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Absolute rate constants have been measured for the reactions of the protonated forms of chlorpromazine 
and promethazine, CZH + and PZH', with the electrophilic radicals 'OH, Br2-*, (SCN)2-', 12- ,  N3', TP+, 
TI(OH)+, (t-C4HgS t-C,Hg) +*, (CH3SSCH3)+', and lipoate" in the pH range 2-8. Values for these one- 
electron oxidations vary from k = 3.1 x lo8 mol ' dm3 s-' for [(t-C4HgS t-C,H,)+* + PZH'] to 
5.5 x 109 mol-I dm3 s - I  for (Br2-* + CZH +). The yields of the oxidation products, PTZH2", vary from 
28%for ('OH + CZH') to 97% for [(SCN),'- + CZH']. The PTZH2+' radical cations exhibit characteristic 
absorption spectra with two maxima around 270 and 51 0 nm, and extinction coefficients of E(CZH~+')  = 
56 000 mol-l dm3 cm-l at 270 nm and 12 000 mol-' dm3 cm-I at  51 0 nm, and &(PZH2+') = 62 500 rno1-l 
dm3 crn--I at  265 nm and 9 500 mol-' dm3 cm- I  at  505 nm. A transient absorption around 350 nm 
observed in the reaction of the phenothiazines with hydroxyl radicals is most probably the 'OH-adduct, 
PTZH (OH) +*. The mechanism of the 'OH-radical-induced oxidation of phenothiazines suggested in an 
earlier publication has been confirmed and enlarged. 

Phenothiazine drugs have long been used for treatment of 
psychiatric diseases.'-4 The sensitivity of these compounds 
towards chemical oxidation is well known and it has been sug- 
gested that free-radical cations derived from them may be 
important intermediates in their biochemical a ~ t i o n . ~ - ' ~  

Phenothiazine radical cations can readily be generated in 
aqueous as well as non-aqueous media by photo- and radi- 
ation-chemical me thod~ . ' j -~~  In a recent paper,13 for example, 
we reported how the anionic conjugate base of metiazinic 
acid, MZ-, can be oxidized in aqueous solution by a variety of 
electrophilic free radicals (X') according to the general 
equation (1). 

(1) MZ- + X' -+ MZ*' + X -  

The zwitterionic radical formed by one-electron transfer ex- 
hibits a strong and characteristic optical absorption I,,,,,, = 
270 and 530 nm that can easily be detected and studied by time- 
resolved pulse radiolysis experiments. We have now extended 
these studies to two other phenothiazines, namely chlorprom- 
azine (CZH+) and promethazine (PZH+). All these studies 
have been undertaken in aqueous solution. For solubility 
reasons, studies with metiazinic acid were limited to solutions 
of pH > 8 where the carboxy group is ionized.I3 For similar 
reasons the present studies have been limited to solutions of 
pH < 8 where the side-chain nitrogen atom of both com- 
pounds is protonated (pK, = 9.3 27), 

The present study is particularly concerned with the 
measurement of absolute rate constants for the oxidation of 
CZH+ and PZH+ by various oxidizing radicals. Some 
mechanistic aspects in connection with the 'OH-radical- 
induced processes are also considered. 

Experiment a1 
The pulse radiolysis experiments were performed using high- 
energy electrons from 1.6 and 3.8 MeV Van de Graaff 
accelerators at the Hahn-Mei tner-Institu te, Berlin. Pulse 
lengths were 0.5-5 ps and 5-50 ns for the two machines, 
respectively. The associated equipment and the analysis of 
data from time-resolved optical and conductivity measure- 
ments have been d e s ~ r i b e d . * ~ - ~ ~  Dosimetry was based on the 
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reduction of tetranitromethane ( mol dm-3) in deoxygen- 
ated aqueous solutions containing propan-2-01 (2 x lo-' mol 
dm-3).33 Doses were generally in the range of 1-10 J kg-' 
( I  J kg-' = 1 Gy = 100 rad). 

