0815.
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4-1.  EERIXDOKTE

1 BECIHHEmE LTRRLOE R THLINT R —VERKR 7+ hra I vy

S FAZ DWW THERR L, ARG B ) OREAL & iR~ 7z,

H2ETIEVNYRAR—NAVAXFY RERET 7877 —I1C, N 7x2=17 3
Y RFP—L L THWE DA %8795 DBPPO % W\ THROERHE ORI 21T -
oo VRV IRAR—NAFY REEO N7 VR T2 & L7 DBPPS KO
DBPPSe % H\\ T, FAFHEDORN 21T o720 WILALT RN BHIZ TR 7R AR
—IVII A = RERRFEO A3 s A1 DA RS ISR D a3k RO E
IR C B E 5 27202 L, KO DBPPSe 125 Té@ﬂ@A/F%¥/7®ﬁ
VEBE LT, —FH, CVHEIEIZ L > TRIES -7 HOMO #(7/X DBPPSe TO A%
AL 2 Uiz, FERRM: o ORI C oo FE S 2227 R LVIED>S1Z DBPPO KX
DBPPS & DBPPSe Tld, B2 REMEEL R L, B2 2t RiEHE %2 DBPPSe
WEFOZ LR ST, F MRt EFIEERIEICB VTS DBPPSe (28175
FELWINLEFICROBA 28152 L7z, DBPPSe OFILETFICERDOBAIZIBWTIE
DRV IRAR—= VIVl = RERIC %ALt?V/E%ﬁ516W%EE%%
RICERK T2 T ALA~OEBAZZE, KO n §ud (v a2y VR EOINLE 1) %
BUNFHEE FBENEDN KIERRRICHK Y 152 EHERI Lo, FOLHFEMAEIZB VTS
DBPPSe (£ DBPPO & O DBPPS L3R H#ERZR L, 20 OB NFEEZFFHOZ &
EBIER LT, ZD 2 OND 1 7E ICT SREDEEICH: D ICT B TH D L H#E
HIL7-=, ¥7- TD DFT FEDOFERE N 51X DBPPSe 78 DBPPO X O DBPPS & 1347
% So—S1 BB AR T Z R EI N, L EOBEROBEERRND, PRNUYIR
AR—IV TN Al = RERRICBW T L VI3 E R 1 K O R 1 & i d %
b RELS B IWE 2 RTAREMNE W LAVURBR SNz, ZORMBEEFENL, %
3 B CIIMER T M OMEFE -2 AW THRAR— /L L a by = REERBIS 2K

LB EERHMh T2 & & Lz,

M3 ETIIN Y RAR— V) aF = REkK%E Gn%%%?%%)f\ﬂ'r*f [N
FEEITHAIAALTE 7 + 7 v 755+ 1la KON 2a Zaxat L. A2 Lf:o 1a
KO 2a 1353 %WTHNWEW%&UCWNWEWE%%mﬁéi9 TERET L.

NI AAEH OB E S 7 b T la X RRE, 2a 13E g%&t%%ﬁm%m
L7, EEAEHARKIGZ R LTI Z £ D, 2a il W CIIRIK R TSI = > 7
F A= a UDNEEALINTWD Z EDRBE L, TH R 3P NMR 705 KOG A8 0
Dary7xA—rar, KU VRTOEDLAIMAEHEZEE LT, la KT 2a 138
PRI L > C 2OV T AT LA~ —% %2527, 2HEOBRRIEKDO a7 4 A —
Va gy N UEENRERT D PELIT MY v AEETHY . BT
IEFFHRE DB (S)RIZBNT PAY v 7 AEENLZETHDH Z ENRBR I Nz, ~
U7 A O F =213 VREF RIS RIE L LTV D 0N AAERIZH K
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THIEDRBREN, TOTRALF—FENTT AT LA —idRERICEEL TWD D
LB HETFEIREOR RN ORI I N, T RMEARDZ LT CD A7 MLz AW
TiTo Tz, BHEFHEICEDCD AR MLy ab—var EHlE LT CD A
7 NVO RN D | TR COBBRKROMIELE IZ S B ar 7+ A—va o
R, MOMBEa 74 A= a U b ONPARKIC OB Z1T 572, ZAVE TITAR
AR—=V T a ;= REEOFFO Y VIR 2 T2 FRHEEER O#HE 13720
T2 & RFEORERIIAB DR AR — VTN 3 = Rz T2 ik ahic
HERMRZG 25D THD,

K Lo iefid D PRI L > TUEL, RAF— AT aF=NEKEFOY V5
TRV a7 VA OEWRIZ L - T, REZREIERIED b OFEFLRIE TH 5%
IR OVALF RO E L HIC S REREEL 52 5 XKL LTRIHTELZ &
LM LT,
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4-2. ASBoEH

1) ¥71v7x b7 vy 72Xk % CPL #l#

Fig.4-3 IZRT LKA ARATZ 4 o AF Y Rl & LTES<HBER TS, X
VYR AR =NV XY RIZEEILENTZARARAT 4 U AX U RERDZENTE DT
WIZ, BRAT 4 A FT R ERRRICERNL T b &5 272,

|/ @_go\mm,\ Eg \\ @?? Eu(.,;{i\zégl\l

/ a /Jla

Fi/a Benzophosphole oxide
\ /2 (Fixed phosphine oxide
Eu(lll) complex derivative)
Figure4-1. The complexes with phosphine oxides, reported Eu(III) complex
structure (left) and the proposed complex (right).

KR TR LET 4 h 283 v 257 Ths 1all 3 HIHEIIXEIE % 41
BRBICBNTRT I LIERERTE o722, ST 1a OFR R K U A RLEDAAR
BoTBYRNT B2 LN TERDSTB LR L, ZD70, STKMARARA
A 7a < Uiz la b B8R 2R EH, AT, Figd4 \ORTF IV T7 4 hornmaI vy
SR IS B HASTE B, F 7 XHERIAL N R #EC b AUIE T IRENLY B AR D B

T EBRET TR,

open )
{ Close

Y% cpL Vs PL
oEu3+ % “ Eu3+ s
AN, " b

HFA

Figure 4-2. Image for photochromism of phosphole complexes

Fliceg s L TN F RO Ere2 T 0 THeR THLavn 'y AL H
WU, SERbEIEIZ L - T CPL 2 #ilHl TX 286K & 725, 2 O8ERIT LRk L
HOFEE OO RSN L2 X2V T a2/ T252 00, EX2U T
4 AT ~DISHDBAIEETH 5,
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