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Abstract:

n-Conjugated systems containing p-block elements of B, N, Al, S, and P have received
growing interest in the last few decades because of their Lewis acid or base properties of these
elements. Open-shell molecules incorporating these elements have emerged more recently and
provide an important insight regarding chemical bond with odd electrons. The author is very
much interested in the fundamental studies of chemical bonds between boron (empty 2p
orbital) and nitrogen (lone pair electrons on 2p orbital) atoms: Particularly interesting is the
single electron bond between boron and nitrogen radical cation.

Phenothiazines are typical electron rich molecules which can be employed as models of
not only fundamental systems involving radical ions, charge transfer, and transport materials
but also applied systems such as donor part of solar cells and organic field-effect transistors.
Photo-induced charge separation using phenothiazine oligomers was one of the current topics
investigated in our laboratory. The author briefly summarized recent studies on
phenothiazines (Chapter 1).

The  author  designed and  prepared  tris(N-phenothiazinyl)borane  and
bis((N-phenothiazinyl)(diisopropylamino)borane and their radical cations. Structures and
electronic properties of these neutral and open shell molecules were investigated: The
oxidation of the B-N bond in these molecules resulted in clear elongation in the B-N"" bond,
demonstrating the unfavorable bonding nature between the vacant B p-orbital and the cationic
N p-orbital. These results were described in Chapter 2 and 3 in detail. In chapter 3, the author
investigated also on the two-electron oxidation of bis(N-phenyldihydrophenazinyl)-
(diisopropylamino)borane, which exhibited an expected randomly oriented triplet ESR pattern
in frozen butyronitrile.

In chapter 4, the author designed and prepared condensed phenothiazine system;
benzothiazinophenothiazine and its bis(radical cation). Several electronic structures can be
considered as a ground state for the bis(radical cation); triplet, closed singlet, and broken
symmetry singlet states. The authors isolated the bis(radical cation) species. The NMR
analysis, X-ray structure analysis, and theoretical calculations indicated that the ground state
of bis(radical cation) was most reasonably explained as broken symmetry singlet state with
15% of open-shell character. In chapter 4, the author designed and synthesized also (nitronyl
nitroxide)-substituted benzothiazinophenothiazine and its radical cation, which showed a

triplet ESR pattern in frozen butyronitrile.
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Figure 2-1. 7 #-#H# n B -ROMAIEH,
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Piers & "5 L 20 FI3BROEDEEZ R TLAYTH %, Kawashima S DG L 7-
TTIE, RUYZ 7NV AR T 2 =)L (CeFs) PRV RICERL 2 LItk ), v %
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ML EHEIC L2 7YV RUE VDR ZT TV A7 OWEEZ2 T 5, £/,
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DI ZHIH T2 2 L TEABE L 7 v ORI FHEEZ R T,
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%th EBETRETHEIF LY I ANAFF v EERRICEET 254
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Fﬁﬂi:mifu$7%-$‘7§%7/7]1b7wﬂ‘/7t R RV EIRETET A
VWrBEFRTHEINTWS Y, —H, dF7EDED p HUEIZEZED L F A VD p
WiE & DHEERZET ., EXD X HICTCANAF I VBT S VERIHELL 2

WiErzHET5EbEZ6N5,

Y

Figure 2-3. WIff SN 3 —E\E LI N AV FR-%EFE m EFROMAM,

ABETIREZRPOLIBETER 72/ F 7P v 2F7EIC 3 DEALLZMNY X

(N-7a:/§‘7/wﬂ/)d’\7/ 1 MOz O—BFREE 17 235 AL, hiEfk L

BB LAEORKMEE» S, HWE T2 —BTRb3nrvE-EE 1 RO
MHAEH 2 85T L 72 (Figure 2-4),
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Figure2-4. NV A(N-7 =/ F7P MR F v 1 &L Z20—FBME 17,
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FYAWN-7 =/ FT7Y=M)AKR7 ¥ 1 1F Scheme 2-1 IZfE>THK L7z, bz v
—Froe a7 I ViRAREY, 72 F TP DT I VKEE -7 FV)F TN
THEWE ) F AL 2, =7 vbR B TUET 2 2 L ohiEE 1 2 ARk
ELTHR, PR 1 I3ZBEAPELAICH L TRETH D, HAaTTOESIHE)
EDHRETH > 7o, o NI MEAOERZ B F VAR IS TT A RSy 77401
Y=L, BRTAXY VEDARKRILENC LD WSS DIEATEIET X ##
il G RN I8 L 72 7 ) R LS 2 S, BRSO, LEIN. KOBIET 5
NMR HlIE., X ffSEEEETIck D HWE T2k 1 TH2 2 L 2R L 7,

Scheme2-1. FYA(MN7 =/ F7Y=ZN)HRT Y 1 DE.
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L7,
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Table 2-1. TEE 1 OFEEEN ST X —4F —

Compound 1
Formula Cs6H4BN3S3
Formula weight 605.57
Crystal color, morphology colorless, prism
Crystal size / mm’ 0.35 x 0.30 x0.10
Crystal system triclinic
Space group P-1 (#2)
al A 8.000(2)
b/ A 10.820(4)
c/A 17.2700(10)
o/ degree 87.290(7)
[/ degree 87.630(7)
y/ degree 75.080(6)
VA 1442.22(11)
Z value 2
T/K 150(2)
Deae/ g cm™ 1.394
F(000) 628
Y72 cm | 2.9 (MoKa)
No. of reflections measured 13358
No. of unique reflection 6463
No. of observed reflections 5724 (1> 2.000 (1))
No. of variables 484
Reflection/Parameter Ratio 11.83
RI[1>2.00 o(])] 0.0424
Ry, 0.0894
Goodness-of-fit 1.09

PR 11X BNIL faxihe LTl ¢ WMRtEZE L Tw5 2 L300
27, 3 ODT7 /) FTYVER (PTZL, PTZ2. PTZ3) (F\ ¥y EHEF 1 L it
T2 E L ChRo~TFaRciriinio Ny 754G TchH o7, PTZI DZD
A 152.9° TH D, FRD 2 DD PTZ2:130.7°, PTZ3:129.2° EHARAKE VI EA8
ot BRIFETFRE D OREEHORANE N1, N2, N3 TZIZF 1 359.9°, 359.7°,
359.8° THH IFLEAL 360° THB I ENLETOERFTIZ sp? IRIEZ TEHK
LCWBZENTRBINDG, FUEFTE NI N2, N3 225 I N3 CFE B)
IR L CZENENDEEFT L ZNUICHEEL TS 2 DORERT. vV REFH
ST L5 [P Ni (n=1.2.3)] 23809 A I3 N1 1E 86.4°L K& <,
S N2 &S N3 Tl 20.6°, 12.5° TH OIS o7z, THUEIN2 KUY N3 D p
Wi & AV RETOED p WEIXIZIFATTHY ., —J7 N1 O p Wulld AR T
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DZRED p WEIZH L THRENAMEICH L 2R LTS, 512 BN Ak
¥ B-N1:1.488(2) A, B-N2:1.429(2) A, B-N3:1.435Q2) A TH hH ., B-N1 IR
WZ EDTho T,

2-2-3 HiPEfA 1 @O NMR A7 ML
2-2-3-1 PR 1 OEIRTD NMR A7 b

ik 1 oFET 7 Fe 7 7 YRR, BlRICEBIT2 'TH NMR A7 b
(600 MHz) % MI%E L 7= (Figure2-6), 7 =/ F 7 v D 4 MEDOKZEMICHEKT S 2
DODEHKEE 2 DOEZEESBMSI N, Zud, B, E7 7 Fu7 7 VK
WhTIEPEER 1 O 3 20727 F 7P OKRERIZZNZTNEMTHY ., C X
WEZELTwS I 2R L TWw5, —J7, fimEh TN L G Xtz f4
LTED, BIRTD NMR A7 hL e —HLARwkERE RS, 22T, KIRTD
'THNMR A7 b VOREEST O, KRGO X 9 REEREERIC X 2 78 b v ofbs:
e fat L 7z,

J .

7.2 7.0 6.8
Chemical Shifts / ppm

Figure 2-6. H1E{k 1 OFET M7 Fu 7 7 VKK

. BIRTO 'HNMR A7 k)L (600 MHz),
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2-2-3-2 HiEfE 1 DIRERZE NMR A2 B

R 1 OBET 7 Fu 7 7 VIERTPCOIRERZ 'TH NMR A7 k)L (600
MHz) # 273K 2°5 10K Z&., 173K ECTHIE L % (Figure 2-7), 273 K TlX=ik
EFRIBRD AR bV TH o7z, LDLEDS, IRZICKEIRT % & AT FILDIBIRDS
ZLTWE, 213 K BETHMATSEZ N0, IHIKKERT3ICONTA
R MVIZEHIC > TWE, 173K TlE 6 2O E{E 6 DOZEHENIEZ-ED
Bl X7z, 2D 173K TDARYZ PV EBITT 5728, —RJ6 NMR ZHIZE L.
HEmRTE D T o 72,

sy
M

263K

243K
233K
223K

213K
203K
193K
183K

76 74 72 70 68 66 64
Chemical Shifts / ppm

Figure 2-7. 1Kk 1 0FET F 7 Fa 7 7 VIR T Ol
JEW[ZE 'THNMR A2 X7 k)L (600 MHz),
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2-2-3-3 HPEE 1 D 173K TD 'H-'"HCOSY A7 ML

HPER 1 OKIE NMR 13KEIKFEAR E VGO ERPES 1% "H-'H COoSY
(correlated spectroscopy) A X7 k)L (600 MHz)% HI7E L | Figure 2-8 1L 72, £ 72,
Gaussian 09° % W THGRFHE» 6RO 2{L2Esy 7 Py e Td#E L 7z, 'H-'H
COSY A7 MLEMEEIE» S =7 DIfEE{T>7%, T, 7.56 ppm h‘ﬁwg

HARICN LT, 7.23 ppm O =“EHARICHB E — 7 3B S 41, 7.05 ppm D =HHRIC
LT 7.39 ppm O _HFRE 7.23 ppm O ZHEIHBEE =73 SN, 2o k
Do, INHEDE=71F 1 DOXRVEUVED 4 DOKEEHKDS TV THB L
fEti U7z, Rk ¥ — 27 T L, Fffize 70 F ryoflatbe 2 20 ZEin, &
BEOER A, B BR B). ERR R O ELTEDARY Ui LTz, KT, H
FinlEZITW, BonB A, B B, B C 0 3 o5z RE L. ARICHENE
IR L7z, ZORE. BT PSR 75 VIR, 173 K TIaHS ks & 0
L7 7 ¢ WNFREZE L TWa 2 E03ghot, 2F D, EiTld BN &
FELS AL TV B0 BTD 7 = /) F 7Y DKBEEHEMICHIN S N353, 173
K Tl BN #EADMERIZ NMR OHED Y A LAT =)V EXDEVWD, 7=/ F
TYVERDOBRKERDOADBEMINTWE EEZ NS,

Observed <— | — Calculated

6.80H* H46.60
6.7’5H3]31?\:[ L);[H%.so
6.54H2 H26.75
1 1
7.23166-62H H'6.43,167 16
[ - 14 H5 H3 H7
GJ 7.05 7.56 B 7.52 6.91

H® N727 726N H®
e 7.39 S H? H¢ s 7.24

B
|
—Q

%’;

I |
I |
I i
(R
I I
L I
T
1 T
I I
I i

|
=
Q|
Q-

@6%@
e

e mh. dﬁ-

%@
—0

028

-0
6’

@ ! | ! 8 700H12 H10 H10 H12?09
e 1s 14 13 72 11 70 68 &8 &7 66 85 pem 669H1 16.906.84 H11687

Figure 2-8. Fi:iA 1 OEF F o7 Fu 7 7 ViFEP. 173 K T 1H-1H
COSY A7 k)L (600 MHz) (/) Ab2¢s 7 b a)%ﬁﬂfﬁkiﬁ wfE (4o
Gaussian 09 T GIAO-B3LYP/6-31+G*//B3LYP/6-31G* 12 X D ElE 211> 7=,
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2-2-3-4 YA 1 O NMR ARZ bLDT I al—>av

507 NMR A7 FL26 gNMR? ZHlVWTY 2 aLb—3 a v %fFw», BN
EEOREOEEEHZ RDIz, T aL—y a3 ViER%E Figure2-9 IR L7z, &£ C
DKEEZEZBE LT 12 BEVESZS I 2L —2a v T3 IC3HRICZIBE S
72O, B TEMICENEI NS 1 o 3 DOKEK, HL B H 2w, 7.
—HRE LT E DBIHITE 2 193, 203, 233, 243, 253 K DAY b L Z&{HH
L7z, T ab—ya VIFEYTERIC E D AR P LVDTBRDIR D R —F %2R T b
DERD, HWEEBEZRE LT, ZOME, KRTIE ¢ NHtkickEI NS H,
H, H OfEE2, BT 2o T ¢ NEECRECTE 25545 2 L 2HBT
E. EERERDOEIEDHER T E 72,

173K 233K
__J k=0s" k=4000 s~

. {l . /3
I W & U . W ________________.____._—-'j \"*---....__.._______________________
78 76 74 72 70 68 66 64 82 78 76 74 72 70 68 66 64 6.2
Chemical Shifts / ppm Chemical Shifts / ppm

243K

k=10000s"
_.". '|l.\..
78 76 74 72 70 68 66 64 8.2 78 76 74 72 70 68 66 64 6.2
Chemical Shifts / ppm Chemical Shifts / ppm
203 K
k=150s"
253 K
k =20000 5"
i
™ |
______ / ’ \'--....._______.....—-"ﬁ\--_______ o "-\_
78 76 74 72 70 68 66 64 8.2 78 76 74 72 70 68 66 64 B2
Chemical Shifts / ppm Chemical Shifts / ppm

Figure 2-9. "EMR 1 OIREEAIZ NMR A7 ML (FEf) £Z2D
IETOHHL, H5, HY) D I 2L —>ayDARY bV (D),
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2-2-3-5 HEF 1 @ BN ®GOMIEOFHME LA 3L ¥ —

36 NI HEEE L %2 T Arthenius 7’0 v b Byring 7’0 v k2470 FIPEE 1
?D BN #EAOMEEDOIEHLHBEZ 2V X —%2KD 7%, Arrhenius 7’0 v + & Eyring
7’12 v M Figure 2-10 128 L 72,

a
) ——y=29626-4979.5x R= 0.9996 b) 6
10 ——y =23.228 - 4759.8x R= 0.99956
< 4
8 x
T »
ey = 5
£
4 01
2 - . . -2 . . :
4.0 45 5.0 4.0 45 5.0
T1/103 K" T1/103 K

Figure 2-10. (a) Arrhenius 7’2 > & (b) Erying 7’2 v |,
559, Arrhenius 7°0 v b Z4T\>, Arrhenius 3\ (eq. 2-1) 2> SR 4 K OTEME
bz V¥ — Ea ZRdD7,
Ink =Ind — If—; (eq. 2-1) R=28314J K 'mol™
777 DMEEDPS 4=735x107s", YD 56 Ea=414kimol! EPELL, R

T, Erying 70 v FZ{7\>, Erying X (eq. 2-2) 226> ¥ ¥ — AH | §h
Mtz brE— ASt 2R 7,

ko ASS kg A kg =1.381x10%2 JK
Ino,=—+In—-— (q.2:2) ~ 34
T R h  RT h=6.626 x 107 Js

75 7DMEENS AH =39.6kImol ' . V55 AS =—443TK  'mol' EIREL 72,
ZNS DS eq 2-3 ZHVTER 298 K ) TOEMLABZ 2L ¥— AGH #
Kbz,

AG* = AH* — TAS* (eq. 2-3)

ZDRER 298 K 2B T AEMLEHZ 2L X — AG 13+40.92 kI mol ' TH > 7=,
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2-2-4 YR 1 oBEAULANTEE

2-2-4-1 "WEE 1 DY A2 Y 2RI ET T L (CV)

FER 1 o P, BB oRERZTHET 5201 Vv HlEZTTo
7z (Figure 2-11, Table 2-2), HEME 1 OE—LIEIFHTH S I LD 6, CV DIFf
27— nicB T —E BRI ZETH 5 EnBINT, FE-BLEMND
t-Bu-C¢H4-PTZ > Me-PTZ \[ZHERAD LIEWEZRT Z £ 6 R 7 FEDETAHEI iﬂﬁ
D2OD7 /) FTIVILE>THIio TS EEZ NS, —ETHBLE, =
BAUARICDOWTIE, +1.15 V ISR BB I N 7o O, NEEREEZS
nas,

+0.6 +0.4 +0.2 0 —0.2
E/V vs Fc/Fc*t

Figure 2-11. HF{Ek 1 oY 7 nux ¥ v HTo CV,

Table 2-2. FLEVIDIEILENL (vs. Fe/Feh),

Compound EOX1 /'V on2 /'V

1 +0.20 +1.15°
t-Bu-C¢H4-PTZ +0.25 +1.01*
Me-PTZ +0.31 +0.96"

a) Peak potentials (irreversible steps)