Changes in absorption and conductance in the pulse- 
irradiated solutions were quantified in terms of Wi&, and 
Zrili, respectively, were Ti is the number of pmoles of a 
particular species i formed or destroyed per J of absorbed 
radiation energy in the solution, ci is the molar extinction 
coefficient in mo1-' dm3 cm-', and I i  the equivalent conduct- 
ance in LR-' cm2 of species i. 

All transient optical absorption spectra have been cor- 
rected for the loss of phenothiazine ground-state absorption 
as a result of the reaction of these compounds with the radi- 
ation chemically generated radicals. The ground-state 
absorptions have been measured with a Variscan spectro- 
photometer with 5 x mol dm phenothiazine solutions 
(pH 3.5) in a 10 mm quartz cell. For CZH+ and PZH+ 
absorption maxima at 305 and 310 nni, with E = 4 500 and 
3 700 mo1-' dm3 cm-', respectively, were determined. 

The compounds chlorpromazine hydrochloride (Largactil), 
and promethazine hydrochloride (Phenergan) were supplied 
by May and Baker Ltd. All other chemicals were of AnalaR 
grade and used without further purification. Solutions were 
prepared according to the general radiation chemical standards 
with Millipore-system purified water. The pH of the solution 
was generally adjusted by addition of NaOH or HC104. De- 
oxygenation of the solutions was achieved by bubbling the 
solutions with N2. 

Since both primary radicals of interest, namely the oxidizing 
'OH radical and the reducing hydrated electron, e-,,, are 
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Figure 1. Optical absorption spectra taken 1 ps (0) and 100 ps (@) 
after a 2 ps pulse (5 J kg-') on an N20-saturated solution of pro- 
methazine (1 x mo] dm-3, pH 4.5) 

formed with about equal yield (I? ca. 0.3 pmol J-I) in the 
irradiation of the aqueous system either t-butyl alcohol or N20 
were added to the solution to facilitate the study of the 
respective radical reactions. Solute concentrations were chosen 
so that in the presence of t-butyl alcohol 'OH radicals reacted 
according to 'OH + (CH3)3COH--+H20 + tH2(CH3),- 
COH,34*35 while in N20-saturated solutions the hydrated 
electrons reacted according to N 2 0  + e-aq + N2 + OH- + *OH to yield additional 'OH radicals.36 

For convenience and higher accuracy the evaluation of the 
pulse data was undertaken using a computer-assisted sampling 
and analysis program (PDP 11/40 32). All experiments have 
been carried out at room temperature. 

Results and Discussion 
Reduction by e-,,.-As a necessary preliminary to the 

study of the one-electron oxidation reactions, the reduction 
of the two phenothiazines chlorpromazine and prometh- 
azine, by hydrated electrons [reaction (2)] was studied. Neutral, 

e-aq + CZH+/PZH+ * products (2) 

N2-saturated aqueous solutions containing 1 0-' mol dm-3 t- 
butyl alcohol and various concentrations [(OS-5) x mol 
dm-3] of the respective drugs were pulse irradiated. With both 
compounds the characteristic optical absorption of the 
hydrated electron (Xmax, = 720 nm) was seen to decay ex- 
ponentially with the half-lives inversely proportional to the 
phenothiazine concentrations. Bimolecular rate constants 
k2 = 1.2 x 10'O and 5.6 x lo9 mol-' dm3 s-' for CZH+ and 
PZH + , respectively, were obtained indicating that these pro- 
cesses are essentially diffusion controlled. In an additional 
experiment with neutral, N20-saturated aqueous solutions of 
the phenothiazines mol dm-3) containing lo-' rnol dmP3 
t-butyl alcohol it was shown that t-butyl alcohol radicals do 
not interfere in these experiments, i.e. k < lo6 mol-' dm3 s-' 
(no bleaching of the parent compound is observed on the milli- 
second time-scale). 

A mechanistic study on the formation of the reaction pro- 
ducts from the reaction of e-aq with chlorpromazine has 
already been published 22 and no further studies into the one- 
electron reduction of these drugs were undertaken. 

2 6 5  nm 
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5 0 5  nm lc( 

cond. 

