
ELECTROCHEMICAL SYNTHESES OF HETEROCYCLIC 
COMPOUNDS-I 

INTRAMOLECULAR ELEClROCHEMICAL CYCLIZATION OF 
FORMAZANS TO TETFMZOLIUM SALTS 

M. L&AN. I. TABAKOW* and 2. CEKOVIC 
Faculty of Techndogy. University of Zagreb, Zagreb 

and 

Facuhy of Sciences, University of Belgrade. Belgrade. Yugoslavia 

(Rtcdwd in rhc UK 8 Febnrory 1974; Accep~ed~orpubllcotion 20 Mmh 1974) 

Am--A nod way of tetmzolium salt peparatia~ by anodic oxidation of formazan is described. 
Products were obtained in good yields and purity. The mechanism of oxidation was deduced from 
vdtammctric data and by coulometry at controlkd potential. Two main pathways were identified. one 
kading via radical-cation and dication to riw C~DWR by nuckophilic addition. the o&r invdves 
disproportionaficm of the radical-cation to dicaticm @us original f-. Oxidability of diderently 
substituted 3-aroyl-l$diarytformazans depends on the ekctron-withdrawing powers of substituted 
rings. 

Syntheses of tetrazolium salts from formazans 
using various oxidants have been reported by scv- 
eral authors. The oxidizing agents used in these 
preparations include yellow mercury (II) oxide,’ 
lead tetraacetate: hydrogen peroxide in hydroch- 
loric acid with added vanadium pentoxide,’ nitric 
acid,’ t-butyl hypochlorite.’ N-bromo and N- 
chlorosuccinimidcs, N-chloroacetamide, and N- 
bromophthalimide.4‘ This paper describes a novel 
way of formazan oxidation, by anodic current, and 
discusses possibk electrochemical reaction 
mechanisms involved in these oxidations. Several 
3-aroyl- l$diarylformazans have thus been oxid- 
ized to corresponding tetrazolium salts. 

Elcclrolysis al conrroled pornrial. Electrochem- 
ical oxidation of formazans at a platinum anode by 
controled-potential electrolysis (+ 2 V, and + I .S V, 
respectively) in acetonitrik. with tetraethylam- 
monium perchlorate or tetraethylammonium tet- 
rafluoroboratc as supporting electrolytes, gave 
large yields of tetrazdium salts. Results of these 
experiments are summarized in Tabk 1. The overall 
electrochemical reaction was a two-electron type 
oxidation since coulometric determination of clec- 
tron turnover gave 2.0 2 0.1 electrons transferred 
per molecule of formazan. irrespective of the actual 
potential level. Oxidation products had the ex- 

tAll vdtages are given with reference IO the saturated 
cdomel electrode. 

petted structures of 3-aroyl- I J-diaryltetrazolium 
salts, as was confirmed by ekmentaJ analysis and 
IR spectrophotometry. IR spectra of these tet- 
razolium salts exhibit strong bands at the following 
wavenumbers (cm-‘): 165&1700 (i&J, ISO& 
(G-N). 140&1410 (iL& 123&1245 (&,_N), 
lOSO-1090 (i&,,- or i&, ), and 83&84O (i&h.). Tet- 
razdium salts obtained in these experiments could 
be reduced back to the original formazans by 
alkaline ascorbate sol~tion;‘~ JR spectra and m.ps 
of the resulting products were identical with those 
of authentic samples.” 

Voltammefry. Fig 1 shows the current-voltage 
curve obtained when oxidizing Ethenoyl-IJ- 
diphenytiormazan in acetonitrile containing 0.1 M 
tetraethylammonium perchlorate at a rotating Pt- 
anode. This curve possesses two well defined 
waves with half-wave potentials at + I.28 and 
+ 1*7SV, respeztively. The limiting currents of 
either wave are linearly dependent on formazan 
concentration within a tange from 4.10~’ to 10-l M. 
and their temperature c&cients were about 1% 
per “c in the interval from 20 to 3S”c, as should be 
expected for ditYusioncontroled limiting currents. 
PM& potential di8erenccs. AE, taken from Fig 1, 
us log [(L - i)/il from the same figure gave straight 
tines for each wave, indicating irreversibility for 
eitba process. These lines had slopes of 105mV 
and 103mV. respectively. 

