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a b s t r a c t

Bis aromatic diazenes which possess either two identical or two different azulene-1-yl groups
substituted at either 1,3 or 1,4-positions in the bridging phenylene moiety were synthesized in good
yield via diazotization of the 3- or 4-azulen-1-ylazo-phenylamines followed by coupling with azulene in
a buffered medium. The electronic spectra of the synthesized compounds were analyzed by comparison
with those of previously published compounds. The isosbestic points obtained by protonation of the
compounds enabled their pKa values to be determined.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Despite the very large number of studies on azo chromophores,
the research interest for this class of compounds remains unaltered
due to their various technical applications. One of the important and,
more recently investigated azo-dye classes is represented by the
push pull systems with an azo double bond between various electron
acceptor groups and azulene-1-yl as a donor moiety. Several such
systems present enhanced hyperpolarizability and can be used as
NLO chromophores [1–7], molecular switches [8], liquid crystals
displays [9], holographic surface relief gratings [10] or for optical
storage devices [11]. The hyperpolarizability of the push pull chro-
mophores is well described in terms of a ground and an excited state
having charge transfer character and, therefore, is related to the
energy of the optical transitions. In the previous article [12], hereafter
referred to as part 1, we have developed research on the synthesis
and properties of bis azo derivatives with a single azulenyl group in
their structure, 1(m) and 1(p) (Scheme 1). We have showed that, by
replacement of one phenyl group in compound 3(m) with azulenyl
moiety, as in compound 1(m), only a small hypsochromic shift was
observed in the electronic spectra. However, the same substitution in
: þ40 0213121601.

All rights reserved.
the case of compound 3(p) produced a bathochromic effect of 24 nm
observed for compound 1(p). This behavior is determined by the
stabilizing effect of the positive charge by the tropylium structure of
the seven-membered ring. This structure is very efficient in the
charge transfer from the ground state of compound 1(p) to the
excited state with a dipolar structure [13]. Moreover, only compound
1(p) can adopt a quinoidal structure with separated charges.

As expected, the phenyl substitution in azulene-azobenzene, 2 [1],
by the chromophore phenylazo produced a small bathochromic shift
when the chromophore is substituted in the 3-position. However, this
effect surpasses 40 nm when phenylazo was substituted in position 4.
These findings are consistent with the important contribution
brought both by azulenyl moiety and the relative position of the
substituents on the properties of bis azo compounds. In the present
article, we turn our attention to the isolation of bis azo derivatives
which contain two azulenyl moieties with the aim to evaluate the
effect of this modification towards the synthesis, structure and elec-
tronic properties of the obtained compounds.
2. Experimental section

2.1. Materials and instrumentations

Melting points are uncorrected: Kofler apparatus (Reichert
Austria). Elemental analyses: Perkin Elmer CHN 240B. UV spectra
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in methanol: Varian Cary 100 spectrophotometer. 1H- and
13C-NMR: Bruker ARX 500 (1H: 500 MHz, 13C: 125.75 MHz),
Bruker Avance DRX4 (1H: 400 MHz, 13C: 100.62 MHz) and Gemini
300 (1H: 300 MHz, 13C: 75.47 MHz), J values are given in hertz,
TMS was used as internal standard in CDCl3 as solvent; mass
spectra: Varian 1200L Quadrupole/MS/MS spectrometer by direct
injection in ESI or APCI. For the column chromatography silica gel
60 and alumina [II–III Brockmann grade, 70–230 mesh ASTM]
were used. Dichloromethane (DCM) was distilled over CaH2. The
pH values were measured with an Orion 3 Star pH-meter. The
nomenclature was obtained using ACD/I-Lab Web service (ACD/
IUPAC Name free 7.06).

2.2. Synthetic routes

2.2.1. Diazotization of acetylamino-phenylamines (step I in
Scheme 2) þ coupling of the obtained salt, with azulenes (step II) þ
hydrolysis of amides 4 and 5 (step III) þ diazotization of amines 6
and 7 þ coupling with azulenes (step IV)

(a) Diazotization in aqueous hydrochloric medium. A mixture of
aromatic amines (2 mmol), 2.3 ml solution HCl 32% and 2 ml of
water (generally, the amine was incompletely dissolved) was
magnetically stirred and cooled at 0 �C. To this mixture a solu-
tion of sodium nitrite 140 mg (2 mmol) dissolved in 2 ml water
was added slowly maintaining the temperature under 5 �C.
After 10 min, the mixture was added under stirring to the
solution of the azulene (1 mmol), and potassium acetate 6.7 g
in 50 ml methanol, cooled at 0 �C. The mixture was stirred at
0 �C for 1 h and then neutralized with sodium hydroxide. The
products were repeatedly extracted with DCM. The organic
layers were washed with water, dried over sodium sulfate and
the solvent was removed in vacuum. The residue was chro-
matographed on silica gel with n-hexane for recovery of the
unreacted azulene and the starting amine, then with DCM for
azo derivatives. Due to the incomplete separation from the
starting amine, sometimes for the product purification
a second chromatography on silica gel was necessary. This
diazotization and coupling protocol were used for all anilines
(e.g. 3-nitroaniline and compounds 6 and 7).

(b) Diazotization in dichloroacetic acid. To a stirred solution of
aromatic amines (2 mmol) in dichloroacetic acid (8 ml, 12.4 g)
at 0 �C, a solution of sodium nitrite, 140 mg (2 mmol), dissolved
in 1 ml water was added slowly, maintaining the temperature
below 5 �C. After 10 min, the mixture was added at 0 �C to the
very well stirred solution of azulene (2 mmol) and potassium
acetate (12 g) in 100 ml methanol. If the potassium acetate was
not completely dissolved, the yields decrease significantly. The
mixture was stirred at 0 �C for 1 h. The pH of the mixture was
adjusted to neutral with a sodium hydroxide solution which
was carefully added. This work-up of the reaction mixture was
important for the quantitative extraction of the products and
for avoiding the generation of an emulsion by extraction. The
products were extracted with DCM. From this point, the work-
up is similar to one that has been reported above.

(c) Hydrolysis reaction. The acylated amine 4 or 5 (3 mmol) was
dissolved in a mixture of dioxane (16 ml) and hydrochloric acid
32% (4 ml). The resulting solution was heated under stirring for
3 h at 80 �C. After cooling at room temperature, the reaction
mixture was neutralized with aqueous sodium hydroxide
(10%). The resulting mixture was treated with ethyl acetate and
two layers were separated. The lower aqueous layer was
extracted with DCM to recover all the organic material. The
organic extracts were washed with water and dried over
sodium sulfate. The solvents were removed in vacuum and the
residue was chromatographed on alumina using DCM as eluent
for the first fraction containing unidentified compounds and
DCM:ethyl acetate (9:1) for the elution of product 6 or 7
(brown colored).
2.2.2. Diazotization of 3-nitro-phenylamine þ coupling of the
obtained salt with azulenes þ reduction of nitro group in compound
10 (step IV) to compounds

Because most of the reactions are already discussed in this
section only the reduction reaction is reported. A solution of
Na2S$9H2O (9.1 g, 37.9 mmol) in water (9.5 ml) was added in small
portions, under stirring and in nitrogen atmosphere to the nitro
derivative 10 (25 mmol) dissolved in boiling alcohol (20 ml). The
reaction mixture was refluxed for 45 min and then was cooled and
the alcohol was removed in vacuum. The residue was dissolved in
DCM and the solution was washed with water, dried over sodium
sulfate and the solvent was removed in vacuum. By chromatog-
raphy on alumina using an eluent mixture of petroleum ether and
DCM (with concentration gradient) the nitro derivative was first
eluted and then the amine 6.

2.3. Determination of isosbestic points and the pKa values

The bis aromatic diazenes containing two identical or different
azulenyl moieties, 8a–c and 9a–c or 8ab, ac or bc and 9ab, ac or bc,
respectively were dissolved in ethanol 96% obtaining an
w3�10�5 mol/l solution. Then an aqueous 0.1 N hydrochloric
solution was added with a syringe and the pH values were
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measured (4� 25 ml, 150 ml, 250 ml, 500 ml, 1000 ml). The double
protonation was realized adding 1 ml of concentrated sulfuric acid.

