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ABSTRACT: The electron accepting 1-methyl-4,5-dicyanoimidazole group was attached
to vinyl polymers, via an alkoxy link, by nucleophilic aromatic substitution (NAS) of
1-methyl-2-fluoro-4,5-dicyanoimidazole (1) with poly(vinyl alcohol), or conventional
polymerizations of vinyl monomers containing 1-methyl-2-oxo0-4,5-dicyanoimidazole.
The cyclic voltammetry (CV) studies show that monomeric and oligomeric model com-
pounds are electrochemically quasi-reversible and the degree of reversibility decreases
as dicyanoimidazoles become more proximate within a molecule. On the other hand, the
polymers show much less reversible reduction waves at —2.6~—-2.7 V vs Ag/Ag™,
suggesting that there are chemical reactions among the pendent groups reduced at
relatively high potential. © 2000 John Wiley & Sons, Inc. J Polym Sci A: Polym Chem 38:
3828-3838, 2000

Keywords: cyclic voltammetry; nucleophilic aromatic substitution; poly(vinyl alco-
hol); 4,5-dicyanoimidazoles; quasi-reversible

INTRODUCTION

Many organic compounds with cyano groups are
known as electron acceptors. Representative ex-
amples that are particularly well known include
tetracyanoquinodimethane (TCNQ) and tetracya-
noethylene (TCNE). These materials form charge
transfer complexes with electron donors such as
tetrathiafulvalene (TTF), and give rise to conduc-
tivity as high as 500 S/cm.! In an effort to make
organic polymer acceptors, there have been a few,
partially successful, efforts to functionalize
TCNQ into polymer backbone.? These polymer
acceptors have the potential to be used as the
complementary reducible parts of oxidizable poly-
meric materials in applications such as polymer
batteries and electrochemical capacitors.®? Whereas
many oxidized polymers have been developed and

Correspondence to: P. G. Rasmussen (E-mail: pgrasmsn@
umich.edu)

Journal of Polymer Science: Part A: Polymer Chemistry, Vol. 38, 3828-3838 (2000)
© 2000 John Wiley & Sons, Inc.

3828

studied since the early 1980s,* less effort has gone
into preparing polymeric electron accepting ma-
terials.”

We have been investigating the chemistry and
properties of cyanoimidazole compounds as elec-
tron acceptors.® Cyclic voltammetry (CV) is a good
way to determine the electron-accepting strength
of compounds, and our previous work showed that
the reduction potentials of cyanoimidazole com-
pounds lie between strong acceptors like TCNQ
and homoaromatic cyano compounds like benzo-
nitrile. The 1-methyl-4,5-dicyano-midazoles con-
taining a dialkylamino group at the 2 position
show electrochemical reversibility, which is a pre-
requisite for applications. We previously reported
the synthesis and electrochemical properties of
oligomers and polymers containing 1-methyl-4,5-
dicyanoimidazole, with a dialkylamino link, as a
pendent group.”

As part of our search for electron accepting
materials based on dicyanoimidazole, we report
here the synthesis and cyclic voltammetry data
for a series of 2-oxo derivatives of 1-methyl-4,5-
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dicyanoimidazole and the results of incorporation
of the 1-methyl-4,5-dicyanoimidazole pendent
group, via an alkoxy link, into polymer main
chains.

EXPERIMENTAL

Materials and Procedures

1-Methyl-2-fluoro-4,5-dicyanoimidazole (1) was
prepared as previously described® by transfluori-
nation of 1-methyl-2-bromo-4,5-dicyanoimidazole
(2) using potassium fluoride and a catalytic
amount of 18-crown-6 in diglyme. Other reagents
were purchased from Aldrich Chemical Co., and
used as received. Tetrahydrofuran (THF) was dis-
tilled from sodium benzophenone ketyl. Dimeth-
ylsulfoxide (DMSO) was distilled over BaO under
vacuum (0.1-1.0 mmHg) and stored over 4 A mo-
lecular sieves.

Thin-layer chromatography (TLC) was per-
formed using Eastman Kodak silica gel sheets
containing fluorescent indicator. Infrared (IR)
spectra were obtained using a Nicolet 5-DX FTIR
spectrophotometer. 'H and *C NMR spectra
were recorded on a Bruker AM-360 or AM-300
spectrometer. Nominal mass spectra and high
resolution mass spectra were recorded on a VG
analytical model 70-250S mass spectrometer. Gel
permeation chromatographic (GPC) analyses
were carried out using three 7.8 X 300 mm Sty-
rogenl columns on a Waters 510 GPC system.
THF was used as the eluent. Molecular weights
were calibrated with narrow molecular weight
polystyrene standards.

