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Summary

Oxidation of phenothiazine sensitized by benzophenone gives 3-pheno-
thiazone and phenothiazine-5-oxide as the primary products at low conver-
sions in benzene. From the kinetic features a mechanism demonstrating
energy transfer from triplet benzophencne to phenothiazine has been postu-
lated. Triplet phenothiazine is shown to undergo oxidation essentially
without any participation of O, (*Z," or 1A;). No charge transfer complexa-
tion between the sensitizer and substrate is observed. The presence of hydro-
xylic solvents increases the net reaction and this effect has been discussed.

1. Introduction

The photosensitized oxidation of organic compounds in the presence of
oxygen is reported to proceed through two mechanisms [1, 2]. Schenck and
his coworkers [3 - 5] have postulated the interaction of the excited
sensitizer with the substrate whereas Kautsky [6] has proposed a mechanism
involving the interaction of the excited sensitizer with oxygen. In the latter
case singlet oxygen is assumed to be the reactive intermediate which
undergoes further reactions with the substrate.

It has been shown by previous workers that singlet oxygen is involved
in the photooxidation of aliphatic amines sensitized by dyes [7] and
carbonyl compounds [8]. However, Davidson and Bartholomew [9] have
put forward the other pathway. Dye-sensitized oxidation of tertiary amines
has also been shown to take place through the interaction of the sensitizer
with the substrate [10].

Charge transfer complexation between triplet benzophenone (BP) and
amines has been proposed by Cohen and coworkers [11, 12] and in non-
polar solvents an exciplex has also been postulated [13, 14]. The exciplex
formation is rather like a polar transition state and triplet BP is known to
react additively with diphenylamine to give a carbinol, 4-(N-phenylamine)-
phenyl-diphenylmethanol, in t-butanol or acetonitrile apparently through an
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ion pair [15]. In dye sensitization there is little likelihood of the energy
transfer to yield triplet amines occurring and a report postulating this mecha-
nism needs to be examined [16].

Phenothiazine (PTH), which according to the 4n + 2 formula does not
have 7 electrons, is expected to undergo photooxidation in which the reac-
tion starts with an attack on nitrogen or sulphur giving rise to two separate
mechanistic paths. A study of these two possible mechanisms can help in
elucidating the details of the reaction. It is with this in mind that the
hitherto unstudied BP-sensitized oxidation of PTH was undertaken and we
report here the results of this study.

2. Experimental

All the reagents were obtained from standard suppliers and were
purified either by fractional distillation or by crystallization before use. The
photolyses were carried out in a Pyrex cell (24 mm in diameter X 170 mm
long) fitted with a capillary and a small water condenser.

For identification of the products a mixture containing 5.0 X 103 M
PTH and 2.0 X 107t M BP was photolysed (125 W Gallenkamp (U.K.) lamp
with emission at 3660 A) for 1 h. The excess solvent was evaporated under
reduced pressure and the products were analysed by thin-layer chromato-
graphy (TLC) and UV and IR spectroscopy. The absorbances were measured
on a precalibrated Hilger and Watts spectrophotometer.

3. Results and discussion

Separation on a silica gel G plate with benzene—-methanol (19:1) gave
two products which were identified as 3-phenothiazone (PTZ, I) and
phenothiazine-5-oxide (II) from their UV spectra [17], and comparison of
R¢ values, melting points and IR spectra with those of standard samples

SesUNas

(m

prepared by the method of Bodea and Raileanu [18] and by oxidation of
PTH by H,0, on a silica gel G plate [19] respectively.

The similarity in the visible spectra of the reaction mixture and of 1
showed it to be the only product absorbing in this region. Phenothiazine-5-
oxide was monitored after TLC separation and Fig. 1 shows the results of
a time study and the curves passing through the origin establish that both
the products are primary products.
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Fig. 1. Plot of 3-phenothiazone concentration (0) and phenothiazine-5-oxide absorbance
(®) vs. time of irradiation. The upper and lower scales along the abscissa are for 3-pheno-
thiazone and phenothiazine-5-oxide respectively.

