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ABSTRACT: Pd-complex-catalyzed polycondensation of 3,6-dibromo-1,2-phenylenediabhingtt{ 2,7-bis-
(1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluoren@)(gave polymerla which consisted of 1,2-phenylenediamine-
3,6-diyl and 9,9-dioctylfluorene-2,7-diyl units in 99% yield. Polyniex showed a weight-average molecular
weight (M) of 78 000 in the light scattering analysis and gave an intrinsic viscosity of 0.74 HIRgaction of
polymer 1a with aromatic boronic acids, ArB(OH), (Ar = C¢Hs, CsHs-p-Bu, and GH4-p-OMe), provided
polymers2a—2cwith a diazaborole ring in the side chain. A model compound of polyiradd. 4;1',1";4",1"";4" ,1""']-
quinquephenyl-2,3'-diamine (model compound), was also prepared by Pd-complex-catalyzed reaction

of 1 with biphenyl-4-boronic acid. Structures of the polymers and the model compound were determined
by '"H NMR and IR spectroscopy as well as by elemental analyses. All the polymers and the model
compound were photoluminescent in solution, and introduction of the diazaborole ring enhanced intensity of
photoluminescence (PL). Cyclic voltammetry revealed that all the polymers and the model compound were
electrochemically active in solutions, and the phenylenediamine and benzodiazaborole units behave as an electron-
donating group. Thermal stability of polyméa was improved by transformation of the diamino group to the
diazaborole side chain.

Introduction polycondensation of the corresponding dibromo monomers.
However, synthesis of a similarr-conjugated polymer
composed of the benzodiazaborole unit has no precedent to our
knowledge.

m-Conjugated polymers bearing reactive functional groups
have been attracting interést® For example-conjugated
polymers having a sulfo group? carboxylic grougt” or ) ) _
hydroxy groug® have been reported. However;conjugated Herein we report synthesis of newconjugatecp-phenylene-
polymer having a-NH, side group has received less attenfibn, ~ tyPe polymer constituted of the 2,3-diamipephenylene unit

in spite of the presence of a tremendous number of reports abouNd conversion of the 2,3-diamimephenylene unit of the
polyanilines. polymer to the benzodiazaborole unit:

m-Conjugated polyg-phenylene) with the following-diamine HN  NH,
side groups will be a useful starting polymer for various O O Ar-B(OH),
mr-conjugated polymers because tiidiaminophenylene group O . —_—
will be able to be converted into various grodpdZe.g. n
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HoN. NHp polymer la
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It is known that 2,3-diamino-1,4-dibromobenzene can be Boron-containing polymers are the subject of recent interest
converted into the corresponding dibromo benzimidazole because of their important chemical and physical functional-
and dibromoquinoxaling2 and z-conjugated polymers ities®® They show blue emissiott;'> large third-order
composed of the benzimidazole dfiand quinoxaline uni® nonlinear optical susceptibilit}f;!” and high thermal stabil-

have been synthesized by dehalogenative organometallicity.**#1°A large number of polymers containing boron in the
main chain have recently been report€c? The polymers are

. . . . . considered to have an expanded electron system through the
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Scheme 1. Synthesis of the PPP-Type Polymer Having the Nside Group
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Scheme 2. Synthesis of a Model Compound for Polymer la

NHy: & 3.68
HoN  NHp HoN - NHp

2 O-Oroome + o prar T (AT
H

1 a" Ha"
Ha": 5 6.87
model compound 1

Scheme 3. Transformation to the Diazaborole Ring
R
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Oct Oct Oct Oct Oct Oct
polymer 1a Ar-B(OH), unit A unit B
polymer 2a (R = H,unit A:unit B = 0.27:0.73)
polymer 2b (R = Bu,unit A:unit B = 0.15:0.85)
Bu = butyl
polymer 2¢ (R = OMe,unit A:unit B = 0.18:0.82)

m-Conjugated polymers bearing a diazaborole ring at side area reveals that the amine groups are intact in the polymer-
chain, e.qg. ization. Signals of aliphatic and aromatic hydrogens are observed
in ranges ofd 0.7—2.2 andd 6.8—8.0, respectively. A model

g\r compound of polymet, model compound, was also synthe-

HN" NH  Ar = aryl group sized according the method shown by eq 4, and comparison of

the 'H NMR spectrum of model compoundl with that of

n polymerlarevealed that théH NMR peak of polymernaat o

Poly(p-phenylene) with the 6.93 was assigned to the aromatitH of the diaminop-

diazaborole side chain phenylene unit (Aishown in Scheme 1).