Figure 2 shows some results obtained with a 
rotatiqt electrode, a& the relationship between 
L/a,? US o”’ (where iL means the limiting current 
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Tat& 1. J3cctrocbcmical synthesis of tctrazdium salts by oxidation of formazans 

/N=N-Ar’ 
N-N-Ar’ 

2.. .Hls 
Ar-co - Ar-CO- 

Yield M.p. Analysis found (required) 
Ar M p 9% (T)dccamp. c H N s IRcm ’ 

3430.1650.1510, 
49.59 3.31 13.01 7.01 1410.1250.1095. 

ceH,s- CA- CD,” 95 264-266 (4994) (3-00) (12.94) (7.39) 840 

3420.1650.I500. 
52.27 3.56 12.07 7.29 1410.1245.1090. 

cH,s- p-CH,-C&- CIOP 84 26S268 (52.06) (3.68) (12.15) (6%) 840 

3240.1660,1510. 
51.51 3.20 13.61 7.70 1245,1055, C&S- CA- BF.e 83 23S238 (5144) (3.09) (13.33) (7.62) 142 

3420,165O. 1500. 
52.27 3.56 12.07 7.29 1410.1245,1090. 

CA- pCH&Hc Cl0.* 91 2!%2% (5296) (3.68) (12.15) (6.94) 840 

0 Qs 10 15 20 25 
vdti vs. S.C.E. 

Pi I. Current-potential curve obtained with 5 x 10’ M 
3-thcnoyl- 1SdiphenytfwMzan oxidized at a rotating 
platinum electrode. 0.1 M (CzHS).NCIO, in CHCN; 123 

tads”; 1 V min.‘. 

corresponding to a wave, w is the angular velocity 
of the ekctrode. and C is the formazan concentra- 
tion). In these, experiments oxidations were carried 
out in two dif?erent solvents. acetonitrile and nit- 
robenzcnc. In acetonitrile the variable iJo’“C de- 
creases for the first anodic wave, while that for the 
second wave increases with w’~. In nitrobcntcnc 
iJw’“C is independent of a’“. 

Cycfic rrolfommetry. The cyclic voltatnmogram 
given in Fig 3 was obtained by anodic oxidation 
of 3-thenoyl- I ,S-diphenylformazan in the 
acetonitrilbtetraethylammonium per&orate sys- 
tem. Two irreversible oxidation peaks (0, and 0,) 
can be recognized at + l-3 V, and + l-87 V, rcspec- 
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Fig 2. Relatiahip of iJCw’” awl w”’ in oxidation of 
I x IO’ ’ M 3 - thenoyl - 1.5 - diphenylformazan at 
potentials cwrcspc+~ding to the first and second plateaus 
of the curve in Fii 1. PI-anode; 0.1 M (C,H,).NCK). in 

CH,CN w Ph-NO, I V min ‘. 

tively. Sweep reversal from anodic to cathodic 
causes the appearance of two reduction peaks, one 
at - 0.3 V (RI. corresponding to O,), and the other 
at + 0.3 V. corresponding to Oz. The sweep covered 
a range from zero to + 2 V, rates varying from 0.1 to 
30 volts per second, but the general shape of 
vdtamograms never changed with sweep rate. The 
current function iJV”’ (i, means peak current) de- 
per&d. however, on sweep rates, and this depen- 
dence is shown in Pi 4 for the Ant (curve I) and the 
second (curve II) wave. A ten-fold increase in 
sweep rate resulted additionally in 40 to 60-mV 
shifts of peak potentials anodically. 
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Pi 3. Cyclic vdtammogrun with 3 - tbenoyl - I+5 - 
diphenytfonnnw. P&anode; 0.1 M (C,H,).NCIO, in 

CH,CN;O.I V s-‘. 

