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The acid-catalyzed decomposition of unusually stable 1-(2,1-benzisothiazol-3-yl)-3-phenyltriazenes in
either aqueous perchloric acid or an aqueous mixture of perchloric and acetic acid was studied under
pseudo-first order reaction conditions at 25 °C. Different products were obtained according to sub-
stitution on nitrogen N-3. For a triazene carrying hydrogen, the corresponding 3-amino-2,1-benziso-
thiazole and benzenediazonium salts were formed whereas in the case of substitution by an alkyl group
(methyl and n-butyl) the 2,1-benzisothiazole-3-diazonium salt and N-alkylaniline were obtained. The
observed rate constant (kops) of the acid-catalyzed decomposition increased, initially, nonlinearly with
increasing concentration of acid. Subsequently, kops decreased slightly and at high acid concentration,
increased steeply once again. An A-Sg2 mechanism in which protonation of the triazene nitrogen proceeds
simultaneously with cleavage of the N-N bond is proposed. Tautomerism of 1-(2,1-benzisothiazol-3-yl)-
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3-phenyltriazene was investigated using 'H NMR spectroscopy.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Triazenes are a very useful and diverse class of compounds
whose synthetic applications were recently reviewed [1]. They have
also been studied for their anticancer potential [2,3], and used as
protecting groups in natural product synthesis [4] or as ligands in
organometallic chemistry [5]. Triazenes are easily synthesized from
readily available anilines and diazonium salts (aromatic triazenes)
or from alkyl azides and appropriate Grignard or alkyl lithium
reagents (aliphatic triazenes) [6]. However, anilines and N-alkyla-
nilines are ambident nucleophiles [7] and can react with the elec-
trophilic diazonium ion on nitrogen or in the aromatic nucleus. The
azo coupling reaction on nitrogen takes place in neutral to weakly
alkaline media [8]. In acidic media, the azo coupling reaction on
nitrogen is reversible, and so the triazenes are not stable in acids.
They are protonated by acids and decompose back to the aniline and
diazonium ion [8-10]. This cleavage may be followed by azo cou-
pling reaction in the nucleus of the aniline formed (acid-catalyzed
rearrangement of aromatic triazenes into azo compounds).

In our previous papers [11,12] we have found that azo coupl-
ing reactions between 5-nitro-2,1-benzisothiazole-3-diazonium
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species and secondary aliphatic/aromatic amines and di-
phenylamine in acidic media produces mainly triazenes that are
surprisingly stable in such media and are split only very slowly.
Similar triazene is undesirable by-product in the production of the
azo dyestuff C.I. Disperse Blue 148 which is produced by azo cou-
pling of  5-nitro-2,1-benzisothiazole-3-diazonium  hydro-
gensulphate with methyl-3-(N-ethyl-N-phenyl)aminopropanoate.

Previously [11,12] we have found that hydrolysis affords differ-
ent products according to substitution (R!) on nitrogen N-3. If
R'=H then corresponding 3-amino-2,1-benzisothiazoles and
benzenediazonium salt are formed whereas in the case of sub-
stitution on nitrogen N-3 by an alkyl group (R' =Me, n-Bu) the
2,1-benzisothiazole-3-diazonium salt and N-alkylanilines are
formed exclusively (Scheme 1). In the present paper we have
focused on the reaction mechanism of decomposition of
3-substituted-3-phenyl-1-(2,1-benzisothiazol-3-yl)triazenes and
3-substituted-3-phenyl-1-(5-nitro-2,1-benzisothiazol-3-yl)triazenes
in strong acid medium.

2. Results and discussions

The newly prepared compounds 1a-c were synthesized by an
azo coupling reaction of 2,1-benzoisothiazol-3-diazonium cation
with aniline, N-ethylaniline, and N-butylaniline, respectively. After
the azo coupling reaction, the reaction mixture always contained
the required triazene 1a—c along with the product of azo coupling
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reaction in aromatic nucleus, i.e. the respective azo compound,
which was separated chromatographically. The formation of
a mixture of triazene and azo compound was observed earlier,
when we prepared and characterized compounds 1d-g [12].

