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Abstract:
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The mechanisms of reduction of hematoporphyrin, PHy, and its Zn complex, ZnP, by strong single-
electron reducing agents in alkaline aqueous solutions were studied.

It was found that for both compounds three

intermediates are formed prior to the formation of the stable products. The mechanism of reduction of both
compounds seems to be the following: (a) PHy/ZnP 4- R-~— PHj;: or (PH;-)/(ZnPH -(ZnP-~) + R (k,), where k,
depends on R-~; (b) 2PH;-/2ZnPH . — (PHj)/(ZnPH); (k; = 2.1 X 108 M~! sec™!), where the dimer is plausibly a
m-mer; (¢) (PH;)./(ZnPH), — (PH;).’ /(ZnPH).’ (kem, = 10sec™!; kzqp = 17 sec™!) (this reaction seems to be some
kind of rearrangement of the dimer); (d) (here the mechanisms differ) (PH3).’ — PH, or (PH,*) 4- PH; (k = 0.11
sec™!) and (ZnPH),’ — Zn(dihydroporphyrin) + ZnP, where PH, is a phlorin, whereas in the Zn{dihydroporphyrin)

one of the hydrogen atoms is added on a peripheral position.
7 < pH < 13 range and of the solvent water, methanol, or ethanol.

This mechanism is nearly independent of pH in the
The absorption spectra of all intermediates

arereported. The reduction of hemin by e.,~ or CH;CHO™ on the other hand proceeds via direct reduction of the

central Fe(III) to Fe(II) in one step.

Porphyrins, free base, their metallo complexes, and
some of their reduced forms have an important
role in many redox and energy-transfer processes, It is
therefore not surprising that various aspects of the
mechanism of reduction of porphyrins have been
recently studied.'-'? Though, at least in nature,
porphyrins react in protic media, most of the redox
studies were carried out in aprotic solvents. The
reason for this choice has been that the intermediates
formed upon reduction are unstable in protic media and
their nature cannot be studied by most conventional
techniques.

The first product upon reduction of porphyrins,
PH,, in aprotic solvents was shown to be the mono-
anion PH,.—.1-12 The radical anion was shown to
undergo disproportionation in the presence of protons!!

2PH,-~ + 2H* —> PH, + PH,

the product being the parent porphyrin and the corre-
sponding phlorin. The kinetics of disappearance of
the radicals were shown to obey a second-order rate
law, both by epr and optical absorption methods.®
However, the techniques used did not enable a detailed
mechanistic study.

We have decided to study the mechanism of reduction
of a porphyrin in aqueous solution by the pulse radio-
lytic technique.!®* The reactions of several powerful
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single-electron reducing agents thus formed with
excess porphyrin were studied. The spectra of the
intermediates formed and the mechanisms of their
reactions were investigated. The formation of the
corresponding phlorin as the final product was estab-
lished.

Hematoporphyrin (IX), Figure 1, was chosen for the
present study due to the following reasons. (a) It is
soluble in a monomeric form in neutral and alkaline
aqueous solutions.!* (b) All its side chains are
saturated and thus are not expected to be reactive
toward the aliphatic radicals used in this study.

The reduction of metalloporphyrins is known to
differ from that of the free base in the following ways.
(a) If the central metal atom is in a high oxidation state
(e.g., Fe(Ill), Co(I1I), Cu(Il)) it, and not the ligand, is
reduced. However, reduction of the central atom
might occur directly, or alternatively the ligand might
be reduced first followed by an intramolecular electron-
transfer reaction. (b) If the redox potential of the
ligand is lower than that of the central cation the ligand
is reduced;® however, the final products of reduction
were shown to differ from those obtained upon re-
duction of the free base.5 We have, therefore, decided
to study the effect of the introduction of a metal cation
into the porphyrin structure on the mechanism of re-
duction in two model cases: (a) hemin chloride,
where the final product is expected to be the Fe(1l) com-
plex; (b) zinc hematoporphyrin (IX), where reduction
is expected to occur on the ligand and the final product
has been shown to be a dihydroporphyrin different
from phlorin.5

Experimental Section

Materials. Hematoporphyrin (1X)-2HCl and hemin chloride
were supplied by Nutritional Biochemical Corp. and used without
further purification. Zinc hematoporphyrin (IX) was prepared
in solution by adding a small excess of ZnSO, to a solution of
hematoporphyrin at pH 13.0 and stirring for several hours. Com-
pletion of the formation was checked spectrophotometrically.

