DYk
Ml
PIGMENTS

ELSEVIER Dyes and Pigments 41 (1999) 1-10

A semiempirical molecular orbital study on the reaction of an
aminopyrazolinyl azo dye with singlet molecular oxygen

Zenzo Morita *, Shin’ya Hada

Department of Material Systems Engineering, School of Engineering, Tokyo University of Agriculture and Technology, Koganei, Tokyo 184-
8588, Japan

Received 23 March 1998; accepted 24 April 1998

Abstract

Semiempirical MO (PM3) calculations were carried out to evaluate the photochemical reaction with singlet mole-
cular oxygen at the azo group for an aminopyrazolinyl azo dye (Yellow-I) and for some hydroxy azo dyes. Structure
optimization to give the minimum energy of formation showed that Yellow-I exists more predominantly in the azo
form than the hydrazone one in vacuum. The azo and hydrazone forms of Yellow-I were shown to have similar reac-
tivity in the reaction with singlet oxygen via ene reaction or 1,2-cycloaddition mechanism. Singlet oxygen adds to the
carbon—nitrogen double bond of the hydrazone tautomer, as well as to the carbon—carbon double bond in the pyrazoline
ring of the azo tautomer to give the same end product, i.e. hydroperoxide. The facility with which a dye is photo-
oxidized by singlet oxygen is dependent on the properties of the dye and on the azo-hydrazone tautomerism. The ease of
photooxidizability for azo dyes can be estimated by the value of the superdelocalizability at the carbon atoms on which
azo groups are substituted for hydroxylated and aminated aromatics. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

From the similarity between the reaction of
singlet molecular oxygen with a carbon—carbon
double bond [1-10], and the reaction with azo
groups, the latter has been assigned to be an ‘ene’
reaction [11,12]. Several workers have suggested
the reaction of singlet oxygen with the hydrazone
tautomer within the azo-hydrazone tautomerism
[11-18]. We have previously shown that the pho-
tosensitized fading of an aminopyrazolinyl azo
dye (Yellow-I) with a copper phthalocyanine dye
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was due to a singlet oxygen mechanism [19,20].
The ease with which reactive dyes on cellulose are
photo-oxidized was examined by exposing the
dyed films in aerated Rose Bengal solution, while
that in which the dyes were photo-reduced was
evident in anaerobic dl-mandelate. Yellow-1 was
found to be very susceptible to photo-oxidization,
and had a low ease with which it was photo-
reduced.

In the present study, whether or not semi-
empirical molecular orbital calculations can esti-
mate the very large ease with which Yellow-I is
photo-oxidized is discussed. Since, in the MO cal-
culation, Yellow-I is regarded to exist as an iso-
lated molecule in vacuum, the sodium sulfonate or
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the sulfonic acid group is treated, and the vinyl-
sulfonyl (VS) group is bound with cellulose as the
hydroxyethylsulfonyl variety.

2. Materials

An aminopyrazolinyl azo dye (Yellow-I), a VS
reactive dye supplied by Sumitomo Chemical Co.
Ltd., and some model hydroxyazo dyes were used.
The chemical structures of the azo and hydrazone
forms used for the MO calculation are shown

below.

1. Azo form of Yellow-I.
~
\

2. Hydrazone form of Yellow-I.
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MO calculations were performed by using
CAChe MOPAC 94 Ver.3.8 based on MOPAC 6
(CAChe Scientific, Inc.).

Table 1

3. Results and discussion

3.1. PM3 calculation of reactivity for azo and
hydrazone tautomers

3.1.1. Structure optimization

The geometries of the azo and hydrazone tau-
tomers for Yellow-I were initially optimized using
the PM3 method. In order to illustrate the chemical
structure in geometry optimization and reaction
schemes, their abbreviated form is used as shown:

HaG
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(where only the azo form is shown.)

