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Abstract

Recent results for synthesis of conjugated polymers, poly(arylene vinylene)s
exemplified as poly(fluorene vinylene)s and poly(phenylene vinylene)s, by
acyclic diene metathesis (ADMET) polymerization have been introduced. The
methods using molybdenum and ruthenium catalysts afforded defect-free,
high molecular weight polymers with all trans olefinic double bonds, and sig-
nificant reduction of by-products (halogen, sulfur etc.) in addition of decrease
of structurally defects have been attained. The methods also demonstrated
precise synthesis of end-functionalized polymers that showed unique optical
properties combined with the end groups. Catalytic one-pot syntheses of
end-functionalized poly(9,9-dialkylfluorene-2,7-vinylene)s have been attained
by both ruthenium (by chain-transfer) and molybdenum catalysts and the
method should provide more green route for synthesis of conjugated mate-
rials with better device performance.
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1. Introduction: Background

Conjugated polymers are promising semiconducting electronic materials for

numerous applications in optoelectronic and electrochemical devices [1] [2] [3]

[4]. It has been considered that synthesis of structurally regular, chemically pure

polymers is of critical importance in terms of their application as high-perfor-

mance polymer electronic devices. Moreover, the end-group modification has

also been considered as a promising approach for unique optical and/or elec-
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tronic properties (via energy transfer etc.). Importance of development of new
synthetic methods/methodologies has thus been recognized.

Conventional synthesis of poly(p-arylene vinylene)s (PPVs) by condensation
polymerization in the presence of tetrahydrothiophene generally requires harsh
conditions such as high temperature (180°C - 300°C) under vacuum conditions
(Scheme 1) [5] [6]. However, a significant decrease in the quantum efficiency of
the final PPV film was observed due to formation (by-production) of oxidation
products during the conversion step [5] [6]. Moreover, contamination of impur-
ities (halogen, sulfur etc.) affects severe damages toward the device performance.

The other methods such as the Gilch polymerization, Suzuki-Heck or Heck
coupling, and Horner-Wittig-Emmons (HWE) reactions [7]-[13] have also been
employed as the conventional methods. Gilch polymerization provides some
advantages for placement of vinylene units along the polymer backbone with
high molecular weights and low PDI (M,/M,) index. In synthesis of poly(9,9-
di- n-octylfluorene-2,7-vinylene) (PFV) and its copolymers with MEH-PPV
(Scheme 2) [7] [8], the key factor for obtainment of high molecular weight po-
lymers was an introduction of a chloromethyl group into the 9,9-di-n-octylflu-
orene unit [7]. However, significant defect structure was detected in the PFV
(and the copolymer) main chain; degree of the defect structure was roughly es-
timated to be 10% - 15% [7]. Hyperbranched PFVs, linear PFV were also pre-
pared from 2,4,7-tris(bromomethyl)-9,9-dihexylfluorene, and 2,7-bis(bromo-
methyl)-9,9-dihexylfluorene monomers by the Gilch reaction (Scheme 2) [9].

A tandem by using Suzuki-Heck reaction for the polymerization of aryldi-
bromides with K*[B(CH=CH,)F;] was employed for synthesis of a series of PFVs
(Scheme 3(a)) [10]. The method afforded polymers with low percentages of
structural 1,1-diarylenevinylene defects. A series of PFV copolymers incorpo-
rating bis(phenyl)oxadiazole (OXD), triphenylamine (TPA), or both moieties
along the backbone were also synthesized by Heck coupling (Scheme 3(b)) [11].
These, especially Heck type coupling, are method widely employed for synthesis
of poly(arylene vinylene)s exemplified in PPVs (Scheme 3(c)) [12]. The resul-
tant PFVs (and PPVs) prepared by these methods shown in Scheme 4 possessed
rather low percentage of structural defects compared to those prepared by the
Gilch method, however, the polymers possessed a mixture of cis- and trans-ole-
finic double bonds and control of molecular weight as well as removal of Pd
(and exclusion of a possibility of cross linking even small percentage), which
would affect the property (quantum efficiency), seemed difficult.