(14) M. Calvin and P. A. Loach, Biochemistry, 2, 361 (1963); E. B,
Fleischer, S. Jacobs, and L. Mestichelli, J. Amer. Chem. Soc., 90, 2528
(1968).
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Figure 1. Hematoporphyrin.

The solutions of the three compounds were shown to obey the
Beer-Lambert law in the concentration range used. rerr-Butyl
alcohol, Hopkins and Williams, was distilled over sodium and the
81.5-82.5° fraction was used. Nitrous oxide and argon were
purified from oxygen traces by bubbling the gas through three
washing bottles containing an acidic solution of V2* over a zinc
amalgam, followed by a washing bottle containing a sodium
hydroxide solution and two washing bottles containing triply
distilled water. All other chemicals used were of A.R, grade and
were used without further treatment. All the water used for
preparing the solutions was triply distilled.

Procedure. The procedure of preparation of samples for the
pulse radiolytic experiments was identical with that described
earlier in detail.!’® The pulse radiolytic experiments were carried
out using 0.1-1.5 usec, 5 MeV, 200 mA pulses from the linear
accelerator at the Hebrew University of Jerusalem. The dose per
pulse was 2-20 X 101 eV 1,-1, The irradiation cell was 4 cm long,
the analyzing light traveling three times through the cell. The
experimental setup in Jerusalem and the method used for evaluating
the results have been described elsewhere in detail.1¢

In order to minimize photochemical decomposition of the
solutes by the analyzing light, a Jena glass filter, GG-15 or GG-14,
was introduced between the xenon lamp and the cell when the
absorption was followed at A > 420 nm or > 500 nm, respectively.
Furthermore, a mechanical shutter was kept closed until shortly
before the pulse, and all solutions were kept in the dark.

Absorption spectra were measured by splitting the light beam
into two monochromators. The wavelength of one of these mono-
chromators was kept constant and was thus used as a monitor
relative to which the absorptions at the different wavelengths were
measured. The absolute molar absorption coefficients were de-
termined by pulse radiolyzing, under exactly identical conditions,
a standard solution (1 X 1073 M K,Fe(CN)¢ saturated with N,O),
the solution to be analyzed, and the standard solution once again.
The yield of Fe(CN)s3~ was assumed to be 6.1, and es200( Fe(CN)¢*™)
= 1000 M~! cm™! was used. The yields of the different inter-
mediates were calculated from the known yields of the primary
products, !® their measured specific rates of reaction with the solutes
present, and the suggested mechanism of reaction (see below).
The molar absorption coefficients were thus determined from the
measured optical densities, the calculated yield of the intermediates,
and the calculated amount of porphyrin destroyed by the pulse.

v Irradiations. Low-dose-rate irradiations were carried out
using a ®Co v-ray source (Gammacell 200, Atomic Energy Com-
mission of Canada, Ltd.). The dose rate was of the order of 2 X
1020 eV 1.-! min™! as determined by Fricke dosimeter.!® Solutions
saturated with the desired gas were irradiated in a 4 cm long optical
cell with suprasil windows.

Spectroscopic Measurements. The spectra of the stable products
of irradiation were measured in a Cary 17 spectrophotometer.
An identical cell containing an unirradiated solution was used as a
blank. The spectra thus obtained are therefore difference spectra.
The spectra were measured 3-10 min after the end of irradiation.

Results
Reduction of Hematoporphyrin (IX): Spectra of
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versity of Jerusalem, Jerusalem, Israel.

(17) G. E. Adams, J. W. Boag, and B. D, Michael, Trans. Faraday
Soc., 61, 492 (1965).
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Figure 2. Difference spectra for the stable products of irradiation
of PH;. The solution compositon was 2 X 1078 M PH,, 0.1 M
(CH;),CHOH, N;O saturated. The dose was 1200 == 180 rads, in a
4-cm cell, measured 3 min after the end of irradiation. (—) Spec-
trum of unirradiated solution, reference cell contained water.
(-+-) Irradiated solution at pH 13.0, reference cell contained an
unirradiated solution. (---) Irradiated solution at pH 7.0, reference
cell contained an unirradiated solution.

