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The kinetics of the outer-sphere electron-transfer reaction between
promazine (dimethyl-(3-phenothiazin-10-yl-propyl)-amine) and
hexaaquairon(lll) was studied using a high-pressure stopped-flow
technique. The effect of pressure (over the range 0.1-130 MPa
at 25 °C and ionic strength 1.0 M) on the reaction rate in agueous
perchloric acid solution resulted in volumes of activation of —6.2
+ 0.4 and =125 + 0.5 cm® mol~! for the forward and reverse
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details on the basis of a volume profile constructed from
high-pressure kinetic and thermodynamic data. The electron-

transfer reaction between promazine (dimethyl-(3-phenothi-
azin-10-yl-propyl)-amine) and hexaaquairon(lll) occurs ac-
cording to the overall reaction presented in Scheme 1.

In this reaction, the second-order rate constdqindk,
are quantities of the same order of magnitude, viz. 2.3
1% and 1.0x 1* M~1s 1 at 25°C, respectively.All kinetic
measurements were performed under pseudo-first-order
conditions; that is, both the fteand Fé concentrations were
in at least 10-fold excess. The rate law can then be expressed
by eq 1, in which the observed pseudo-first-order rate

Kinetic studies on the redox behavior of organic com- . .
pounds in the presence of metal complexes play an impor,[amconstantkobs is related to the selected concentrations of both
Fe" and Fé.

role in the understanding of electron-transfer reaction mech-
anisms, in general, and provide more information on the re- — k[EE" Il

- - T . . = e'] + k[Fe 1
dox properties of the organic species, in particular. N-Substi- kobs = K{Fe™] + k[FeT] (1)

tuted phenothiazines are a pharmaceutically important class  p high-pressure stopped-flow instrument with spectro-
of tricyclic compounds. These compounds modulate a variety photometric detection was used to study the pressure
of biochemical processes such as the uptake of norepineyependence of the reaction. The rate of the electron-transfer
phrine, dopamine, and acetylcholine neurotransmission, andrgaction was determined by monitoring the increase in
the biological effect of histamineOne of the recent studies  ,psorbance of the promazine radical at 514 nm as a function
on the pharmacological activities of phenothiazines reports ¢ Fdil concentration and pressure ([He= (1-5) x

on their efficiency to affect the antibiotic resistance of 15-3 [Fe'] = 1 x 103 M, [promazine]= 1 x 1074 M
bacteria and tumor celfsAs a result of new pharmacological  hyy — 01=10M (HCIOY) T=25°C pressure= 10 50

investigations, they are applied as antiarrhythmic drugs, lipid 90, 130 MPa| = 1 cm). The results are presented in Figure
peroxidation inhibitors, and photodynamic virus inactivators. 1 Erom the linear plots okqps versus [F#], the second-
Their low oxidation potential and the formation of stable ,qer rate constant for the forward reactikpcan, according
radical cations are important reasons for their physiological , eq 1, be obtained from the slope, and the second-order

activities®® In terms of their chemical behavior, the analysis | ate constant for the back reaction. from the intercept, viz.
of redox and photolytic properties remains important.

Pelizzetti et af.reported kinetic and equilibrium data for
- i i ; _ W. G., Ed.; Academic Press: New York, 1970; p 255.
the electron-transfer reaction of hexaaquairon(lll) with a se (2) Kidd E. S.: Hambley. T. W.. Hever, AL norg, Biochem1996 62,

ries of phenothiazines. Our study reveals further mechanistic 171
(3) Molnar, J.; Tarodi, B.; Galfi, M.; Matkovics, B.; Motohashi, N.
Anticancer Res1992 12, 273.

processes, respectively. The effect of pressure on the overall
equilibrium constant revealed a reaction volume of +5.0 + 0.2
cm® mol~. The reported volume profile reveals mechanistic
information on the electron-transfer process in terms of volume
changes along the reaction coordinate. The volume of activation
for the promazine/promazine** self-exchange reaction was calcu-
lated on the basis of the Marcus cross relationship.
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Figure 1. Plots of kyps versus [F#] for the electron-transfer reaction

between promazine and hexaaquairon(lll) at different pressures. Experi-

mental conditions: [promazinet 1 x 104 M, [Fe''] = (1-5) x 1073

M, [Fe'] =1 x 103M, pH=0,1 = 1.0 M (HCIOy), T = 25°C, pressure

= 10 (m), 50 @), 90 (a), 130 (v) MPa.

