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Figure 1. Oligothiophene derivatives as advanced materials
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Figure 2. Regioregularity of oligothiophenes
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Scheme 1. Synthetic strategy for the stepwise preparation of HT-oligothiophene
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Scheme 2. Iterative synthesis of oligothiophene by C-H functionalization and halogen exchange
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Scheme 3. Oligothiophene synthesis by regioselective metalation
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Scheme 4. Regiochemical study on the metalation of 3-hexylthiophene with TMPMgCI-LiCl or cat. TMPH/EtMgClI
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Scheme 5. Mechanism of matalation of thiophene with cat. TMPH/EtMgCl
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Scheme 6. Stepwise synthesis of head-to-tail type oligothiophene
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Scheme 7. Oligothiophene synthesis with 2-chloro-3-hexylthiophene
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Scheme 8. Oligothiophene synthesis with 2-chloro-3-hexylthiophene
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Scheme 9. Differently-substituted oligothiophenes
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Table 1. Generation of metalated thiophen as polythiophene precursor

n

Hex "Hex "Hex
Y X M s X Y s M
A B

S

Method X Y  Stept ratio A/B (M)
Rieke Br Br Zn*,-78°Ctort,4h 97 : 3 (ZnBr)
GRIM Br  Br RMgX, rt, 30 min ~85: ~15 (MgX)
Yokozawa Br | ’PngCI, 0 °C, 30 min ~99: ~1 (MgCl)
McCullough Br H 1) LDA, —40 °C, 40 min ~98 : ~2 (ZnCl)

2) ZnCl,, —60 to —40 °C, 40 min
Ourgroup Br H TMPMgCI-LiCl, rt, 30 min ~99 : ~1 (MgCI-LiCl)

CONEERWCTUEFF 72 VOEGHISET-27:L 25, BFOEAETEWIGEEZRL
TV % NiCldppe & L <& NiCldppp % i\ 72 & & RIS 02 HEfT L, HEYE 35 P3HT % K
T2 00ER, B HT Wi @R ©f 57 (Scheme 10) 29, FUSIZIZIZERMICHEITLHME T2
RYVFF 72 0BEBON, FO5TEIZE/ ==y X VIMBEOHARILIZ L Wik E 2, filllEs 7
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HT=98% M,/M,=1.32

. 73%  M,=22300
NiCl2dPPP  \ir_g70, M, /M,=1.35

Scheme 10. Synthesis of HT-P3HT with 2-bromo-3-hexylthiophene and Knochel-Hauser base
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WMWY T AT AT I FTH D Knochel-Hauser HEHEATR ) v — R ERm LIS L wa 51, &
BCThHbHTF 7y, Vil HEZFERICANTOEATETT S PR L TR 72
(Scheme 11)5
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Scheme 11. Proposed mechanism for termination reaction with alkyl Grignard reagent
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NiCl(o-tol)dppp®? % filtif & L CHWTI T EWFEHMTH Y, KU ~—Khixk 2-AF V7 2 =2 VIETHE
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+DPPP HT=99% My/M\=1.14

Scheme 12. One-shot polymerization using Knochel-Hauser base
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Scheme 13. Polymerization of 2-bromo-3-hexylthiophene using CpNiCI(SIPr)
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L72BETH 100gDE) =65 R)F4 7= (P3HT) X, ®KS50g Thb. —F, £
JTUEFF TP CHAY T Y TEFICLINVBEONLER)FF 72 /1%, 100 g 75870 g
kb, 22T, 700 F 4 720 %E/ R LTHWRY)F 4 72 VEEPTTRELZLIE, 2674
LIRFRNBEOM ENMEGETEZ2DOTRE LGP EEIRET L, 7uu Tt 7 > v 2 HwzhiEitkE
BOEMHA KIS TIRLHTI RO EEBEZRKA 17% IS F THZ L Z LA TE S (Scheme 14). L»
L, 70R%y 7))y 7RIS TE—KIZ, 7)oy 7Y 7RSO RSS2 3
1LY, B ORBEFE LK TTHILEHMONT WS,

"Hex "Hex "Hex
g 3, W
X Br H Br H Cl

S S S
(X=Br, 1)
49-55% mass loss 32% mass loss 17% mass loss

Scheme 14. Atom efficiency in the polythiophene synthesis

ES

sUuuFF 7 OEGIEE, TUEFL T o TRIE L ESHPET LS EME,
TMPMgCl-LiCl & 0.5 mol% @ NiCl,dppe & FI\:T 25C, 24 T o72& 25, oK) ~v—0
INHEIL18% 1T L, BFHTTEDLDLTLIC400 BEOR) =2 ELNLOATH 72 (M)
M,=1.34) (Scheme 15).
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H N g7 X O5mol%) /A X=Br >99%
rt, 3+24 h " /n x=ClI 18%,