Cyclic Voltammetry

Cyclic voltammetry was performed using a
Princeton Applied Research (PAR) potentiostat/
galvanostat, model 173, a PAR universal pro-
grammer, model 175 and a PAR digital coulom-
eter, model 179. Acetonitrile was distilled over
CaH, immediately prior to use. The electrolyte
solution was 0.1 M Et,NBF, in acetonitrile. Tet-
raethylammonium tetrafluoroborate (Et,NBF,,
99%, Aldrich) was recrystallized three times and
dried in vacuum. Samples were 5—10 mM in the
electrolyte solution. The reference solution was
0.01 M silver nitrate in the electrolyte solution
and the reference electrode was a silver wire. The
working electrode was a platinum wire and the
counter electrode was a platinum foil. Dry nitro-

gen gas was passed through sample solutions for
30 min to remove oxygen.

Synthesis of Alkoxy and Aryloxy derivatives
General Procedure

A 50-mL round-bottomed flask, equipped with a
reflux condenser and a magnetic stirring bar, was
charged with equimolar 1-methyl-2-fluoro-4,5-di-
cyano-imidazole (1) and an alcohol or phenol in
THF and one equivalent of potassium carbonate.
The mixture was refluxed for 1 to 18 h. The mix-
ture was cooled, and the solvent removed using a
rotary evaporator. The concentrated mixture was
poured into excess water. If the product precipi-
tated, the solid obtained was recrystallized from
various solvents. Otherwise, the aqueous solution
was extracted with ethyl acetate three times. The
ethyl acetate layer was dried over anhydrous
magnesium sulfate and the ethyl acetate was re-
moved under vacuum. The remaining product
was purified by column chromatography, if neces-
sary.

1-Methyl-2-ethoxy-4,5-dicyanoimidazole (2)

The reaction was carried out using 1 (0.10 g, 6.7
mmol) and absolute ethanol (10 mL) without
THF. The product was recrystallized from water/
ethanol (1/1 v/v) mixture to give white needles
(0.074 g, 63% yield). m.p. 80—81 °C; TLC R; 0.65
(in EtOAc); MS (EI/70eV) m/z: 176 (25, M+), 161
(3), 148 (100), 121 (13), 106 (7), 93 (8), 68 (30), 53
(9), 41 (7); FTIR (KBr) 2997, 2237, 1588, 1489,
1392,1019 cm ™ ; '"H NMR (CDCl;) 8(ppm) 4.52 (q,
2H, CH,, J = 7.2 Hz), 3.56 (s, 3H, ArCH,), 1.45 (t,
3H, CH,CH;, J = 7.2 Hz); ®*C NMR (CDCl,)
S(ppm) 154.1, 118.4, 112.2, 109.2, 108.7, 68.3,
30.7, 14.5; AnaL. Caled for CgHgN,O: C, 54.54; H,
4.58. Found: C, 54.46; H, 4.59.

1-Methyl-2-trifluoroethoxy-4,5-
dicyanoimidazole (3)

The reaction was carried out using 1 (0.20 g, 1.3
mmol) and 2,2,2-trifluoro-ethanol (0.97 mL, 13
mmol). Oily liquid (0.305 g, 99% yield). TLC R;
0.68 (in EtOAc); MS (EI/70eV) m/z: 230(61, M+),
211 (5), 161 (10), 147 (100), 120 (28), 106 (4), 95
(12), 83 (16), 67 (75), 54 (8), 33 (30), 15 (68); FTIR
(KBr window) 2963, 2241, 2235, 1730, 1556, 1502,
1453, 1409, 1369, 1274, 1239, 1168, 1066, 1038,
965, 893 cm ™ '; '"H NMR (CDCl,) 8(ppm) 4.81 (q,
2H, CH,, J = 7.9 Hz), 3.65 (s, 3H, CH,); 'C NMR
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(CDCly) 8(ppm) 152.3, 122.3 (d, J = 275 Hz),
118.3, 111.6, 110.5, 108.0, 67.0 (g, J = 37.6 Hz),
31.20; ANAL. Caled for CgH,N,OF,: C, 41.75; H,
2.19. Found: C, 41.78; H, 2.26.

1-Methyl-2-propargyloxy-4,5-dicyanoimidazole (4)

The reaction was carried out using 1 (2.00 g, 13.3
mmol) and propargyl alcohol (1.16 mL, 19.9
mmol). Yellow solid was recrystallized from hex-
ane/toluene (9/1) to give a white powder (1.19 g,
48.0% yield), m.p. 72-73 °C. TLC R; 0.67 (in
EtOAc); MS (EI/70eV) m/z: 186 (22, M+), 157 (4),
147 (5), 132 (4), 121 (14), 107 (3), 93 (5), 77 (3), 67
(25), 52 (5), 39 (100%), 15 (26); FTIR (KBr) 3274,
2237, 2134, 1550, 1500, 1449, 1358, 1324, 1179,
1006, 961, 721, 676 cm '; 'H NMR (CDCl,)
&(ppm) 5.05 (s, 2H, CH,), 3.59 (s, 3H, ArCH,),
2.62 (s, 1H, +CH); *C NMR (CDCl;) 8(ppm)
153.6, 118.3, 111.9, 110.1, 108.4, 77.5, 76.2,
59.2, 31.0. HRMS Found: 186.0532 Calcd for
CoHgN,O4: 186.0541.