are also expected to show interesting optical and electronic Observed areas of the amine signal, aliphatic signal, and

functionalities. aromatic signals agreed with structure of polyrbaishown in
On these bases, we first synthesized-eonjugated polyg- Scheme 1. Data from elemental analysis also agreed with the

phenylene)-type polymer with the 1,2-phenylenediamine build- structure of polymed.a with hydration water; the presence of
ing unit and then converted the 1,2-diphenylene unit into the the hydrophilic NH groups in polymerla seems to be the
diazaborole unit. It is known that aromatic diamines react with reason for the hydration.

boronic acids to give diazaborol&s* The IR spectrum of polymeta depicted in Figure 2a shows
R two distinct v(NH) peaks at 3423 and 3338 cf A peak
B. assigned t@(N—H) is observed at 1609 cmh. Polymerlahad
HoN - NHp HN NH high thermal stability with 5% weight loss temperature at 372
- — - °C and was soluble in organic solvents such as toluene and

chloroform. However, polymeta was not soluble in DMF. It
Herein we report preparation of the nem-conjugated  has been reported thatconjugated polymers such as poly(3-
p0|ymer of 1,2_pheny|enediamine, conversion of the diamino alky'thiophenE)S with |Ong side chains are soluble in ha'Ogenated
polymer into the diazaborole polymers, and chemical properties hydrocarbons and hydrocarbon whereas as they have poor
of the diamino and diazaborole polymers. Synthesis of a model Solubility in polar solvents such as DMF and acetéheight

compound is also reported. scattering analys?§ of a toluene solution of polymeta gave
anM,, (weight-average molecular weight) of 78 000 as described

Results and Discussion below. Toluene solutions of polymdm afforded an intrinsic

Polymerization. Pd-complex-catalyzed polycondensation of Viscosity of 0.74 dL g*.

2,3-dibromo-1,4-phenylenediaming) @nd 2,7-bis(1,3,2-diox- Transformation of the p-Phenylenediamine Unit to Diaz-

aborolan-2-yl)-9,9-dioctylfluorene) gave polymeidain 99% aborole Units. Reactions of polymeta with aromatic boronic

yield, as shown in Scheme 1. The polymer essentially has aacids, A—B(OH), (Ar = CgHs, CsH4-p-Bu, and GH4-p-OMe),

poly(p-phenylene)PPP-type sz-conjugated main chain. in toluene under reflux conditions gave the diazaborole poly-

Figure 1a shows théH NMR spectrum of polymeda A mers, polymer2a—2c, as exhibited in Scheme 3. The degree
peak atd 3.72 is assigned to the amine hydrogen, and its peak of the transformation of the diamino group to the diazaborole
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Figure 1. 'H NMR spectra of polymerda and 2a—2c in CDCls.
Polymer1b exhibits the saméH NMR spectrum as the polymédra. . . R R . , ,
Peaks marked with the * are due to the solvent impurity (GHCI 3000 2000 1000 500
and HO). Wavenumber/ cm™!

) Figure 2. IR spectra of polymerdga and2a—2c. The peak at about
group was estimated at #85% from!H NMR data and the 2360 cnt is due to CQin air.

boron content.

