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Abstract. The tetrazole-5-diazonium salt, obtained by diazotizing 5-aminotetrazole in strong acid 

solution, was coupled with azulenes in the presence of pyridine to produce 5-(azulen-1-

yldiazenyl)tetrazoles in good yields. The tetrazole moiety was monoalkylated in 1- and in 2- position 

using dimethyl sulfate for methylation and benzyl bromide for benzylation. The excess of alkylating 

agent generated in small amount tetrazole dialkylated salts. The synthesized compounds were 

characterized and some of their properties have been investigated, such as optical, magnetical and 

electrical. 
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1.Introduction  
Since 1885 when Bladin synthesized 1-phenyl-5-cyanotetrazole [1], the first 5-membered 

heterocycle containing 4 nitrogen atoms, there has been a continuing interest in compounds containing 

this system in the molecule and a number of exhaustive reviews were published over time [2-5].  

The fruitful utility in medicinal chemistry as biologically active compounds of tetrazole products, 

[4,6,7] as well as its technical uses, have also stimulated the development of their synthesis. Much 

attention has been paid to the study of the physicochemical properties of tetrazoles, mainly for their 

remarkable reactivity observing many peculiarities of tetrazole system such as its charge distribution 

over its substituted derivatives that influence the reactions routes. The substitution of carbon or 

nitrogen atom in the heterocycle was thoroughly studied [8,9] as well as the possibility to build 

complexes [10,11] and salts with metals [12]. Another goal of researchers has been the study of 

diazenes containing the tetrazole system. The preparation of these compounds has begun since 1898, 

when Thiele synthesized azotetrazole and substituted tetrazole diazenes with 4-(dimethylamino)phenyl 

and β-naphthyl [13]. Salts of azotetrazole dianion with protonated nitrogen bases such as guanidinium 

are gas generators with the potential use in air bags, systems for extinguishing fire or as an additive in 

solid rocket propellants [14,15]. Carefully attention has also been given to salts of azotetrazole with 

metals [5,11,12,16-18]. 

The synthesis of azotetrazoles occurred by the oxidation of 5-aminotetrazole with potassium 

permanganate [19,20], by treating N-R-5-aminotetrazole (R = Me, Ph, tBu) with N-bromosuccinimide 

(NBS) and azoisobutyronitrile (AIBN) in CH2Cl2 or MeCN [21] or by adding the amine to an aqueous 

acidic solution of sodium dichloroisocyanurate [22]. The diazenes with tetrazole and other substituent 

at nitrogen double bond were obtained by diazotization of aminotetrazole followed by coupling, with 

reasonable yields, between the diazoium salt and a suitable molecule at low temperature [23-25]. 

Although azulene has a weak nucleophilic character, it is enough reactive to interact with diazonium 

salts to produce diazenes. The reaction takes place regiospecifically at the azulene position 1(3), which 

has the highest electron density. Since the first azo-azulene obtained by Anderson Jr. [26], a large 

number of azulenes were obtained and a brief review of this class of compounds was recently 

published [27]. Our team has been concerned with the study of the synthesis and properties of diazenes 
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with an azulene ring, unsubstituted or substituted with various aryl or heteroaryl groups, attached to 

azo bond (Scheme 1) [27]. In this context, it seemed interesting to study the diazenes with azulen-1-yl 

and tetrazol-5-yl systems attached at the azo bond. Supplementary, due to the involvement of the 

azulene moieties in several biologically active compounds [28], we considered that new such 

compounds with both azulene and tetrazole moieties in the same molecule could be of interest. 

 
Scheme 1. Azulenes azocoupling 

 

2. Materials and methods  
Materials 

Melting points (uncorrected) were measured with Kofler apparatus (Reichert Austria).  Elemental 

analyses were performed using a Perkin Elmer CHN 240B analyzer. UV spectra were performed using 

lar extinction, ε, in M-1 cm-

1 units). 1H and 13C NMR: Bruker Avance DRX4 (1H: 400 MHz, 13C: 100.62 MHz) and Gemini 300 

(1H: 300 MHz, 13C: 75.47 MHz), in CDCl3 or dimethylsulfoxide-d6 (DMSO-d6); TMS was used as 

internal standard in CDCl3; several signals were assigned based on COSY, HETCOR and HMBC 

experiments. All compounds resulted as (E) isomers. Mass spectra: Varian 1200L Triple Quadrupole 

LC/MS/MS spectrometer by direct injection in ESI. For column chromatography, silica gel 60 or 

alumina [II-III Brockmann grade, 70e230 mesh ASTM] were used. The dichloromethane (DCM) was 

distilled over CaH2 and the ether was stored over sodium. Acetonitrile (CH3CN) and tetrabutyl-

ammonium perchlorate (TBAP) from Fluka were used as received for solvent and supporting 

electrolyte. The electrochemical experiments were carried out using a potentiostat PGSTAT 12 

AUTOLAB connected to a three-electrode cell. The working electrode was a glassy carbon electrode 

from Metrohm (diameter of 3 mm). Its active surface was polished before each determination with 

diamond paste and was cleaned with the solvent. A platinum wire was used as auxiliary electrode, and 

the reference electrode was dependent on the solvent (Ag/Ag+ in acetonitrile or Ag/AgCl in water). 

The electrochemical characterization of ligand was performed in 0.1M TBAP, CH3CN. Ag/ 10mM 

AgNO3, 0.1M TBAP, CH3CN was used as reference electrode. The applied potential was finally 

referred to the potential of the ferrocene/ferrocenium redox couple (Fc/Fc+) which in our experimental 

conditions was -0.1V. Differential pulse voltammetry (DPV) curves were recorded at 0.01V/s with a 

pulse height of 0.025 V and a step time of 0.2 s. The anodic and cathodic DPV scans have been 

recorded starting from the stationary potential. 

 

Diazotization and coupling 

5-Aminotetrazole (210 mg, 2 mmol) was dissolved in sulfuric acid 30% (5 mL) and cooled at 0 oC. 