Fig. 2. Plot of absorbance vs. wavelength: [PTH] = 8.0 X 107° M; [BP] = 2.0 x 1073 M.
Curves 1 - 3 are for BP, PTH and BP-PTH respectively. Curve 4 was obtained in the pre-
sence of 8.3% t-butanol. e, expected absorbance if there is no complexation. The solvent
was benzene.
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Fig. 3. Plot of 3-phenothiazone concentratlon vs. time of irradiation for different concen-
tratnons of BP: [PTH] =20Xx 10 3 M. Curves 1 8 are for [BP] values of 0. 0 M,1.6 X
10~ M 4.0x%X 10" M 8.0 x 1073 M, 2.4 x 102 M,1.6 x 10 M 20x 10 ' Mand 3.6
x 1071 M respectively. The solvent was benzene.

The energy transfer from triplet BP (E; = 68.6 kcal [20]) to PTH
(Ex = 55 kcal [21]) is expected to be diffusion controlled. BP can also
abstract a hydrogen atom [22] and one would therefore expect some
products arising from the diphenylhydroxymethyl radical including
benzpinacol. A careful search revealed no such products; this is under-
standable since even in favourable conditions of hydrogen abstraction energy
transfer is expected to be faster [23, 24].
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The possibility of charge transfer complexation which is known to
occur between amines and BP [15, 25 - 27] is ruled out by the results shown
in Fig. 2, since in the event of complexation separation in the molecular
orbitals is expected to decrease resulting in some red shift.

The effect of varying BP concentration was studied to examine the
direct photolysis in the chosen conditions of sensitization and Fig. 3 shows
the results. The rates are linear in the initial stages, and at the limit of maxi-
mum light absorption the reaction is 2C times greater than in the absence
of BP. The direct photolysis can therefore be neglected, particularly in view
of a further internal filter effect.

In view of the above observations and known features of BP sensitiza-
tion the following mechanism (Scheme 1) can be considered:

BP +hy —8 Sy, (1)
k
SBp —1 ,Tgp (2)
T k2 T
BP + PTH —>— BP + TPTH (3)
k
TRP —3 . BP (4)
k
TBP + 0, ——— BP + O, (5)
k
TPTH + O, —— products (8)

This mechanism gives the rate expression

A 1

— 1 + (k3 + kg[O2]) 4o[PTH] (7)
where a is the intersystem crossing efficiency and has a value of 0,99 [28]
and I, is the absorbed intensity which is dependent upon BP concentration
up to the region of complete absorption. If BP leads to the formation of
singlet oxygen then in addition to steps (1), (2) and (4) the following steps
(Scheme 2) could lead to the products:

k

TBP + O, —S5.BP + 0,035, or 14,) (8)

0,('Z," or '4,) —£7, 0, (9)
k

PTH + Oy,(1z, " or 1A,!=)-—£—> products (10)

The rate of product formation derived from steps (1), (2), (4) and (8) - (10)
is obtained from
al, key k3 (1 + ky )
kg[PTH]

+ +
rate ks[PTH] ke[Oz]

(11)
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Fig. 4. Plot of relative reaction rate vs. [PTH]: [BP] = 2.0 X 10 1m; solvent, benzene.

Fig. 5. Plot of (relative reaction rate) ™ vs. {O5]: [PTH] = 2.0 x 103 M; [BP] = 2.0 X
101 M; solvent, benzene.

However, it is quite likely that as in the case of some dye sensitizations
[29] the reaction may be taking place through the interaction of BP with
the substrate as well as the energy transfer to oxygen. The rate expression
when both of these mechanisms are operative is

o, kgks[O]

rate  lkgka[Og) [PTH] + Fegka[PTHI? + keky[PTH]

In eqn. (12) it is assumed that at the limit of maximum energy transfer
deactivation by the solvent is negligible and singlet oxygen formation is very
efficient compared with deactivation of triplet BP by oxygen.

