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The electroreduction of some benzothiazole derivatives in aqueous media has been studied. A
mechanism is suggested and discussed for the formation of the cyclopentanone derivatives which
were isolated and identified. The mechanism proposed has been confirmed by polarographic
analyses, cyclic voltammetry, spectrophotometric pK, determination, identification of CPE products,

and the study of Hammett relations.

Recently workers in our laboratory have investigated the
electroreduction of a series of thiadiazole derivatives!'-
substituted by an activated alkenic bond in which a Ziegler—
Thorp reaction? took place and cyclopentene derivatives were
obtained. It therefore seemed of value to study the electro-
reduction of some related benzothiazole derivatives in order to
test the effect of the hetero-activated ring on the feasibility of the
Zeigler-Thorp reaction. In the present investigation a series of
1,3-benzothiazol-2-yl (4-substituted) cinnamonitrile derivatives
(la—d) together with a model compound, namely 2-cyano-
methyl-1,3-benzothiazole (2), in alcoholic buffered media,
have been examined in order to shed light on the electro-
chemistry of the benzothiazole ring which has proved to have
pronounced medical and pharmaceutical activities.*®
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Experimental

(d) Organic Synthesis—A suspension of 2-cyanomethyl-1,3-
benzothiazole ® (0.01 mol) in ethanol (10 cm?) and triethylamine
was treated with aromatic aldehyde (0.01 mol). The reaction
mixture was refluxed for 2 h then evaporated under reduced
pressure. The remaining solid product was collected by
filtration and recrystallised from the appropriate solvent (see
Table 1).

Polarography.—(i) Apparatus. i—FE curves were recorded with
a Wenking potentioscan (POS 73) in conjunction with x—y
recorder (PL3) JJ-instruments. The capillary characteristics in
H,O open circuit are: t = 2.7s perdropand m = 1.3 mgs™! for
h = 55 cm. A conventional three-electrode system was used
with an SCE as the reference. The E, values were measured

graphically with an accuracy of +0.005 V. The pH measure-
ments were performed with a digital pH-meter (Ministis 5000,
Tacussel).

(i) Solutions. Stock solutions (10-3 mol dm~3) were prepared
by dissolving an accurately weighed quantity of material in the
appropriate volume of absolute ethanol. Britton—Robinson
buffers ? were used as the supporting electrolyte.

(iii) Procedure. Ethanol (3 cm?®) and buffer solution (5 cm?)
were introduced into the cell. The mixture was de-areated
with hydrogen for 10 min. Reactant (2 cm3; 10> mol dm™3)
was introduced in the cell such that the final concentration
was 2 x 10* mol dm™ in 10 cm?® of 50% (v/v) ethanolic
buffer.

(¢) Controlled Potential Electrolysis (CPE) and Identification
of the Resulting Products—Electrolysis was performed on the
two compounds (la,c), which are taken to be representative
examples for the series studied.

(1) Electrolysis of (1a) (150 mg), in ethanol-conc. HCI (60:40)
was carried out. The electrolysis cell was a 250 cm? flask, into
which gas inlet, reference and auxiliary electrodes were
introduced. The potential was fixed at —1.0 V vs. SCE. The
progress of electrolysis was followed by recording the decay in
current with time; this began with a value of 50 mA and dropped
over an interval of 3 h to 4 mA. The resulting turbid solution
was partially evaporated to a tenth of its original volume. The
precipitated product was filtered off and recrystallised from
ethanol. The pale yellow product obtained (ca. 709;) had the
following characteristics: m.p. 88 °C; v,,,(KBr) 2 220 (CN), and
1720 cm™ (CO); m/z 527, 391, 346, 265, 212, 136, 126, 105, and
91; 54([*H¢JDMSO) 3.3-3.45 (m, 3 H, 3CH) and 6.8-7.8 (m, 18
H, 2Ph + 2C,H,) and was identified as 2,5-bis(1,3-benzo-
thiazol-2-yl)-2-cyano-3,4-diphenylcylopentanone.