Scheme 15. Effect of halogen atom in the Ni-catalyzed P3HT synthesis
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Knochel-Hauser 3§ 2 % A\ 72 2-7 00 -3-~"F L )V FF 7 = ¥V OEAKIGIZ DWW TR T OMET
%1772 NiCldppp & WV 72 & Z1IFNE 57% THWO KR ) ~— %85 2 ENTE72D, BFH5
T8 9700 T, FOHGEM (ca. 33000) & ILELL TiX2H,I0&ve LA L, Mz dHliie LTA
FTEDLI) T2 ZVERAT 4 v N-ANTOBIRA VAL (NHC) BfLT% b2= v 7 )b 1) $415
NiCl,(PPhy)IPr 32 (I 2 72 & 2 A, fllEIE DS REER (218 B L ECPIS 4058 29200 DR F4 7 =
AR TR (M, /M, =1.29) TH57: (Scheme 16) 3,

"Hex TMPMgCI-LICI NiClo(PPhg)IPr "Hex SN N~
S G esmnd T o

H™>g”Cl THE 3h, it THF 24 h, 1t s ,
n CI-Ni-CI
PPhs

67%  My=29200 NiClo(PPhg)IPr

HT=99% My/My=1.29

Scheme 16. Polymerization of 2-chloro-3-hexylthiophene using NiCl,(PPh3)IPr
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Figure 3. (a) Relationship of the monomer/catalyst feed ratio toward M, and M,,/My. (b) Relationship of monomer
conversion vs M,,
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A Z WALDTHRED &9 22 F $HREF L 720 10 mol% @ TMP & 1 243D EtMgCl % FIWV T 2-27 B I -3-~
FINVFAT 2% 60 CTIOBHNLEEYE, NI vRELIEE A s5MupsavHELL7:
1LEDS 88% DIERTHE SN, MBEAIIZ X 7 WAL HEIT L TWB 2 L DR T E 12,

—7, BEELLTTUEFA 72 HVGEIZIE, SHEOXAZ VLTI E A EETET, 80%
DOALE T2 MORFZN T TR INT OB OEND 2T THole TUL, AEEH T
I VIRUSICES 5 2 & 7% < Grignard SUSHNC £ 588 — 07 U SSHSDMER L 72 b 0 & HEE
S5 (Scheme 17), £Z2C/ruus4 7= & EHICHWT I » & Grignard RUSH] & DMLAED
FORBLEITo7e OB, MEEREORBLET L3 - AFINVF 4+ 720D 5 MER A Y
WERIG & IZERR D 2-7 00 -3-"F IV FF T2 DX Z VRIS T, ZRUIEEPSHENT IV
RWMEE LWwEEZ, 732 ETIVE) Grignard JUBHI ZZZ T OPRE 21T o 720 Z DFER
WHEETFOBBRESRICLVEBIRO 3-AF VT F T2 b 2-700-3-~F I )VFF 72Tl
7 e b ALRIS DR ESKE SRR D Z LDV AL 72 $FIZEMeCl &P 2 7 uAF I LT I v
(Cy,NH) % Fw7z& & 60T, 1R TRIGHSEHRE L TWb 2 Eh%5ho7: (Table 2).

x=cl [ "Hex | "Hex
|
(g, |
"Hex  TMP (10 mol%) Mg —>g-cCl I g~ ~cCl
EtMgCI (1 eq.
7 gCl (1 eq.) J 88%
H X -
s o
60°C, 10 h Hex MHex
|
/A *2_ ]\
x=gr | H7 g7 Mg H™ s
- N 80%

Scheme 17. Metalation of 2-halothiophene with Grignard reagent and a catalytic amount of amine

Table 2. Generation of thienyl magnesium species with a Grignard reagent and a catalytic amount of amine

"Hex  Amine (10 mol%) "Hex
/é_g\ RMgX (1.0 eq.) l2 I\
H™3s"Cl TR 60 °C s 0
Grignard reagent amine time, h  conversion (%)
EtMgCI none 10 26
EtoNH 2 73
ProNH 10 85
CyoNH 1 85
,,,,,,,,,,,,,,,,,,,,, ™e o 8.
'PrMgBr none 10 21
EtoNH 10 85
'ProNH 5 73
CyoNH 2 83
TMP 10 35
BuMgCl none 10 6
EtoNH 10 71
ProNH 10 90
CyoNH 10 95
TMP 10 5
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Wi b LRt v, WSO RL -/l H 700 T4 7 2y OEARILE AT
BIEE L TAFIUNVEEETLIID, F7FNVEEETLILO, T—FTUHEE2HTHL0TX
TICBWTRIFZIE, B HT ERGI TG TESAORNR ) v — %255 2 L IZRI L2
(Table 3) 33,