At this solution a solution of NaNO2 (140 mg, 2.03 mmol) in water (1.4 mL) was added and the 

resulted solution was kept with stirring at 0 oC for 15 minutes to generate the diazonium salt. This salt 

was added to a cooled solution of the azulene derivative (2 mmols) in ethanol (8 mL) and pyridine (3.4 
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mL) and stirred at 0 oC. After stirring for 3 hours, the reaction mixture was diluted with water and 

acetic acid was added followed by the extraction with DCM. The organic layer was washed with water 

and was dried on Na2SO4. The solvent was evaporated at room temperature to near dryness. Petroleum 

ether was then added and the precipitated organic compound was filtered on a Buchner funnel. The 1H-

NMR spectrum allowed to estimate the yields reported in Scheme 2. For getting a pure analytical 

sample of compounds 1a-1e, small amount was chromatographed on silica gel using DCM-MeOH 

(alcohol 0 % to 30 %). (Caution! Random, decomposition with nitrogen release took place when 

higher amount of material was placed on chromatography column). The solvent elimination was 

carried out at room temperature or bellow to prevent the products decomposition.  

 

Tetrazole benzylation 

Azulen-1-yldiazenyl tetrazole, 1a, (122 mg, 0.5 mmol) was treated with a solution of NaOH (20 

mg, 0.5 mmol) in ethanol (1 mL) and water (0.5 mL) and then benzyl bromide (171 mg, 1 mmol) was 

added. The reaction mixture was stirred over night at room temperature. Then DCM and water were 

added and a small amount of acetic acid needed to transfer the organic material to solvent. The crude 

mixture was analyzed on mass spectroscopy and was proved a mixture of mono and bis benzylated 

compounds. However, after chromatography on alumina only a brown-reddish material was obtained 

proved to be a mixture of 2- and 3-benzylated diazenes, 2(PhCH2) and 3(PhCH2). The repeated column 

chromatography on silica gel column using DCM-MeOH (increasing amounts of alcohol) as eluent 

allowed to obtain the diazene 2(PhCH2) as pure product. With five times excess of benzyl bromide a 

small amount of monobenzylated compounds were obtained alongside with dibenzylated products 5 as 

bromide. The last products were obtained individually in very small amounts after repeated column 

chromatography and were characterized by mass and 1H-NMR spectra and elemental analysis. All 

solvent elimination was performed at room temperature. 

 

Tetrazole methylation 

Azulen-1-yldiazenyl tetrazole, 1a, (244 mg, 1 mmol) was reacted with dimethyl sulfate (2 mL) 

during 24 hours and then treated with a little ammonia solution. The mixture was poured in water (50 

mL) and methanol (2 mL) and some acetic acid was added. The organic layer was washed with water 

to remove the unreacted methyl sulfate, which decompose on column. The organic layer was dried on 

Na2SO4 and finally was concentrated to dryness in vacuum at room temperature. The reaction mixture 

was separate on a silica gel column (Caution! partial decomposition with nitrogen generation was 

random observed especially if methyl sulfate was still present). The first brown colored fraction, eluted 

with DCM was the mixture of mono methylated diazenes, 1Me and 2Me, then, with a mixture of 

DCM-MeOH (90 %-10 %), was eluted the starting material, 1a. Increasing the amount of methanol, 

the dimethylated diazene 8 as methyl sulfate salt was obtained. 

  

Interaction with metals 

a) Reaction with Ag+. To the solution of azulen-1-yldiazenyl tetrazole, 1a, 50 mg (0.220 mmol) in 

22 mL DCM was added solid AgNO3 38 mg (0.220 mmol) and 22 mL NaOH solution 1 N (0.22 

mmol) and the mixture was vigorously mixed  1 h at room temperature. The solvent was partially 

evaporated and 50 mL water was added to dissolve the unreacted silver nitrate. The precipitate formed 

was filtered and resulted 217 mg solid, which was analyzed using mass spectrometry. 

b) Metal dosing. Azulen-1-yldiazenyl tetrazole, 1a, 0.200 mg (0.752 mol) was dissolved in DCM 

(25 mL) leading to a brick-red solution 3*10-5 M. To this ligand solution, a DCM solution of 

Fe(ClO4)2 3*10-3M is added gradually observing the color modification from brick-red to yellow-

orange and finally yellow or even yellow-green. First are added 2.5 mL (10 eq.) and then the amounts 

described in Figure 1 (15, 20, 25 eq., etc.). In the case of Fe(ClO4)3 a similar procedure was used by 

adding a 3*10-3 M and the amounts are presented in the same table. The color variation is similar. 
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Products characterization 

 (E)-5-(Azulen-1-yldiazenyl)-1H-tetrazole, 1a. Brown crystals, m.p. 242 oC. UV-Vis, λmax (lg ɛ): 

226 (4.35), 273 (4.06), 295 (4.12), 336 (4.03), 433 (4.34) nm. 1H-NMR (DMSO-d6), δ (ppm): 7.66 (d, 
3J = 4.7 Hz, 1 H, 3-H), 7.76 (t, 3J = 9.6 Hz, 1 H, 5-H), 7.87 (t, 3J = 9.8 Hz, 1 H, 7-H), 8.14 (t, 3J = 9.7 

Hz, 1 H, 6-H), 8.37 (d, 3J = 4.7 Hz, 1 H, 2-H), 8.71 (d, 3J = 9.3 Hz, 1 H, 4-H), 9.44 (t, 3J = 9.6 Hz, 1 H, 

8-H). 13C-NMR (DMSO-d6), δ (ppm): 123.2, 124.5, 127.3, 131.0, 131.1, 136.3, 140.8, 142.1, 143.8, 

146.4, 164.7. IR (neat): 742.5, 755.8, 771.8, 788.0, 878.9, 1016.4, 1037.6, 1053.8, 1100.4, 1115.1, 

1125.4, 1125.4, 1164.1, 1217.9, 1254.5 M, 1314.3, 1328.4, 1360.3, 1404.9, 1416.2, 1442.1, 1454.8, 

1487.9, 1533.7, 1573.5 cm-1. MS [ESI]: 225 [M+1]. Calc. for C11H8N6: C, 58.92; H, 3.60; N, 37.48. 

Found: C, 58.91; H, 3.62; N, 37.47. 

(E)-5-((4,6,8-Trimethylazulen-1-yl)diazenyl)-1H-tetrazole, 1b. Brown crystals, m.p. 275 oC (dec).  