According to the boronation reaction expressed by eq 5, the 10
intensity of the NH signal of polymerla at ¢ 3.7 decreases, model compound |
as shown in Figure 1. The intensity of the i&f. Scheme 1)
signal ato 6.93 is also decreased, and the peak pattern in the
aromatic region is changed after the boronation reaction. These 8
IH NMR data agree with the formation of the unit B. The molar g 05

o
<

ratio between the unit A and unit B was calculated from the
content of boron determined by ICP (inductively coupled
plasma) spectroscopy, and the data agreed witHkthbBIMR
data. The molar ratios between the unit A and unit B in polymers
2a—2cthus evaluated were 0.27:0.73, 0.15:0.85, and 0.18:0.82,

respectively. These data are shown in Table 1. 0 250 a0 a0 400 450
As described above and depicted in Figure 2, the IR spectrum Wavelength/ nm
of polymerlaexhibits twov(NH) peakspasynr{HNH) andvsynr Figure 3. UV —vis spectra of polymersaand2aand model compound

(HNH), at 3423 and 3338 cm. According to the formation of 1in CHCl,.

the diazaborole ring, these two IR peaks decrease, and a new

sharp peak of NH group of the diazaborole ring appears at 3479not require such basic conditions, and polym2as-2c were
cm1in the IR spectrum of polymerga—2c. obtained.

As described above, polymer8a—2c have the mixed Molecular Weight. Polymersla, 1b, and 2a—2c were
structure with the unreacted unit A. As an attempt to obtain a soluble in chloroform and toluene. Molecular weights of the
pure polymer consisting of only the unit B, polymerization of polymers were determined by light scattering methods and GPC,
2 with the following compound, which was synthesized by  and the data are included in Table 1. Light scattering andfysis
reaction ofl with benzeneboronic acid, was carried out as shown of polymer la gave a weight-average molecular weight,j
in Scheme 4. However, the expected polymer, polyBeavas of 78 000, a degree of depolarizatigr)(of 0.06, a second virial
not obtained, and a product, who% NMR and IR spectra  coefficient @) of —19.2 x 104 cm® mol~! g2, and a radius
were essentially the same as those of polyb@emwas obtained. of gyration Ry of 23 nm in toluene. The medium, value
It was reported that diazaborole compounds undergo hydrolysissuggested that polymeta took an intermediate structure
under basic condition®, and 3 and/or polymer3 seemed to between a linear structure and a random coil structure in the
receive the hydrolysis during the polymerization under the basic solution. Determination of molecular weight of polyris by
conditions. On the other hand, reaction expressed by eq 5 didGPC was not possible, presumably due to a strong interaction
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Table 1. Synthetic Results of the Polymers

polymer yield, % mol w¥/10° Muw/Mn oP A x 104 cmP mol~1g—2 Rg,dnm [7l,edLg™® unit A:unit Bf
la 99 78 (LS) 0.060 —19.2 23 0.72 100:0
2a 85 188 (LS) 0.020 —-0.91 33
8.6 (GPC) 6.37 27:73
2b 94 278 (LS) 0.11 0.59 36
5.7 (GPC) 1.23 15:85
2c 80 9.8 (GPC) 8.31 18:82

aLS: My (weight-average molecular weight determined by the light scattering method). GRQ@iumber-average molecule weight) determined by
GPC.P Degree of depolarizatiort.Second virial coefficient! Radius of gyration® Intrinsic viscosity measured with a toluene solution af@6 Estimated

from ICP data.

Table 2. Optical, Electrochemical, and Thermal Data

polymer and model absorption in

photoluminescence in

compound CHCls, nm CHClz, nm (®,2 %) Ex?>nm oxidation potential,v Tgd°C
polymerla 355 409 (11) 356 0.47 372
polymer2a 360 407 (32) 363 0.71 419
polymer2b 354 409 (48) 362 0.54 428
polymer2c 360 420 (20) 354 0.55 395
model compound 293 (43106) 391 (46) 314 0.35,0.79

aQuantum yield? Peak position observed in the excitation spectreiPeak oxidation potentidi,, vs Ag'/Ag. Measured in a dichloromethane solution
of [BusN]BF4 (0.10 M). 4 The 5% weight-loss temperature measured by TGA undef Molar coefficient in mot! L cm=1,