2.4. Intermediates and product characterization

N-[3-(azulen-1-ylazo)-phenyl]-acetamide (4a), brown crystals,
m.p. 168 �C, UV–vis (MeOH), lmax (log 3): 234 (4.59), 280 (4.31), 331
(4.08), 424 (4.37). 1H-NMR d (ppm): 2.23 (s, 3H, Me), 7.34 (t,
3J¼ 10.0 Hz, 1H, 50-H), 7.39 (s, 1H, NH), 7.39 (d, 3J¼ 4.7 Hz, 1H, 30-H),
7.44 (t, 3J¼ 9.9 Hz, 1H, 70-H), 7.46 (t, 3J¼ 7.7 Hz, 1H, 5-H), 7.75 (t,
3J¼ 9.6 Hz, 1H, 60-H), 7.67 (br d, 3J¼ 9.3 Hz, 1H. 6-H), 7.72–7.74 (m,
1H, 4-H), 8.31 (d, 3J¼ 4.7 Hz, 1H, 20-H), 8.34 (d, 3J¼ 9.4 Hz, 1H, 40-H),
8.03 (t, 4J¼ 2.0 Hz, 1H, 2-H), 9.34 (d, 3J¼ 9.9 Hz, 1H, 80-H). 13C-NMR
d (ppm): 24.72; 112.3; 119.3; 120.1; 120.6; 125.4; 126.7; 129.5;
135.5; 138.5; 138.6; 143.9; 144.1; 154.8; 168.4. MS (ESI): 290
[Mþ 1]. Element Anal. Calcd. for C18H15N3O: C, 74.72; H, 5.23; N,
14.52. Found: C, 74.60; H, 5.29; N, 14.50.

N-[3-(4,6,8-trimethylazulen-1-ylazo)-phenyl]-acetamide (4b),
brown crystals, m.p. 232 �C. UV–vis (MeOH), lmax (log 3): 238
(4.59), 291 (4.11), 314 (4.11), 434 (4.34). 1H-NMR d (ppm): 2.22 (s,
3H, COMe), 2.65 (s, 3H, Me(6)), 2.88 (s, 3H, Me(4)), 3.39 (s, 3H,
Me(8)), 7.21 (s, 1H, 50-H), 7.32 (s, 1H, 70-H), 7.37 (d, 3J¼ 5.0 Hz, 1H,
30-H), 7.43 (t, 3J¼ 8.0 Hz, 1H, 5-H), 7.61 (d, 3J¼ 8.8 Hz, 1H, 6-H), 7.64
(d, 3J¼ 8.8 Hz, 1H, 4-H), 8.13 (d, 3J¼ 5.0 Hz, 1H, 20-H), 7.92 (t,
4J¼ 1.8 Hz, 1H, 2-H). MS (ESI): 332 [Mþ 1]. Element Anal. Calcd. for
C21H19N3O: C, 76.11; H, 6.39; N, 12.68. Found: C, 76.12; H, 6.42; N,
12.59.

N-[3-(3,8-dimethyl-5-isopropylazulen-1-ylazo)-phenyl]-acetamide
(4c), brown crystals, m.p. 193 �C. UV–vis (MeOH), lmax (log 3): 239
(4.65), 291 (4.23), 342 (4.13), 455 (4.47). 1H-NMR d (ppm): 1.38
(d, 3J¼ 6.9 Hz, 6H, Me2CH), 2.21 (s, 3H, CH3CO), 2.60 (s, 3H, Me(3)),
3.09 (hept, 1H, Me2CH), 3.34 (s, 3H, Me(8)), 7.29 (t, 3J¼ 10.4 Hz, 1H,
70-H), 7.42 (t, 3J¼ 8.0 Hz, 1H, 5-H), 7.45 (dd, 3J¼ 10.4 Hz, 4J¼ 1.9 Hz,
1H, 60-H), 7.58 (d, 3J¼ 8.2 Hz, 1H, 6-H), 7.62 (d, 3J¼ 8.2 Hz, 1H, 4-H),
7.92 (t, 4J¼ 2.1 Hz, 1H, 2-H), 8.11 (s, 1H, 20-H), 8.14 (d, 4J¼ 1.9 Hz, 1H,
40-H). MS (ESI): 360 [Mþ 1]. Element Anal. Calcd. for C23H25N3O: C,
76.85; H, 7.01; N, 11.69. Found: C, 76.87; H, 7.08; N, 11.65.

N-[4-(azulen-1-ylazo)-phenyl]-acetamide (5a), brown crystals,
m.p. 169 �C, UV–vis (MeOH), lmax (log 3): 228 (4.32), 279 (4.31), 338
(4.12), 432 (4.49). 1H-NMR d (ppm): 2,24 (s, 3H, Me), 7.70 (dAB,
3J¼ 8.8 Hz, 2H, 3-H, 5-H), 7.34 (t, 3J¼ 9.8 Hz, 1H, 50-H), 7.44
(t, 3J¼ 9.6 Hz, 1H, 70-H), 7.45 (d, 3J¼ 4.4 Hz, 1H, 30-H), 7.53 (s, 1H,



Table 1
The yields of compounds 4 and 5 starting from corresponding anilines.

Azulen-1-yl Compound, yield (%)

4a–c 5a–c

a 56 55
b 62 (74)a 51
c 73 (90)a 50

a In dichloroacetic acid.

Table 3
Yields of the diazotization þ coupling of 3-nitroanilines and of the reduction of the
reaction products to the corresponding amino derivatives.

Reaction Yield (%) of 10a–c and of 6a–c

a b c

3-Nitroaniline / / 10a–ca 80 79 88
10a–c / 6a–cb 49 45 48

a When an excess of 25% sodium nitrite was used the yields overpass 90%.
b Without the recovery of the intermediate 10. The recovery of 10 enhances the

yields to 70–75%.
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NH), 7.76 (t, 3J¼ 9.8 Hz, 1H, 60-H), 8.00 (dAB, 3J¼ 8.8 Hz, 2H, 2-H, 6-
H), 8.34 (d, 3J¼ 4.6 Hz, 1H, 20-H), 8.35 (d, 3J¼ 8.8 Hz, 1H, 40-H), 9.34
(d, 3J¼ 9.6 Hz, 1H, 80-H). MS (ESI): 290 [Mþ 1]. Element Anal. Calcd.
for C18H15N3O: C, 74.72; H, 5.23; N, 14.52. Found: C, 74.65; H, 5.28;
N, 14.47.

N-[4-(4,6,8-trimethylazulen-1-ylazo)-phenyl]-acetamide (5b),
brown crystals, m.p. 197 �C, UV–vis (MeOH), lmax (log 3): 234 (4.47),
297 (4.27), 341 (4.26), 441 (4.57). 1H-NMR d (ppm): 2.20 (s, 3H,
MeCO), 2.62 (s, 3H, Me(6)), 2.86 (s, 3H, Me(4)), 3.34 (s, 3H, Me(8)),
7.16 (s, 1H, 50-H), 7.35 (d, 3J¼ 5.0 Hz, 1H, 30-H), 7.38 (s, 1H, 70-H), 7.62
(d, 3J¼ 8.8 Hz, 2H, 3-H, 5-H), 7.84 (d, 3J¼ 8.8 Hz, 2H, 2-H, 6-H), 8.12
(d, 3J¼ 4.9 Hz, 1H, 20-H). 13C-NMR d (ppm): 25.06; 25.64; 28.86;
30.00; 118.3; 120.3; 122.2; 123.4; 130.9; 133.2; 138.5; 147.4; 148.0;
150.0. MS (ESI): 332 [Mþ 1]. Element Anal. Calcd. for C21H19N3O: C,
76.11; H, 6.39; N, 12.68. Found: C, 76.05; H, 6.31; N, 12.64.

N-[4-(3,8-dimethyl-5-isopropylazulen-1-ylazo)-phenyl]-acetamide
(5c), brown crystals, m.p. 183 �C. UV–vis (MeOH), lmax (log 3): 233
(4.45), 250 (4.44), 296 (4.29), 347 (4.12), 467 (4.60). 1H-NMR
d (ppm): 1.36 (d, 3J¼ 6.9 Hz, 6H, Me2CH), 2.18 (s, 3H, MeCO), 2.58 (s,
3H, Me(3)), 3.06 (hept, 1H, 3J¼ 6.8 Hz, Me2CH), 3.28 (s, 3H, Me(8)),
7.21 (d, 3J¼ 10.6 Hz, 1H, 70-H), 7.39 (dd, 3J¼ 10.7 Hz, 4J¼ 2.0 Hz, 1H,
60-H), 7.61 (dAB, 3J¼ 8.8 Hz, 2H, 3-H, 5-H), 7.81 (dAB, 3J¼ 9.0 Hz, 2H,
2-H, 6-H), 8.09 (s, 1H, 20-H), 8.10 (d, 4J¼ 2.2 Hz, 1H, 40-H). 13C-NMR
d (ppm): 13.35; 24.73; 24.96; 28.93; 38.36; 120.4; 123.2; 125.7;
128.7; 131.7; 135.1; 136.1; 138.4; 142.8; 145.4; 148.8; 151.2; 168.76.
MS (ESI): 360 [Mþ 1]. Element Anal. Calcd. for C23H25N3O: C, 76.85;
H, 7.01; N, 11.69. Found: C, 76.76; H, 7.11; N, 11.58.