Stable Products. N;O-saturated solutions containing
0.1 M 2-propanol and 2.0 X 10-% M hematoporphyrin
at different pH’s were irradiated in the v source by a
dose of 1200 = 200 rads. The changes in the absorp-
tion spectra were measured. Typical results for pH
7.0 and 13.0 are given in Figure 2. At pH 9.0 the ab-
sorption spectrum was a 1:1 combination of the spectra
obtained at pH 7.0 and 13.0. Irradiation of a solution
at pH 7.0 which contained 0.1 M NaClOQ; in addition to
the other solutes yielded a spectrum identical with that
obtained at pH 13.0. Irradiation of solutions con-
taining ethanol or methanol instead of 2-propanol or
irradiation of the solutions by a short pulse from the
linac yielded identical spectra. Shaking of the irradi-
ated solutions with oxygen resulted nearly in the total
disappearance of the difference spectra.

Pulse Radiolytic Experiments. When N:O-saturated
solutions containing 1-5 X 10~-% M hematoporphyrin
and 0.1 M alcohol (methanol, ethanol, or 2-propanol) at
pH 13.0 are irradiated by a short pulse four well sep-
arated in time processes are observed. Similar results
are obtained in N,O-saturated solutions containing 0.1
M 2-propanol in the pH range of 7.0-13.0 and in Ar-
saturated solutions containing 0.1 M ters-butyl alcohol.
We shall now describe the detailed results for each of
these four reactions separately.

Kinetics of Reduction of Hematoporphyrin and the
Absorption Spectrum of the First Intermediate. The
specific rate of reaction of e,,~ with hematoporphyrin
was determined in Ar-saturated solutions containing
0.1 M tert-butyl alcohol at different pH’s by following the
disappearance of the absorbance of e.,~. As the inter-
mediate formed also absorbs at the wavelength used,
600-650 nm, it was important to check that no inter-
mediate absorbing at this wavelength is formed by the
reactions of OH and H radicals. Identical solutions,
but saturated with N,O instead of Ar, were therefore
irradiated. No intermediate absorbing in the range of
430-700 nm was formed in these solutions. The specific
rates of reactions of e,,~ thus determined are sum-
marized in Table I. In the same table are summarized
also the measured specific rates of reaction of -CH,O~,
CH;CHO-, (CH;),CO~, -CO;~, and (CH;).COH radi-
cals with hematoporphyrin under different conditions.
The latter rates were measured by following the for-
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Table I. Specific Rates of Reaction of Different Radicals with Hematoporphyrine
Radical Solvent pH Other solutes, M Gas k, M1 sec™!
€aq” H.O 7.0 0.1 tert-Butyl alcohol Ar 1.5+ 0.2 X 10
H:0 7.0 0.1 rert-Butyl alcohol Ar 2.7+0.3 X 10w
+ 0.1 NaClO,
H;O 13.0 0.1 rert-Butyl alcohol Ar 2.5+ 0.3 X 100
(CH;).CHOH H,0 7.0 0.1 2-Propanol N:O 2.4+ 0.4 X 108
(CHy).CO~ H,O 13.0 0.1 2-Propanol N, O 1.1 0.2 X 10¢
CH;CHO~ H.0 13.0 0.1 Ethanol N0 7.0 1.0 X 108
CH;CH;0OH + 5% 0.1 NaOH N,O 61X 108
H:0
-CH,0~ H.0 13.0 0.1 Methanol N.O 3.3+ 0.5 X 108
CH;OH + 5% H.0 0.1 NaOH N:O 2.0=+0.4 X 18
-CH,OH H,0 7.0 0.1 Methanol N:O <1 X 107
-CO,~ H,O 13.0 0.1 HCO;Na N0 41X 107

@ All solutions contained 1-5 X 10~® M hematoporphyrin and were at 25 &= 2°.