Scheme 4. Polymerization Using the Diazaborole Monomer
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of polymer 1a with polystyrene gel in the GPC column. For
polymers 2a—2c, their molecular weights were able to be

Oct Oct
polymer 1b

Amax (293 nm), which is located at a shorter wavelength than

that @max = 303 nm) ofp-quinquephenyl.

estimated by GPC, and the number-average molecular weights All the polymers exhibit blue emission in their solution when

(My’s) andM,,/M,, values estimated by GPC are shown in Table
1, together withM,,(LS) values of these polymers determined
by the light scattering analysis. Comparison of KgLS) value
estimated from the light scattering method with,(GPC)

irradiated with UV light. The PL peak of the polymers appears
at an onset position of the their absorption bands, as usually
observed with photoluminescent aromatic compounds. Polymers
2a—2c give the PL peak in a range of 46420 nm, and it is

suggests that polymers form a loose aggregate in the staticseen from Table 2 that introduction of the diazaborole side chain

solution used for the light scattering analysis. The smallgr
(GPC) value of polymeRb than those of polymer8a and?2c
implies a change of polymer structure by introducing the flexible
butyl group at the diazaborole side chain, which will affect the
GPC data.

The model compound. also exhibited good solubility in
organic solvents, in contrast to poor solubilitymfuinquephe-
nyl in organic solvents.

Optical Properties. Optical data of the polymers and the

increases the quantum yield of PL. It has been reported that
aromatic diazaborole compounds give a strong emission with
high quantum yield3#

Electrochemical ResponseThe electrochemical behavior of
the polymers was investigated by cyclic voltammetry (CV).
Figure 4 depicts CV charts of polymerksa and 2a in a
dichloromethane solution containing [BY]BF4. Polymerla
gives an oxidation (or p-doping) peak at about 0.47 V. It has
been reported thab-phenylenediamine undergoes multiple

model compound are summarized in Table 2. Figure 3 depicts electrochemical oxidatiof$2 and electrochemical oxidative

UV—vis spectra of polymerla, polymer 2a, and model
compoundl in chloroform. Polymerla shows an absorption

polymerization of o-phenylenediamine can also procegh.
Consequently, it is not easy to identify the electrochemical

peak at 355 nm. The peak position locates at a longer reaction; however, occurrence of a simple oxidation reaction

wavelength than that of model compoutdn agreement with
the expansion of the-conjugation system along the polymer
chain. Thelmax value, however, is shorter than that of a
mr-conjugated polymer consisting of 9,9-dihexylfluorene-2,7-diyl
and p-phenylene units, which show$max at 370 nm in
chloroform?® This seems to be ascribable to a steric effect of
the NH, group which will cause torsion of the main chain of
polymerla. In relation to this, the model compouddexhibits

of the o-phenylenediamine unit to-phenylenediimine, similar

to the electrochemical oxidation pfphenylenediamine unit of
poly(aniline) top-phenylenediimine un#t is conceivable. A

CV chart of model compound is depicted in the Supporting
Information (Figure 1S), and conceivable electrochemical oxida-
tion processes are exhibited in Scheme 1S and Scheme 2S in
the Supporting Information. As shown in Figure 4 and Table
2, polymers2a—2c received electrochemical oxidation at a
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‘ voltammetry was performed in a dichloromethane solution contain-

polymer la } A . ing 0.10 M [EN]BF, with a Solartron SI 1287 electrochemical
interface.
-1.0 -0|-5 0 | Synthesis of Polymer 1al (0.53 g, 2.0 mmol) an@ (1.12 g,

anodic

2.0 mmol) were dissolved in 20 mL of dry toluene under Mo
£ BV (vg'sAg’f/Ag) 1.9 the solution were added,KOs(aq) (2.0 M, 10 mL; N bubbled
f_—j ' before use), Pd(PBh (0.23 g, 0.20 mmol), and several drops of
8 the phase transfer catalyst (Aliquat336). After the mixture was
! stirred for 3 days at 80C, the solvent was removed under vacuum.
IO-5 mA [ The resulting solid was dissolved in a small amount of chloroform
polymer 2a -‘.g’ a_tnd _reprec_:ipitated in methanol. PonmEa was collected by
Slo filtration, dried under vacuum, and obtained as a dark brown powder