UV-Vis, λmax (lg ɛ): 234 (4.36), 256sh (4.23), 315 (4.14), 332 (4.07), 334 (4.07), 336 (4.07), 435 (4.34) 

nm. 1H-NMR (DMSO-d6), δ (ppm): 2.66 (s, 3 H, Me), 2.85 (s, 3 H, Me), 3.23 (s, 3 H, Me), 7.46 (d, 3J 

= 4.9 Hz, 1 H, 3-H), 7.60 (s, 1 H, 5-H), 7.67 (s, 1 H, 7-H), 7.99 (d, 3J = 4.9 Hz, 1 H, 2-H). 13C-NMR 

(DMSO-d6), δ (ppm): 25.05, 27.93, 29.12, 120.7, 121.5, 134.6, 136.6, 136.7, 143.4, 148.0, 149.5, 

150.7, 151.1, 165.6. IR (neat): 700.3, 725.7, 749.6, 803.8, 860.5, 875.8, 930.1, 1036.1, 1051.7, 1077.3, 

1109.8, 1191.1, 1208.9, 1234.4, 1285.6 M, 1354.6, 1370.3, 1388.2, 1440.6, 1498.4, 1547.8, 1581.4, 

1622.0, 2965.4, 2983.9, 3098.7 cm-1. MS [ESI]: 267 [M+1]. Calc. for C14H11N6: C, 63.14; H, 5.30; N, 

31.56. Found: C, 63.15; H, 5.31; N, 31.55. 

(E)-5-((5-Isopropyl-3,8-dimethylazulen-1-yl)diazenyl)-1H-tetrazole 1c. Black crystals, m. p. 303 
oC. UV-Vis, λmax (lg ɛ): 231 (4.37), 253 sh(4.28), 311 (4.08), 313 (4.08), 347 (4.05), 350 (4.02), 471 

(4.35) nm. 1H-NMR (DMSO-d6), δ (ppm): 1.29 (d, 3J = 6.9 Hz, 6-H, CHMe), 2.47 (s, 3 H, Me), 3.13 

(sept, 1 H, CHMe), 3.14 (s, 3 H, Me), 7.61 (d, 3J = 10.7 Hz, 1 H, 7-H), 7.74 (d, 3J = 11.0 Hz, 1 H, 6-

H). 13C-NMR (DMSO-d6), δ (ppm): 12.79, 23.95, 28.11, 37.36, 124.6, 131.3, 136.0, 136.3, 137.9, 

138.7, 145.2, 145.8, 150.2, 150.4, 164.4. IR (neat): 437.2, 629.2, 823.5, 851.4, 870.2, 937.5, 967.3, 

1037.0, 1101.1, 1164.7, 1232.4, 1262.1 M, 1340.9, 1389.2, 1403.8, 1433.2, 1500.4, 1552.7, 1585.3, 

1618.1, 2073.2, 2337.9, 2964.2 cm-1. MS [ESI]: 295 [M+1]. Calc. for C16H18N6: C, 65.29; H, 6.16; N, 

28.55. Found: C, 65.27; H, 6.17; N, 28.56. 

(E)-5-((6-Tert-butyl-4,8-dimethylazulen-1-yl)diazenyl)-1H-tetrazole, 1d. Brown crystals, m. p. 287 
oC (dec). UV-Vis, λmax (lg ɛ): 234 (4.32), 262sh (4.18), 314 (4.13), 334 (4.04), 341 (4.03), 435 (4.30) 

nm. 1H-NMR (DMSO-d6), δ (ppm): 1.47 (s, 9 H, CMe3), 2.95 (s, 3 H, Me), 3.33 (s, 3 H, Me), 7.50 (d, 
3J = 5.0 Hz, 1 H, 3-H), 7.83 (s, 1 H, 5-H), 7.92 (s, 1 H, 7-H), 8.05 (d, 3J = 5.0 Hz, 1 H, 2-H). 13C-NMR 

(DMSO-d6), δ (ppm): 25.65, 29.66, 31.42, 39.03, 120.6, 122.2, 131.5, 133.6, 136.9, 143.8, 147.8, 

149.5, 151.1, 162.1, 165.5. IR (neat): 728.1, 799.2, 876.2, 919.9, 1045.7, 1072.7, 1117.8, 1206.0, 

1234.8, 1275.4 M, 1318.3, 1365.9, 1386.6, 1438.9, 1495.3, 1527.9, 1576.2, 2964.2, 3115.9 cm-1. MS 

[ESI]: 309 [M+1]. Calc. for C17H20N6: C, 66.21; H, 6.54; N, 27.25. Found: C, 66.22; H, 6.52; N, 27.26.  

 (E)-5-((6,8-Dimethyl-3,4-dihydrocyclopenta[cd]azulen-1-yl)diazenyl)-1H-tetrazole,1e. Brown 

crystals, m. p. 292 oC. UV-Vis, λmax (lg ɛ): 233, 250sh, 296, 321, 348, 473 nm. 1H-NMR (DMSO-d6), δ 

(ppm): 2.57 (s, 3 H, Me), 3.01 (s, 3 H, Me), 3.10-3.12 (m, 2 H, Et), 3.56-3.59 (m, 2 H, Et), 7.36 (bs, 1 

H, 5-H), 7.37 (d, 3J = 4.9 Hz, 1 H, 2-H), 7.43 (bs, 1 H, 7-H). 13C-NMR (DMSO-d6), δ (ppm): 24.78, 

26.20, 28.49, 38.87, 112.0, 125.7, 128.5, 131.7, 135.7, 145.2, 150.3, 151.3, 152.3, 152.4, 159.1, 164.2. 

IR (neat): 539, 589, 650, 683, 712, 845, 982, 1028, 1100, 1131, 1184, 1229, 1264, 1351, 1412, 1444, 

1471, 1499, 1572, 1590, 2018, 2095, 2173, 2200, 2333, 2363, 2728, 2913, 3065, 3383 cm-1. MS [ESI]: 

279 [M+1]. Calc. for C15H14N6: C, 64.73; H, 5.07; N, 30.20. Found: C, 64.70; H, 5.09; N, 30.21. 