@@E@ o OG0 900

1 t-Bu-CgH,-PTZ
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2-2-4-2 HEfE 1 OBEMIBILEITE T TOWINAR Y R V(L

iR 1 OB FBLARDER EREWZHERT L5720, Y r7ru Xy ViRRH
DEMBILSEME T I 7‘5%&%«7 % ﬂﬁ%/ﬁﬂ%bf: (Figure 2-12), ML
DHFPEER 1 1R TR L 72 X 912 335 nm ISR S 41, A GRE R 2 13RI
DB S Nl o Te, TOWRED & —EFRL I N5 EAL (+0.40 V vs. Fe/Fc') %:z’» b
72 & 25, 385 nm IZEFERIN A Z AR 72 D3 S WRINAYZAL L THEB TR L 72 & 91T 516,
778. 874 nm *}th;&\ LIEDS A WIRIN S S 7z, 2 oW #%B T %
+-Bu-C¢H4-PTZ DERFET D 72 A h F 4 ¥ DRILDIZIR & 53 T WICAR B DS &
T35 06 —ETIE 17 OEBNGRERDBRIBIN, £/, £ T
CHANAFF VDA VEEIZ—BTRUE 17 0 1 D07 2/ F 7Y VEIRTE
'flﬁLTb)% ZEN %Z. %?(LZ>O

516 nm

778 nm 874 nm
[ |

g/ 103 M1 cm™
N

N

400 600 800 1000
Wavelength / nm

Figure 2-12. 1k 1 OBEMBBRALIEAETOWRINAZA X7 b VAL

(+0.40 V vs. Fc/Fe+), Mt I3 FEMIRILET, FERRIIEMRILE, SEE

R OWRINA R 7+ L,
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2-3 —EBBLE 17 oAWK, S s e
2-3-1 —HETBLIE 17GaCly DEM

—BTE 17 2687 %720, EBEI L ARtz 1T> 7% (Scheme 2-2), 77 v
ALY I ANATFA AT 7 LAADE (TH GaCly) Z w72k 1 o
fbzikamse B, ik 1 (104 mg, 0.171 mmol) D711 X ¥ VIEH (25 mL) I
TH™*GaCl; (74 mg, 0.171 mmol) ® 7t b = b Y )VERER (25 mL) ZMMZ T, =R T
30 IR L 2B, WEEM L2, BiEZY 7uuxy Y 3 ml) ICRBEIE, Ed
5o P TFINT—F)L (20 mL) ZMAT 1 H2U CERILEZITS 2 & T,
HivY & bz BRIk z &7 (110 mg, 79%). 56N FoRktlkz>y 7 oo
A VBRI T, TAAI I 74NV =% Ith, Nv¥ v LRI Z AT
T LI D, X FESERESERNTICOE L 2 BREA T — M2 S, BEON. J0
Fobr, KO#BIET % Uv JIE, ESR MIE. X MESFHEENTIC X DS S s
mSHIN & T2 —ETIRLIE 17GaCly, TH D 2 & 2HERL 72,

Scheme 2-2. —FE T B{LA 17GaCly DHEK,
S s S
909¢ ” SO
N @ESJQ GaCly” N GaCls

| TH*-GaCl, |
B > B
CH,Cl,—CH3CN
@N/ \NQ rt, 30 min N/ \N

1 1"*GaCl,~

2-3-2 BB 17GaCly DWINA R L
—B TR 17GaCly DKL ENE 2 MR T 5 72 DIT AR T TR A
R7 FVEBIL 72 (Figure 2-13), EfE TR L 72 —ERELA 17GaCly ORI A X2
FVIZEER T L - BRERLIC & ) FEZ 82 -Bu-CeHy-PTZ O —FE T RLIA DL
IXAR7 bV ETEIR & FWNRE D & { —3 L 7z, F 72, Figure 2-12 T/ L 72
i 1 OBEMBALHOWIRA R RV EBIZIEFFATH 572 2 L2 6 —BFBLED
BIRZEFERL 72, 2 OWIPIFER, 258 TH > TORREML o7 2 Lo
5 17GaCly IR, AT TLETH S I LDMHERTE -,
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g/ 103 M1 cm™
N

400 600 800 1000
Wavelength / nm

Figure 2-13. 70 X ¥ Y HTOD 17GaCly DI A L7 b )L (E
1) & Bu-CeHy-PTZ DEMRIRLFD 72 AN FF v DRINA XY
ML (RER),

2-3-3 —®E IBILIE 17GaCly @ ESR AX27 bl

—ETBLAE 17GaCly DETHHEZHOPICT 2720, Y 7un Xy VIR,
HimIZE TS ESR AX7 P LEMEL 7, #6072 ESR AXT L EZDT T a
L — a3 % Figure 2-14 IZ/R L7, F/o, BRINTHIEIED S Gaussian 09 %l
L TARE VEEK &R S E 8O EME% Figure 2-15 (/8 L7z, ESR &
R7ZMVEYI2L—=2a v T 58 "B(19.8%., I1=3) £ "B(802%., I=3/2) O
HHIRS S EB DT 10"/ 1a'"P1=0.335 LAREL TfTo72°, A7 FEM |a'"®=0.2842
mT. [a'®®|=0.0952 mT. 1 DDEHE |a"'|=0.6265mT & 2 DDEHE a2 =0.0873
mT. Z LT 4 D 2 DDKEW |a™'|=0.0947 mT. " =0.0272 mT. |a"™| = 0.2248
mT, ¢ =0.0699 mT ZHRET 5 & THEBEDODARY PILVEHHT LI LN TER,
EFEKICBRT 2 2 EHEOBBME A TAIBH SN LS, FTANAT
VDAEVEEIZ 1 oD 7 2 ) FTYVIFELL T AE T ER ot F2F
DFEFIFHEREIRIC X > TROD LA VEESAHKD 1| DD7 =/ F 79 VITRHE
fLLTwa Z s dbZRans,
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Obs.

334 335 336 % I 338
Magnetic Field / mT
Figure 2-14. —B LA 17+GaCly DY 7 vu X ¥ VIR
HC?D ESR A7 )L (g=2.0054, vy =9.447031 MHz), Ffit
EFEM, BERIE S 2L =2 a v L ART ML, Angew.
Chem., Int. Ed. 2013, 52, 2499-2502. 7> & ¥ A] % 3 CHR#L, Copy
right 2013 John Wiley and Sons,

0.0699
' 3 b) c) ¢ (0.0768)
30.2248
' C[S H” (0.2649)
2
» 9 ,0.0272
e & r 5‘ 0.5965 ' T 0:4?(0.0337)
(0.6414 .
’ AJ“ 3 oy ? 0.2842 (0.1270)

4 (0 2534) 8
SR M % . 4 Q\ 00873 N2’Q

syt mow N F

) 4 o
Figure 2-15. —E TBLIE 17 DAV EESAN () B 5 BN (b)
25 Bz, (o) HBIESHIE AT (mT) OFMIGHE & BHHENE, PREE XN
MNIZZR LT\ %, Gaussian 09 T UB3LYP/6-31G** I X D EHE A2 fT- 72,
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2-3-4 —EBABLIE 17GaCly DS i
Figure 2-16 1213 —& (LR 17GaCly, @ X fis RGN 2 55 6 ko1
Mgz mn L7z, FMEmARN 89 X —4% —% Table2-3 123 L 72,

Figure 2-16. —%& {-2{L{& 17GaCl,” @ ORTEP [X: (a) Top view. (b) Side view,
IKBIR TR 7 = 128 L 72, Angew. Chem., Int. Ed. 2013, 52, 2499-2502. %>
5 EF A 215 THs#k, Copy right 2013 John Wiley and Sons,

—@E A 17 13 BN #iaziie LT ZR ¢ IEZ2ELTE D, &+
MRRE E ML 2y TG ChH o7, 3 DD 7=/ F 7Y (PTZL. PTZ2, PTZ3) D
FC D7 2 ) F TPV ETTANAFA Y E DT 2 ) F TP VIEF O
S HICXPITE 3, PTZ2: 129.8°, PTZ3: 128.3° (ZHHIRAE L [FERIC NS 7 T A
W& TdH > 723, PTZ1: 173.9° DUIIF PG ICZL L Tw 5 2 L3005, T,
PTZ1 DBILINT S ANAF A ER D PTZ1 SICAEYBRELLTwE 2 &
ZRLTw5, P B(R7EETE NI, N2, N3 225K I N5 ) IS L T2
NFNDOERFTEZNUTHEAEL TS 2 DORFBIRT. FI7RBETFPLOSERI N
ZH Nu(n=1, 2, 3) 238§ ZHEMA X, P N1 X 80.7°8 KR&E L, W N2 &
M N3 TIEZNZFN 8.9°, 8.1° /NI pot, N2 O N3 @ p Wi & A FED2%E
D p MBIXIZITETTHD, 2P ANVAF A ERD, EEMEZHOZ NI @ p Bl
BEZEDORTED p MBEIZERT 52 ENRBINL, BN AKX B-NI:
1.529(6) A, B-N2: 1.410(5) A. B-N3: 1.423(5) A TH . B-N1 DfEAEMb X D H
TR o0, 20 p Bz FfOFVEE D F A VIEDEFED p HLEIHA
TEFZ BT 2 X S ISR L 2720, ZDOREEVPHU EFIHTE S, 20,
—E Rk D B-N" FADMWEIZ Figure 2-3 DEMNIR L 72 X 9 AHE AR % 8
J2 &) RigUnMiidEz &5 2 L 2ERNICHS 2T L 2,
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Table 2-3. —EFBILIA 17GaCly DFEGLENIIST X — 4 —

Compound 17GaCl,
Formula C36H24BN3S3+GaCly
Formula weight 817.13

Crystal color, morphology
Crystal size / mm’
Crystal system
Space group
alA
b/A
clA
viA
Z value
T/K
Deac/ g cm™
F(000)
u/cm’

No. of reflections measured
No. of unique reflection
No. of observed reflections
No. of variables
Reflection/Parameter Ratio
RI[1>2.00 c(])]

Ry
Goodness-of-fit

darkred, block
0.50 x 0.10 x0.10
orthorhombic
P2,2,2, (#19)
13.353(2)
15.9154(19)
16.264(2)
3456.5(8)
4
150
1.570
1652.00
13.188 (MoKa)
33194
7712
7712 (1> 2.00 o (1))
434
17.77
0.0573
0.1539
0.963
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—B TR 17GaCly D8y ¥ v FREE% Figure 2-17 12 L 72, —E L
17GaCl, & PTZ2 & PTZ3 DRFE[MEFIZ van der Waals “BFEEDHIDIND C-C %
fih (3.381 A) IS N, 7P ANAF A LI PTZ1 [HEIZiE van der

Waals FRROHIND C-C Efilx 72> 72,

Figure 2-17. —&E &K 17GaCly D8y X v JHEED b i
X, sftiE van der Waals *BREDORIMIND C-C #filizR L7z, KE
I3 L Tw 5,
2-3-5 Witk 1 & BB 17GaCly @ B-N K ORI
5 N7HEMNEED S Gaussian 09 ZHEH L TZNZND B-N f5H5D Wiberg
DFEATEIE 19 % Rk 72 (Table 2-4), Wiberg DAL L 3G A OREAREIZE
WY 2IEECTHD . ZOMEPREVIEEREERBDREL 52 1%,

Table 2-4. F{LEWID Wiberg &G TR Y

Compound B-N1 B-N2 B-N3
1 0.7253 0.9529 0.9557
1™ 0.6673 1.0046 0.9974

(a) Gaussian 09 T (U)B3LYP/6-31G** TilHZ11-o 7,

HEFHEOEE., ~BFBILE 17" 03PNV AF A v > PTZ1 OEEF
THE&T BNI AEOKERESRLNI L moTwi,
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2-3-6 —E B 17GaCly DRELMPTEY
WoE A EE) R 2 D e WU OGS G . ERERILE ,, CHE T O 4T 1,
AEVETE»SRA (eq.2-4) DEHICHEL SN,

Nagid 2 Na: 7RI R

kg: R~ B

—UEET AN g2 TH DD, 4T EAEVERTE S DRITIZXDBIRD
D 32D (eq. 2-5),

1
;(pTZ ES(SH) (eq. 2-5)

Z CCIREFIRRBICE T 2 — B RIAE 17GaCly Dy FIIMHAIEH 23X % 7
® 12, SQUID (Superconducting Quantum Interference Device, #{nE R TWHEl) % Hw»
TRAERME 217 o 7o WRAERKEER 4 BB N AAEE & BETERLE g4
E = s PDBIRICH 2 L0 6 ARG o 7, MBI T £ 72 135 1
DREERINICES S N7l % VT pascal DML S BEEH o721,

—B LA 17GaCly IZBWT ESR MIE» 6B 6017 g =2.0054 w5 &,
»T=037TemuKmol' Z&2LE260%, WEIrSBHONTL 1T 70y +%
Figure 2-18 12/ L7z, BIMICE T 5 4T fliE 0.383 emu K mol' ThH -7, (KT
D T OB IFIZEAEBNMSI NG o2 00, T HOMHAERIZIZEA
ERELBZWI EDbol, B o —EFE AR 17GaCl, DOMEIZIZIT
100% 7Z&EZ 65,

0.5 . . T T T

%o T/ emu K mol™
o o o
vow A
1 I
1 1

o
—
I
1

0 0 50 100 150 200 250 300
T/IK

Figure 2-18. —f (VA 17GaCly D 4, T7-T 71 v I,
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24 L O
ABETIEM)AN-7 =2/ F 7P =2 WA 7 vk 1 KOz o—E bk 17
DWW THE 217> 7%, AT ICHE 2iTo 7612 £ L o,

) 72/ F7P v ) F ALK, Z7 9RO RERGIE 2 2 L ohdk 1
ZER LT, RoTh{k 1 %2 TH GaCl, TH#{LT 2L THWET 2 &
TR 17GaCly 28 L7z, 2o DLEWIZETER., AT TLETH
D, BB PH 2 EBTE,

2) HEAR 1 RS EEER IR ¢ IREEELCED, T b RR Y
7 U TCIFERTIE G MFRE. EIRTIE ¢ WFREEZFOBEEZE L T
7o —ETRRAGAIZEBIN 2 ¢ M2 ELETHY, I ANVIF A4
D EFHESENEBLL 1 DD 7 2 ) F TP VICAE VEEDNREL T
Wiz,

3) BRI 17 OEMEEDLS BN AR FA U HE2HOLEED p il
WEFRTFEDED p PLEBHAFERAZ T3 L) RigUn MG s 20, PR
LR CZOMAEEMHMET 2 E2He T L%,

4) ALK E DFER, FEERIRE T TRIDOBAMN S AHEERIZIE E A EBI S
oz,
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2-5 [Experimental section

General: 'H and C NMR spectra at room temperature were recorded on a JEOL
JNM-LA400 spectrometer. '"H NMR spectra at various temperatures and 'H-'H COSY
spectra at 173 K were measured by Bruker AVANCE 600. Chemical shifts (& values) for 'H
NMR were recorded in ppm using an internal standard of tetramethylsilane (0.00 ppm) and
coupling constants (J) in Hz. Chemical shifts for °C NMR were expressed in ppm relative to
THF-ds (67.4 ppm) or acetone-ds (29.8 ppm). Melting points were measured using a
Yanaco-MP-J3 apparatus, and were not corrected. FAB-MS spectra were recorded on
JMS-AX700 with NBA as a matrix. Infrared spectra were recorded using KBr pellets on a
SHIMADZU FTIR-8700 spectrophotometer. Absorption spectra were measured on
SHIMADZU UV-2500. CV measurements were carried out on ALS FElectrochemical
Analyzer Model 610A, and recorded with a glassy carbon as a working electrode (WE), a
platinum wire as a counter electrode (CE), and a saturated calomel electrode (SCE) as a
reference electrode (RE) in dichloromethane containing 0.1 M BusNCIO4. The final redox
values were corrected using the ferrocene/ferrocenium couple (Fc/Fc™ = 0 V (0.49 V vs.
SCE)). The absorption spectra during electrochemical oxidation were measured using an
Ocean Optics HR4000 spectrometer, a 1-mm-width cell equipped with a fine mesh platinum
as a WE, a platinum wire as a CE, and a SCE as a RE at suitable external potentials that can
generate the radical cation species in dichloromethane in the presence of 0.1 M BusNCIO4.
The ESR spectra were recorded on Bruker ELEXSYS E500. The X-ray data were collected by
a Rigaku CCD diffractometer with graphite monochromated Mo-Ka radiation. The magnetic
susceptibility measurements were performed using a Quantum Design SQUID magnetometer,
MPMS-XL. Elemental analysis was performed at the Graduate School of Science, Osaka City
University.