Scheme 1 predicts a direct relation between rate and [PTH] at constant
[O2] and an inverse relation between rate and [O;] al constant [PTH].
According to Scheme 2 the rate is expected to increase with increasing [O,]
at constant [PTH]. In eqn. (12) k; >> kg because triplet—triplet energy
transfer to amines is known to be diffusion controlled whereas singlet oxy-
gen formation from triplet BP is an inefficient process [9] . Under the experi-
mental conditions ([O,] =~ 1072 M) the first term in the denominator of eqn.
(12) can be neglected compared with the second term. At low {PTH] a plot
of relative reaction rate versus substrate concentration at constant [O,]
is also expected to be a straight line. However, at higher [PTH] the rate
should increase more rapidly. Figure 4 gives the results of varying [PTH].
The rate is linear before flattening which is in accordance with the mecha-
nisms of Schemes 1 and 2, The flattening could occur because of complete
quenching of either triplet BP or singlet oxygen.

The effect of varying [O,] was studied and Fig. 5 shows the results.
The rate decreases with increasing [O;] which disagrees with Scheme 2 but is
in accordance with Scheme 1. The increase in the reaction rate in the
presence of 1,4-diazabicyclo[2,2,2] octane (DABCO), a singlet oxygen

(12)
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TABLE 1
Effect of adding DABCO
[DABCO]} x 10° Relative reaction
(M) rate?
0.000 1.00
0.357 1.21
1.785 1.64
3.570 2.00
14.280 2.39

[PTH] = 2.0 x 10 3 M; [BP] =2.0x 107}
M; solvent, benzene.

3 Relative reaction rates have been calculated
from the linear plots of [3-phenothiazone]
vs. time of irradiation.

TABLE 2
Effect of the medium

Medivm® Dielectric Relative reaction rate®
Benzene 2.284 1.0
Acetonitrile 4.513 0.91
(1.862 M)

Acetone 3.961 1.29
(1.362 M)

t-Butanol 2.437 1.83
(0.21 M)

t-Butanol 2.591 2.06
(0.42 M)

t-Butanol 2.746 2.29
(0.63 M)

t-Butanol 3.058 2.63
{(1.05 M)

t-Butanol 3.849 3.20
(2.10 M)

[PTH] = 2.0 x 1073 M; [BP] = 2.0 x 1071 M.
&Various solvents were added to benzene to obtain the given
concentration.

Relative reaction rates have been calculated from the linear
plots of [3-phenothiazone] vs. time of irradiation.

quencher [10] (cf. Table 1) is further evidence against any participation of
singlet oxygen. The reported participation of the BP~-DABCO adduct [30]
in the reaction should result in an induction time which was not observed.
Furthermore, DABCO does not give any product absorbing in the monitor-
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ing region and the increase can be attributed to efficient energy transfer
from triplet BP to PTH via DABCO.

The role of any ionic intermediate was examined by studying the effect
of changing the solvent and the results are given in Table 2. An increase in
the dielectric constant of the medium does not favour the reaction and does
not support the formation of ionic intermediates. There is a small enhance-
ment in the absorption in the presence of alcohol (Fig. 2) but there is no
change in the spectrum. However, increased absorption cannot be the reason
for the increase in the reaction rate in the presence of alcohol since the addi-
tion of alcohol even at the maximum value of [ BP] markedly increases the
reaction rate. The postulate of enhanced energy transfer from BP in the pre-
sence of hydroxylic solvents [31] is also not valid because of other previous
observations [ 32] and the observed enhancement in the reaction rate even in
the region of complete energy transfer. Furthermore, an increase is observed
even with acetone which cannot have any bonding with BP like that of
alcohols. Triplet BP is reported to abstract hydrogen from methyl groups
(e.g. in t-butanol [33]) but this reaction can be neglected compared with the
energy transfer process. By analogy with some other similar photooxidation
reactions it is likely that water is a product through HO, radicals in the
system, and greater stability of the intermediates and solvation of products
like water in water-miscible solvents are the basis of the observed effects.