3-(Azulen-1-ylazo)-phenylamine (6a), dark green oil, UV–vis
(MeOH), lmax (log 3): 227 (4.59), 282 (4.36), 327 (4.20), 421 (4.47).
1H-NMR d (ppm): 6.76 (ddd, 3J¼ 7.8 Hz, 4J¼ 2.4 Hz, 4J¼ 1.0 Hz, 1H,
4-H), 7.29 (t, 3J¼ 7.8 Hz, 1H, 5-H), 7.31 (t, 3J¼ 9.7 Hz, 1H, 50-H), 7.32–
7.33 (m, 1H, 6-H), 7.39–7.41 (m, 1H, 2-H), 7.40 (d, 3J¼ 4.7 Hz, 1H, 30-
H), 7.42 (t, 3J¼ 9.9 Hz, 1H, 70-H), 7.73 (t, 3J¼ 10.0 Hz, 1H, 60-H), 8.31
(d, 3J¼ 4.3 Hz, 1H, 20-H), 8.32 (d, 3J¼ 10.2 Hz, 1H, 40-H), 9.39 (d,
3J¼ 9.7 Hz, 1H, 80-H). 13C-NMR d (ppm): 107.7; 114.6; 116.6; 116.7;
120.2; 125.6; 126.7; 126.8; 130.0; 135.8; 138.7; 139.8; 144.0; 147.7.
MS (ESI): 248 [Mþ 1]. Element Anal. Calcd. for C16H13N3: C, 77.71;
H, 5.30; N, 16.99. Found: C, 77.69; H, 5.35; N, 16.96.
Table 2
The yields of bis aromatic diazenes 8 and 9 starting from compounds 6 and 7.

Azulen-1-yl Compound, yield (%)

8 9

a 68 70
b 73 68
c 77 93
a,b/b,aa 75/73 87/71
a,c/c,ab 70/75 70/75
b,c/c,ac 64/78 64/84

a Starting from amine 6a and 4,6,8-trimethylazulene/starting from amine 6b and
azulene.

b Starting from amine 6a and guaiazulene/starting from amine 6c and azulene.
c Starting from amine 6b and guaiazulene/starting from amine 6c and 4,6,8-

trimethylazulene.
3-(4,6,8-Trimethylazulen-1-ylazo)-phenylamine (6b), dark green
crystals, m.p. 162 �C. UV–vis (MeOH), lmax (log 3): 233 (4.51), 295
(4.16), 317 (4.21), 332 (4.19), 429 (4.46). 1H-NMR d (ppm): 2.63 (s,
6H, Me(6)), 2.86 (s, 6H, Me(4)), 3.36 (s, 6H, Me(8)), 6.71 (ddd,
3J¼ 7.5 Hz, 4J¼ 2.4 Hz, 4J¼ 1.4 Hz, 1H, 4-H), 7.17 (s, 1H, 50-H), 7.20 (t,
4J¼ 2.0 Hz, 1H, 2-H), 7.28 (s, 1H, 70-H), 7.29 (t, 3J¼ 8.0 Hz, 1H, 5-H),
7.34 (dt, 3J¼ 8.0 Hz, 4J¼ 1.6 Hz, 1H, 6-H), 7.35 (d, 3J¼ 4.9 Hz, 1H, 30-
H), 8.13 (d, 3J¼ 4.7 Hz, 1H, 20-H). 13C-NMR d (ppm): 12.49; 28.71;
29.87; 108.3; 114.1; 115.9; 118.1; 122.2; 129.8; 130.8; 133.0; 133.8;
140.6; 147.2; 147.5; 147.8; 149.8; 155.6. MS (ESI): 290 [Mþ 1].
Element Anal. Calcd. for C21H23N3: C, 78.86; H, 6.62; N, 14.52.
Found: C, 78.78; H, 6.70; N, 14.52.

3-(3,8-Dimethyl-5-isopropylazulen-1-ylazo)-phenylamine (6c),
dark green oil. UV–vis (MeOH), lmax (log 3): 234 (4.59), 294 (4.25),
342 (4.18), 452 (4.48). 1H-NMR d (ppm): 1.37 (d, 3J¼ 6.9 Hz, 6H,
Me2CH), 2.60 (s, 3H, Me(3)), 3.09 (hept, 1H, Me2CH), 3.32 (s, 3H,
Me(8)), 6.68 (ddd, 3J¼ 7.8 Hz, 4J¼ 2.4 Hz, 4J¼ 1.0 Hz, 1H, 4-H), 7.19
(t, 4J¼ 1.9 Hz, 1H, 2-H), 7.25 (t, 3J¼ 11.0 Hz, 1H, 70-H), 7.26 (t,
3J¼ 7.6 Hz, 1H, 5-H), 7.32 (dt, 3J¼ 8.0 Hz, 4J¼ 1.6 Hz, 1H, 6-H), 7.43
(dd, 3J¼ 10.6 Hz, 4J¼ 1.9 Hz, 1H, 60-H), 8.11 (s, 1H, 20-H), 8.12 (d,
4J¼ 2.2 Hz, 1H, 40-H). 13C-NMR d (ppm): 13.20; 24.60; 28.81; 38.24;
108.1; 114.1; 115.7; 125.7; 128.4; 129.8; 131.4; 134.9; 135.2; 135.9;
142.6; 145.0; 145.2; 147.2; 148.6; 155.7. MS (ESI): 318 [Mþ 1].
Element Anal. Calcd. for C21H23N3: C, 79.46; H, 7.30; N, 13.24.
Found: C, 79.45; H, 7.42; N, 13.13.

4-(Azulen-1-ylazo)-phenylamine (7a), dark green crystals, m.p.
128 �C. UV–vis (MeOH), lmax (log 3): 229 (4.18), 286 (4.21), 338
(3.87), 464 (4.34). 1H-NMR d (ppm): 3.92 (s, 2H, NH), 6.76 (dd,
3J¼ 6.9 Hz, 4J¼ 1.8 Hz, 2H, 3-H, 5-H), 7.22 (t, 3J¼ 9.8 Hz, 1H, 50-H),
7.33 (t, 3J¼ 9.8 Hz, 1H, 70-H), 7.40 (d, 3J¼ 4.6 Hz, 1H, 30-H), 7.66 (t,
3J¼ 9.8 Hz, 1H, 60-H), 7.88 (dd, 3J¼ 6.9 Hz, 4J¼ 1.9 Hz, 2H, 2-H, 6-H),
8.26 (d, 3J¼ 9.3 Hz, 1H, 40-H), 8.31 (d, 3J¼ 4.4 Hz, 1H, 20-H), 9.27 (d,
3J¼ 9.9 Hz, 1H, 80-H). 13C-NMR d (ppm): 115.1; 115.2; 119.7; 124.4;
125.4; 125.5; 125.7; 125.9; 135.6; 137.5; 138.4; 139.4; 143.6; 144.4;
147.5; 148.4. MS (ESI): 248 [Mþ 1]. Element Anal. Calcd. for
C16H13N3: C, 77.71; H, 5.30; N, 16.99. Found: C, 77.64; H, 5.39; N,
16.97.

4-(4,6,8-Trimethylazulen-1-ylazo)-phenylamine (7b), dark green
crystals, m.p. 98 �C. UV–vis (MeOH), lmax (log 3): 236 (4.41), 299
(4.30), 345 (4.12), 454 (4.47), 472(4.46). 1H-NMR d (ppm): 2.60
(s, 3H, Me(6)), 2.85 (s, 3H, Me(4)), 3.36 (s, 3H, Me(8)), 6.76 (d,
3J¼ 8.9 Hz, 2H, 3-H, 5-H), 7.15 (s, 1H, 5-H), 7.21 (s, 1H, 7-H), 7.36
(d, 3J¼ 4.8 Hz, 1H, 30-H), 7.77 (d, 3J¼ 8.8 Hz, 2H, 2-H, 6-H), 8.14
(d, 3J¼ 4.9 Hz, 1H, 20-H). 13C-NMR d (ppm): 25.85; 29.12; 30.19;
NH2

NH2

N
N

N
N

AzulenylAzulenyl
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Table 4
lmax (log 3) in visible for azo and bis azo derivativesa and the difference Dlmax

between lmax (CH3OH) and lmax (nC6H14).