 (E)-5-(Azulen-1-yldiazenyl)-2-benzyl-2H-tetrazole, 2(PhCH2). Brown crystals, m. p. 134 oC. UV-

Vis, λmax (lg ɛ): 224 (4.39), 284 (4.02), 291 (4.11), 337 (4.11), 433 (4.54) nm. 1H-NMR (acetone-d6), δ 

(ppm): 6.01 (s, 2 H, PhCH2), 7.42 (t, 3J = 7.9 Hz, 2 H, 3’-H, 5’-H), 7.44 (t, 3J = 7.9 Hz, 1 H, 4’-H), 

7.51 (bd, 3J = 7.9 Hz, 2 H, 2’-H, 6’-H), 7.59 (d, 3J = 4.7 Hz, 1 H, 3-H), 7.67 (t, 3J = 9.6 Hz, 1 H, 5-H), 

7.78 (t, 3J = 9.8 Hz, 1 H, 7-H), 8.05 (t, 3J = 9.7 Hz, 1 H, 6-H), 8.26 (d, 3J = 4.6 Hz, 1 H, 2-H), 8.64 (d, 
3J = 9.3 Hz, 1 H, 4-H), 9.35 (t, 3J = 9.8 Hz, 1 H, 8-H). 13C-NMR (acetone-d6), δ (ppm): 57.43, 122.1, 
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125.3, 129.0, 129.2, 129.3, 129.5, 129.8, 136.3, 137.4, 140.4, 141.6, 148.7, 149.4, 172.4. IR (neat): 

562, 580, 686, 701, 727, 746, 782, 1010, 1043, 1216, 1261, 1310, 1325, 1357, 1413, 1432, 1450, 1439, 

1493, 1572, 1724, 2027, 2048, 2180, 2333, 2362, 3032 cm-1. MS [ESI]: 315 [M+1]. Calc. for 

C18H14N6: C, 64.73; H, 5.07; N, 30.20. Found: C, 64.72; H, 5.07; N, 30.21.  

 (E)-5-(azulen-1-yldiazenyl)-1-benzyl-1H-tetrazole, 1(PhCH2). 
1H-NMR (acetone-d6), δ (ppm): 

5.99  (s, 2 H, PhCH2), 7.35-7.50 (m, 4 H, 3’-H, 4’-H, 5’-H), 7.55 (bd, 3J = 7.9 Hz, 4 H, 2’-H, 6’-H), 

7.66 (d, 3J = 4.7 Hz, 1 H, 3-H), 7.78 (t, 3J = 9.6 Hz, 1 H, 5-H), 7.85 (t, 3J = 9.8 Hz, 1 H, 7-H), 8.13 (t, 3J 

= 9.7 Hz, 1 H, 6-H), 8.39 (d, 3J = 4.6 Hz, 1 H, 2-H), 8.68 (d, 3J = 9.3 Hz, 1 H, 4-H), 9.31 (t, 3J = 9.8 

Hz, 1 H, 8-H). In mixture with 2(PhCH2). 

 (E)-5-(Azulen-1-yldiazenyl)-2,3-dibenzyl-2H-tetrazol-3-ium bromide, 5(2,3). 1H-NMR (acetone-

d6), δ (ppm): 6.21 (s, 4 H, 2 PhCH2), 7.45 (t, 3J = 7.9 Hz, 4 H, 3’-H, 5’-H), 7.42 (t, 3J = 7.9 Hz, 2 H, 4’-

H), 7.63 (bd, 3J = 7.9 Hz, 4 H, 2’-H, 6’-H), 7.95 (d, 3J = 4.7 Hz, 1 H, 3-H), 8.26 (t, 3J = 9.6 Hz, 1 H, 5-

H), 8.33 (t, 3J = 9.8 Hz, 1 H, 7-H), 8.51 (t, 3J = 9.7 Hz, 1 H, 6-H), 8.47 (d, 3J = 4.7 Hz, 1 H, 2-H), 8.99 

(d, 3J = 9.3 Hz, 1 H, 4-H), 9.39 (t, 3J = 9.8 Hz, 1 H, 8-H). MS [ESI]: 406 [M++1].  

 (E)-5-(Azulen-1-yldiazenyl)-1,3-dibenzyl-1H-tetrazol-3-ium bromide, 5(1,3). 1H-NMR (acetone-

d6), δ (ppm): 5.99 (s, 2 H, PhCH2N), 6.16 (s, 2 H, PhCH2N
+), 7.30-7.38 (m, 6 H, 3’-H, 3”-H, 5’-H, 5”-

H), 7.42 (t, 3J = 7.9 Hz, 2 H, 4’-H), 7.43 (bd, 3J = 7.9 Hz, 4 H, 2’-H, 6’-H), 7.60 (d, 3J = 4.7 Hz, 1 H, 3-

H), 7.66 (t, 3J = 9.6 Hz, 1 H, 5-H), 7.84 (t, 3J = 9.8 Hz, 1 H, 7-H), 8.05 (t, 3J = 9.7 Hz, 1 H, 6-H), 8.33 

(d, 3J = 4.7 Hz, 1 H, 2-H), 8.64 (d, 3J = 9.3 Hz, 1 H, 4-H), 9.20 (t, 3J = 9.8 Hz, 1 H, 8-H). MS [ESI]: 

406 [M++1]. 

 (E)-5-(Azulen-1-yldiazenyl)-1,4-dibenzyl-1H-tetrazol-4-ium bromide, 5(1,4). 1H-NMR (DMSO-

d6), δ (ppm): 6.03 (s, 4 H, 2 PhCH2), 7.42 (t, 3J = 7.3 Hz, 2H, 4’-H), 7.43 (t, 3J = 7.3 Hz, 4H, 3’-H, 5’-

H), 7.53 (d, 3J = 7.3 Hz, 4H, 2’-H, 6’-H), 7.94 (d, 3J = 5.0 Hz, 1 H, 3-H), 8.33 (d, 3J = 4.9 Hz, 1 H, 2-

H), 8.33 (t, 3J = 9.6 Hz, 1 H, 5-H), 8.39 (t, 3J = 9.8 Hz, 1 H, 7-H), 8.54 (t, 3J = 9.7 Hz, 1 H, 6-H), 8.88 

(d, 3J = 9.3 Hz, 1 H, 4-H), 8.98 (t, 3J = 9.8 Hz, 1 H, 8-H). MS [ESI]: 406 [M++1].  