Horner-Emmons method offers a simple strategy for preparing PFVs
(Scheme 4(a)) [13]. The resultant PFVs by modified Horner-Emmons route

o m@
CIH,C CH,Cl ——» Q — .
: @ : 5 C‘S"\/EjA ~Hel < > Q) e < > \
CI n n

Scheme 1. Synthesis of poly(p-arylene vinylene) by conventional approach (condensation
at high temperature 7n vacuo).
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(a) Synthesis of homopolymer

O

R = n-CgHy7

(b) Synthesis of copolymer

KOBu
49-82 % yields,
THF, r.t. M,, = 22200-43200,
24 h

My/M, = 1.9-3.0

(c) Synthesis of hyperbranched polymer

R' R' R' R

0 .
Br THF

Br R'=n-CgHis

PhCH,Br
End-capped <——

Scheme 2. Syntheses of poly(9,9-di-n-octyl-fluorene-2,7-vinylene) (PFV) and
the copolymer by Gilch polymerization [7] [8] [9].

(a) Synthesis of PFVs by Suzuki-Heck Reaction

BF3K
+ Br—Ar—Br
Br . Br Pd(PPh3)4 .
dloxane refulx

R'R! 1 day R'R!
= 3,7-dimethyloctyl

R2R2 R?=n-CioHys R =n-CgHy7

(b) Synthesis of PFVs by Heck Coupling Reaction

Y Pd(OAc) O O Y A’/\j
O.O + —Ar—Br : . . 1-x
P(0-MeCgHa)s

R R

R = nCobra NEts, DMF

B PFV-TPA: M, = 7500, M,,//M, = 1.4
Br—Ar—Br r PFV-OXD: M, = 1300, My,/M, = 1.9

OXD-Br

(c) Synthesis of PPVs by Heck Coupling Reaction

Pd(OAc)2
Va C P(o MeCgHa)s

NEt;, DMF

R= n-CgHw

Scheme 3. Synthesis of PFVs by Suzuki-Heck or Heck coupling reactions [10] [11] [12].
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(a) Synthesis of PFV by Horner-Emmons route

* () 0
OHC . CHO+ O O ‘p(OEY), _ KOBU _ 0.0 Y
. DMF-THF n
"R ™ R R
R R

(EtO),l
(6]

(b) Synthesis of oligo(FV) by step-wise approach

R' R
OFV
m=0,1,2,3,4,5,6,9

I Q.O CHO  pg(0Ac),, BusN'Br
K;COs3, DMF

Scheme 4. Horner-Emmons route to synthesis of conjugated polymer [14].

possessed rather lower molecular weights compared to those prepared by estab-
lished Gilch polymerization route, but relatively higher yields and fewer defects
[13]. Interestingly, the PFVs prepared by this route possessed no termination of
the conjugation and cross-linking (compared to Gilch and Heck routes), and the
resultant polymers thus possessed less structural defect that showed better prop-
erties compared to those especially by the Gilch method [13].

Syntheses of a series of oligo(9,9-di-n-octylfluorene-2,7-vinylene)s (OFVs)
with strictly conjugation units up to 11 were made according to a divergent ap-
proach (Scheme 4(b)) [14]. The OFVs could be prepared by chain growth
process, and were well-conjugated system which possessed an effective conjuga-
tion length with 19 FV units. Absorption and photoluminescence spectra were
red-shifted upon increasing the FV repeat units [14].

In summary (Scheme 5), as described above, there are several concerns for
synthesis of conjugated polymers by the conventional methods such as Gilch,
HWE, and Heck reaction approaches. Some reactions (ex. the condensation po-
lymerization in the presence of tetrahydrothiophene) require harsh conditions,
and contamination of impurities (inorganic salts, sulfur, halogen, Pd metal etc.)
affects damages of the device performances significantly; these methods general-
ly require strict purification steps for obtainment of better performance (quan-
tum yields, emission etc.). Difficulty of structural control (cis/trans) in addition
to end groups also affects the property of the resultant polymers in terms of ap-
plication. Therefore, more efficient method for synthesis of structurally regular,
chemically pure polymers has thus been desired.

