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The kinetics of one-electron oxidation of the protonated forms of phenothiazines namely, chlorpromazine
(CPZH*) and promethazine (PMZH™) with the inorganic peroxides, peroxomonosulfate and peroxodisulfate in

aqueous medium, were investigated by stopped flow spectrophotometric technique.

The reactions of both the

phenothiazines obeyed a total second-order kinetics, first-order each with respect to [phenothiazine] and

[peroxide].
transfer.

Both peroxides generated radical cations from the respective phenothiazines by one-electron
The radical cations, CPZH 2t and PMZH"2* were found to oxidize ascorbic acid generating the parent

compounds, whereas CPZH"2* alone was able to react with sulfite, thiosulfate and dithionite to regenerate

CPZH".

There is currently a considerable interest focussed
on the thermal and photoinduced electron-transfer
reactions of phenothiazines and their radical cations.
The primary interest in this group of compounds
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stems from two aspects: (i) they undergo reversible
one-electron redox reaction and (ii) the possible use of
phenothiazines as photoredox sensitizers in solar
energy conversion systems.-3 Furthermore, the
diamine derivative of phenothiazine in conjunction
with Fe(II) constitutes one of the most studied systems
for photogalvanic effects.¥ Phenothiazine drugs
have long been used for treatment of psychiatric dis-
eases.’~® The effective use of N-alkylphenothiazines
in psychiatric therapy is attributed to their redox
reactivity. The sensitivity of these compounds
towards chemical oxidation is well-known and it has
been suggested that free-radical cations derived from
them may be important intermediates in their poten-
tial biochemical action.9-1V

In the present study, the kinetics of electron-transfer
reactions of the protonated forms of phenothiazines
(chlorpromazine, CPZH* and promethazine PMZHT)
with peroxosulfur salts, peroxomonosulfate (PMS)
and peroxodisulfate (PDS) and the reactions of pheno-
thiazine radical cations (CPZH'2* and PMZH2t) with
various reducing agents, sulfite, thiosulfate dithionite,
and ascorbic acid have been investigated.

Experimental

Chlorpromazine and promethazine were from Fluka

The kinetics of all these reactions were investigated and discussed.

(Switzerland). Peroxomonosulfate (Du Pont de Nemours &
Co., USA) in the form of a triple salt 2KHSO5-KHSO4-K2SO4
was used as such. All the other chemicals used were of the
research grade available from E. Merck (India). The reac-
tion solutions were prepared with doubly distilled water and
were thoroughly deaerated by purified N2 or Ar. The
kinetic experiments were carried out in aqueous medium
using stopped-flow technique. The details of the stopped-
flow spectrophotometer and the kinetic analysis are given
elsewhere.12 The kinetics of the formation and decay of the
radical cations were measured at their respective absorption
maxima'® (CPZH?*: Anx=510 nm; £=1.2X10¢ dm3mol-!
cm~! and PMZH2": 41x=505 nm; £=9.5X103 dm3 mol-cm-1).

Results and Discussion

Because of low solubility of the titled compounds in
aqueous medium in neutral and alkaline conditions,
the experiments have been limited to solution of
pH<7, where the side-chain nitrogen atoms of both
the phenothiazines are protonated (pK.,=9.3).14
Hence the phenothiazines are represented as proto-
nated forms, CPZH* and PMZH*. The oxidants,
peroxomonosulfate and peroxodisulfate were found to
oxidize the protonated phenothiazines to their respec-
tive radical cations. The radical cations were found
to be quite stable for several hours even in the presence
of excess concentrations of these oxidants or in the
absence of any other reducing agents. The radical
cations generated with the stoichiometric amounts of
the reactants (phenothiazine : peroxide=1 : 2) were sta-
ble for about a week.