Table 3. Polycondensation of chlorothiophene using Grignard reagent and catalytic amine
CyoNH (10 mol%)  NiClPPhglPr R
/A EtMgCl (1.0 eq.) (1.0 mol%) o\
H™>s”"Cl THE60°c,1h  THF 25°C, 24 h s"
Chlorothiophene My My/ M, %HT  Yield (%)
Hex
m 14900  1.21 98 82
H ™ Ng”Cl
n-CgHq7
A 23100 1.29 99 76
H g~ ~Cl
CH,0CgH13
A 17000 1.31 99 84
H g~ Cl

@ =R7s head-to-tail B U F4 7 1 VAREICHT 2 ER

Scheme 18 (2, TNFEF TIZHWOLNTEZGRIMEIZLI LR FF 7V HlE, bIlbIhik
MBI BNE L2 O 7 3 2, TIVF )V Grignard SUSH], = v 7 VAl % Fw 2 530 Lk E R $
FHERDE/ v —DPRLLUINIL Q-7 00-3-AF I NVFF T 1V vs.2,5-V THEI-~F )L
FF7xy), MEOLEME (N) EEONLIR)Y—DWEZFRLTHY, A5 IMLICET 2 K6
FNCRALTD, MEEZHT I VRO BESRLDLDOATH L, MHE LT LB, BTH=RIC
BOTENPIEMTHL2-700-3-~"F I NVFF T2 02V HFEICERNZFEL R VAL
REMERHHZ LIEHEATH D, AT — 7y TEL2EDE LR BN ENL D TH S,

C-H coupling polymerization

"Hex

RMgX
H/@CI w‘i
"Hex _ Hex
GRIM method m _cathNi 7
XMg~— g~ Cl S

"Hex RMgX
.
Br s Br

Scheme 18. Synthesis of HT-P3HT by C-H coupling polymerization/GRIM method
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FinwX TCIBERMA

=y oL R

CI—Ni=Cl
PPhg

NiCla(PPha)IPr
200mg 6,500 A 1g 17,900 [ [B3235]

S-7ZIFIVFAT Y

"Hex "Hex "Hex
¥ ri- r3-
Br Cl

S S S
3-Hexylthiophene 2-Bromo-3-hexylthiophene 2-Chloro-3-hexylthiophene
1g 3,000 M 59 8,900 M 25g 30,900 { 59 20,100 [ [B3507] 5g 16,000 [ [C2613]
[HO756]
"Hex "Hex
3 gt
| s Br Br s Br
2-Bromo-3-hexyl-5-iodothiophene 2,5-Dibromo-3-hexylthiophene
(stabilized with Copper chip) 5g 22,200 M
19 6,600 M 5g 22,800 M [D3896]
[B3865]
OMe Me Me
[ \ﬂ { \S @
s s g7 TBr
3-Methoxythiophene 3-Methylthiophene 2-Bromo-3-methylthiophene
1g 5,500 4 5g 15,900 A 259 6,100 M 5009 55,900 [ 5g 6,800 4 25g 20,300 [
[M1093] [M0440] [B1025]
EFFT7xY = = "Hex "Hex
& Ne N\
S S
2,2'-Bithiophene 3,4'-Dihexyl-2,2'-bithiophene
19 3,600 M 10g 17,900 [ 259 35,800 M 1g 16,500 A 5g 52,500 M
[B1276] [D3928]
ZOM7IVFILFFT Y
B3691 2-Bromo-3-dodecylthiophene 5g 15,700 A
D4053 2,5-Dibromo-3-n-octylthiophene 59 22,200 M
D4031 2,5-Dibromo-3-dodecylthiophene 5g 25,900 A
P1128 3-Propylthiophene 1g 8,700 1 5g 25,300 M
B1458 3-Butylthiophene 1g 6,700 1 5g 23,700 M
P1127  3-Pentylthiophene 1g 11,900"  5g 34,600 M
H0722 3-Heptylthiophene 1g 6,500 A 59 16,800 [
00213 3-n-Octylthiophene 1g 4,300 59 12,400 25g 42,100
N0533 3-Nonylthiophene 1g 14,200 A 59 41,200 M
D2098 3-Decylthiophene 1g 6,600 F 59 21,600 M
u0056 3-Undecylthiophene 1g 11,600 A 5g 33,900 M
D2016 3-Dodecylthiophene 1g 7,900 5g 22,000 25g 65,900
00245 3-Octadecylthiophene 1g 10,800 A 59 35,800 [
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