Compound Solvent lmax and Dlmax (in nm)

Azulen-1-yl substituents

a Dlmax b Dlmax c Dlmax

1(m) nC6H14 422 (4.52) 433 (4.52) 452 (4.54)
CH3OH 428 (4.50) 6 438 (4.30) 5 459 (4.38) 7

8 nC6H14 433 (4.47) 444 (4.53) 464 (4.62)
CH3OH 442 (4.49) 9 450 (4.54) 6 493 (4.60) 29

1(p) nC6H14 459 (4.34) 471 (4.43) 493 (4.57)
CH3OH 469 (4.33) 10 484 (4.40) 13 517 (4.46) 26

9 nC6H14 503 (4.62) –b 545 (4.77)c

CH3OH 520 (4.60) 17 546 (4.70) – 569 (4.75) 24

a lmax (in nm) in ethanol for 3(m): 435 (3.16) and for 3(p): 445 (3.48) [16].
b Insoluble in nC6H14.
c One shoulder is also present at 514 (4.70).
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115.6; 118.2; 122.5; 124.7; 130.4; 132.6; 147.3; 147.9; 148.0; 148.1;
150.0. MS (ESI): 290 [Mþ 1]. Element Anal. Calcd. for C19H19N3: C,
78.86; H, 6.62; N, 14.52. Found: C, 78.76; H, 6.54; N, 14.70.

4-(3,8-Dimethyl-5-isopropylazulen-1-ylazo)-phenylamine (7c),
dark green crystals. m.p. 180 �C. UV–vis (MeOH), lmax (log 3): 235
(4.42), 252 (4.38), 297 (4.32), 347 (4.11), 358 (4.10), 475 (4.58), 490
(4.60). 1H-NMR d (ppm): 1.37 (d, 3J¼ 7.0 Hz, 6H, Me2CH), 2.61 (s, 3H,
Me(3)), 3.06 (hept, 1H, 3J¼ 6.8 Hz, Me2CH), 3.31 (s, 3H, Me(8)), 6.75
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N N

N

N

N N

N
–

–

–

–

N

N N

N

N

N N
N

N

H

+

+

+

+

+

A

B

C

D

E

Scheme
(dAB, 3J¼ 8.9 Hz, 2H, 3-H, 5-H), 7.16 (d, 3J¼ 10.7 Hz, 1H, 70-H), 7.37
(dd, 3J¼ 10.4 Hz, 4J¼ 2.1 Hz, 1H, 60-H), 7.74 (dAB, 3J¼ 8.9 Hz, 2H, 2-H,
6-H), 8.09 (d, 4J¼ 2.0 Hz, 1H, 40-H), 8.12 (s, 1H, 20-H). 13C-NMR
d (ppm): 13.00; 24.40; 28.51; 37.96; 115.0; 123.9; 125.5; 127.8;
130.2; 133.6; 134.5; 135.4; 141.7; 143.9; 144.7; 147.3; 147.5; 148.2.
MS (ESI): 318 [Mþ 1]. Element Anal. Calcd. for C21H23N3: C, 79.46;
H, 7.30; N, 13.24. Found: C, 79.38; H, 7.38; N, 13.24.

Azulen-1-yl-(3-nitro-phenyl)-diazene (10a), brown crystals, m.p.
183 �C (lit [14] 183 �C). UV–vis (MeOH), lmax (log 3): 234 (4.29), 278
(4.10), 337 (3.95), 433 (4.30). 1H-NMR d (ppm): 7.42 (t, 3J¼ 9.8 Hz,
1H, 50-H), 7.46 (d, 3J¼ 4.4 Hz, 1H, 30-H), 7.56 (t, 3J¼ 9.8 Hz, 1H, 70-H),
7.66 (t, 3J¼ 8.1 Hz, 1H, 5-H), 7.83 (t, 3J¼ 9.9 Hz, 1H, 60-H), 8.22 (ddd,
3J¼ 8.2 Hz, 4J¼ 1.7 Hz, 4J¼ 1.1 Hz, 1H, 4-H or 6-H), 8.27 (ddd,
3J¼ 8.0 Hz, 4J¼ 2.0 Hz, 4J¼ 1.0 Hz, 1H, 6-H or 4-H), 8.32 (d,
3J¼ 4.6 Hz, 1H, 20-H), 8.38 (d, 3J¼ 9.4 Hz, 1H, 40-H), 8.78 (t,
4J¼ 2.0 Hz, 1H, 2-H), 9.37 (d, 3J¼ 9.9 Hz, 1H, 80-H). 13C-NMR
d (ppm): 115.9; 121.1; 123.6; 125.7; 128.0; 129.5; 130.0; 136.0;
139.2; 140.3; 155.1. MS (ESI): 278 [Mþ 1]. Element Anal. Calcd. for
C16H11N3O2: C, 69.31; H, 4.00; N, 15.15. Found: C, 69.35; H, 4.12; N,
15.08.

4,6,8-Trimethylazulen-1-yl-(3-nitro-phenyl)-diazene (10b),
brown crystals, m.p. 197 �C, lit [15] (196–197 �C). UV–vis (MeOH),
lmax (log 3): 234 (4.36), 312 (4.02), 340 (3.96), 443 (4.30). 1H-NMR
d (ppm): 2.67 (s, 3H, Me(6)), 2.89 (s, 3H, Me(4)), 3.37 (s, 3H, Me(8)),
7.25 (s, 1H, 50-H), 7.38 (s, 1H, 70-H), 7.37 (d, 3J¼ 5.0 Hz, 1H, 30-H),
7.61 (t, 3J¼ 8.1 Hz, 1H, 5-H), 8.12–8.16 (m, 2H, 4-H, 6-H), 8.14 (d,
3J¼ 4.6 Hz, 1H, 20-H), 8.62 (t, 4J¼ 1.9 Hz, 4J¼ 1.6 Hz, 1H, 2-H).
BH+
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EH+

CH2
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+H+
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13C-NMR d (ppm): 25.58; 28.73; 29.85; 116.4; 118.9; 122.3; 128.6;
129.7; 132.1; 134.4; 135.2; 141.9; 147.6; 147.9; 148.5; 149.3; 150.1;
155.1. MS (ESI): 320 [Mþ 1]. Element Anal. Calcd. for C19H17N3O2: C,
71.46; H, 5.37; N, 13.16. Found: C, 71.42; H, 5.41; N, 13.15.

3,8-Dimethyl-5-isopropylazulen-1-yl-(3-nitro-phenyl)-diazene (10c),
brown crystals, m.p. 155 �C (dec). UV–vis (MeOH), lmax (log 3):
233 (4.48), 353 (4.01), 473 (4.33). 1H-NMR d (ppm): 1.40 (d,
3J¼ 6.9 Hz, 6H, Me2CH), 2.61 (s, 3H, Me(30)), 3.13 (hept, 1H, Me2CH),
3.35 (s, 3H, Me(80)), 7.40 (t, 3J¼ 10.7 Hz, 1H, 70-H), 7.60 (t,
3J¼ 8.1 Hz, 1H, 5-H), 7.53 (dd, 3J¼ 10.7 Hz, 4J¼ 1.9 Hz, 1H, 60-H),
8.11–8.14 (m, 3H, 6-H, 4-H, 20-H), 8.18 (d, 4J¼ 1.9 Hz, 1H, 40-H), 8.62
(t, 4J¼ 2.1 Hz, 1H, 2-H). 13C-NMR d (ppm): 13.32; 24.64; 28.94;
38.40; 116.1; 121.9; 125.5; 128.3; 129.5; 129.6; 133.0; 135.2; 136.3;
136.5; 143.8; 145.1; 147.4; 149.2; 155.2. MS (ESI): 348 [Mþ 1].
Element Anal. Calcd. for C21H21N3O2: C, 72.60; H, 6.09; N, 12.09.
Found: C, 72.56; H, 6.11; N, 12.13.

1,3-Bis [(E)-1-azulen-1-yl-2-diazenyl]benzene (8a), brown crys-
tals, m.p. 180 �C. UV–vis (MeOH), lmax (log 3): 232 (4.43), 279 (4.32),
334 (4.23), 442 (4.49). UV–vis (n-hexane), lmax (log 3): 238 (4.38),
277 (4.40), 329 (4.22), 433 (4.47). 1H-NMR d (ppm): 7.34 (t,
3J¼ 9.8 Hz, 2H, 50-H, 500-H), 7.46 (d, 3J¼ 4.6 Hz, 2H, 30-H, 300-H), 7.48
(t, 3J¼ 9.8 Hz, 2H, 70-H, 700-H), 7.65 (t, 3J¼ 7.8 Hz, 1H, 5-H), 7.76 (t,
3J¼ 9.8 Hz, 2H, 60-H, 600-H), 8.04 (dd, 3J¼ 7.8 Hz, 4J¼ 2.0 Hz, 2H, 4-
H, 6-H), 8.35 (d, 3J¼ 9.3 Hz, 2H, 40-H, 400-H), 8.40 (d, 3J¼ 4.7 Hz, 2H,
20-H, 200-H), 8.58 (t, 4J¼ 2.0 Hz, 1H, 2-H), 9.43 (d, 3J¼ 9.9 Hz, 2H, 80-
H, 800-H). 13C-NMR d (ppm): 115.9; 120.0; 122.9; 125.3; 126.7; 129.3;
135.6; 138.5; 138.9; 139.5; 144.0; 155.0. MS [ESI]: 387 [Mþ 1].
Element Anal. Calcd. for C26H18N4: C, 80.81; H, 4.69; N, 14.50.
Found: C, 80.68; H, 4.78; N, 14.54.