1-Methyl-2-phenoxy-4,5-dicyanoimidazole (5)

The reaction was carried out using 1 (0.200 g, 1.33
mmol) and phenol (0.125 g, 1.33 mmol). The prod-
uct was recrystallized from ethanol to give white
crystals (0.212 g, 71.0%). m.p. 145-146 °C; MS
(EI/70eV) m/z: 224 (66, M+), 207 (3), 195 (13), 181
(2), 166 (3), 147 (3), 129 (13), 121 (8), 103 (4), 91
(68), 77 (100), 67 (17), 51 (72), 39 (10); FTIR (KBr)
2238, 1541, 1496, 1487, 1455, 1407, 1327, 1204,
1192, 1153, 760, 695 cm '; 'H NMR (CDCl,)
3(ppm) 7.45 (d, 2H, o-Ph CH, J = 8 Hz), 7.29 (m,
3H, m- and p-Ph CH), 3.76 (s, 3H, ArCH,); '3C
NMR (CDCly) 8(ppm) 152.7, 152.6, 130.2, 126.8,
119.9, 118.6, 111.8, 110.0, 108.3, 31.4; ANAL.
Calcd for C;,HgN,O: C, 64.28; H, 3.60. Found: C,
64.20; H, 3.63.

1-Methyl-2-p-nitrophenoxy-4,5-
dicyanoimidazole (6)

The reaction was carried out using 1 (0.200 g, 1.33
mmol) and p-nitrophenol (0.186 g, 1.33 mmol).
The product was recrystallized from acetone/eth-
anol (1/1 v/v) mixture to give white crystals (0.231
g, 64% yield), m.p. 208-210 °C; FTIR (KBr) 2246,
2238, 1618, 1594, 1529, 1523, 1497, 1365, 1346,
1322 cm ™ !; 'H NMR (DMSO-dg) 8(ppm) 8.37 (d,
2H, m-Ph CH, J = 8.9 Hz), 7.68 (d, 2H, o-Ph CH,
J = 8.9 Hz), 3.72 (s, 3H, ArCH,); *C NMR
(DMSO-dg) 8(ppm) 157.3, 150.8, 144.9, 125.9,
1205.5, 116.3, 112.2, 110.9, 108.6, 31.8; ANAL.

Calcd for C;,H,;N;O4: C, 53.54; H, 2.62. Found: C,
53.45; H, 2.66.

1,4-Bis(1-methyl-4,5-dicyano-2-
imidazolyloxy)benzene (7)

The reaction was carried out using 1 (0.200 g, 1.33
mmol) and hydroquinone (0.073 g, 0.67 mmol).
The product was recrystallized from ethanol
(0.221 g, 90% yield), m.p. 215-219 °C; TLC R;0.61
(in EtOAc); FTIR (KBr) 2231, 1538, 1491, 1407,
1326, 1204, 1191, 1158 cm ™ *; "H NMR (DMSO-dy)
d(ppm) 7.45 (s, 4H, phenyl CH), 3.71 (s, 6H,
ArCH,); ANAL. Caled for C,3H,,N3O,: C, 58.38; H,
2.72. Found: C, 57.29; H, 4.21.

2,2-Bis[p-(1-methyl-4,5-dicyano-2-
imidazolyloxy)phenyl]propane (8)

The reaction was carried out using 1 (0.200 g, 1.33
mmol) and bisphenol A (0.152 g, 0.667 mmole).
The product was recrystallized from ethanol
(0.301 g, 93% yield), m.p. 210-211 °C; TLC R¢
0.67 (in EtOAc); FTIR (KBr) 2970, 2234, 1541,
1502, 1489, 1404, 1326, 1240, 1209, 1178 cm ™ !;
'H NMR (DMSO-dg) 8(ppm) 7.29 (q, 8H, phenyl
CH), 3.69 (s, 6H, ArCH,), 1.68 (s, 6H, C-CH,); '*C
NMR (DMSO-dg) &(ppm) 152.3, 150.9, 147.9,
128.0,119.4,116.4,112.4,110.4, 108.8, 42.1, 31.5,
30.4; Anar. Caled for C,,Hy0NgO,: C, 66.39; H,
4.13. Found: C, 66.03; H, 4.36.