Acknowledgment

We are thankful to the CSIR New Delhi (India) for financial assistance
to one of us (N.R.).

References

1 C. S. Foote, Science, 162 (1968) 963.
2 J. Bombon and B. Schnuriger, Physics and Chemistry of the Organic Solid State, Vol.
3, Interscience, New York, 1967, p. 97,
3 G. O. Schenck, Naturwissenschaften, 40 (1953) 205, 229; Chem. Abstr., 48 (1954)
232h.
4 G, O. Schenck, Angew. Chem., 689 (1957) 579.
5 K. Gollnick and G. O. Schenck, Pure Appl. Chem., 9 (1964) 507.
6 H. Kautsky, Trans. Faraday Soc., 35 (1939) 216.
7 K. Gollnick, Adv. Photochem., 6 (1968) 111.
8 M. H. Fisch, J.C. Gramain and J. A. Oleson, Chem. Commun., (1970) 13.
9 R. F. Bartholomew and R. S. Davidson, Chem. Commun., (1970) 1174.
10 C. Ouannes and T'. Wilson, J. Am. Chem. Soc., 90 (1968) 6527.
11 S. G. Cohen and J. I. Cohen, J. Am. Chem. Soc., 89 (1967) 164.
12 8. G. Cohen, J. Am. Chem. Soc., 89 (1967) 4571.
13 R. S. Davidson and P. F. Lambeth, Chem. Commun., (1969) 1098.
C. Pac, H. Sakurai and T. Tosa, Chem. Commun., (1970) 1311.
15 C.Pac, K. Mizuno, T. Tosa and H. Sakurai, J. Chem. Soc. Perkin Trans. 1, (1974)
561.



336

16
17
18
19
20
21
22
23
24
25
26
27
28

29
30
31
32
33

R. Knoesel, B. Gebus and J. Parrod, Bull. Soc. Chim. Fr., (1971) 4471.

H. J. Shine and E. E. Mach, J. Org. Chem., 30 (1965) 2130.

C. Bodea and M. Raileanu, Chem. Abstr., 68 (1963) 3420b.

8. K. Fabierkiewicz, J. Kofoed and G. H, W. Lucas, J. Forensic Sci., 10 (1965) 308.
W. A. Noyes, Jr., G. S. Hammond and J. N. Pitts, Jr., Adv. Photochem., 6 (1968) 329.
L. Lhoste and J. Merceille, J. Chim. Phys., 65 (1968) 1889.

R. S. Davidson and P. F. Lambeth, Chem. Commun., (1967) 1265.

W. M. Moore, G. S. Hammond and R. P. Foss, J. Am. Chem. Soc., 83 (1961) 2789.

G. S. Hammond, W. P. Baker and W. M. Moore, J. Am. Chem. Soc., 83 (1961) 2795.
.M. C. Davis and M. F. Farmer, J. Chem. Soc. B, (1968) 859.

. C. Meyer, J. Phys. Chem., 74 (1970) 2118.

. Ghandra, S. Puri and K. S. Sidhu, J. Indian Chem. Soc., 563 (1976) 896.

. G. Calvert and J. N. Pitts, Jr,, Photochemistry, John Wiley, New York, 1967, p.

0

SIER

<]

9.

S. Davidson and K. R. Tretheway, Chem. Commun., (1975) 674.

F. Bartholomew and R. S. Davidson, J. Chem. Soc. C, (1971) 2342.
Santhanam and V. Ramakrishnan, Chem. Commun., (1970) 344.

Puri, H. Chandra and K. 8. Sidhu, Indian J. Chem., 11 (1973) 954.

W. Alexander, A. C. Pratt and A. E. Tripping, Tetrahedron Lett., (1976) 2893.

2N

cw