All the experiments were carried out under pseudo-
first-order conditions, [peroxide]>>[phenothiazine].
The kinetic runs were performed with [PMS] or
[PDS]=1.0—5.0X10-3 moldm~-23 and [CPZH*]=1.0—
5.0X10~* moldm-3; and [PMS]=1.0—5.0X10-3 mol
dm-3; [PDS]=1.0—5.0X10-2 mol dm-3; and [PMZH™*]=
1.0—5.0X10-4 moldm=-3. The plots of log (A«~—A4;)
(where A is the absorbance at the end of the reaction
and A, is the absorbance at time ‘¢’) vs. time for
different initial [phenothiazine] were linear with
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almost the same slope indicating the first-order
dependence of the rate on [phenothiazine]. The
pseudo-first-order rate constants for the formation of
the radical cation, k¢/s~! were calculated from the
slopes of the above mentioned plots. Variation of the
initial [peroxide] at a fixed [phenothiazine] increased
the rate and the corresponding plots of k¢ vs. [perox-
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Fig. 1. Formation of CPZH-2t:k% vs. [peroxide]

A:PMS; B:PDS.
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Fig. 2. Formation of PMZH-2*:k% vs. [peroxide]
A:PMS; B: PDS.
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Table 1. Rate Constants for the One-Electron Transfer
Reactions of the Phenothiazines
at pH 4.0 and Temp=25°C
Oxidizing agent k2t/dm3 mol-1s-1
CPZH™* PMS 6.4X102
PDS 2.1X102
PMZHt PMS 10.0
PDS 3.1

ide] were linear passing through the origin (Figs. 1
and 2) confirming the first-order dependence of the
rate on [peroxide]. The overall second-order rate
constants for the formation of the radical cation, k2q/
dm3 mol-1s-! were evaluated from the slopes of the
above plots (Table 1). From the observed kinetics the
general rate law for the one-electron oxidation of
phenothiazines by peroxides may be given as

_ d[CPZH"?* or PMZH'?]
dt

Rate
=kyr [peroxide][CPZH* or PMZH]

where k2r/dm3 mol-1s-1 is the overall second-order rate
constant for the formation of the radical cation.

It is known that both peroxomonosulfate and per-
oxodisulfate are potential electron acceptors and are
two-electron oxidants. Even though the reactions are
carried out at excess concentrations of these oxidants,
the formation of only the radical cations and the
absence of further reaction of these radical cations
indicate that these peroxo salts undergo stepwise two
one-electron reduction process, probably with the for-
mation of SO4~ and SO47/OH as the radical interme-
diates respectively with S20s2~ and HSOs~. These
radical intermediates react fast with the substrates,
again generating the respective radical cation.

The following mechanisms may be proposed for the
reactions of the peroxides with phenothiazines.
Peroxomonosulfate:

slow

CPZH*/PMZH*+HSOs ———>
CPZH'#*/PMZH?*+(OH+S04-)/(OH-+S047) (1)
CPZH*/PMZH++OH/SO, 7 ——ts
CPZH'**/PMZH?*+0OH-/SO&-  (2)
Peroxodisulfate:
CPZH*/PMZH*+S,052- —— >
CPZH'Z/PMZH'#+S047+S02-  (3)
fast
CPZH*/PMZH*+S0, ——>
CPZH?*/PMZH?**+50¢2-  (4)

From the magnitude of the second-order rate con-
stants (Table 1) it is observed that peroxomonosulfate
is ca. 3 times more reactive than peroxodisulfate,
albeit, on thermodynamic grounds, peroxomonosul-
fate is more powerful than peroxodisulfate (E3ms=1.84
V15 and E$ps=2.01 V1), The higher reactivity of
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PMS over that of PDS has already been observed for
the reactions of halide ions!” and 2,2’-azinobis-
(3-ethylbenzothiazole-6-sulfonate)'® with these per-
oxides.

Among the phenothiazines investigated, chlor-
promazine is found to be more reactive than prometh-
azine. The rate constants measured for the formation
of CPZH"2* and PMZH"2* by both the peroxides indi-
cate that chlorpromazine reacts ca. 60—70 times faster
than promethazine. This difference in reactivities is
probably due to the difference in the redox potentials
of the phenothiazines (Ecpz=0.78 V and Epmz=0,86
V).19

