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5 S

(B #Y)

INEFTHEES INVEVERRAEZEABRS THEZARL.. HRRA 3 DOHHE
EF %875 M) FA—VERTEFO—BFBILICX 0TI 25V ANIF T VTR,
7o, BEBREAK 2 o0MEBERFZ2EFITLHVF ATV TABR TR —ETFERXTICL-oTT7 x
PSS VI NEEFNPRELECHERTE, EOCHMERICECTEREZE T L2
DHEBTBLETL VAT ADBENTETHSLI L2 PO THLIPLE LTS,

Redox behavior of sulfur-heterocycles

7m-electron framework
& —\
/'— \ é /@\ S. Ogawa et al.,
S S ~y S\_/S Bull. Chem. Soc. Jpn., 2003, 76, 1043.
N7 M 8 J. Organomet. Chem., 2000, 611, 136.
Neutral Radical Cation
€
@ __L @ S. Ogawa et al.,
(S/S ~y (s/s Chem. Commun., 1999, 1891.
Neutral Radical € Cation
- pe S, Ogawa etal.,
{@E . /{ \E Tetrahedron Lett., 2006, in press.
S ) S Organic electron acceptor system
e
Radical Anion Neutral u
. V.

Organic-organometallic hybrid molecule
Donor-acceptor type multi-redox system
Mixed-valent system

{r

Organometallic electron donor system

Redox behavior of ferrocene

}:ge‘r Fe*
= ) ==

Neutral Cation

ml

b)) —ODERERTHIBERAERACHEARF L 1208 TA5TF 4 72 vid6n BFR
AL, BETBETC Lo TIa IV INToF VEIERTE, RROEKEEZRER
GFREEARC—EFRILET VAT LAOBEFTRTH L L TFEEINE, TRETIZF
F 72 VBRERTAIEYOBETHFECHET 2 REFARIES SHFET L. 20K
BARF T 72 VOBBETFBICX D 52 9V ANIF I VEER, 2 ) FH—HIcEER
L72bDTHY, Tn TP AINT=F VEOREICETIHEFRIL LR L, BIREETNA A
NDILEREAL-EET 727y — L LTORESHEEET THOTTbRATV RN,

ZZTAPETE, nBF 7775y LTFA 7=V ERETEBEL, HUTAHTn T
TVANVT =4 VEREREEIC, BELETEE2 720 2oy P EBEALT A LT
ROBRALBERERTRRETH o7, B—FFRUCEROEBTN & FREBEIAICE
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(CBTEESEET B NF— - 7o 27y —HERFRERNATY v P FTORIELS
ETRHBRORFTETI) S ZHBE L

ERNWEE)

IRETIZ, F4 7z v BREET HIAWOBIRLREEICEL COBRERIIEZE
BT Ho LPL, ZDEL I—BFBILETHE 52 TV INVATFFVRBIIETLHEDTD
D, FA 72 VEO—BFETRICR T =AY IV ANVBEOREICEHLTX, ZEALR
EBIHS R Tl ZOBREEILHFECETAARIB LA TR, £ THTRHE
i, BRERTH LTI 72V, —BFBELETHD 1z 7 VANT = F VEICHTS
FRURAREHEL 20, BRERLIT o 2 (Fig. 6)o

atomic charges  bond lengthes @ atomic charges  bond lengthes
0,096 14304 1LUMO oMo .0.114 13974
/{ \§ 13764 T - {@E 14124
-0.346 -0.424
HOMO . 7 4
s~ L7364 #ﬂ @ ﬁ) el S~ 1800 &
+0.254 + -0.049
Neutral + @) . '  Radical anion

ngure 6. Calculated bond lengthes and Mulliken atomic charges and 7-bonding in thi_t'),pliene vring at BSLYP./6-3IG(d) level

EixwmEF+ 7oy, BRIV INVT A /BIZOVWTEHEIR I Y RO BFOMH
EIANF BN RUEERLBTEESAETRT . FEF T 72 TR 6 BFEED
Y, BAMHBITHEEING, FVHINT=F VBT, T2HD » BEFR G SHEHE
KHEEENR, ZOB, FT 72 VvBEOACVBABBRTIRTOREFLIIHHFLTEY,
FOHT2MEDBFBFEPRIEL 2 oTnAI EFbhb, LoT, 2 EICREN%
WirgElts: LTEFRFIMoBHRE, ILREERNLZEE(E LTESVEREDE
AVLEEEZOND, :

E 522D SOMO BB D I 3 )V F — B IS F D LUMO ICHART, R VETLT
WBZLDBGhE, SOIFINVF—EKTOERIETEESMOBRI LAY VY OFRE
EBEREEZON, DEOERIZ, FX 72V ORBBEIC—BFEALZBOERE
I BERENCEHBEIIR L. TR T BFRFA 72V 7V ANT =F VEDOEEAST5
KHHETH D I L TFRENS,

BWT, TEOERERLELLIBEF I T2V, BT 2BORV B UVHEEF 4 72 v (R

VB FA T2y RUVIAT A 7 2 VNCBT 5 BETEGETEDOR I FN L REED
HEZ T o720 TNTNOFHICETAPFBRREOLAINVF—2 0 L L, BETFR{LET
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&L DT RNV F—DER Table 4 IZ7R T,

Table 4. Relative energy of thiophene and benzothiophenes [kcal/mol]
. Radical cation Neutral Radical anion -

B
S +196.0 0 +42.8

thiophene

A
m +178.2 0 +24.6

benzo[bJthiophene

il \i +166.0 0 +9.1

S
benzo[c]thiophene

Calculated by B3LYP/6-31G(d)//B3LYP/6-31G(d).

VTNDOBRICBW T ANV -, FVINT=F YBOFRT I A NI FF
VEI)SNELERRL, MM VANT oG VEE ST ANITFFEL ) bBDF
KICRZETH) ., BEFELPEBRHICTHETHLIEIRBENS, EHLIINVEVHER
KXo THBZIIRL 2RV V[B)-, XY V[]F A 7 = ¥ CRE-EF I 7 2 VICHRPHEE
EDIANF-ERZPEL, COBRBIBELARVEVEREENDAY YOEFELIICE
LENFNEENMHELRET L dDEELLND,

FET2VE 6B FR, RVYV[B] RV V[FF 73 10 BFREE L. FEIE
BERT, TNENOBROEBTRZIICLIVIERT ST VI NVEOFEREOENLZR
BRMRPOLEZTHI LT, TENFRORERLFMT A L L, n BT OFERE
WX BREHFHRE, 1996 1 P. v. R. Schleyer b PSER L B KEFILET 7 b
(Nucleus-independent chemical shift) % V> CTHHET 5 2 L & L, FHEE. B EEICBT
5FF 7 = YR CIHHE LRV EVRIZOWTITY, #ER% Table 5 ITRL TV 5,
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Table 5. Nucleus-independent chemical shift (NICS) values [ppm)] of thiophene and benzothiophenes

Radical cation Neutral Radical anion

thiophene ring benzene ring thiophene ring  benzene ring thiophene ring  benzene ring

4N
+7.0 -14.3 -16.0

S
thiophene

)
@ -13 0.6 -10.9 122 -12.6 -129

benzo[bjthiophene

il \i 6.5 -3.6 -16.6 -5.9 -9.9 -3.6

S
benzofcjthiophene

Calculated by GIAO-HF/6-31G(d)//B3LYP/6-31G(d).

BEETIE, WThOF3 72 Y BEKIZBWTH NICSBREDETHLIL2HE
FOFEREAKLIZTD 7 oy JIREBMOFEVHEA SN, FPERBYFEEEELZETS
TENRENTz, T, WTRDF A T2V FVHNT = F YT PHERKE NICS 151X
BOEELRY), FEEESREINLI LD L, —F, F4 72, X¥VBF+7
VIV ANTF I VETIEINICS EIZIEDED 0 (258  hHRICHRE L FHFEENME
CFLTBY., SUAAMATA VEORRERSFEEND, TRISH L. N> VdF 47
2YITVANAFAVETE, T4 VERMENICS EVHOEE 2 ) FEEESEET
BALRTCICH LIRS NE e DD 5, (o T . RYVFF 7 = v Tk, 754 V8,
TodVEEBICACVOERENRICE s TREREBRENS Z NS, DULEo
FRIE, T4 7=V ORBRBEIC—BTFEALBROFERENMC I 2REL L HREIRL
TBV FHR T2 BFRF ATV N7 =F Y EBOEEN TS CTERETH B LT
HENb,

G rBF VAT LD
INFTOERWEERIY, BEFF 720, _RUVDIFA Tz v, XyV[dF+7 =
VENRTNICBWTHEETFRTICLS T2 BFRFA 7y FIVANT =4 VOB
TR THE I EIREIN, 22T, 720tk F3 72V LOBEALICL %
BHEBRILET Y A7 AOBEIRLDL, HRBF VAT LOML ML L, FETF A+
Tz VEBRICT) - VELEBEALLST LA, BERILEESROFMEIT) 2 L & Lz,
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Target aryl substituted thiophene derivatives

parent thiophene type benzo[b] type benzo[c] type
A~ -
Ph
Ph—"\g~ ~Ph s / \
Ar S Ar
Ar=Ph
Ph. Ph Ph p-MeOCgH,
L P-CF;CH,y
7\ | Ph
Ph S Ph [

(BB

25-F 722, TIVF T2 VFF 72V DOERK

25-VT7 2o VF A7 2 AR, 25-F70EFF 72 00)E T2 VR VB E DS
5 Uy L(OEEF AWK T v 7 ¥ I RIBIC & o TEE L 72(Scheme 3)o

/
N /@\Br PhBOH), C s\ O

s Cs,CO0s, Pd(PPhs),
DMF

10 11 (79%)
Scheme 3

FIIT2oNFF T A, YvaserTral) FIZHL, 2480 7F VY F
TA, V722 VT F LY RIEREASELZETY VISV 7uRY VU
B2 S5, WERUBIZ L o THEEZEAT 5 & TEH L 72(Scheme 4),

Ph  Ph O O
1. Cp,ZrCl ’Z—S* scl

Q_CEC_Q “——» | ph 3 Ph | ——> /7 \
2. "BuLi, THF zr O s O

12 13 (60%)

Scheme 4
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2.7 2oV, 23-T T 22 VRV VBT * T = v DEK

2-7 = ZV-(15), 2,3-V7 2= WXV VBIFF 7 = A7), {LEY 11 L Rk, Ko vk
HEELNTT L DT DT AR EH Ay T VRIS o TER L
(Schemes$,6)o

. Phl
V—B(0H ::i'l\
@_( )2 ~NaxC0s, PA(PPhy s O

DMF
14 15 (90%)
Scheme 5
Br
PhB(OH
S Cs,CO;3, Pd(PPh;),
DMF
16 17 (44%)
Scheme 6

13-V 7 ) =RV Vel FF 7 =V DEB

@& BEE

HEBRAR Y V[FA 72 7iE, BRT, BREEPTI X, PEERLFETHLZ L
FPHIHENTVE, FDH, FF 72y, RYVPBFF 72D L) CEREREI DT
VAT STORO VBFEER, sk wo2hy Y v T RIBEEBEOERIZA
BTH), EBRETBEWEL T v 7Y v FRIEUS COEMLA WA RAKD &
Nb, 20D, ERSFOEEREBELTR7Zuf vy 7oy FEHEREE L, X
VEZPEN D VEDEA, REEBERFICICE S 7Y - VEOEA X > THARRITERE
BB 0-TVT7HANNYEUYNLFELB, BEHICHEELRIEICIZL 2 TRV V]
FE 72 ERERETARELRA L, B¥ER7 1Y) FERBEHEORILTIET b
TRIEELET, TVI—VERI TRIDSETTAILPHIONATNE, 20720,
—FEANGTIYEY Do VERBEATLI LT, REFHLEORBIC L) 6 BREZETHE
TRESEHLZETERRN LD P REHREITICEE LT
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Synthetic strategy

1,3-diarylbenzofc[thiophene Target molecule
:> S—é ;— S |:> Ar—gAr l:> ArQAr
c cl { 00 ) S ¢ S
00 4 N N N\
R RLi or RMgX RQVR RLi or RMgX R)QR
Cl Ci
0 o 00 R'Ho oh R

RLI or RMgX R
s s — s LI, R

(i) BX-Scheme 7-

7yua4 Nyl FA8)IX THF BEPEEFE T 22 ANVI TS VEY YV 2 & ¥ 5
CETILEW 19 % B3R DIETEHR L7zo SR LIZILEW 14 13 L. THF P, HY
TETV—NT) oY —VRAEREASE D 2 & TENLEWDAREEBEL 2D 0-VT
)L VRYEY 20a-cNEFEL, FIERET—V VYRE L ORIGIC X 25#L, B’ILIC
LoTHBLET S 13-VT Y —WRYV[c]FA 7z VQ2la-0) 2 AR THICE 72, 728.20c
DEEERBINETH o270, RIDHE, FEBME LTHLEERBEL., FIEHEIRYL
Kiezfrv21c & LCHEEEL /2,

18 19 (83%) L.R.=Lawesson's Reagent
ArMgBr LR
» .R.
THF Ar Ar T / \
o O Ar S Ar

21a (67%): Ar=Ph
21b (46%): p-MeOCH,
21c (24%)*:  p-CF3C4H,

20a (46%): Ar=Ph

20b (25%): p-MeOCH,

20c p-CF;CH,
* based on compound 19

Scheme 7
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Analytical data

2,5-Diphenylthiophene (11): colorless crystals; 7.26-7.30 (m, 1H, ArH), 7.29 (s, 1H, ArH), 7.38 (¢,
J=28.0 Hz, 2H, ArH), 7.63 (d, J= 8.0 Hz, ArH); *C NMR (101 MHz, CDCL;) 6124.0, 125.6, 127.5,
128.9, 134.3, 143.6.

Tetraphenylthiophene (13): colorless crystals; "H NMR(400 MHz, CDCL) 6 6.95-6.97(m, 4H,
ArH), 7.08-7.14(m, 6H, ArH), 7.19-7.25(m, 10H, ArH).

2-Phenylbenzo[b]thiophene (15): colorless crystals; '"H NMR (400 MHz, CDCl;) 57.28-7.44 (m,
5H, ArH), 7.54 (s, 1H, ArH), 7.70-7.83 (m, 4H, ArH); >C NMR (101 MHz, CDCL) §119.4, 122.2,
123.5, 124.3, 124.5, 126.5, 128.2, 128.9, 134.3, 139.5, 140.7, 144.2; MS (70 eV) m/z 210-(M");
Anal. Calcd for C4H,,S: C, 79.96; H, 4.79%. Found: C, 79.82; H, 4.79%.

2,3-Diphenylbenzo[b]thiophene (17): colorless crystals; "H NMR (400 MHz, CDCk) §7.22-7.27
(m, 3H, ArH), 7.30-7.42 (m, 9H, ArH), 7.58-7.60 (m, 1H, ArH), 7.86-7.89 (m, 1H, ArH).