Acyclic diene metathesis (ADMET) polymerization [15] [16] [17] [18] [19] has
been recognized as an efficient route for the synthesis of 7-conjugated materials
[20]-[35] (Scheme 6). The ADMET polymerization does not require harsh con-
ditions and promote adverse side reactions which might alter the photophysical
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Summary: Conventional Synthetic Route for Synthesis of Poly(arylene vinylene)s

1) Condensation under high temperature in vacuo

@H a ﬂo - f@ﬂ o )

Diificult to reach completion
Termination of conjugation,
Required removal of halogen, sulfur

R R
A
A ajor Concerns: Defect

1) By-Production of Halogen

(Inorganic halide) 2 equiv./monomer
Contamination of impurities

Strict purification required
NaH, R 2) Difficult to control MW (chain end?)
CHZP(OEt)z KO'Bu ete. 3) Regularity (cis/trans)
\ 4) Crosslinking (Heck Coupling)
EtO)zPHZC - (Et0),P(0)O- R U U U

Desired Process
1) Defect free synthesis
2) Less inroganic effluent
3) Better atom economy
4) Catalytic
5) Better control
Molecular weight, cis/trans

2) Condensation in the presence of inorganic salt (Gilch route)

R_ R
Cl KO'Bu
Q.O R = alkyl etc.
C _2Kkcl

3) Condensation by Horner-Wittig-Emmons (HWE) Reaction

4) Condensation by Heck Reaction

R
F’d cat.
-2HBr \ S
R

Scheme 5. Summary of conventional methods for synthesis of conjugated polymers.

Acyclic Diene Metathesis (ADMET) Polymerization Route

. _ADMET _
n XA R
N catalyst

R R

no\ u cat.
SReh Tf

R = n-octyl, 2'-ethylhexyl, n-hexyl

R = n-octyl, 9'-heptadecanyl

PCV + (n-1) H,C=CH,

Ar—N_ N—Ar Ar—N__N-Ar
cl, cl ’/,T Attractive Characterisitics
I"Ru:CHPh ‘Ru=CH (1) Defect free (no termination of conjugation)
\CI \CI (2) High stereo-regularity (all trans olefinic double bond)
PCys ipr”” © (3) Well-defined polymer chain ends

Ru cat.

Scheme 6. Synthesis of conjugated polymers by ADMET polymerization [30] [31] [32]
[33].

or other desired properties of the target polymer. This methodology therefore
afforded synthesis of defect free, high molecular weight, all ¢rans poly(9,9-di-n-
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octyl-fluorene-2,7-vinylene) (PFV) [30], poly(2,5-dialkyl-pheny-lene-1,4-
vinylene)s (PPVs) [31], and poly(N-alkylcarbazole-2,7-vinylene)s (PCVs) [32],
poly(thienylene vinylene)s [34]-[40] by using Schrock type molybdenum-alky-
lidene, and ruthenium-carbene catalysts (Scheme 6). The resultant polymers
[30] [31] [32] possess high stereo-regularity (all trans olefinic double bond) and
analytically pure (defect-free), and showed unique photophysical properties
compared with polymers prepared by other methods. Moreover, ADMET poly-
merization offer a unique pathway for the synthesis of specific polymer archi-
tectures which might not be attained by other method, as described below.

In this mini review, general characteristics in precise syntheses of poly(arylene
vinylene)s by adopting the ADMET polymerization, and further modification of
polymers by utilization of this method have been summarized. Moreover, recent
progresses on catalytic one-pot synthesis with well-defined end groups have also
been reported.

2. Synthesis of Poly(p-Arylene Vinylene) by ADMET
Polymerization

ADMET polymerization of divinyl aromatics (divinylbenzene etc.) is a conden-
sation polymerization that proceeds accompanied by production of ethylene,
and the basic reaction mechanism is depicted in Scheme 7. There is an equili-
brium in this catalysis and olefinic double bonds in the resultant poly-
mers/oligomers possess highly trans due to steric bulk of the metallacycle inter-
mediate. Although the initial approaches in the ADMET polymerization (of
substituted divinylbenezenes) afforded oligomer mixtures [21]-[26], we demon-
strated in 2001 for synthesis of high molecular weight poly(9,9-di- n-octyl-fluo-
ren2,7-vinylene) by this approach in the presence of molybdenum catalyst,
Mo(CHCMe,Ph)(N-2,6-Me,CsH;)[OCMe(CF;),], (Mo-cat.) [30]. In this poly-
merization, it is important for obtainment of high molecular weight PFV to

conduct the polymerization under high monomer concentration with repetitive

[ADMET: Acyclic Diene METathesis Ponmerization]