0.D.obs

0.3

o2

o1

[o]e

OYz0 366 560 530 580

850685 3700

Figure 3. Uncorrected absorption of PH;- (or PH;-~) in alkaline
solutions formed by different reducing radicals. (®) Reducing
radical e.q~. The solution composition was 1 X 107 M PH,, 0.1 M
rerr-butyl alcohol, 0.1 M NaOH, Ar saturated, and the dose per
pulse was 3.3 X 1019 eV 1,71, (m) Reducing radical (CH;).CO™.
The solution composition was 1 X 10~% M PH,, 0.1 M (CH;).CHOH,
0.1 M NaOH, N;O saturated, and the dose per pulse was 3.3 X
1012eV 11, (a)Reducingradical -CH:O~. The solution composi-
tion was 1 X 1078 M PH,, 0.1 M CH;OH, N.O saturated, and
the dose per pulse was 2.2 X 10¢ eV L.71, (O) Reducing radical
-CH,O~. The solvent is CH;OH + 5% H,O, for the solution
containing 0.1 M NaOH, N.O saturated, and the dose per pulse
was 4.9 X 1012eV].1,

mation of a transient absorption, at 600-650 nm, which
obeyed always a pseudo-first-order rate law.

The observed optical densities due to the intermedi-
ates formed in the latter reactions were measured as a
function of wavelength, immediately after the formation
reaction ended (20-1000 usec after the pulse). Some
typical results are plotted in Figure 3 (a negative optical
density means that the molar absorption coefficient of
the intermediate is smaller than that of hematopor-
phyrin). The molar absorption coefficients of the
intermediate ¢, at the different wavelengths were cal-
culated using the formulas ¢ = (OD/lc) + ¢, where
OD is the measured optical density, / is the optical path
length, e, is the molar extinction coefficient of PH,, and
¢ is the concentration of the intermediate. The latter
concentration was calculated from the dose per pulse,
the yield of the primary radicals, and the specific rates
of reaction of disproportionation or dimerization of the
reducing radicals and of their reaction with PH,. A
typical spectrum of the intermediates thus calculated is
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The dose was 2-4 X 1018 eV 1.7! pulse™.
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Figure 4. Absorption spectrum of the PH;- (or PH.-~) radicals
in alkaline solutions. This spectrum is obtained from the data in
Figure 3 by correcting for the destruction of PH,; see text. (4)
Reducing radical eas~. (@) Reducing radical (CH;).CO~.

given in Figure 4. Similar spectra for the intermedi-
ates were obtained independent of the reducing radical
used. In neutral solutions the absorption bands in the
600-700-nm range are shifted by about 20 nm to the red
and are somewhat broader.

Spectrum of the Second Intermediate and Its Mecha-
nism of Formation. The kinetics of formation of the
second intermediate obeyed always a second-order
rate law, in respect to the first intermediate. In order
to calculate the specific rate of this reaction k,, the
yields and the molar absorption coefficients of the
products, e, have to be known. The calculation of
the latter depends on the mechanism of reaction. Two
plausible mechanisms for the observed second-order
reaction are considered (see Discussion). (a) A dispro-
portionation reaction

2PH,-~ (or 2PH;-) —> PH.:*~ (or PH,) + PH,
and then
2(0OD)

€;° = €
cl i

(where c¢ is the initial concentration of the first inter-

mediate). (b) A dimerization reaction
2PH, -~ (or 2PH;.) —> (PH,).>~ or (PHy),
and then
2(0OD
eb = Lc—l“—) + 2¢,
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Figure 5. Absorption spectrum of the second intermediate. The
solution composition was 1 X 10% M PH,, 0.1 M (CH,);CHOH,
0.1 M NaOH, N,O saturated. The dose per pulse was 3.3 X 10~1
eV 17! measured 100 msec after the pulse: (O) experimentally
observed optical densities; (A) corrected absorption spectrum,
assuming a dimerization mechanism; (W) corrected absorption
spectrum assuming a disproportionation mechanism.

In Figure 5 are plotted the observed optical densities,
as well as the calculated absorption spectra, according
to both mechanisms.