Figure 2. Optical and conductivity uersus time signals observed 
after a 2 ps pulse (5 J kg-') on an N,O-saturated solution of pro- 
methazine (I x mol dm-3, pH 4) 

Reaction with 'OH Radicals.-The reaction of CZH+ and 
PZH+ with the strongly oxidizing hydroxyl radical 'OH was 
studied by pulse irradiating N,O-saturated solutions of the 
two drugs. The results obtained are qualitatively similar to 
those already reported for metiazinic acid with the similar 
formation of a strongly optically absorbing species.13 The 
example shown (Figure 1) is for an N,O-saturated solution of 

mol dm-3 promethazine at pH 4.5. The optical absorption 
spectrum recorded immediately after the 2 ps pulse (open 
circles) exhibits a strong U.V. band (Amx. 265 nm) and a com- 
paratively weaker visible band (Amax+ 505 nm). Small shoulders 
are also apparent at around 350 and 450 nm. This spectrum 
like all others in these studies has been corrected for the loss 
of ground-state absorption of the phenothiazine, assuming a 
quantitative phenothiazine + radical reaction. The spectrum 
recorded 100 ps after the pulse looks qualitatively similar 
(full circles) but with the absorption at 265 and 505 nm in- 
creased and in the 300-350 nm range decreased. The cor- 
corresponding kinetics are illustrated in Figure 2 .  Both at 265 
and at 505 nm an initial fast step is followed by a relatively 
slow and exponential second increase, which is completed 
after ca. 100 ps. At 350 nm a fast initial increase in absorption 
is also observed. However, this is now followed by an expon- 
ential decrease the kinetics of which correspond to  the slow 
increase at the other two wavelengths. The associated time- 
resolved conductivity picture (bottom curve of Figure 2) is 
almost a mirror image of the optical curves at 265 and 505 nm, 
i.e. the change in conductivity occurs also in two steps. The 
fact that it decreases in these acid solutions is indicative of the 
consumption of highly conducting free protons and their 
substitution by less conducting cationic species. The results 
shown in Figures 1 and 2 clearly imply that (a) the 265 and 
505 nm bands are due to a species of higher positive charge 
than the parent promethazine, (b) the decay of the 350 nm 
species leads to an additional yield of the 265/505 nm species, 
and (c) the formation of the 350 nm species is not associated 
with a change in charge. 

Essentially similar results were obtained for the 'OH-radical- 
induced oxidation of chlorpromazine and for the correspond- 
ing previous study with metiazinic acid.13 In accordance 
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Table 1, Spectral and kinetic properties of CZH2+' and PZH2+'. Estimated error limits: f10% 

Phenothia- 
zine radical 

rPTZH2+*  rPTZH1+* Rate constants of the 
(directly (indirectly kelectron transfer indirect route k('0H + 

PTZH + )/ formed)/ formed)/ COH + - h 

cation Amax./ ~,, ,~~./rnol-~ mol-' dm3 pmol J'' pmol J-' PTZH + )/ k61 ka I 
(PTZH2+') nm dm3 cm-' S-I (% of 'OH) (% of 'OH) mol-I dm3 s-' S-' mol-l dm3 s-I 

CZH' + 510 12 000 8.8 x lo9 0.15 (28) 0.07 (13) 2.5 x 109 3.0 x 104 1.8 x 108 

PZH' + 505 9 500 9.7 x 109 0.16 (29) 0.11 (19) 2.8 x 109 1.7 x 1 0 4  2.8 x lo* 
270 56 000 

265 62 500 

with the reaction scheme established for the metiazinic acid 
system the following general mechanism for the reaction of 
the 'OH radical with a protonated phenothiazine, PTZH+, in 
which the radical cations PTZH2+' are formed via a direct 
and an indirect route, can be envisaged. 