(ii)) The previous procedure was performed following the
electrolysis of 260 mg of compound (1¢) in ethanol-conc. HCI
(70:30) at — 1.0 V vs. SCE. The current was initially 70 mA and
dropped within 4 h to 3 mA. The orange product resulting from
electrolysis had the following characteristics: m.p. 110 °C; v,
1720 (CO) and 2 220 cm™! (CN); 34([*H¢]DMSO) 3.68-3.80
(m, 3 H, 3CH), 3.84 (s, 3 H, OMe), 3.88 (s, 3 H, OMe), and 6.85—
84 (m, 16 H, 4C¢H,) (Found: C, 70.0; H, 4.3; N, 7.6.
C,3,H,5N;0,8S, requires C, 69.5; H, 4.3; N, 7.2; S, 10.9%,). This
product was identified as 2,5-bis(1,3-benzothiazol-2-yl)-2-
cyano-3,4-bis(4-methoxyphenyl)cyclopentan-1-one.



546 J. CHEM. SOC. PERKIN TRANS. 2 1990

Table 1. Characteristic data for compounds (1a—d).

Compound Colour  Yield (%) M.p./°C Formula M v/cm™ 3y (ppm)

(1a) Yellow 80 122-123 C,¢H;oN,S 2623 2220(CN) 7.2-7.6 (m, 5 H, Ph); 7.7-8.1 (m, 4 H, C;H,)); 8.3 (s, | H,
ylidenic CH).

(1b) Yellow 70 149-150 C,¢Ho,CIN,S 2968 2225(CN) 7.1-7.8(m,4H,C¢H,);7.9-82(m,4H,C,H,);83(s,1 H,
ylidenic CH).

(1¢) Orange 75 144-145 C,;H,;,N,0OS 2922 2220(CN) 3.95(s,3H,OMe); 7.1-7.65 (m,4 H, C¢H,); 7.80-8.3 (m, 4
H, C¢H,); 8.2 (s, 1 H, ylidenic CH).

1d) Yellow 70 148-149  C,(H,N,0,S 307.3 2220(CN) 7.12-7.62 (m, 4 H, C,H,): 7.70-8.20 (m, 4 H, C¢H,); 8.26

(s, 1 H, ylidenic CH).

Table 2. pK, values for compounds (1a-d) and model compound (2).

Compound pK, (1) pK, (2)
(1a) 28 9.2
1b) 2.6 9.0
(1) 29 10.4
(1d) 23 8.0
) 2.8 10.1
Na pH
0.9} 1 1.85
2 2.02
8; 3 23
~ 4 2.Mm
0.7 (5),04)05) ¢ 343
® 6 332
(7) ~
@) 7 373
(9) 8 401
06 (10) 3 44
m) 10 487
11 563
12 707
o 13101
€05 14 1178
o 15 12.00
5
8
< 0.4
0.3}
0.2}
o1}
0.0 '
300 400 500
Nnm

Figure 1. Electronic absorption spectra of (1a) (3 x 107> mol dm™3) in
ethanol-water (50%, v/v).

(d) Spectrophotometry and Determination of pK, Values—
The absorption spectra of (la—d) and (2) were scanned on a
Perkin-Elmer A, spectrophotometer over the wavelength range
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Figure 2. Absorbance vs. pH plot of (1a) (3 x 10~° mol dm™3) in ethanol-
water (50%, v/v).

200--500 nm. For this purpose a solution of compound (3 cm?,
10-3 mol dm3) was mixed with HCIO, (5 cm?, 1 mol dm™3; 50%
v/v ethanolic water mixture). The variation in pH values was
achieved by adding each time a very small amount of conc.
NaOH (carbonate free). The absorption spectra of (1a) showed
a strong band with A, 338 nm. The variation of spectra with
increasing pH is illustrated in Figure 1. The corresponding
absorbance pH curve is illustrated in Figure 2. All curves for
(1a—d) and (2) showed two pK, values corresponding to a sharp
increase or decrease in absorbance, and these values are
displayed in Table 2.

Results and Discussion

(a) Polarographic Behaviour—The polarograms of (la)
(2 x 10* mol dm™), taken as a representative example, are
illustrated in Figure 3. At pH <6.8 one well-defined cathodic
wave A, with limiting current #(a, ), which corresponds to a one-
electron transfer, is displayed. At higher pH values another
wave A, appears which is equal in height to A,. As the pH of
solution increases further the limiting currents of both waves A |
and A, decrease in the form of dissociation curves. At pH >8.9
a third wave B appears and its i; value simultaneously increases
in value with increase of pH. Typical plots of E; and  vs. pH for
these waves are illustrated graphically in Figure 4 for (1a). Shifts
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Figure 3. Schematic representation of the polarograms of (1a) in ethanolic Britton-Robinson buffers (507, v/v).
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Figure 4. E,, i, vs. pH plot of the polarographic waves of (1a) (1 x 10
mol dm™3) in ethanolic Britton-Robinson buffers (50%, v/v). O, wave
A,; @, wave A,; @, wave B.

of E, with increase in pH for all compounds are compiled in the
form of linear equations in Table 3. It is clear for (1a) (Figure 4)
that the E,—pH plots of waves A, and A, show mainly two

Table 3. Linear representation of E,—pH dependence for waves A, and
A, of compounds (1a-d).