Figure 3. UV—vis spectra as a function of pressure for the equilibrium
promazine+ Fe**(ag) = promazing* + Fe#*(aq). Experimental condi-
tions: [promazinel= 1 x 1074 M, [Fe'"] =2 x 103 M, [Fe'] =1 x
103 M, pH=0,1 = 1.0 M (HCIOy), T = 25 °C, pressure= 10, 50, 90,
150 MPa, optical path lengtiy 15 mm.
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Figure 2. Plots of Inf) (W), In(k;) (®), In(K) (a) versus pressure for the ~ Figure 4@ VOI‘éznle profile for the reaction promazing- Fe**(aq)
electron-transfer reaction between promazine and hexaaquairon(lll). Ex- Promazineé* + Fe*(aq).

imental conditions: ined 1 x 104M, [Fe] = (1-5) x 103 .
I,\)f"[',?slr]] icloz 1@23“,,,[‘1;,3“;"“3',”?’: 1X oM (HCEO4),]T :( o5 o)(;( to be+5.0 + 0.2 cn? mol™%, which is acceptably close to

o . the reaction volume calculated from the activation volume
k[Fe']. As expected, the error limits of the intercepts are qata previously described and again indicates a significant
much larger than those of the slopes (see Table S1,qyerqll volume increase during the electron-transfer reaction.
Supporting Information). Botk andk, increase significantly  ris result is also consistent with the positive reaction
with increasing pressure, which means that the transition Stateentropy reported for the overall equilibrium, viz58 + 17
of the redox reaction occupies a smaller partial molar volume j k-1 mo|-1 in the literaturé
than either the reactant or product states. The corresponding The reaction is suggested to proceed according to an outer-
volumes of activationAV#, were calculated from the slopes sphere electron-transfer mechanfihis is supported by
(=—AVAIRT) of In(k) and Ink) versus pressure, as ShOWN he fact that the rate constant is independent of th [
in Figure 2, from which it follows that\V¥(k) = 6.2 & the pH range 82.° In the case of an inner-sphere electron-
0.4 cnf mol™ and A\F(Kb_) = 125+ 05 e m'ol—l. transfer mechanism, the rate constant is expected to increase
Because the overall equilibrium constant for reaction 1 can significantly with decreasing [H because of the formation
be expressed & = kilk, the overall reaction volume can  f the monohydroxoiron(li) complex which is known to be
be expressed a8V = AV'(k) — AV*(k) = +6.3+ 0.7 significantly more labile than the hexaaquairon(lll) complex.
cm® mol™; that is, there is a significant volume increase e yolume profile for the overall redox reaction based on
during the redox process. o the kinetic data (reported in Figure 4) clearly shows that the

The effect of pressure on the overall equilibrium (Scheme { ansition state has a smaller partial molar volume than either
1) was studied by recording UWis spectra of an equilib-  {ne reactant or product states. In contrast, the overall reaction
rium mixture as a function of pressure as shown in Figure \olume s significantly positive, which suggests that the
3. The recorded spectra of the promazine radical indicate o\ erall reaction involves “charge dilution” in going from
that the overall equilibrium in Scheme 1 is shifted to the Fe*(aq) and promazine to F&aq) and the promazine cation
left on increasing the pressure, that I§, decreases on  (agical, and “charge concentration” (increase in electrostric-
increasing pressure. The values of the equilibrium constant,tion) in the opposite direction of the redox process. The
K, were determined on the basis of the observed spectralcompact nature of the transition state, which is more
data ([promazinel= 1 x 107 M, [Fe"'] = 2 x 107 M, prominent for the back than for the forward electron-transfer
[Fe]=1x10°M,pH=0,1=1.0M(HCIQ), T=25  |e5ction, suggests that a significant volume collapse is
°C, pressure= 10, 50, 90, 150 MPd,= 1.5 cm, see Table  55qciated with the redox process in the transition state. This

S2, Supporting Information) and are plotted as a function of |4 pe due to the formation of a precursor contact pair in
pressure in Figure 2. The overall reaction volumiey,

calculated from the pressure dependence ¢f)infias found (7) Swaddle, T. W.; Merbach, A. Hnorg. Chem.1981, 20, 4212.

Inorganic Chemistry, Vol. 41, No. 15, 2002 3803



COMMUNICATION

both the forward and back reactions, where the volume AV;,, according to eq 2, wher&V;, = —11.1 cn¥ mol,16
decrease associated with such a process will be moreA\/”{2 = —6.2 cn? mol%, andAV;, = +6.3 cn® mol1.
significant for the back reaction because of the additional
effect of charge concentration and the associated increase
in electrostriction. Alternatively, the value of\¥(ky) is very
close to the half-cell reaction volume reported for the
oxidation of hexaaquairon(ll) as determined from the pres- The calculated value oﬁvzz, viz. —=7.6 cn? mol™?,

sure dependence of its redox potential, viZl4 = 1 cn? indicates that the self-exchange electron-transfer process is
mol~tin 1.0 M HCIO,.2 The latter value was attributed to  characterized by a significantly negative activation volume
equal contributions from an intrinsic volume collapse and that is very similar to the activation volume found for the
an increase in electrostriction in going fron¥Fg@q) to F&*- forward electron-transfer reaction with aquated' Fén a

