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The photofading of indigoin solution is examined. This
photofading is accelerated in the presence of sensitizers of
singlet oxygen, e.g. Methylene Blue or Rose Bengal. The
fading is retarded by adding effective singlet oxygen
quenchers, such as -carotene, DABCO or nickel di-
methyldithiocarbamate. In irradiations of both filtered
(A>390 nm) and unfiltered types, isatin is formed as
the main photofading product. It is suggested that the
photo fading of indigo in solution may be due to a self-
sensitized pheto-oxidation involving singlet oxygen. By
carrying out competitive photo-oxidation experiments
in solution, the relative rate constant for the reaction
with singlet oxygen is determined.

Introduction

Several studies of the photo-isomerization of indigo and thio-
indigohavebeenreported [1-4), and it is well-known that indigo
converts to isatin by photo-oxidation. Hibbert exposed pieces
of calico dyed with indigo to sunlight or an ultraviolet light
and isolated a yellow powder, which was found to be isatin
[5—6]. However, no firm chemical evidence has been obtained
for such a process.

In recent years, the contribution of singlet oxygen to the
photofading of some dyes has been examined. For example,
Griffiths and Hawkins reported on the photochemical oxida-
tion of 4-arylazo-1-naphthols and their analogous dyes [7];
the authors showed that l-arylazo-2-naphthols undergo the
self-sensitized or dye-sensitized photo-oxidation in solution,
giving the arenediazonium jon and 1,2-naphthoquinone vig
a hydroperoxide intermediate by “‘ene™ reaction [8]

In the present paper, we wish to report the photofading
behaviours of indigo in solution, as well as evidence for the
mechanism of the photofading.

Experimental

MATERIALS

Indigo (C.I. 73000), obtained from a commercial source, was
further purified by recrystallization from methanol and
chloroform. Nickel dimethyldithiocarbamate (NMC, Tokyo
Kasei) was recrystallized from ethanol.

PROCEDURES FOR PHOTOFADING

The following method typifies the procedure used to effect

the photofading reaction:
A selution of 2 mg of indigo (3.8 x 107* mol) in 200 ml of
chloroform, containing or not containing the additive —
Methylene Blue (10 mg), Rose Bengal (10 mg), 1,4-diaza-
bicyclo[2.2.2]octane (DABCO, 890 mg), B-carotene {50
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mg) or 2,6-di-t-butyl-p-cresol (820 mg) — was prepared.
This solution was then placed in a 250-ml quartz flask,
equipped with a thermometer, condenser, magnetic stirrer
and introduction tube for oxygen. The solutions were
irradiated at 21—-23°C with a 500-W high-pressure mercury
lamp (Ushio Electric Inc., UI-501 type) from outside the
vessel in an oxygen atmosphere. The vessel was kept at a
distance of approximately 25 c¢m from the light source. In
the case of irradiation with filtered radiation (>>390 nm), a
coloured glass filter (Toshiba, manufacturer’s number
UV-39 filter) was used to exclude undesirable wave-
lengths.

DETERMINATION OF RELATIVE PERCENT FADING

The absorption spectra of the indigo solutions were measured
before and after irradiation using a Shimadzu recording
spectrophotometer (UV—201 type), and relative % fading was
determined at the absorption maximum of indigo.

Iy - I
% 100

Relative % fading =
0

Iy — Absorbance at A, 5 before reaction
1, — Absorbance at A, after reaction for th

In the cases where Methylene Blue, Rose Bengal or S-carotene
are added, relative % fading was determined using thin layer
chromatography (t.l.c.), that is, the reaction mixture was
developed on a silica gel plate (solvent: benzene—
acetone = 9:1), and the spot of separated indigo was scanned
at approximately 600 nm by means of a thin layer chroma-
toscanner (Shimadzu, CS—900 type). The relative % fading
was calculated from the integration values obtained by
scanning.

INDENTIFICATION OF PRODUCTS

In the present work, isatin was formed as the main product of
photofading. Isatin was isolated from the reaction mixture by
t.l.c. and was identified by comparing its R¢-value, absorption
spectrum and m.p. with those of an authentic sample. The
yields of isatin shown in Tables 2 and 3 were determined using
the thin layer chromatoscanner.