1,2-Di[S-(pyridinyl)|benzenedithioate (19): colorless crystals; mp 114.3-115.1 °C (lit., 109.7 °C);
'H NMR (400 MHz, CDC);) 57.30 (t, J = 5.7 Hz, ArH), 7.65 (dd, J = 3.4, 5.6 Hz, 2H, ArH),
7.31-7.79 (m, 4H, ArH), 7.88 (dd, J = 3.4, 5.6 Hz, 2H, ArH), 8.63 (d, J = 4.8 Hz, 2H, ArH); °C
NMR (101 MHz, CDCL) 5123.7, 128.5, 130.4, 132.0, 136.7, 137.3, 150.3, 151.2, 190.1.

o-Dibenzoylbenzene (20a): pale yellow crystals; mp 147.0-147.6 °C (lit. 144-148 °C); '"H NMR
(400 MHz, CDCL) 87.36 (t,J= 7.5 Hz, 4H, ArH), 7.51 (t, J = 7.5 Hz, 2H, ArH), 7.61 (s, 4H, ArH),
7.69-7.71 (m, 4H, ArH).

o-Bis(p-methoxyphenoyl)benzene (20b): pale yellow crystals, mp 157.3-158.1 °C (lit. 153-156
°C); "H NMR (400 MHz, CDC);) 53.84 (s, 6H, OCHy), 6.85 (d, J = 8.9 Hz, 4H, ArH), 7.58 (s, 4H,
AtH), 7.67 (d, J = 8.9 Hz, 4H, ArH); *C NMR (101 MHz, CDCL;) & 55.4, 113.5, 129.2, 129.9,
130.2, 132.1, 140.1, 163.4, 195.3; IR (KBr) v 3069, 2838, 1655, 1596, 1510, 1315, 1263, 1173,
1150, 1032, 937, 840, 753, 599 cm™; MS (70 eV) m/z 346 (M"); Anal. Calcd for Cp,H;3O4: C,
76.29; H, 5.24%; Found: C, 76.55; H, 5.28%.

1,3-Diphenylbenzo[c]thiophene (21a): yellow crystals; mp 117.6-117.9 °C (lit., 117-119 °C); 'H

NMR (400 MHz, CDCL3) 67.09 (dd, J=3.0, 6.9 Hz, 2H, ArH), 7.38 (t, J = 7.6 Hz, 2H, ArH), 7.51
(t,J= 7.6 Hz, 4H, ArH), 7.69 (d, J = 7.6 Hz, 4H, ArH), 7.83 (dd, /= 3.0, 6.9 Hz, 2H, ArH).
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1,3-Bis(p-methoxyphenyl)benzo[c]thiophene (21b): yellow crystals; mp 143.1-144.2 °C (lit.,
140-142 °C); '"H NMR (400 MHz, CDCL) & 3.88 (s, 6H, OCHs), 7.03 (d, J = 8.8 Hz, 4H, ArH),
7.04-7.06 (m, 2H, ArH), 7.60 (d, J = 8.8 Hz, 2H, ArH), 7.76 (dd, J = 3.1, 6.9 Hz, 2H, ArH), °C
NMR (101 MHz, CDCl;) 655.4, 114.4, 121.1, 123.8, 126.8, 130.3, 133.1, 134.7, 159.1; IR ('KBr) v
3061, 1921, 1614, 1324, 1166, 1014, 755, 635, 443 cm™'; MS (70 eV) m/z 346 (M"); Anal. Calcd for
CH130,S: C, 76.27; H, 5.24%; Found: C, 76.19; H, 5.27%.

1,3-Bis(p-trifluoromethylphenyl)benzo[c]thiophene (21c): yellow crystals; mp 147.6-148.2 °C;
'H NMR (400 MHz, CDCls) 67.18 (dd, J = 3.0, 6.9 Hz, 2H, ArH), 7.76 (d, J = 8.5 Hz, 4H, ArH),
7.80 (d, J = 8.5 Hz, 4H, ArH), 7.83 (dd, J = 3.0, 6.9 Hz, 2H, ArH), ®C NMR (101 MHz, CDCl;) §
120.8, 124.1 (q, Jisc.1or = 272.0 Hz), 125.2, 126.1 (q, Jisc.10r = 3.7 Hz), 129.3, 129.5 (q, Jisc.10r =
32.7 Hz), 133.5, 135.9, 137.5; IR (KBr) v 3061, 1614, 1408, 1325, 1165, 1113, 1068, 1014, 840,
~ 600, 443 cm'l; MS (70 eV) m/z 422 (M+); Anal. Calcd for C,,H ;FgS: C, 62.56; H, 2.86%; Found: C,
62.36; H, 3.21%.
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GBREBLETY AT A DREE)
G FREED .

FTY)—NVERBEF T 720, RUVDBIFF T2V, XUV FF 7=V %E8K. D
BEALFEE LM LR WITobEC B COFRE Iz SV INT =4 VEH
DESICENTTHEEFER SN, o T, BEFF 72V RUVDBFA TV, RV
VFF7=2¥, WFRDERICBWIDRRELTF A T2V I TANT =F VEFEET
X5 LIEHLPTHY ., AFROBWTHAF I 7V (BERT 7Ty )L 7z
kY (ERERE T —B)0BEEIC L 2 SERBIETROBEITIVETH S L H
FEns,

ETHEFF 72 VR ERBBETLLRBEBILBL VAT LADBELLTFEF 72
D25WIT IHINT =F VEOBHENREL L EBE L7 = = Vi, BLETHAE O
KERTEM 2 EB S L 2EERNEELL LT 70t VELEA LI 2 Bt
22720 NVSE- T2 VFF T2V ERBEL, BT, X ) BN 2ETFBEITEE
R7z0ky2my FE2OMARANELS-V T a0k VFF T2V  BROEBRBOETF
BEPHEEINEF T 7o VRETRTE 720 VETERLZF FF 720k )L
FF 7V EEEL,

RYVBFF T = VP LEEEE LT ASERBILRTRE LT 2K 7z ak
WEREALL 22720 RV VB F4 7 = v 2FERIC, 3 MOBBREIZ X 5B(LE
TREDOENRE FTVAINT =4 VEOREEICRIZTTBREME LRI T 5720, BT
V- VETHE TV, EFHREE p-A MRV 7= VE, BFKR5 M p-1 U 7%
07z VEZEALLGFEENEEWE L, E5I1225- Y720k VFF 7 = VA
B 3HL3 BT IRROSETBEPTRABIELRERLL LT23-V 70k uR
YV FF 7 RS L,

R V]F A T TR, 13720 VEREBEA LR 13-V 7202 bRV VT c]F
A7 /RENSTFEL, COBEERERLLS 23-V 720 VRV VBFF T =V
EOBALETESR BT A I E TRV EVOBBMNE, B 720t Yy OBEAMED
BWIIAEERERTHILE LT,

-19 -



Molecular design

parent thiophene type benzo[b] type benzofc] type
Qo
S
R R=H
2-sites 2-electrons /@\ A Ph
2-steps redox system Fc S Ph | s Fe p-MeOCH,
p-CFCH,
Fc
3-sites 3-electrons /@\
3-steps redox system Fc™N\g” ~Fc I D—Fc 7 \
S Fc S Fc
Fc Fc Organic-organometallic hybrid molecule
5-sites 5-electrons 7\ Donor-acceptor type multi-redox system
5-steps redox system Fe—N\g~~Fc Mixed-valent system

(FF 7208 4 TELEREBRIGETL Y X T A DIESE)
() 2,517 2 BT F 7 = VHELDEH-Scheme 8-

25-V7UEFF 7 VAN HBWEL L, AXXAYT) VIR &S 7 2 = vk
DEA . Iyoda SI2 X o THEEINZELT7 0o VEHS L DT VT MRV Y
TR EAV 7 c 0o VEFEBEATLHI LT 2-72 0LV ST 2o VFF 7 2
YNEEHFLZETEE L. ) —FHOBMSFTH525-V 70k VvFF 7y
CHZEREDOH vy ) VRSB 720t o VvER 25 MICEATAIET, YV AT

\

v I CTEBEL,
PhB(OH), / \ FeznCl 7\
- s~ Br - S
KoCO3, Pd(PPhs)s PACI,(PPhs), =
M\ DMF THF —
Br/Q\Br —] 22 (34%) 23 (71%)
10 FcZnCl g(_}@
> s

PACI,(PPhs), E Fo
THE = ==
24 (10%)

Scheme 8
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()X HRE TR AT

AR L7 bE 23 13 X SR SAEERTIC X ARBLITRII LTV 5 Fig. 9 T4 7 2 ¥
Br 7o VERLTC7 20 VEDEREE, ZRhEN 1470, 1454 ATH Y, sp*iR
BREEOBEAEREL B L CEL. ZEFARLTALTVE I bR b, T, F
FT2VBERVEVERY Cp BORAZEFEEORUNAIX, TRFN 132607 .
7.639° LXEFEICEL . FRENEFF 72 72 VERD » IBICINA, BEETF
B, T 720720 VERTIVNVYEREZRELTWSZ L, T4 72V
L7 20 VEBTOr EOFELHLPIIRL TS,

Crystal Data

Empirical Formula CyH,cFeS
Formula Weight 344,25
Crystal System orthorhombic

Space Group Pbca (#61)
a/A 9.648(4)
biA 8.690(3)
c/A 36.15(1)
VIA3 3030(2)

z 8
De/gem’ 1.509

p(MoKo)/cm™ 11.24
Figure 9. ORTEP drawing of 2-ferrocenyl-5-phenylthiophene (23). R, (I>2.000(1)) 0.039

Thermal ellipsoids are drawn at the 50% probability. Rw (all data) 0.036
GOF 0.999
Table 5-1. Table 5-2. Table 5-3.
Selected bond lengths (A) Selected bond angles (°) Selected dihedral angles of planes (°)
S1-C2 1.724(4) S$1-C2-C3 109.2(3)
C2-C3  1.358(6) C2-C3-C4  114.1(4) 2 plane1and2 13260
C3-C4 1.395(6) C3-C4-C5  114.3(4) S plane2and3  7.639
C4-C5  1.353(6) C4-C5-81 109.8(3)
C5-C6 1.454(5) C5-81-C2 92.5(2)

C2-C7T  1.470(5)

(i) ERALFRE O

BB LTeTF 7 = VFEE 23, 24 120V TERILENTFEEZ HWZ20ETBEIRIE U
ETEZBOREEDFMZIT o 72,

T, LAY 23 KoV THIERE & LT THF 2V, ST, ELANCREIL 2%,
D& LB LAl ORENEAT o 720 #B5 EE 100 mV/s TIREBETRAOTEITBNWT, ¥4+ 72
B OBBET-ZETLICHRT 2ETLEFEAEN 200, T 5 BILEOEREIXTE <
B CHE SNz, LL, BEEEL 400mVis &£ §52 8T, BLEOEBRILENT
BEIFBASN, COBREID, FAF 72 VFER B OEBEFETICIVBETLS VD
VT =G VREPERETH D e hb, —F., BRILAIOTAITIZ+H025VIC7 = a
A2 O DBEETBRILICRE SN2 SR BRILESEH & NizFig. 1000 Zh &Y, HFIE
Mz X VERMb. BILAREHMTER FF— - 727275 —BHER-AEREBNI T v b
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SFORIE, TN 2 Hub 2 BF 2 BRTHEREETLY AT ADEMICESI L2 itk
5o

ambient temperature Redox potentials [V]
sua | Ep, 2.62 +0.37
/ * A E,. -2.86 +0.12

ElI'Z 2,74 +0.25

L ~ L | I 1 L 1
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5

E[V]
Figure 10. Cyclic voltammogram of 2-ferrocenyl-S-phenylthiophene (23).
Condition: concentration, 2 mmol dm™ sample in 0.1 mol dm™ [Bu,N|[PF;|/THF
solution; working electrode, glassy-carbon; reference electrode, Ag/Ag™ 0.01 mol
dm3 AgNO; in 0.1 mol dm™ [Bu,N][PF¢]/CH;CN solution; counter electrode, Pt;
scan rate, 400 mVs™,

2-sites 2-electrons 2-steps redox system
€ 7\ ¢ 7\
<& . & . =

EW 24 12OV TREHTREZIT o 78R, BLAORINICBWTF 4+ 7 = VLD
HETBTRETECEASN, ERTREBIEIVAINToF Y EORELEEIREN
2o TETHIEREZ 2BK ICTHENELTo/2E 24, BERMITT 4+ 7 = VB, B
HTHFAD 2 2070t ry2=y MpoOREGETMRELZFER LA 2 BRFOWHL
BACE AR E N TFig. 1) ZOFERIZ, BEEGTICBI 2B E L3 RLIET3
BRETYELET Y AT 2D EHIZ, FF 72 VERCERDO 720 Y22y + %
BEATHZECRAEFMRELREL- 7022y M5 OSBERE OB LA B
THhAZLEHLPETEIDTH S,
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Redox potentials [V]

E, 274 +028 +0.42

E,. -291 +0.08 +0.22

Ey, -2.83 +0.18 +0.31 ELn(041) =+0.19V

AE, =158 mV

B (+1/42) =+035V

— P — 1 L L 1 L N 2 —

-3.0 =25 -2.0 -1.5 -1.0 -0.5 0 0.5 -0.2 0 02 04 06
EV] EV]
Figure 11. Cyclic voltammogram of 2,5-diferrocenylthiophene (24). Figure 12. Cyclic-(top) and differential pulse

Condition: concentration, 2 mmol dm™ sample in 0.1 mol dm [BuN][PFs/THF (bottom) voltamograms of compound 24,
solution; working electrode, glassy-carbon; reference electrode, Ag/Ag* 0.01 mol Condition: concentration, 2 mmol dm™
dm= AgNO; in 0.1 mol dm™ [Bu,N] [PF]/CH;CN solution; counter electrode, sample in 0.1 mol dm™ [Bu,N]{PF)/CH,Cl,
Pt; scan rate, 100 mVs™., solution.