Analytical thin layer chromatography were using MERCK Silica gel 60 F254. The
chemicals were of commercial grade and used without further purification. Toluene, benzene,
hexane, tetrahydrofuran (THF), and diethyl ether (Et,O) were dried and distilled over sodium.
Dichloromethane (CH,Cl,), acetonitrile (CH3CN) were dried and distilled over calcium
hydride. Thianthrene radical cation tetrachlorogallate salt (TH "+GaCly) was prepared
according to the literature®. 10-(4'-tert-Butylphenyl)-10H-phenothiazine (z-Bu-C¢Hy-PTZ)
was prepared from 10H-phenothiazine and 1-bromo-4-tert-butylbenzene by the cross

coupling reaction using Pd,(dba);—#-BuOK in toluene.
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10,10',10"-Boran-tri-yl-tris(10H-phenothiazine) (1)

@:Sj@
. . N
1) 1.1 equiv n-BuLi |

B

S 2) 0.4 equiv BF3-Et20’
toluene-THF N
ﬁ N N

0°Ctort, 17 h

58% S f i S

1

10H-Phenothiazine (1.00 g, 5.02 mmol) was dissolved in a mixture of toluene (40 mL)
and THF (20 mL) under a N, atmosphere. After cooling to 0 °C, a hexane solution of
n-butyllithium (1.67 M, 3.2 mL, 5.34 mmol) was added to the solution. Then, BF3*Et,O (0.25
mL, 2.00 mmol) was immediately added to the mixture. The mixture was stirred 17 h at room
temperature, poured into water, and extracted with benzene. The organic layer was washed
with water and a saturated aqueous NaCl solution, successively. The organic layer was dried
over Na,SQO,, filtered, and then concentrated under reduced pressure. The residue was
dissolved in benzene (35 mL) and then hexane was slowly added to the benzene solution. The
generated precipitate was collected by filtration, to give 1 as a pale yellow solid (585 mg,
58%). Single crystals suitable for X-ray crystal analysis were obtained by recrystallization
from hexane—ethyl acetate. 1: C3sH,4BN3S3; pale yellow solid; MW 605.65; mp 273-274 °C;
'H NMR (400 MHz, THF-dj, at 298 K) & (ppm) 7.15 (dd, J = 7.5 and 1.4 Hz, 6H), 6.98 (dd, J
=7.5and 1.4 Hz, 6H), 6.81 (td, J=7.5 and 1.4 Hz, 6H), 6.74 (td, J= 7.5 and 1.4 Hz, 6H); °C
NMR (100 MHz, THF-ds at 298 K) o (ppm) 143.3, 129.1, 128.0, 127.5, 124.8, 122.7; IR
(KBr) 3058, 1589, 1573, 1471, 1456, 1431, 1373, 1346, 1315, 1290, 1263, 1245, 1224, 1178,
1164, 1126, 1072, 1047, 1031, 974, 910, 896, 850, 835, 758, 750, 736, 711, 698, 678, 659,
592 cm™', MS (FAB") m/z 605 (M, 100%). Anal. Calcd. for C3¢H24BN3Ss: C, 71.40; H, 3.99;
N, 6.94, Found: C, 71.38; H, 4.07; N, 6.99.
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Synthesis of radical cation tetrachlorogallate salt 1" +GaCl, .
S S S
989 - T
N @SKJ GaCly GaCly

N
| TH™GaCl,~ |
B > B
CH,Cl,—CHCN
@\N/ \N/@ g NN
aclieg b 0 g

1 1"*+GaCl,”

In a glove box filled with Ar, 1 (104 mg, 0.171 mmol) was dissolved in CH,ClI, (25 mL).
To this stirred solution was added a CH;CN solution (25 mL) of TH+GaCl, (74 mg, 0.171
mmol). After 30 min, the solvent was evaporated under reduced pressure. The residue was
dissolved in CH,Cl; (3 mL) and then Et,O (20 mL) was slowly added to the CH,Cl, solution.
The generated precipitate was collected by filtration, to give 17+GaCly as a dark red solid
(110 mg, 79%). The crystalline solid was obtained by recrystallization from CH,Cl,—benzene.
1"+GaCly : C3sH24BN3S3GaCly; darkred solid; MW 817.14; mp 284 °C (decomp.); IR (KBr)
3058, 1733, 1716, 1701, 1683, 1652, 1577, 1558, 1533, 1506, 1475, 1456, 1396, 1352, 1311,
1284, 1263, 1253, 1224, 1164, 1147, 1126, 1029, 979, 941, 896, 854, 738, 698, 677, 655, 632,
592 em'; MS (FAB") m/z 605 [1]; MS (FAB) m/z 211 [GaCly]; Anal. Calcd. for
Cs6H24BN3S32GaCly; C, 52.91; H, 2.96; N, 5.14. Found: C, 52.76; H, 3.14, N, 497; g =
2.0054.
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3-1 )¢

2 T, PIAW-7 =2/ F 7PN RT Y 1 EZ20—B A 17 %G
AL, ZOkHE2 S B-NT fiadoWEICO VW TS 2fT>7%, 3 ETIE, 7
L/ FTPVD 1 DEIAYTRELNT I VICEEMWALEAWN-7 2/ F TV
WA TRELVT S RT Y 2 2Rt T 5 (Figure 3-1), Bl ” S v L HH/BET
SVOBRERTOETHGMEZ KT 2 EEE? S v oBETHEELPEVEE Z
5N5%C &73»6 BN fiaREIEMR? S volivEetEzons, (e 2 &
1 Tl 2 IEMBE7? S VERLFIVEOMEEZ DO, 20 BN fHHIE 1 D
B-N %*Aot DO RELR_HEEAGEER > TV EEZI6ND, 20O T7 2/ F7
CYITANAFF NARETDOF Y EET-DOE %T/@Jkﬁ%%: BN "HEHDE S

ISk DHID) T EDTED D, 2 OB TFRLREBIZEWTE, 7=/ F 7P 7Y
73»75%2‘/ ERTROEEIZI S JEE{’PFH%LE% 75 L) IR 52 LA TEE
EFEZOND, £, IR TR L )T, 1 TEER(ZVANVAFF V) OIREI
ANZRETH 7D, 2 TREAR(TIANDF A V) OREPFEINDE, 2O
TRULARIFERER ZEEME L CLCASNTWE MY XF LY Ay D LGRS
L BT, AUR-EHREBA L L THHBRE G,

<09 JUN L

Ny A o —a
BE WP TR
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Figure 3-1. {L&Y 1 L{LEY 2 DILIEHE,

AETREERA(72/F 72T I/ RT7 Yy 2 L2 Tchsr e R
U7 zFPUR 3 72 XYY Uk 4 BEGEH AL 72 (Figure 3-2), Wk E —
BIMLAED S BN fEAOWHICOWTE bR 2iTo7%, £7.2 £ 1 D
BN fEGROLE LI To%, &5 Fu7 2+ YUk 3 2RV BTk
DFA B WGRT L 72,

AN AN PPN

o o lo ol
W R B

2 3 4

Figure 3-2. EAWN-7 =/ F 7Y =732/ X7 v 2 &zl
&y 3. 4,
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32 EAN-7x7FT7P20V)T 2R VBHULAEMD R, WS L HE
3-2-1 hPER 2, 3. 4 DA

RO TFHE IO PA Y 7R ELT I /P70 AnRr T 1 285K K.
R 2, 3. 4 DEEITo 7 (Scheme 3-1), FEE 2. 4 1 F LT V-THF E&
W WIS A AEEBRET S v R F AL, LEY 7 TUBT 5 Z L TEE
ke LCznFnfr, TR 3 37 =2F-P v 2722 0)F 948 TY F40L
7o, FRROEMEIC K D FRAEER E LTz, ik 2, 3, 4 32500 L
THETHH ., ZRPTOLEG ) T EWURETH o7, ik 2 3¥ 7o X
Y UELY )= IVIBRIETTAAI v 7 74V y =% L 7%, Bl THARREME
2179 28T X KRS S AT IO L 720 7)) X LR RS, R R 3 1k
OQRXYVENFY VBRI TTCTAAI Y I 74NV —2B LK, BIRCTHR
BiEZIT9 2 &T X SRS ICE L 2R 7Y X o s 2572, ikl 4 13
PrunrAy v ELY )= VBRI TTAAI Y 7 74V —%EL I, Wk
JHNTHARRMiZ1T) 2 & T X FFS MG I L 72t 7 a v 7 iz R 7,
BB, JuEoH. NMR JIE, OB 25, X BfGmEairL ., fonx
fiml T HE T2 K 2, 3, 4 THL I L Z2MERL 7.

Scheme 3-1. {L&AY) 7 LEAWN-7 2/ FT7P2MNT I /) RV
BhEL &Y 2. 3. 4 DA

1) 0.5 equiv i-PryNEt
2) 0.5 equiv i-ProNH .
BF3'Etzo I-PI’2NBF2
63%

1) 1.1 equiv n-BuLi

N
S :
2) 0.5 equiv7 -
toluene—THF B
N N

0°Ctort, 22 h

37% S t t .S

1) 1.1 equiv PhLi

N
N :
S 2) 0.5 equiv7 - |
Z toluene—-THF B
N N N

0°Ctort,21h

42%
Ph’N\© @/ N‘Ph

1) 1.1 equiv n-BulLi

= 2) 0.5 equiv7 -
toluene-THF
N 0°Ctort, 17 h N N
67% e) f f e}
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3-2-2 hPERR 2. 3. 4 DRSS

Figure 3-3, 3-4, 3-5 1213 X #fSEMEERNT2 615 6 Lo IEE 2, 3, 4 D1
WiigEx ZNZFIun L7, R FAN T X —% —% Table3-1 128 L 7%,

HFER 2 TlX 2 207 =/ F 7YV (PTZILPTZ2) XS 6 b ERE 1 L ik
FrZih e L ChRo~TF e ciftuhno Ny 7 54 & Tch -7, PTZ1 D Z
DL 139.6°, PTZ2 & 138.2° TH H | ZFFRDMEZ R L 7z, ERETHD D
FEOHORANE N1, N2, N3, TZIZ4L 359.9°, 359.6°, 359.9° THhH, IFEAL
360° TH 5 Z SR TOEEFTIE sp” IRFILEZEHEL T3 I ERRBIN
%, TUEKFE NI, N2, N3 25K I N3V CFi B) I L TEnzing
EREFLEZNTH AL TV 2 DOKRFET. Z7FEETF» SR I 5
[FE Nu (n=1. 2., 3)] 230 A N1 ESF N2 TIEZNZ 4 56.1°, 59.4°
THYH W N3 IE 24.6° ENEol, ZNUIPAY 7RELT S ) HD N3 @ p
8 & AV FRFOED p WED, FATIGEWAEICH D, —J7, N1, N2 D p il
BIX A VERTOED p MBI L THEUNMEICH L I EEZRLT0E, 35
IZ B-N &R 1Z B-N1:1.486(3) A, B-N2: 1.486(3) A, B-N3:1.404(3)A THhH . B-
N3 MW C Ebhrol, 7 PTZ1 & PTZ2 R EAEEMTH D PR 2 1%
fmEIC BT B-N3 fiazih s LTz ¢ W2 E L TQoeik,

Figure 3-3. "AEf& 2 @ ORTEP [X: (a) Top view. (b) Side view, /KZEJH 1%
AL 7z,
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PR 3 RS TIC B-N2 kA RS E L ¢ Wiz o Twd 2 L a3gh
27, e rFur7zFrPrifld DHP1 WD 2 DR 2S5 T 152.7° $raulh
WoTeNY 7 7AWETH o7z, BRETHY OBEAORMAIIE NI, N2, TZnZ
3 359.4°, 360.0° THH., IFEALE 360° THDI EPSETOERFTIT sp” IR
IRBUEZ T L TWw b 2 ERRRENS, F7REFE NI, NI', N2 25BRI T
200 CE B) IS L TENEFNDOERER T L ZNUHEAL T3 2 DDRER
T FUEREFD> SR I NS [FEH Nu (n=1, 2)] 2383 A Fm N1 T
X 502° THD, Fi N2 TIE 33.1° TH-o7, 5612 BN fEHEIEX BNI =B-
N1’: 1.4773(18) A, B-N2: 1.411(3)A TH D, B-N2 D\ Z &b o7z,

Figure 3-4. 1{:{& 3 @ ORTEP [X: (a) Top view. (b) Side view, /K&
JRF- 134508 L 72,

36



72/ XV U4 ICECT, 2 2D 7 =/ X3P UE (POZL, POZ2) 1XEE 5
HERFE T EMER 2 E L ChROA~TaBR TN 72Ny 7 J 4 #iET
Ho7- (POZ1:157.6°, POZ2: 144.9°), HEZRIL T OFEE M OFAE N1, N2, N3,
TZNZH 359.1°, 359.6°, 360.0° THH, IZLAL 360° THELIEDLLRTDE
FETE sp” IBEIEZTER L TW3 2 EWRBINS, dUEETE NI, N2,
N3 5B E N5 (I B) IZ0 L TZNEFNDERZEF 1L ZUTHEAL T
% 2 DDRFRF. F7RET2 ORI 5 [P Na (n=1, 2. 3)] 2587
TG N1L TIE 69.3°, “FIE N2 Tl 39.8°, i N3 1k 25.5° Thor, &
512 B-N fi5Rlx B-N1: 1.490(2) A. B-N2: 1.464(2) A, B-N3: 1.4032) A TH D,
RERMAZ Lo N1 &8 BNI 23, B-N3 PEHWI Ex3bdrol,

Figure 3-5. "FE{A 4 @ ORTEP [X: (a) Top view. (b) Side view, K11
AL 7,
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Table 3-1. FEARDFERANRT X —5 —

Compound 2 3 4
Formula C30H30BN3S; C42H40BN;s C30H30BN30O,
Formula weight 507.50 625.60 475.39
Crystal color, colorless, reddish purple, colorless,
morphology prism prism block
Crystal size / mm’ 0.40 x 0.10 x0.05 0.40 x 0.30 x0.22  0.40 x 0.40 x0.30
Crystal system monoclinic monoclinic monoclinic
Space group P2,/n (#14) C2/c (#15) P2/c (#14)
alA 8.4699(6) 19.950(2) 8.6548(10)
b/A 11.5243(8) 8.8508(6) 32.727(3)
c/A 26.926(2) 20.523(2) 9.1983(9)
f/ degree 94.945(3) 114.472(4) 109.255(4)
VA 2618.4(3) 3298.3(5) 2459.6(4)
Z value 4 4 4
T/K 150(2) 150(2) 150(1)
Deae/ g cm™> 1.287 1.260 1.284
F(000) 1072 1328 1008
Y75 cm | 2.3 (MoKa) 0.74(MoKa) 0.80(MoKa)
No. of reflections
18544 12519 14196
measured
No. of unique
reflection 5850 3727 5173
No. of observed
. 5139 (/> 2.000 (1)) 3456 (I>2.000(])) 4607 (I>2.000 (1))
reflections
No. of variables 445 298 326
Reflection/Parameter
. 11.55 11.60 14.13
Ratio
RI[[>2.000()] 0.0642 0.0611 0.0573
Ry 0.0984 0.1403 0.1580
Goodness-of-fit 1.23 1.135 1.113

38



3-2-3 hEIF 2. 3. 4 ofESILFEITEE
3-2-3-1 Wik 2, 3, 4 DY A2 Y 2 HRNVYEST T L (CV)

HEfR 2, 3, 4 OFET FF—1E, —ETRBILEOLENEZFMT 572912 cv #l
%E %2 11> 7 (Figure 3-6, Table 3-2), HEMA 2, 3 ICE W TR MR L, 55 %
LB E N2 L0 6 CV HIEY A AZ’T—JI/ BT RO %
BRI ZETH 2 2 BRI NI, PR 4 1ZIIF ARSIl 8 iRk
W 5.2 7205, 4012V AT AT 22 320 3 éﬁ{ﬁﬂémtt . —EFBLE RO
TEFBCERIEALED DL H 5, TR TORMERICE W TEHE BLEN &5
Mlﬁ BMDEDPKRE N LD o, PHEDIBLI N T BT BLEICR 2 L REH

BT 5 ERBING,

(@)

(c)

+1.0 +0.5 0 -0.5
E/V vs Fc/Fc*

Figure 3-6. "HVEMR 2 (a). A 3 (b). HIEEK 4(c)> 7 v X
& VHTD CV,

Table 3-2. FE(K 2, 3. 4 DIBILEN (vs. Fc/Fc)
Compound  E;p°™'/V Ep™ IV Ep™—E ™ /v

2 +0.24 +0.71 0.47

3 —0.24 +0.25 0.49

4 +0.34 +0.72 0.38
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3-2-3-2 ik 2 OEMBILEL T TOWINA RS FIVELL

iR 2 OB FBLARDER EREWZHERT L2720, Y r7ru Xy ViRRT
DEMRBICEETICB T ZMINA R VL2 IE L7z (Figure 3-7), EAIELET
DOFYEE 2 IZBFR TR L7 X 912 310 nm ICEWRINASEH X 4, AIEDERER I 130
N S e o Tz, T DIREED & —FB ML S N AL (+0.44 V vs. Fe/Fe') %:z’»
J72 & 2 A, 345 nm ICFERPUS 2RO 222086 WIS L L TEBTR LA LI
514, 770, 861 nm (#1727 LRSI WIRIDSBI S 7z, & DI RTE D Figure
2-13 THliR7 -Bu-CeHy-PTZ DEMRIEILH D Z7 P AN A FF v DRI DIZIR & 47
TWHAREDI L K =T 2 2 Lo 6 —BTBME 27 OERNLERITRI NI,
. BT HANVDF A VDAY VEEIZ—BLBAL 27121 > O7 2 F
7Y U )%Mlﬁbfm% EVREZ NG, er»L X5 B8N (H091V) %D
7% ERNCIFR I N TR0, SRR 2 R - I —FB R 27 iikoe—72
DD T 270, ZBEEE 220 BALETH D ERBRI NI,

8 514 nm

770 nm 861 nm

g/ 103 M T em™
N

N

400 600 800 1000
Wavelength / nm

Figure 3-7. R 2 OEMBILFDWINA R + )V (+0.44 V vs. Fe/Fc'),

i i3 AR R, SRR FEMRIRILEE ., WIS ERRRRAL T ORI A X7 b
Vo

40



3-2-3-3 Wik 3 OEMBLEL T TOWINA RS FIVELL

Rk 3 OB RRILEKDER & REEZERT 270, Yr7un Xy U iERT
DB TICB T ZWIN AR 7 b V2 LZHIE L 72 (Figure 3-8), * 7z, ik
WA 510-¥ 7 = =)L-510-¥E Fr 7+ (DPP) O — & gLk
DPP™+CI0; DWINARZ bbb —mgHi TR L7, EMRBILRTO PR 3 13
T L7X 9T 323 nm ICRINDSEN S /e, 72, RIS E T 450 nm AT
T icﬂ)&llyvbéﬁzﬁﬂéfm“cm%vbi CHUIRICHBR 2 52 A )V HF 4 v HEDRIL
ThHYH, FlEE 3 FH[APTEG ICBINEG I EZR LTS, ZOREDPS—
HBL SN 5 EN (—0.04 Vvs. Fe/F¢) 21t & 25, 298, 371 nm (1Z RIS %
P72 D3 S RIS L CTHIE TR L 72 & 9 1T 466, 674, 745 nm 12T 72 72 WU D38
N7z, ZOWUE, 350 nm K D RIEEMTIZHEEL 72 DPP™-CIO, D710k
BB L ROHBZ AT 2 Lh o —EBTRUE 37 OBRDMER I e, BT
SNTARY PILEHREEL ZBBLEDBECIIN 7= A v L Z2DBEBENASIL LR
LAtz tBbis, £, BELIPHNDF A DAY VEEIZ B RLE 37
D1 OoDYErFr7 )Yl %fﬁbfm%_ab%z%m%obﬁb\ée
% 8L (1045 V) 5 IR STV 0, FIRIN S % Ff7- 31—
fg{tik 37 HkoE— 7#ﬁ9¢%t®\:%?@m%3””u%ﬂﬁf%%kﬁ@
Iz,

1.57 3i3 nm 466 nm

0.57

g/ 10* M~ cm™!