1,3-Bis [(E)-1-(4,6,8-trimethylazulen-1-yl)-2-diazenyl]benzene
(8b), brown crystals, m.p. 178 �C. UV–vis (MeOH), lmax (log 3): 233
(4.64), 307 (4.43), 331 (4.39), 358 (4.23), 370 (4.11), 450 (4.54). UV–
vis (DME), lmax (log 3): 236 (4.68), 309 (4.43), 350 (4.44), 417sh
(4.50), 449 (4.56). UV–vis (DCM), lmax (log 3): 231 (4.82), 280 (4.52),
346 (4.31), 458 (4.55). UV–vis (n-hexane), lmax (log 3): 231 (4.82),
280 (4.52), 346 (4.31), 458 (4.55). UV–vis (n-hexane), lmax (log 3):
246 (4.52), 312 (4.34), 336 (4.33), 444 (4.53). 1H-NMR d (ppm): 2.66
(s, 6H, Me(6)), 2.89 (s, 6H, Me(4)), 3.44 (s, 6H, Me(8)), 7.21 (s, 2H, 50-
H, 500-H), 7.34 (s, 2H, 70-H, 700-H), 7.39 (d, 3J¼ 4.8 Hz, 2H, 30-H, 300-H),
7.60 (t, 3J¼ 7.8 Hz, 1H, 5-H), 7.90 (dd, 3J¼ 7.8 Hz, 4J¼ 1.8 Hz, 2H, 4-
H, 6-H), 8.20 (d, 3J¼ 4.9 Hz, 2H, 20-H, 200-H), 8.31 (t, 4J¼ 1.9 Hz,
4J¼ 1.6 Hz, 1H, 2-H). MS [ESI]: 527 [Mþ 1]. Element Anal. Calcd. for
C36H38N4: C, 82.09; H, 7.27; N, 10.64. Found: C, 82.05; H, 7.37; N,
10.68.

1,3-Bis [(E)-1-(3,8-dimethyl-5-isopropylazulen-1-yl)-2-dia-
zenyl]benzene (8c), brown crystals, m.p. 298 �C. UV–vis (MeOH),
lmax (log 3): 236 (4.55), 248 (4.56), 300 (4.32), 346 (4.29), 438sh
(4.51), 493 (4.60). UV–vis (n-hexane), lmax (log 3): 235 (4.53), 249
(4.56), 296 (4.36), 346 (4.36), 428 (4.54), 464 (4.62). UV–vis (DCM),
lmax (log 3): 249 (4.83), 299 (4.50), 347 (4.37), 489 (4.63). 1H-NMR
d (ppm): 1.40 (d, 3J¼ 6.9 Hz, 12H, Me2CH), 2.64 (s, 6H, Me(3)), 3.10
(hept, 3J¼ 6.9 Hz, 2H, Me2CH), 3.39 (s, 6H, Me(8)), 7.29 (d,
3J¼ 10.6 Hz, 2H, 70-H, 700-H), 7.45 (dd, 3J¼ 10.6 Hz, 4J¼ 2.0 Hz, 2H,
60-H, 600-H), 7.61 (t, 3J¼ 7.8 Hz, 1H, 5-H), 7.89 (dd, 3J¼ 7.8 Hz,
4J¼ 2.0 Hz, 2H, 4-H, 6-H), 8.15 (d, 4J¼ 2.0 Hz, 2H, 40-H, 400-H), 8.18 (s,
2H, 20-H, 200-H), 8.32 (t, 4J¼ 1.9 Hz, 1H, 2-H). 13C-NMR d (ppm):
13.44; 24.80; 29.22; 38.43; 113.54; 123.9; 126.1; 128.7; 129.6;
131.8; 135.1; 135.5; 136.1; 143.0; 145.5; 148.9; 155.6. MS [ESI]: 527
[Mþ 1]. Element Anal. Calcd. for C36H38N4: C, 82.09; H, 7.27; N,
10.64. Found: C, 82.00; H, 7.35; N, 10.65.

(E)-1-azulen-1-yl-2-{3-[(E)-(4,6,8-trimethylazulen-1-yl)-diazenyl]-
phenyl}-diazene (8ab), brown crystals, m.p. 178 �C. UV–vis (MeOH),
lmax (log 3): 234 (4.53), 281 (4.29), 325 (4.30), 331 (4.30), 334
(4.30), 446 (4.53). UV–vis (n-hexane), lmax (log 3): 240 (4.51), 276
(4.31), 324 (4.47), 327 (4.47), 331 (4.47), 437 (4.57). 1H-NMR
d (ppm): 2.59 (s, 3H, Me(6)), 2.83 (s, 3H, Me(4)), 3.40 (s, 3H, Me(8)),
7.13 (s, 1H, 5(b)-H), 7.26 (s, 1H, 7(b)-H), 7.21–7.31 (m, 1H, 5(a)-H),
7.36–7.44 (m, 2H, 3(a)-H, 7(a)-H), 7.34 (d, 3J¼ 4.8 Hz, 1H, 3(b)-H),
7.52 (t, 3J¼ 7.8 Hz, 1H, 5-H), 7.68 (t, 3J¼ 9.8 Hz, 1H, 6(a)-H), 7.91 (bd,
3J¼ 7.8 Hz, 1H, 4-H or 6-H), 7.99 (br d, 3J¼ 7.8 Hz, 1H, 6-H or 4-H),
8.18 (d, 3J¼ 4.8 Hz, 1H, 2(b)-H), 8.29 (d, 3J¼ 9.3 Hz, 1H, 4(a)-H), 8.30
(d, 3J¼ 4.8 Hz, 1H, 2(a)-H), 8.46 (t, 4J¼ 1.9 Hz, 1H, 2-H), 9.36 (d,
3J¼ 9.8 Hz, 1H, 8(a)-H). 13C-NMR d (ppm): 25.70; 28.91; 30.12;
114.8; 118.5; 120.4; 122.4; 123.6; 123.9; 125.5; 126.8; 126.9; 129.7;
131.3; 133.6; 135.9; 138.8; 139.4; 139.9; 141.1; 144.3; 147.5; 148.1;
150.1; 155.4. MS [ESI]: 429 [Mþ 1]. Element Anal. Calcd. for
C29H24N4: C, 81.28; H, 5.65; N, 13.07. Found: C, 81.22; H, 5.70; N,
13.08.

(E)-1-azulen-1-yl-2-{3-[(E)-(5-isopropyl-3,8-trimethylazulen-1-
yl)-diazenyl]phenyl}-diazene (8ac), brown crystals, m.p. 140 �C. UV–
vis (MeOH), lmax (log 3): 234 (4.52), 280 (4.32), 337 (4.26), 339
(4.26), 322sh (4.45), 470 (4.52). UV–vis (n-hexane), lmax (log 3): 241
(4.34), 276 (4.26), 334 (4.15), 413 (4.28), 452 (4.57). 1H-NMR
d (ppm): 1.37 (d, 3J¼ 6.9 Hz, 6H, Me2CH), 2.63 (s, 3H, Me(3)), 3.08
(hept, 3J¼ 6.8 Hz,1H, Me3CH), 3.42 (s, 3H, Me(8)), 7.23 (t, 3J¼ 9.5 Hz,
1H, 5(a)-H), 7.28 (d, 3J¼ 10.7 Hz, 1H, 7(c)-H), 7.42 (d, 3J¼ 4.4 Hz, 1H,
3(a)-H), 7.43 (t, 3J¼ 9.7 Hz,1H, 7(a)-H), 7.45 (d, 3J¼ 10.0 Hz, 1H, 6(c)-
H), 7.60 (t, 3J¼ 7.8 Hz, 1H, 5-H), 7.73 (t, 3J¼ 9.1 Hz, 1H, 6(a)-H), 7.92
(ddd, 3J¼ 7.9 Hz, 4J¼ 1.0 Hz, 4J¼ 1.0 Hz, 1H, 4-H or 6-H), 7.98 (ddd,
3J¼ 7.8 Hz, 4J¼ 1.0 Hz, 4J¼ 1.0 Hz, 1H, 6-H or 4-H), 8.14 (d,
4J¼ 1.7 Hz, 1H, 4(c)-H), 8.20 (s, 1H, 2(c)-H), 8.31 (d, 3J¼ 9.4 Hz, 1H,
4(a)-H), 8.37 (d, 3J¼ 4.5 Hz, 1H, 2(a)-H), 8.49 (t, 4J¼ 1.5 Hz, 1H, 2-H),
9.38 (d, 3J¼ 9.9 Hz, 1H, 8(a)-H). 13C-NMR d (ppm): 13.05; 24.44;
28.88; 37.95; 114.2; 120.0; 123.1; 123.3; 125.1; 125.5; 126.5; 126.6;
128.5; 129.3; 131.7; 134.8; 135.5; 135.8; 138.4; 139.0; 139.5; 142.7;
143.9; 144.9; 145.3; 148.5; 155.0; 155.2. MS [ESI]: 457 [Mþ 1].
Element Anal. Calcd. for C31H28N4: C, 81.55; H, 6.18; N, 12.27. Found:
C, 81.43; H, 6.27; N, 12.30.