Assignment of Spectra and Yields.-In this study the strong 
U.V. bands and the visible bands observed are assigned to the 
radical cations PZH2+' (265 and 505 nm) and CZH3+' (270 
and 510 nm). The decaying absorption around 350 nm is 
attributed to the 'OH radical adducts PTZH(OH)+ and/or 
the hydrogen abstraction product PTZH( -H)+ *. The latter 
may also result from a fast, water elimination after *OH 
addition. Our data do not allow us to distinguish between 
PTZH(OH)+' and PTZH( -H)+', however, with aromatic 
and sulphur-containing compounds, an absorption in the 
300--400 nm range is generally more typical for an 'OH 
radical adduct, such as PTZH(OH)+ *. 

In acid solution any hydroxide ions formed in these reactions 
will immediately react according to (3). If the reaction (4) 

OH- + H+,,+H20 (3) 

PTZH+ + *OH -+ PTZH"' + OH- (4) 

refers to both the kinetically distinguishable, direct and in- 
direct radical cation formation, then the overall change in 
conductance, T(PTZH2+')AA at any time is given by 
equation (5 ) .  

T(PTZH2+')AA I= r(IpTZHl+* - JPTZH+ - IH+=~)  ( 5 )  

The experimental values obtained were (l?AA)f,,t = 52 and 
50 for the direct fast formation, and (TAA)slow = 35 and 24 
for the slow indirect formation, and the total (TAA)total 
amounts to 87 and 74 for PZHZ+' and CZH2+', respectively. 
Taking l H +  = 349.8 0-l cm2,37 = 20.85 R-' cm2, 
1 C Z H +  = 22.45 IR-' cm2 38) at 25 "C, and an assumed IpTZH*+* 

= 2*lPTZH+ the yield of radical cations for the respective pro- 
cesses was calculated using equation (5). The actual data are 
listed in Table 1 both in terms of T(pmol J-l) and relative to 
the initially available yield of 'OH radicals r . O H  which in 
N,O-saturated solutions is ca. 0.55 pmol J-I. 

The total yield of PZH2+' and CZH2+' radical cations 
accounts only for 48 and 41% of the 'OH radicals, respect- 
ively, and can be compared with the 59% found in the cor- 

responding metiazinic acid system. Our values are clear1 y 
lower than the 80% radical cation yield reported for the *OH + 
chlorpromazine reaction derived from only optical data by 
Davies et al.22 

These authors suggested that the remaining .OH radicals 
add to the phenyl rings of chlorpromazine leading to a hydr- 
oxycyclohexadienyl-type radical with an absorption at 440 
nm, which seems rather high in comparison with hmx of other 
such s~ecies .~~*~O Our data do not provide any additional and 
conclusive information on this assumption. In principle, we 
agree that the 'OH radica1,twhich is a very reactive and con- 
sequently rather unselective species, will undergo not only a 
direct electron transfer reaction but is also likely to add at 
various positions in the aromatic system. Possible candidates 
for the precursor of the slow radical cation formation uia (6) 

PTZH(OH)+' - w P T Z H 2 + *  + OH- (6) 

are suggested to be the 'OH adduct at the sulphur atom, as in 
non-aromatic sulphides, and/or possibly to the central ring 
carbon atoms in the a-position to sulphur or nitrogen. We 
would also consider hydrogen atom abstraction from the side- 
chain as a possible sink for some for the 'OH radicals, 

Knowing the yield of the radical cations it is possible to 
calculate the extinction coefficients. These are also listed in 
Table 1. Particularly high E values are derived for the U.V. 
bands of both PZH2+' and CZH2+', as was previously the 
case with the radical cation from metiazinic acid.I3 

Kinetic Analysis.-The rate constants for the direct electron 
transfer processes (7) were evaluated from a time-resolved 

PTZH+ + 'OH + PTZH2+' + OH- (7) 

analysis of the initial optical changes in the U.V. at 265/270 nm 
and in the visible at 505/510 nm on pulse radiolysis of N20- 
saturated solutions (pH 3.5). Phenothiazine concentrations 
studied were in the range of (0.5-10) x mol dm-3 but 
observations in the U.V. were limited to concentrations 
< 4  x mol dmb3 owing to the ground state phenothiazine 
absorption. The measured half-lives of the exponential changes 
in optical density were inversely proportional to the phenothi- 
azine concentrations. 