Oligomeric Alkoxy Model Compounds
General Procedure

Into a 50-mL round-bottomed flask equipped with
nitrogen inlet and magnetic stirring bar were
charged equimolar 1, diol (or polyol), and 1 equiv-
alent of potassium carbonate. The mixture was
dissolved in DMSO (2-3 mL) to make a 20-30 wt
% solution. The solution was stirred at room tem-
perature for 24—48 h, and then poured into ice
water (30 mL) to give a white precipitate. This
crude product was collected by filtration and re-
crystallized from toluene or toluene/hexane.

1,2-Bis(1-methyl-4,5-dicyano-2-
imidazolyloxy)ethane (9)

The reaction was carried out using 1 (0.316 g, 2.11
mmol) and ethylene glycol (0.054 g, 0.87 mmol).
The pale yellow solid was recrystallized from tol-
uene to give a white powder (0.155 g, 55% yield),
m.p. 158-160 °C. TLC R; 0.48 (in EtOAc); FTIR
(KBr) 2233, 2224, 1551, 1496, 1487, 1455, 1406,
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1367, 1348, 1326, 1205, 1180, 1059 cm %; 'H
NMR (DMSO-dg) 8(ppm) 4.79 (s, 4H, OCH,), 3.51
(s, 6H, ArCH,); *C NMR (DMSO-dg) 8(ppm)
153.5, 116.3, 112.5, 109.9, 108.8, 69.2, 30.9; ANAL.
Calcd for C,,H;,NgO,: C, 52.18; H, 3.13. Found:
C, 52.53; H, 3.19.

1,3-Bis(1-methyl-4,5-dicyano-2-
imidazolyloxy)propane (10)

The reaction was carried out using 1 (0.189 g, 1.26
mmol) and 1,3-propanediol (0.043 g, 0.57 mmol).
The off-white solid was collected and recrystal-
lized from toluene to give a white powder (0.051 g,
27% yield). m.p. 132-133 °C. TLC R; 0.50 (in
EtOAc); FTIR (KBr) 2237, 1559, 1492, 1469, 1382,
1376, 1340, 1318, 1178, 1052, 1028, 981, 964
cm '; 'H NMR (acetone-dg) 8(ppm) 4.68 (t, 4H,
OCH,, J = 6 Hz), 3.65 (s, 6H, CHj), 2.39 (quintet,
2H, B CH,, J = 6 Hz); AnaL. Caled for
C,5H.5NgO,: C, 53.57; H, 3.60. Found: C, 53.22;
H, 3.42.

1,4-Bis(1-methyl-4,5-dicyano-2-
imidazolyloxy)butane (11)

The reaction was carried out using 1 (0.321 g, 2.14
mmol) and 1,4-butanediol (0.087 g, 0.97 mmol).
The pale yellow solid collected was recrystallized
from toluene to give a white powder (0.140 g, 41%
yield), m.p. 154-156 °C. TLC R; 0.55 (in EtOAc);
FTIR (KBr) 2967, 2237, 1561, 1491, 1465, 1447,
1409, 1365, 1322, 1200, 1178, 1054, 1036, 966
cm™ Y 'H NMR (DMSO-dg) 8(ppm) 4.47 (t, 4H,
OCH,, J = 6 Hz), 3.51 (s, 6H, ArCH,), 1.89 (t, 4H,
B CH,, J = 6 Hz); 1*C NMR (DMSO-dg) 8(ppm)
153.8, 116.3, 112.6, 109.6, 109.0, 71.2, 30.8, 24.5;
AnaL. Caled for C;zH4NgO,: C, 54.85; H, 4.03.
Found: C, 55.11; H, 4.16.

1,6-Bis(1-methyl-4,5-dicyano-2-
imidazolyloxy)hexane (12)

The reaction was carried out using 1 (0.326 g, 2.17
mmol) and 1,6-hexanediol (0.116 g, 0.983 mmol).
The pale yellow solid was collected and recrystal-
lized from toluene to give white powder (0.109 g,
30% yield). m.p. 106-109 °C. TLC R; 0.66 (in
EtOAc); FTIR (KBr) 2950, 2235, 1559, 1492, 1474,
1459, 1378, 1355, 1317, 1175, 1070, 1039, 984,
723, 720 cm ™~ '; 'H NMR (acetone-dg) 8(ppm) 4.49
(t, 4H, OCH,, J = 6.5 Hz), 3.64 (s, 6H, ArCH,),
1.87 (m, 4H, B CH,), 1.56 (m, 4H, y CH,); 3C
NMR (acetone-dg) o(ppm) 155.3, 118.3, 113.3,
110.5, 109.5, 72.7, 31.3, 29.3, 25.9; AnaL. Calcd for

C.sH5sNgO,: C, 57.14; H, 4.79. Found: C, 57.27;
H, 4.84.