 (E)-5-(Azulen-1-yldiazenyl)-1-methyl-1H-tetrazole, 1Me. Brown crystals, m. p. 198 C. UV-

Vis, λmax (lg ɛ): 222 (4.35), 295 (4.12), 339 (4.03), 448 (4.36) nm. 1H-NMR (CDCl3), δ (ppm): 4.33 (s, 

3 H, Me), 7.50 (d, 3J = 5.1 Hz, 1 H, 3-H), 7.61 (t, 3J = 9.6 Hz, 1 H, 5-H), 7.72 (t, 3J = 9.8 Hz, 1 H, 7-

H), 7.95 (t, 3J = 9.7 Hz, 1 H, 6-H), 8.32 (d, 3J = 4.6 Hz, 1 H, 2-H), 8.46 (d, 3J = 9.3 Hz, 1 H, 4-H), 9.45 

(t, 3J = 9.8 Hz, 1 H, 8-H). 13C-NMR (CDCl3), δ (ppm): 34.40, 122.9, 125.6, 127.3, 130.4, 130.8, 136.9, 

139.7, 141.1, 144.4, 148.8, 164.7. MS [ESI]: 239 [M+1]. Calc. for C12H10N6: C, 60.50; H, 4.23; N, 

35.27. Found: C, 60.52; H, 4.25; N, 35.23.  

 (E)-5-(Azulen-1-yldiazenyl)-2-methyl-1H-tetrazole, 2Me. 1H-NMR (CDCl3), δ (ppm): 4.46 (s, 3 H, 

Me), 7.47 (d, 3J = 5.1 Hz, 1 H, 3-H), 7.52 (t, 3J = 9.6 Hz, 1 H, 5-H), 7.57 (t, 3J = 9.8 Hz, 1 H, 7-H), 

7.87 (t, 3J = 9.7 Hz, 1 H, 6-H), 8.41 (d, 3J = 4.6 Hz, 1 H, 2-H), 8.42 (d, 3J = 9.3 Hz, 1 H, 4-H), 9.45 (t, 
3J = 9.8 Hz, 1 H, 8-H).In mixture with 3Me. 

 (E)-5-(Azulen-1-yldiazenyl)-1,4-dimethyl-1H-tetrazol-1-ium methylsulfate, 6. Brown crystals m. p. 

190 C (dec). UV-Vis, λmax (lg ɛ): 219 (4.64), 247 (4.15), 308 (3.94), 328 (3.91), 517 (4.39) nm. 1H-

NMR (DMSO-d6), δ (ppm): 4.36 (s, 6 H, Me), 7.94 (d, 3J = 5.1 Hz, 1 H, 3-H), 8.33 (d, 3J = 4.6 Hz, 1 

H, 2-H), 8.36 (t, 3J = 9.6 Hz, 1 H, 5-H), 8.43 (t, 3J = 9.8 Hz, 1 H, 7-H), 8.57 (t, 3J = 9.7 Hz, 1 H, 6-H), 

9.00 (d, 3J = 9.3 Hz, 1 H, 4-H), 9.41 (t, 3J = 9.8 Hz, 1 H, 8-H). MS [ESI]: 253 [M++1]. Calc. for 

C14H16N6O4S: C, 46.15; H, 4.43; N, 23.06. Found: C, 46.12; H, 4.45; N, 23.03.  

 

3. Results and discussions  
Syntheses 

Diazotization and coupling. The diazotization of 5-aminotetrazole takes place under -10 oC and 

large excess of sulfuric or phosphoric acid [21-23] was used in the aim to prevent the possible 

explosion (Caution! in concentrate solutions it can decompose violently). For the subsequent coupling, 

azulenes were dissolved in a mixture of pyridine and alcohol and treated at 0 oC with the above 

obtained solution of the diazonium salt. 5-substituted tetrazoles unsubstituted at nitrogen atoms, can 
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exist in two tautomeric forms, which are in equilibrium in solutions as shown in Scheme 3. As will be 

outlined below, the generated diazenes have a tendency to ionize both in basic and in acidic medium 

giving salts, which are soluble in the aqueous medium. Therefore, for access to the reaction product, 

the reaction mixture was diluted with water, then acetic acid was added and the product was extracted 

with methylene chloride (DCM). Acidulation afforded a buffered acetic acid/acetate medium; the 

compounds reach their isoelectric point and become less soluble in water and more soluble in organic 

solvents. For a further purification, small samples were chromatographed on silica gel using DCM-

MeOH with increasing amount of alcohol (0-30%). Unfortunately, the chromatography occurs with 

partial products degradation, especially if the column is longer. (Random, decomposition with nitrogen 

release took place when a higher amount of material was placed on chromatography column). The 

solvent elimination was carried out at room temperature or bellow to prevent the products 

decomposition. The generality of the sequence diazotization-coupling and the good resulted yields 

were highlighted using different azulenes (Scheme 2). 

 

 
 

Scheme 2. Diazotization of 5-aminotetrazole and azocoupling of  

diazonium salt with azulenes 

  

Tetrazole alkylation. The 5-aminotetrazoles supplementary substituted with alkyl or aryl by 

treatment with sodium nitrite generates nitrosamines and therefore the azo coupling reaction fails [29]. 

Therefore, tetrazole diazenes with alkyl at heterocyclic nitrogen can be obtained only by alkylation. 

One of the most important properties of the tetrazole system results from its aromatic π-electronic 

system and the lone pair on each nitrogen. Thus, this heteroaromatic ring can be protonated, 

functionalized or coordinated. One of the most studied reactions was the alkylation of this system and 

several data were provided about the alkylation of azotetrazole [4,8,9,12]. The starting materials for 

this reaction can be the neutral azotetrazole, its salts or even complexes with different metals. It is 

known that the electrophile alkylations of 5-substituted tetrazoles are not selective and occur at the 

position 1 and/or 2 [8,9].  

There are many examples leading to the idea that increasing the electron-withdrawing properties of 

substituent at position 5 favors the formation of isomer 2-substituted rather than that 1-substituted [6]. 

In this regard, the results reported by Efimova on the methylation of 5-phenyltetrazoles with dimethyl 

sulfate are interesting [30,31]. Whereas in the presence of trimethylamine the ratio between the 

obtained 1- and 2- methyl isomers in different solvents varied in the range 0.31-0.38, in excess of 

dimethyl sulfate without basic amines reaction led to an equimolecular mixture of isomers. The 

equimolar isomers ratio gave also the benzylation of 5-benzyltetrazole [32]. At the alkylation of 5-

(azulen-1-yldiazenyl)tetrazoles also resulted 1- and 2- substituted isomers with a ratio between them 

influenced by the alkylating agent and reaction conditions (Scheme 3). The electron donor ability of 

azulen-1-yl moiety seems to have little influence on the products ratio but more significant on the 

yields.  
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Scheme 3. Alkylation of 5-(azulen-1-yldiazenyl)tetrazole 

 

The benzylation of diazene was realized using the common alkylation in alkaline medium. The 

intermediate tetrazolate anions 4 (Scheme 4) was treated in situ with excess of benzyl bromide. The 

electron donor effect of azulen-1-yl moiety decreases in some extent the acidity of compounds 1 and 

hinders the generation of intermediate 4 thus lowering the yield of benzylation. By the acidulation 

(acetic acid), a buffered medium was also achieved in the aim to decrease the solubility in water of 

products. Because a good separation between the benzylated products 2(PhCH2) and 3(PhCH2) failed 

and only the major compound 2(PhCH2) could be individually separated, the ratio between the isomers 

was estimated from the proton spectrum of products mixture before their separation. Together with 

mono benzylated products, the alkylation produces also bis alkylated compounds at the heterocycle, 

obviously as salts 5. Despite the increases in some extent of salts amount when a large excess of 

alkylating reagent was used, the very low amounts prevented the complete characterization of salts.  