A typical kinetic plot (Figure 3) illustrates the linear re- 
lationship between ln2/t, and [PZH+] for the 505 nm 
absorption band. The bimolecular rate constant of k = 9.7 x 
lo9 mol-' dm3 s-' derived from the slope is a measure of the 
overall rate constant of the reaction of 'OH with prometh- 
azine. In order to obtain the individual bimolecular rate con- 
stant for the direct electron transfer reaction (7), the above 
value must be multiplied by the fraction of *OH radicals 
reacting via this pathway, i.e. by 0.29; thus k7 = 2.8 x lo9 
mol-' dm3 s-'. Slightly higher values (e .g .  k = 1.3 x 1Olo and 
k,  = 3.8 x lo9 rno1-I dm3 s-l) were obtained from the analysis 
of the U.V. band kinetics but these data are considered to be 
less accurate owing to the possibility of other unknown absorp- 
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Figure 3. Plot of first-order rate constant k l  obtained from the 
initial increase in absorption at 505 nm against promethazine 
concentration in N,O-saturated solutions at pH 3.5 

tions also being present and the limited concentration range. 
The data derived from the visible band and the corresponding 
data for chlorpromazine are listed in Table 1. 

The second slow processes shown in Figure 2, i.e. the build- 
up of absorption at 265 and 505 nm, the decay of absorption 
at 350 nm, and the decay of the conductivity also occur 
exponentially. However, the rates of change are not dependent 
on the promethazine concentration. They do become in- 
creasingly fast, however, with decreasing pH. For example, 
a plot of the measured first-order rate constant k = ln2/t, 
versus [H+,J for the 350 nm data is shown in Figure 4. 
Similar plots were also derived using data obtained at the 
other wavelengths and from the conductivity changes. The 
intercepts on the ordinate axis of the linear plots observed in 
all instances imply that the secondary radical cation formation 
from the 'OH adduct (or possibly but less likely a hydrogen 
atom abstraction product) proceeds not only by a proton- 
assisted second-order process (8) but also a first-order, 

PTZH(OH)+' + H+,, --j PTZHZ+' + HzO (8) 

probably HzO-assisted, process as formulated in equation (6). 
The respective rate constants, derived for the promethazine 
system from the slope and the intercept of such straight lines, 
are k8 = 2.8 x 10' mol-' dm3 s-' and k,  = 1.7 x lo4 s-', 
respectively. 

Similar values for chlorpromazine are also listed in Table 1. 
It is interesting to note that both values of k, are about one 
order of magnitude lower than for the corresponding ioniz- 
ation of the 'OH adduct of metiazinic acid (k, = 1.3 x lo5 
s-').13 This is possibly explained by the fact that both the 
CZH2+ and PZH2+' radical cations have to accommodate two 
positive charges in the same species while the one-electron 
oxidation product of metiazinic acid is a zwitterion, MZ*', in 
the pH range of investigation. A corresponding comparison 
of the k8 values is not possible, since metiazinic acid could 
only be studied in basic solutions. 

On the basis of all the above information a quantitative 
understanding of the yield and formation kinetics of the 
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Figure 4. Plot of the first-order rate constant k l  against proton 
concentration for the decay in absorption at 350 nm observed in 
N20-saturated solutions of 5 x mol dm-3 promethazine 

absorption at 350 nm is now possible. Taking the consecutive 
reaction scheme (9) the maximum concentration of the 
intermediate 'OH adduct is given by equation (10) 41 and this 

k" 
'OH + PTZH+ % PTZH(OH)+' - 

PTZHz+' + OH- (9) 

occurs at a time given by (11) where ['OH], is the total 
concentration of 'OH radicals that add to the phenothiazine 
to yield PTZH(OH)+', and k' and k" are the first-order rate 
constants, with k' = k('0H + PTZH+)[PTZH+] and k" = 