1,1,1-Tris[(1-methyl-4,5-dicyano-2-
imidazolyl)oxomethyl]ethane (13)

The reaction was carried out using 1 (0.338 g,
2.25 mmol) and 1,1,1-tris(hydroxymethyl)ethane
(0.080 g, 0.67 mmol). The pale yellow solid
was recrystallized from toluene/hexane (1/3 v/v)
to give white powder (0.230 g, 67% yield). m.p.
100-105 °C dec. HRMS Caled for [M+H]"
Cy3H;oN;15,05 511.1703. Found 511.1695.

Tetrakis[(1-methyl-4,5-dicyano-2-
imidazolyl)oxomethyllmethane (14)

The reaction was carried out using 1 (0.320 g, 2.13
mmol) and pentaerythritol (0.066 g, 0.49 mmol).
The solid was collected and recrystallized from
acetone/ethanol (2/1 v/v) mixture to give a white
powder (0.163 g, 51% yield), m.p. 254-256 °C.
TLC R, (in EtOAc); FTIR (KBr) 2237, 1552, 1459,
1392, 1365, 1324, 1201, 1180, 1055, 999, 719
cm™ Y 'TH NMR (DMSO-dg) 8(ppm) 4.75 (s, 8H,
CH,), 3.56 (s, 12H, CH,); *C NMR (DMSO-dg)
d(ppm) 153.2, 116.1, 112.3, 109.8, 108.7, 68.1,
44.0, 30.9; AnaL. Caled for CogH,(N140,4: C, 53.05;
H, 3.07. Found: C, 53.13; H, 3.26.

Pendent Polymers with an Oxygen Link
Substitution Reaction to Poly(vinyl alcohol) (15)

Into a solution of poly(vinyl alcohol) (M,, = 89-98
kg/mol, 99% hydrolyzed, Aldrich) (0.50 g, 11 mmol
repeating unit) in DMSO (5 mL) was added 1
(2.56 g, 17.1 mmol). The mixture was stirred at 90
°C for 48 h, cooled to room temperature, and
poured into methanol (100 mL). The white precip-
itate was washed with ether, and dried in a vac-
uum oven. (0.428 g, 22% yield). FTIR (KBr)
3300(br), 2943, 2918, 2235, 1558, 1489, 1436,
1419, 1375, 1325, 1094, 1021 cm ' 'H NMR
(DMSO-dg) 8(ppm) 4.45 (m, 1H, OCH), 3.82 (s, 0.8
X 1H, OH), 3.48 (s, 0.2 X 3H, ArCHj), 1.39 (d, 2H,
CH,); AnaL. Caled for (CoH,O) g(CsHEN,O), o-
(Hy0)p 050 C, 51.54; H, 6.62. Found: C, 51.54;
H, 6.89.

2-(1-Methyl-4,5-dicyano-2-imidazolyl)oxoethyl
acrylate (16)

Into a 100-mL round-bottomed flask were placed
1 (2.04 g, 13.6 mmol), 2-hydroxyethyl acrylate
(2.01 g, 17.3 mmol), potassium carbonate (1.85 g,
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13.4 mmol), and THF (15 mL). The mixture was
refluxed at 70 °C for 18 h. The mixture was cooled
to room temperature and poured into ice water
(50 mL). The product was extracted with ethyl
acetate (20 mL X 3). The ethyl acetate layer was
washed with brine (40 mL X 2) and dried over
anhydrous magnesium sulfate. The ethyl acetate
was removed using a rotavapor to give a brown
oily product (2.2 g). It was purified by column
chromatography using ethyl acetate/hexane (1/3
v/v) mixture as an eluent (0.73 g, 23% yield). TLC
R; 0.67 (in EtOAc); MS (El/70eV) m/z: 246 (6,
M+), 174 (37), 99 (15), 67 (10), 55 (100), 40 (9), 27
(38), 18 (45); FTIR (KBr) 2960, 2235, 1727, 1562,
1494, 1409, 1324, 1297, 1271, 1182 cm ™ %; 'H
NMR (CDCl;) é(ppm) 6.40 (dd, 1H, =CHH, J
= 1,4 Hz, 17 Hz), 6.10 (dd, 1H, =CH—, J = 10
Hz, 17 Hz), 5.86 (dd, 1H, =CHH, J = 1,4 Hz, 10
Hz), 4.67 (t, 2H, OCH,, J = 4.4 Hz), 4.49 (t, 2H,

OCH,, J = 4.4 Hz), 3.56 (s, 3H, ArCH,); '*C NMR
(CDCly) 8(ppm) 155.7, 153.6, 131.7, 127.8, 118.2,
111.9, 109.5, 108.3, 69.7, 61.7, 30.9; ANaL. Calcd
for C;;H,(N,O5: C, 53.66; H, 4.09. Found: C,
53.32; H, 4.02.