Influence of jormaza~~ strucfun on oxidability. 
All but one of the formazans, oxidized elec- 
trochemically. gave two well-defined polarographic 
waves; the exception was 3-thenoyl-lJ-bis(4’- 
nitrophenyl)formazan with only one wave. On the 
voltammograms showing two waves different be- 
havior of limiting currents was observed in dcpen- 
dence of aryl ring substitution. The first wave’s 
height increases, that of the second wave decreases 
with a rise of the ring’s electron-withdrawing power 
(Table 2). The minimum ratio of limiting currents, 
ii ,/i, = 1.14, was obtained with dmethoxy. and the 
maximum, 3.72. with rlchlorosubstituted aryls. De- 
pendence of oxidability on ring substitution is 
further demonstrated by both waves’ giving 
straight-line plots of half-wave potentials us 
Brown’s substituent constants. Structural changes 
in the 3-aroyl group also influences the oxidability 
of formazans, as shown by differences in the 
half-wave potentials between 3-benzoyl-I .5- 
ditolylformazan (Eln. 097 and 1+4V, respectively) 
and 3-thenoyl- I .5_ditolylformazan (Eln, 1. I5 and 
I .62, respectively). 

II 
P# * 0 

10 , , . , , , , , , , , , , , , 1 
02468Dl2Ybl82022~26l~ 
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Fig 4. Dependence of iJV’” on V in oxidation of I x IO ’ M 3 - thenoyl - 1.5 - diphcnylformazan at a 
stationary platinum anode. 0. I M (CIHANCIO. in CH,CN. 

Table 2. Results of voltammetry of substitued 3-tenoyl-I.5 
diarylformazancs in acetonitrile containing 0.1 M Et.NCIO.; concentration 

of formaz%ne: 5 x lo-’ M; I25 rad.s_’ 

First wave second wave 

POCH, 097 20 I .35 17.5 I.14 
flHH> I.15 I.28 22 22 I.75 I .62 16.2 13.4 I64 I.36 

P-Cl I.35 26 I.TI 7 3.72 
P-N4 I.65 28 - - - 
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Fia 5. Relationship of hntf-wave potentials and Brown’s 
substituent constants for some 3 - thenoyl - I.5 - diary1 - 

fomlamns. 

Quite obviously, electrochemical oxidation of 
fortnazans is a particularly advantageous prepara- 
tive route to tetrazolium salts, giving high yields 
(-95%) of relatively pure and easily separable 
products. Tetrazolium salts widely differing in an- 
ions can be prepared by merely using a supporting 
electrolyte carrying the desired anion, provided this 
electrolyte possesses an oxidation potential higher 
than that of the forrnazan. Tetrazdium perchlo- 
rates, tctrafluoroborates. acetates. nitrates, hexa- 
fluoroplatinates. chlorides, etc can be obtained in 
this manner. 

The mechanism of formazan oxidation has 
hitherto received only casual attention. Ashley et 

In principle, three basic pathways are open to a 
two-electron oxidation of a formazan to the corres- 
ponding tetrazdium salt. Firstly, the formazan 
anion may be oxidized to a radical’ which is then 
oxidized further to the tetrazolium salt: this path- 
way represents an EE mechanism. Alternatively, 
the formazan may be primarily oxidized to a 
radical-cation, then deprotonized to a simple radi- 
cal, and subsequently oxidized to a cation; the 
latter stabilizes by ion-pair interaction with an 
anion, to give the tetrazolium salt. This sequence is 
equivalent to an ECE mechanism. Finally, the for- 
mazan might again be oxidized first to a radical- 
cation, but instead of being immediately deproton- 
ized. oxidizes further to a dication, and this species 
undergoes deprotonation followed by intramolecu- 
lar nuckophilic addition to the electron-deficient 
nitrogen atom with ring closure: along this pathway 
the tetrazolium salt is formed by an EEC 
mechanism. 

One can eliminate the first pathway considering a 
formazan anion cannot exist, as an ekctroactive 
species, in neutral or acidic media. The primary 
one-electron oxidation product of formazan must. 
therefore, be the radical-cation. In deciding the 
further fate of the radical-cation, however, let us 
remember that although most anodic substitution or 
addition reactions actually follow ECE-type 
mechanisms,” which would favour pathway two, 
EEC’” and mixed mechanisms”.” are possible, and 
these would lead over pathway three. 