Compounds 1a-c were identified on the basis of their 'H and 13C
NMR spectra and elemental analyses. In the case of the spectrum of
compound 1a in DMSO-dg, the signals of protons were broadened,
and the extent of signal broadening changed with the concentra-
tion of solution. In the '*C NMR spectrum of this substance (DMSO-
dg), there were only three sharp signals corresponding to the CH
groups of monosubstituted benzene nucleus (6 129.7, 128.2, and
121.0). The signals of the other carbon atoms were very broad and
virtually disappeared in the noise. The addition of a strong acid
should suppress dissociation of triazene and thus rate of chemical
exchange which should lead to '*C NMR signal sharpening. After
adding a drop of CF3COOH into the solution of compound 1a in
DMSO-ds and immediate measurement, the obtained 'H NMR
spectrum was identical with that measured without CF3COOH. The
13C NMR spectrum measured subsequently within a period of ca.
12 h (because of the very low solubility of compound 1a) showed
only unidentified triazene decomposition products (probably di-
azonium salt decomposition products).

The situation is simpler in the case of compounds 1b and 1c, due
to bond fixation and the absence of prototropy resulting from the
N-alkyl group. The signals in both 'H and '3C NMR spectra of 1b and
1c are sharp, and the chemical shifts of the corresponding atoms
are very similar (see Section 3). The observed small dependence of
6 ("H) upon concentration (A is max. +£0.03 ppm) is obviously due
to the association of the molecules in solution. The chemical shift of
proton H-4, which is the nearest to the potential tautomeric centre,
in compound 1a differs by 0.4 ppm from the shifts of the same
protons in compounds 1b and 1c¢, which indicates that compound
1ais present in a tautomeric form (or rapidly equilibrating mixture
of forms) different from those fixed in compounds 1b and 1c.

Quite analogous behavior was observed [12] in the case of
triazenes formed by azo coupling reaction from 5-nitro-2,1-ben-
zoisothiazol-3-diazonium cation. The triazenes obtained by the
reaction with N-alkylanilines have the chemical shifts of proton H-4
in the ¢ region of 8.86-9.01, but the triazenes derived from primary
amines (aniline, 3-methylaniline, 3-chloraniline) have d(H-
4)=9.48. Due to the chemical exchange, it was impossible to
measure the 3C NMR spectra of the triazenes formed by azo cou-
pling reaction from primary aromatic amines.

Kinetics of the acid-catalyzed decomposition of triazenes in
weak acid or weak base medium (pH = 3.5-10) has been studied
by several authors. First, Hughes and Ingold [13] suggested the A2
mechanism for the decomposition whose first step involves fast
protonation of the triazene which is followed by the attack of
nucleophile to give Ar-N=N-Nu and corresponding amine.

However, further investigations [14,15] disproved participation of
a nucleophile species in the course of mechanism. Later [16,17] it
was found that acid-catalyzed triazene decomposition involves
proton transfer in the rate-limiting step, i.e. general acid catalysis
makes itself felt. The magnitude of the primary kinetic isotope
effect (ky/kp > 1) also supported such conclusions [18]. Therefore
the most probable mechanism is A-Sg2 in which the protonation of
the triazene nitrogen proceeds simultaneously with the cleavage of
N-N bond. The structure of the transition state varies with the
strength of catalyzing acid and the pKj of the liberated amine. For
example for primary 3-alkyl-1-aryltriazenes the proton is essen-
tially transferred from the weak acid catalyst to nitrogen and
a little breakage of the N-N bond has occurred [16].

Acid-catalyzed decomposition of triazenes 1a-c was followed in
aqueous solutions of perchloric acid whereas decomposition of 1d-
g was followed in aqueous solutions of perchloric acid containing
50% of acetic acid due to their very low solubility.