ML,

Metallacycle
intermediate
Highly trans

) o
g
R L,M=CH, R

AN Ar‘,\/

)

X Ar

Scheme 7. Basic mechanism on ADMET condensation polymerization.
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removal of ethylene by-produced from the reaction medium. This is basic con-
tent that would be considered for the ADMET polymerization, because the
ADMET polymerization is an intermolecular metathesis reactions of monomers
containing two vinyl (or propenyl) groups as well as condensation polymerization
with certain equilibrium. Use of the methyl analogue (Mo-cat.) is also important
and the isopropyl analogue, Mo(CHCMe,Ph)(N-2,6-Pr,CsH;)[OCMe(CFs),]5,
afforded oligomer mixture. Since this is a condensation polymerization accom-
panied by production of small molecule (ethylene), the molecular weight distri-
bution (A,/M,) should be close to 2 even with unimodal molecular weight dis-
tribution.

Table 1 summarizes selected results for ADMET polymerization of 9,9-dial-
kyl-2,7-divinylfluorene (DVF) by ruthenium complex catalysts (Scheme 8) [32].
The attempted polymerization by RuCL(CHPh)(PCy;),[Ru(1)] recovered DVF, and
use of RuCL(CHPh)(IMesH,)(3-BrCsHsN);[Ru(4)] gave oligomer mixtures even if
the reaction was performed at 90°C, although Ru(4) was effective for synthesis of
poly(thienylene vinylene)s [34] [35] [36]. Ru(CHPh)(CI),(IMesH,)(PCys)[Ru(2)]

Table 1. ADMET polymerization of 9,9-dialkyl-2,7-divinylfluorene (DVF) by Ru-carbene
catalysts [32].2

Alkylin CoR  Rucat. Solvent conc.® temp./°C time/h M{ x 107 M /M’  yield/%

n-octyl 2 Toluene 90 50 7.5 1.84 1.8 75
n-octyl 2 Toluene 180 50 8 2.75 2.0 90
n-octyl 4 Ce¢HsBr 180 90 3.5 0.33 1.8 75
2 “ethylhexyl 2 Toluene 180 50 3 2.10 2.1 75
2 “ethylhexyl 2 Toluene 270 50 3 3.30 2.2 82
2 “ethylhexyl 2 Toluene 180 50 8 3.00 2.6 79
n-hexyl 2 Toluene 100 50 3 2.30 2.5 93
n-hexyl 3 Toluene 200 50 5 2.10 2.1 82
n-hexyl 2¢ CH:CL: 103 40 8 3.20 2.0 >99

“Conditions: solvent 1.0 mL, DFV/Ru = 40 (molar ratio), RuCL(CHPh)(IMesH)(PCys) [Ru(2), IMesH, =
1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene], RuClL(CH-2-OPr-CsHs)(IMesH:) [Ru(3)], RuCl
(CHPh)(IMesH,)(3-BrCsHaN), [Ru(4)]. “Initial monomer concentration in pmol/mL. ‘GPC data in THF vs
polystyrene standards. “Isolated yields. “©DVF/Ru = 35 (molar ratio), CH,Cl, 2.0 mL.

Br

: I\ i
| o PCys Ar—N_ _N-Ar  Ar— N N-Ar Ar— N N-Ar
: “y _ cl CI, CI l
. Ru=CHPh “ “ i
: T\ Ru=CHPh Ru CH —»Ru CHPh ;
' Cl T\ I
: PCys PCC N A |
: Ru(1) Ru@) 73 | 5
: Cy = cyclohexyl, Ar = 2,4,6-Me;3CgH, Ru(4) \ :

Scheme 8. Synthesis of poly(9,9-dialkyl-fluorene-2,7-vinylene) by ADMET polymeriza-
tion by Ru-carbene catalysts [32].
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and RuCl,(CH-2-OPr-C¢H,)(IMesH,) [Ru(3)] were effective affording defect-
free, all-trans high molecular weight PFVs with unimodal molecular weight dis-
tributions [32].