Coulometry at + 2-O V. corresponding to the sec- 
ond plateau of the current-potential curve in Fig I 
identifies the overall electrode reaction as a two- 
electron oxidation. Yields up to 95% in oxidation 
product can be obtained at this potential. But even 
at the potential of the lower plateau, + 1.5V. the 

N=N-Ph 
/ 

N=N-Ph 

41,” for instance, have suggested that oxidation oxidation is almost quantitative (up to 90%). and 
with lead tetraacetatc proceeds cia tetrazolinyl the coulometrically determined electron turnover is 
radicals, and this view seems to be supported by equal to that at + 2+OV. Interruption of the elec- 
experimental evidence contributed by Maender and trolysis after having transferred I.1 electrons per 
Russell’ who repotted the detection by ESR spec- molecule of formazan left 5V% of the latter un- 
trometry of free-radical formation during formazan changed. and resulted in 35% of the theoretical 
oxidation with air in presence of t-butoxide. Con- yield of tetrazolium salt (cf Experimental). Reac- 
versely, ESR-detection of free-radical formation tion Scheme I offers an interpretation of this result, 
was also reported in reduction of tetrazolium assuming a disproportionation of the primarily 
salts.‘.“.” One should also recall that stable tct- formed radical-cation (TDF’) into the initial forma- 
razolinyl radicals have been obtained from certain zan (TJDF) and the dicatioa (TDF”). The latter un- 
formazans by homolytic bond fission.‘.* dergoes the two Anal steps of the EEC pathway giv- 
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iqt the final oxidation product. Similar dispropor- 
tianaticm reactions have been reported earlier for 
other electrochemical oxidations, olz those of tct- 
raphenylethyknc,” 1 ,Idimethykminocthykne,” 
as well as for the anodic hydroxylation of 
phenothiai&.~ 

The relationship of limiting currents, as meas- 
ured on a typical polarogram (that for TDP. Fii 1). in 
which the first wave has a higher limiting current 
than the second. can be satisfacttilly explained by 
the assumed disproportionation reaction. Since this 

dations can be deduced both from rotating- 
electrode and from cyclic vohfunmetry. In the cyc- 
lic vohammetry experiments sweep reversal failed 
to produce rcveraibk peaks, while logarithmic re- 
plot of data from rotating&trodc vohammog- 
rama gave straight-line relationships. Either wave 
corresponds, therefore, to an irrevasibk ekctrodc 
process. The first peak at + 1.3 V oo the cyclic vol- 
v in Fig 3 indicatea radical-cation forma- 
tion. and the latter can be reduced, by sweep revcr- 
sal, at - 0-3V. but is otherwise stabk enough to 

N=N-Ph 

disproportionation yields a product immediately 
oxidizabk at the anod+TDF. contributing an in- 
crement to the limiting current of the first anodic 
wave, this current eventually rises above the limit- 
ing current of tbc second wave. The results of 
rotating-electrode voltammetry can also be intcr- 
prctcd by the disproportionation of the radical- 
cation. Here the variabk i&w’” decreases 
monotonously with u’” during oxidation in 
acetonitrik, while iL&4)‘n simultaneously in- 
creases, and the two variabks never assume equal 
values, because no amount of increase in ar@ar 
velocity can overcome the effect of the dispropor- 
tionation rcfbction. In contrast, iJCw’” for the !Irst 
anodic wave obtained in nitrobcnzcne is indcpcn- 
dent of r8~‘~. suggesting that TDF * does not undergo 
dispfoportionatioa in this solvent. As a matter of 
feet, this radical-cation proved to be mare stabk in 
nitrobenzcne than in acetonitrile.” All results from 
rotating-electrode experiments agree well with ar- 
gument put forward by Adams et al.“.n 

Irreversibility of electrochemical formazan oxi- 

persist through a relatively large increase in poten- 
tial of SO0 mV, i.e. up to + 14 V. where oxidation to 
the dicatioa stage occurs. 