PHOTOOXYGENATION OF 2,5-DIMETHYLFURAN WITH
INDIGO AS A PHOTO-SENSITIZER

A solution of 2.0 g of 2,5-dimethylfuran in 200 ml of
methanol containing 0.3 g (1.1 x 10™ mol) of suspended
indigo was irradiated with filtered radiation (>390 nm) for
1.5 hours in the presence of oxygen. The majority of the
methanol and unchanged 2,5-dimethylfuran were then
removed by careful evaporation under reduced pressure. The
oily residue obtained was washed with cold diethyl ether. A
colourless crystal was isolated by sublimation from the
residue. This crystal was identified as 2-hydroperoxy-5-
methoxy-2,5-dimethyldihydrofuran by comparing its m.p. and
u.v. spectra with those of an authentic sample [9]. Isatin was
isolated from the diethyl ether layer on a t.l.c. plate.

FADING OF INDIGO WITH HYPOCHLORITE-
HYDROGEN PEROXIDE

A sotution (2.7 x 1075 mol/l) of 1.4 mg indigo in 200 ml of
acetone was cooled to 0°C and aqueous hydrogen peroxide
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(1.0 mlof 1.5 x 107*M H,0,) added. The solution was stirred
and 10 mi of sodium hypochlorite solution (93 mg of 10%
solution in 10 ml water) was added dropwise in 90 min. The
absorption spectra of the dye solutions, adjusted in volume,
were measured, and relative % fading (49.4%) was determined
by the method described in the above section.

Most of the reaction mixture was diluted with 200 ml of
cold water and extracted with chloroform. The dried chloro-
form extract was reduced in volume to 10 ml using a rotary
evaporator under reduced pressure. Isatin was isolated on the
t.l.c. plate from this concentrated solution, and the amount of
isatin (31% yield based on reacted indigo) was determined
using a thin layer chromatoscanner C§—900.

When the reaction was repeated in the presence of DABCO
(0.12 M), the extent of oxidation of indigo was greatly
reduced (relative % fading, 17.2 %).

EFFECT OF NICKEL (I} COMPLEX ON THE PHOTO-
FADING OF INDIGO

A solution of 5 mg of indigo (1.9x 10 mol)in 500 ml of chlero-
form was prepared. 4 mi of this solution were mixed with I mi of
the quencher solution, containing either 6.6 mg or 0.66 mg
(2.2 x 10%, 2.2 x 10" mol) of nickel dimethyldithiocarba-
mate [NMC] in 100 ml of chloroform. These solutions (5 ml)
were sealed in identical quartz tubes, and irradiated with
filtered radiation (>>390 nm). After irradiation for 5 hours in
each case, the relative % fading of indigo was determined
spectrophotometrically. Those containing NMC showed 0%
and 2.8% conversion, respectively, whereas the solution
containing no NMC showed about 28% conversion.

Results and Discussion

PHOTOFADING OF INDIGO

Solutions of indigo in dichloromethane, chioroform, acetone
or ethanol were irradiated under oxygen with filtered
radiation (>390 nm). Uniform decomposition of indigo
occurred and isatin was isolated as the main product.

Table 1 gives the relative % fading of indigo alone and in
presence of various additives. It was found that sensitizers of
singlet oxygen, such as Methylene Blue or Rose Bengal,
accelerated the photofading of indigo. The intermediacy of
singlet oxygen was indicated by efficient quenching of the
reaction with B-carotene, DABCO or NMC. Further, the
possibility of free-radical reaction was examined using 2,6-di-
t-butyl-p-cresol as a radical scavenger [10]. The rate of
photofading of indigo was only slightly altered by the addition
of 2,6-di-t-butyl-p-cresol*.

* It is known that 2,6-di-t-butyl-p-cresol, an efficient inhibitor of
radical oxidations, has no effect on the singlet oxygen reaction
[10]. In recent years, moreover, it has been suggested that
hindered phenols undergo dye-sensitized photo-oxidation in pres-
ence of singlet oxygen [11]|. However, the photo-oxidation of
hindered phenols is very much slower than that of indigo, and low
yields are obtained. In the present case, therefore, it seems that the
rate of photofading of indigo is only slightly decreased owing to a
competitive reaction between indigo and hindered phenol with
singlet oxygen. The photofading of indigo under certain conditions
in chloroform was hardly affected by the addition of 2,6-di-t-
butyl-p-cresol. This phenomenon has not been investigated yet.