The kinetics of the acid-catalyzed decomposition was de-
termined by monitoring the decrease in concentration of 1a-g
spectrophotometrically at 470 nm in the presence of excess acid, i.e.
under pseudo-first order conditions. The absorbance decreased
exponentially with time from which a pseudo-first order rate
constant (kops) was obtained. Pseudo-first order rate constants
varied nonlinearly with the concentration of the acid. Fig. 1 pres-
ents kops vs. c(HCIO4) dependences for 1a-c. Similarly shaped
dependences were obtained for triazenes 1d-g in aqueous HCIO4/
AcOH solutions. However, it was possible to determine rate con-
stants only up to 5 mol1~! for derivatives 1d-g (Table 1).

From Fig. 1 and Table 1 it is seen that the observed rate constant
(kobs) at low acid concentrations increases with increasing acid
concentration but from the concentration ca. 1-2 mol1~! a slight
decrease occurs. From the concentration ca. 6.5 moll~! further
steep increase in kophs Was observed for derivatives 1a-c. The effect
of the acid concentration (and hence also acidity of medium) on the
rate of transformation of the protonated substrate into products
predominantly depends on the role played by water in the rate-
limiting step. If water only acts as the reaction medium (i.e. only by
its solvation effect), then the rate constant value of the rate-limiting
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Fig. 1. Dependence of the observed rate constant (kops) of acid-catalyzed de-
composition of 1a (I - inset), 1b (@) and 1c (o) on the concentration of perchloric
acid.
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Table 1
Dependence of the observed rate constant (kops) of acid-catalyzed decomposition
of 1d-g measured in solutions of HCIO4 in 50% aqueous AcOH

C(HCIO4)  kops (1d) x 10°  kops (1€) x 10°  kops (1) x 10°  kops (1g) x 10°
mol ! (sh (sh (s (sh

0 2.90 = = =

0.10 10.7 = = =

0.25 171 0.706 2.08 143

0.50 15.4 224 6.12 458

1.0 11.6 5.50 134 10.0

2.0 10.9 7.89 23.7 16.4

35 9.09 6.64 18.6 11.7

5.0 9.23 4.89 12.0 6.93

step usually increases with increasing concentration of acid. If
water reacts in the rate-limiting step as a nucleophile and/or proton
is transferred on water as a base, then this rate constant rapidly
decreases [19].

In order to elucidate whether the ks decrease in the concen-
tration range of 1-6.5 mol 1~! corresponds to the situation of water
acting as a nucleophile, we studied the effect of concentration of
nucleophilic chloride anion. This effect is shown in Table 2.

Table 2 shows that the rate of solvolysis is not substantially af-
fected by the concentration of external nucleophile. Hence water,
which is a weaker nucleophile than CI~, does not directly partici-
pate in the reaction. The mild decrease in decomposition rate
within the concentration interval of 1-6.5 mol1~! can be explained
by protonation of nitrogen in the isothiazole skeleton (Scheme 2).
This protonation is more favorable than the protonation of triazene
nitrogen atom, which follows from results of the quantum-chem-
ical calculation (B3LYP, TZVP-base, PCM) carried out for compound
1e. According to these results, the protonation on the isothiazole
nitrogen is much more favorable (AG = 24.6 kcal mol~!) than that
on the nitrogen atom of the triazene grouping (Table 3).

The resonance structures of the cation formed by protonation of
compound 1b on isothiazole nitrogen atom indicate that the N(2)-
N(3) bond order is higher than 1, which negatively affects the rate
of cleavage of N-ethylaniline. Above the concentration of ca.
6.5 mol 1~ diprotonation is probably taking place, which strongly
facilitates the cleavage of N-ethylaniline, and the observed rate
constant of decomposition of the triazene considerably increases.