It is noteworthy that olefinic double bonds in the resultant PFVs by the
ADMET polymerization using Ru-carbene catalyst possessed exclusive trans re-
gularity ("H NMR spectra), and the resultant PFVs possessed vinyl groups at the
polymer chain ends [31] [32] [41]; these are notable contrasts with those by the
previous (precursor) method [32].

Syntheses of poly(thienylene vinylene)s and their derivatives were reported
later by the group of Hillmyer and Wagener (Scheme 9) [34]-[40]. These poly-
merizations were conducted in 1,2,4-trichlorobenzene at 90°C under dynamic
vacuum (ca. 100 mTorr), and up to five aliquots of 1 mol% Grubbs’ second gen-
eration catalyst, Ru(2), or third generation catalyst, Ru(4). For obtainment of
high molecular weight polymers, solid-statemetathesis polycondensation tech-
nique was also employed [35]. Use of propenyl group instead of vinyl group was
the key for the success and the resultant polymers were a mixture of cis/trans

olefinic double bonds, although reason for the details was not clear.

3. Introduction of End Functionality into Conjugated
Polymers by Olefin Metathesis with Wittig-Type Coupling

Since, as described above, the resultant PFVs by Ru catalyzed ADMET polym-
erization possessed vinyl group exclusively [31] [32], modification of the conju-
gated materials leading to synthesis of well-defined block copolymers can be
thus established by exploitation of the chain ends [41]-[46]. An exclusive
end-functionalization can be achieved by coupled olefin metathesis of the vinyl
chain ends with Mo cat. with subsequent Wittig-type cleavage with aldehyde
(Scheme 10) [41]-[49]. We demonstrated that their emission properties (in-
cluding quantum yields, lifetime etc.) were affected by certain end functionali-
ties. This means that the emission properties can be modified by number of the
FV repeat units, end groups (chromophore) and the middle segment: PFV-
(F-BODIPY), exhibit white-light emission with high quantum efficiency [44].

7 M Rueat]) —

Rucat s
Ar—N_ N-Ar Ar—N N—Ar
W LA oy oy
R

R = CgH43, C1oH21, C12H3s, C1gHa3 etc.

. \

Ru=CHPh / N—>Ru\ CHPh

Ru) } Yci — e
PCys; Br N

Cy = cyclohexyl, |
Ar=246-MesCeH, RUA) X

-

Se /— s U\
\ /\/S\/\

Br
C1oHa21

= S S S
| N
C1eHa3 I\ CieHas3
NN

OC16H33

Scheme 9. Synthesis of poly(thienylene vinylene) by ADMET polymerization using Ru-carbene

catalysts [34]-[40].
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One demonstration reported in 2011 was that intensities at ca. 497 - 500, 528 -
531 nmin the fluorescence spectra for PFVs containing 3 or 4 thiophene repeat
units (PFV-3T, PFV-MP3T, PFV-DHA4T) were apparently higher than those in
PFV and the others (PFV-2T, PFV-6T) [42]. Moreover, their fluorescence life
times (dem = 530 - 609 nm in THF) (7 = 0.654, 0.746, 0.697 ns, respectively) are
longer than those in the others (0.521, 0.534 ns, respectively). The emission in-
tensities were also influenced by the PFV conjugation length (FV repeat unit),
and we assumed that the observed differences are thus due to an energy transfer

from the PFV conjugated main chain to the oligo(thiophene)moieties (Figure 1).

Acyclic Diene Metathesis (ADMET) Polymerization

R_ R

O

R = n-octyl, n-hexyl,
2'-ethylhexyl

e Y i) Mo cat. (5 equiv) N

1 For grafting PEG (amphiphilic I PCys Olefin metathesis ..Mo

! blocks ! F3;C),MeCO" N

' plocks) . ' Ru(2) ( (?’Fg)é)zMeCO/ CHCMe,Ph
OSiMe; i

+ Initiating fragment for ATRP etc.

XN i Exclusive end-functionalization |
i \ N\B’N\ | by Wittig type coupling ||)CHO (excess)
i /N '
- F*°F :
i Unique emission Sé\?i
vos. N s N
AV £ |

Scheme 10. Synthesis of PFVs with well-defined end groups by combined olefin meta-
thesis with wittig-type coupling [41] [42] [43] [44] [45].

Intensity (a.u.)