Shain and Nicholson”.” have demonstrated that 
the type of dependence of current function i,/V’” 
on sweep rate (V t-‘1 is characteristic of the ekc- 
trade reaction mechanism. In out experiments the 
current function for the Brst wave decreases, whik 
that for the second wave increases with increasing 
sweep rate, in the me below 4 V s-‘. Over the 
remaining range, up to 30 V s-‘. the current func- 
tionn for either wave remained constant. These re- 
~$,~weU~Je~mVanodicshiftofpeaL 
potentials with increasing sweep rate, suggest two 
ccmsecutive irrevenibk reactions ocurriog at larger 
sweep rrtes, namely 

TDF-+TDF’,;;I;;--,TDF”, 

whik disproportionation might be operating at 
slower sweep rates: 

2TDF’-TDF+TDF’. 
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In summary, the mechanism of the two-electron 
oxidation starting from TDF is presented in rcac- 
tion Scheme 2. The initial step consists in an 
irreversible one-electron oxidation producing a 
radical-cation. The latter is either oxidized to the 
next stag- dication-by another E-process, or it 
undergoes disproportionation to the original forma- 
zan plus the dication. These two alternative C- 
pathways may work in concert or in competition.* 
Subsequently the dicatioo loses a proton, where- 
upon a oucleophilic additioo takes place at the 
electron-deflcknt nitrogen atom, and the adduct is 
finally stabilized by ion-pair interaction with the 
anion from supporting electrolyte. 

Since the half-wave potentials of both waves 
showing in Fig 5 arc linearly related to Brown’s 6,’ 
substituent constants, one may assume that p- 
substitution tends to stabilize the positively 
charged specks, i.e. the radical-cation and the dica- 
tion. On the other hand, increase in limiting current 
rations with strengthening of electron-withdrawing 
power in substituted aryl rings clearly shows that 
this stnrctural feature favors the radical-cation dis- 
proportiooation reaction. 

The present results arc, of course, obtained with 
formazan anodic oxidations, but there is no reason 
why homogenous reactions of a similar type should 
greatly differ in mechanism. An inquiry into this 
question would well be worth whik. 

Apparatus. LR ~pbctra were recorded with a Perkin- 
Elmer lnfracord 137 spcctrophotometa. usin KBr pel- 
lets. Mps were determined on a KofIer microstage: un- 
c-ted values are reported. 

Rotatinp~lectrodc vdtammcttic measurements were 
made in a three-electrode cell with n spherical Pt anode. 
0.15 cm in diam. fused to a glass holder; a piece of Pt wire 
served as the cathode, and a saturatedcalomel reference 
electrode was provided. The anode was tborou~y 
cleaned before each series of experiments by immersion 
in cone HNO, Ant. then in cone HISO,; it was rinsed 
repeatedly with distilled water, and ftnahy conditionad by 
a rinse with acetonitrile. An operation-amplifkr based 
function peaaata was utilixed lo produce the Gamp po- 
tmtial. Vdw were recorded with a Hcwlctt- 
Packard 700) B X-Y recader. a displayed on the screen 
of a Hewlett-Packard 13OC Cathode Ray Oscilloscogc. 
Rotating-&ctrodc vdtat~~try was carried out witb an 
Amel Model SSMU recording pdsrograph. 

Preparative ekctrolyscs were made in a jacketed, 
water-cooled cdl divided by a sintered-glass diaphraom 
into anode and cattmde companmen Is. The anode was 
made from Pt-wire 8auz.e (5 x 3 cm). and the cathode was 

Wretically one must consider a further possibility, 
represented by another C-reaction in form of a radical- 
cation deprotcmation. The result@ tetraxohnyl radical 
might be expected to possess sud)cicnt stability for enabl- 
in8 ESRdetection. However, an BSR spectrum recorded 
after ccmpkticn of the electrolysis failed to confirm the 
presence of the radical in question. 

a small piece of Ni sheet. A saturated-calomel reference 
electrode was connected to the atrode compurment 
throu8h a Luopin capillary. The Bmouot of curreot trans- 
potted durimj constant-potential oxidation was deter- 
mined in each instance by either graphical integration of 
current-time curves, a by comparison of w&&s of 
cutout protlks obtained in an actual experiment and in 
one-electron oxidation of ferrocene at the same concent- 
ration. Constance of potential in controkd-potential elec- 
trolysis was warranted by an operation-amphOer based 
potent&tat. 