3-sites 3-electrons 3-steps redox system
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T/, BB E2EEATF VYV CERABLAORIE 2T o722 2A, 2200 720tk L
=y Mo 02 BREBRILDOFUEBAE OB INAHER S Niz(Fig. 12)0 < DOBEEFRIILTO
k) ICHHE NS,

CV BB A BHE-EEOMERR. 14 AHEER & v o 2B, SRz
B - XREFDOHRCLDIDTHY . BERFMIRELEHT 5 S&BERLOEA
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Y Fm) FF—8ON). 7775 —HANFEITLNELDN, AN X, ZhZ
NAFHVE, ToAVBEDFENOLZEEZRT/INTA—F—Th D, DNPFKEVE
ERFAVRECHEFERM LS ANDPREVEIET =4 Y EEBER LAV L 2 FRT 2),
CV L&5% 720t VILEWMOZEREEIBEIBREICBVWTRIKEREL 2250
NIA—=F—FANTH Y CNBBEESFRBEN T VI — TV L BREMTH 2L
THAFAVEEXRHEBHBEN T V=T od DA F BB ELTA7-0THb,
) REEFMIRBICBWTC Fe(I) E XRHEMED T V7 —T =AY 204 + V3 2Rk
THIE B Fe(> b Fe(IDNDBEFOIERAERR ISR, FMRELTREET
MRE B T2ERBPOHOMERRIETL, SERBILOLEBENEIRI T 5,
>C, XWEBEI I VY =T =4 VHPUERFE I L o THEEMSN, AFFVHLED
A4 F VIR E LT S L Fe A 5 Fe(IIDNDETFDIERELIC L 2 &BF.LEOME
TERD 0 b MR R FMIREI TS N). FHEEMNEZIEMT 5, SHOHE, e
BHE L CHW THF L1 LA F VU T AN A578. 128 EHBIEAF LV OFFKE WS
O, WEAFVVBEF TR THE X ) b1 F YHBRSHT 5, FEENEOEMIHE
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X7-Z B,

INETODLSMN2ERT A 7 = U FEBOBKILFRET BT 5 & 7 = 2 VEOFED
KRV BTLREBMOI V- FY 7 ESI 1230 ANT o YEORERDETHHRER L
Nbo TNE7 =2 VEIC K 5 » HBRWFRICHED LUMO ZAVF—DET, LTICAEY
DFBIECE BT IANT =4 YBOBHFHREMICHSRT, 720 VEITX S
TNV VERBERIC L 5« HIBWREOREIMEL . F2ZALHNLERIICL28EHR
WEEBILTR 7o VRBREBEDS VINT = VEOTFLRELMIFOAZ NI L 2R
LTW3,

Electrochemical properties of 2,5-disubstituted thiophene

cPo O¥g gv%

Reduction potential Low - » High

T

7 radical anion.  Stable . . » Unstable

-

CORREEZT. TI7 27— HON P ORELLZEBIRILETL Y AT ABELTEN
LT, BLBENOEREMALECICIAREEICL STV VEOEERWEELEER L.,
CNLIEDT 4T 2 VBEERDIAMANT 2o VEBTIC 7 s 02 VER M EBERRWIC
%ALtV7lDt~W/7I—W%j7I/%k@ﬁ%ﬁ%r e L7,
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New Target Molecules

7\ / \ 7\

(J 0 T gg,s &

«’9)@

3-sites 3-electrons 3-steps multi-redox system

Thermodynamic and/or kinetic stabillization of radical anion
Low reduction potential

(V) V720tV 7o VvFF 7 VO

BNt THANBERTF A 7 VAR, 79722 VFF 72V ORBETEFV
YETNAZ T A EDBALMBILRIBIC X o TINVaF T Ry ¥ DI U bEERE R
SEB, WERIBICX > TREREF2EAT 5 HEZBIR L 72(Scheme 9)o £ DFER.
EMSFTH5 2 BEOEEEEKR25-Y 720k V34-V 72 VF T 7 2 V2600 R
24-V 720k NV35T T2 VFF 72 QNI HBLRIZ, L L, TOHEDL I —D
DIEWSFTHD 25-FV 72 2N34-T 720 VT4 72 VOERIIBEIN o
o CORERIX, FEFBATHLINIFLIURY I VIVBRICBT 2EEH. ©
Y, BNFWLEREETVEREOVABEICL 2EERNLZERICILZbDEER
bihs,
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= 1. Cp,ZrCl /Z/‘\S\ /Z/'_\S\
?e—c C—O ———— | Fc 27 Fc T Ph Fc

2, "BuLi, THF

25

26 (20%)* 27 (14%)* *NMR yield
(13%)° bisolated yield
Scheme 9

IS 2 BONBEMA 26, 27 BB/ U< M5 74— X AHBIZEEICHEETD
D, AHEEPELUESEOER 26 2 BREREICK o THEBINE 3% THEALZ LIZEI L,
Z 2 TILEY 27 DRIV — b TOBIRBAEL % BE) L 72(Scheme 10)o

ﬂsf PhB(OH), Q
Br\g PACI,(PPhs),, Cs,C0; @ /s\
DMF

28 (88%) 29 (77%)
Br, Br. g Fe-ZnCl
cCla L D<g, “PACL(PPRy),
O S THF
30 (99%) 27 (48%)
Scheme 10

24-VT7UEFF 72V HBYWEL L, Ky TV TRIBIZE 5T 24 M7
= VEREA LR, NELREFEE. MEEOREZEHEEF A 72 VRED
AERIRMICERILT AL T24-VTUEIS-T 722 VT A 72 VB30 4K L7 &
BCAY ) Y IIRBICE o THHOMEBIC 7 0o VEREAT S Z L TRERIRWIC 27
EERTAI LTI LT,
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COEREESEL L, b)) —DoDENFFTH523-V 70t NVA5TT =)V T
F 7 2 Y BHDEHEIT o 72(Scheme 11), 2,3-V7RETF A 72 VR HEYWHEE L, 7=
VEDEA, FIEHELEFELCLoTH Y 7)) ¥ FRIDARAE L 2 5LEW 33 ~LFH
BB, 7o b VEZEATAI L T2 ARSRBIRIICM 2ERTAICES T2,

Br PhB(OH), O \

s”  PdCL(PPh,),, Cs,C0; O S

DMF -
31 ’ 32 (59%)
W
Br, Fc-ZnCl
—_— 7 \ >
ccl, s” Br PdCIy(PPhy),,
THF
33 (99%) 34 (21%)
Scheme 11

BRONBEMEKL 25 25-V 7220347208 VFF 723D, 757
OEFF 7z @S OBy YV IRIEETF) LTI/ oNE Jouro
EEBATSHZ & THEL72(Scheme 12)o
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/Z_ﬁ\ PhB(OH), 7\ FcznCl
Br~"\g” “Br Cs,CO;, Pd(PPhj), Q s PACI,{PPhs),
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Scheme 12
(V) X s S S R

ABOT 720 VD T2 VT F 7 2 VBFBRCBWTHETT25-Y 70k
B34-TT 2o VFF 7 2 VRODBEBITICEII L Twh, 70tV 7= VEROK
BILYF A 72 VREOFHESHERRTEEAFERBRERDOT T 7 2 VITERTEKRLT
BY, FTRCOBBRERZFF 72 VRIEFLTTURFBEDEE L 2o TW5E I &S
“HAPLHLRPE o7z,
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Crystal Data

Empirical Formula C;¢H,4Fe,S
Formula Weight 604.36
Crystal System monoclinic

Space Group P2,/c (#14)
a/A 10.49(1)
b/;é 10.64(1)
ca 24.42(4)
B/ 92.4(1)
VIA3 2721(6)

z 4
Dc/gem™ 1475

" p(MoKo)/em™! 11.67
R, (E>2.000(1)) 0.049

Rw (all data) 0.168
GOF 0.999
Figure 13. ORTEP drawing of 2,5-diferrocenyl-3,4-diphenyl-
thiophene (27). Thermal ellipsoids are drawn at the 50% probability.
*  Table 6-1. Table 6-2. Table 6-3.
Selected bond lengths (A) Selected bond angles (°) Selected torsion angles (°)
S1-C2 1.732(3) S1-C2-C3  111.2(2) C6-C2-C3-C7 4.7(5)
C2-C3 1.370(5) C2-C3-C4 112.7(3) C8-C4-C3-C7 -5.2(5)
C3-C4 1.441(4) C2-S1-C5  92.6(2) C9-C5-C4-C8 4.1(5)
C2-C6 1.445(5) C6-C2-C3  129.6(3) §1-C2-C6-C10  137.8(3)

C3-C7 1.475(4) C7-C3-C2  121.7(3) C4-C3-C7-C11 -56.8(5)
—_— — CI-C8-C4C3  130.03)
_CI3-COC5CE 4549

V) EFALEREO

BB LI—EBEOT 720k VT 7 2V FF T 2726, 27, 34, 31 DERALFEED
FEMAE R % Fig. 14 XU Table 7 12773

THF ##EH, E2RT. WThOEWIIBWTRFF 72 IV I NT =4 Y EREIZ
R 2BLKIZBENENE D00, Wi 2BLEEIBA SN TATETHY, IVH
VT = VEORREENRENT2 T, V720 WP T2 VFF 7 2 7 26, 27
34, 37 ICBITABILEMEIZ. ZNEh-293, 291, -2.88, 288V THY, FF+ 7z~
BO2SNEND T2 VEDEBAIZ Lo ThTRRT7/ —FV 7 bR ENT, 2DT
J—FY 7 i 2 BT F 72 VHERDEASLARIC 7z VED 7 BRI L 5
LUMO TH ¥ —DET £ 1 bND A 2 BRI E0Y 7 MBS, 6@ L
BT UANT ZA VEOTH BN ENEER S B S b ok, T, 4 BHK
TREBREFAORBICL > TIRTCOBRES T ORTBOEBEL ), F+ 72087
= o VEPHFEEEPORINE D, n£BYF 2 BREAL Y BT L LBERLE
Z21bNhb, ZO—HT, BREPTURTHOBEL 25 L TYABHRICERT 5%
ERVEZENATO I VI NVEORELIATHTH Y, TNITEREHORREICE > TE
CleF 4 7 = VEMNOREHESE, AEOEMNMETIVINT=F Y BOFF 72 VRETD
AEVOBFHEILZTFO--DEELLNS,
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Figure 14. Cyclic voltammograms of diferrocenyldiphenylthiophenes.
Condition: concentration, 2 mmol dm™ sample in 0.1 mol dm™ [Bu,N][PFsJ/THF solution;

working electrode, glassy-carbon; reference electrode, Ag/Ag* 0.01 mol dm™ AgN O3in 0.1
mol dm [Bu/N][PFs[/CH;CN solution; counter electrode, Pt; scan rate, 100 mVsl,

Table 7. Redox potentials [V vs. Ag/Ag']

E,, — 4036 E, — 4033 E,, — +024 +040 E,, — +032
Epe 293 4016 —  Ep 291 +0.13 —  E,. -2.88 +0.10 +0.27 Ep. -2.88 +0.07 —
Epp — — — Ep — — — Ep — +017 034 Eyp — — —

BRALB DI TR, 23-V 7282 NV34-F 7 2 2 VF 7 =V BHUSDILED TI,
EFIEELLMNEI 2 BOBILEFELZ > TBHE N, #FC T4 BOY 720k =)V
V722 VT F 7z NEEBED 7 x 0 Y ERMEBIZX S 2 BREBRILBROFHEHK
T 57-0, BIEBEREAF U VICE 2R BALR OREIE 21T - 72(Fig. 15)0
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E04)=+020v 02 0 02 04 06 g oupy=+017V 02 0 02 04 06

Eyp(+1/+2) =+034 V - EM Eip(+1/42) = 4029V E[V]
AE;, = +143 mV AE;, =+122 mV

-— =7 2pA

Fe Fe
) ) £
/ A\ -
(J s
37

—— PEE') " P

Ein(0/+1) =+0.15V 02 0 02 04 06 Ep04D)=+013V 02 0 02 04 0.6
E\n(+1/42) = 4037V EV] Ep(+-142)=+027V EMV]
AE,, = +222 mV AE,, =+137 mV

Figure 15. Cyclic voltammeograms of diferrocenyldiphenylthiophenes. Condition: concentration, 2 mmol dm’
sample in 0.1 mol dm™ [Bu,N|[PF¢]/CH,Cl, solution; working electrode, glassy-carbon; reference electrode,
Ag/Ag” 0.01 mol dm™ AgNO; in 0.1 mol dm™ [Bu N][PFs[/CH;CN solution; counter electrode, Pt; scan rate,
100 mvs?,

B S 7= T 2 B B L 00 B BT 35 (AR, )i L 27<37<26<<34 DJETHIL TH Y |
BICbe 34 TRELWENEZOEMPBA SN/ $7 20t VEEWIcBITE 7 =
e RS D SRBRILOEMER. BAETHERECEI 8B T .UM
(Fe()-Fe(I) PETFHHEEAGEREN)CEE L, 4HOHE, 2 007z 0% v2=y
FEFF T2 VBRICE o TR LTV B LD, BERFIECS) 52 RH0MOME
PRI AN—F —Td HF 47 = ¥ %A L7 through-bond. through-space HEFER ™ 2 >
EFBHBE TR 5 EHL5NA, troughbond(id £ 4 LAVHIESRIE, BF258:8
T2 AN - OWRPZOMICE ) PBEN, BFFRR—F—(F4 7 = V) LER
OBo TV B BEBR TH 5o F7. through-space(ZEl %38 L MBI, <5 —
(FeD). 77 €75 ~FeMM & RT 5 ZME BT VBEHT 5 BETHY . ZOBTBH
BHBOER ) I LTRES Y . RISROBLE R 0B & A8 2 BRI IC X > THE S
No, BHENY 720 VYT 2o VFF 7 = VHEEE O LR EIZE OB,
Jxutyasy ORBIBORNCE S, 47 = VERICHT S 7 20k 0Ntk
R, F47=v27=20vYHOZEREYE, SBPOHOER, AR—F—ThsF
F 7z DEETRE, BEFIRENDERIC X o T through-bond. through-space FH 1 D355
PELLEREPRAEEIONE,

% . %:)pﬂjé}%@%-&"fﬁh@'ft@'gﬁi%m‘ INFTHRREZLES LREBAEFMEED
SEFOCHOREERETOREEROMmIC, 7 -0 REGENRLEROLEL 4
ATERELTBBIE NG, fEoT, #4720 23, 34720k vazy 1%
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A L7 34, 37 DFAIE, MOZHFIERTEBEROCHDEREF TV, SElldh
BNECRETHNLEROMICHEN 2 EREEATNRS LEXILNS,

7z 0k Y OBBRMEOEVIC X HZRAETFMIRE 2 RH L - EKERILEROEI
OWT, IVEMLEREZITICER2ENEL, V720 VWV 72 VFF T2 VI
WNETAY 720 VT4 7 yBEEREAKL.ERLERE CVIEICK VFHMET S 2 &
& L7,

(i) V7zat=oVvFF7 = O
AR, MY TEYTREF LT 2 /(183140) L LT 2 O VEERE DNT VT A
(IR 2 B2k v 7)) Y T RIBIC X 2 TY Y A5 v 7 TEB L7z (Scheme 13,14,15),

—7
Fe
Br. Fc-ZnCI _ Fezncl
U “PaCI(PPhy), (PP (_S\ Facperng 4
Br 2 ) 2(PPhs),,
s THF S°  Te
==
28 38 (31%) 31 39 (14%)
Scheme 13 Scheme 14
-—7 -
Br. Br Fe Fe
7\ FcZnCl
—_——
S PdCI(PPh,), 7\
THF ()
40 41 (23%)
Scheme 15
(vii) X HHE A S AT