The number in the structure shows the number
of the constituent atoms to express the reaction
sites. The optimized geometries for four species of
Yellow-I are summarized in Table 1, and those for
the sodium sulfonate form are shown in Figs. 1
and 2. The intermediate part between A and B
(pyrazoline nucleus and hydrogen-bonded azo
group) is plainer for the azo and hydrazone tau-
tomers. As for the twist angle, no twisting is
described by +180°, plus angles of rotation and
twist mean clockwise, and minus angles antic-
lockwise. Thus, azo tautomers with sodium sulfo-
nate or sulfonic acid groups are almost linear. Only
the A- and B-planes rotate by 43~45°" and —45 to
—46°, respectively. The two phenyl rings of the
azo tautomer rotate in the reverse direction to

Dihedral angles between A- or B-plane and azo-pyrazoline-plane (AP plane) in the optimized geometries of Yellow-I in the singlet

ground state

Tautomer Type of Rotation (°) Twist (°)
solubilizing
group A-AP (4-5-6-7) B-AP (9-10-11-12) A-AP (4-5-6-7) B-AP (9-10-11-12)
Azo SO3;Na 45.02 —44.44 —178.9 178.2
SO:H 43.39 —45.81 179.7 —178.9
Hydrazone SO;Na 111.9 26.22 —177.1 —149.7
SO;H 108.8 26.22 —175.3 —149.5
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Fig. 1. Optimized structure for the azo tautomer of Yellow-I in the sodium sulfonate form (heat of formation=—231.2kcal mol~')

(cf. Table 1).

Fig. 2. Optimized structure for the hydrazone tautomer of Yellow-I in the sodium sulfonate form (heat of formation=—211.2 kcal

mol~!) (cf. Table 1).

each other (cf. Fig. 1). The hydrazone tautomers
with sodium sulfonate and sulfonic acid groups,
on the other hand, have almost the same structure
to each other with less linear geometry. The A-
plane bends a little from the azopyrazoline-plane
and B-plane by 30°, and the A-plane rotates 110°
and the B-plane by 26° as shown in Fig. 2

3.1.2. Heats of formation for Yellow-I as the
sodium sulfonate or sulfonic acid type in optimized
geometries

The heats of formation for the azo and hydra-
zone tautomers of Yellow-I in the sodium sulfo-
nate form with the optimized geometries are
shown below the structure. The heat of formation
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for the azo tautomer was smaller than that for the
hydrazone form. The differences were 20 kcal
mol~! for the sodium sulfonate type and 17.8 kcal
mol~! for the sulfonic acid type, respectively.
Since the mean errors of the heats of formation
calculated by the PM3 method have been reported
to be £7.8kcal mol~! for 660 compounds [21,22]
and that polar solvents promote the hydrazone
form, the predominance of the azo form in aqu-
eous solution may not completely be concluded.
However, Mazurek et al. [23] recently made a
study on the azo-hydrazone equilibria of 8-aryla-
zotheophyllines by ab initio MO calculation and
UV-Vis measurements. Although polar solvents
and electron-withdrawing substituents shift the
equilibrium slightly towards the hydrazone side,
arylazotheophilines exist mainly in azo-form. The
heats of formation for the azo tautomers of azo-
theophylines, calculated by the ab initio method in
vacuum, were smaller by ca 20kcal mol~!* than
those for the hydrazone tautomers, except for the
trinitroderivative, as in this present study.

3.2. Mechanistic study by PM3 method

Dewar and Thiel [4] have reported the reaction
mechanism of singlet oxygen with a carbon—carbon
double bond using the MINDO/3 method, and
they concluded a step-wise reaction via peroxirane
or zwitterionic intermediates. Yamaguchi [5] has
reviewed the MO calculations of singlet oxygen
reactions. In this present study, the PM3 method
was used instead of MINDOJ/3. In order to obtain
a reference for comparing the validity of applying
the MO method to azo dyes, the reaction of (' A,)
O, with propene was recalculated by the PM3
method, as shown in Scheme 1. Although the first
product of the reaction between propene and 'O,
yields cis- and trans-methylperoxiranes, only the
reaction path of cis-isomers is shown in Scheme 1,
since cis- and trans-species are similar in energy
[4]. A smoother reaction path to the end product,
propene-3-hydroxyperoxide, was obtained by the
PM3 method than that by the MINDO/3 [4],
because the intermediate potential barriers, 3—4
and 3—5, disappeared in the case of PM3,
although a barrier of 6—7 remains in case of the
1,2-cycloaddition pathway by both methods.