674 nm 745 nm

400 600 800
Wavelength / nm

Figure 3-8. A 3 OBEMEILFPDOWINAZA R F )L (-0.04 V vs. Fe/Feh),

R B AR LT, SRR MR LRE. RARITEMRRLh DI A X7 b

Vo —HBRIZEEEL 72 DPPTCIOs DRI AR b,
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3-2-3-4 R 4 OBEBIBILELLET TOWINA XY FVELL

FElk 4 O—BTRRILEKDOER & REEZERT 270, Yr7un Xy U iERT
DEMBILEICTB T 2N A R PV L2 HIE L 7 (Figure 3-9), ¥7. 10-7 =
V7 x/ XYY (Ph-PXZ) D—ETIAE Ph-PXZ " PFy O)ﬂ/&lllx«\ﬁ RS
N LTz, BT ORIEE 4 ZHR TR L2 X 912 302 nm IZHRIDSEIMN S 4,
ATREREIGC WIS X e oo 72, bowzﬁﬁﬁ% BRI N5 EN (+0.54
V vs. Fc/Fc+) EFIE 2 A, FEWRINEE R TICEBR TR L X 9 IC 416, 535,
722 nm (T RIS S 1 Fe, S DRI iﬁ%ﬁbt Ph-PXZ**PFs DWLIY & [k
X, 416 nm DWW D 53 FWHAREDIK Z <L 535 nm AT DWRIUL RS IR T H -
7o TOEOGITEMSEET EHEEL 2T 7 =4 v ORI L IREN R 579
Eillbns, CV oI N k)T, BT 47 1ZERT 20, IBIRIRE
TP LALETH ), IR T 2720, GRS DE . RINDIEDIR E Bz
LLEEZOND,

2.

400 600 800
Wavelength / nm

Figure 3-9. FEE 4 OBEMBLFDOWILA R F )V (+0.54 V vs. Fe/Fc'),
WA T R U AT, ERTERRRCE., SEIIERB LT OWINA R T b
o — BRI HEE L 72 Ph-PXZ™PFs DOIRINA R F L,

42



3-3 —dH ik 27, 37, 47 DR, WS TEE
3-3-1 —fEBILE 27GaCly . 37+GaCly, 47+SbFy DAMK
bR 2, 3 BF T VALY IO ANAF A VIR Y T A0DE (TH GaCly)
ZHOT, FER 4 Z YRG0 7220?2208 7 ANAF A7 vk
7V FE (V) (TBPA™SbFs) % FvwT—&ET#{L%4T>7% (Scheme 3-2),
Scheme 3-2. —& 2 {LIA 27+GaCly . 37+GaCly . 47*SbFs D&,

; LA
SaPueCSE N e
| s |
B TH™*+GaCl,~ - B
N/ \N CH,Cl,—CH3CN ot N/ \N
S S r.t., 30 min S S

2 2"*:GaCl,”

; PPN
A e AN -
S
/B\ TH'+.GaC|4_ - /B\
N N CH,Cl,—CH3CN ot N N
N N. r.t., 30 min .
Ph” \@ @/ Ph T Ph’N\© @/N Ph

3 3*.GaCl,”
Br

L Qe -

5 OO |
@ - Q Br Br @ - J@
N N TBPA™SbFg~ ot N N
0,0 T, ud

r.t., 10 min

4 5% 4*+SbFg

— BT AA 27GaCly KT 37GaCly, DERIEIZFRED 72, 2 GaCly DA
DFE R T, BHERER 2 (38 mg, 0.074 mmol) DY 7BV XY VA (25 mL) I
TH™*GaCl; (31 mg, 0.074 mmol) D7t b = b Y )VERER (25 mL) ZMZ T, R T
30 R L 228, WEEM L 72, RiiEY 7uu vy 2 ml) RIS, By
5oL DY F NI —F)L (20 mL) ZIMZT—H» U CTARIGEZTTH Z £ T,
HivY & Bon 2 Bk aEER 257 (37 mg, 69%), 56 - Btz 7 oo 2
FUIBIRIE T, TAARAI Y I 74 NY =%l Lk, XXy EERINEZ1T
ZEITk D X BRSSO L 22 BB 7L — iR S, BT
37GaCly E¥7uuX ¥y VICERITET, TAAI w7740y —%BLEE, b
WLy EEWRAN 2T &I X D (X B G AR IE L 2R T — PR
37, BEON. TLEDH. KO%IBT % ESR HIE, X M EmITic X Do
NSRS HN & § % —8 iR lik 27GaCly KON 37GaCly, TH B Z & 2R L
7

43



PR 4 13 TH™ GaCl, ZBB{LAIE L CHWZEATIIAERT S 47GaCly 28
AZETHY, HEEICIZES ahot, 22 THAFA v 2RENTE 25007
AV THLIAN7I LT v FEIYV ERT =AY E L THC S AREZTo 2,
AR 4 (51 mg, 0.106 mmol) DY 710 X% VA (15 mL) I TBPA™+SbFs (76 mg,
0.105mmol) DL 7 B0 X ¥ VIR (15mL) ZMA T, BHET 10 oL 2%, W
JEWSG L7z, iz Y 7un Xy Qml) IRESE, ErswoL hPFlx
—7 )V (20 mL) ZMAT—H» 7 TERIEEZ1T) 2 LT, HIWY L b s %M
R 21372 (56 mg, 75%), 36 N7 uliiffkzy 7ua X ¥ VITEMBIE T, T4 A
ST AN —RIBLIE, ~NFV Y EERIARZIT ) 2 2K D X G
fENTICHE L 72586 7L — MRS 2 1572,

3-322 —HBTBLEDOWINA R FL
3-3-2-1 BB 27GaCly . 37GaCly DWINARZ b )L

—EEIIA 27GaCly . 37™GaCly, DAL EM 2 MR T % 72 D IZFiFHZ2EA
TTHRINA R 7 bV ZBIMHIL 72 (Figure 3-10), EfE xR L 7z —ERE LA 27 GaCly
DWLIXIE Figure 2-13 Tma L 7z 17GaCly, MOEMRBELIC L ) BEI
t-Bu-C¢H,;-PTZ O — 8 FIRLIKRDIKILA X7 bV ETIR & IR ED & { —K
L7, BERCm L7 —&E PRl 37GaCly, DU Figure 3-8 T/ L 72 Ak 3
DEMIEFDOIRILA R 7 )L & FRROWINZ 7R L, DPP™CIO, DU E B R —
BL7Z o —BTRBUEOERZMHERL 72, 206 OWINIE=R., 2258/ LT
HoTOHORKENL 22272 &5 27GaCly KUY 3™GaCly (XIATRIRFEIC B \»
TER, BR T TEETH D I EDHERTE L,

400 600 800 1000
Wavelength / nm

Figure 3-10. 70 n X% i TD 27GaCly (FEHE) & 37GaCly (B
DL A =7 kv
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3-3-2-2 B TIBILE 47SbFe DWRINA R b )L

B EELIA 47 SbFy DAERM ONZEMN: Z MR T 5 72 OIS BHZER T TIRIN A <
7 bV ZEBIHIL 72 (Figure 3-11), TR L 2 —EHFMBILIK 47SbFe DI IZ
Figure 3-9 T/~ L 7zidkfk 4 @E'%ﬁﬁpﬁﬁﬂctlﬂ@wlx«ﬁ RV EE 800 nm ML EDE
WRIRDOWIN DI > T2 256 BT 47SbFs DAEKIZPINA R 7
PV 5 TIHERTE o 7, %,T 12, —HETIRLIA 47SbFs DRI TR
% X FfE RGN 51T o 72, T ORI =R, RAMAEIcE T, A7 b
IWDIGIRDEAL L 72 2 E D25, 47SbFs 13fG & U CIZHEET E 7225, IAIIRREICE
WTER, BR T TALETHYH ., DT 2 Ldbhrot,

1.91

400 600 800 1000
Wavelength / nm

Figure 3-11. ¥ 700 X% Y HhTOD 47%SbFy DWKINA R F L (FEH),
RARIE 30 7D AT b,

3-3-3 B TE{kikD ESR A7 FL
3-3-3-1 —@E bk 27-GaCly @ ESR AX7 )L

BRIIAK 27GaCly, OB THEGEZHS ST 2720, Y r7rn Xy IR,
Flc B 5 ESR AXRZ PV ZHIE L7, 85607z ESR ARTZ P LEZDT S a
L—Y a v % Figure 3-12 IR L7z, 7, BRIRTHEMMESED S Gaussian 09° % fifi
HLTAE VEESRX &S e OHEE% Figure 3-13 ISR L7z, A7 F
¥ |a''B=0.2842 mT. |a'% =0.0952 mT. 1 DDEHE |a"'|=0.6150mT & 2 DD
FM " =0.065mT, Z LT 4 FED 2 DDKFEH 0" =0.0845 mT. |a" =0.0221
mT, [a'"|=0.2200 mT, |a"|=0.0545 mT, #RiE 025 mT ZHFET 5 Z & TEMD AR
7 bVEEET S ENTE R, 2 MEOEEMICBIRT 2 BMHIRE& o X0 8 X
NEIEDRS, SPANAFFVDRAEVEEIL | DD 7 =/ F 72 viicmiei
LTWBZ Enghrol, 772 DFERIFHEHEEIC L > TROZLAE VEE TN
D1 OD7 2/ F 7Y UL L TWwE 2 LD 6 b3z,
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Obs.

331 332 333 334 335
Magnetic Field / mT
Figure 3-12. —fE FIE{LIK 27GaCly DY 7 v X ¥ Vi H
TP ESR A7 bl (g=2.0054, v, = 9.346556 MHz), FftiZ
FR, RIS S 2L —vav L BARY ML,

0.0545
H4(0.0814)

0.2200
S H'(0.2690)
N 20,0221
2 0.6150 (0.0228)
J a s

(0.6414 H'0.0845
0.2842 (0.1347)

J
"o (0.252
J\O"; @ ‘d ) ?f /L /00650 N2Q
(0.0774)

T e, ’ ’ja @’
2 9

Figure 3-13. —% T H{LIE 27 DAV HEESAN (a) Bir S WK (b)
26 B, FEBIEDRAE VEE, HOrAaD A Y VERE, (c) M
FEAER (mT) DOFEHIE & PHEwmME, PRI FRINNIZR LT %, Gaussian 09
T UB3LYP/6-31G** I[Z X DEIHEZIT> 72,

‘(J

3-3-3-2 —H - Bbik 37GaCly @ ESR A7 b L

HRBLIR 37GaCly, DETHHEZHOICT 270, Y r7ru Xy UIERS,
Fllc B2 ESR AXRZ PV ZHIE L7, 85607z ESR AT FLEZDT S a
L — a3 % Figure 3-14 IZ/R L7, F/o, BRINTHIEMIED S Gaussian 09 %l
MU TAY VBRI & EElRs G E R DR Z Figure 3-15 12/ L 72,
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N
Obs.
ST Sl
334 336 338 340

Magnetic Field / mT

Figure 3-14. —E LA 37GaCly, D¥70nm Xy VigEHh T
?D ESR A7 b (g=2.0031, vy =9.445195 MHz), FZf513 5,
MERZS S 2L —ya vy LiARY ML,

4 4

0.0405 K6
a) b) 2 9 )_‘ C) (0.0405) 0.0252
0.0278 W5 H4(0.0252)
J‘ ¥, (0.0278) N! 1430.1982
(0.1982)
0904
5 06250 H%(0.1320)
‘P < (0.5874f  H'0.0819
ot & e, 0.2842 (0.0819)
;’J\ @ b (0.2347)8
&z, "o "‘J )\ / \
2,2 2 N 0.0839 N2
g, 2 A ossgl
"- 1 ﬂ‘“*‘ ij”%
) e,
4

Figure 3-15. —H LIk 3" DAYV EESAN (a) Bin 5 HzX ) k
225 B X, REVBIEDA Y VEE, EENADAE VEE, (o) MRS
T (mT) DFEHIE & PGmAE, PEGmAE X IR IZN LT %, Gaussian 09 T
UB3LYP/6-31G** IZ X D EIEZ T 72,

R FE |a'"®) = 02842 mT. [a'°®| = 0.0952 mT. 2 D 2 DOEHEM ] =
0.6250 mT & o™ =0.0839 mT. Z LT 6 fifHD 2 ©DDKFEH ") = 0.0819 mT,
la™| = 0.1320 mT. [¢"™]=0.1982 mT. |a"=0.0253 mT. |a"™°|=0.0278 mT. |a"% =0.0405
mT, #RiE 0.05mT ZFET 52 LT, HHDARY PV ZHBT LI ENTE T,
IRERL DA A EBUIBEGRTEIC K D RO HKfiiz 2D FH W, 2 EHO=E
FIZICBIR T 2 M A DA I NI o, TP ANAF A VDAL VE
iz 1 2oy a7+ It L Tos 2 EBgh o, 7% DfGHE
FERERET LIS X > TR O A VEESAKD 1 DOY e Fu 7 =+ rificEfE
fLLTwa Z s dbLRans,
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3-3-3-3 TRk 47SbFe D ESR A7 bl
B EE{LIA 47SbFy DB FREEZHS ST 320, Y 7un X ¥ VIRRT,
FIRIZEBIT S ESR A7 bLZHE L 7 (Figure 3-16), Riffiod ), —&E ik
47eSbFs IZIARIRRETIIALETH D, EWMD ESR AXRZ FLEyIal—vav
ELTHETE o720, EFHEIIHOLICTE R o7,

330 332 334 336
Magnetic Field / mT

Figure 3-16. —& B Lk 47SbFe DY 7 v u X ¥ VIR T
?D ESR A7 L,

3-3-4 W IBILIAE DRSS

Figure 3-17 1213 X #RASMHHEENTD &84 6 17z 27+GaCly, DAGIHSE % . Figure
3-18 121F 3™GaCly, D&% . Figure 3-19 1213 47+SbFs DG MEEZ 2 2
TR L7z, FMERFAN T A —4% —% Table3-3 128 L7,

—E A 27 X, PHIREE & R K E (B> o iid% & o7, PTZ2: 130.9°
FHhPRIRRE L [FRRIC N Y 7 T A B TH o 7205, PTZ1: 172.8° 23RIF ik 12 21k
LT3 ZERTn5, U, PTZI DBLINI P ANAF 4 v L% h  PTZ1 &
WAEYDREILLTWE ZEZR L T0w5, i B (B 7EFE & NI, N2, N3 2
SIS N2 IC L TENETNDOERET L ZNIHEAL TS 2 DDRE
JR, A BRTF» ORI NS FEM No (n=1, 2, 3) 25T M1k, Fm N1 &
86.0° & KX, P N2 LM N3 TIRZNZFN 25.6°, 26.1° ENEot, 7
PHANAFA Y ERD IEEMEHT O N1 O p e ZoF7ED p BLEIZER
L N2 O p fjuBEidhifk 2 L84 ), F7EDED p WEIk L CETIED |
ZEDRBR I NI, BN fEAE X B-N1: 1.547(4) A, B-N2: 1.440(3) A, B-N3: 1.393(4)
A THDYH, BNl DFFARVPFMEREIDBEZFICRC L >TED, B-N2, B-N3 #
Bl BoTwk, D p HEZFRORVELEAF A VIEOERED p HLEHIHEA
TEF 20T 2 X ) ITHEZIL L 7272 ®, B-NI FEAEMHOLLIHTE S, £/
PTZ1 PIEEMZH N T, A7 EETFIPERE L D ETF ALK 57O, N2, N3
D p WEERTFEDORED p WEIFEE < HAFH L .B-N2,B-N3 fE&ai3hikd 2 X
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hbEL ote, —ETHMAE 27GaCly @ BN FitriE—E MG 17GaCly
LRBRDMEE 2R L 7,

Figure 3-17. —® (k{4 27+GaCl,” @ ORTEP [X|: (a) Top view. (b) Side
view, KFRFE N7 =4 VIZEML 72,