B L7 34-TV 720 VvFF 7 2 VADIKOWTIE, BESZOERICHII L7729
X B REERIT T o 72, 41 ZHEETFR, ZHATFHLTEELTBY, Z20—Fo%
F 9 ORTEP HIE i iEAHERE, A % Fig. 16, Table 7 IR LTV 5, B%, EEMOZD
DT xaryL=y MIEWIIRELET A LX) faceto-face DELE E LA EBAONT
Wb, LD L, BERID, FA 72V RET720 20D CpBEDRLENAI., 96, 7
THH, 2200702y ME—FFF 47 = VRICER L, b ) —FHNEIRHLTH
EROTWAI WAL E R o7 FA 7z v 72yt DESIEEEIL, 1481 A
(C3-C6), 1478 A(C4-CHE EL L D EHEAMIIFEL, T4, LXPHEEEL R oTVRBEHH
ERLTVASECERTHEAEEN DT PICEVI L5, #oT, 41 KBITAH7
U= VED Cp WEFF 7 2 VYROFEER, 2-720€=V5- T VvFF T2y
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Q) DOREBE TR SN L) R 2D T 20k Y L F4 7 2 VDT VSL VBB
L X BEBROBIRE V) LD, BEETH. BRBELEREE L 5RIC—FIERXL. b
3 —FHFEE ol bEX LN,

Crystal Data

Empirical Formula  C,,H, Fe,S
Formula Weight 452,18

Crystal System monoclinic
Space Group P2,/c (#14)
alA 19.6796(16)
bA 10.4973(9)
ciA 19.8082(10)
B! 115.790(3)
ViA3 3684.5
Z 8
Dc/gem™ 1.630
p(MoKay/em™ 16.921
Figure 16. ORTEP drawing of 3,4-diferrocenylthiophene (41) R, (122.000() gg;:g
for one of the two independent molecules. Rw (all data) l' 035
Thermal ellipsoids are drawn at the 50% probability. GOF :
Table 7-1.
Selected bond lengths (&), bond angles (°), torsion angles (°)
Selected bond lengths (A) Selected bond angles (°) Table 7-2.
S1-C2  1.706(2) $1-C2-C3 112.15(18) Selected dihedral angles of least-squares planes (°)
C2-C3 1.378(4) C2-C3-C4 111.8(2)
C3-C4 1.443(3) C3-C4-C5  110.9(2) plane land2  96.329
C4-C5 1.367(3) C4-C5-S1 113.37(19) ,
C5S1  1.701(3) C5-S1-C2  91.68(14) : planeland3  7.161
C3-Cé 1.481(3) : plane2and3  89.328
C4CT  1478(4) Selected torsion angles (°) S

C4-C3-C2-S1  2.002)
C5-C4-C3-C2  -2.3(3)
S1-C5-C4-C3  15(2)
C7-C4-C3-C6  -4.0(4)

(vii)) ERILFHED S

—EDV T O VI F T = YHFEED CV I L HBLER O R % Fig. 7 1OR
T o B S NP BEAE(AE ), 38<<41<24<39 DIRTHMLTHY, 7=k O
B EINETEY 720 VY T2 VT 4T 2 Y ERROEREL 2o TRAH I LD
bbb, 7z NVEDBEAL L HBMNENDOEEIL, 25-V 7202 VT T 7 = 7 (24),
34-T 720k ZVFA T2 VAT, 7o VERFEALZY 720 vV 722
FAT = 26, 37 L) BBMNEFENMLLEOICHL, 24V 72222 VvF 4 7 = V(38),
23-V7x0VFF 7 2 V@Y TIIRIET 5 27, 34 ICHRTEMEDVETHEHE S iz,
2ERBEY 70k VT AT 24, 38 TR, FA72VE 720 VROBRKETED
D OEERIC & o TRERREELZINS DI L, 4 Bk 26, 27 TREBREROXBICK
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2 C7 =0 Y DVAEEICHIRPELS LEZLNS, EoT 2 BEREL 4 BEREDE
NEZ 70t YDFF7 = VRIZHT BV ARELE S through-bond, through-space FE.1EH
CEBLZLICREAT S, —F. 39, 41 TIHEREMIC 2 207 cntk Yoy MFER
LTWad, EWEIRELZEITIEEZH o TWLETFREINE, ZDLD, Tz
ELEALL 4 BHUE 34, 37 CBVTHIRERUBEEORLIZZVEEZ LD DT,
COBEBRENBMEE, FF 72 VBREND T2 VEOBEAILL o TF T2
BEOESE, BT REDZE{LA through-bond, through-space HEMEFICEEL7-Z &1
BETZEEZLNS,

2ua] iy Al
g% = 923\9 =
S
< :
24 . . . . &
0.2 0 02 04 06

38

Ep0n1)=+019V O Ep(041)°'=+021V 02 0 02 04 06
Eyp(+1142) = +034 V E[V] Ep(+1/42)° = +0.26 V E[V]

4By, =+158 mV AEp=+50mV . ) culated using peak potentials of DPV

=
Fe. 2m] 2R o]
S Fe S
L =4
39 41

Ep041)=+0.19V 02 0 02 04 06 EO0+D)=+0.18V 02 0 02 04 06
Ein(+1/42)=+0.38 V EV] Eip(+142)=+033 V EV]
AEl/z =+192 mV AEm =+146 mV

Figure 17. Cyclic voltammograms of diferrocenyldiphenylthiophenes. Condition: concentration, 2 mmol dm™
sample in 0.1 mol dm3 {BuyN][PF¢)/CH,Cl, solution; working electrode, glassy-carbon; reference electrode,
Ag/Ag* 0.01 mol dm™ AgNOj in 0.1 mol dm™ [Bu,N][PF¢)/CH;CN solution; counter electrode, Pt; scan rate,
100 mVs1,

INITELN-Y 70k VI T 2oV TFF T2y, V720 VFF T VE
BRDBEALZE T — ¥ % Table 8 IZRT o 220N 720k vy b2F 472V TEEL
7oV 7x0t=VvTFF 7 2 OBLERDY, 70V OBRUEOEVPLELS T
Uty ONHEE, —EEAt. EEHOHOERNERIZL), BERETMREOLE
., 2% V. through-bond, through-space HHE/EFIC & A ET-DIBEIADEGHELT 5
CLTERLZABNETEIAZELERLTVS, T2, 7o VER2BEATLILTT =
Oty OVKRE, 747 = DFROEEAEE, BEFRELE(LTA2ET, 7zt
VOBBNENFELTD, BILBEEBILTEL I L Phh b, foT. F4 72 VEE
N7zt VEOBRNE, 7= VEOBAI YV BARFMRELEET S 720
Y DOBRLEBRERIBATE S Z LARENT,
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Table 8. Electrochemical data

0
37
E'y° [V] +0.20 +0.13
B [V] +0.34 +0.27
AE,,? [mV] +143 +137
K’ 3.5%10? 2.3X10%
7\ Fe Fe
) 7 \ 7\
e
B
s S s
24 38 39 41
EY% V] +0.19 +0.214 +0.19 +0.18
E%,% V] +0.34 +0.26¢ +0.38 +0.33
4Ey;" [mV] +158 +0.050 +192 +146
KS 5.2X10* 7.2 2.0X10° 3.2Xx10?

% Data collected in 2 mmol dm™ CH,ClI, solution containing 0.1 mol dm [BusN][PF¢] at 293 K;

working electrode, glassy-carbon , reference electrode, Ag/Ag* 0.01 mol dm™ AgNO; in 0.1 mol dm™
[Bu,N][PF¢J/CH;CN solution, counter electrode, Pt; scan rate; 100 mVs™. ® AE;,=E*,, - E',),.
¢In(K,) = nF(A4E,,,)/RT. ¢ calculated using peak potentials of DPV.

(ix) 7 P 720k VFF T = VDA

FINI 720 NTFF T2 @D, NTTY ABEFET. T VI TREFF T
@G5 LE 72 VEREEA Y S VIR ERL I LI o T—BBTERT S
Z &I L 72(Scheme 16),

—7 —
Fe Fe
Br. Br
A FcZnCl 7
—_—
Br~ N\g” "Br  pdcCl,(PPh), S
THF |=§ FE
35 42 (26%)

Scheme 16

(x) BRALZFAF O
BAEFA 720720V LOBEAILCBVTRISEBOBTREIHEEINE T
N7 zuako VT F T v @2)DBRALETTEN 2 ERILENTFEQCY, DPV)IZ X DEHMEL
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7zo T3\ CTHE CTHEAR, THF L AVEMLAL, BTAORBHZEZToLL 5, 3.03
VIZFF 7= VOBRBEFETICHRT 2BTESBER SN, « HROHD, ETHGHETDH
57z VEDOBAICL > THED2EM, 4 BHRT A 7 = VHFEEIHETEMNDO S
V= FY 7 MBEAEN. T2, FF 72 VBT RTCORELEEATHCER VW7 =
Do VEFZEBERLAEZ LT, MENLRERErO 7 VINVEOEERNEZEIPHFESN
7255, AT ABLERBAINTATETH Y, SVINToF YEORRERITRE
Nz CORRE, KDV 720 VT 72 VFF 7 VDBEEERK, 720k =
WVEBOSNERRE, 2TV VAW ELEERICE o TF T 72 VELICOTHADBE L2 L3S
EREZZ OIS,

‘ambient temperature

- 2= 4 ZMI

-
7\
s Epe=-3.03V

1 L] 1 ] 1 L] 1 1
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Figure 18. Cycdlic voltammograms of tetraferrocenylthiophene (42).
Condition: concentration, 0.5 mmol dm™ sample in 0.1 mol dm™ [Bu,N] [PF]/THF
solution; working electrode, glassy-carbon; reference electrode, Ag/Ag* 0.01 mol
dm AgNO; in 0.1 mol dm™ [Bu,N]{PF/CH;CN solution; counter electrode, Pt;
scan rate, 100 mVs™,
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Figure 19, Cyclic- (left and right (top))and differential pulse (right (bottom))veltammogram of 42,
Condition: concentration, 2 mmol dm~ sample in 0.1 mol dm™ [Bu,N][PFg}/THF solution; working
electrode, glassy-carbon; reference electrode, Ag/Ag” 0.01 mol dm™ AgNO; in 0.1 mol dm™
[Bu,N][PF[/CH;CN solution; counter electrode, Pt; scan rate, 100 mVs™,
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> Redox potentials [V]
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Figure 20. Cyclic- (top) and differential pulse- (bottom)

voltammograms of 42: Condition: concentration, 1 mmol Eyp  +0.09 +032 +0.69 +0.38
dm™ sample in 0.05 mol dm™ [Bu,N][B(C4Fs),]/CH,Cl,
solution; working electrode, glassy-carbon; reference
electrode, Ag/Ag” 0.01 mol dm™> AgNO; in 0.1 mol dm™
[Bu,N][B(CFs)4)/CH3CN solution; counter electrode, Pt;
scan rate, 100 mVs™.
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Analytical data

2-Phenyl-5-bromothiophene (22): colorless crystals; "H NMR(400 MHz, CDCL) 67.02 (d, J =
3.9 Hz, 1H, ArH), 7.04 (d, J= 3.9 Hz, 1H, ArH), 7.29 (t, J= 7.5 Hz, 1H, ArH), 7.37 (t, J = 7.5 Hz,
2H, ArH), 7.51 (d, /= 7.5 Hz, 2H, ArH); C NMR (101 MHz, CDCl;) 5111.4,123.2,125.6, 127.9,
129.0, 130.8, 133.6, 145.9.

2-Ferrocenyl-5-phenylthiophene (23): orange crystals; mp 141.0-142.0 °C; 1H NMR (400 MHz,
CDCL) 64.11 (s, SH, free-Cp), 4.29 (t, J = 1.7 Hz, 4H, C5H4), 4.59 (t, J= 1.7 Hz, 4H, CsH,), 6.97
(4, J=3.7 Hz, 1H, ArH), 7.14 (d, J = 3.7 Hz, 1H, ArH), 7.24-7.28 (m, 1H, ArH), 7.35-7.39 (m, 2H,
ArH), 7.59-7.61 (m, 2H, ArH); ®C NMR (101 MHz, CDCls) §66.8, 68.7, 70.0, 80.0, 123.1, 123.2,
125.3, 127.1, 128.9, 134.5, 141.5, 142.9; IR (KBr) v 3082, 1595, 1508, 1102, 1022, 807, 756, 691,
505 cm™; MS (70 eV) m/z 344 (M"); Anal. Calcd for CoHjeFeS: C, 69.78; H, 4.68%. Found: C,
69.48; H, 4.91%.

2,5-Diferrocenylthiophene (24): orange crystals; mp >300 °C; "H NMR (400 MHz, CDCl,) 64.11
(s, 5H, free-Cp), 4.27 (t, J = 1.8 Hz, 4H, CsHy), 4.56 (t, J = 1.8 Hz, 4H, CsH,), 6.81 (s, 2H, ArH);
B NMR (101 MHz, CDCL) 6 66.6, 68.5, 69.9, 80.4, 122.3, 140.6; IR (KBr) v 1103, 1024, 806,
789, 507, 479 cm™; MS (70 eV) m/z 452 (M"); Anal. Caled for CpHyoFe,S: C, 63.75; H, 4.46%.
Found: C, 63.66; H, 4.61%.

2,5-Diferrocenyl-3,4-diphenylthiophene (26): orange crystals; mp 170 °C (decomp.); "H NMR
(400 MHz, CDCL) 64.118 (s, 10H, free-Cp), 4.124 (br s, 4H, CsHy), 4.127 (br s, 4H, CsHy),
7.01-7.04 (m, 4H, Ar-H), 7.15-7.19 (m, 6H, Ar-H); >*C NMR (101 MHz, CDCl) 568.2, 68.4, 69.9,
79.8, 126.6, 127.6, 130.6, 135.5, 137.2, 138.8; IR (KBr) v 3094, 3053,-1600, 1440, 1001, 816, 700,
498 cm™; MS (70 eV) m/z 604 (M"); Anal. calcd for CsgHysFe,S: C, 71.54, H, 4.67%; Found: C,
71.20, H, 4.62%.

2,4-Diferrocenyl-3,5-diphenylthiophene (27): orange crystals; mp 190 °C (decomp.); "H NMR
(400 MHz, CDCL) 63.71 (s, 5H, free-Cp), 3.77 (t, J = 2.0 Hz, 2H, CsHy), 3.93 (t, /= 1.8 Hz, 2H,
CsHy), 3.95 (t, J = 1.8 Hz, 2H, CsH,), 4.07-4.08 (m, 7H, free-Cp and CsH,), 7.35-7.48 (m, 10H,
Ar-H); ®C NMR (101 MHz, CDCls) §67.2, 68.1, 68.5, 69.0, 69.5, 69.9, 79.6, 81.6, 127.5, 127.6,
128.0, 128.1, 130.5, 131.3, 133.7, 135.8, 136.2, 138.3, 138.5, 138.8; IR (KBr) v 3093, 1441, 1105,
1001, 819, 701, 498 cm™'; MS (70 eV) m/z 604 (M); .