Reactions of the Radical Cations. The reactions of
the radical cations, CPZH'2* and PMZH"?* with reduc-
ing agents were performed using freshly prepared
radical cations by the oxidation of CPZH?' and
PMZH™* with stoichiometric amount of peroxomono-
sulfate. The radical cations were found to undergo
one-electron reduction with ascorbic acid. The reac-
tion of CPZH2* with ascorbic acid was very fast and
found to occur within the mixing time of the instru-
ment (2 ms) even at a very low concentrations of the
reactants ([ascorbic acid]=1X10-5 moldm—® and
[CPZH2*]=1X10-¢ moldm-3) and at low pH=I.
However the reactions of PMZH2* with ascorbic acid
([ascorbic acid[=1.0—5.0X10-5 mol dm~-3 and [PMZH2t]=
1.0—5.0X10-¢ mol dm~3) was found to occur at conve-
nient rates measurable by the stopped-flow technique.
By pulse-radiolysis technique, Pelizzetti and co-
workers!® have reported the rate constant, ko(CPZ:2*+
ascorbic acid)=1.4X10° dmémol-1s-tat pH 5.9. Even
though it is expected that decrease of pH will decrease
the reactivity of ascorbic acid (AHz2) due to the acid-
base equilibrium,20

4.25
AH: = AH-+H* (5)
pKa

it is found that even at pH 1, the reaction between
ascorbic acid and CPZH2* is immeasurably fast to be
monitored by the stopped-flow technique. The
kinetic investigation of the reaction of PMZH2* with
ascorbic acid exhibited an overall second-order reac-
tion, first-order each with respect to [ascorbic acid]
and [PMZH"2*]. The linear plots of log (absorbance)
vs. time and the almost constant slope for different
initial [PMZH-2*] indicate the first-order dependence
of the rate on [PMZH'2t]. The pseudo-first-order
rate constants for the decay of the radical cation, kq’/s=1
were calculated from the slopes of the above plots.
Increase in the [ascorbic acid] increased the rate and
the plot of k4’ vs. [ascorbic acid] is a straight line
passing through the origin confirming the first-order
dependence of the rate on [ascorbic acid]. The slope
of the above plot gives the second-order decay rate
constant, kze/dm3mol-1s-1. The rate constants for
the reaction of CPZH'2* with the other reducing
agents, SOs?2-, S2032-, and S2042- were also deter-
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[Reducing agent]
A and B, [RA]X103/moldm-3; C, [RA]X104/mol dm~3;
D, [RA]X105/mol dm~3;

Fig. 3. Decay of CPZH-2t or PMZH"2* : k vs. [reduc-
ing agent] A:SO3™; B:S:0%7; C:S;0%; and D: AHa.

Table 2. Rate Constants for the One-Electron Transfer
Reactions of the Phenothiazine Radical
Cations at Temp=25°C

Reducing agent pH kea/dm3 mol-1s-1

PMZH-2t Ascorbic acid 2.2 4.1X105
5.9 1.3X100?

CPZH-2*  Ascorbic acid 1.0 >108
_ 5.9 1.4X109

SO% /HSOs 6.0 1.2X104

S205” 6.0 1.9X104

S:05” 6.0 1.2X105

a) Data from Ref. 19.

mined (Fig. 3 and Table 2; [CPZH"2*]=1.0—5.0X10-4
moldm=3; [SO32-] or [S2032-]=1.0—5.0X10-3 mol
dm=-3 and [S2042-]=1.0—5.0X10-* moldm=3). There
was no detectable reaction between these reducing
agents with PMZH 2%,

The mechanism of oxidation of ascorbic acid may
be given as '

PMZH?*+AHz/AH-———PMZH*-+AH+H*)/(A7+H")
‘, (6)
AH'/A™ —~— product (7)

conforming to the rate law,

_ —d[PMZH-?+]

Rate
dt

= koa[PMZH-2+][reducing agent].
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From the magnitudes of the second-order rate con-
stants for the above reaction at two different pH, 2.2
and 5.9, the reactivity of AH- is found to be ca. 103
times higher than that of AHa.