3.2.1. Reaction site in Yellow-I in electrophilic
reaction with 10,

Singlet molecular oxygen acts as electrophilic
reagent on reaction with carbon—carbon double
bonds, to give an ene reaction as well as 1,2-
cycloaddition. Whatever sites within a single
molecule of Yellow-I have the higher possibility of
reacting with 'O, can be estimated by the frontier
electron density (ff.E)) of the HOMO orbital, for
electrophilic reactions [24-29]. The super-
delocalizability (S,(,E)) can compare the reactivity
of corresponding atoms in different molecules
[24,25,28]. In non-planar molecules, S,(.E) for n-
orbitals is defined by [28]:

ng) — fzﬁ(cm,i)z (1)

€ —€E

where super- and subscripts E indicate the counter
reagents of electrophiles, 'O,, C,; is the coeffi-
cient of p-orbital of the r-atom of the ith MO
which is perpendicular to the local plane, 8 is the
resonance integral, and e€g and ¢;c, are the orbital
energies of the counter reagent and the ith MO of
Yellow-1. The value of €x for the LUMO energy of
10, used in the present study was —5.85¢V, while
those of ¢; for of the azo and hydrazone tautomers
of Yellow-I were —8.765 and —8.713 eV, respec-
tively.

The values of f,(.E) and SﬁE) at several positions
for the azo and hydrazone tautomers of Yellow-I
are listed in Table 2. The 4-carbon (Site 3) on the
pyrazoline ring, substituted by the azo group, was
shown to have the highest reactivity to electro-
philic reagent in both the hydrazone and azo tau-
tomers of the sodium sulfonate and the sulfonic
acid types. Previous studies have reported the
same conclusions from the reaction of the hydra-
zone tautomer with 'O, [11-18].

3.2.2. Reaction of 'O-with the hydrazone tautomer

As in the case of the reaction of propene with
10, (cf. Scheme 1), the reaction of the hydrazone
tautomer for Yellow-I was treated by using the
PM3 method, as shown in Scheme 2. As a con-
venience, some simplified presentations are
employed. As the first step, 'O, adds to the C=N
double bond of the hydrazone tautomer, as has
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Scheme 1. Reaction scheme of propylene with 'O,. (Numbers in parentheses describe the heats of formation (kcal mol~'): left cal-
culated by MINO/3 method [2] and right by PM3 method, respectively.)

been previously reported [11-18]. Although a
common potential barrier 10—11 and a barrier in
1,2-cycloaddition path 14—15 are observed, both
the ene reaction and 1,2-cycloaddition pathways
to the common end product, 4-hydroperoxide,
are concluded to hold in the reaction of 'O, with
Yellow-I. However, 'O, adds to the C=N double
bond from the front (upper) and back (down) sides
of the structure. Thus, as in the case of propene, two
kinds of isomers for the corresponding products,
except for some exceptions which have no isomer,
are formed in the reaction between Yellow-I and
10,. Since the heats of formation of the products

were very similar to those of the corresponding
isomers, only one reaction path of their isomers is
shown in Scheme 2.

No reaction of 'O, via 1,4-cycloaddition mechan-
ism was shown to occur by the same procedure.