2,4-Diphenylthiophene (29): colorless crystals; "H NMR (400 MHz, CDCl;) 67.27-7.31 (m, 2H,
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ArH), 7.36-7.42 (m, SH, ArH), 7.58-7.65 (m, 5H, ArH); °C NMR (101 MHz, CDCL) 5119.7,
122.3, 125.8, 126.3, 127.2, 127.7, 128.8, 128.9, 134.3, 135.8, 143.1, 145.0.

2,4-Dibromo-3,5-diphenylthiophene (30): colorless solid; 'H NMR (400 MHz, CDCly)
07.38-7.51 (m, 8H, ArH), 7.61-7.64 (m, 2H, ArH); BC NMR (101 MHz, CDCl;) §109.0, 109.6,
128.1, 128.3, 128.6, 128.7, 129.2, 130.2, 132.6, 134.7, 139.0, 142.5.

2,3-Diphenylthiophene (32): colorless solid; '"H NMR (400 MHz, CDCl3) §7.15 (d, J = 5.2 Hz,
1H, ArH), 7.22-7.31 (m, 11H, ArH); *C NMR (101 MHz, CDCl;) §124.1, 126.8, 127.3, 128.3,
128.4, 129.1, 129.3, 130.5, 134.3, 136.6, 138.1, 138.7.

2,3-Dibromo-4,5-diphenylthiophene (33): colorless crystals; '"H NMR (400 MHz, CDCL) &
7.10-7.14 (m, 2H, ArH), 7.18-7.22 (m, 5H, ArH), 7.33-7.36 (m, 3H, ArH); *C NMR (101 MHz,
CDCl;) 6110.1, 117.4, 127.97, 128.03, 128.3, 128.5, 128.7, 130.5, 132.9, 135.3, 138.1, 140.8.

2,3-Diferrocenyl-4,5-diphenylthiophene (34): orange crystals; mp >225 °C (decomp.); *H NMR
(400 MHz, CD,Cl,) 63.69 (s, 5H, free-Cp), 3.82 (t, J = 1.9 Hz, 2H, CsH,), 3.94 (t, /= 1.9 Hz, 2H,
CsHy), 4.28 (s, 5H, free-Cp), 4.36 (t, J= 1.9 Hz, 2H, CsHa), 4.51 (t, J = 1.9 Hz, 2H, CsHy), 7.13-7.16
(m, 2H, ArH), 7.17-7.21 (m, 3H, ArH), 7.22-7.27 (m, 2H, ArH), 7.31-7.35 (m, 3H, ArH); *C NMR
(101 MHz, CD,Cl,) 566.6, 67.8, 68.5, 69.5, 69.6, 71.9, 81.4, 82.1, 126.5, 126.8, 127.5, 127.7, 129.0,
131.2, 134.4, 135.9, 136.5, 136.9, 137.6, 139.2; IR (KBr) v 3095, 1597, 1441, 1106, 1001, 820, 694,
494 cm'l; MS (70 eV) m/z 604 (M+); Anal caled for CsoHygFe,S: C, 71.54, H, 4.67%; Found: C,
71.34, H, 4.83%.

3,4-Dibromo-2,5-diphenylthiophene (36): colotless crystals; inp 106.0-107.0 °C; "H NMR (400
MHz, CDCL) 6 7.37-7.47 (m, 6H, ArH), 7.64-66 (m, 4H, ArH); >*C NMR (101 MHz, CDCL) &
112.2, 128.6, 128.8, 129.0, 132.8, 138.1; IR (KBr) v3418, 3050, 1477, 1439, 745, 699, 689 cm™.

2,5-Diphenyl-3 4-diferrocenylthiophene (37): orange crystals; mp 210 °C (decomp.); '"H NMR
(400 MHz, CDCl3) 63.55 (s, 10H, free-Cp), 3.95 (t, J = 1.7 Hz, 4H, CsHy), 4.00(t, J = 1.7 Hz, 4H,
CsH,), 7.44-7.50(m, 6H, ArH), 7.67-7.69(m, 4H, ArH); >*C-NMR (101 MHz, CDC);) §66.7, 68.7,
72.5, 83.7, 127.9, 128.1, 131.5, 135.7, 136.3, 138.5; IR (KBr) v 3098, 1443, 1108, 1003, 819, 743,
701, 498 cm™; SIMS (70 eV) m/z 607 (M"); Anal. calcd for CssHagFe,S: C, 71.54, H, 4.67%; Found:
C, 71.81, H, 4.88%.

2,4-Diferrocenylthiophene (38): orange crystals; mp 207.5-208.5 °C; "H NMR (400 MHz, CDCl;)
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64.07 (s, 5H, free-Cp), 4.12 (s, 5H, free-Cp), 4.26 (t, /= 1.5 Hz, 2H, CsH,), 4.30 (t, /= 1.8 Hz, 2H,
CsHy), 4.54 (t, J= 1.5 Hz, 2H, CsH,), 4.61 (t, J = 1.8 Hz, 2H, CsHy), 6.96 (d, /= 1.2 Hz, 1H, ArH),
7.08 (d, J = 1.2 Hz, 1H, ArH); *C NMR (101 MHz, CDCl;) J 66.5, 66.9, 68.4, 68.6, 69.4, 70.0,
80.2, 81.4, 115.5, 121.7, 139.8, 143.0; IR (KBr) v 3102, 1408, 1024, 822, 805, 660, 498, 485 cm™;
MS (70 eV) m/z 452 (M"); Anal. Caled for CysHyoFe,S: C, 63.75; H, 4.46%. Found: C, 63.81; H,
4.49%.

2,3-Diferrocenylthiophene (39): orange crystals; mp 137.5-138.5 °C; 'H NMR (400 MHz, CDCl;)
04.03 (s, 5H, free-Cp), 4.15 (brt, 2H, CsHy), 4.16 (s, SH, free-Cp), 4.23 (t, J = 1.8 Hz, 2H, CsH,),
4.24 (brt, 2H, CsHy), 4.37 (t,J = 1.8 Hz, 2H, CsHy), 7.10 (d, J= 5.3 Hz, 1H, ArH), 7.12 (d, J=5.3
Hz, 2H, ArH); *C NMR (101 MHz, CDCL;) §67.7, 67.9, 68.7, 69.2, 69.8, 70.4, 122.2, 129.9, 135.7,
135.8; IR (KBr) v 3089, 1410, 1272, 1105, 1002, 918, 675, 497 cm™’; MS (70 eV) m/z 452 (M");
Anal. Calcd for CosHyoFe,S: C, 63.75; H, 4.46%; Found: C, 63.54; H, 4.48%.

3,4-Diferrocenylthiophene (41): orange crystals; mp 161.5-162.0 °C; 'H NMR (400 MHz, CDCl,)
04.08 (s, 10H, free-Cp), 4.16 (t, J= 1.6 Hz, 4H, CsH,), 4.22 (t, J = 1.6 Hz, 4H, CsHy), 7.38 (s, 2H,
ArH); ®C NMR (101 MHz, CDCl;) §67.5, 69.3, 69.8, 82.7, 122.8, 138.8; IR (KBr) v 3089, 1105,
999, 867, 813, 786, 501, 473, 453 cm™'; MS (70 eV) m/z 452 (M"); Anal. Calcd for Cp4HaoFe,S: C,
63.75; H, 4.46%; Found: C, 64.03; H, 4.52%.

Tetraferrocenylthiophene (42): orange crystals; mp 235 °C (decomp.); 'H NMR (400 MHz,
CDCl;) 63.68 (s, 10H, fiee-Cp), 3.78 (br s, 4H, CsHy), 3.94 (br s, 4H, CsHa), 4.40 (t,J= 1.7 Hz, 4H,
CsH,), 4.41 (s, 10H, free-Cp), 4.79 (t, J = 1.7 Hz, 4H, CsH,); 3C NMR (101 MHz, CDCl3) 566.2,
67.8,68.7, 70.1, 72.0, 73.4, 83.1, 83.7, 134.9, 137.2; IR (KBr) v3097, 1638, 1411, 1107, 1000, 818,
496 cm’; SIMS (70 eV) m/z 820 (M"); Anal. calcd for CoHssFesS: C, 64.43, H, 4.42%; Found: C,
64.13, H, 4.38%.
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Crystal Data

Empirical Formula  CyH,,Fe,SCl,
Formula Weight 587.17

Crystal System triclinic
Space Group P-1 (#2)
a/lA 11.429(2)
b/A 11.043(2)
/A 11.191(2)
af 83.94(2)
Bl 68.99(2)
VIA3 1193.4(5)
Z 2
De/gem’ 1.634
p(MoKa)/cm! 1543
R, (1> 2.000(1)) 0.046
0.112
Figure 21. ORTEP drawing of 2,3-diferrocenylbenzo[b]thiophene Iéz{?all data) 1.004
(46). Dichloromethane molecule is omitted for clarity. Thermal - .
ellipsoids are drawn at the 50% probability.
Table 8-1.
Selected bond lengths (A), bond angles (°), torsion angles (°)
bond lengths bond angles Table 8-2. _ .
S1-C2 1.760( 4) S1-C2-C3 112.5(3) Selected dihedral angles of least—squares planes ( )
C2-C3  1.355(4) C2-C3-C4 113.0(3)
C3-C4 1.451(5) *C3-C4-C5  118.5(3) plane 1 and 2 1.146
C4-C5  1.404(5) C4-C5-81  112.2(2) e 3
CsS1  1735Q) C5S1-C2  91.02) planeland3 45060
C2-C6  1.458(4) C7-C3-C2  122.3(3) e 1 a planeland 4  33.584
C3-C7  1.490(5 C6-C2-C3  130.3(3
©) torsion angles @) S plane3and 4  46.015

S1-C2-C3-C4  2.5(3)
$1-C5-C4-C3  1.7(3)

(i) R L2 A P O R

BB LA TROBSFNFEL X 5 ETEHEE BT R SAOREROFM %
fTolte 2-7 2 UL VRV VBIF 47 = Y @3)D CV WEEATo 728 25, ERTTIET
7 2 VOB ETFRLERIFETETS ), KRBV TORBLED RF 2 ERAL
FHRTEESBHI I, BMLAITC 720 VLS OB EFBEICERE S A EL
BB N e, HEE LM EFICBRBEERLBTE Y A 7 A OBEIZ KD
Ll il b, ZORKERIT, BRT., BEFBETICLVBRT ARV VBF 4 7205
VHANT = VEFREETHY . "V EVRBICL 5T I VEORIIZHEELSA
+ATHBZLERLTV S, $72, Bl S N LBHELIZ285 V THY, 2 Btk 2.7
=TEENFHT 2 V325V T 2 BEENFET 2V Q)LD SREREO N Y = ¥
T7rLTBY, HEIFRICE S5 LUMO A VF—DETIX, F7F7 = VED 23 i DN
VEVOBRLIDD, 25N 7o vE, Toaubko VEEAR X AREHBROFIEEN
T Edbirb,
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Redox potentials [V]
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Figure 22. Cyclic voltammogram of 2-ferrocenylbenzo[b]thiophene (43).
Condition: concentration, 2 mmol dm™ sample in 0.1 mol dm™ [Bu,N}[PF}/THF
solution; working electrode, glassy-carbon; reference electrode, Ag/Ag* 0.01 mol
dm= AgNOj; in 0.1 mol dm™ [Bu,N|[PF4]/CH;CN solution; counter electrode,

Pt; scan rate, 100 mVs™.

2-sites 2-electrons 2-steps redox system
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I RNVEET T A% Fig. 23, BElSN7-BR{LETEN % Table 9 IR T, BR{LAIOIES|TE
WIN727 20w VEAP OO HEFFERILIE, TN EREREN0.28 (452), +0.27
(d5b), +028 V(@5c) CHEIFI SN, C ORI, 3MICEBEALZT ) —VEOBREHRICK
57 0% OBLBETHENDEEB IV LSbh b, BTAORS TR, ¥4 7=
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72BNV VT F 7 = Y A3)DERITLEM(Ey) & BT 5 &\ -2.92 (43). -2.92 (45a).
294V @SH)THAHZERD, RV VBFA 72 v D3MADT ) — VEOEAIZ L BT
BMNANDOEEBIZVWEEZ LS,
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Figure 23. Cyclic voltammograms of compound 45a-c. Data collected in 2 mmol dm™ THF solution
containing 0.1 mol dm™ [Bu,NJ{PF] at 233 K; working electrode, glassy-carbon , reference electrode, Ag/Ag"
0.01 mol dm™ AgNOj; in 0.1 mol dm™ [Bu,N][PF}/CH;CN solution, counter electrode, P¢; scan rate; 200 mVs™,

Table 9. Redox potentials [V vs. Ag/Ag’]

neutral/7%t radical anion ferrocene/ferrocenium cation
Epa Epc E 172 Epa Epc E112
45a 2,700 -292° — +0,38 +0.17 +0.28
45b 271 294 287 +0.37 +0.16 +0.27
45¢ —_ == — +0.37 +0.18 +0.28

4 quasi-reversible. 2 Reduction peak was not observed. -

NYJBFF7 =V ERE 720 Y OEALICBV TR D ZEBOETBEIHHE S
N523-TV 720 VRVYVBIFF 7 2 V@6)DAEZ REGETITo72L 25, BLEID
®BEITIR, FTEEVEAEFHRELRELL 2 BEOWHEB KISl S i, —k.
BLAIOTE TR 2-7 202 WRY VBT 7 = Y @3)ERE. BR T TEF 4 7 = VEiL
DETLEPFFETETHB SNz, L L, WEREZ-60 CCTHEANEZTo72& 25,
FA 7 2 VNS OBEFRBEITHETHEAUIN, BEEETTEIVANT =F VR
BRECHFEL, BRLLT3IRLIBEFIBEOTHLETBEERIEE S i,
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Figure 24. Cyclic voltammogram of 2,3-diferrocenylbenzo[b]thiophene (46).
Condition: concentration, 2 mmol dm™ sample in 0.1 mol dm™ [Bu,N][PFs}/THF
solution; working electrode, glassy-carbon; reference electrode, Ag/Ag™ 0.01 mol
dm AgNO; in 0.1 mol dm [Bu,N][PF)/CH;CN solution; counter electrode,

Pt; scan rate, 100 mVs™,

3-sites 3-electrons 3-steps redox system

(V) 1,3-¥V 7 20 WRY V] FF 7 = VDOERK

BEWSF 48 DRI, 13- 7Y =RV Vc]FF 7 = ¥ (2la-c)BE & FRFEDERE®
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Crystal Data

Empirical Formula  C,H,,Fe,S
Formula Weight 502.23

Crystal System monoclinic
Space Group P2,/c (#14)
a/A 11.9107(8)
biA 14.1854(8)
clA 12.218(1)
B/ 92.359(3)
7.9 2062.6(3)
zZ 4
Dcfgem™ 1.617
p(MoKa)/cm™ 15.20
4 R, (I>2.000(1)) 0.025
Figure 25. ORTEP drawing of 1,3-diferrocenylbenzo[c]thiophene (48). Rw (all data) 0.031
Thermal ellipsoids are drawn at the 50% probability. GOF .o11
Table 10-1.
Selected bond lengths (A), bond angles (°), torsion angles (°)
bond lengths bond angles Table 10-2.