TABLE 1

Photofading Behaviour of Indigo when Irradiated with Filtered Radiation*

Irradiation  time
30 min 120 min
Solvent Additivet Fading Relative Fading Relative
(%) ratio (%) ratio
None 83 1.00 36.3 1.00
Dichloro- Methylene Blue 44.1 5.31 100 >2.75
methane B-Carotene 0.6 0.07 2.6 0.07
HP 106 1.28
Nene 2.6 1.00 154 1.00
Methylene Blue 15.9 6.12 84.8 5.51
Chloroform f-Carotene 0.6 0.23 1.5 0.10
HP 29 1.12 18.7 1.21
None 24 1.00 7.7 1.00
Acetone Rose Bengal 24.6 10.3 94.4 12.3
B-Carotene a.6 0.08
None 4.5 1.00
Rose Bengal 216 4.80
Ethanol DABCO 0.2 0.04
HP 4.8 1.07

* In all runs, a solution (200 ml) of indigo in dichloromethane (3.0Xx
10°molfl), chloroform (3.8 X 10°mol/fl), acetone (2.7 X
10 molfl} or ethanol (2.0 X 10 mol/l) was irradiated with
filtered light {Toshiba, No. UV -39 filter: A>390 nm) from outside
at 22—25°C under an oxygen atmosphere (0, gas, 20 ml/min).

t Methylene Blue (10 mg/200 ml of solution}, Rose Bengal (10 mg),
B-carotene (50 mg), DABCO (890 mg) or 2,6-di-t-butyl-p-cresol
(HP, 820 mg) were used.

TABLE 2
Photofading of Indigo in Chloroform(a)

Run Filter(c) Additive(d) Irradiation Fading Yield of

No. time (min) (%)  isatin (%)

1 none nene 3 934 76.2

2 none none 5 97.6 83.1

3 Uuv-39 none 435 71.2 66.4
4b) UV-39 none 900 42.6 349

5 none HP 15 929 85.5

6 Uv-39 HP 300 96.9 91.9

7 Uv-39 HP 210 87.9 76.1

3 Uv-39 MB 180 92.4 82.6

Average

(a) In all runs except No. 4, a solution (200 ml} of indigo in
chloroform (3.8 X 107° mol/l) under an oxygen atmosphere was
irradiated with a 500-W high-pressure mercury lamp from outside
the vessel.

(b) A solution of indigo (4.5 X 107° mol/1) was irradiated.

{c} A coloured glass filter (Toshiba No. UV —39) was used to exclude
uliraviolet light.

(d) As an additive, 2,6-di-t-butyl-p-cresol (HP, 820 mg/200 ml of
solution) and Methylene Blue (MB, 10 mg) were used.

(¢) Conversions were based on consumed indigo.

The rate of photofading of indigo with no added sensitizer
was greater by a factor of 3.4 and 2.0 in chloroform than in
ethanol and acetone, respectively**.

With filtered irradiation and unfiltered irradiation in
chloroform, isatin was formed as the main product and the
yields based on consumed indigo were almost constant (Table
2). The yields of isatin in presence of Methylene Blue or
2,6-di-t-butyl-p-cresol were very close to those obtained in

Conversion(e)

(%)
82
85
93
82
91
95
87
89
88

** The relative lifetime of singiet oxygen in a few of the solvents used
has been already determined by other workers [12]. If the rate of
photoreaction conforms to the length of the relative lifetime of
singlet oxygen, the rate of photofading of indigo would be
expected to react 5 times faster in chloroform than in ethanol, and
2.3 times faster than in acetone. However, it seems that slight
differences between the observations and the assumption may be
due to the solvent effect on singlet oxygen production as well as to
destruction, since the photo-oxidation of indigo is a self-sensitized
process,
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TABLE 3
Photofading of Indigo in Acetone(2)

Run Filter(®)  Additive(¢) Irradiation Fading Yield of

No. time (min) (%) isatin (%)
1 none none 15 92.1 71.6
2 none Hp 18 91.3 84.8
3 Uv-39 none 480 84.6 67.1
4  UV-39 HP 240 94.1 78.4
5 Uv-39 RB 75 76.6 74.7

Average

(a) In all runs, a solution (200 mD of indigo in acetone (2.7 X
107° mol/l) was irradiated.

(b) See footnote (¢) to Table 2.

(¢) As an additive, Rose Bengat (RB, 10 mg/200 ml of selution} and
2,6-di-t-butyl-p-cresol (HP, 820 mg) were used.

(d) See footnote (¢) to Table 2.

absence of the additives. The photofading behaviour in
acetone also was similar to that in chloroform (Table 3).

Moreover, when a mixture of 2,5-dimethylfuran and indigo
in methanol was irradiated with filtered radiation (>390 nm)
in the presence of oxygen, 2-hydroperoxy-5-methoxy-2,5-
dimethyl dihydrofuran and isatin were formed. This suggests
that indigo can act as a sensitizer and generate singlet oxygen,
since singlet oxygen is known to be trapped by 2,5-dimethyl-
furan in methanol to give 2-hydroperoxy-5-methoxy-2,5-
dimethyldihydrofuran {9,12]. Thus, it appears that indigo
undergoes a self-sensitized photooxidation to give isatin in
solution.