Temp control was maintained in ah experiments: vd- 
tammetric measurements were made at 2S*O+l”c. and 
ekctrolyses were carried out within 18 and 2fPC. 

Chemicals. Tetraethylammonium perchlorate 
(Eastman) was recrystallized twice from water, then dried 
in an oven at 110”. and kept in a desiccator over P,O,. 
Tetracthylammonium tetralluoroboratc was prepared 
from tetraetbylammonium bromide and Jodium tct- 
ra!luotoboTBte.U Acetonitrik was puritkd by rdluxinp 
ova potassium pev te for 1 h. followed by distilla- 
tion ova P,O,.= Nitrobenxenc was redistilled twice under 
reduced pressure. Fownaxan s were pqared by reacting 
aryt diI3ZOaiUIIl salts with 1.&liaryl-1.3.4.6 
hexanctetrones.” 

General procedures In preparing 3-fhenoyl-1.5-dloryl- 
rctrazolfum soffs. Four Oftbs of a 0.3 M solution of 
tetnuthylammonium perchlorate or tetratluoroborate in 
acetonitrilc (100 ml) was placed in the anode compnrtment 
of the electrolysis cell. and the remaining cne-filth was 
filled into the cathode c ompanment. Then 0.7%I.28 of 3- 
thmoyl-l$diaryl-flmnaxan was added to the anolyte and 
allowed to dissolve. Electrolysis was conducted for about 
2 h at + 20 V. During this period the current droppod to its 
base vah~e (about 15mA). and the color of the soln 
changed from the initial dark red to blue-viokt. and Onally 
turned l@t brown. Afta reducing the volume to about 
IOml, lOOmI wata was added to precipitate the tet- 
nudium salt. yields varied from 8095%). The crude pro- 
ducts were recrystallized from 9646 EtOH. 8ivinp analyti- 
cally pure samples in form of li8ht yellow crystals. 

Oxidation of 3-thenoyl-1.Sdiphenylfomsazan of con- 
walled pofcnrid with ~ronsfer of 1.1 equiuolenrs of rkc- 
tr0it.L 0.4 8 3--(henoyl- 1 $diphCll)‘lfOrmaZan wa3 dissolved 

in 6Oml 0.3 M tetraethylammonium perchlorate solo in 
acctonitrik, and ekctrolyscd la 3S min at + 1.5 V. At this 
point current had dropped to 3OmA (approximately 10% 
of its initial value), and coulonWric monitorin of ekc- 
tron turnover indicated a transfer of n = I.1 electrons per 
mdccuk of formaxan. The resuhinp bke-violet soln was 
left at room temp fa another h. then loOmI wata was 
eddcd. 0.28 tsO% chcor) of UnCheneed 3-thenOYl-t$ 
diphmylf- sepamtal and was cdlectal by tlltra- 
tiat. Rectystalhzadon from EtOH yiddcd the pure wb- 
stance. as confbmed by an identical IR spectrum, as well 
as m.p. 172-174°C.” as the original formatan. The f&rate 
was evaporated to 50 ml and chilled. 3-Thenoyl-13 
diphmyttetraxdium perchlorate separated (0.188: 35% 
theor.). showinp an identical IR spectrum and the seme 
m.p. (266266Q as an authentic sampk. 

Oxidarion of 3-lhenoyf-1.S-&phenylfonncuan at con- 
trollrdpofrn~id with transferof 2 eqviudmts of electrons. 
0.334 8 3-Thenoyl- 1 .%diphea)‘hlIMUl was dhok!d in 
80 ml of the tetraethylammonium percMorate sohitiat aml 
ekctrolysed for IlOmin at + I.5V. This operaticm rc- 
duced the current to its base vahic. and coulometry in& 
cated a transfer of I.9 to 2.0 electrons per mokcuk of 
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formazan. After evaporation and addition of water. the 3- “J. N. Ashley. B. M. Davis, A. W. Nincham and R. Slack, 
thmoyl- l,5diphmy&razdium perchlorate was obtained 
in a 9096 yield (O-386@. The product had the comet m.p. 
and gave the characteristic IR absorption spectrum. 
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