—E LA 37 X, PHEIREETIE G WMEZ A L Qi —E iR
LRGSR L o7, DHP2: 139.2° (ZHhMIRAE L [AERIC Ny 7 I A & TH -
72753, DHP1: 174.1° 23T FHMEICEML L TW 3 2 230> 7z, 2HUd DHP1 2%
BN HNAF 4 D, DHPL iBICAE Y BRFEL L Tw3E 2 L2 R/ LT
W3, S B (R UHEFE T E NI, N2, N3 226 BR I N2 F0) 2L TZENEFno
ZEETLEZNTHEAL TV S 2 DOREFFT AR T2 SR I 115V N
(n=1, 2, 3) 23T EIfA I, S N1 1% 88.9°8 K&K, il N2 L N3 Tl
ZNFI 23.3°, 20.0° THOH/WNSole, FVANAFAERD, EEMEZRHRO
72Nl @ p WUEEEDFRTHED p HUBEIZER L, N2 @ p fuEidhi:ils 3 L5
DB TFEDED p BOEICK L THETIE D 2 &R I N/, BN FEAHEIE B-
N1:1.523(4) A. B-N2: 1.446(3) A, B-N3: 1.402(3) A T®H b . B-N1 DfEEEIFHR
REL DPEF IR 2> TED., B-N2, BN3 fEA3m hoT\wi, I FE TL Mg
22D p WEZFOSRIEL A F A MDOEED p PUESMHEMEHZET 2 X )
ICHHEZL L 72729, B-NI ORI L3HTE %, %7 DHP1 P IEEM %
WOT, FYREFIPERELDEFARICE 7720, N2, N3 D p B L +
7 EDZED p iEIRE S HEER L .B-N2 KU B-N3 fEaiddhidEik 3 kb bkl
o,
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Figure 3-18. —® T-{l{& 37+GaCl,” @ ORTEP [X: (a) Top view. (b) Side
view, KB ENT7 =A v IZEME L 7,

— B IEIUIR 47SbFs IFFSTPICB TN, 2 0 (DT L AT I LT 3)
ELTHELTEDY, | FoyrunXyryz2a&AT0lk, ZNZEND7 2/ X
PUEIERT % £, POZI: 176.1° (43 1), POZ1: 177.7° (431 1) 23FHIFETH
. POZ2: 136.7° (47¥ 1), POZ2: 138.0° (31 1) 23 IRIREE & FIERD XY 7 T A K
ETHot, 2IUT BRI 47SbFs I2BWTYH POZI BBILINTI AL
AFFA v ERY, POZ1 FICAE YDA L TwE T EZRLTw5, Pl B (4F
7 FEE A E NI, N2, N3 5B I L5 ) I/ L TZNZFNnoEFEE T & 2N
e LT3 2200RFERT, FYRIEFH ORI NS Nu (n=1, 2, 3) 23K
TMAE, T 1 Tl S N1 2% 86.8°, I N2 A% 30.3°, i N3 2% 13.8°
THO, 771 1 TIE P N1 A 85.8°, P N2 2% 32.5°, “Flfil N3 2% 17.0° TdH
o, TF LI DELSITEWTH, il N1 &P B EDTHABRKREL, 2
FUTHARTH N2 LOCFH N3 & P B 2R AN I o/, THET
EFRRRIC. IS ANAF A L) (IEERZHG N7 N1 O p WHEEZZDFTFED p
BB IZIEAR L, N2 @ p BB A7 EDZED p BB L CTHETISED K 2 E29R
B X7z, BN fEAEREIZ 07 1 Tl B-NI: 1.566(11) A, B-N2:1.458(11) A, B-N3:
1.375(12) A TH Y., 7+ 11 TlE B-NI1:1.565(9) A, B-N2: 1.447(9) A, B-N3: 1.386(9)
A THo7, BNl DFEFEGREVFMEREX DIFICRL>TE D, B-N2, B-N3 #
HlFEL o T, TNFEFTLEREBRKICED p LRI O>FVEEAF AV HEDOE
FoO p WEPSMHAMHZET 2 X ) ITHEZLL 72729, BNI fiaRIfho7x L
HHTE %, ¥/ POZI PIEEMEZHROAT, Y EREFIFHIRE X DE AR
Zeoletzd, N2, N3 D p Wi & F7FEDZED p WullZm S MHAEEH L. B-N2 K
X B-N3 fEaridhiEfls 4 XD vk o,
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Figure 3-19. —8 T F&{L{& 47+SbFs @ ORTEP [X: (a) Top view (771 I). (b)
Side view (77 ¥ 1), (c) Top view (57 1), (d) Side view (57 1), ZKFEF,
FHEAEE, N7 =4 v ITE L 72,
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Table 3-3. —FE RALAEDRG S FERI T X — 5 —

Compound 2" +GaCl, 37"+GaCly 47 +SbF¢
Formula CooHiBNsS»GaCly  CoHiBNsGaCly 0 oBNs0"
2(SbFe)*CH,Cl,
Formula weight 719.02 837.15 1507.21
Crystal color, dark orange, black, purple
morphology platelet platelet, platelet,
Crystal size / mm’ 0.33 x 0.30 x0.02 0.40 x 0.20 x0.10 0.20 x 0.20 x0.02
Crystal system monoclinic monoclinic orthorhombic
Space group P2,/c (#14) P2i/c (#14) Pna2, (#33)
al A 8.4971(7) 11.659(3) 13.4596(8)
b/ A 26.655(2) 17.083(5) 16.4021(9)
c/A 14.6058(13) 20.758(6) 27.9483(15)
f/ degree 97.395(4) 104.370(3) -
VA 3280.5(5) 4005(2) 6170.0(6)
Z value 4 4 4
T/K 150(2) 150(2) 150
Deae/ gem™ 1.456 1.388 1.622
F(000) 1468 1724 3024
u/em™ 13.17(MoKar) 9.91(MoKar) 10.50(MoKoar)
No. of reflections
24724 31715 61105
measured
No. of unique
) 7195 9096 13727
reflection
No. of observed
) 6592 (I>2.000(1)) 7360 (I>2.000(l)) 11483 (/> 2.000()))
reflections
No. of variables 536 649 849
Reflection/Parameter
) 12.30 11.34 13.53
Ratio
RI[I>2.000()] 0.0606 0.0608 0.0731
Ry 0.1051 0.1415 0.1699
Goodness-of-fit 1.121 1.091 1.343




3-3-5 #MLGWE ZD-HIBLED B-N HiORMAHE
36 NSNS D S Gaussian 09 ZHH LT ZNZND B-N fEiHD Wiberg
DIEATREE kD, Table 3-4 1R L 72,

Table 3-4. ZFH{LAYID Wiberg fEA R Y

Compound B-N1 B-N2 B-N3
2 0.7790 0.7796 1.1026

2 0.6446 0.9488 1.1158

3 0.8105 0.8105 1.0367

37 0.6579 0.9573 1.1015

4 0.7471 0.8462 1.0824

47 (D) 0.6389 0.9339 1.1698
47 (1) 0.6397 0.9272 1.1401

(a) Gaussian 09 T (U)B3LYP/6-31G** TalH%Z1r-o72,

HERFTE ORI, @ik, SPHINVIF A oA, 2D BN §
BOREATREIIPHIRE L MR TN BB 2 EBgh o, BY 2 DOkEETER
iﬁ? (o> TED, FRHZ B-N2 GO EHEEDHE ICKE < t,cofmzo ZEM

Frot, LEY 2-4 1I2BWT, N1 2&ORP—E MBI N5 & BNI fE&
N1 DA F A D p #ul & 7 FEDZZOHHEDH B/ % i 7‘%7‘:&)@%?%0%
RELT NI BAFA VLGSO, FTFEIT N2 oLz & D igl 321

LN H D B-N2 fEAHEEIERELS kD, £, ~E A 47 135D BN
MAEVROEL, ZOMEHENR /NI VW), BN #E0ALE L & D iR
TrEEZOND,

HIEOLAEY 1 £ 2 ZHR2 E BNT f&EIEZNZ 1.5296) A & 1.547(4) A
THHZD Wiberg fEATEIEIZ 0.6673 & 0.6446 TH o7z, MENiE7? S v EETH
26E6% 2 O N3 LHRUELEDOEEMD ED BN A LD KEL Wiberg fie
BEZ2F>Z 6, RELXTHGEAEZAEL QWL EEZONDS, 72/ F TV
FIOAINAFFVIRETOFR Y ERFOBTARERELZ ZD BN —HEADHS
WL DAY 2D TED, 2 13 1 IR, BN #6203 S ICHAMER %2kt
X IHELLZEEZOND,
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3-3-6 —HETBILikDOREZELL
fimfGEIc B VT, BB LA IE PR & R, RESHEENZEML T,
Z OMEEZ L O % Figure3-20 12 L 72,

Neutral Radical cation
80 @ 1e™ oxidation ESSO @
Q 'B——=N2 e B—N2

m’73<7 C)m{jg ()

Figure 3-20. —& T &{LIC X 2 HEZ L OS]

R TIZIRILATREZ: N1, N2 @ p BB R 7R DZ%ED p WBICX L TiRU 1
FAMEICHH, DAY 7aELT I VD N3 ERUELEDOEAZENC U 7 HHLIN 22
G, WREZHB L Tz, N1 72103 N2 O 8L &b I v-—E T B(LIRE T,
il X 117-%8% (Figure 3-20 TlE N1) @ p HLENH7EDLED p fHuE L HER L.,
BiLINGro7b ) —~HDEHE N2) @ p WEIZHEEHA T3 L) IckIFED%E
D p PHEITH L THTIOE DK T EDBHL R E R >, TORE GREELRLDIY A
709 7HRNVIETTLIZEOT 2 DOBLEBIRKRES DA T A LICHFLGLTW
pEEZONS, HEfTE 2 TO—ETHLAET BN MaIZHAMHZE T %
Iyt hgEz L), BILINkhr o7 BN BEEFMIHEEHT2 X911
T RDET 5 2 &2 EBRIVICHH S I L 7z,
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3-4 HEHTBEAED ESR AR FILOJIE

A DGR &, “HE FRILIRIZAZE (Figure 3-8 2 Thr EEZ6N S
&, FEERCHEEXfTH T, ISR To E iR bikD ESR HIEE MBS L &, ik
FRIERBIEROEBLEMNEZE L 3 ZHV, 7rvIa3vrr7ua—71y 7 ANT 3
Z7F0= b VIVICEREI ST, 2 YED TBPA™SbF, #IMA7, ZDEKZ T
IZ ESR B L., 100K FTHWAIL T ESR HIE%#4T> 7 (Figure 3-21),

300 310 320 330 340 350 360
Magnetic Field / mT

Figure 3-21. JBRHICE TS 100K, HiE7F v =+F ) LoD

THEERA 3% @ ESR AR bV (FE), Y Ial—v

a v (WY 1ZROEEZHTIT> % |D/he| = 0.0176 cm ',

|E/hc| ~ 0 cm ™', gy = 2.0038, gy, = 2.0038, g,, = 2.0051,

FHD ESR FHLINTE /) 7P ANVHRDES 258 < Bl X /-3, ZHIEM I
JETE IR ESDVEIMTE 72, L L, FSHISIC S HER B T & 2o 7,
FREBEBIZS T aL—yavi LTHENTETH D, Z2DEMG AT |D/h|
=0.0176 cm™', |E/hc|=0cm ' THotz, 607 D lHh & MBI HERZITH & %
DAY I 53A THY. Gaussian 09 Z{HH L CHEREIBE XL D RO €TV
BEoAC R e Fae 72+ vBohD L hL o) 53 A &k —3
L7z, £, Z D& %2 H\7z DFT GHE X D R 7 SZHH AR E UL Jks (cale.) =
+20K THH, HE-HEME L RBRI N,
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35 ¥&0

KETIZEAWN-7 =/ F 7PN RF =7 2 VEELEY & LTk 2, 3.
4 HOZD—FBTFMAE 27, 37, 47 Lo TN 2T %, U IR 217- 7%
WREF LD,

1) MISTEHERT S DI FARZREIE LR, FUVRLEMEORIE ST
ETENZNDOHTEERZ G L 72, hHEFRIZER., 2T TREICHEEL. 5%
WD 2 3 TE, RoThdfk 2, 3 % TH -GaCl, THELT 52 & T
HiE 32 B ikzE8R L7, 2o oibAWIZ e TER., B4 F LT
IFELE L 7z, HPEfR 4 13 TBPA™eSbFs Zi#{bAl L L THWw S 2 & T—E T
DGR KI L 72,

2) f 6 N7 BT LA DOR MG P EIRAE L 1IZRE R 2MEZ LT,

3) —~HETBLAEDOR MG S BN fitaldhF A v hzm N EED p Wl L
FOFEDOED p PEPSHAERZ ST 2 X9 RigU &Lz b ., piiRfEE
g L C 2 DfaEMIET 2 2 EZ2Ho NI Lz, 20/ EH /NS
Bol, ILIMBLSINE»oEFZD p HUEE T TEDZED p BB TR <
HEH T 272 0FATIEDE, ZDFEEDEL otz

HALEY 1 L 2 ZHRZ LAY TRELT IV ERTVELDRMAVPKNE R _H
etz L ik, —EBFBILRETORYEOEBTFAELH I 2 L3¢
. LAY 2 ® BN A 131 IR, kO ELS ko7,

5) IbEY 3 IRV B LEN 2R L2, BREFE T TCOER(TY AN
F A V) MOEBIT R E > TN S N, 2 2 TRIBZRTTo & Figbiko
HifG ESR MIEZfTH 2 & C, —HEMEIIWETE 2iFRES 2 BT E 7,
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3-6 Experimental section

General: 'H and C NMR spectra at room temperature were recorded on a JEOL
JNM-LA400 spectrometer. Chemical shifts (& values) for 'H NMR were recorded in ppm
using an internal standard of tetramethylsilane (0.00 ppm) and coupling constants (J) in Hz.
Chemical shifts for ’C NMR were expressed in ppm relative to acetone-ds (29.8 ppm).
Melting points were measured using a Yanaco-MP-J3 apparatus, and were not corrected.
FAB-MS spectra were recorded on JMS-AX700 with NBA as a matrix. ESI-MS spectra were
recorded on Bruker micrOTOF II. Infrared spectra were recorded using KBr pellets on a
SHIMADZU FTIR-8700 spectrophotometer. Absorption spectra were measured on
SHIMADZU UV-2500. CV measurements were carried out on ALS Electrochmical
Analayzer Model 610A, and recorded with a glassy carbon as a working electrode (WE), a
platinum wire as a counter electrode (CE), and a saturated calomel electrode (SCE) as a
reference electrode (RE) in dichloromethane containing 0.1 M BusNCIO4. The final redox
values were corrected using the ferrocene/ferrocenium couple (Fc/Fc™ = 0 V (0.49 V vs.
SCE)). The absorption spectra during electrochemical oxidation were measured using an
Ocean Optics HR4000 spectrometer, a 1-mm-width cell equipped with a fine mesh platinum
as a WE, a platinum wire as a CE, and a SCE as a RE at suitable external potentials that can
generate the radical cation species in dichloromethane in the presence of 0.1 M BusNCIO4.
The ESR spectra were recorded on Bruker ELEXSYS E500. The X-ray data were collected by
a Rigaku CCD diffractometer with graphite monochromated Mo-Ka radiation. The magnetic
susceptibility measurements were performed using a Quantum Design SQUID magnetometer,
MPMS-XL. Elemental analysis was performed at the Graduate School of Science, Osaka City
University.

Analytical thin layer chromatography were using MERCK Silica gel 60 F254. Kanto
Kagaku Silica gel 60 spherical was used for column chromatography. The chemicals were of
commercial grade and used without further purification. Toluene, benzene, hexane,
tetrahydrofuran (THF), and diethyl ether (Et,O) were dried and distilled over sodium.
Dichloromethane (CH,Cl,), acetonitrile (CH3CN), N-ethyldiisopropylamine (i-Pr,NEt), and
diisopropylamine (i-Pr,NH) were dried and distilled over calcium hydride. Thianthrene
radical cation tetrachlorogallate salt (TH™+GaCly)’, 5,10-diphenyl-5,10-dihydrophenazin
radical cation perchlorate (DPP™*ClO4)’ were prepared according to the literature.
10-(4'-tert-Butylphenyl)-10H-phenothiazine ~ (-Bu-C¢H4-PTZ) was  prepared from
10H-phenothiazine and 1-bromo-4-tert-butylbenzene by the cross coupling reaction using
Pd,(dba);—-BuOK in toluene.
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N-(Difluoroboranyl)-V-(propan-2-yl)propan-2-amine (7)°

1) 0.5 equiv i-Pr,NEt
2) 0.5 equiv i-ProNH

BF5°Et,0
¥R 63%

» i-Pr,NBF,
7

Compound 7 was prepared according to the literature’. i-Pr,NEt (43.8 mL, 251 mmol) was
added to BF;3*Et,O (61 mL, 482 mmol) at 0 °C under a N, atmosphere. Then i-Pr,NH (34.1
mL, 240 mmol) was added to the solution. The mixture was distilled (760 mmHg, 95-200 °C)
to give crude 7. The collected crude 7 was distilled (760 mmHg, 105 °C) to give purified 7 as
a colorless oil (22.5 g, 63%). 7: CsH4BF,N; colorless oil; MW 148.99; 'H NMR (400 MHz,
CDCl3) 6 (ppm) 3.39 (sept, J= 6.7 Hz, 2H), 1.14 (d, /= 6.7 Hz, 12H)

N-(Di-10H-phenothiazin-10-ylboranyl)-N-(propan-2-yl)propan-2-amine (2)