400 500 ' 600
Wavelength/ nm

Figure 1. Fluorescence spectra for PFVs containing various oligo(thiophene)s
(conc. 1.0 x 107° M in THF at 25°C, excitation at 460 nm) [42].

K2
0:;5: Scientific Research Publishing ?



T. Haque, K. Nomura

Exclusive synthesis of amphiphilic ABA type triblock copolymers could be
demonstrated by grafting PEG into both the PFV chain ends (Scheme 11) [41].
For this purpose, phenolic hydroxy group protected by SiMe; group could be in-
troduced by olefin metathesis of the vinyl groups in the PFV chain ends with Mo
cat. and subsequent reaction with 4-Me;SiOCsH,CHO. The SiMe; group at the
both polymer chain ends pave the way for the synthesis of desired triblock co-
polymers, because it can easily be cleaved by treating with HCI aq. to afford
PFV-OH which is then treated with KH in THF followed by the reaction with
mesylated poly(ethylene glycol) (PEGMs,) to afford ABA-type amphiphilic trib-
lock copolymers via so called “grafting to” approach. The A, values in the resul-
tant triblock copolymers estimated by the integration ratios with methylene
protons of the PEG segment were highly close to the estimated value from both
GPC [Myaic) = Mycrcy/1.6] and the starting PEG [41]. Synthesis of ABA type

ADMET

\ > Ru cat.
SSa

N
R = n-octyl PFV H
AN ] i ; (F50)MeCO" 51 o
T\\CI Olefin Metathesis | Mo cat. (5 equiv.) (F3C);MeCO z
Ar = 2,4,6-Me3CgHa, R‘U:CHF’h Mo
Cy = cyclohexyl Cl PCy, cat.
Ru(2)

End Functionalization

O\\
/C Br
OHCOO

End Functionalization

4-Me,SiO-CgH,CHO

(excess)
(excess)
s OO~ 54
! C—Br MeSiO .
Br—)—Cy) . \ O d 3 ] O OSiMes
R R
PFV-(CgH,0COCMe,Br), " PFV-OTMS
CuBr/dNb|py < > ATRP i)0.5NHClaq. | . o
\ iyKHin THE | T mso{ > tMsPEGMsZ
Ms = MeSO,
[o]
e OO =
B R} VMLOOW\ 0.0 \ o
r
R R A (\/\o)r—“Ms
PFV-(PS-Br), PEG-bl-PFV-bl-PEG
NaNg S
JDMF—THF ABA amphiphilic triblock copolymer

PFV-(PS-N;),
2 Click Reaction
0}/\ )K/\
M,=2000 MeO ;o N CuBr/dNbipy, THF

e 9 Q
P o)
\\MeO”(V MOWN o
. - m

A I O s

PFV-(PS-bl-PEG),
ABCBA amphiphilic block copolymer

Scheme 11. Synthesis of amphiphilic ABA or ABCBA type multi-block copolymers by combination of ADMET polymerization
with other methodologies [41] [43].
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(F4C),MeCO

triblock (graft) copolymers was also demonstrated (via so called “grafting from”
approach) by combination of the ADMET polymerization with Cu-catalyzed
atom transfer radical polymerization (ATRP). ATRP of styrene in the presence
of macroinitiator, PFV (CsH;,OCOCMe,Br), (Scheme 11), which could be pre-
pared by an introduction of the initiating functionalities into the PFVs chain
ends, was conducted in the presence of CuBr, dNbipy (4,4-dinonyl-2,2-dipyridyl)
at 90°C [43]. It is noteworthy that the subsequent end-modification by treatment
of the Br at the chain groups with NaN;, and following click reaction with
4-pentanoate terminatedpoly(ethylene glycol)methyl ether (PEG containing
acetylene unit) afforded amphiphilic ABCBA-type block copolymers in a precise
manner by incorporation of PEG segment confirmed by the 'H NMR spectra
(Scheme 11). The M, values estimated by "H NMR spectra were highly close to
those calculated [43], indicating that each reactions (end-modifications) tool
place in a precise, quantitative manner.