Poly[2-(1-methyl-4,5-dicyano-2-imidazolyl)oxoethyl
acrylate] (17)

Into a flame-dried 25-mL test tube with a mag-
netic stirrer and a rubber septum were placed
2-(1-methyl-4,5-dicyano-2-imidazolyl)oxoethyl ac-
rylate (16, 0.30 g, 1.2 mmol), AIBN (4.0 mg, 0.024
mmol), and toluene (4 mL). Nitrogen was bubbled
through the solution for 30 min. The mixture was
stirred at 65 °C for 23 h. Polymer separated from
solution and coated the test tube. It was dissolved
in acetone (2 mL) and was poured into ether (50
mL). The white precipitate was dried in a vacuum
oven (0.24 g, 77% yield). FTIR (KBr) 2960, 2236,
1739, 1702, 1572, 1558, 1494, 1452, 1400, 1356,
1325, 1249, 1200, 1174, 1162, 1118, 1062, 949,
723 cm™'; 'H NMR (acetone-dg) 8(ppm) 4.74 (s,
2H, OCH,), 4.49 (s, 2H, OCH,), 3.71 (s, 3H,
ArCH,), 2.44 (s, br, 1H, CH), 2.0-1.4 (m, br, 2H,
main chain CH,); Molecular weight by GPC M,
= 28,000, M, = 58,000; AnaL. Caled for

Table I. The Reaction Yield, UV-VIS and CV Data of the 2-Alkoxy and 2-Aryloxy Derivatives

NG
I:‘>—O—R
NG

of 1-Methyl-4,5-dicyanoimidazole

UV-VIS Cyclic Voltammetry
R Product Amax € Viea V) Reversibility

—CH,CH, 2 271.0 11,932 2.64 Yes (Quasi)

—CH,CF, 3 263.0 19,493 2.48 Yes (Quasi)
—CH,—C=CH 4 265.5 15,903 2.28 No

—O 5 268.5 12,143 2.59 Yes (Quasi)

—<;>—No2 6 269.5 23,345 1.51 Yes (Quasi)
2.60 No

NC N~__CN
| Y—o0—h—0<¢ j]:
NG \ N-"c|
H

CH,

N

G 3
267.5 15,708 2.42 No
268.5 16,373 2.42 No
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C1:H1oN,O5: C, 53.66; H, 4.09. Found: C, 53.45;
H, 4.18.

2-(1-Methyl-4,5-dicyano-2-imidazolyl)oxoethyl
vinyl ether (18)

Into a solution of 1 (1.30 g, 8.64 mmol) in DMSO
(83 mL) were added 2-hydroxyethyl vinyl ether
(1.16 g, 13.2 mmol) and potassium carbonate
(0.683 g, 4.95 mmol). The mixture was stirred at
room temperature for 22 h. It was poured into ice
water (100 mL) and the precipitate was collected
by filtration. It was purified by column chroma-
tography using ethyl acetate/hexane (1/5 v/v) as
an eluent (1.62 g, 86%). TLC R, 0.65 (in EtOAc);
FTIR (KBr) 2231, 1622, 1566, 1496, 1449, 1400,
1360, 1327, 1201, 1181, 1064, 983, 963, 838 cm ™ *;
'H NMR (CDCl;) 8(ppm) 6.48 (dd, 1H, =CH—, J
= 14 Hz, 7 Hz), 4.70 (t, 2H, OCH,, J = 4.5 Hz),
4.23 (dd, 1H,=CHH, J = 14 Hz, 2.5 Hz), 4.11 (dd,
1H, =CHH J = 7Hz, 2.5 Hz), 4.05 (t, 2H, OCH,,
J = 4.5 Hz), 3.60 (s, 3H, ArCH,); AnaL. Calcd for
C1oH1oN4O,: C, 55.04; H, 4.62. Found: C, 54.90;
H, 4.60.

Poly[2-(1-methyl-4,5-dicyano-2-imidazolyl)oxoethyl
vinyl ether] (19)

Into a flame-dried 20-mL test tube sealed with a
rubber septum was added a solution of 18 (0.35 g,
1.6 mmol) in distilled toluene (5 mL). The test
tube was chilled in a dry ice/acetonitrile bath to
—40 °C. Then, 0.5 mL of an initiator stock solu-
tion made of boron trifluoride diethyletherate
(0.109 g, 0.768 mmol) and toluene (5 mL) was
added to the test tube. The mixture was kept in
the dry ice bath for 3 h, and then slowly warmed
to room temperature. The mixture was poured
into hexane (20 mL) and the product precipitated.
(0.06 g, 17% yield); Molecular weight by GPC M,
= 3900, M,, = 5800.

CH, DMSO, r.t.