PPN

) 1.1 equiv n-BuLi |

O 5 equiv 7
> B
toluene-THF N - \N

0°Ctort, 22 h

37% S :': f S

2
10H-Phenothiazine (1.40 g, 7.02 mmol) was dissolved in a mixture of toluene (60 mL)

and THF (30 mL) under a N, atmosphere. After cooling to 0 °C, a hexane solution of
n-butyllithium (1.65 M, 4.7 mL, 7.76 mmol) was added to the solution. Then, a toluene
solution (5 mL) of 7 (524 mg, 3.52 mmol) was immediately added to the mixture. The

mixture was stirred 22 h at room temperature, poured into water, and extracted with benzene.
The organic layer was washed with water and a saturated aqueous NaCl solution, successively.
The organic layer was dried over Na,SQO,, filtered, and then concentrated under reduced
pressure. The residue was purified by silica gel column chromatography using hexane—
CH,CI, (4:1 v/v) as an eluent, to afford 2 as a colorless solid (662 mg, 37%). Single crystals
suitable for X-ray crystal analysis were obtained by recrystallization from CH,Cl,—ethanol. 2:
C30H30BN3S;; colorless solid; MW 507.52; mp 231-232 °C; 'H NMR (400 MHz, Acetone-dp)
o (ppm) 7.22 (d, J = 7.5 Hz, 4H), 7.10 (br, 4H), 7.05 (td, J= 7.5 and 1.3 Hz, 4H), 6.98 (td, J =
7.5 and 1.3 Hz, 4H), 3.66 (sept, J = 6.2 Hz, 2H), 0.95 (d, J = 6.2 Hz, 12H); °*C NMR (100
MHz, Acetone-dg) o (ppm) 145.4, 128.3, 128.2, 127.6, 124.7, 122.2, 48.2, 22.6; IR (KBr)
3058, 2977, 2958, 2929, 2868, 1589, 1573, 1477, 1460, 1365, 1317, 1299, 1228, 1188, 1172,
1157, 1118, 1074, 1039, 1002, 968, 929, 910, 893, 864, 850, 804, 746, 727, 707, 682, 659,
628, 588 cm '; MS (FAB+) m/z 507 [M']; Anal. Cald. for C30H3oBN3S,: C, 71.00; H, 5.96; N,
8.28, Found: C, 70.75; H, 6.04, N, 8.20.
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Synthesis of radical cation tetrachlorogallate salt 2"eGaCly.
s
AN O AN e
s
L TH™*GaCl,~ . l
N/ \N CH,CI,—-CH3CN N/ \N
5@ @s r.t., 30 min s:"@ @/s
89%

2 2"*.GaCl,”
In a glove box filled with Ar, 2 (38 mg, 0.0740 mmol) was dissolved in CH,Cl, (25 mL).
To this stirred solution was added a CH3CN solution (25 mL) of TH*GaCl, (31 mg, 0.0735
mmol). After 30 min, the solvent was evaporated under reduced pressure. The residue was
dissolved in CH,Cl; (2 mL) and then Et,O (20 mL) was slowly added to the CH,Cl, solution.
The generated precipitate was collected by filtration, to give 2" +GaCl, as a dark red solid (37

mg, 69%). The crystalline solid was obtained by recrystallization from CH,Cl,—benzene.
2" eGaCly : CsoH30BN;3S,°GaCly; darkred solid; MW 719.06; mp 189 °C (decomp.); MS
(FAB") m/z 507 [C30H30BN3S;"], (FAB") m/z 211 [GaCly ]; IR (KBr) 3068, 3038, 2968, 2931,
2873, 1531, 1481, 1454, 1386, 1371, 1352, 1294, 1276, 1249, 1220, 1186, 1163, 1136, 1112,
1097, 1070, 1058, 1031, 989, 908, 893, 850, 804, 754, 740, 717, 680, 659, 634, 609, 594
cm ™' Anal. Cald. for C30H30BN3S,°GaCly: C, 50.11; H, 4.21; N, 5.84. Found: C, 49.96; H,
4.25; N, 5.86; g =2.0054.

N-|Bis(10-phenylphenazin-5(10H)-yl)boranyl]-N-(propan-2-yl)propan-2-amine (3)

)\TJ\

1) 1.1 equiv PhLi

@:ND 2) 0.5 equiv 7 .
B
< toluene-THF
N 0°Ctort, 21 h N N
42% N N.
PH” Ph
3

Phenazine (435 mg, 2.41 mmol) was dissolved in a mixture of toluene (15 mL) and THF
(5 mL) under a N, atmosphere. After cooling to 0 °C, a di-n-butyl ether solution of
phenyllithium (1.9 M, 1.4 mL, 2.64 mmol) was added to the solution. Then, a toluene solution
(5§ mL) of 7 (180 mg, 1.21 mmol) was immediately added to the mixture. The mixture was
stirred for 21 h at room temperature, poured into water, and extracted with benzene. The
organic layer was washed with water and a saturated aqueous NaCl solution, successively.
The organic layer was dried over Na,SQO,, filtered, and then concentrated under reduced
pressure. Hexane was added to the residue and the precipitate was collected by filtration, to
give 3 as a green solid (316 mg, 42%). Single crystals suitable for X-ray crystal analysis were
obtained by recrystallization from CH,Cl,~hexane. 3: C4,H4BNs; reddish purple prism; MW
625.61; mp 214 °C (decomp.); '"H NMR (400 MHz, Acetone-ds) & (ppm) 7.72 (d, J = 7.4 Hz,
4H), 7.56 (d, J = 7.4 Hz, 2H), 7.44 (d, J = 7.4 Hz, 4H), 6.97 (d-like, J = 7.0 Hz, 4H), 6.69—
6.62 (m, 8H), 6.07 (dd, J= 7.0 and 1.9 Hz, 4H), 3.85 (sept, J = 6.8 Hz, 2H), 1.05 (d, J = 6.8
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Hz, 12H); >C NMR (100 MHz, Acetone-ds) & (ppm) 142.1, 141.3, 136.7, 131.8, 131.4, 129.0,
123.5, 122.6, 119.9, 114.7, 48.3, 23.0; IR (KBr) 3061, 2963, 2926, 1593, 1479, 1458, 1437,
1331, 1277, 1244, 1194, 1157, 1105, 1070, 1055, 740, 700, 669, 646, 631, 617 cm'; MS
(FAB+) m/z 625 [M']; Anal. Cald. for C4H4BNs: C, 80.63; H, 6.44; N, 11.19, Found: C,
80.53; H, 6.60, N, 10.81.

Synthesis of radical cation tetrachlorogallate salt 3™ +GaCl, .

PPN SN e AN o
| @s:@ e

8 TH™*GaCl," o E|;
NN CH,Cl~CHsCN i NN
~N N. r.t., 30 min N N.
Ph \@ Ph 71% Ph” \© ©’ Ph
3

3"*GaCly”

In a glove box filled with argon, 3 (61 mg, 0.0978 mmol) was dissolved in CH,Cl, (20
mL). To this stirred solution was added a CH3CN solution (20 mL) of TH™"+GaCl, (41 mg,
0.0962 mmol). After 30 min, the solvent was evaporated under reduced pressure. The residue
was dissolved in CH,Cl, (2 mL) and then Et,0O (20 mL) was slowly added to the CH,Cl,

solution. The generated precipitate was collected by filtration, to give 3"+GaCl, as a dark red

solid (59 mg, 71%). The crystalline solid was obtained by recrystallization from CH,Cl,—
toluene. 3 *GaCly : C4oHsoBNseGaCly; green solid; MW 837.15; mp 211 °C (decomp.); MS
(FAB") m/z 625 [C4;H4BNs'], (FAB") m/z 211 [GaCl, ]; IR (KBr) 3063, 2978, 2930, 2878,
1591, 1549, 1507, 1489, 1472, 1447, 1387, 1373, 1352, 1340, 1317, 1269, 1188, 1161, 1138,
1119, 1092, 1072, 745, 700, 669, 646, 631, 611 cm'; Anal. Cald. for C4HsBNs*GaCly: C,
60.26; H, 4.82; N, 8.37. Found: C, 59.88; H, 4.91; N, 8.05; g = 2.0031.

N-(Di-10H-phenoxazin-10-ylboranyl)- V-(propan-2-yl)propan-2-amine (4)

PPN

o 1) 1.1 equiv n-BuLi
@ @ 2) 0.5 equiv7 .~ I
B
toluene-THF
N 0°Ctort, 17h NN
67% 0. f f 0

10H-Phenoxazine (534 mg, 2.88 mmol) was dissolved in a mixture of toluene (20 mL)
and THF (10 mL) under a N, atmosphere. After cooling to 0 °C, a hexane solution of
n-butyllithium (1.6 M, 1.9 mL, 3.02 mmol) was added to the solution. Then, a toluene
solution (5 mL) of 7 (215 mg, 1.44 mmol) was immediately added to the mixture. The
mixture was stirred for 17 h at room temperature, poured into water, and extracted with
benzene. The organic layer was washed with water and a saturated aqueous NaCl solution,
successively. The organic layer was dried over Na,SQOy, filtered, and then concentrated under

reduced pressure. The residue was purified by silica gel column chromatography using
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hexane—CH,Cl, (4:1 v/v) as an eluent, to afford 4 as a colorless solid (457 mg, 67%). Single
crystals suitable for X-ray crystal analysis were obtained by recrystallization from CH,Cl,—
ethanol. 4: C3)H30BN30O,; colorless solid; MW 475.39; mp 206-207 °C; "H NMR (400 MHz,
Acetone-ds) 0 (ppm) 7.03 (dd, J = 7.7 and 1.6 Hz, 4H), 6.96—6.84 (m, 12H), 3.67 (sept, J =
6.7 Hz, 2H), 1.01 (d, J = 6.7 Hz, 12H); >C NMR (100 MHz, Acetone-ds) & (ppm) 149.5,
135.4, 125.0, 124.2, 119.9, 117.2, 48.5, 23.2; IR (KBr) 3034, 2968, 2930, 2872, 1618, 1591,
1479, 1443, 1387, 1369, 1313, 1254, 1205, 1186, 1150, 1130, 1103, 1042, 1005, 914, 853,
837, 762, 737 cm*l; MS (FAB+) m/z 475 [M+]; Anal. Cald. for C30H30BN5O;: C, 75.79; H,
6.36; N, 8.84, Found: C, 75.78; H, 6.52, N, 8.82.

Synthesis of radical cation hexafluoroantimonate salt 4™ *SbF6 .

Ak @ Ak o

o+
/B\ Br/©/ \©\Br /B\
N N TBPA™+SbFg~ ot N N
o) o] chich > o] o]
r.t., 10 min

4 75% 4*+SbFg

In a glove box filled with argon, 4 (51 mg, 0.106 mmol) was dissolved in CH,Cl, (15 mL).
To this stirred solution was added a CH,Cl, solution (15 mL) of TBPA ™ +SbF¢ (76 mg, 0.105
mmol). After 10 min, the solvent was evaporated under reduced pressure. The residue was
dissolved in CH,Cl; (2 mL) and then Et,O (20 mL) was slowly added to the CH,Cl, solution.
The generated precipitate was collected by filtration, to give 4™ *SbF as a dark red solid (56
mg, 75%). The crystalline solid was obtained by recrystallization from CH,Cl,~hexane.
47" eSbF; : C30H30BN30,°SbF; purple solid; MW 711.140; mp 232 °C (decomp.); MS (ESI+)
m/z 475 [C30H30BN30,'], (ESI") m/z 235 [SbFs |; IR (KBr) 3275, 2967, 2836, 2722, 1637,
1591, 1569, 1515, 1492, 1476, 1407, 1288, 1269, 1197, 1139, 1082, 952, 835, 759, 663 cm ';
Anal. Cald. for C3)H30BN3O,°SbFs*(CH,Cly)2: C, 49.82; H, 4.21; N, 5.77. Found: C, 49.75;
H, 4.26; N, 5.76.
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4-1 ¥

Ry ¥ FHRECESANEE L YELZ R T 2 Lo )RR I N Tw»

L FERRC Ry Y R v D &I SRS FRRAKEIZIRREDTE S | ok EICRL
ELBERTHDIELFEFLRAAMSNT WS, EE, 2N DRSOTIIRZ IR L T,
HWRIGEZ 71 VEBICHAIAR Z AT ~NT O T2 Y DBERI L, @BOBEELZ H D
EHEEMNR Y 7P A% (OFET) 1) Takimiya & % Okamoto 5 °12X HEH
FIN T3 (Figure 4-1), —H. 77k VIFBLAE L ETTEDHIEL L INTE
D, Miao & IZEE{LAAEANE\ OFET FithA /R 2 L 2B ST LT % 2%, ik
(e FufR) FEWEFHEGEZRTIEPHASNTED, Miao, Bunz 512K D7
7y OWEBEEDSNTVLS ™,

TIPS
N
N
S Ssfes ‘—” ~> CL IID
) :
Takimiya et al.? Okamoto et al.?®
TIPS
Miao et al.?°

Figure 4-1. ~7 2 7 & ¥ FFEE,

RXRUVVF T )72 ) FT7PVE T2/ FT7OVIEIRYYF T UDMEERL 2R
Vv DEZROREFETERATH D, Millen 5, Sieberg & . % L T4
JEED Okada & * Lo TCENEFNEL o BHIEICE D BRI T2 (Figure
4-2), NV FTY ) 72/ FrY VBRI EERE 2 2>ALTw5ILh
5, —ETB ALY ETFBLAEOLRI AT &, HBIc—ETB{LIkIE ESR
HEIC XD ZOEEPMESINT0EIN?, JlfIh TE5 T, 200 G S
PS5 TV, :é@%@ﬁﬂﬁm:owf BB NTES T, ZOREPHE,
FEECRRB IR K - 5, B TFBUAORERE L L TRE A DIFTODIRE
MEZoND, —D2F 7 ANVDOWENERLR LB THD, ) —2F 7T hL
ZHTHHBHETH 5, I oICHBHEOLG., ZODETFAE YD E D3> 7 =
i E “ODETAEC Y DR EDKATE ol —~BHEMPE Z 6N 5, Fric ZHIHE
flZ, A9 722V VBRI 0ANVEE RT3 TE, HlZI1E, Hb o 239HE
LYo AN * % Rajea WG LA AFNARF LY THGE LAY 7221
VRIS AN BRREZEEY A AMEE L THE SN T 3 (Figure 4-3),
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Mllen et al.3@ Sieberg et al %
p- ToI p- ToI

Okada et al.3¢

Figured-2. XV F7Y ) 7 =/ F7 ¥ ViFEHK,

Me,N NMe, tBu tBu
\©\'+©\°+©/ O O O
N N N N
1 | le le
Me (o} (0]

Tanaka et al.#? Rajca et al.*°

Figure4-3. X% 7 ==L VMY 52 )L,

ARETRET, RUVFTY /) 72/ F 7Yy 5 OB FHEMEZ ML 2%, #
BRic—E ik, —Ermtikoamlk, Biizito7, 2 LR on@BbtiEko X
RS RGN © D TRSEZH S I L, BFEA X7 FVHIED & 8 Uik D
FEERBE I A NG S NS 035 2 2582 MGT L 72, 72, Rl TIBR 2 23,
RYVFTPY ) 727 F 70 VIEEOBEREEEZELTED., **?ﬁﬁﬂﬁﬁi IE.
EETTHOTHRMOWLENZ R L0 I P ANVERET N —0FOETF T
—i L L CoMEbiro 7z,
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42 TEAE O ELIL A PEE
4-2-1 "WEERDOY L 2V ZRNVEET T L (CV)

AR 5 OB IS EROBILEOLEEZFMET 270, CV ZHIE L
(Figure 4-4. Tabled-1), ik 5 13CRICHE> TEBR L 72 *, ik 5 1327 nn
AR, 7 =nk YIHET 006 V RO +0.42 V ICHLRR{LEEE L
ED5. CV ORAr —vicB W T—E Tk 57 KOZE ik 5509 3%
ETHDERBINT, 7. t-Bu-CeHy-PTZ (Table2-2 M) D —{LEN & hX
&, BMIC 031V BEILTED, XY F 7Y/ 72/ F7Y VEKDOEVET
AR S T,

+0.8 +0.6 +04 +0.2 0 -02 -04
E/V vs Fc/Fc*t

Figure 4-4. 1k 5 oy 7uux ¥ v HTch CV,

Table 4-1. (K 5 DEEILEENL (vs. Fe/Fc),
Compound onl /V on2 /V
5 -0.06 +0.42
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4-2-2 YR 5 OBEMBILEA T TOWINA RS FvZE L

R 5 DR LEDAIR ELEEZTHERT 2720, ¥ r7vn Xy VigRPOEMR
AL T IS B 2WINA X7 b VA L ZWJE L 72 (Figure 4-5), FERIB{LATD 4
5 XA L 72 & 912 274 nm ISR (6 = 66038 M cm™) & 370 nm fif
WIZZ 72 67 (=5105) #H LTE D, 450 nm DAL DGR 1S WX 1%
Bl N o, TOWRED & —E LI N EAL (+0.14 V vs. Fe/Fc') Z0F 7
EZ A, WL ODPDOFERI T ZFE 22D S I L CTHEBM TR L2 X 912 1000
nm M EORFEEMIZOWINEZ B DARY FLERo, ZOREDS “ETHELI
NBEL (+0.62 V vs. Fe/Fe') #1172 & 25\ O D ENRINS % £\ 22 D8 & IR
DAL T 328 nm, 755 nm, 830 nm (X7 BWINE b O — R TR L AR b
WM S e, DLEX D — BT BUAE N O ZE TR L ERE O T T
ETH DI EWRBRI NI,

400 600 8
Wavelength / nm

Figure 4-5. "1k 5 OEMIBILIEIE T TOWINA XY b VEAL, 1
FRIZEMRCAT, FERT—E B (+0.14 V vs. Fe/Fe') 1T X D FE4E
I/ 57, —RBEBIE BT (+0.62 V vs. Fe/Feh) 12 & D 7824k
SH 57 OWRINA LT b v, gt 2 2B oI A <
7 FL,
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43 XUV F7rY ) 72 F7TVIBLEDOGIR E Y
4-3-1 —FH B 57SbFs B EB LK 57«(SbFs), DMK
FEfR 5012 1 YEBLY 2 YED M) A@G-7TRETZ N7 IS0 LFT0