Additional evidence was obtained by examining the effect
of chemical sources of singlet oxygen. Indigo was oxidized to
isatin by singlet oxygen formed from hydrogen peroxide and
sodium hypochlorite [13,14], and the reaction was suppressed
by DABCO.

MECHANISM OF THE PHOTOFADING OF INDIGO IN

SOLUTION

The photofading behaviour of indigo in solution suggested the

presence of singlet oxygen formed by a self-sensitization. The

most probable mechanism of the photofading and formation

of isatin would be as follows:
attack of singlet oxygen on indigo should lead to the
unstable dioxetane intermediate (1), which could produce
isatin by fission of the carbon—carbon bond. The presence
of the dioxetan intermediate in the reaction is assumed by
analogy with the known reactions*** of simple olefins,
which have no allylic hydrogen, with singlet oxygen
[15,16].

[} H o] H 0
L L SN 4 A LNy A C
[ e=c T S 2] -0
SN CA N N'/O {\) e ,‘q/
| ¢ i
H o H o) B

(1 {h )

*%% [t is wellknown that the dye-sensitized photo-oxidation of
adamantylideneadmantane and tetramethoxyethylene yields dioxe-
tanes, which break down to their corresponding carbonyl fragments
[15,16].
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Conversion(d)

(%)
79
93
79
83

g7
86

COMPETITIVE PHOTO-OXYGENATION EXPERIMENTS
MEASURED IN SOLUTION WITH INDIGO AND NMC AS
ACCEPTORS
Several methods are described in the literature to determine if
photo-oxygenation takes place viz singlet oxygen [14,17-19].
The method of competitive photo-oxygenation with two
substrates, as described by Wilson [19], was applied. In this
work, indigo and NMC were used as acceptors (NMC acts as a
quencher only, while indigo undergoes an oxidation reaction
as well as acting as its own sensitizer).

In the following reaction sequences, assuming steady states

Ind + hy — Ind* (1)
Ind* - Ind + hy' (2)
Ind*+ 30, > Ind + '0% 3)
1o* 530, +h" (4)
107 + NMC~ NMC-0, 5)
Y03 +1Ind > Ind-0, (6)

for Ind* and 'OF, and assuming that reaction 4 is negligible
compared to reactions 5 and 6, one arrives at the following
linear relation between the reciprocal of the rate of decom-
position of indigo and the concentration of NMC:

dr ks 1
_ = [NMC] + — Q)
d[Ind]  k kg [Ind] k

where k = ke, ks [Ind] [20,]1/(kz + k3 [20,])

Figure 1 shows that the results fit the linear relation 7. It
gives a value of about 40 for the ratio ks (ke for the filtered
radiation, and 2 for the unfiltered radiation. Thus, the
photofading of indigo in solution proceeds entirely vie ' O3.
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Figure 1 — Inverse of the rate of decomposition of indigo
— At/ AfInd{ as a function of NMC concentration. The duration
of Ulumination, At, was 18000 or 360 s under atmospheric
conditions irn chloroform and initial concentration of indigo
1.52 x 10°% mol/l. (a) filtered radiation {(>390 nm); (b)

unfiltered radiation

~At/allnd], s 1 mol™ x 1077

10.

12,

13.

i4.
15.

16.
17.

i8.
19.

. Foote, Wuesthoff, Wexler, Burstain, Denny, Schenck and

Schuite-Elte, Tetrahedron, 23 (1967) 2583.
Foote, Wexler and Ando, Tetrahedron Letters (1965)
4111.

. Matsuura, Omura and Nakashima, Bull. Chem. Soc. Japan,

38(1965) 1358.

Denny and Nickon, ‘Organic Reactions’ Vol. 20 (1973) p.
174.

Foote, Wexler, Ando and Higgins, J. Amer. Chem. Soc., 90
(1968) 975,

Foote, Acc. Chem. Res., 1 (1968) 104.

Wieringa, Strating, Wynberg and Adam, Tetrahedron
Letters, (1972) 169.

Mazur and Foote, J. Amer. Chem. Soc., 92 (1970) 3225,
Zweig and Henderson, J. Polymer Sci., Polymer Chem.
Edn, 13 (1975) 717.

Rembold and Kramer, 1.5.D.C., 94 (1978) 12.

Wilson, J. Amer. Chem. Soc., 88 (1966) 2898,

JSDC July 1979 267