 

 
Scheme 4. Dialkylation of 5-(azulen-1-yldiazenyl)tetrazole, 1a, in excess of alkylating agents 

 

The methylation with methyl iodide failed, possible due to the low nucleophilicity of tetrazolate 

anions 4. However, dimethyl sulfate alkylates the diazene after a long reaction time (24 hours for 74 % 

yield), at room temperature with a high excess of reagent and in the absence of base. Possible, here the 

reaction route involves the formation of cations [2Me]+ and [3Me]+, stabilized by the involvement of 

azulen-1-yl moiety, which after proton elimination gives the products 2Me and 3Me (Scheme 4). From 

the NMR spectra, can be estimated an inversed ratio between the isomers toward the benzylated 

products. With higher excess of dimethyl sulfate, both symmetric positions 1 and 4 are methylated 

(compound 6).  
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Characterization and properties 

For the characterization of synthesized compounds, together with the elemental analysis, the 

recorded NMR, UV-vis and mass spectra were of decisive help; therefore, in the following we will 

discuss some of the most relevant aspects of the obtained spectra. Between the properties of the 

studied diazenes, the acido-basic behavior, the redox parameters and the reactivity towards metals 

were considered of greater importance and consequently attention was paid to these aspects.  

 

Mass and NMR spectra 

The recording of molecular ion by mass spectroscopy of obtained diazenes was important in their 

identification and ESI method was used in this aim. The protonated diazenes are split generating as 

major products the 1-azulenediazonium ions and tetrazoles. This analytical procedure was also 

precious because it allowed the detection of the compounds generated in small amounts by alkylation. 

For the diazenes reported in this work without substituent at nitrogen atoms only the azulene NMR 

spectra are significant therefore the substituent position at alkylated tetrazole moiety requires special 

attention. 

Usually, the structure achievement of 1- and 2-alkylated isomers for 5-substituted tetrazoles after 

alkylation raises difficulties because they are hard to separate. However, several syntheses of 

individual 1-isomers on other unequivocal routes7 allowed its characterization whereas the 2-isomers 

can be obtained almost solely in some syntheses by the substitution of 5-substituted tetrazoles. 

Therefore, the structure of isomers was generally assigned by comparison between the properties of 

similar compounds and, in this aim, NMR spectra played an important role. We try to apply this 

procedure to determine structure of methylated and benzylated products of here studied tetrazole 

diazenes. 

Several papers presented the chemical shifts of N-methylated 5-substituted tetrazoles and, as can be 

seen from the Table 1. In all examples, proton chemical shifts of the methyl groups are higher for the 

isomer 2-Me than those reported for the isomer 1-Me [33]. Similar behavior was signaled for 1,1’- and 

2,2’-dimethyl azotetrazole where δ is 4.38 ppm for isomer 1,1’and 4.55 ppm for the latter (in DMSO) 

[21]. 

 

Table 1.chemical shifts of protons of 1- and 2- methylated 5-substituted tetrazoles (in CdCl3) 
Substituent at 

nitrogen 

Substituent at C5 

H Me tBu Ph NH2 Cl CF3 SO2Me CO2Et NO2 

1-Me 4.18 4.01 4.14 4.16 3.70 4.12 4.26 4.30 4.40 4.45 

2-Me 4.36 4.28 4.27 4.35 4.06 4.42 4.44 4.45 4.49 4.52 

 

When methylation is forced by the use of excess reagent and more severe reaction conditions, it 

continues with the generation of bis methylated tetrazoles, as salts [34,35]. For example [36], 1,3- and 

1,4-dimethyl-5-vinyltetrazolium salts resulted at the methylation of 5-vinyltetrazole or of 1-methyl- or 

2-methyl-5-vinyltetrazole with dimethyl sulfate. The δ belonging to salts show the deshielding of these 

values obviously due to the neighboring positive charge. 

 

Table 2. 1H-chemical shifts of substituted 5-vinyltetrazoles and 5-(azulen-1-yldiazenyl)  

tetrazoles (δ in PPM) 
 

5-Vinyltetrazole 

Position(s) of CH3 

1 2 1,4 1,3 

4.15 4.31 4.33 4.31; 4.58 

5-(azulen-1-yldiazenyl)tetrazoles 

2(Me) 3(Me) 2(PhCH2) 3(PhCH2) 6 5(1,4) 5(2,3) 5(1,3) 

4.46 4.33 6.01 5.99 4.36 6.03 6.21 5.99; 6.16 

 

The data for chemical shifts of protons belonging to methyl or benzyl substituted at tetrazole in the 

studied diazenes, presented in Table 2, show a behavior similar to that described for the compounds 
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analyzed above: the methyl group in position 2 is deshielded compared to that in position 1. The same 

values for the protons of substituents at symmetrical positions 1,4 or 2,3 attest the uniform repartition 

of charge in the salts 5(1,4), 5(2,3) and 6. The deshielding of the methyl groups in 6 compared cu 

3(Me) is low (0.03 ppm) in spite of the positive charge of the tetrazolium system. This could be the 

result of the charge delocalization on the whole molecule, especially on the tropylium moiety of the 

azulene system. In the salt 5(1,4), the CH2 groups also are little deshielded than in 3(PhCH2). Less 

clear is why 2(PhCH2) has such a low value (it would be expected ≈ 6.15 ppm).  

For azulene protons the comparison between chemical shifts of 5-(azulen-1-yldiazenyl)tetrazoles 

and (azulen-1-yldiazenyl)benzene, 7, or 2-(azulen-1-yldiazenyl)-1,3-thiazole, 8 [37], reveals the 

difference in the charge on the whole molecule.  