NAFFH v 797 v F ' (VI (TBPA™SbFs ) ZE{LAlE L TEHIE 2 2L
T— BB 57SbFs MU Bk 57(SbFs), DAL 72
(Scheme 4-1), — TR 57+SbFs DEIZBLUT DI D 12T > 72, A 5 (49 mg,
0.10 mmol) D7 a1 X ¥ ViAW (20 mL) 12 1 245D TBPA™+SbFs (74 mg, 0.10
mmol) D 70U A% UIEK (20 mL) ZHMA T, HEh<T 30 7L L 2%, R
ML7z, BiEiZzY 7uu X ¥y 4ml) WEREIE, ErowoK Yy zFrz—7
)V (40mL) ZMA T 1 H2 I TERIEEZ1T) 2 & T, HIY & b 2 R AlE
k2137 (63 mg, 86%), 46 NI ARAEAEEZ 7ua Xy VITFEBEI LT, 74 A
ST AN —RIBLIE, ~NFV Y EERIAZIT ) 2 2k D X G
fEMTICE L 727 L — M2 A7, B IR 55CD«(SbFe ), 1 R 49
mg, 0.10 mmol) IZH LT 2 4ED TBPA™SbFs (149 mg, 0.21 mmol) %\ >T—&
TR & RO Z2 T 2 ik hF@AlEERE LTR772093 mg, 95%), &6
Bz r7au Xy VBRI T, TAAI v 7 740Ny —&lLIE, v
Xy LRI Z T 2 ISk D X ST EEEITICE L 2 E R T L — M e e
. BN, LRI, KO#BIA T2 Uv HlE,. ESR MIE. NMR JHIE., X K
EERNTIC X D &3 o RS HIN E 3 2 BT {LIk 57SbFs MO E TRt
& 52De(SbFs ), TH D Z L ZHERL 72,

Scheme 4-1. [B{LAEDEK,
Br

SbFg~

1 equiv. N
QMG N
S S Br Br S S ot
JOSSCELL N IeSeS
N T
Ph Ph

) ) CH,Cly, r.t., 30 min
Ph Ph

86%
5 ° 5"*SbFg"

SbFg™

Br

SbFg~
2 equiv. N

L
S S Br Br S S 2+
N N N N
P

\ ) CH,Cl,, r.t., 30 min ) )
Ph Ph h Ph (SbFg7)2
95%
5 520*)y(SbFg "),
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4-3-2 —BTBILE 57SbFs RO ETIBILIE 5°CD«SbFs), DWINAXRZ bV

— TR 57SbFs MO B TEIUIR 57De(SbFs ), D AR K VL M % HERR
T 57 DICEIRZAER N THRINA XY F V28I L 72 (Figure 4-6), FEMETR L 72—&
TEflik 57eSbFs 1 1156 nm IZWRIY (6=34078 M 'em™') ZFf-> TE D WEHR/ME
I F TR S A7z, TR R L 7 B B iR 52CD«(SbFe ), 1 757 nm (1ZHK
IN (e=40713 M "'em™") ZFfo Tz, RERBIORIIC O WTiE, HEICH WY
ruua Xy b hraKTIc k) ZE BRI S B Tk &
Lol ntEzZon%, 26 DWRIUIEMRBLIC L D REIE—F
TR O B BLEDORIN & Rw—F 2R L7296 Z2nZFno@bito
BREMER L 72, . IERIREEICB W T—E TR DR LB S
T, B, AT TELETH ), B TFBLEAERE OKTICL>THLELI N

73, KRS T TIEER. HA T TEETH -7,

1)
N 6-'
5 ﬂ
- I
z \
N l| |
© 2 Il / \\

/
0 . : ' e

400 600 800 1000 1200 1400 1600
Wavelength / nm

Figure 4-6. > 70 X ¥ v TO—E LI 57SbFs (FEfE) KU
TE TR 55 De(SbFe ), (BEH) DWIN AR 7 kL,
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443-#%¥@mw5ﬂ%n—®Eyzx&7bw
HRB{UIR 57+SbFs DEFHHEZHO I T 570, Y 7un Xy VIRRb,

Fllc B2 ESR AXRT P ZHIE L7, 85607z ESR ARTZ P LEZDT S a
L—Yav#% Figured-Ta IR L7z, £, BITRTHIEED S Gaussian 09° % i
FALTHE LAY VEESMHN S HHE TR L7 (Figure 4-7b), Fflize 2 DD%E
Ft% | =0340mT 25T 5 & THEHBOARY PLEWBT 22 L3 TEL,
Eifize 2 DOBEFRKRICBRT 2GS THBBEMI N2 Lo, VAP
FEAVDAEVEZEIIRVYF TS ) 72/ F 7Y VEICIEREL L Twa e
T o Ty ZDFRERITHEHFIEIC K > TROIRAE VEESRXDBR ) F TP ) 7
/) FT7P VR TIEREH L TCwE It bR, £/, VY UG
oD C2 MCIEDAE VEEDH 5 2 E3bhroT,

b) C2 {j

335 336 337 338

Magnetic Field / mT
Figure 4-7. (a) —E LA 57SbFy DY 7nnu X ¥ VIFKRHTD ESR A
7 b)L g=2.0055 (v = 9.447305 GHz), BEOFEMIIFH, BEERIZ> T 21—
>avLARY P, (b) —ETBLE 57 DAV EEIMK,
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4-3-4 B TIBILE 55CD«(SbFs), D NMR A7 )L

T TR 57«(SbFs ), 1& ESR HIE TlE—E T R{LIE 57SbFs & HEDH
HROFFWESBHI S N, ZOEFIBET DL T KT X ) ZE TR
DBILI N, BlllEheEZ oD, BT 559«(SbFs ), DETHE
Ex S D ’?%7”&) FEBRICHHE L 72 E LI 55D«(SbFs ), DEY 7 unm X
Z v, 90°C 12815 NMR HIE%1T> 72 (Figure 4-8a), IHIA\ME 52 8.4, 7.9,
7.6, 7.2, 6.9, 55pmnfb_ %mwéitto\_®mm*bwmaai£%ﬂ%$auk r&oT
TEHEFBAESETLI N, EFRRUESEET 520, —~E ik L BTk
RoML2EscHs (55D + 57 557+ 5 LBz NS &%z 55, HEElc, HY /1
Xy 7VAalEgd, hEAE 5 IO 23-Y7uBv56-3 T ) p-
XvY'¥ /v (DDQ) ZBLAIE L TEH I ISR To & Figfbidd NMR
HETIE, $LNESDBII T E 72 (Figure 4-8b), 206 DESIZHMEME 5 DESIC
X (Figure 4-8c), &5 7 M LTz, 74, “ETHMMAIE NMR JHIE ICHEE
ThHhotl o, ARG E TS EEZLNS,

a)

o

ol

85 80 75 70 65 60 55 50
Chemical shift / ppm
Figure 4-8. (a) THETBBLE 55 D(SbFe ), DEYZ7un Xy v
. 90 °C IZE1FS NMR A7 b)L, (b) ¥ 7m0 Xy -
HEMY 7»7IUME&EP (1:1 vv). iR 5 12EFE o DDQ % 1E
AR Tco ETBLE 55 O NMR A7 kL, (c)
btk 5 oFEY 7un X2 v I2EIF5 NMR A7 b L,
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St “EE{bikicow T, 'H-'"H cOSY. 'H-'H NOESY. HSQC. HMBC O
ZXJu NMR Z2HlIE L F5DhE 21> 72 (Figure 4-9),

Figure4-9. i 7 nu Xy v Y 7))V A a i (1:1 viv), FIEE 5
IEF O DDQ ZEM S RhTco “HE ML 55 ofke 7k
DltlE, 'HNMR spectrum; Ha: 8.53(1H, s), Hd: 7.94 (2H, dd-like, J = 6.6 and
3.0 Hz), He: 7.72 (2H, t-like, J = 6.6 Hz), Hf: 7.71 (2H, t-like, J = 5.4 Hz), Hg:
6.98 (2H, dd-like, J = 6.0 and 3.0 Hz), Hj: 5.80 (1H, s), HI: 7.20 (4H, d, J=17.7
Hz), Hm: 7.69 (4H, t, J= 7.7 Hz), Hn: 7.75 (2H, t, J = 7.6 Hz) and in °C NMR
spectrum; Ca: 124.30, Cb: 127.00, Cc: 137.87, Cd: 129.65, Ce: 132.49, Cf:
137.81, Cg: 123.89, Ch: 147.36, Ci: 144.87, Cj: 105.01, Ck: 137.19, CI: 127.12,
Cm: 133.91, Cn: 133.72,

4-4 XVVVFTY) 72 ) FT7Y A L BILEDOREE

kR 5 EFEREDSE o D, FEOSIRILA E LT 8 ZHLEARL
Bz R LT X S ST 217> 72, —E T {LIE 57 -SbFs &U:?—E?
ML 55 De(SbFg ), 12D\ TIE X R S HEE AT IR L 72 (Figure 4-10),

Lay 8 R ETICEB VW TRV Y F 7Y ) 7 2 /) F 72 Vil Rkodr
N> 7 fEZ B L Tz, 2N ZENZTND 7 =/ F 72 VB ~T iR T
12307y 7 94 EEZ B L TVWEDTH) ., ZOHMIZZNF I A/B: 143°,
B/C: 150° Th -7z, MW B TIEME 57 RO EFBLik 55 ciaxvy
F7rY )72/ F 7Y FIMEGEE AL TE D, 2O HAIE—E P LA T
A/B: 177°, B/C:178° THH ., EBLATIE A/B: 174°, B/C:175° ThH-o7, Z
D —E LA L BT RBE I TEMGRIAE YRRy Y F 7Y
)72 F 7Y UEICIERELLL TWwE I EERLTED, Fro—E B bikics »
TIIHIETD ESR HIEDRER E FIE L 2\,
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Figure 4-10. (A 8, —E (bl 57SbFs . - THE{LIE 57De(SbFs),
® ORTEP [X|: (a) 8 ® Top view. (b)8 D Side view, (c) 5" @D Top view. (d)
5% @ Side view, (¢) 5% @ Top view. (f) 5°“? @ Side view, KEF T & %}
T VITEREL T,
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Table 4-2. 8. 5+SbF¢ . 5*"«(SbF¢ ), DFEMFMIINT A —5 —,

Compound 8 5"+SbFg 5%Ye(SbFs ),
C30H,9N»S,*SbF C30H20N>S,#(SbF
Formula CosHaNuS, 30H20N2S» 6 30H20N2S,2(SbFs)>
'CH2C12 '(C6H6)’ (CH2C12)
Formula weight 500.68 793.29 1107.17
Crystal color, yellow, orange, blue,
morphology block platelet platelet
Crystal size / mm’ 0.40 x 0.20 x0.20 0.20 x 0.05 x0.01 0.20 x 0.10 x0.01
Crystal system monoclinic monoclinic monoclinic
Space group P2,/c (#14) C2/c (#15) P2/n (#14)
alA 10.105(4) 30.440(12) 11.478(13)
b/ A 16.176(6) 10.070(4) 29.86(3)
clA 15.172(6) 21.286(8) 11.655(13)
S/ degree 90.388(5) 111.253(4) 106.798(16)
ViIA3 2479.9(17) 6081(4) 3824(8)
Z value 4 8 4
T/K 150 150 150
Deae/ g cm > 1.341 1.733 1.855
F(000) 1048 3144 2076
Y75 cm | 2.4 (MoKa) 12.8 (MoKa) 17.4 (MoKa)
No. of reflections
24682 30349 32804
measured
No. of unique
) 5604 6872 8523
reflection
No. of observed
. 4997 (I1>2.000(l)) 6037 (I>2.000())) 5985 (1> 2.000(1))
reflections
No. of variables 349 419 515
Reflection/Parameter
) 14.31 14.41 11.62
Ratio
RI[I>2.000(])] 0.0412 0.0695 0.0583
Ry 0.0639 0.1899 0.0797
Goodness-of-fit 1.472 1.974 1.238




R\>T Figure 4-10 128 L7z af D RICDWT Tabled-3 ICF L7z,
FEflAk 5% De(SbFs ), DHRDR Y X VERD C-Ca, C-Cb FEEIZH 144A THD,
HiEfE 8 KORCLoTw7 (| 1.40A), — /T THROXNVEVERERAGLTWS
C-S it (FY 1.69 A) XWX C-N & (#9 1.37 A) FHMEAED 8 DFEIL C-S fié
(# 1.76 A) O C-N F5A (9 1.42A) Kb L o Twi, —E B {tikicB T
I C-C: 9 143 A, C-S: ¥ 1.72 A, C-N: ) 138 A TH V. ZIFPROFEAET
Hotlr, TOREGEDEIZTMAD HOMO DiEEH: R OHE A MG 2 K L 7
b Lo Tz (Figure 4-11), F72, “ETFBLAEOKAZRRIL, 559 5% Scheme
42 WWRL7E I % p-F /A4 PEEROLBKEZ G T2 2 2R L TE D, Bk
HEETEEZOND,

Table 4-3. 8. 57+SbF¢ . 5«(SbF¢ ), D —HDFEEE (A).

8 57SbFs 5%De(SbF¢ ),
CCa 1.3980(19) 1.437(6) 1.446(9)
C-Cbh 1.397(2) 1.419(6) 1.440(9)
C-Sc 1.7606(15) 1.724(5) 1.698(6)
C-Sd 1.7544(16) 1.722(5) 1.691(7)
CNe 1.4194(18) 1.381(6) 1.370(7)
C-Nf 1.4128(18) 1.383(7) 1.361(9)

HOMO LUMO

Figure 4-11. "F{&:f& 5 ® HOMO & LUMO,

Scheme 4-2. - 1l 559 IR,

+
S /S S S
QL 0 ~— 0
+2
Ny N
Ph Ph Ph Ph
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BonlfEMmidEzd i L, PHIE 5 BILYP/6-31G**), —& - ME{kik 5
(UB3LYP/6-31G**), #H {&fl. 52 (B3LYP/6-31G**) D&z 3H5E L7, K
I BT RRLAR P —EIEAE (CS). B =EEM (0T), Bt —=HEEME 0s) R
72 U CEMR L 72, B —EIEMIZ B3LYP/6-31G**, Bk —HIEMHIZ UB3LYP/6-31G**
OO UG 2 55 L, B EIEME ISP - EEE O % A\ 7 broken
symmetry 512 & O BB LG 2GR L7z, o LETUVHED of OFGRICD
W Tabled-4 ICF L7, F7o. BoNn BT RLADAERE (HF) % Tabled-5
ICE LD, ET MG G NEOREEZE L Tw 5720, “E T BLAEOR M
BEORAREDOE LT 2 & C-S AKX T CN fEAvi b kP —EIEE
DF PSR E RO Z R L7, —HCTEREE R 2 &, B —EHEESR O LT L
Z%olz, ZHUE Scheme 4-2 TR L7 L) BRHILEEHEE L TCE IS ANEBHFIET S
EEZon, ZOE TN 15%Th-oT, £/, ZOMHEZ W DFT §I&
X 0K 7 HAER &8 Jlks (cale) » 2600 K TdH - 7=,

Table 4-4. EFINUAEED 5, 57, 559 o —FDFEAE (A).