1.0 -0.5
1 |

(0.98 g, 99%)H NMR (300 MHz, CDC}): ¢ 7.9-7.3 (6H, except
T2 10 for solvent impurity), 6.93-6.83 (2H), 3.72 (4H), 2.02 (4H), 1.25
E/'V (vs. Ag*/Ag) 1.10 (20H), 0.83 (10H). Anal. Calcd for §gHeN2-0.5H,0),: C,
83.45; H, 9.40; N, 5.56. Found: C, 83.37; H, 9.50; N, 5.10.
Synthesis of Polymer 2aAfter a toluene solution of polymer
la (0.25 g, 0.50 mmol) and benzeneboronic acid (0.06 g, 0.50
mmol) was refluxed for 3 days, the solvent was removed under
vacuum. The resulting solid was dissolved in a small amount of
chloroform and reprecipitated in methanol. Polym2a was
collected by filtration, dried under vacuum, and obtained as an
. . orange powder (0.25 g, 85%)4 NMR (300 MHz, CDC}): o
higher potential than polymetra probably due to presence of 8.0—%.9‘)(13.1H, (excep% for sg])lvent imp(urity), 3.75 (1.08£I)-|), 2.10
the electronegative boron atom. The OX|d§t|on of polyrher (4H), 1.25-1.15 (20H), 0.82 (10H). Anal. Calcd f§¢CasHaN2)o 27
and polymer2a occurs at a lower potential than that of a (CyH4BN2)o7AH0)n C, 82.19; H, 8.79; N, 4.87. Found: C,
p-phenylene analogue (peak oxidation potertjal= 1.40 \28 82.19; H, 9.49; N, 4.90. ICP: Calcd: B, 1.37. Found: B, 1.35.
vs SCE or 1.06 V vs AYAg). These data indicate that the Polymers 2band2c were prepared analogously. Spectroscopic
diazaborole unit behaves as a medium electron-donating unit.and analytical data of the polymers are shown below.
Polymer 2b. Gray powder (yield= 94%).'H NMR (300 MHz,
CDClg): 6 8.0—-6.9 (13.1H, except for solvent impurity), 3.88 (0.
© 6H), 2.63 (1.7H), 2.10.7 (40H, except for solvent impurity). Anal.

cathodic

Figure 4. Cyclic voltammograms of polymet and polymer2ain a
dichloromethane solution of [BN]BF,. Sweep rate was 50 mV'5

B Calcd for{ (C35H45N2)0A14C45H57BN2)0A8d1.2"&0)} n C,82.01; H,
HoN  NHz  HN™ NH 9.14; N, 4.40. Found: C, 81.43; H, 9.11; N, 4.74. ICP Calcd: B,

O CAr 1.44. Found: B, 1.44.
E .O Ar)ﬁ A= d < )\j < < Polymer 2¢ Orange powder (yiele: 80%).1H NMR (300 MHz,

R R . 20a CDCly): o0 8.0-6.8 (12.9H, except for solvent impurity), 3.84
Fra (vs. Agi/Ag) = 047V 071V 140V (2.46H), 3.70 (0.72H), 2.12 (4H), 1.28.14 (20H), 0.88 (10H).
Anal. Caled for {(CzsHasN2)o.1dCazHs1BN20)o.8A2.5H0)} n: C,
Conclusion 77.08; H, 8.75; N, 4.41. Found: C, 77.39; H, 8.65; N, 4.15. ICP

. . . Calcd: B, 1.40. Found: B, 1.44.