(E)-1-(4,6,8-trimethylazulen-1-yl)-2-{3-[(E)-(5-isopropyl-3,8-tri-
methylazulen-1-yl)-diazenyl]phenyl}-diazene (8bc), brown crystals,
m.p. 202 �C. UV–vis (MeOH), lmax (log 3): 231 (4.52), 307 (4.35), 342
(4.31), 430sh (4.51), 474 (4.57). UV–vis (n-hexane), lmax (log 3): 248
(4.49), 305 (4.34), 343 (4.34), 420 (4.50), 454 (4.57). 1H-NMR
d (ppm): 1.39 (d, 3J¼ 6.9 Hz, 6H, Me2CH), 2.63 (s, 3H, Me-6(b)), 2.66
(s, 3H, Me-3(c)), 2.89 (s, 3H, Me-4(b)), 3.11 (hept, 3J¼ 6.8 Hz, 1H,
Me2CH), 3.40 (s, 3H, Me-8(b or c)), 3.44 (s, 3H, Me-8(c or b)), 7.20 (s,
1H, 5(b)-H), 7.29 (d, 3J¼ 10.0 Hz, 1H, 7(c)-H), 7.33 (s, 1H, 7(b)-H),
7.39 (d, 3J¼ 4.9 Hz, 1H, 3(b)-H), 7.46 (dd, 3J¼ 10.6 Hz, 4J¼ 1.8 Hz,
1H, 6(c)-H), 7.60 (t, 3J¼ 7.8 Hz, 1H, 5-H), 7.88 (d, 3J¼ 8.0 Hz, 1H, 4-H
or 6-H), 7.89 (d, 3J¼ 8.0 Hz, 1H, 6-H or 4-H), 8.16 (d, 4J¼ 1.9 Hz, 1H,
4(c)-H), 8.19 (s, 1H, 2(c)-H), 8.20 (d, 3J¼ 4.9 Hz, 1H, 2(b)-H), 8.30 (t,
4J¼ 1.9 Hz, 1H, 2-H). 13C-NMR d (ppm): 13.07; 24.45; 25.37; 28.56;
28.86; 29.92; 38.11; 113.2; 118.0; 122.2; 123.6; 123.7; 125.7; 128.4;
129.2; 130.7; 131.5; 131.8, 134.8; 135.5; 138.9; 135.8; 140.6; 142.6;
145.2; 147.1; 147.7; 148.6; 148.9 149.8; 155.1; 155.2. MS [ESI]: 499
[Mþ 1]. Element Anal. Calcd. for C34H34N4: C, 81.89; H, 6.87; N,
11.24. Found: C, 81.83; H, 6.89; N, 11.28.

1,4-Bis [(E)-1-azulen-1-yl-2-diazenyl]benzene (9a), brown crys-
tals, m. p. 201 �C. UV–vis (MeOH), lmax (log 3): 230 (4.54), 281
(4.49), 408 (4.12), 520 (4.60). UV–vis (n-hexane), lmax (log 3): 232
(4.49), 279 (4.52), 342 (4.10), 400 (4.12), 479 (4.59), 503 (4.62).
1H-NMR d (ppm): 7.34 (t, 3J¼ 9.7 Hz, 2H, 50-H and 500-H), 7.45 (d,
3J¼ 4.8 Hz, 2H, 30-H and 300-H), 7.48 (t, 3J¼ 9.4 Hz, 2H, 70-H and
700-H), 7.76 (t, 3J¼ 9.9 Hz, 2H, 60-H and 600-H), 8.10 (s, 4H, phenyl
H), 8.34 (d, 3J¼ 9.7 Hz, 1H, 40-H and 400-H), 8.36 (d, 3J¼ 4.6 Hz,
1H, 20-H and 200-H), 9.38 (d, 3J¼ 9.7 Hz, 1H, 80-H and 800-H). 13C-
NMR d (ppm): 120.7; 123.4; 125.6; 127.1; 127.2; 136.0; 138.9;
139.3; 140.0; 144.6; 154.8. MS [ESI]: 387 [Mþ 1]. Element Anal.
Calcd. for C26H18N4: C, 80.81; H, 4.69; N, 14.50. Found: C, 80.73;
H, 4.75; N, 14.52.



Table 6
lmax

* in visible for the neutral, mono-protonated and di-protonated bis azo deriva-
tives in ethanol and their isosbestic point (IP).

Compound 8a/[8aH]þ 8b/
[8bH]þ

8c/[8cH]þ 8ab/
[8abH]þ

8ac/[8acH]þ 8bc/
[8bcH]þ

lmax (nm) 442/554 450/
533

493/570 446/529 471/544 474/566

IP 480 484 512 485 503 504

Compound 9a/[9aH]þ/
[9aH2]2þ

9b/
[9bH]þ

9c/[9cH]þ/
[9cH2]2þ

9ab/
[9abH]þ

9ac/[9acH]þ/
[9acH2]2þ

9bc/
[9bcH]þ

lmax (nm) 520/644/690 546/
656

567/682/719 532/640 549/659/707 567/
682/719

IP 580 592 633 583 598 606
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1,4-Bis [(E)-1-(4,6,8-trimethylazulen-1-yl)-2-diazenyl]benzene
(9b), brown crystals, m.p. 324 �C. UV–vis (MeOH), lmax (log 3): 236
(4.58), 283 (4.42), 352 (4.09), 420 (4.07), 546 (4.70). UV–vis (DCM),
lmax (log 3): 239 (4.62), 306 (4.41), 354 (4.10), 420 (4.08), 546 (4.68).
UV–vis (DME), lmax (log 3): 231 (4.94), 283 (4.53), 353 (4.19), 419
(4.21), 546 (4.72). 1H-NMR d (ppm): 2.66 (s, 6H, Me(6)), 2.87 (s, 6H,
Me(4)), 3.43 (s, 6H, Me(8)), 7.19 (s, 2H, 50-H and 500-H), 7.32 (s, 2H,
70-H and 700-H), 7.38 (d, 3J¼ 4.8 Hz, 2H, 30-H and 300-H), 7.98 (s, 4H,
phenyl H), 8.18 (d, 3J¼ 5.0 Hz, 2H, 20-H and 200-H). MS [ESI]: 471
[Mþ 1]. Element Anal. Calcd. for C32H30N4: C, 81.76; H, 6.43; N,
11.90. Found: C, 81.68; H, 6.50; N, 11.82.

1,4-Bis [(E)-1-(3,8-dimethyl-5-isopropylazulen-1-yl)-2-dia-
zenyl]benzene (9c), brown crystals, m.p. 330 �C. UV–vis (MeOH),
lmax (log 3): 244 (4.53), 297 (4.37), 347 (4.11), 359 (4.06), 441 (4.17),
569 (4.75). UV–vis (n-hexane), lmax (log 3): 241 (4.60), 296 (4.45),
348 (4.14), 359 (4.44), 429 (4.21), 514 (4.70), 545 (4.77), 581 (4.78).
1H-NMR d (ppm): 1.39 (d, 3J¼ 6.8 Hz, 12H, Me2CH), 2.61 (s, 6H,
Me(3)), 3.08 (hept, 2H, 3J¼ 6.8 Hz, Me2CH), 3.36 (s, 6H, Me(8)), 7.29
(d, 3J¼ 9.9 Hz, 2H, 70-H and 700-H), 7.45 (d, 3J¼ 9.9 Hz, 2H, 60-H and
600-H), 7.96 (s, 4H, phenyl H), 8.12 (s, 2H, 20-H and 200-H), 8.16 (s, 2H,
40-H and 400-H). 13C-NMR d (ppm): 13.05; 24.40; 28.68; 38.09;
123.0; 125.6; 128.8; 131.6; 134.8; 135.4; 135.8; 142.9; 145.7; 148.7;
154.2. MS [ESI]: 527 [Mþ 1]. Element Anal. Calcd. for C36H38N4: C,
82.09; H, 7.27; N, 10.64. Found: C, 81.96; H, 7.37; N, 10.67.