3.2.3. Reaction of 1O with the azo tautomer

The application of the PM3 method to the
reaction of 'O, with the azo tautomer of Yellow-I
is shown in Scheme 3. In this scheme, 'O, adds to
the C=C double bond of the pyrazoline ring of
the azo tautomer as the first step. As in case of the
hydrazone tautomer, only one reaction path from
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Scheme 2. Reaction scheme for Yellow-I of hydrazone tauto-
mer and sodium sulfonate form with 'O, (Numbers in par-
entheses describe the heats of formation (kcal mol™1),
calculated by PM3 method.)

the two pathways is shown in the scheme,
although two kinds of isomers for the corre-
sponding products are formed. Compared with
Schemes 1 and 2, more facile reaction pathways of
the ene reaction, as well as 1,2-cycloaddition, were
obtained, except for a very small potential barrier
21—22. Thus, the azo tautomer reacts with 'O, at
the common reaction site to give the same end
product, i.e. the 4-hydroperoxide of Yellow-I, as

H3
N \\’N "0,
ATN N, — A—N_
H™N
H
17.(-231.2)

H
H, 18(2125)

1,2-Cyclo-
addition

o
H
23.(-227.4)

Scheme 3. Reaction scheme for Yellow-I of azo tautomer and
sodium sulfonate form with 'O,. (Numbers in parentheses
describe the heats of formation (kcal mol~'), calculated by
PM3 method.)

that of hydrazone tautomer via a different reaction
path. The ease with which azo dyes are photo-
oxidized is thus determined by the dye property
itself, and not by whether or not the dyes exist in
the hydrazone form. The large ease with which
Yellow-1 is photo-oxidized [19] can be explained
by the high reactivity of the 4-carbonation on the
pyrazoline ring, and not by the azo-hydrazone
tautomerism (cf 3.3).
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3.2.4. Decomposition of hydroperoxide of Yellow-I

The end product of photo-oxidation in Schemes 2
and 3, the 4-hydroperoxide of Yellow-1, is decom-
posed to give quinones and diazonium compounds

Table 2

Reactivities (/‘fL) and S,@) at several sites in the azo and
hydrazone tautomers of Yellow-I in its sodium sulfonate and
sulfonic acid forms

Azo tautomer Hydrazone tautomer

Type SO;Na SO,H SO;Na SO,H
Site (1) A7 S 4D s A0 5B A gl

0.129 0.543 0.119 0.487 0.153 0.491 0.141 0.479
0.142 0.428 0.141 0.400 0.026 0.384 0.116 0.363
0.339 0.559 0.365 0.608 0.325 0.513 0.375 0.543
0.060 0.522 0.083 0.488 0.064 0.454 0.086 0.489
0.072 0.474 0.099 0.426 0.051 0.471 0.124 0.479
0.044 0.449 0.072 0.432 0.005 0.424 0.047 0.427
0.029 0.434 0.046 0.416 0.003 0.401 0.024 0.400
0.029 0.397 0.046 0.382 0.004 0.370 0.034 0.352
0.089 0.444 0.085 0.411 0.159 0.441 0.116 0.396
0.111 0.543 0.165 0.584 0.066 0.496 0.141 0.509
0.157 0.547 0.167 0.505 0.173 0.490 0.097 0.494
0.034 0.429 0.019 0.367 0.120 0.466 0.041 0.383
0.032 0.478 0.028 0.426 0.122 0.420 0.062 0.454

(el e NV T S

—— = — O
W= O

Table 3

Heats of formation (kcal mol~!) for various species with the
optimal geometry for aminopyrazolinyl azo dye reacted with
singlet oxygen by means of the semiempirical PM3 method

Type of solubilizing group

Species D-SO;3;Na D-SOz;H Difference
9 —211.2 —112.2 99.00
10 —193.5 —93.90 99.60
11 —181.5 —81.61 99.89
12 —234.6 —135.5 99.10
13 —196.6 —96.83 99.77
14 —224.3 —125.2 99.10
15 —193.0 —93.90 99.10
16 —235.5 —130.0 105.5
17 —231.2 —127.0 104.2
18 —212.5 —107.6 104.9
19 —213.5 —108.5 105.0
20 —234.8 —128.8 106.0
21 —227.0 —121.7 105.3
22 —226.5 —121.0 105.5
23 —2274 —121.9 105.5
24 (=16) —235.5 —130.0 105.5

[11]. Frimer [1,5] summarized Hock-cleavage of
hydroperoxide to carbonyl fragments via acid-
catalyzed heterolysis, occurring even in absence of
any added acid.