New sz-conjugated polymers constituted of the 2,3-diamino-  gynthesis of Polymer 1b. 3351 mg, 1.0 mmol) an@ (558
1,4-phenylene unit have been obtained. The polymer is expectedng, 1.0 mmol) were dissolved in 20 mL of dry toluene under N
to be a starting polymer for variousconjugated polymers, and  To the solution were added,ROs(aq) (2.0 M, 10 mL; N bubbled
conversion of the 2,3-diamino-1,4-phenylene unit of the polymer before use), Pd(PRh (57.8 mg, 0.05 mmol), and several drops of
to the diazaborole unit has been carried out. The diazaborolethe phase transfer catalyst, (Aliquat336). After the mixture was
polymers are soluble in organic solvents, photoluminescent, stirred for 3 days at 80C, the solvent was removed under vacuum.
electrochemically active, and thermally stable. The diazaborole The resulting solid was dissolved in a small amount of chloroform

; _ ; and reprecipitated in methanol. Polyméb was collected by
group behaves as a medium electron-donating group. filtration, dried under vacuum, and obtained as a dark brown powder

(402 mg, 66%)H NMR data agreed with those of polymga.
Synthesis of 3 After a mixture of 50 mL of toluene solution of
Materials and Measurements.Solvents were dried, distilled, 1 (2.57 g, 10 mmol) and benzeneboronic acid (1.22 g, 10 mmol)

and stored under N The starting monomet,2¢ monomer2,2° was refluxed for 3 days, the solvent was removed under vacuum.

and Pd(PP¥),%° were prepared according to the literature. The resulting solid was recrystallized from hexane, collected by
Microanalysis of C, H, and N was carried out with a Yanagimoto filtration, and dried under vacuum to giv&as a white powder

type MT-2 CHN autocorder. Microanalysis of B was performed (2.63 g, 75%)*H NMR (300 MHz, DMSO¢): ¢ 9.29 (2H), 8.21

by using a Shimadzu ICPS-8100 sequential plasma spectrometer(2H), 7.43 (1H), 7.42 (2H), 7.01 (2H). Anal. Calcd for£ls-

IR and NMR spectra were recorded on a JASCO FT/IR-410 PLUS BBr;N2: C, 40.97; H, 2.58; N, 7.96; Br, 45.42. Found: C, 40.65;

spectrophotometer and a JEOL GX-300 spectrometer, respectivelyH, 2.62; N, 7.79; Br, 45.62.

UV —vis and photoluminescence spectra were recorded on Shimadzu Synthesis of Model Compound 11 (0.80 g, 3.0 mmol) and

UV —vis 3100PC and Hitachi F4010 spectrometers, respectively. 4-biphenylboronic acid (1.19 g, 6.0 mmol) were dissolved in 20

Quantum yields were calculated by using a diluted sulfuric acid mL of dry toluene under N To the solution were added,&Os-

(0.50 M) solution of quinine as the standard. GPC analyses were (aq) (2.0 M, 10 mL; N bubbled before use), Pd(P$h(0.17 g,

performed by a Toso HLC 8020 and a Shimadzu LA-6A equipped 0.15 mmol), and several drops of the phase transfer catalyst

with polystyrene gel columns, using a DMF solution of LiBr (0.010 (Aliquat336). After the mixture was stirred for 3 days at 8D,

M), chloroform, or THF as the eluent with Rl and UV detectors. the solvent was removed under vacuum. The resulting solid was

Light scattering measurement was carried out by usingelaser dissolved in a small amount of chloroform and reprecipitated in

laser (632.8 nm) and toluene solutions of the polymers at@5 methanol. Model compoundl was collected by filtration, dried

TGA measurement was carried out by using a Shimadzu TGA-50 under vacuum, and obtained as a colorless powder (1.24 g, quan-

under a nitrogen atmosphere at a heating rate 6€1®in-*. Cyclic titative). 'H NMR (300 MHz, CDC}): 6 7.76-7.34 (18H), 6.87

Experimental Section
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(2H), 3.68 (4H). Anal. Calcd for gHo4N,: C, 87.35; H, 5.86; N,
6.79. Found: C, 87.07; H, 5.86; N, 7.09.
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