Efficient one pot synthesis of end-functionalized triblock copolymers, ex-
pressed as [(PFV),-7PV]Ar,, [(PFV),-3PV]Ar, or [(PFV),-3T]Ar, [Ar = Ce¢Hs,
CgFs, terthiophene (3T), ferrocene (Fc)],was demonstrated by the following pro-
cedure (Scheme 12) [45]: 1) olefin metathesis of the vinyl groups in the PFVs’

\ Olefin Metathesis
s ) Mo cat.
(1 8 eq.)

if) OPV-CHO or 3TCHO
( 0.5 equiv)

iii) Mo cat. (2.5 eq)

Mo.. (to complete the olefin metathesis)
(F5C)MeCO' T HcMe,Ph Ar-CHO S

iv) Ar-CHO (excess) s ]\ s

(PFV-3T-PFV)Ar,

Scheme 12. One pot synthesis of end-functionalized triblock conjugated copolymers [45].
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chain ends with Mo cat. (1.8 equiv to PFV) afforded a mixture of the “mono-
and bis-alkylidene” species in situ, 2) Wittig-type coupling with OPVCHO
(3PVCHO, 7PVCHO) or 3T(CHO); (0.5 equiv), 3) additional olefin metathesis
with Mo cat. (2.5 equiv) to complete the olefin metathesis (with the vinyl group
in the PFV chain ends), and 4) subsequent addition of aldehyde (ArCHO) in
excess amount (70% - 88% vyields on the basis of PFVs) [45]. The resultant po-
lymers possessed uniform molecular weight distributions (M,/M, = 1.33 - 1.63)
without significant increases in their M, values even after these modification
procedures. The '"H NMR spectra clearly indicate disappearance of protons of
the vinyl groups in the starting PFVs and presence of resonances ascribed to
protons in the middle segment, especially 7 PV or 3 PV. Moreover, the M, values
by their integration ratios [on the basis of the middle segments, expressed as
M,ompy] were highly analogous to the calculated values [expressed as Micaica)l,
strongly suggesting exclusive formations of [(PFV),-7PV]Ar,, [(PFV),-3PV]Ar,,
[(PFV),-3T]Ar; by adopting this methodology [45].

A facile one-pot synthesis of star shape (triarm) polymers containing a PFV

main chain with well-defined end groups has also been achieved (Scheme 13)

Mo cat.
1.8 equiv.
\\ PFV R = n-octyl
Mo\ Mo
One-Pot Synthesis without Purification N N N
Mo \
Mo BEE ] mixture of mono-,
X \ bis-alkylidene
X __Mo A __Mo
A S OHC CHO
CHO
Reaction with tris-
or aldehyde (0.33 equiv.)
Il [|
| Mo L Mo
—

——
) ) . OHC CHO
i) Mo cat (3 equiv) ii) (Af)CHO (excess) \©\ /©/

for completion of reaction .

with the vinyl group Exclusive End-

Y Functionalization TPA(CHO); ©
RN =
) @ o

| TPTA(CHO);
TPA[PFV-Ar];or O,N CHO OHcF:\©
= [+
TPTA[PFV-3T]; —<\ :>_CGF5 csH4Noz - &S
J .CHO S / s 3TCHO

Scheme 13. One pot synthesis of end-functionalized star (tri-arm) (co)polymers [46].
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adopting the above methodology. Tris(formylphenyl)amine was used as a core,
and the triblock copolymers [by incorporation of tri(2,5-dialkoxy-1,4-phenylene
vinylene) or terthiophene units as the middle segment in PFVs main chain] were
utilized as the arm segments to construct the star polymers [46]. The resultant
polymers were identified by 'H-NMR and GPC traces: the A, values in the sam-
ples were close to the estimated values with unimodal molecular weight distribu-
tions (M,/M, = 1.22 - 2.00).

4. Catalytic One-Pot Synthesis of
Poly(9,9-di-n-Octylfluorenevinylene)s by ADMET
Polymerization

Although the above method enables precise and exclusive synthesis of the de-
sired fully end-functionalized conjugated polymers [45] [46] using molybde-
num-alkylidene catalyst, the direct chain transfer pathway [50] [51] [52] [53]
[54] is another very attractive methodology for “catalytic” synthesis of end-
functionalized conjugated polymers. Therefore, the results explored for the “cat-
alytic one-pot synthesis” by the ADMET polymerization in the presence of chain
transfer agent (bifunctional/1,2-disubstituted olefins) using Ru-carbene catalyst
[53] have been discussed herein.