 

 
Scheme 5. Charge delocalization for 5-(azulen-1-yldiazenyl)tetrazole  

and its dimethylated derivative 

 

As mentioned above, the neighboring positive charge produces the deshielding of neighboring 

protons.  The δ values for protons H-4…H-8 of diazene 1a are higher than those of the same protons 

for compounds 7 or 8 (Table 3). The inductive effect of methyl in 2Me and in 3Me disturbs in some 

extent the zwitterion structure therefore the protons of seven-membered ring are shielded for these 

compounds towards those of the compound 1a. More pronounced is the deshielding of the protons H-

4…H-8 for the positive charged salt 6. The slight decrease of δ for H-8 when passing from compound 

2Me to 2Bz (from 9.45 to 9.31 ppm) can be caused by the proximity of magnetic field generated by 

phenyl. 

 

Table 3. Chemical shifts, δ, for azulene protons of heteroaryl 

 azulen-1-yldiazenes in acetone (in PPM) 
Comp. H-4 H-5 H-6 H-7 H-8 

7 8.38 7.37 7.80 7.45 9.36 

8 8.31 7.40 7.78 7.52 9.19 

1a 8.71 7.76 8.14 7.87 9.44 

2Me 8.46 7.61 7.95 7.72 9.45 

3Me 8.46 7.52 7.87 7.57 9.45 

6 9.00 8.36 8.57 8.43 9.41 

 

UV-Vis spectra 

During our research on (azulen-1-yl)diazene containing five-membered heterocycles their UV-vis 

spectra were thoroughly investigated and several recorded absorption maxima are shown in Table 4. 

While the most blue-shifted absorption maxima are observed for the least polarizable heterocycles or 

phenyl, the highest absorption maxima is present for thiazole. 2-Azothiazoles [38] are the best 

chromophores among the azoheterocycles inducing high bathochromic effects and azulen-1-yl moiety 

greatly potentiate their properties. The absorption maximum in visible of 5-(azulen-1-yldiazenyl) 

tetrazole takes an intermediate position between these two limits.  
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Table 4. Absorption maxima of some (azulen-1-yldiazenyl)aryls (λmax (in nm)) 
Aryl 

 

Phenyl (7) Oxadiazolea Tetrazole (1a) Thiazole (8) 

λmax 

 

422 429 433 475 

                                                   a 3-(Azulen-1-yldiazenyl)-4-methyl-1,2,5-oxadiazole [39] 

 

As mentioned above, 5-(azulen-1-yldiazenyl)tetrazoles are soluble in water both in strong acidic 

and in basic media, however are slightly soluble in mild acidic medium. This can be explained by the 

formation of soluble tetrazolium salts in basic medium and tetrazole protonated salts generation in the 

strong acid presence. The mild acidic medium provides the isoelectric point at which the compounds 

possess compensated charges. The conjugation being at its maximum value, here are observed the 

absorption maxima in visible region (Table 5). 

A bathochromic shift is recorded at nitrogen methylation from 433 nm for 1a to 448 nm for 3Me.   

 

Table 5. Acido-basic behavior of unsubstituted azulenyldiazenyl-aryls in water ( λmax in nm) 
Compound 

 

Basic-neutral 

(tetrazolium salt) 

Mild acid 

(zwitterionic structure) 

Strong acid 

(protonated tetrazole) 

1a 448 468 443 

1b 436 475 431 

1c 441 468 431 

1d 480 485 449 

1e 471 475 431 

 

The two tautomers of 5-(azulen-1-yldiazenyl)tetrazoles unsubstituted at tetrazole ring present quite 

different dipole moments. Therefore, it is expected that the equilibrium between these tautomeric 

forms to vary in function of the solvent polarity with the absorption maxima higher in polar solvents. 

As resulted from Table 6 this assumption is only to some extent correct. For example, the solvents 

with acidic properties (traces of HCl in CHCl3) induce a bathochromic shift whereas those with basic 

properties (dioxane), have a hypsochromic effect.  

 

Table 6. Solvatochromy of 5-(azulen-1-yldiazenyl)tetrazole, 1A 
Solvent dioxane CHCl3 THF Me2CO MeNO2 DMSO H2O 

 2.25 4.81 7.58 20.7 35.87 46.7 80.1 

λmax (nm) 434 455 452 441 458 446 447 

 

Acido-basic behavior of 5-(azulen-1-yldiazenyl)tetrazoles  

    Comprehensive reviewed data on the acido-basic properties of tetrazole derivatives4 underlines 

the difficulty encountered in these studies due to the presence of two tautomers for 5-substituted 

tetrazoles with different acidities (Table 7). Usually, the acidity of the 5-substituted tetrazoles was 

estimated from the degree of dissociation of 1-H tautomer, considered predominant in solutions, using 

conductometric or potentiometric titration or UV-spectroscopy. Due to the similar size, spatial 

arrangement of the nitrogen lone pairs and molecular electrostatic potential, 5-substituted tetrazoles, 

can be considered isosteres with carboxylic group, having a similar behavior as weak acids with pKa 

4.5-4.9 [7]. The substituents at C5 influence their acidity: while the EWGs increase the acidic strength 

those EDGs decrease this property (Table 7).  

 

Table 7. Acidity constants (in water) and basicity constants (in aqueous h2so4) for several  

tetrazoles [4] and 5-(azulen-1-yldiazenyl)tetrazoles (in water) 
 tetrazoles substituted in position 5 5-(azulen-1-yldiazenyl)tetrazoles 

H Me Ph Cl Br NH2 1a 1b 1c 1e 

pKa 4.86/ 

4.70 

5.56/ 

5.50 

4.83 2.07 2.13 6.0 3.78 3.45 3.41 4.60 

pKBH+ -2.68 -1.83 -2.28 - -5.20 - 1.23 - - - 
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As results from Table 7, the acidity of studied diazenyl tetrazoles, compared with that of other 

tetrazoles substituted at position 5, is higher than that for tetrazole with R = H, Me, Ph, NH2 and lower 

than for tetrazole with R = Br, Cl. The opposite effect was observed on the basicity. 