The 100-fold lower reactivity of unsubstituted triazene 1a, as
compared with the N-alkyl substituted triazenes 1b-c, is caused by
the inductive effect of the alkyl group on nitrogen which facilitates
protonation and also by the N=N bond fixation. In the case of
compounds 1b-c prototropic tautomerism is absent and thus only
an N-alkylaniline unit can be split off. In the case of compound 1a
there exist two tautomeric forms Ph-NH-N=N-Ar (I) and Ph-
N=N-NH-Ar (II) (where Ar is 2,1-benzisothiazol-3-yl). From the 'H
NMR spectrum of compound 1a in DMSO-dg it clearly follows that
the preferred tautomeric form is form II, which after protonation
decomposes into benzenediazonium ion and 3-amino-2,l-benzi-
sothiazole. If we presume operation of the A-Sg2 mechanism, in
which the protonation of the triazene nitrogen proceeds simulta-
neously with the cleavage of N-N bond (Scheme 3), then not only
the acid strength but also the nucleofugality of the leaving amine is

Table 2
Dependence of the observed rate constant (kops) of acid-catalyzed decomposition
of 1b in 2 mol1~! HCIO4 and in 4 mol 1= ! HCIO4 with addition of NaCl
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Scheme 2.

a decisive factor. Given the validity of Brgnsted relation and iz = 1,
the difference in the rates of cleavage of the amine corresponds to
the difference between pKj; (aniline) and pK, (3-amino-2,l-benzi-
sothiazole). Hence 3-amino-2,l-benzisothiazole (pK; = 3.8) [20] is
approximately six times better leaving group than aniline
(pKa=4.6) [21], which explains why compounds 1a and 1d
preferably decompose into 3-amino-2,l-benzisothiazole and ben-
zenediazonium cation and not into aniline and 2,1-benzisothiazol-
3-diazonium cation.

The approximately 16- to 17-fold reactivity difference of
derivatives 1b and 1f or 1c and 1g can be explained by the electron-
withdrawing effect of a nitro group in the nucleus potentiated by
the lowered polarity of medium when going from water to the
mixture of water and acetic acid. The similar course of the de-
pendence of kops Vs. concentration of acid allows the conclusion
that the same reaction mechanism A-Sg2 also operates in the case
of derivatives 1d-g.

3. Experimental

The 'H and C NMR spectra were recorded with Bruker AVANCE
500 spectrometer at 500.13 (H) and 125.77 MHz (3C) in DMSO-dg
at 25°C. The 'H and '3C chemical shifts were referenced to the
central peaks of solvent (6 ('H) 2.55 and & ('>C) 39.6 ppm,
respectively). 3C NMR spectra were measured in a standard way
and by means of the APT (Attached Proton Test) pulse sequence to
distinguish CH, CH3 and CHj, Cquart- Proton-proton connectivities
were found by gs-COSY. Protonated carbon atoms were assigned by
gs-HSQC and quaternary carbon atoms by gs-HMBC spectra. All
NMR experiments were performed with the aid of the manu-
facturer’s software.

The kinetic measurements were carried out on an HP UV/VIS
8453 Diode Array apparatus in 1 cm closable cells at 25 °C under
pseudo-first order conditions (large excess of an acid). Suitable
wavelength (470 nm) was chosen for the kinetic measurements.
The cell was always charged with 2 ml acid solution and after
attaining 25 °C, 10 ul methanolic solution of the substrate 1a-e was

Table 3

Atomic charges at selected atoms of 3-methyl-3-phenyl-1-(5-nitrobenzo[c]-1,2-
thiazol-3-yl)triazene molecule calculated at B3LYP/TZVP level and AG of protonation
related to the most basic isothiazole nitrogen

2 mol1~! HCIO,4 4 mol 1~! HCIO,4

Site of
protonation

Mulliken NBO charges AG (kcal mol—')

CNacl kobs x 10° CNacl Kobs x 10° CNacl kops x 10° Gas phase  Aqueous  Gas phase  Aqueous  Solvation
(mol 1) (sh (moll-1) (s™h (moll~1) (s7h solution solution

0 3.96 2.0 435 0.5 317 N (isothiazole) -0.16 -0.16 0 0 —61.9
0.5 3.80 2.5 4.29 1.0 3.05 0 in NO, —0.18 -0.27 14.8 20.0 —56.7
1.0 411 3.0 3.88 2.0 3.09 NCHj3 (triazene) 0.02 -0.03 26.9 24.6 —64.1

1.5 444 3.5 3.90 S (isothiazole) 0.37 0.24 49.6 45.6 —65.9
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added so that the resulting substrate concentration would be about
5x10~4mol1~L The observed pseudo-first order rate constants
kobs were calculated from the measured time dependences of ab-
sorbance with help of an optimization program.