§1-C2 1.720(2) S1-C2-C3 110.2(1) Selected dihedral angles of least-squares planes (°)

C2-C3 1.393(2) C2-C3-C4 112.4(2)

C3-C4  1443Q2) C3-C4-C5  112.9(1) o planeland2  0.877

C4C5  1390Q2) C4-C5-S1  120.4(1) Janeland3 22887

C5S1  1.714(2) C5-51-C2  94.16(8) 1 plane & an

C2-C6  1.461Q2) C6-C2-C3  130.9(2) e s 0 plane 1and 4  149.103

C5-C7 1.461(2) C7-C5-C4 129.3(2)

torsion angles plane 3 and 4 160.660

$1-C2-C3-C4  0.1(2)
§1-C5-C4-C3  -0.7(2)

HREEIZLY, 13-V 7202 VFF 7 2 V@A8)D anti K, syn BEFERFNRIZBIT 5%
BILEELZ RO, FOZRINT—ZLEH L2 L 25, anti 9% syn FICH~ 0.8 kI/mol &
ETHHIEPHLP LR o7 BRETPI3-T 7202 VR V] F 4 7 = Vid anti
e LTRERBEZFLTWDE 2 Lithib,

..
.

Anti

AE = 0.8 kJ/mol

Figure 26. Optimized structure of syn- and anti-1,3-diferrocenylbenzo|[c]thiophene (48), and their zero
point vibratinal energies. The geometries were optimized with B3LYP/3-21G(d). The zero point
vibratinal energies were computed at the same level, and were not scaled.
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(vi) EXALFERE DT

13-V 7 202 WXV V[c]F 4 7 = v @)DEMLETEME L, ThIE TR CV HEICX
DEMEi L7 ZDFER. THE BilEd, FRTRBVWTF L 7= VEMET 7 = & V&
OO 3 BFBRLETEFBEUNE Nz, ZOB, 747 = VENOBETFBEHERIT,
INFTHT7 20y 2=y bEHEMRALZRE, RV VBFF7 2 VFEEELRLT
BIFLTHEEZAE L, ELICBTEMDT /- FV 7 MR SR, 747 VRE3AN
ANDORYEVFERIZE S LUMO ZANVF—DETRTT VA NVEOBENEELITR ENT,
IRICEY, BRAITT 37 = VEBEU, S OWEBETBEICML . B{ILAITREERT
MREEZRE L 720 YEBHM» 5D 2 REOTHETBEIBREOBEICHRII L,
BHE LizRYV]d 4 T3 BETFIRBERILEL VAT AP TE LI LIl 5,

ambient temperature
=) S/ \E o
S 5 pAI

- e

-
48
Redox potentials [V]
Ep, 231 +0.21 +0.41 ' L I . L I .
-2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 EV]

E,. -2.45 +0.07 +0.27

Ey, 238 +0.14 +034 Figure 27. Cyclic voltammeogram of 1,3-diferroecenylbenzo(c] thiophene (48).

Condition: concentration, 2 mmol dm™ sample in 0.1 mol dm™ [Bu/N][PFs)/THF
solution; working electrode, glassy-carbon; reference electrode, Ag/Ag* 0.01 mol
dm™ AgNO; in 0.1 mol dm™ [Bu,N|[PF¢]/CH;CN solution; counter electrode, Pt;
scan rate, 100 mVs™,

3-sites 3-electrons 3-steps redox system

gHeigtieigtioielle

Q Q‘Q Qe'

BEAEBROBRIZSS23-TV 720 WXV VBFF 72 7@6)k 13-V 7zt
WRYV[]FA 7= 7@8)D 7 U = VEDEANBELETIIRYVE Y DEETHEDE N
L5 BERTMIREOREM L BT 5720, BLXFV UV BEL AV CVHEIEEITo 7,
WTFRDY 7 2022 RV VT F T = VHEBERIIBWTHEBNENL: 2 BEOWHEL

B LB AR & L7z (Fig. 28)o
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48

E'(01+1) = +021V
2pA

AE,;; =+192 mV
2 - AE,,=+280 mV

Ep(+1/42) = +0.40 V Bl p(+142) = +0.41 V

—

—_ i

02 0 02 04 06 02 0 02 04 06
EV] EV]

Figure 28. Cyclic voltammogram of diferrocenylbenzothiophene (46 (left) and 48 (right)).
Condition: concentration, 2 mmel dm™ sample in 0.1 mol dm™ [Bu,N][PF)/CH,Cl, solution;
working electrode, glassy-carbon; reference electrode, Ag/Ag" 0.01 mol dm™ AgNO; in 0.1 mol dm™
[BuN][PF4]/CH;CN solution; counter electrode, Pt; scan rate, 100 mVs™.

INFTHOLN, FAE T2V BED 23N T2 0o VERPEBEALLF 72 V5HE
£k 34, 39, 46 LT 2,5 PLIC 7 2O VEEREA L7 24, 26, 48 DESRLFF— 5 %
Table 11 \Z7R T L& 34, 39, 46 BB I N/2BEMEIT, WD 200mVEETHY,
Tz VEDEAN, RVEVHBRIZIZEBEHLEOHEERIEDF VEL LRV 2T
bk, —J. LAY 34, 39, 46 TEHEI S NABMEIX, 34, 39 TiEDTH 15 mV TH
D, 7= VEOEANC X ZBRLETFEOENZDTLTH B8, 34 MRV EVEHE
RL7246 TIZENUEA 280 mV L ZELHEMLTBY, ThETER LAY 720kl
FAT7 2 VFEEBOPTRRTH S, o T XYV [c]FF 7 = VEERIREFTMHIREE
KBITA2EBHLEOBTFHHEAZRD B A=Y — L LTOBREBIBICERLTYS
CEPHLPE R0,
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Table 11. Electrochemical data®

2,3-diferrocenylthiophene type

- | =4
F
/S ()ﬁfia
° Y &
39 46
Ep(04+1)=40.19V E,(041)=+0.15V E\p(0/41)=+021V
E\p(+1/42) =+038 V Ep(+142) =+0.37V Ep(+142)=+0.41V
AEy, = +192 mV AEy;,=+222 mV AE,; = +192 mV
K,=2.0X10% K, =6.6x10° K, =28X10°

2,5-diferrocenylthiophene type

>
- S

24
Ep(0/+1)=+0.19V Eip(0/4+1)=+0.20 V Ey(0/+1)=+0.13V
E,(+1/42) =+0.34 V E | (+1/+2)=+034V E,;(+142)=+041V
AEI/Z =4+158 mV AEI/Z =+143 mV AE]/Z =+280 mV
K, =5.2X10% K,=3.5%10? K,=1.1X10°

¢ Data collected in 2 mmol dm™ CH,Cl, solution containing 0.1 mol dm™ [Bu,N][PF] at 293 K
for 24, 26, 34, 39 and 281 K for 46, 48; working electrode, glassy-carbon , reference electrode,
Ag/Ag" 0.01 mol dm™ AgNOj; in 0.1 mol dm™ [Bu,N][PF4]/CH;CN solution, counter electrode,
Pt; scan rate; 100 mVs™. AEy; = Eyp(+1/42) - Eyp(0F+1). In(K,) = nF(AE,,)/RT.

(vi)) EFRHEZE

BHNENZV 720N T F 7 2 46, 48 HOBTILFIHFEOE 2 BRHFTE
12 & o TEMii L 72 Figure 29 (2B L& 2B 17 5 HOMO-LUMO D#LER % & TRV
F—ELZRLTWA, BERL Y, XV EUVHERICLAHBOWIEICME, F4 72
EBAE L7720k rDy ruRyY Y VI VEBTO » #BEFCTROSFICBVRTD
HER SN, CZORRIE X HEMEERTCRAIN - ZEGEH2ENIT2ERTH S,
IARNVF—JERLTIE, XV VT Tclh 48 75, XY VMK 46 12H~<T HOMO #°% {. LUMO
PENZEPL BB FF—, 7777 —HIBENLTVWEZ LD RPE, ZOFRIT, R
VEVRRZLVPR 7 20 = VEIROD ¢ HRICL S5 HOMO-LUMO LANF—Fy v/
DBL ZHEHIRL, BRI S NABEELEBLOBENE —FKL, V720 RYJF
F7 ¥ DBLETLEMOR Y MEIFER S iz,
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LUMO

HOMO
HOMO

Figure 29, The HOMO-LUMO orbitals and their energies calculated at the B3LYP/3-21G(d) level of theory.

Benzo[b]thiophene (46) Benzo|c|thiophene (48)
Reduction half-potentials Ep(0/-1)=-281V < Ep(0/-1)=-2.38V
First oxidation half-potentials Ep(0/+1)=+021V > Eip(0/41) =+0.13 V

(viii) ESR #lE
BEFETICLIBFFT T I VINT oA Y EBOBEEHERT L0, {LFHFEC
X % &I %47 - 72(Scheme 20, 21), THF i H, £B AV 7 AICLDETL L, ESR I
BTl A, ELLDRYYFF T2 VHEERIZOWTH Y/ FUBERI SN2k
LA EF OFELHER S N7z (Fig. 30, 31)e ZOFRIE, 724 7= VEBNO—BEFEL
LB Ix STVANT=F Y BOBREXIHF L, CVETHH SN BRI T4 7 =
VENL DM —BEFBEITH A I EHFHH IR LIZR B,
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Scheme 20

g =2.00474

100G
—_—

Figure 30. ESR spectrum of radical anion of 46,
microwave, 1 mW; field, 322.812+5 mT;
sweep time, 2.0 min; MOD. width, 0.40 mT;

_ amplitude, 300.0,

Scheme 21

g =2.00895

100G
i

Figure 31. ESR spectrum of radical anion of 48.
microwave, 1 mW; field, 322.064 + 5 mT;
sweep time, 2.0 min; MOD. width, 0.35 mT;
amplitude, 3.0.
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Analytical data

2-Ferrocenylbenzo[b]thiophene (43): orange crystals; mp 133.5-135.0 °C; 'H NMR (400 MHz,
CDCl) 64.12 (s, 5H, free-CpH), 4.35 (t, J= 1.8 Hz, 2H, CpH), 4.67 (t, J = 1.8 Hz, 2H, CpH), 7.21
(s, 1H, ArH), 7.24-7.33 (m, 2H, ArH), 7.65-7.76 (m, 2H, ArH); °C NMR (101 MHz, CDCL;) 567.4,
69.2,70.1, 79.4, 117.9, 122.0, 122.6, 123.5, 124.3, 139.1, 140.6, 143.9; IR (KBr) v 1421, 1104, 815,
747 cm™; MS (70 eV) m/z 318 (M"); Anal. Calcd for C;gH 4FeS: C, 67.94; H, 4.43%. Found: C,
68.18; H, 4.47%.

3-Bromo-2-ferrocenylbenzo[b]thiophene (44): orange plate; mp 125.5-126.6 °C; '"H NMR
(400 MHZz, CDCl;) §4.19 (s, S5H, free-Cp), 4.41 (t, J= 1.9 Hz, 2H, CsHy), 4.99 (t, J= 1.9 Hz,
2H, CsH,), 7.34 (td, J= 0.8, 8.0 Hz, 1H, ArH), 7.41 (td, J=0.8, 8.0 Hz, 1H, ArH), 7.72 (d, J =
8.0 Hz, 1H, ArH), 7.76 (dd, J = 0.8, 8.0 Hz, 1H, ArH); *C NMR (101 MHz, CDClk) §69.3
(20C), 70.1,77.6, 103.4, 121.8, 122.6, 124.9, 125.1, 136.7, 138.5, 139.5; IR (KBr) v 3457, 3094,
1542, 1445, 1422, 1258, 1000, 808, 493 cm™; MS (70 eV) m/z 398 (M'); Anal. Calcd for
CisHysFeS: C, 54.44; H, 3.30%; Found: C, 54.58; H, 3.30%.

2-Ferrocenyl-3-phenylbenzo[b]thiophene (45a): brown plate; mp 161.2-161.9 °C; "H NMR (400
MHz, CDCl;) 64.08 (s, 5H, free-Cp), 4.18 (1, J = 1.9 Hz, 2H, CsHy), 4.23 (t,J = 1.9 Hz, 2H, CsH,),
7.22-7.36 (m, 5H, ArH), 7.40-7.49 (m, 3H, ArH), 7.78 (d, J = 7.3 Hz, 1H, ArH); BC NMR (101
MHz, CDCL;) 668.8, 69.0, 70.0, 78.8, 121.7, 122.4, 123.9, 124.3, 127.5, 128.6, 130.3, 132.2, 136.2,
138.1, 139.4, 141.5; IR (KBr) v 3062, 1425, 1055, 1001, 812, 758, 730, 609, 497 cm™, MS (70 eV)
m/z 394 (M+); Anal. Calcd for Cy4HgFeS: C, 73.10; H, 4.60%; Found: C, 72.96; H, 4.84%.

2-Ferrocenyl-3-(p-methoxyphenyl)benzo[b]thiophene (45b). dark brown plate; mp 185.2-186.0
"C; 'H NMR (400 MHz, CDCL) & 4.08 (s, 5H, free-Cp), 4.19 (t, J= 1.9 Hz, 2H, CsH,), 4.26 (t, J =
1.9 Hz, 2H, CsHy), 7.01 (d, J = 8.6 Hz, 2H, ArH), 7.23-7.35 (m, 5H, ArH), 7.76-7.78 (m, 1H, ArH);
BC NMR (101 MHz, CDCl;) §55.3, 68.7, 69.0, 70.0, 78.9, 114.0, 121.7, 122.4, 123.9, 124.2, 128.3,
131.4, 131.8, 138.0, 139.2, 141.7, 159.0; IR (KBr) v 2833, 1609, 1508, 1456, 1286, 1242, 1105,
1032, 820, 763, 578, 532, 496 cm?; MS (70 eV) m/z 424 (M+); Anal. Calcd for CsHyoFeOS: C,
70.76; H, 4.75%; Found: C, 70.68; H, 4.80%.