The proposed rate law and the mechanisms for the
reactions of CPZH'?t with sulfite, thiosulfate and
dithionite may be given as,

__—d[CPZH"#+]
dt

Rate = k2a [CPZH"2*][reducing agent].

slow
CPZH'?*+5032-/HSO5"———CPZH+S057/SO5 7+ H* (8)

fast

25037 — S206¢2- 9)
slow
CPZH'2t+5,0,2~ —— CPZH'+S.0,,* (10)
(n=3 and 4)
fas
25,0, 7 —— $4062-+(n—3)02. (1)

From the magnitudes of the second-order rate con-
stants, the reactivity trend of the reducing agents is in
the order, ascorbic acid>dithionite>thiosulfate>
sulfite.

In conclusion, chlorpromazine and promethazine
are oxidized to the stable radical cations, CPZH*2t and
PMZH2* by the inorganic peroxides, peroxomono-
sulfate and peroxodisulfate. Although these two rad-
ical cations individually oxidize ascorbic acid to revert
back to the parent compounds, only CPZH2* was
found to react with the other reducing sulfur com-
pounds, sulfite, thiosulfate, and dithionite.

One of the authors (LV) gratefully acknowledges
the Council of Scientific and Industrial Research,
New Delhi for the financial support in the form of
fellowship.

References

1) S. Alkaitis, G. Beck, and M. Gratzel, J. Am. Chem.
Soc., 97, 5723 (1975).

Lakshmanan VENKATASUBRAMANIAN and Pichai MARUTHAMUTHU

[Vol. 62, No. 10

2) S. Alkaitis, M. Gratzel, and A. Henglein, Ber. Bun-
senges Phys. Chem., 79, 541 (1975).

3) M. Maestri and M. Gratzel, Ber. Bunsenges Phys.
Chem., 81, 504 (1977).

4) K. G. Mathai and E. Rabinowitch, J. Phys. Chem., 66,
663 (1962). T. Sakata, Y. Suta, J. Tanaka, and H.
Tsubomura, J. Phys. Chem., 81, 537 (1977).

5) “Phenothiazines and Structurally Related
Drugs: Advances in Biochemical Pharmacology, Volume
9,” ed by I. S. Forrest, C. J. Carn, and E. Usdin, Raven Press,
New York (1974).

6) ‘“Phenothiazines and Structurally Related Drugs:
Basic and Clinical Studies; Developments in Neurosciences,
Volume 7, ed by E. Usdin, H. Eckest, and I. S. Forrest,
Elsevier-North Holland, Amsterdam (1980).

7). S. H. Curry, “Biological Effects of Drugs in Relation
to this Plasma Concentration,” Proceedings of an Interna-
tional Symposium, 1972, ed by D. S. Davies, Univ. Park
Press, Baltimore (1973), p. 201.

8) S. H. Curry, “Wenner-Green Centre International
Symposium Series 1984, (1976), p. 343.

9) E. Pelizzetti and E. Mentasti, Inorg. Chem., 18, 583
(1979).

10) T. J. Kemp, P. Moore, and G. R. Quick, J. Chem.
Soc., Perkin Trans. 2, 1980, 291.

11) N. A. Klein and D. L. Troppen, J. Am. Chem. Soc.,
100, 4541 (1978).

12) P. Maruthamuthu, L. Venkatasubramanian, and P.
Dharmalingam, Bull. Chem. Soc. Jpn., 60, 1113 (1987).

13) D. Bahneman, K. D. Asmus, and R. L. Willson, J.
Chem. Soc., Perkin Trans. 2, 1983, 1661.

14) A. Hulshaff and J. H. Perkin, Pharm. Acta Helv., 51,
65 (1976).

15) J.S. Price, I. R. Tasker, E. H. Appelman, and P. A. G.
O’Hare, J. Chem. Thermodyn., 18, 923 (1986).

16) D. A. House, Chem. Rev., 62, 185 (1962).

17) F. Seuo and M. Venturini, J. Chem. Soc., Dalton
Trans., 1976, 1410.

18) L. Venkatasubramanian and P. Maruthamuthu, Int.
J. Chem. Kinet., 21, 399 (1989).

19) E. Pelizzetti, D. Meisel, W. A. Mulac, and P. Neta, J.
Am. Chem. Soc., 101, 6954 (1979).

20) G. Kortum, W. Vogel, and K. Andruesov,” Dissocia-
tion Constants of Organic Acids in Aqueous Solutions,”
Butterworths, London (1961).