E,—pH equations®

Compound Wave A, Wave A,

(1a) E, = —043 — 0056 pH E, = —0.74 — 0.057 pH
(1b) E, = —035-0063pH E; = —0.67 - 0062 pH
(1c) E, = —-0.55 - 0056 pH E, = —091 - 0043 pH
(1d) E, = —052 - 0068pH E, = —0.61 — 0.065pH

E, = +0.045 — 0.054 pH...(C)
E, = —0.58 — 0.038 pH ... (D)

2 Equations C and D are those corresponding to the reduction of the
NO, group.

segments, in one of which E is pH sensitive, while in the other
E, is independent of pH. On the other hand the half-wave
potential of wave B is practically independent of variation with
pH. The intersection of the two segments of wave A, gives a
value which is approximately equal to the apparent dissociation
constant, pK’, which is in turn equal to the value of the
intersection point between waves A, A, and B. On the other
hand, the intersection of the two segments of wave A, gives
values compatible with the pK,(2) values obtained spectro-
photometrically (see Table 2). In addition to waves A,, A, and
B, compound (1d) (nitro derivative) showed two additional
four-and two-electron irreversible waves corresponding to the
reduction of the nitro group (waves C and D) in the well-known
classical reduction steps.® A direct comparison of the limiting
currents iy(a, ), and i(a,) and their sum with the limiting currents
of the nitro waves indicates that one electron is transferred in
each of waves A, and A,. This was also confirmed by calculating
the number of electrons with an electronic integrator.
Logarithmic analysis of the waves at different pH values using
the fundamental polarographic wave equation indicated that
the electrode processes A, and A, are reversible in nature at pH
< 7.6, whereas at pH >8 the processes are irreversible as
revealed from their calculated an values (see Table 4). Cyclic
voltammetry in a highly acidic medium (HCI, 4.7 mol dm™)
shows that at high scan rates the peak at the anodic direction
increases in height. The ratio i,/i,, as a function of scanning
rate is given in Figure 5. This may indicate that the process is an
EC mechanism,® which is irreversible in nature at low scan rates
while, at high scan rates, the process is reversible.
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Table 4. Data for the logarithmic analysis of waves A}, A, and B for compounds (1a-d) (2 x 10~* mol dm3) in ethanolic Britton-Robinson buffers

(50%, v/v).

Wave A, Wave A, Wave B
Compound pH* RT/anF® an® RT/anF an RT/anF an
(1a) 4.8 0.055 1.072
7.6 0.047 1.240 0.054 1.094
12.7 0.031 1.894 0.031 1.890 0.061 0.962
(1b) 4.8 0.040 1.477
7.6 0.026 2.247 0.070 0.804
12.7 0.033 1.770 0.030 1.970 0.065 0.899
(Ic) 48 0.047 1.241
7.6 0.013 4.282 0.059 0.998
12.7 0.018 3.126 0.046 1.262 0.052 1.121
(14) 44 0.027 2.149 0.044 1.325
6.8 0.027 2.180 0.058 1.017
10.5 0.057 1.026 0.057 1.027 0.037 1.584

“ Individual pH values at which logarithmic analysis was carried out. ® Slopes of the straight lines obtained. ¢ Transfer coefficients.

Table 5. Results of the statistical treatment of E,~c data for compounds (1a-d).

c o° c*
pH Wave r° pt sd* r p sd. r p sd.
48 A, 0.9908 0.2181 0.0113 09757 0.3044 0.0184 0.9840 0.1239 0.0149
11.8 09782 0.2243 0.0181 0.9538 0.3099 0.0263 0.9892 0.1298 0.0128
11.8 A, 0.9984 0.2156 0.0045 09752 0.2985 0.0182 0.9807 0.1212 0.0161
11.8 B 0.9784 0.1327 0.0107 0.9350 0.1797 0.0183 0.9999 0.0776 0.0148

@ Correlation coefficient. ® Slope. ¢ Standard deviation.
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Figure 5. (a) Plot of the ratio of anodic to cathodic peak currents [i,(a)/i,(c)] as a function of scan rate. O, wave A,. (b) Typical cyclic voltammograms
for compound (1¢), scales and scan rates are given on the plot. [HCI] = 4.7 mol dm3.