(E)-1-azulen-1-yl-2-{4-[(E)-(4,6,8-trimethylazulen-1-yl)-dia-
zenyl]phenyl}-diazene (9ab), brown crystals, m.p. 195 �C. UV–vis
(MeOH), lmax (log 3): 233 (4.56), 284 (4.43), 411 (4.14), 531 (4.65).
UV–vis (n-hexane), lmax (log 3): 236 (4.52), 284 (4.45), 342 (4.15),
368 (3.96), 405 (4.16), 513 (4.65). 1H-NMR d (ppm): 2.66 (s, 3H,
Me(6)), 2.88 (s, 3H, Me(4)), 3.42 (s, 3H, Me(8)), 7.21 (s, 1H, 5(b)-H),
7.33 (t, 3J¼ 9.6 Hz, 1H, 5(a)-H), 7.34 (s, 1H, 7(b)-H), 7.39 (d,
3J¼ 4.9 Hz, 1H, 3(b)-H), 7.45 (d, 3J¼ 4.3 Hz, 1H, 3(a)-H), 7.46 (t,
3J¼ 9.9 Hz, 1H, 7(a)-H), 7.76 (t, 3J¼ 9.8 Hz, 1H, 6(a)-H), 8.02 (dAB,
3J¼ 7.8 Hz, 2H, m-phenyl H), 8.12 (dAB, 3J¼ 7.8 Hz, 2H, m-phenyl H),
8.19 (d, 3J¼ 4.9 Hz, 1H, 2(b)-H), 8.34 (d, 3J¼ 9.8 Hz, 1H, 4(a)-H), 8.36
(d, 3J¼ 4.7 Hz, 1H, 2(a)-H), 9.37 (d, 3J¼ 9.9 Hz, 1H, 8(a)-H). 13C-NMR
d (ppm): 25.78; 30.19; 118.9; 120.7; 122.4; 123.5; 125.6; 127.0;
127.1; 131.5; 133.8; 136.0; 138.8; 140.0; 144.5; 147.6; 148.3; 150.3;
154.4; 155.0; 155.9. MS [ESI]: 429 [Mþ 1]. Element Anal. Calcd. for
C29H24N4: C, 81.28; H, 5.65; N, 13.07. Found: C, 81.22; H, 5.70; N,
13.08.

(E)-1-azulen-1-yl-2-{4-[(E)-(5-isopropyl-3,8-trimethylazulen-1-
yl)-diazenyl]phenyl}-diazene (9ac) brown crystals, m.p. 192 �C. UV–
vis (MeOH), lmax (log 3): 234 (4.65), 284 (4.55), 419 (4.26), 549
(4.79). UV–vis (n-hexane), lmax (log 3): 236 (4.63), 284 (4.56), 345
(4.21), 368 (4.04), 413 (4.30), 528 (4.80). 1H-NMR d (ppm): 1.39 (d,
3J¼ 6.9 Hz, 6H, Me2CH), 2.62 (s, 3H, Me(3)), 3.09 (hept, 3J¼ 6.9 Hz,
1H, Me2CH), 3.36 (s, 3H, Me(8)), 7.28 (t, 3J¼ 9.5 Hz, 1H, 5(a)-H), 7.29
(d, 3J¼ 10.8 Hz, 1H, 7(c)-H), 7.42 (t, 3J¼ 9.2 Hz, 1H, 7(a)-H), 7.43 (d,
3J¼ 4.8 Hz, 1H, 3(a)-H), 7.44 (d, 3J¼ 10.2 Hz, 1H, 6(c)-H), 7.71 (t,
3J¼ 10.0 Hz, 1H, 6(a)-H), 8.01 (dAB, 3J¼ 8.8 Hz, 2H, m-phenyl H),
8.12 (s, 1H, 4(c)-H), 8.14 (dAB, 3J¼ 8.8 Hz, 2H, m-phenyl H), 8.17 (s,
1H, 2(c)-H), 8.29 (d, 3J¼ 9.2 Hz, 1H, 4(a)-H), 8.36 (d, 3J¼ 4.5 Hz, 1H,
2(a)-H), 9.34 (d, 3J¼ 9.6 Hz, 1H, 8(a)-H). 13C-NMR d (ppm): 13.41;
24.78; 29.05; 38.43; 120.6; 123.3; 123.5; 125.5; 125.9; 126.9; 129.3;
Table 5
lmax in the visible region for the bis azo derivatives with two identical or different
azulenyl moieties (in nC6H14/CH3OH).

Compound 8a 8b 8c 8ab 8ac 8bc
lmax (nm) 433/442 444/450 464/491 437/446 452/470 454/474

Compound 9a 9b 9c 9ab 9ac 9bc
lmax (nm) 503/520 –/546 545/569 513/531 528/549 550/566

The values of log 3 are reported in Section 2.
131.3; 132.3; 135.2; 135.9; 136.0; 136.3; 138.7; 139.1; 139.9; 143.4;
144.4; 144.5; 146.0; 149.1; 154.2; 155.2. MS [ESI]: 457 [Mþ 1].
Element Anal. Calcd. for C31H28N4: C, 81.55; H, 6.18; N, 12.27. Found:
C, 81.52; H, 6.22; N, 12.26.

(E)-1-(4,6,8-trimethylazulen-1-yl)-2-{4-[(E)-(5-isopropyl-3,8-tri-
methylazulen-1-yl)-diazenyl]phenyl}-diazene (9bc), brown crystals,
m.p. 225 �C. UV–vis (MeOH), lmax (log 3): 239 (4.61), 297 (4.42), 354
(4.14), 430 (4.24), 433 (4.24), 555 (4.70). UV–vis (n-hexane), lmax

(log 3): 244 (4.69), 295 (4.54), 353 (4.24), 421 (4.32), 509 (4.75), 534
(4.78), 566 (4.70). 1H-NMR d (ppm): 1.39 (d, 3J¼ 7.1 Hz, 6H, Me2CH),
2.62 (s, 3H, Me(3) or Me(6c)), 2.64 (s, 3H, Me(6c) or Me(3)), 2.86 (s,
3H, Me(4c)), 3.09 (hept, 3J¼ 7.0 Hz, 1H, Me2CH), 3.37 (s, 3H, Me(8b)
or Me(8c)), 3,41 (s, 3H, Me(8c) or Me(8b)), 7.18 (s, 1H, 5(b)-H), 7.29
(d, 3J¼ 10.7 Hz, 1H, 7(c)-H), 7.30 (s, 1H, 7(b)-H), 7.37 (d, 3J¼ 4.8 Hz,
1H, 3(b)-H), 7.44 (dd, 3J¼ 10.2 Hz, 4J¼ 2.0 Hz, 1H, 6(c)-H), 7.97 (s,
4H, phenyl H), 8.13 (d, 4J¼ 2.0 Hz, 1H, 4(c)-H), 8.17 (s, 1H, 2(c)-H),
8.18 (d, 3J¼ 4.8 Hz, 1H, 2(b)-H). 13C-NMR d (ppm): 13.06; 24.41;
25.32; 28.53; 29.75; 38.09; 118.3; 122.1; 123.0; 123.1; 125.6; 128.8;
130.9; 131.7; 133.9; 134.8; 135.4; 135.9; 140.8; 142.9; 145.5; 145.7;
147.1; 147.8; 148.1; 148.7; 149.9; 154.1; 154.4. MS [ESI]: 499 [Mþ 1].
Element Anal. Calcd. for C34H34N4: C, 81.89; H, 6.87; N, 11.24. Found:
C, 81.86; H, 6.88; N, 11.26.

3. Results and discussion

3.1. Diazene synthesis

The bis aromatic diazenes with only one azulene-1-yl moiety
were readily prepared using commercially or easily available 3- and
4-phenylazo-phenylamine which were diazotized and coupled
with azulenes in good yields [1]. Unfortunately, both corresponding
3- and 4-azulen-1-ylazo-phenylamines must be synthesized and
Fig. 1. Mono- and di-protonation of compound 9bc.
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their syntheses raised some problems. It is well known that azulene
is an aromatic hydrocarbon with a reduced nucleophilic reactivity
compared with the benzenoid derivatives. Therefore, these
compounds are smoothly coupled with normal diazonium salts.
However, the reaction does not take place when less reactive dia-
zonium salts are used, for example amino-benzenediazonium salts.
Two routes were used in order to substitute two azulene-1-ylazo
moieties at the benzene ring.