5 5 52(+) (CS) 520+ (OT) 52+ (0S)
C—Ca 1.405 1.428 1.449 1.420 1.444
CCb 1.405 1.428 1.449 1.420 1.444
CSc 1.779 1.745 1.717 1.749 1.722
C-Sd 1.779 1.745 1.717 1.749 1.722
CNe 1.420 1.390 1.375 1.403 1.380
CNf 1.420 1.390 1.375 1.403 1.380

Table 4-5. FE (LKA 55D DAk Ek,

CS OoT oS
HF / eV —56072.6343 -56072.3142 -56072.6439
AHF*/ eV —-0.3201 0.00 —0.3297

a ) AHF = HF — HF (OT)

D EDORERD S . B OREIREIZ X 7 4 Fi&ER o PR — B IEME & fii
—HIEMREFEL, ZOE TP AR 15% THB I LEZHLNITL 7,
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4-5 FYHVIEPE T FF =0T
4-5-1 7T A)ViEE ?F%—%?@ﬁ?&ﬁ

ZYANVEBE TN =0 B K DECE 7 ANVERTI ANV FF v
DI = HIEE & 722 2 WIRZE VLAY TH % (Figure 4-12), HiFFEE D Okada 5 I
PelRu 7P rERHEBEL LU ANVERETF R 28R L TE ), EERICH
WL 727 AN AFF VOB OTERFAEZHE T 212 X D, ZHH AR E
B (Jlks) 23 +700K A ETHZ Z L2 HEIZLTWDS 0

@-Kﬂ-

Okada et al.®

Figure 4-12. 7 ¥ IVEAR T N F—20F,

RO . RV F 7Y/ 727 F 7Y VvEREEVCETREGEEELTED,
— BT EDEL D2 7PNV TF A VENEVWEEREZG L Tl 79h
WVEIE T F =T8T F =& L“CYSEE L7, 2V VIEMRS AN A T F
VIR CEHEME 2 5 2 DITIERDO RIS E L 2 FRGEIDARI R TH S, 1 D
FEATEICALEBLDETFF— %@@m BN DR B D B, S nE
AZBH L= trao = rady F IV AL (Ew=4037 Vvs. Fe/Fch) kb, L&
Y 5 OLEMNIENTD, ZOFEMEEFHIZIN TS, 9 1 D2RPHEIIHL
ZEATLMNETHDZ . b= ruaFxy K720 L0G4e, BfETHE C2
PFEDAEVEEZELTC0LE7) O, IV ANDFAVHDIEDRAE VEELH
TAHMEBEINSEAT 208N H D, RV T2 VRREKED 2 i (RVYFTP )72/
FTPY VDALY VEESAKIE Figure 4-7b IR LTV 5) ICEAT S 2 L CEEHE
DI ANEIT S ANHFFVDPERTE %, DLE>»SKEITIZT Y A IVEIAE T
Fd+— 6 zakit., A L. Z O bz 2 Mt L7 (Figure 4-13),

@o@@ﬂ-

Figure 4-13. 7 ¥ 2 VB N+ — 6,
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4-5-2 FTANVEBELSFF— 6 DK

FPANEBET RS — 6 3XVYFTY /) 72/ F TPy 5 Z7aELLT
TOEk 9 LB, b=t Xe RFEEE 10 Loy YRGS
W2 DAL % (Scheme 4-3), 53, RV F 7Y/ 7= /F 7YY 5(110mg, 0.23
mmb%bwi/(ﬁmg&1&/—»(%@)@%m@ﬁ~@%§% 4 IRF R
IREPSWE|ELEY P =7 L (113 mg, 0.35mmol) %2 2 [T TINZ 72, K
IEREY) & W IR L RiE 2 8 ) — VT T 5 C &T7U%%9%ﬁ%¥5&
C7uEekEDREEYE L THEL (12mg), 7R TR 9 IZIRMEHTE R T H
o7t B TICROKIGICH W, 7€k 9(72mg) ZMiTHs 7T+ 7*
A(bV 7 2ZVE AT 4 )87 27 L(0) (89 mg, 0.077 mmol) fALE F. &85k 10
(119 mg, 0.19 mmol) & A v 7'V v FRIGSE 2 2 &L THINY L b 5 ixliblkz
%t(%m&4%aﬁ%%ﬁm %5&&&@.@§&Vﬁyuﬁﬁﬁﬁf\742
ST ANY—FW LI, ~NFY U EIBRILE R T 2 LI LD X ARG
M@ L 7ok ta 7’ L — Mz 197, BHEaoW, uEotr., KO#®idhd 2% ESR Hl
. X BSEERERET X Do N ERIEEN E T2 7 A NVERE R — 6 T
bbb ErMERL T,

Scheme 4-3. 7 W NVEBETFF— 6 DL,

oCoro £ o Sesesy

toluene EtOH
reflux, 4 h

0\+
N
PhsP—AU—’ o
N °N
lo ]
10 O s S N
Pd(PPhy)s @[ j@[ \e
- (0]
THF, reflux, 3 h N N
Ph Ph

24% (2 steps)

4-5-3 FTAHINVEBETFF— 6 ® ESR AX7 b
7/ﬁwﬁﬁ SR — 6 DEREMR TS0, Yr7ua Xy UiERTh, il
EBIF5 ESR AR FVZHIELZ, o ESR AR FPLEZDY S 2L —
yay%I@mM44mﬁtto%ﬁ&z«wﬁ%ﬂ%Wﬂﬂmme%%%?%:
ETCHBDARY PLVEHHT LN TEL, vl br x> FO%Eiz 2
DDOEFMITHRT 2R A ER T BB SN2 L5 6 DEMERHERL 7.
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I
!
|Ll
330 331 332 333 334
Magnetic Field / mT
Figure 4-14. 7 P IVIEHAE T FF— 6 oY/ nu X ¥ VIRKHPT

?D ESR A7 bV g=2.0066 (v =9.321079 GHz), FEHRIZFEH,
My Ial—yarv LAY ML,

4-5-4 FTHVEBET FF— 6 DR

FYUANVEBET N — 6 ODERDMERD 7O X HiE MG %217 - 72
(Figure 4-15), F 7AGE AN A —% —% Table 4-6 TR L7z, XV ¥ & VEREKED
C2 M= hrRr=L = bR F Y FPEIELTWL 2 ErSMEPICHNE LY AL
EHET N+ — 6 DEMEZMRTE, VY FTY /) 72/ F 7Y viEF~T R
Bt o 2ihEE LTE D, 2O mMIZZN LI A/B: 177°, B/C: 163°
THhH, =br= )= b X FPEMBRLTWS C BRI B BREDHAD

FEI)DNEot, £, v ¥ 2 F (D i O-N-C-N-O ¥ & C B
B3 Ak 31° Th o7z,

Figure 4-15. 7 ¥ /1 )ViE#AEEF F 5 — 6 @ ORTEP [X|: (a) Top view. (b)
Side view, KZFE T I1XE0& L 7=,
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Table 4-6. 7 > VBT F - — 6 DFEREN AT XA —F —

Compound 6
Formula C37H31N4025,°CeHgs
Formula weight 705.91
Crystal color, morphology Platelet, green
Crystal size / mm’ 0.20 x 0.20 x0.01
Crystal system monoclinic
Space group P2,/c (#14)
alA 10.377(6)
b/ A 34.21(2)
c/A 10.306(7)
[/ degree 96.467(8)
VA 3635(4)
Z value 4
T/K 195
D/ g cm’ 1.290
F(000) 1.90 (MoKa)
4/ cm’ 1484
No. of reflections measured 30392
No. of unique reflection 7285
No. of observed reflections 4591 (/> 2.000(1))
No. of variables 497
Reflection/Parameter Ratio 9.24
RI[I>2.00 o(])] 0.0838
Ry, 0.1119
Goodness-of-fit 1.715
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4-5-5 FYA)VEBET FFH— 6 OESILANIEE
4-5-5-1 FPANEBETFF— 6 D ¥4 272U 2 HRNLVLYET T L(CV)
FPANERET R F— 6 DRV F TV 72/ F 7Y VHOBCEN KO
bR DLEWZFHE T 27O, CV ZHE L7 (Figure 4-16, Table4-7), 7 A IViE
HETFF— 6 Z¥r7muu Xy VIEKEH, 7 vy EHET 001V, +039V KU
+0.54 V ISR L2 G L7 2 £ 5. CV DOFFEINIZE W TZNZE oLk
BLZETHD ERBINT ., R FTY ) 72 /)F TP 5 DFE—EMI -0.06V
THB719.-001V OE—BLEMIZT 6 DXV F TP 72/ FT72 kD
FLENEEZOND, T/, H039V OF BLEMI=te= L= tr ¥
FHRDBLEMTH D, 4054V DFEZBLEMIEIRV S F TS ) 72 ) F TV
THHR DO (LB E E Z 5% (Table 4-1 M),

+0.8 +06 +04 +0.2 0 -02 -04
E/V vs Fc/Fc*

Figure 4-16. 7 P AIVEHE T FF— 6 ¥ 7nu X ¥ Y HTH CV,
Table 4-7. 7 ¥ A)VIEHAE F N+ — 6 DMELENL (vs. Fe/Feh),

Compound Eo'/V Eo’/V Eo’/V
6 —0.01 +0.39 +0.54

81



4-5-5-2 FTVAIVEBETFF— 6 O HRBLELT TOWINA R b V(L
FYUHNVEBET R — 6 DE LBV F T 7)) FT7YVERK
HETH B E2MERTH-0, Pr7ua Xy IRKEh OB IC BT 2RI
AT P VEALZWE L 72 (Figure 4-17), WG Cm L 72 EMBILATO PR 6 Dk
[g=tr=)L=rua ¥ FEERDIHOIIND 650 nm FHEICEHIS L, XYY F7
)72 ) FTOVEEZSNDIRINIE 5 LRV LEREY 7 P LTk, 2D
IRFED> & — B BIL I NS EAL (+0.19 V vs. Fe/Fe") 2Tz & 2 A 0w D DK
ﬂyﬁ%ﬁﬁmfgvb I DSZAL L CHRFE TR L7 L 12 815 nm, 1010 nm D EJF M
HWINE DAY bV Erot, ZOWRIPIIHIE O —E L 57 (Figure 4-6)
a§1ﬁ§%®r&ﬂyb>ﬁ<~iﬁwmsé EDS IV ANVEBME T FF— 6 OFE—#
b7 ﬂi«/7%7//71/%7//$%®&m B THY ., ZOBIKTH B 7
CHNEIT CANATF v 67 IZEMBRBTORHNICEWTLETH S I LD
BRI N7,

2 0.1

< 005 y ,"\‘ :

Abs.

OS50 600 700 800

Wavelength / nm

400 600 800 1000
Wavelength / nm

Figure 4-17. 7 ¥ 1 )VIEHAE - ¥ — 6 OEMIEILSH T TOMIN A
R7 bV, BER T BT, R BRI (+0.19 V vs,
Fc/Fe') ICX DFEAEI VT 67 DRINART ML, tIZ - DRI
A7 Fb, FAKIE 450 nm %>5 800 nm DL KN,
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4-5-6 FTANEBETISANAF AL 67 D ESR AT FILDJIE

FYOHIWVERRT AN AF A 67 D ESR WIEEZHH L, 7ravra—7 R
Yy ANT 6 % 700Xy VICHERIET, 1 {ED TBPA"-SbF, %Ml Z T,
iR T 10 IR L 2%, WERGE L 72, Bz r7ua Xy VIS Y, T3P
(P ZFNZ—TINZMATHEL 7R Z I L 72, 26 [0 100 K, H#ifs 7
Fu=rY o ESR HIE%ZIT> 7 (Figure 4-18),
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Figure 4-18. 155 N /[E{AD 100 K, #ifE7Fv=r Y LoD
ESR A7 F)L (GREFER), REMEIT 3 FomETllEL
7z ESR A7 b )b, #AKNE W5 Z 100 15O 5m LTl
E L7 ESR A7},

HULMTE /) 7 2 AOVEHRDE 50358 < Bl S 7z 03, HIEMIHROFFRER &5
Z BN BE 5D T & 7o, PRESGEIRIC B\ Ok = B IER H R 0 Z5HIER b B9
BZIEMTELHREBRIIY I 2L —YarvRiTh D HEIZIZE > TLR LA,
325mT & 337 mT fHEDES%Z z HADOPHEERZL L, D fHZRKD 2 &, |D/hc| =
0.0056cm ' ThH o7z, fF 547 D D 6 FOBG IR Z(TH £ 2 DR E VR
7.8 A TH Y. Gaussian 09 Z i L THEFHE X D RO T NUHEED A € [l
RV FTY )72 F 7P VOHLDORVYEVEROPILEZOD=FuXx> FD
HROFRE DR 83 A L RVHEZ R L7z, £%. ZDMiE%Z w7z DFT &
X0 KD 7 HAER E B Jlks (cale.) = +494 K TH O, I HIViERET P H L
AFFy 67 IFREZHEFETH 5 2 EIRBRI N,
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4-7 Experimental section
General 'H and >C NMR spectra at room temperature were recorded on Bruker AVANCE
600. '"H NMR spectra at —90 °C were recorded on an Agilent VNS 600 spectrometer.
Chemical shifts (& values) for '"H and C NMR were recorded in ppm using an internal
standard of tetramethylsilane (0.00 ppm). ESR spectra were recorded on a Bruker ELEXSY'S
E500 spectrometer. Melting points were measured using a Yanaco-MP-J3 apparatus, were not
corrected. ESI-MS spectra were recorded on Bruker micrOTOF II. Infrared spectra were
recorded using KBr pellets on a JASCO FT/IR-4600 spectrophotometer. Absorption spectra
were measured on a SHIMADZU UV-2500 spectrophotometer, a Hitachi U-3500
spectrophotometer, and a JACSO V-670 spectrophotometer. CV measurements were carried
out ALS on Electrochemical Analyzer Model 610A, and recorded with glassy carbon as a
working electrode (WE), Pt wire as counter electrode (CE), and a saturated calomel electrode
(SCE) as a reference electrode (RE) in dichloromethane containing 0.1 M
tetra-n-butylammonium perchlorate. The final results were calibrated with the
ferrocene/ferrocenium couple. The absorption spectra during electrochemical oxidation were
measured using an Ocean Optics HR4000 spectrometer, a 1-mm-width cell equipped with a
fine mesh platinum as a WE, a platinum wire as a CE, and SCE as a RE at suitable external
potentials generating the radical cation and dication species in dichloromethane in the
presence of 0.1 M tetra-n-butylammonium perchlorate. The X-ray data were collected by a
Rigaku CCD detector with graphite monochromated Mo-Ka radiation.

All commercially available compounds were reagent grade and used without further
purification. Solvents were super dehydrated grade and used without further purification.

Compound 5 and 8 were prepared according to our previously reported procedure.*
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Preparation of 5" *SbF,
Br

o o,
seseciia >alsoresl

) ) CH,Cly, r.t., 30 min
Ph Ph o SbFg-
5 ’ 5*.SbFg-

In a glove box filled with argon, 5 (49 mg, 0.10 mmol) was dissolved in dichloromethane
(20 mL). To this stirred solution was added a dichloromethane solution (20 mL) of
TBPA " +SbFs (74 mg, 0.10 mmol). After 30 min, the solvent was evaporated under reduced
pressure. The residue was dissolved in dichloromethane (4 mL) and then diethyl ether (40
mL) was slowly added to the dichloromethane solution. The generated precipitate was
collected by filtration, to give 5 *SbFs as a reddish brown solid (63 mg, 86%). The
crystalline solid was obtained by recrystallization from dichloromethane—hexane. 5 +SbFs :
C30H9N3,S,2SbFg; reddish brown solid; MW 708.37; mp 242 °C (decomp.); IR (KBr) 3061,
1567, 1492, 1481, 1457, 1441, 1398, 1352, 1304, 1271, 1243, 1163, 1133, 1065, 1024, 1003,
937, 828, 753, 699 658, 570 cm'; MS (ESIT") m/z 472 [5"]; MS (ESI') m/z 235 [SbFs ]; Anal.
Calcd. for C30H20N2S,2SbFee(CsHi4)o.1; C, 51.26; H, 3.01; N, 3.91. Found: C, 51.14; H, 3.29,
N, 3.74; g =2.0055.

Preparation of 52+-(SbF6_)2
Br

SbFﬁ
2 equiv.

Seret e ores)

) ) CH,Cly, r.t., 30 min
Ph Ph h (SbFg7)2
95%
5 52*)y(SbFg ),

In a glove box filled with argon, 5 (49 mg, 0.10 mmol) was dissolved in dichloromethane

(20 mL). To this stirred solution was added a dichloromethane solution (20 mL) of
TBPA " +SbFs (149 mg, 0.21 mmol). After 30 min, the solvent was evaporated under reduced
pressure. The residue was dissolved in dichloromethane (5 mL) and then diethyl ether (50 mL)
was slowly added to the dichloromethane solution. The generated precipitate was collected by
filtration, to give 5°+(SbFs ), as a blue solid (93 mg, 95%). The crystalline solid was obtained
by recrystallization from dichloromethane—benzene. 52('+)'(SbF6*)2: C30H20N2S22(SbF¢); blue
solid; MW 944.13; mp 257 °C (decomp.); IR (KBr) 3096, 3064, 1556, 1485, 1455, 1411,
1352, 1311, 1276, 1243, 1164, 1137, 1074, 1041, 1002, 938, 840, 761, 698, 658, 570 cm ';
MS (ESI") m/z 236 [5*]; MS (ESI) m/z 235 [SbFs]; Anal. Calcd. for
C30H20N2S,2(SbF)2¢(CsHe)os; C, 40.31; H, 2.36; N, 2.85. Found: C, 40.39; H, 2.49, N, 2.93.
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Preparation of 6

sese e P Sesess

toluene EtOH
reflux, 4 h

0\+
N
PhsP—Au—* Ol
N N
le 1
10 O S S N
el © QOO
>~ NNy
Ph Ph

THF, reflux, 3 h

24% (2 steps)
6

Benzothiazinophenothiazine 5 (110 mg, 0.232 mmol) was dissolved in a mixture of
toluene (5 mL) and ethanol (3 mL) under a N, atmosphere. The mixture was warmed and then
pyridinium bromide perbromide (74 mg, 0.233 mmol) was added to the mixture. After stirring
for 3 h, to this stirred solution was added pyridinium bromide perbromide (38.6 mg, 0.121
mmol) again. After 1 h, the solvent was evaporated under reduced pressure. The residue was
dissolved in ethanol. The insoluble materials were collected by filtration, to give crude 9 (71.6
mg). This material was used in the next step without further purification.

Crude 9 (72 mg), tetrakis(triphenylphosphine)palladium(0) (89 mg, 0.0768 mmol), and 10
(119 mg, 0.193 mmol) were dissolved in THF (5 mL) under a N, atmosphere. The mixture
was refluxed for 3 h. The reaction mixture was concentrated under reduced pressure. The
residue was purified by alumina (deactivated by addition of 10 weight percent of water)
column chromatography using hexane—dichloromethane (2:1) as an eluent, to give 6 as a
green solid (35 mg, 24% in 2 steps). Single crystals suitable for X-ray crystal analysis were
obtained by recrystallization from benzene—hexane. 6: Cs7H3 N4O,S,; green solid; MW
627.80; mp 214 °C (decomp.); IR (KBr) 3064, 2983, 2938, 1588, 1569, 1491, 1459, 1414,
1381, 1352, 1299, 1284, 1232, 1159, 1134, 1052, 864, 813, 753, 699 cm '; MS (ESI") m/z
627 [6+]; Anal. Calcd. for Cs37H3;N40,S,2(CeHe)oo; C, 72.95; H, 5.26; N, 8.03. Found: C,
72.65; H, 5.31, N, 7.76.
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