The calculated curves for [PTZH(OH)+'] (given in terms of 
tmax. and rE and normalized to the yield at high PTZH+ 
concentration, i.e. where k' 9 kr') both as a function of 
PTZH+ concentration are given as the solid lines in Figure 
5a and b, respectively. The excellent fit of the experimental 
points to these curves is taken as further strong support for 
our assumed reaction mechanism. This complex kinetic 
behaviour is also reflected in the dependence of the absorption 
yield at 350 nm (again in terms of r E )  on the phenothiazine 
concentration. This is seen to increase over the concentration 
range of 10-5-10-3 mol dm-3 whereas the yield at 510 nm is 
practically independent of the phenothiazine concentration 
(Figure 5a). 

kg + k*[H+aql* 

Reaction with Other Oxidizing Radicals and Radical Ions.- 
Both phenothiazines are also oxidized by a large number of 
other oxidizing radicals and radical ions by the general 
reaction (12). The oxidizing species X' itself usually results 

PTZH+ + X' -+ PTZH2+' + X- (12) 
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Table 2. Rate constants and yields of PTZHZ+* radical cations (expressed as percentage relative to the yield of the oxidant) 

PTZH' 

k(X' + PTZH+) PTZH2+' ketectron transfer 

Oxidizing Salt concentration (k15)/ formation W 1 2 Y  

agent X (mol dm-3) PH mol-' dm3 s-l (%I mol-' cm3 s-' 
Chlorpromazine Brz-' 

(SCN)2 - 
N3' 
TS + 

Tl(OH)+ 
12- '  

(t-C4H9)2S + 

(CH3SSCH3) +. 
Lipoate+' 

Promethazine Br2-* 

(SCN)2-* 
N3' 
T12 + 

12- '  

(t-CdHg)zS+ * 
(CHJSSCH,) + 

Lipoate + 

0.1 (KBr) 
0.02 (KBr) 
0 
0.1 (KSCN) 
0.01 (NaN3) 
0.003 (T12SO4) 
0.003 (T12so4) 
0.1 (KI) 
0.1 (KBr) 
0.1 (KBr) 
0.02 (KBr) 

0.1 (KBr) 
0.02 (KBr) 
0 
0.1 (KSCN) 
0.01 (NaN3) 

0.1 (KBr) 
0.1 (KBr) 
0.02 (KBr) 

0.003 (Tlzs04) 

3.5 
3.5 
3.5 
3.5 
7.5 
2.0 
6.5 
3.5 
3.5 
3.5 
3.5 

3.5 
3.5 
3.5 
3.5 
7.5 
2.5 
3.5 
3.5 
3.5 
3.5 

5.3 x 109 
6.5 x 109 
7.7 x 109' 

3.6 x 109 
4.6 x 109 
1.5 x 109 
1.6 x 109 
2.0 x 109 
1.2 x 109 
3.5 x 109 
2.7 x 109 

4.0 x 109 
5.1 x 109 
6.2 x 109' 

1.9 x 109 
4.6 x 109 
1.2 x 109 
6.6 x 10s 
5.4 x lo8 
3.2 x 109 
1.8 x 109 

83 
85 

97 
47 
86 
59 
58 
57 
56 
66 

78 
80 

64 
66 
93 

57 
71 
70 

4.4 x 109 
5.5 x 109 

3.5 x 109 
2.2 x 109 
1.3 x 109 
0.9 x 109 
1.2 x 109 
0.7 x 109 
2.0 x 109 
1.8 x 109 

3.1 x 109 
4.1 x 109 

1.2 x 109 
2.9 x 109 
1.1 x 109 

2.3 x 109 
1.3 x 109 

3.1 x lo8 

Extrapolated value, see text. Corrected for the reduction of the yield of T12+ or TI(OH)+ owing to (TI+ + edaq and H+aq + e-aq).43 See 
ref. 44 (consecutive paper). Iz-' establishes equilibrium with PZHZ+'. 