In the oxidative photo-decomposition of azo
dyes, an ene reaction or 1,2-cycloaddition of both
the azo and hydrazone tautomers with 'O, is the
rate-determining step to give hydroperoxides,
which may be easily and thermally decomposed to
carbonyl fragments.

3.2.5. Comparison between the sodium sulfonate
and sulfonic acid of the dye

Although the heats of formation for Yellow-I of
both the sulfonate and sulfonic acid types in the
optimized geometries were calculated in Sections
3.1.2, 3.2.2, and 3.2.3, those for all the species of
both the types in Schemes 2 and 3 are listed in
Table 3. The differences between both the types in
the heats of formation were 99.4 kcal mol~' for
the hydrazone tautomer and 105.2 kcal mol~! for
the azo tautomer, respectively, except for species
16 (=24).

In spite of whether the solubilizing groups of
“Yellow-1" are sodium sulfonate or sulfonic acid, it
was confirmed that the same conclusions were
obtained from the optimized geometries, the
smaller heats of formation of the azo tautomer,
the sites of highest reactivity, and the reaction
mechanism with 'O,.

3.3. Ease with which dyes are photo-oxidized

The photo-reactivities of typical azo dyes, 2-
and 4-hydroxyphenylazobenzenes, 1-phenylazo-2-
naphthol, 4-phenylazo-1-naphthol, and related
dyes, in the reaction with 'O, were also examined
by the PM3 method. Heats of formation and opti-
mized geometries for both the azo and hydrazone
tautomers of these four dyes with optimized geo-
metries were calculated as shown in Table 4, in
which results for Yellow-I of sodium sulfonate
type are also listed. All the azo tautomers for these
dyes have smaller heats of formation than the
hydrazone tautomers. Except for Yellow-I and the
hydrazone form of CI Solvent Yellow 12, all the
azo and hydrazone tautomers of the six dyes have
a fully planar structure.
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Table 4

Heat of formation (kcal mol~') and reactivity with singlet oxygen for azo and hydrazone tautomers of some azo dyes in optimized

geometries by the PM3 method

Dye Tautomer Heat of Dihedral angle Position of ff") S,(-E)
formation Rotation® Twist® highest reactivity
Yellow-1 Azo —231.2 45.02 —178.9 )} C-atom in pyrazoline 0.339  0.559
nucleus substituted by
azo group
Hydrazone —211.2 111.9 —177.1 0.325  0.513
2-Hydroxyphenyl-azo- Azo 45.80 0.000 —180.0 \ C-atom in hydroxy- 0.279  0.489
benzene phenyl group substi-
tuted by azo group
Hydrazone 59.90 0.001 —180.0 0.303  0.472
CI Solvent Yellow 12 Azo 28.51 —0.015 —179.9 0.246  0.494
Hydrazone 4431 —6.683 166.8 0.334  0.517
4-Hydroxyphenylazobenzene Azo 45.24 —0.001 180.0 0.264  0.473
Hydrazone 64.92 —0.001 180.0 0.223  0.468
CI Solvent Yellow 10 Azo 36.05 0.002 —179.9 0.306  0.481
Hydrazone 56.06 —0.001 —180.0 J 0.321  0.485
1-Phenylazo-2-naphthol Azo 64.06 0.000 —180.0 C-atom in naphthyl 0.373  0.518
group substituted by
azo group
Hydrazone 71.72 0.001 —179.9 0.391  0.539
4-Phenylazo-1-naphthol Azo 67.08 —0.001 —180.0 0.349  0.500
Hydrozone 76.15 —0.001 —180.0 0.331  0.494

@ Rotation = Rotation (4-5-6-7) (°).
b Twist = Twist (4-5-6-7 (°)