Although the above method enables precise and exclusive synthesis of the de-
sired fully end-functionalized conjugated polymers [41]-[46], however, rather
excess amount (>2 equiv to vinyl group) of Mo-alkylidene catalyst/reagent (Mo
cat.), which has to be prepared through several synthetic steps, is required for
completion of the end-functionalization [41]-[46] [48] [49]. Therefore, it is
surely desired to develop another methodology for “catalytic’ synthesis of end-
functionalized conjugated polymers either from PFVs containing vinyl groups or
from DVF directly.

More recently, we have presenteda “catalytic” one-pot synthesis of end-func-
tionalized poly(9,9-di-n-octylfluorene-2,7-vinylene)s (EF-PFV's) by acyclic diene
metathesis (ADMET)polymerization and olefin metathesis with 1,2-disubstituted
olefins (DOs) using Ru catalyst (Scheme 14, Method B) [53]. This method is
modified approach employed for synthesis of end-functionalized polymers by
ring-opening metathesis polymerization in the presence of ruthenium catalysts
[50]. Synthesis of high molecular weight PFVs with efficient end-functionaliza-
tion have been achieved when DOs were added after the initial ADMET polyme-
rization; 2 step addition [of 1,4-cis-diacetoxy-2-butene (DAB), cis-stilbene (SB),
cis-4-octene (OC)] seem suited to the purpose. Although certain optimizations
are necessary for the exclusive synthesis of EF-PFVs, significant reduction of
amount of molybdenum catalyst/reagent (>2 equiv to the vinyl group) have been
attained by adopting this one-pot synthesis approach. Moreover, the resultant
PFVs possessed high stereo-regularity (all trans), defect-free nature [53], the re-
sults through this study shall pave a new possibility for the precise synthesis of
catalytic one-pot synthesis of end-functionalized conjugated polymers.

Moreover, precise, one-pot synthesis of end-functionalized conjugated polymers,
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Scheme 14. Precise synthesis of end-functionalized PFVs by acyclic diene metathesis (ADMET) polymerization [53] [54].

poly(9,9-di-n-octyl-fluorene vinylene)s (PFVs), have also been achieved (Scheme
14, Method C) by ADMET polymerization followed by Wittig-type coupling
with aldehyde in the presence of molybdenum-alkylidene catalyst (Mo cat) [53].
Further addition of Mo cat. after the ADMET polymerization was necessary for
completion of olefin metathesis (with the vinyl chain end) and for exclusive
end-functionalization by the subsequent coupling. Various end-functionalities

could be introduced without purification or isolation by this one-pot methodol-

ogy.
5. Summary and Outlook

Recent results for synthesis of conjugated polymers, poly(arylene vinylene)s
exemplified as poly(fluorene vinylene)s and poly(phenylene vinylene)s, by acyc-
lic diene metathesis (ADMET) polymerization approach have been summarized.
The methods using molybdenum and ruthenium catalysts afforded defect-free,
high molecular weight polymers with all trans olefinic double bonds, and signif-
icant reduction of by-products (halogen, sulfur etc.) in addition of decrease of
structurally defects (termination of conjugation, a possibility of cross-linking
etc.) have been attained. The methods also demonstrated precise synthesis of
end-functionalized conjugated polymers by combined olefin metathesis with
Wittig-type coupling with various aldehydes. The resultant polymers showed
unique optical properties combined with the end groups. Moreover, the method
demonstrated synthesis of various end-functionalized block copolymers (by
grafting to and grafting from approaches) as well as star shaped (tri-arm) copo-
lymers in one pot with high efficiency. Catalytic one-pot syntheses of end-func-
tionalized poly(9,9-dialkylfluorene-2,7-vinylene)s have been attained by both
ruthenium (by chain-transfer) and molybdenum catalysts and the method
should provide more green route for synthesis of conjugated materials with bet-
ter device performance. As described in the introductory, the method demon-
strates efficient catalytic synthesis of defect-free (no termination of conjugation,

all trans) polymers and does not require strict purification process compared
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with the conventional process (Gilch, HWE, Heck coupling etc.). Moreover,
control of molecular weight as well as end-group can be achieved only by
adopting this methodology. We highly believe the method would provide a new
possibility for development of new materials with unique performances espe-

cially by integration of functionality.
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