RESULTS AND DISCUSSION

Syntheses of Alkoxy and Aryloxy Derivatives
and Their CV

In general, alcohols are less nucleophilic than
amines, and do not work well in NAS reactions
with 1-methyl-2-bromo-4,5-dicyanoimidazole. How-
ever, the development of 1-methyl-2-fluoro-4,5-di-
cyanoimidazole (1)° provided a new substrate for
the synthesis of the 2-oxo derivatives. A fluoro
substituent enhances the rate of substitution re-
action compared to chloro, bromo, and iodo sub-
stituents.!® Various aliphatic and aromatic alco-
hols react with 1 to give the 2-alkoxy and aryloxy
derivatives as shown in Scheme 1. The reactions
were slower than those of amines but gave good
yields after reflux.

The UV-VIS spectroscopic results of the deriv-
atives are summarized in Table I. The absorp-
tions are observed at shorter wavelength by
20-25 nm than those of the 2-dialkylamino deriv-
atives (A, = 285-295 nm)*®"1! suggesting that
delocalization of m-electrons, due to p—7* interac-
tion with the oxygen is weaker than that with
nitrogen.

Cyclic voltammetry results for the derivatives
are also listed in Table I. The alkoxy derivatives
(2, 3) except the propargyloxy derivative (4) show
quasi-reversible cyclic voltammograms, as do the
2-dialkylamino derivatives discussed previously.®
The prefix “quasi” is used because the oxidation
peak current is typically smaller than the reduc-
tion peak current. The irreversibility of 4 is likely
due to the acidic acetylenic hydrogen, which can
react with an electron during reduction. The phe-
noxy derivative (5) also shows a quasi-reversible
cyclic voltammogram but no dimeric aryloxy de-
rivatives (7, 8) show signs of reoxidation. The
p-nitrophenoxy derivative (6) showed a quasi-re-

nf%—oH)m; A ‘<CH2_O —é:j[z:>

CH, m

Scheme 3
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Figure 1. Cyclic voltammograms of alkoxy dimers with different lengths of alkyl
chains between two dicyanoimidazoles (in 0.1 M Et,NBF /acetonitrile using Pt working
electrode and silver reference electrode, scan rate 100 mV/s).
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Figure 2. Cyclic voltammograms of alkoxy monomer to tetramer (in 0.1 M Et,NBF,
in acetonitrile using Pt working electrode and silver reference electrode, scan rate 100

mV/s).
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Figure 3. (a) The effect of spacer length, n, and (b)
dicyanoimidazole density, m, on the degree of quasi
reversibility (i,./i,.) of the alkoxy dicyanoimidazole
model compounds.

versible wave for the reduction of nitrophenyl
group at 1.5 V (vs Ag/Ag™) but not for the reduc-
tion of dicyanoimidazole at 2.6 V.

Oligomeric Model Compounds

Dimers with various length of alkyl chains be-
tween two dicyanoimidazoles were synthesized by
NAS reactions of 1 and aliphatic diols. Unlike the
monosubstitution reactions, the dimer syntheses
in THF with K,CO; at reflux temperature yielded
both the desired products and substantial side
product, 1-methyl-3-(1-methyl-4,5-dicyano-2-imi-
dazolyl)-4,5-dicyano-2-imidazolone. It has been
observed previously that reactions involving 1
with oxyanions such as potassium carbonate can
produce the imidazolone.®

Boswell et al.'? reported that activated aryl
fluorides can undergo NAS reaction with alcohols
in DMSO even at room temperature with high
yields. Accordingly, the dimer reactions were run
at room temperature in DMSO without K,COs, as
shown in Scheme 2. The yields were 30—-50% after
recrystallization without formation of the imida-
zolone.

Another series of compounds were prepared to
investigate the effect of proximity of dicyanoimi-
dazole molecules on their electrochemical proper-
ties. They include a single alkoxy up to tetramer
with a three carbon separation between dicyano-
imidazole units. They were synthesized by NAS
reactions of 1 with various polyols as shown in
Scheme 3.

Effect of Spacer Length and Dicyanoimidazole
Proximity

Cyclic voltammograms of dimers with different
spacer length are shown in Figure 1 and all are
quasi-reversible. The degree of reversibility,'® as
represented by the ratio of anodic peak current to
cathodic peak current, i,,/i,., was calculated and
its correlation with the alkyl spacer length be-
tween dicyanoimidazole end units is plotted in
Figure 3(a). Cyclic voltammograms were run
twice for each sample, and the two data points are
recorded in the graph. We expected that we could
increase the degree of quasi-reversibility if we
could decrease the chance for the dicyanoimida-
zole units to meet by introducing alkyl spacers.
This appears to be the case except for the case of
the ethylene spacer (9). The dimer 9 showed a
relatively high degree of quasi-reversibility. Per-
haps the ethylene group, which is more rigid,
prevents the two terminal dicyanoimidazoles
from colliding with each other.