a 

O- 0 2 4 6 8 1 0 0  O-0 
lO4[CZH+1 /mol dm'3 104[CZH+l/ mol dm'3 

Figure 5. Primary processes observed in N20-saturated solutions of 
chlorpromazine (pH 3) after a 5 ns pulse (7 J kg-'). a, Maximum 
yield €3 at 510 nm (0) and 350 nm (0) taken after completion of 
the primary build-up as a function of CZH+ concentration; b, time 
t,,,. at which the absorption maximum at 350 nm was reached as a 
function of CZH+ concentration. The solid lines represent the 
calculated curves (see text) 

from an 'OH or Br2-' reaction with X-. In order to study 
reaction (12), the concentration of X- is therefore kept high 
compared with the phenothiazine concentration. An example 
is illustrated in Figure 6,  which shows two absorption-time 
traces at 360 and 505 nm and the absorption spectra taken 
immediately and 200 ps after a 2 ps pulse given to an N20- 
saturated, pH 3.5 solution of lo-' mol dm-3 Br- and mol 
dm-3 promethazine. The initial spectrum (open circles) refers 
to the Br2-' radical anion, which is formed in the reaction 
sequence (1 3).42 

The electron transfer process (14) then leads to the form- 

'OH + Br- *Br* + OH- (1 3a) 

Br2-* + PZH+ --t PZH2+' + 2Br- (14) 

2 10 l 4 I \  
- 
0 4 8 12 16 

I I *- 
0 4 8 1 2  

lo6 t-/ s 1O6t/s 

3 00 400 500 600 

h / n m  
Figure 6. Optical absorption spectra taken 1 ps (0) and 100 ps (a) 
after a 2 ps pulse (5 J kg-') on an N,O-saturated solution containing 
1 x lop4 mol dmP3 PZH+ and 0.1 mol dm-3 KBr at pH 3.5. Inserts: 
Optical traces at 360 and 505 nm with the first-order kinetic fits 

ation of the PZH2+' spectrum (full circles). Interestingly, in 
comparison with the initial spectrum of the 'OH-radical- 
induced reaction shown in Figure 1 no intermediate addition 
product is apparent. 

The yield of PZH2+' formed by reaction (14), derived using 
the extinction coefficient of PZH2+' (see Table l), amounts to 
78% of the initial 'OH radical yield. The bimolecular rate 
constant of 4.0 x lo9 mol-1 dm3 s-' can be derived for the 
overall reaction of Br2-' with PZH+ from both the decay of 
the Br2-' absorption at 360 nm or the PZH2+' formation at 
505 or 265 nm. All three curves are exponential with half-lives 
inversely proportional to the PZH+ concentration. Table 2 
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summarizes all rate constants for the overall reaction (15) 

PTZH+ + X' + products (1 5 )  

obtained for the reaction of promethazine and chlorpromazine 
with the various oxidizing radicals. In the reaction of 12-' 
with promethazine, equilibrium conditions have been ob- 
served, and this reaction will be dealt with in detail in the 
following paper.44 The percentages of electron transfer from 
the PTZH2+' absorptions after completion of reaction (14) 
are also listed in Table 2. For solutions containing (t-C4H9)2S, 
CH3SSCH3, and lipoate (X-) the oxidizing sulphur-centred 
radical cations (X') have not been produced through reac- 
tion of these compounds with 'OH radicals but via reaction 
(1 3) followed by (16). 

These reactions (16) occur with near 100% efficiency 13*45 

while the corresponding reactions (17) do 

' O H + X - - + X ' + O H -  (1 7)  

The bimolecular rate constants kI4 for the actual electron 
transfer processes are also included in Table 2. They have 
been calculated by multiplying the overall rate constants k l ,  
with the fraction of X' that undergoes electron transfer to form 
the radical cation. 

It should be finally mentioned that all rate constants listed 
in this paper refer to the actual ionic strength conditions of the 
individual experiments. For the particular oxidation of pro- 
methazine and chlorpromazine by Br2- ', measurements have 

c 

t 315 n m  

also been made with solutions of different ionic strength, 
which allowed the extrapolation of the rate constants at zero 
ionic strength. The latter are also listed in Table 2. 