The position or atoms of highest reactivity can
be determined by searching the largest values of
ﬁE) for the optimized geometries of each dye. They
were carbon atoms on which azo groups were
substituted by phenols, naphthols, and the pyr-
azoline ring of Yellow-I (cf. Table 4). The position
of reaction may be a general rule for azo dyes. It
should be noted that proton transfer in the azo-
hydrazone tautomerism and the proton abstrac-
tion in the ene reaction and 1,2-cycloaddition (cf.
Scheme 3) for p-hydroxyl isomers may occur via a
solvent proton, although this mechanism has not
yet been reported.

The ease with which these dyes are photo-oxi-
dized can be compared among different dyes by
the values of S,(.E) at the carbon atoms of highest
reactivity, as shown in Table 4. Exce)pt for 1-phe-
nylazo-2-naphthol, the values of S for the azo
tautomers were larger than the hﬁ%/drazone ones.
The differences in the values of S,<. between both
the tautomers were 0.46-0.005. The precise value
of S£E> for a dye cannot be determined, since no

real composition of azo/hydrazone tautomers can
be estimated on cellulose, but the real value may
be regarded to exist in the range between those for
both the tautomers. Then, if the differences of S,(.E)
between dyes are larger than 0.5, the photo-oxidiz-
abilitby of azo dyes may be estimated by the values
of S8 1f the photo-oxidation with 'O, occurs only
between the hydrazone tautomer this rule does not
hold. It also shows that the treatment of Scheme 3
is viable, since there is no evident exclusion princi-
ple of the azo tautomer in the application of MO
theory to the reactivity of azo dyes.

Yellow-I has the largest value of S among
these dyes, which shows that Yellow-I has very
large ease with which it is photo-oxidized.

The photo-reactivities of these dyes can be
found in Colour Index [30] as the light fastness of
solvent dyes, although some dyes contain methyl
substituents (cf. Table 5). Although the effect of
methyl groups cannot be estimated, there was
found good correlation between the values of SS.E)
and the light fastness. The photo-oxidizability of
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Table 5
Lightfastness for dyes used and of related dyes [30]

Dyes 2-Hydroxy-5-methylphenyl-
azo-2-methylbenzene

3-Methyl-4-hydroxy-
phenylazobenzene

1-Phenylazo-2-
naphthol

4-Phenylazo-2-
naphthol

CI Solvent Yellow 12
Very good (in mineral oil)

CI generic name
Lightfastness (in solvent)

CI Solvent Yellow 10 CI Solvent Yellow 14  CI Solvent Brown 4
Fair (in mineral oil)

Poor—fair Fair (in oil)

azo dyes, or light fastness to photo-oxidation may
be estimated by the superdelocalizability of the
carbon atom substituted by an azo group in
hydroxylated or aminated aromatics, irrespective
of azo and hydrazone tautomers.

4. Summary

High reactivity of an aminopyrazolinyl azo dye
in an electrophilic reaction, i.e. reaction with sing-
let molecular oxygen, was proved by use of the
semiempirical molecular orbital PM3 method.
Although former reports have stated that only the
hydrazone tautomer had high reactivity with 'O,,
it was confirmed that both the azo and hydrazone
tautomers have similarly high reactivity with 'O,
to give a common end product (hydroxyperoxide)
by way of an ene reaction or 1,2-cycloaddition.
Thus, 'O, reacts with the 4-carbon atoms of the
pyrazoline nucleus of the azo tautomer, as well as
that of the hydrazone form, to give the same end
product, by way of different reaction intermediates
from both tautomers.

The reactivity of azo dyes with 'O, does not
depend on whether or not they exist as the hydra-
zone tautomer but upon their basic chemical
structure.

The ease with which azo dyes are photo-oxidized
can be estimated by the wvalues of super-
delocalizability at the carbon atom, substituted by
an azo group, in hydroxylated and aminated aro-
matics by using the semiempirical MO method.
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