Cyclic voltammograms of monomer through
tetramer are shown in Figure 2. They are also all



3836 JANG AND RASMUSSEN

o~

e}
z

OH DMSQ, 90 °C N*N-CH

48 hr )_(
C C

N N
- 15

W (CH50),S0, ’W

""""""""""" = A CHj,

DMSO, 25°C N7 'N-CHj

y=(

NC CN

o}
9 \
z

Scheme 4

quasi-reversible. Figure 3(b) shows the effect of
dicyanoimidazole proximity on the degree of
quasi-reversibility. Although the i,./i,. of mono-
meric derivative (2) stays in the range of 0.3—0.4,
those of dimer through tetramer (10, 13, 14) fall
to 0.2-0.3.

Polymer Substitution Reactions
on Poly(vinyl alcohol)

Poly(vinyl alcohol) is a readily available polymer
that participates in a number of chemical modifi-
cation reactions. The modified poly(vinyl alcohol)s
find applications in the area of polymer cata-
lysts,'* membranes, and medical polymers.'® To
incorporate dicyanoimidazoles on a polymer chain
and study its properties, a substitution reaction
on poly(vinyl alcohol) was carried out with large
excess of 1 in DMSO, as shown in Scheme 4.
Although the NAS reactions of aliphatic alcohols
and 1 gave relatively high yields as described
above, the polymer gave incomplete substitution
even at elevated temperature. An 'H NMR study
showed the degree of substitution is about 20%.
The partially substituted polymer 15 was
coated on a Pt electrode and a CV was run in
acetonitrile-Et,NBF,. The cyclic voltammogram
showed a reduction wave at —2.7 V but no revers-
ibility, probably because of unsubstituted hy-
droxy groups reacting with an electron. A meth-
ylation reaction using dimethylsulfate was at-
tempted to remove any acidic protons in the

ol o

o=
o] KzCO3
1+ —_—
THF
o

H reflux

N-CHj,4 65 °C

polymer 15. However, the IR spectrum of the
product still indicated the presence of a hydroxy
group, and showed that the reaction was not com-
plete.

Polymers from Vinyl Monomers

One way to get a 100% substituted polymer is to
make a polymer starting with a substituted
monomer. The acrylate group, one of the most
facile polymerization groups, was successfully
introduced onto 1-methyl-4,5-dicyanoimidazole
with an oxygen linker by the reaction of 2-hy-
droxyethyl acrylate and 1, as shown in Scheme 5.
The acrylate monomer 16 was polymerized by the
radical initiator AIBN in toluene. The resulting
polymer 17 has good solubility in most organic
solvents and the molecular weight (M,,) deter-
mined by GPC was 58,000.

A vinyl ether monomer with pendent dicyano-
imidazole was also synthesized by a reaction of
2-hydroxyethyl vinyl ether and 1 as shown in
Scheme 6. This monomer was polymerized in tol-
uene using Et,OBF; as a cationic initiator. The
polymer had a molecular weight (M,,) of 5800.
This polymer has an interesting structure in
which two adjacent dicyanoimidazoles are con-
nected by an ether linkage. Because crown ethers
are known to bind cations, our hope was that the
ether linkage would stabilize the counter cation of
the reduced dicyanoimidazole moiety.

3

————

Toluene Néj\

N-CH,

AIBN g
e}

I

CN NC CN

17

Scheme 5
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CV studies were carried out on the polymers 17
and 19 dissolved in eletrolyte solution. However,
the polymers did not have the reversible reduc-
tion behavior that had been observed for the mo-
nomeric and oligomeric compounds. Apparently
intramolecular reactions between the reduced di-
cyanoimidazoles are simply too facile in the poly-
mer.

CONCLUSIONS

We have reported the synthesis of several new
2-oxo derivatives of 1-methyl-4,5-dicyanoimida-
zoles and incorporation of this functional group
into polymers in an effort to prepare electron-
accepting material. The substitution of an elec-
tron-donating group such as alkoxy group at the
2-postion of 1-methyl-4,5-dicyanoimidazole leads
the derivatives to be electrochemically quasi-re-
versible under redox conditions in acetonitrile.
Their reduction potentials are from —2.6~—-2.7V
vs Ag/Ag”, implying that they are moderate or-
ganic acceptors. These results are in accord with
our previous observations for the 2-dialkylamino
derivatives of 1-methyl-4,5-dicyanoimidazole. On
the other hand, the polymers with pendent dicya-
noimidazole showed reduction waves with little
reversibility. The CV study of oligomeric model
compounds showed that reversibility of the dicya-
noimidazole compounds decreases as the reduced
moieties are crowded together, perhaps because
of intramolecular reactions between the reduced
dicyanoimidazoles. The syntheses of these new
cyanoimidazole pendent polymers do offer attrac-
tive possibilities for further work. Because cyano
groups are easily hydrolized to carboxylic acids or
reduced to amines, polymers with high density of
functional groups can easily be prepared. These
apects of pendent cyanoimidazole polymers are
under further investigation.
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