2-Ferrocenyl-3-(p-trifluoromethylphenyl)benzo[b]thiophene (45¢). dark brown plate; mp
239.1-240.7 °C; "H NMR (400 MHz, CDCL) 54.11 (s, 5H, free-Cp), 4.216 (br t, 2H, CsHy), 4.219
(br t, 2H, CsHy), 7.27-7.35 (m, 3H, ArH), 7.48 (d, J = 8.0 Hz, 2H, ArH), 7.73 (d, J = 8.0 Hz, 2H,
ArH), 7.80 (d, J = 7.6 Hz, ArH); *C NMR (101 MHz, CDCl;) §69.1, 69.3, 70.2, 78.4, 121.9, 122.1,
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124.28, 124.34 (q, Jiscior = 272.2 Hz), 124.6, 125.6 (q, Jisc.197 = 3.6 Hz), 129.8 (q, Ji3c197 = 32.2
Hz), 130.7, 130.8, 138.3, 140.3, 140.7, 140.9; IR (KBr) v 3059, 1930, 1616, 1403, 1067, 918, 840,
765, 622 cm’'; MS (70 eV) m/z 462 (M"); Anal. Caled for C,sH,FeOS: C, 64.95; H, 3.71%; Found:
C, 64.71; H, 4.04%. '

2,3-Diferrocenyl benzo[b]thiophene (46): brown crystals; mp 175.9-176.3 °C; 'H NMR (400 MHz,
CDCls) §4.06 (s, 5H, free-Cp), 4.15 (s, SH, free-Cp), 4.25 (t, J = 1.9 Hz, 2H, CsHy), 4.26 (t, J=1.9
Hz, 2H, CsHy), 4.32 (t, J = 1.9 Hz, 2H, CsH,), 4.36 (t, J= 1.9 Hz, 2H, CsH,), 7.35 (td, /= 1.3, 8.0
Hz, 1H, ArH), 7.44 (td, J=1.3, 8.0 Hz, 1H, ArH), 7.78 (d, /= 8.0 Hz, 1H, ArH), 8.57 (d, /= 8.0 Hz,
1H, ArH); >C NMR (101 MHz, CDCl;) §68.3, 68.1, 69.2, 69.6, 70.0, 70.6, 80.5, 80.8, 121.7, 123.5,
123.8, 124.1, 128.9, 138.7, 138.9, 140.0; IR (KBr) v 3100, 2362, 1412, 1320, 1107, 1000, 820, 733,
490 cm™; MS (70 eV) m/z 502 (M"); Anal. Caled for C,sHa,Fe,S: C, 66.96; H, 4.42%; Found: C,
67.28; H, 4.65%.

o-Diferrocenoylbenzene (47): red crystals; mp >300 °C (decomp.); "H NMR (400 MHz, CDCl;) &
4.21 (s, 10H, free-Cp), 4.48 (t, J = 1.9 Hz, 4H, CsHy), 4.68 (t, J = 1.9 Hz, 4H, CsH,), 7.58 (dd, J =
3.3, 5.6 Hz, 2H, ArH), 7.83 (dd, J = 3.3, 5.6 Hz, 2H, ArH); >*C NMR (101 MHz, CDCL) 6702,
71.0,72.2,79.2, 128.5, 129.7, 140.1, 200.1; IR (KBr) v 3089, 1711, 1644, 1445, 1374, 1286, 1026,
828, 506 cm’! ; MS (70 eV) m/z 502 (M+); Anal. Calcd for Cy3HaoFe,05: C, 66.97; H, 4.42%; Found:
C, 67.01; H, 4.43%.

1,3-Diferrocenylbenzo[c]thiophene (48): purple crystals; mp 196.0 °C (decomp.); "H NMR (400

MHz, CDCl;) 64.18 (s, 10H, free-Cp), 4.39 (t, J = 1.8 Hz, 4H, CsH,), 4.74 (t, J = 1.8 Hz, 4H, CsHy),
7.00 (dd, J = 3.1, 6.9 Hz, 2H, ArH), 7.81 (dd, J = 3.1, 6.9 Hz, 2H, ArH); ®C NMR (101 MHz,

CDClL) 6 68.4, 68.6, 69.9, 80.2, 121.9, 123.0, 130.7, 135.2; IR (KBr) v 3093, 2927, 1741, 1644, -
1464, 804, 740 cm™; MS (70 eV) m/z 502 (M"); Anal. calcd for CosHyoFesS: C, 66.96, H, 4.42%;

Found: C, 66.80, H, 4.47%.
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(1) X S ST

Cyoutsy /) F47 v OBIERY. ORTEP HA2 5, FFRETEBY, ¥ 7T
BHROBBRIZLAETF 47 = VN OEERHURENS TSI AR I NIBETHLI LN
bbb, T, FF 720720 VEROKHEEREX, 1467A ERXVVC]TFF 7 =
VEEEAR A8 DEEBEN TR SN EAERL BRRALTH -7

Top view Side view

Figure 32. Ortep drawing of 2,5-diferrocenylbicyclo[2,2,2]octenothiophene (52).
Thermal ellipsoids are drawn at the 50% probability.

Table 12-1. Selected bond lengths (), bond angles (°)

Crystal Data
— bond lengths bond angles

Empirical Formula  CyH,5Fe,S S1-C2 1.739(3) S1-C2-C3  109.4(2)
Formula Weight 532.32 C2-C3 1.369(4) C2-C3-C4 1139(3)
Crystal System monoclinic C3-C4 1.429(3) C3-C4-C5 113.8(2)
Space Group P2,/c (#14) C2-C6 1.467(2) C4-C5-81  109.3(1)
a/lA 14.308(1) Cs5-C7 1.468(4’) C5-81-C2 93.5(1)
biA 20.931(1) C4-C8 1.500(5)
c/A 14.351(1) C8-C9 1.540(3)
Bl 149.037(2) C8-C10 1.546(2)
VIA3 2211.3(3)
4 4 Table 12-2. Selected dihedral angles of planes (°)
De/gem™ 1.599
n(MoKa)/cm™ (1)1;; plane1and2 38.421
Ry (1> 2.000(I)) -
Rw ( all d ata) 0.051 2 plane 1 and 3 108.744
GOF 1.034 S plane 2 and 3 136.810

(ii1) ERILZEREE O S
G L7 FREOBERAZENFEC L 52 BETRHREFICETEZTRORE L OO
BEDTIRT,

THF B, KBLAT. 2 DHIE21T o7& 25, FREMNIQ2VIZF T 72T
VT ZF UERRICHRT 5 EETEIRE SN, TOBRE, XVEVERPS
TOUFBNEEN LI XS n HBEBADPELCBTENOS Y - FY 7 b &5

T
ey
EY =
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CTIZEEBEL,EL, EOCEREBT CRELEFATECHA SN, €V 7 0FHk
HRICX 2 HERNEREN TR VINEOTHLREELIBEONENW LITRENT,
—7, BB LAY TH A 5T ITBVWTHRKETH Y, KRLITBWTOLR, FEEM-296V
KF4+7 2 VENICHERT A2 EFBEARFBE SN, #oT, ¥¥7a7 Vv
V.7 uUT NI VRRICL BTV ANT =F Y EORENHFE. BB LEMOEL
WELIZBRI S NY, FE 72V I VI NT o d v REOREICEHFEERRBIC L A8
FHNRECOFSFREVEERMTONS,

243 K
y=" ZMI

Eyp (0-1)=-3.02 V

S e
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Figure 33. Cyclic voltammograms of 2,5-diferrocenylbicyclo[2,2,2]octenothiophene (52) (top) and

2,5 diferrocenylcyclohexenothiophene (57 )(bottom). Condition: concentration, 2 mmol dm™ sample in 0.1 mol
dm™ [Bu,N][PF}/THF solution; working electrode, glassy'carbon; reference electrode, Ag/Ag* 0.01 mol dm™
AgNO; in 0.1 mol dm™ [Bu,NJ[PF¢/CH;CN solution; counter electrode, Pt; scan rate, 100 mVs™

KT, IR F LV ICEL, Cho 2 BOY7uT7 VA VERT A 72V
iR 52, 57 OB LAIORE 21T o /2 (Fig. 34)0 £H 5 DLEYITB W THBLEMIE U
BNEICKREZEIBRHENT, BILBERMK. 34 MITHRLZE 207 vA v, V2
07 VA Y DEVIZL LLEREBRILBE~NOBEILWEEZ LS,
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= Electrochemical Data Electrochemical Data
N Eyp (041)=+017V { S\ Eyp (041)=40.15V
Ejp (+142)=+035V Eyp (+1/42)=+0.33 V

@ AE, = +180 mV <> << AE = +180 mV
52 57
S5pA

SM{ I
—
—
-0.2 0 0.2 04 -0.2 0 0.2 0.4
E [V] E [V]

Figure 34. Cydlic voltammograms of 52 (left) and 57 (right). Condition: concentration, 2 mmol dm=
sample in 0.1 mol dm™ [Bu,N|[PF4)/CH,Cl, solution; working electrode, glassy carbon; reference
electrode, Ag/Ag® 0.01 mol dm™> AgNOQ; in 0.1 mol dm™ [Bu,N][PF¢/CH;CN solution; counter
electrode, Pt; scan rate, 100 mVs™,

TR, 25-V 720 NVFF T 2 VD 3A NADEREEDOENICL BBTEMOZEIL
WKOVWTER T oo, BEL L OEWBRILEW 24, "VEVEWRLA 48, ¥ 70F
BEMHRLI 2B 7 07V v BB L7257 DBE S NIBTCE O R BAL % Table
13 2R T o LHEMIZ, 52>57>24>48 DJEIZIET L TEY, XUV EVOHEERITE LVWET
BADT /) —FY 7 %F[&ERI L, Y707 VA VHRTEIV-FY 7 25| &S
TP bPb, 52 & 5T DETLEMDOER, YV 7 UBRBIZLS o-r XRICE HEFE
EORRELTROBLREMISST I NSV —FY 7 M LTHRAIShALEZ LN,

Table 13. Reduction half-wave potentials [V]*

-
_ /s\ Q{ 4 C%;é E/S\E
E°E = 0 & =t &

24 48 52 57

Eyp=-2.83V Eyp=-238V Eyp=-3.02V Eyy=-296V

2 Data collected in 2 mmol dm™ THF solution containing 0,1 mol dm™ [Bu,N|[PF]; working
electrode, glassy-carbon , reference electrode, Ag/Ag* 0.01 mol dm™ AgNO; in 0.1 mol dm™
[Bu/N)[PF4]/CH;CN solution, counter electrode, Pt; scan rate, 100 mVs™; temperature, 243 K
for 24 and 52, ambient temperature for 48, 238 K for 57.
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RO DRI L, ERWZELITo72, {LEW 24, 48, 52, 57T ICHETHFF 7 =
Y ERORBIVEEICBIT S LUMO DOBER, IR VF—EAL% Fig. 35 IC7R T, T
ANVF-EME, €V 70R22213 757 //FF 72, vrunkk )5k 72y, FF7
LY, RUV]FF 72 VDIETEL ZoTBY, BEFF 72V 2HEEL L TRV EY
MRS LUMO T A NVF— (2K T &R, Y2707 VH VBREMFLUMO ZANVF—2HLE &
b lBbhb, COETFTNEIEDHKERI L. L6 24, 48, 52, 57 D CV HIETHH S

N2 BITEN DR L MAREH S iz,
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& -1.7 eV
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s

Figure 35. The LUMO orbitals and their energies calculated at the BSLYP/6-311+G(d,p) level.
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Analytical data

2,5-Dibromo-3,4-bicyclo[2,2,2]octenothiophene (51): colorless crystals; 'H NMR (400 MHz,
CDCL) 51.40 (m, 4H, CHy), 1.76 (m, 4H, CH,), 3.07 (m, 2H, CH); *C NMR (101 MHz, CDCL) &
25.4,30.4, 100.8, 144.8.

2,5-Diferrocenyl-3,4-bicyclo[2,2,2]octanothiophene (52): orange crystals; mp 164 °C (decomp.);
"H NMR (400 MHz, CDCL) 51.49 (d, J = 7.5 Hz, 4H, CH,), 1.80 (d, J = 7.5 Hz, 4H, CH,), 3.33
(brs, 2H, CH), 4.16 (s, 10H, free-Cp), 4.25 (t, J= 1.8 Hz, 4H, CsHy), 4.51 (t, J = 1.8 Hz, 4H, CsHy);
3C NMR(101 MHz, CDCL) 626.3, 30.2, 67.9, 68.0, 69.7, 80.6, 128.0, 141.4; IR (KBr) v 3094,
2951, 2860, 1470, 1107, 1020, 1000, 820, 800, 502, 487 cm™; MS (70 eV) m/z 532 (M"); Anal.
Calcd for C3gHsFe,S: C, 67.69; H, 5.30%. Found: C, 67.43; H, 5.30%.

2,5-Bis(trimethylsilyl)-3,4-cyclohexenothiophene (55): orange oil; 'H NMR (400 MHz, CDCL) &
0.33(s, 18H, Si(CHs)s), 1.78-1.81 (m, 4H, ring-CH,), 2.81-2.84 (m, 4H, ring-CH,); *C NMR (101
MHz, CDCL;) 6-0.2, 23.6, 27.7, 137.1, 147.0.

2,5-Dibrome-3,4-cyclohexenothiophene (56): colorless oil; 'H NMR (400 MHz, CDCL)
81.70-1.73 (m, 4H, ring-CH,), 2.48-2.51 (m, 4H, ring-CH,); *C NMR (101 MHz, CDCL)
022.5,26.1, 1064, 138.5.