(aq). Furthermore, the value afV¥(k) can be attributed to  similar way, the back reaction in Scheme 1 exhibits almost
an increase in electrostriction during the formation of the the same volume of activation as found for the self-exchange
promazine cation radical. On the basis of these argumentsreaction of F&”?*. The comparison of the activation volumes

it can be suggested that the transition state has an iron(lll) for the forward and reverse cross reactions in Scheme 1 with

AVE, = 2(AV;, + AVE, + AV,) 2)

promazine cation radical character. those for the self-exchange reactions of the two redox
Results available from the literatGmeveal that the thermal  partners suggests that the oxidation of promazine seems to
activation parameters for the forward reaction atd* = control the volume changes associated with the forward

414+ 5kJ moltandAS = —67+ 17 J K1 mol, and for reaction, whereas the oxidation of iron(ll) seems to control
the slower reverse reactionH* = 24 &+ 5 kJ mol* and the volume changes associated with the back reaction. To
ASF = —1254 17 J K mol~. The sign and magnitude of  our knowledge, this is the first time that such a correlation
the activation entropies nicely parallel those of the activation has been observed for reversible cross reactions. Precursor
volumes reported here and indicate that an increase information and changes in solvent electrostriction must be
electrostriction plays a major role especially in the back the major source of the observed volume changes associated
reaction. Thus, solvent rearrangement and precursor formawith the reorganization of the molecules prior to the actual
tion prior to the actual electron-transfer step must account transfer of an electron in the transition state.
for the compact nature of the transition state in both  All chemicals were AR grade quality and were used
directions of the process. Volume contributions from intrinsic without further purification. HCIQ (60%), Fe(ClQ)s, and
volume changes associated with the redox process are nofFe(CIQ,), were supplied by Aldrich. Promazine was pur-
expected for the oxidation of promazine because changes inchased from Sigma. Agueous solutions of 2.00 M HEIO
the chemical bond length in the phenothiazine species are0.05 M Fe(ClQ)s (I = 2.0 M, HCIQy), 0.05 M Fe(CIQ), (I
small and negligiblé, but reduction of F&(aq) has been  =2.0M, HCIQ,), and 2x 104 M promazine were prepared
suggested to involve an intrinsic volume increase of ca. 7 using deionized water.
cm? mol18 By way of comparison, volume profiles for UV —vis spectra were recorded on a Shimadzu UV-2101
intermolecular electron-transfer reactions between cyto- pC spectrophotometer. Stopped-flow kinetic measurements
chromec and a series a ruthenium ammine complékes were performed on an Applied Photophysics SX 18 MV
indicated that the transition state for the reversible electron- stopped-flow spectrophotometer coupled to an online data
transfer reaction is located exactly halfway between the acquisition system. High-pressure stopped-flow kinetic mea-
reactant and product states in terms of volume changes alongurements were carried out on a homemade high-pressure
the reaction coordinate. In this case, the volume changes aretopped-flow syster¥. Further experimental details on the
controlled by Changes in electrostriction as a result of the kinetic and thermodynamic measurements are given as
reduction or oxidation of the Ru ammine complekes. Supporting Information.

On the basis of the MarcudHush theory?-1°> we were
also able to calculate the volume of activation for the self- Acknowledgment. The authors thank Maria Wolak and
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effect of pressure on the forward rate constant, the reverse rate

(8) Sachinidis, J. I.; Shalders, R. D.; Tregloan, Pl#arg. Chem 1996

35, 2497. constant, and the overall equilibrium constant of reaction 1.
(9) Kowert, B. A.; Marcoux, L.; Bard, A. . Am. Chem. Sod972 94, Additional experimental details. This material is available free of
5538. ; .
(10) Meier, M.; Sun, J.; Wishart, J. F.; van Eldik, Rorg. Chem.1996 charge via the Interet at hitp:/pubs.acs.org.
35, 1564.
P 1C0201349
(11) Sachinidis, J. I.; Shalders, R. D.; Tregloan, Plrarg. Chem1996
35, 2497.
(12) Marcus, R. AJ. Phys. Chem1968 72, 891. (16) Jolley, W. H.; Stranks, D. R.; Swaddle, T. Worg. Chem199Q 29,
(13) Hush, N. SCoord. Chem. Re 1985 64, 135. 1948.
(14) Swaddle, T. Winorg. Chem.199Q 29, 5017. (17) (a) van Eldik, R.; Palmer, D. A.; Schmidt, R.; Kelm, lHorg. Chim.
(15) Grace, M. R.; Takagi, H.; Swaddle, T. Whorg. Chem.1994 33 Acta1981, 50, 131. (b) van Eldik, R.; Gaede, W.; Wieland, S.; Kraft,
1915. J.; Spitzer, M.; Palmer, D. ARev. Sci. Instrum.1993 64, 1355.

3804 Inorganic Chemistry, Vol. 41, No. 15, 2002