The first synthesis started from the more reactive 3- and 4-
acetylamino-benzenediazonium salts, (Scheme 2) which were able
to couple with azulenes. As described in Table 1, moderate to good
yields of intermediates 4 and 5 after diazotizion (step I) and
Fig. 2. Isosbestic curves of so
coupling (step II) are obtained. Predictably, the meta-isomers, 4, are
obtained in higher yields.

The acylated amines 4 and 5 were hydrolyzed in almost quan-
titative yields to the corresponding anilines 6 and 7 (step III in
Scheme 2) with aqueous hydrochloric acid in dioxane (3 h at 80 �C).
The resulting anilines were diazotized and coupled with azulene
derivatives (step IV) to obtain the bis aromatic diazenes containing
two either identical or different azulenyl moieties, 8a–c and 9a–c or
8ab, ac or bc and 9ab, ac or bc, respectively. As expected, this
second azo coupling occurred in good yields (Table 2) due to the
presence in the diazonium salts of the activating azulenylazo group
with electron withdrawing effect. Small amounts (less than 5%) of
me compounds 8 and 9.
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(azulen-1-yl)-azobenzenes are produced as by-product in this
synthesis probably because of the reducing character of azulenes
which is capable of reducing the diazonium group of the inter-
mediate salt.

The diazotization of 3-nitroaniline and the coupling of the cor-
responding reactive diazonium salts with azulenes represents the
first step of the second route for the syntheses of bis aromatic
diazenes 8 (Scheme 1). 3-Nitroaniline was normally diazotized
with sodium nitrite in the presence of hydrochloric acid and then
coupled with azulenes which were dissolved in methanol using
potassium acetate as a buffer. The 3-nitrophenylazo-1-azulenes, 10,
were reduced with sodium sulfide to the corresponding amines 6
(step V in Scheme 1). Whereas the coupling occurred in good yields,
only moderate yields are obtained for the reduction (Table 3). The
amines 6 followed the steps I and IV for the generation of
compounds 8.

We also attempted the one-step coupling reaction of one mole
of bis diazonium salt (Scheme 3) with two mole of azulenes.
Unfortunately, the resulting yields were not reproducible and the
reaction occurred only for the meta isomer but, even in this case
with low yields (under 20%). Besides, together with compounds 8a
high amount of tar resulted from this reaction.
3.2. UV-vis spectra interpretation

In order to study the influence of azulene moiety on the elec-
tronic spectra for these compounds, we have compared the
absorption maxima of the low energy charge transfer transitions of
the synthesized compounds 8 and 9 with those of bis azo deriva-
tives 1(m) and 1(p) which contain only one azulene moiety in the
molecule. In the aim to establish if a solvatochromic effect can be
encountered for these compounds, the absorption maxima, both in
polar and non-polar media, were determined (Table 4). The visible
absorption maximum for the compounds mentioned above is well
defined and it has a high molar extinction coefficient (L4 band); the
values for the other bands of the compounds 8 and 9 are included in
Section 2.

From Table 4 it is apparent that there are not any significant
differences between the absorption bands in the visible region for
meta-substituted derivatives, 3(m), 1(m) and 8a. This means that
only the presence of the new chromophore in the molecule, namely
azulene, does not induce the proposed bathochromic shift.
However, the magnitude of the bathochromic displacement by
introduction of azulene in the molecule is very high for the para-
derivatives. Thus, this displacement increases in series 3(p):
445 nm, 1(p): 469 nm, 9a: 520 nm. We have already explained the
difference of 24 nm observed between compounds 3(p) and 1(p),
Table 7
Colors of the azulenic dyes in ethanol 96% and the pKa values.

Compound Color pKa

In neutral medium In acidic medium

8a Yellow Brick red color 1.99
8b Yellow Brick red color 2.35
8c Yellow-orange Purple 2.96
8ab Yellow-orange Brick red color 2.50
8ac Yellow-orange Dark purple 3.12
8bc Yellow Dark violet 2.77
9a Red-violet Green-blue 1.91
9b Violet Green-blue 2.35
9c Violet Green-blue 3.03
9ab Red-violet Green-blue 2.51
9ac Light violet Green-blue 3.19
9bc Violet Light blue 2.88
therefore it remains to understand how the structure of bis azo
compound 9a determines the dramatic bathocromic shift of 52 nm
as compared to compounds 1(p) and of 75 nm comparing to 3(p).

The para-substitution contributes to an extended conjugation
which involves the phenyl moiety and, it also implies the contri-
bution of the quinoidal structures of type D (Scheme 4; the rep-
resented compound is 9a) which is important in the ground state
(also structure E can be taken into account). Supplementary to this,
the presence of two azulenyl groups in the molecule favors the
structure C with two tropylium moieties in the same molecule
which fails in the case of the compounds 1(p). Additionally, the
pairs of structures B, D and E (as an alternative to the structures
described in Scheme 4 with the negative charge placed at the
nitrogen near the other azulenyl group) contribute to the ground
state of compounds 9. All of these structural features contribute to
the dramatic bathochromic effect encountered for these
compounds.

The increase in bathochromic displacement in series 9a, 9b and
9c is produced by the inductive effect of the alkyl groups that
stabilize the positive tropylium charge. Generally, in all
compounds, the bathochromic influence of guaiazulenyl group(s) is
substantially higher than that of trimethylazulenyl(s).

It is interesting to remark that the lmax in the visible region for
the bis azo derivatives which contain two different azulenyl
moieties (Table 5) is placed between the values observed for
compounds with the same azulenyl moieties, e.g. 433/442 for 8a,
437/446 for 8ab and 444/450 for 8b or 503/520 for 9a, 528/549 for
9ac and 545/569 for 9c.

Comparing the values of lmax for the electronic spectra recorded
in n-hexane and in methanol, for both compounds 8 and 9, only
a small solvatochromic response was observed (Table 4). Despite
the extended conjugation for the para isomers, the expected high
solvatochromic effect was not observed. An explanation of this can
be given by the strong contribution of the symmetrical structures C
(Scheme 4) to the ground state that is only little influenced by
increasing the medium polarity.

The bathochromic effect shown by compounds 1(m) upon
protonation exceeds the effect presented for compounds 1(p). We
have explained this difference by the important contribution of
the electronic structure B or D (see Scheme 4) which changes
only a little upon protonation. Conversely, upon protonation, the
bathocromism of compounds 9 surpasses that of compounds 8.
That seems also to confirm the important contribution of the
structure C on the ground state of the compounds 9. Thus, after
protonation, the structure CHþ (Scheme 4) remains with an
electronic distribution with a dipolar structure comparable with
either B or D, with a tropylium moiety. According to two level
model [3], this structure decreases the gap between the HOMO
and LUMO. In strong acidic media, obtained by addition of
concentrated sulfuric acid, the second protonation take places
leading to blue dyes.

Table 7 contains the color of the compounds 8 and 9 in neutral
and in acidic media as well as the pKa values.

The obtained isosbestic points (Table 6 and Figs. 1 and 2) offered
the possibility to calculate the pKa values [17] for the synthesized
compounds shown in Table 7. It is difficult to establish a rule for the
interdependency between the obtained pKa values and the struc-
ture of the investigated compounds. It is possible that numerous
factors contribute to the basicity of the neutral bis aromatic dia-
zenes with two azulenyl moieties.

4. Conclusions

The syntheses of 1,3- and 1,4-bis (azulen-1-yl-azo)benzenes, 8
and 9, were accomplished in good yields by the coupling reaction



A.C. Razus et al. / Dyes and Pigments 82 (2009) 216–225 225
between 3- or 4-(azulen-1-ylazo)-phenylamines and another azu-
lene. The two azulene units in the molecules were unsubstituted or
substituted with alkyl groups and were either identical or different.
Both the influence of the location of the azulene unit in the mole-
cule and of the substitution of these groups on the electronic
spectra was compared with the influence of these factors on the
monoazulenyl bis azo derivatives. Examination of the visible
spectra of compounds 8 and 9 in solvents with different polarities
showed that these compounds display only minor solvatochrom-
ism. The isosbestic points were recorded and the resulting pKa of
their conjugated acid proved the weak basicity of bis (azulen-1-yl-
azo)benzenes. Our results also indicated that on using concentrated
sulfuric acid double protonation of the compounds 8 and 9 takes
place.
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