 

Interaction with metals 

The metal atom can be integrated in metal derivatives of tetrazole by linking it to heterocycle by 

covalent, ionic or coordinative bond depending on the preparation procedures, nature of the metal, 

tetrazole structure as well as on the synthesis conditions. As a result of this wide diversity, more than 

300 articles have been published in this field [40,41]. Good prospects for the practical use of such 

derivatives have fully encouraged their study. For example, very recently, the transition metal 

complexes with bidentate ligand 2-(1H-tetrazol-5-yl)pyridine was prepared and used for photonic 

applications [42]. The researches directed to the behavior of 5,5’-azotetrazoles in the presence of 

alkaline earth ions have been started since 1898 [13]. In fact, it is known that the parent diazene is 

unstable at room temperature if it is not preserved as its salts. To obtain the salts with different metallic 

ions, the initially generated sodium [43] or barium [44] salts were treated with different metallic salts, 

in order to precipitate the less soluble ligand salts. 

The complexes generated from 5-substituted tetrazoles can contain tetrazole anions or neutral 

heterocycle. While the first are obtained usually in basic media, the last are obtained in neutral or 

acidic media [41].  

When the solution of 5-(azulen-1-yldiazenyl)tetrazole (1a) in DCM, was stirred with an equivalent 

of silver nitrate (solid) and one equivalent of sodium hydroxide (1N solution) precipitated the low 

soluble silver salt (Scheme 6). Unfortunately, the salt cannot be highlighted as such by mass 

spectroscopy, ESI experiment, due to its complete ionization. However, the signal of corresponding 

anion (M = 223) was found by the negative ESI experiment while the silver ions are present in the 

positive experiment. Further, at the excess of 1a and hydroxide, the obtained salt forms a complex with 

another salt anion, which was registered on the negative ESI experiment with M = 553/555 (Scheme 

6). 

 

 
Scheme 6.  Interaction of 5-(azulen-1-yldiazenyl)tetrazole 

anion with silver nitrate 

 

It was interesting to note that the ligand chromophore 1a interact with the metal ions, such as iron 

(II) or (III) producing a color variation and leading to an almost linear variation between the maxima 
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of absorption, molar extinction and the concentration of metal in solution (Fig.1). These correlations 

could be used for the dosation of such metal ions. 

 

  
Curve Fe3+/1b eq. λ max 

(nm) 

Color Curve Fe2+/1b eq. λ max 

(nm) 

color 

1. 0 Eq 468 Brick-reddish 1. 0 Eq 468 Brick-reddish 

2. 15 Eq 467 Orange-reddish 2. 10 Eq 465 Orange-reddish 

3. 25 Eq 466 Orange-reddish 3. 15 Eq 463 Orange-reddish 

4. 35 Eq 465 Orange-reddish 4. 20 Eq 461 Orange-yellow 

5. 50 Eq 462 Orange-yellow 5. 25 Eq 459 Orange-yellow 

6. 65 Eq 458 Yellow 6. 35 Eq 456 Yellow 

7. 80 Eq 457 Yellow 7. 50 Eq 453 Yellow-greenish 

8. 100 Eq 454 Yellow-greenish 8. 75 Eq 452 Yellow-greenish 

9. 125 Eq 452 Yellow-greenish     

10. 150 Eq 453 Yellow-greenish     

Figure 1. Variation between the maxima of absorption of 1b, molar extinction and the amount 

(concentration) of the iron (II) or (III) present in solution 

Electrochemical data 

It seems that data on the redox behavior of tetrazole derivatives have not yet been reported in the 

literature with the exception of the summary study on cathodic behavior of several tetrazole derivatives 

(E1/2 for tetrazole, -1.45 V and for 5-methyltetrazole, -1.60 V) [45]. Therefore, we considered 

interesting to investigate the electrochemical properties of synthesized 5-(azulen-1-yldiazenyl) 

tetrazoles and the preliminary data will be described below [46].  It also seems useful to compare the 

results with those for other related azulenic diazenes (Scheme 1) [46]. The azulen-1-yl moiety is the 

most sensitive part of azulenyl diazenes against oxidation. However, was signaled the increase in 

oxidation potentials and decrease in reduction potentials with the electronegativity of the second 

substituent at azo bond. The highest stability of phenyl results in the highest oxidation potential of 

azobenzene (Table 8). The next downward value (0.914 V) was found for the parent 5-(azulen-1-

yldiazenyl)tetrazole, 1a, due to the strongest electron withdrawing effect of tetrazole among all 

heterocycles we have considered. Replacement of the 5-tetrazolyl moiety in 1a with 2-thiazolyl, 8 

[47], or 2-(1,3,4-thiadiazolyl) [48] decreases the oxidation potential with 0.313 and 0.099 V, 

respectively (Table 8). 

Replacement of phenyl moiety in (azulen-1-yldiazenyl)benzene, 7, with 5-tetrazolyl (1a) decreases 

the reduction potential by 0.095 V whereas another azulen-1-yl diazenes containing heterocycles are 

reduced easier.  

As expected, the presence of alkyl substituents on tetrazole moiety with their electron-releasing 

effect promotes the electron elimination favoring oxidation and preventing reduction. The observed 

complex redox behavior of 5-(azulen-1-yldiazenyl)tetrazoles has suggested us to continue the study of 

electrochemical behavior of these compound classes and research is in progress. 
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      Table 8. Oxidation and reduction potentials 
Potential 

(V) 

Compound 

1a 1b 1d 1e 1c 7 8 Tdaza Ph-N2-Ph 

Eox 0.914 0.703 0.672 0.603 0.540 0.620 0.601 0.815 1.320 

Ered -1.768 -1.833 -1.889 -1.951 -1.910 -1.673 -1.406 -1.207 -1.733 

                aTdaz: 2-(Azulen-1-yldiazenyl)-1,3,4-thiadiazole [48] 

 

4. Conclusions  
5-(azulen-1-yldiazenyl)tetrazoles were prepared in good yields starting from tetrazole 5-diazonium 

salts, which was obtained by 5-aminotetrazole diazotization in strong acid solution, followed by 

coupling with azulenes in the presence of pyridine. The tetrazole moiety was monoalkylated in 1- and 

in 2- position using dimethyl sulfate for methylation and benzyl bromide for benzylation. The excess 

of alkylating agent generated in small amount tetrazole dialkylated salts. The NMR and UV-vis spectra 

were compared with those of other azulene diazenes.  Attention was paid to the acido-basic behavior 

of 5-(azulen-1-yldiazenyl)tetrazoles and to the interaction of compound 1a with metals. Oxidation and 

reduction potentials of prepared diazenes were recorded using differential pulse method (DPV). 
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