J. CHEM. SOC. PERKIN TRANS. 2 1990

(b) Spectrophotometry—The spectra of (la) taken as
representative examples, are illustrated in Figure 1. In acid these
spectra were characterised by a sharp band with A, 338 nm. A
further increase in pH is associated with a relative decrease in
absorbance of this band. At pH values >7 no remarkable
change in absorbance with variation in pH is observed. In
alkaline media the spectra showed an increase in absorbance up
to pH 11.5. Immediately after this the band vanished and a new
band formed at lower wavelength (blue shift). From the
preceding results it may be concluded that the change in spectra
is due to the shift in two equilibria as demonstrated in Scheme 1.

pH<?
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)\ CN
S c” S/l\ CN*

cr Wt
H) EAI' H) L\Ar

AH A
(Rearrangement)
pH3> 7
/I\r Al\r
(+ pK4i2)
P e WFH
—
“¥HT /K
s/gc-cw C-CN
A (-)
BH" B8

Scheme 1.

The rearrangement at pH > 7 is suggested by the similarity to
the 2-benzimidazol-2-yl (4-substituted) cinnamonitriles which
have been synthesized and studied in some detail by one of us.°
The idea of hydrolysis of the benzothiazole ring can be
discounted since the UV spectrum shows no substantial
variation in its general features in alkaline media. Finally, the
concept of a diprotonated species can be discounted since
dE,/d[pH] shifts indicate a monoprotonation process. One
possibility remains for the explanation of pK,(2); this is the
release of the vinylic proton from the isomeric structure BH*.
Based on the foregoing results, Scheme 2 is suggested as the
explanation of the mechanism for electrode process occurring
inacid media. Thereaction whichtakesplaceinstep(3), betweena
molecule of the starting material and the free radical obtained
from a one-electron uptake in step (2), is confirmed by cyclic
voltammetry which indicates a predominant EC mechanism. The
preprotonation of the molecule is justified by the fact that wave
A, is pH-dependent and the slope of the E, vs. pH plot is equal
to ca. 0.06, which is an indication that a proton is involved in the
preprotonation of the molecule.!! Also, at high scanning rates
the free radical is evident since the chemical reaction is
comparatively slow compared with these high rates. On the
other hand, i (a) vanishes at slow scan rates since the free radical
has sufficient time to react according to step (2) to give a radical
dimer [step (3)]. Wave A, is apparently due to an EC mechan-
ism which in the normal polarographic and CPE scales is
considered to be irreversible, since acid hydrolysis and
cyclisation of the product seems to be a highly compatible
subsequent reaction [step (4)]. This can be anticipated since the
CPE of both compounds (1a) and (1¢) in conc. HCI (40%,) gave
the cyclised products in good yields (see the Experimental). In
alkaline media the predominant form is most probably BH*
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Figure 6. ¢ vs. pK, plots for (1a—d). A, pK,(1); @, pK.(2).
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which loses H* to give B which can simultaneously rearrange to
give A (Scheme 1). This form could possibly be further reduced.
For further confirmation of the validity of both Schemes 1 and
2, it was found of interest to study both pK,-c and E;—o
relations in order to elucidate individual steps in both Schemes.
As is obvious from the statistical correlation of the data using
Jafé calculations,®? pK,(1) is almost unaffected by varying
substitution on the benzene ring, which confirms the fact that
pK.(1) is due to protonation of the molecule and not to the
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ionization of a hydrogen atom included in the structure, while
pK,(2)-oc relation indicates that the second ionization is fairly
dependent on the substituents [Figure (6)]. This is to be
expected since a state of conjugation exists between the
substituent and the ionizable centre as illustrated by steps BH*
=B + H" in Scheme 1. On the other hand, it is clear that
substituents affect the reduction centre; thus molecules with
electron-donating groups are reduced at more negative
potentials than those with electron-withdrawing substituents.
The p values indicate that E; data are better correlated with o
and o®rather than o *. This finding suggests that the conjugation
of the substituent with the electroactive centre (C=C) is not
important enough to produce a pronounced effect (Table 5).
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