Tn summary the various electron transfer reactions are seen 
to proceed with rate constants that are within or close to the 
limits set by the diffusion of the reactants. Oxidation of pro- 
methazine occurs on average slightly slower than oxidation of 
chlorpromazine, which would be in agreement with the higher 
oxidation potential of the PZH2+'/PZH+ compared with the 
CZH2+'/CZH+ The high rate constants for all pro- 
cesses also indicate that the varying electron transfer yields 
find their explanation in competing reactions that occur with 
similar rate constants. Our experiments, however, do not 
allow us to evaluate the specific nature of these reaction 
pathways. 

Multi-step Electron Transfer.-The results so far have 
demonstrated that phenothiazines are very easily oxidized 
and that their one-electron oxidation products are rather 
stable, i.e. long-lived species. Phenothiazine radical cations 
have, in fact, been identified in the urine of patients who have 
been treated with these drugs.12 Since it is usually highly 
improbable in a living cell, for example, that an oxidizing 
short-lived radical is generated right at the site of a phenothi- 
azine molecule 47 one has to consider a step-wise transfer of 
the oxidizing potential via various intermediate species until 
it eventually reaches the phenothiazine. The possibility that 
such multi-step electron transfer reactions may indeed occur 
has been demonstrated by the following chemical model 
system, namely an N20-saturated pH 3.5 solution containing 

mol dm-3 (t-C4H9)$, 10 mol dm-3 CH3SSCH3, and 
mol dm-" promethazine. In such solutions the primary 

a t b 

0 2 4 6 a 0 2 4 6 8 

106t /s  106 t /s  

0 40 120 2 00 .O 40 120 200 

106 t /s 10% / s 
Figure 7. Multi-step electron transfer. Changes in optical absorption with time observed after a 5 ns pulse ( 5  J kg-') on an  N20-saturated 
solution containing 1 x mol dm-3 (t-C.,H,),S, 1 x mol dm-j PZH+ at pH 3.5; solid lines, 
first-order kinetic fits, horizontal lines refer t ,  

rnol dm-3 CH3SSCH3, and 1 x 
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+ *  + *  
t-CbH gS t- C4Hg P romethazine" 

Promethazine OH- 

Scheme 

'OH radicals react with the sulphide [reaction (IS)] to produce 

'OH + (t-CbH9)ZS (t-C4H9)2S+* + OH- ( 1  8) 

the molecular sulphur-centred sulphide radical cation within a 
period of 200 ns after a 5 ns pulse [mechanistically reaction 
(1  8) actually proceeds uia a very-short-lived 'OH adduct 46a] .  

The (t-C4H9)2S+' formation is indicated through its optical 
absorption at 315 nm, which can be seen in Figure 7a. The 
exponential decay of this absorption then coincides with an 
increase in absorption at 420 nm (Figure 7b), which is due to 
the formation of the (CH3SSCH3)+' radical cation via 
reaction (19). 

(t-C4H9)2S+' + CH3SSCH3 
(CH3SSCH3)+' + (t-C,H,),S (19) 

Kinetic analysis yields a bimolecular rate constant of 
k , ,  = 5.2 x lo9 mol-1 dm3 s-l, which is practically identical 
with the known literature value of 5.0 x lo9 mol-' dm3 s-' for 
the reaction of (t-C4H9)2S+ ' with C2H5SSC2H5.45b 

At longer times the (CH3SSCH3)+' absorption then also 
decays exponentially (Figure 7c) and simultaneously the 
PZH2+' absorption appears at 505 nm indicating the con- 
secutive reaction (20). The bimolecular rate constant derived 

(CH,SSCH,)+' + PZH+ PZH2+' + CH3SSCH3 (20) 

from these experiments amounts to 3.0 x lo9 mo1-I dm3 s-l, 
i.e. is also in excellent agreement with the individually 
measured value listed in Table 2. 

The overall electron transfer scheme of this system can be 
written as given in the Scheme. 

Clearly such systems can be extended by including other 
radical-molecule couples. Indeed, subsequent studies have 
shown that thiyl radicals, RS', can also react with phenothi- 
azines, and the radical cations, PTZH2+ *, can themselves react 
with reducing compounds including cysteine, ascorbate, and 
i ~ d i d e . ~ ~ ~ ~ ~  Some of these reactions are described in the 
following paper.44 
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