2,5-Diferrocenyl-3.4-cyclohexanothiophene (57): orange crystals; mp 198.5-199.5 °C;
"H-NMR(400 MHz, CDCl;) 61.74-1.77 (m, 4H, ring-CHy), 2.70 (br s, 4H, ring-CH,), 4.16 (s, SH,
free-Cp), 427 (1, J = 1.9 Hz, 4H, CsHy), 4.54 (¢, J = 1.9 Hz, 4H, CsH,); °C NMR (101 MHz,
CDCl;) 623.3,27.0, 68.0, 68.1, 69.7, 80.8, 132.2, 134.7; IR (KBr) v 3092, 2927, 2856, 1106, 1000,
815, 500, 480 cm™; MS (70 eV) m/z 506 m; Anal. Calcd for CyoH;gFeS: C, 66.43; H, 5.18%.
Found: C, 66.05; H, 5.37%.
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3-sites 3-electrons 3-steps redox system
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New target molecules

=
7\ Fe
654;¥€> [:[§fZ> g;jgggg

) =

() Ak

V776 BEWEE L. MELRESEY. BEFRFELET. N-TUEAS Y
YAIFIZEY 25 g TuEfbLiztk, W7 =TS VESRE DTG Ty A(DALE R
BWigy YU FRBICE D 25-Y 720k vkl /) 7 x v (60) %1572 (Scheme 24),

NBS Fc-ZnCl 7\
! Y Theio, @t A Ph Se
L g sl e T PG
4 - =
58 59 (66%) 60 (35%)
Scheme 24

- F7OERVEVO)EEREWEL L. BEY v 7V Y I RIGEHAVEZ ) XF LY
YNVIFoVEDEA, BIXEE, UFIANOFURBREG, L Ut, Ty —7—N
WEBIZX ) FFARESE, (LW I NEFEL%, BEEORRLIEHZIRLILT
Hy YT RIDHERAY %25 23-U7TOEXRY VBV 72 (6) 2B LT, 20T
OEER LB cu o VESE DG T AMEERWE Sy ) VIR Y 2,3-
V720t VRV b1V ./ 7 x /(65 & FHE L 7z(Scheme 25),

SiMe; 1. BuLilether
I : &
Me, Si—= 2.Se N
Cul, PdCIz(PPh3)2= 3. EtOH > I Sies
Br Br Se

TEA, benzene
61 62 (89%) 63 (82%)
=
Fe
Br
Br. Fc-ZnCl
CHzCIz Se Pdc'_]z_g:FPhs)Z Se Fe
=
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Scheme 25
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b ) —DDENSFTHS 13-V 720 WRY VeV /) 7z /(66)id, 0-¥ 72T
I ANRYE@DE, EA(M)TFIVATZN)2 Vo FEPMIAF AT HVIZT LR
LRRABLAEEVMERAL, EXA(TAFNTNIZ TNV FIZE DL /L2, B
EH CBRAERIBIC & o THBLICES) L T2 5 (Scheme 26),

95%—@ Corne @i’ \?\g
——
Fe 00 Fe toluene Se

=7 =4 — —
47 66 (75%)

Scheme 26

(i) X HRsE S E AT

ERL723BDOYX V) 72 vFBEDI L, V720 VRV V) T2V 65, 66
DEREHZHEE X BEREEFRTIC L > THEL TV,

23-V 720k R VBV 7 = V(65)DiEEIEEY Fig. 36, HAHEEE, AT
Table 14 IZ/R T, DFH220 7zt 2oy M, F4 7= VEBISHL, 2MISESL
7o7 a0t VEDT140° |\ 3MICHEA L7 20k VETIE40° K ERATREL, BV
WCRBEZETALD anti BELR>TWAI L DY E, FT 72 VREESL- 720
LD CpIREDFEEEREI, 1464, 1468 ATHD, FA 72D 2MICHEA L7211
VOO ZEFEEIHER S NI,

13-V 7282 RY V[V 7 =V (66)DIFNTHER % Fig. 37, Table 15 IZ7RT, 2
DDT7x0LyIZy MIEV) T VERRICHL, TYTFREEZoTBY, Ebick
V) 727k 720k BOKESIEEEL 1451, 14474 & sp BRREB OB AERE
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bV /72720 RO HEPIFEEINS,
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Crystal Data

Empirical Formula  C,gHj,Fe,Se
Formula Weight 549,14
Crystal System meonoclinic
Space Group C2/c (#15)
alA 18.582(8)
bA 10.370(4)
c/lA 23.543(10)
Bl 110.76(4)
VIA3 4242(3)
Z 8
Dc/gem® 1.720
(MoKo)/cm™! 30.968
R; (1>2.006(I) 0.0281
R (All data) 0.0425
Rw (All data) 0.0597
GOF 0.971
Figure 36. ORTEP drawing of 2,3-Diferrocenylbenzo[b]selenophene(65).
Thermal ellipsoids are drawn at the 50% probability.
Table 14-2.

Table 14-1. Selected bond lengths (&), bond angles (°)

Selected dihedral angles of least-squares planes (°)

bond lengths bond angles
Sel-C2  1.9030(19)  Sel-C2-C3  112.5%(19) demeland2 27
C2-C3  1360Q2) C2-C3-C4  114.32(17) e plane 1and .
C3-C4 1455Q2)  C3-C4C5  114.80(17) planeland3  139.6
C4-C5 1.405(3)  C4-C5-Sel  111.26(14)
C5Sel 18798(19)  C5-Sel-C2  87.01(8) e 1 o planeland4  38.7
C2-C6 14642)  C7-C3-C2  122.54(17) Se plane3and4 1422
C3-C7 14812)  C6-C2-C3  130.60(18)
Crystal Data
Empirical Formula  CygH,,Fe,Se
Formula Weight 549.14
Crystal System monoclinic
Space Group P2,/a (#14)
alA 12.139(4)
b/A 14.190(5)
c/A 12.083(4)
B 92.01(2)
VIA3 2080(1)
z 4
Dclgem™ 1.753
p(MoKo)/cm™ 31.58
Ry(1>2.005(T)) 0.041
R (all data) 0.048
0.114
Figure 37. ORTEP drawing of 1,3-diferrocenylbenzo[c]selenophene(66). I(?S%all data) 1.015

Thermal ellipsoids are drawn at the 50% probability.

Table 15-1.
Selected bond lengths (&), bond angles (°), torsion angles (°) Table 15-2
bond lengths bond angles Selected dihedral angles of least-squares planes (°)
Sel-C2  1.867(4) Sel-C2-C3  109.9(3)
C2-C3  1.381(5) C2-C3-C4  1153(3) planeland2 1193
C3-C4  1.456(5) C3-C4-C5  115.0(3) Q
C4-C5  1.386(5) C4-C5-Sel  110.0(3) : planeland3  21.663
Cocs Lasig torsionangles > lane3and 4  21.009
AS1(6) Se1-C2-C6-C7  30.1(5) plane 3 an !
C9-C8-C5-Sel -21.9(5)
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(iii) BRALFHFEOFM

ARL-V 70k VvV ) T2 VBERIZOWTERILENTFELHW, Z08F .

BEiE. ETEIERORERDOFMEIT o720 F4 7 = VHEADO B ERHEIC X

DERSNIZHAP S, BEAEFMRELEHT S 2 BEOBRILEROBHIZE{LA TV Y
B, 3.0 VBRI TRk OBV 72 v DBITLEROEIE THF B %2 v
TCVHRIEER T2 72,

BR{LA DRIERER T Fig. 38 KR T WThokL ) 72 VHEKIIBWTHFHEEY,
SFAD T a2y b R50 2 REOWHELZEFBHAERFSSIEIh, S6I1CE/
HFA Y AT UHRICHEERT HBR{LEOEMZEX, BF, XV VD], NV V]tV
J 7z VDETHEMLTWAEI bbb, CORRE, LV 72V ERIHT A7 =
okevazy FOBBRME, BRIV EVORETHLROENVIZL o T, REETFMIRE
KBIFAEBERLEOHEEAMMIAILERL. COREEHDOMBICL>TELRS
BRI C2ERBORIESPEE-LEL LN,

7\
Oxidation process of two ferrocene fragments Se
60
) ]: E'p(0/41) =+020 V
= selenophene spacer
E?p(+1/42) = +0.36 V
-0.2 0 0.2 04 06 E
- V]

@f@ @5’:‘29
Se& = Se

65 66
E'(0/+1) = 4022V EYp(0+1) =+012 V
2 p,AI 2 uAI

AEy, =+197 mV AEyy; =+30S mV

2 =
BYp(+1/42) = +0.41 V E'p(+142)=+0.42 vV

-0.2 0 0.2 04 06 E|V] -0.2 0 0.2 0.4 0.6 E[V]

Figure 38. Cyclic voltammograms of diferrocenylselenophene. Condition: concentration, 2 mmol dm™ sample in 0.1
mol dm [Bu,N][PF]/CH,Cl, solution; working electrode, glassy carbon; reference electrode, Ag/Ag* 6.01 mol dm™
AgNO; in 0.1 mol dm™ [Bu,N][PFJ/CH;CN solution; counter electrode, Pt; scan rate, 100 mVs™, -
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BT, BLAOEMEERE Fig. 39 ISR T, TXTOMEWIIBVWTERESET. £V
)72V ) 72TV ANT oA VEOBRETRGAREITETSH Y, Gl S
FNENOBLTEMIT., BEEL ) 72V, RUVBEV/ 72V TiZ28 V. XV c]
V72 CiR23V TEEEIN,

tpa]
Reduction process of selenophene fragment
- /N
(@S A (/ \S S¢ S
5S¢ "ie_ S¢ & é Ep(0-1)=277V
60 : . . :
30 -25 20 -15
E[V]}
223 K 2uA 213K
1 MAI - ]: —
=4 :
g\gé—g Ep(0/-1)=-275V /Se\ E\;5(0-1)=-231V
Se Fe Qe Qe
9 L . . — 1 X 1
65 -3.0 -25 -2.0 -1.5 66 25 2.0 15
E[V] EMV]

Figure 39, Cyclic voltammograms of diferrocenylselenophene. Condition: concentration, 2 mmol dm™ sample in 0.1
mol dm™® [Bu N}[PF)/THF solution; working electrode, glassy'carbon; reference electrode, Ag/Ag* 0.01 mol dm™
AgNO; in 0.1 mol dm™ [Bu,N][PF¢]/CH;CN solution; counter electrode, Pt; scan rate, 100 mVs™. .

I TCDESAFEMOFTML ), 38OV 72 VHERKICBWT, ELATELY
J 7z VEL, BMbBl T s ak sy M50 2 BREOW L ET-RERAERE S S
., BMETHHE 3 03 BF 3 KBOBLETLY AT ADEERZER L, Thb 3
BOYV/ 72 VFREOBBLRELTRET AL, BV TV EXVYBEV
7= HFBEECBIEETEMICRE RERRINE P o720 L, XY V]V )
T/ TRIND 2 BORV ) T RE B L CRMLBED A Y —FY 7+, BITENM
DT — R 7 FIERIN, XUV DRIFR FF—, TSy —HIRENI,

COFERESIT, V) 72y BEEABOBER/LFHEOER 2 HATEIC & o TEHE
L 720 Fig. 40 {2 i3 Bl LRE Y 2 B 1T 5 HOMO-LUMO D#LER % & DN 3 V¥ — B % 7R
LTwWa, BERLY), RVEVHRRICX AHBOWRICME, ¥V 72 eEELE
TRy DOYIURY VI NVERTO » HBEBEFZNETNOGFTHRREINS, T2,
IANVF—BOLET S L, B, XY VbV 7 = U FHEEETIE HOMO-LUMO
FIZZANTF-ZZ RO L, XU VeV / 7 = 7 Tl 2 5F I < HOMO 7%
<\ LUMO MENZ E RV S fEB FF—, 77275 —HIBERLTWAZ LD
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b, TORRIZ, RUVEVHEERLLFICT7 20k = VEERD » &I X 5 HOMO-LUMO
IANVFEF—Fxy 7ORPZHEIRL, Bl Sn-BLETEMNOEmDE —F L., ¥V
/7 x VHEROBALETTEN DR LI EEH S N,

Selenophene (60)  Benzo|blselenophene (65)  Benzo[clselenophene (66)
Reduction half-wave potentials ~ Ejp(0/-1) =277V = Eyp(01-1)=-275V < Eyp(0k-1) é'-2.31 v
First oxidation half-wave potentials  EypO41)=+020V = Ey(041)=+022V >  Ejp0/+1)=+0.12V

V720t V47 2 VEHER24.46.48 LV 7 20k o VT % T = U EHELR 60, 65,
66 DEZFALFET —F % Table 16 IZRTo NIV, HEFF 72 VFERLELL ) 7205
BEMICBWTEL, BLEMICKRELZEAPBR SN 2d o/l b, TE, LV
DHLANIT VEFOENIL S LUMO TAVF—, FTICREGREFMIRED 7 20t
VERPOLEOMEERICRIZTREBIINEVWEEI LN,

-66 -



Table 16. Electrochemical data of differocenylthiophene and selenophene derivatives

ELp(0/41)=+019 V
EY(+142)=+0.35V
AEy, = +158 mV
Eyy(0/-1) =284V

E'f(0A41)=4021V
E? 5 (+1/42) = +0.41V
AE;, = +196 mV
Ey(0/-1)=-2.79V

B (041)=+0.13 V
B2 p(+1/42) = +0.41V
AE;; = +280 mV
E;p(0/-1)=-238V

—

EY(0/41) =+0.20V

E%(+1142) =+036 V
AE ;= +163 mV
Ey,(0-1)=277V

B0+ 1) =+022V
B p(+1142) = +0.41V
AE;;, =197 mV
Eyp(0/-1)=-275V

E'(0/+1) =+0.12 V
B (3 1H42)=+0.42V
AE;; =305 mV
Ep(0/-1)=-231V
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Analytical data

2,5-Diferrocenylselenophene (60): red crystals; mp >215 "C  (decomp.); 'H NMR (400 MHz,
CDCL;) 64.12 (s, 10H, free-Cp), 4.28 (t, J= 1.8 Hz, 4H, CsHy), 4.52 (t, J = 1.8 Hz, 4H, C;H,), 6.94
(s, 2H, ArH); *C NMR (101 MHz, CDCL) 667.0, 68.6, 70.1, 82.6, 124.3, 146.4; IR (KBr) 13082,
1239, 1103, 1025, 999, 807, 790, 497 cm™; MS (70 eV) m/z 500 (M").

2,3-Diferrocenylbenzo[b]selenophene (65): red crystals; mp 194.6-195.1 °C; "H NMR (400 MHz,
CDCl3) 64.06 (s, 5H, free-Cp), 4.12 (s, SH, free-Cp), 4.22 (t, J = 1.8 Hz, 2H, CsHy), 4.25 (brs, 4H,
CsH,), 4.30 (t, J = 1.8 Hz, 2H, CsHy), 7.29 (td, J= 1.0, 8.0 Hz, 1H, ArH), 7.44 (td, /= 1.0, 8.0 Hz,
1H, ArH), 7.82 (4, J = 8.0 Hz, 1H, ArH), 8.70 (d, J = 8.0 Hz, 1H, ArH); *C NMR (101 MHz,
CDClLy) 6 67.2, 68.1, 69.3, 69.9, 70.2, 70.9, 82.1, 83.0, 123.7, 124.2, 125.0, 126.3, 131.3, 140.1,
142.6, 142.8; IR (KBr) v3099, 1412, 1107, 1029, 1001, 822, 761, 729, 489 cm™.

1,3-Diferrocenylbenzo[c]selenophene (66): purple crystals; mp 196.0 °C (decomp.); "H NMR (400
MHz, CDCL) 64.19 (s, 10H, free-Cp), 4.39 (t,J = 1.8 Hz, 4H, CsH,), 4.69 (t, /= 1.8 Hz, 4H, CsH,),
6.86 (dd, J = 3.1, 7.1 Hz, 2H, ArH), 7.67 (dd, J = 3.1, 7.1 Hz, 2H, ArH); ®C NMR (101 MHz,
CDCl,) §68.7, 69.2, 70.2, 82.4, 122.5, 122.7, 137.6, 139.6; "'Se NMR (76 MHz, CDCl;) 5687.8;
IR (KBr) v 3090, 2346, 1655, 1410, 1314, 1104, 1000, 838, 819, 741, 478 cm™; MS (70 eV) m/z
550 (M"); Anal. Calcd for CyHy,Fe,Se: C, 61.24; H, 4.04%. Found: C, 60.99; H, 4.34%.

-68 -