Quantum chemical computations were carried out with the
Gaussian 03 program [22] employing the hybrid density functional
B3LYP [23]. Full geometry optimizations were performed by using
the TZVP basis set [24]. The nature of the stationary points was
verified by analytical computations of harmonic vibrational fre-
quencies. Solvation effects were included using the polarizable
continuum model (PCM) [25]. A Natural Bond Orbital (NBO) anal-
ysis [26] was invoked using the population keyword in Gaussian 03.

3.1. Diazotization of 3-amino-2,1-benzisothiazole in
nitrosylsulfuric acid

Solid NaNO; (3.48 g; 0.05 mol) was added in small portions to
25 ml 96% sulfuric acid (0.45 mol) with stirring and cooling at such
arate as to prevent the formation of nitrous gases. The solution was
stirred and slowly heated to 70 °C until complete dissolution of the
present salts. Then it was cooled with stirring to 25-30°C,and 7.5 g
(0.05 mol) of 3-amino-2,1-benzisothiazole was gradually added,
whereupon the reaction mixture was stirred at 25-30°C for
another 3 h.

3.1.1. 1-(2,1-Benzisothiazol-3-yl)-3-ethyl-3-phenyltriazene (1b)

A solution of N-ethylaniline (6.36 g, 0.0525 mol) and emulsifier
(sodium Cy3-Cy3 alkyltriethoxysulfate, 1¢g) in 99% acetic acid
(10 mL) was added with stirring into a mixture of CH3COONa-3H,0
(68 g, 0.5 mol) in water (50 mL) and finely crushed ice (450 g). The
emulsion obtained was stirred and treated with a solution of 2,1-
benzisothiazol-3-diazonium hydrogensulfate in 96% sulfuric acid
(0.05 mol) added drop by drop. The reaction mixture was stirred for
another 3 h, whereupon the precipitated brown solid was collected
by suction. The filter cake was washed with distilled water
(500 mL) and dried at 60 °C. Yield of crude product 13.4 g (95%).
TLC (Silufol; toluene/ethyl acetate, 5:1, v/v) showed that the azo
coupling reaction product is a mixture of compounds 1b and
isomeric azo compound at a ratio of about 1:1. Mixture of triazene
1b and azo compound was chromatographed on a column (SiO5/
toluene) and crystallized from cyclohexane. Triazene 1c¢ was pre-
pared in the same way. Crude product (14.5 g, 94%) containing
approximately 50% of triazene was chromatographed on a column
(SiOy/toluene) and crystallized from cyclohexane.

In the case of 1a resulting crude mixture of triazene and azo
(12.7 g; ratio 20:1) compound was extracted by ammonia/acetone
(conjugated base of triazene 1a is well soluble), diluted by water,
neutralized by acetic acid and crystallized from acetone. Identity
and purity of 1a-c was checked by melting point, microanalysis and
NMR spectroscopy.

Compound 1a: yield: 6 g (47%), m.p. 154-157 °C (dec.). 'H NMR
(500.13 MHz, DMSO-dg, 298 K): 6 =8.41 [d, 3]=8.6 Hz, 1H, H-4],
7.84 [m, 1H, H-2'], 7.68 [d, 3] = 8.8 Hz, 1H, H-7], 7.58-7.59 [m, 2H, H-
6, H-3'], 744 [m, 1H, H-4'], 7.30 [m, 1H, H-5], 14-15 [vbs, 1H, NH].
13C NMR (125.77 MHz, DMSO-dg, 298 K): 6 =121.0 (C-2'), 128.2
(C-4'), 129.7 (C-3’). Other signals are very broad. Anal. Calcd for

C13H10N4S: 61.40 (C), 3.96 (H), 22.03 (N), 12.61 (S). Found: 61.68 (C),
3.76 (H), 22.03 (N), 12.55 (S).

Compound 1b: yield: 3.4 g (24%), m.p. 119-121 °C (dec.). '"H NMR
(500.13 MHz, DMSO-dg, 298 K): 6 =8.01 [d, 3]=8.6 Hz, 1H, H-4],
7.67 [d, 3] =9.1 Hz, 1H, H-7], 7.64 [m, 1H, H-2'], 7.56 [m, 1H, H-3'],
7.51 [m, 1H, H-6], 7.35 [m, 1H, H-4'], 7.28 [m, 1H, H-5], 4.56 [q,
3]=71Hz, 2H, CHy], 137 [t, ]J=71Hz, 3H, CH3]. 3C NMR
(125.77 MHz, DMSO-dg, 298 K): 6 = 11.0 (CH3), 41.5 (CHy), 118.2 (C-
2'), 121.0 (C-4), 121.8 (C-7), 123.8 (C-5), 125.7 (C-4'), 127.0 (C-3a),
129.8 (C-6), 129.8 (C-3'), 142.4 (C-1), 161.7 (C-7a), 172.1 (C-3). Anal.
Calcd for Cy5H14N4S: 63.81 (C), 5.00 (H), 19.84 (N), 11.35 (S). Found:
63.54 (C), 4.95 (H), 19.89 (N), 11.35 (S).

Compound 1c: yield: 33g (21%), m.p. 64-66°C. 'H NMR
(500.13 MHz, DMSO-dg, 298 K): 6 =7.93 [d, 3] =8.5 Hz, 1H, H-4],
7.64 [d, 3] = 8.9 Hz, 1H, H-7], 7.58 [m, 1H, H-2’], 7.52 [m, 1H, H-3'],
747 [m, 1H, H-6], 7.30 [m, 1H, H-4'], 7.24 [m, 1H, H-5], 4.44 [t
3J=74Hz, 2H, CHy], 1.72 [sp, J=74Hz, 2H, CH,], 142 [sx,
3]=74Hz, 2H, CHy], 096 [t, 3J=74Hz, 3H, CHs]. ®C NMR
(125.77 MHz, DMSO-dg, 298 K): 6 =13.7 (CHz), 19.8 (CHp), 27.5
(CHy), 45.7 (CHy), 118.1 (C-2'), 120.8 (C-4), 121.7 (C-7), 123.7 (C-5),
125.6 (C-4'),127.0 (C-3a), 129.7 (C-6), 129.7 (C-3), 142.6 (C-1'), 161.7
(C-7a), 171.9 (C-3). Anal. Calcd for Ci7H;gN4S: 65.78 (C), 5.84 (H),
18.05 (N), 10.33 (S). Found: 65.68 (C), 5.66 (H), 18.22 (N), 10.42 (S).

Commercially available 3-amino-2,l-benzisothiazole (Synthesia
a.s., Czech Republic) was crystallized from toluene, m.p. 176-178 °C
(Ref. [20] gives m.p. 178-179 °C) a its purity was checked by 'H
NMR and 3C NMR spectroscopy. 'H NMR (500.13 MHz, DMSO-dg,
298 K): 6=7.80 [dd, }=8.6Hz, 4/=0.7 Hz, 1H, H-4], 7.30 [dd,
3]=89Hz, 4¥=06Hz, 1H, H-7], 725 [ddd, 3/=89, 6.2Hz
4/=1.2 Hz, 1H, H-6], 6.83 [ddd, 3] = 8.6, 6.2 Hz, 4] = 1.0 Hz, 1H, H-5],
7.77 [b, 2H, NH;]. Chemical shifts of all protons are slightly con-
centration dependent. >C NMR (125.77 MHz, DMSO-dg, 298 K):
6=173.2 (C3), 160.8 (C7a), 129.3 (C6), 121.6 (C4), 120.6 (C7), 119.4
(C3a), 117.9 (C5) in accordance with Ref. [27].
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