The specific rates of the second-order reaction in
alkaline solutions were calculated from the slopes of the
kinetic plots, kobsq, and the absorption coefficients
obtained for both suggested mechanisms. If the re-
action is a disproportionation reaction, one obtains k,
= Vkopsal(e®> — 2¢# + ¢,), whereas if the reaction is a
dimerization reaction, one obtains ks = !/oKobsal(e® —
2¢#). Thus, ks = 2.0 £ 0.4 X 10® M-tsec land k, =
2.1 = 0.4 X 108 M~-! sec™! for the two mechanisms,
respectively, obtained. These rates are independent of
the original reducing agent, e,o~, - CH,O~, CH;CHO-,
(CH;).CO-, and -CO,~. In Table II are summarized

Table II. Observed Rates for the Second-Order Reaction
of PH;- (or PH; ") Radicals®
Pulse kobsd
[PH,], length, [NaOH], A, X 1075,

M usec Solvent M nm sec”!
4 X 1078 0.1 H;O 1 X107 700 4.0
4 X 1075 0.2 H;0 11077 700 4.0
4 X 1075 0.2 H;0 1 X107 440 1.5
5SX 1078 0.2 H.O 0.1 440 1.5
2X 1078 0.1 H.O 0.1 600 3.8
2 X107 0.1 H;0 0.1 700 4.0
1 X105 0.1 CH;OH + 5% H,O 0.1 600 3.8
4 x 105 0.1 CH:OH + 57 H:0 0.1 600 4.0
2 X 10~ 0.1 CH;OH + 5%, H,O0 0.1 700 4.0
2X 107 0.1 CH;OH + 5% H,O 0.1 600 4.0
2X 107 0.1 CH;OH + 5% H,O 0.1 440 1.5

e Error limit 107

the observed rates of the second-order reaction in
neutral aqueous solutions and in alcohols as solvents.
As the yields of the primary products in the latter are
not known accurately, we could not calculate k; under
these conditions. However, kobsa at the different wave-
lengths are very similar to those in alkaline solutions.
It is reasonable to assume that the molar absorption
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Figure 6. Absorption spectrum of the third intermediate. The
solution composition was 2 X 1075 M PH., 0.1 M (CH;);CHOH,
0.1 M NaOH, N,O saturated. The dose per pulse was 7.2 X 1019
eV 1.t measured 1 sec after'the pulse: (®) experimentally observed
optical densities; (---) corrected absorption spectrum assuming a
dimerization mechanism; (---) corrected absorption spectrum as-
suming a disproportionation mechanism.

coefficients do not differ by more than a factor of 2
from those in aqueous alkaline solutions. Therefore,
it seems that k; is nearly independent on pH or on a
change of water to an alcoholic solvent.

Spectrum of the Third Intermediate and Its Mechanism
of Formation. After the formation of the second inter-
mediate was over, a third reaction leading to the forma-
tion of a third intermediate was observed. This reac-
tion caused only slight changes in the optical densities
at most wavelengths. The spectrum of the third inter-
mediate is plotted in Figure 6. Again two calculated
spectra are shown, depending on the assumed mecha-
nism (see in the preceding paragraph and the Discus-
sion).

The kinetics of the third reaction obeyed always a
first-order rate law. The specific rate of this reaction,
kobsa = 10 = 2 sec™! is independent of the concen-
tration of PH,, of the dose per pulse, and of the solvent in
alkaline media. In neutral aqueous solutions A,bsa =
4 = 1 sec™! was obtained.

Kinetics of Formation of the Stable Products. After
the formation of the third intermediate was over a
fourth reaction was observed. The kinetics of this
reaction obeyed always a first-order rate law. The
specific rate of this reaction in alkaline solutions, 0.1 M
NaOH, is k; = 0.10 = 0.01 sec~! independent of the
solvent (water, methanol, or ethanol), the reducing
radical used, the concentration of PH,, or the dose per
pulse. In neutral agueous solutions the specific rate
of this reaction is k4 = (4 = 2) X 10-2sec™!. (The
high error limit is due to the fact that our scope was
limited to 50 sec, so that the transmittance at the end of
the reaction was determined using a digital voltmeter.)

No further changes in the transmittance of the solu-
tions were detected for several minutes, as judged by
reading the output of the photomultiplier by a digital
voltmeter. The absorption spectrum after 3 min was
measured in a Cary 14 spectrophotometer and was
found to be identical with that given in Figure 2.

The possibility that the third or fourth reactions are
due to an impurity or a side product of radiation was
checked by adding 1 X 10-* M of H.0,, CH;CHO, or

Harel, Meyerstein | Mechanism of Reduction of Porphyrins
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Figure 7. Absorption spectrum of ZnPH- (or ZnP-~) radicals.
The solution composition was 1 X 107 M ZnP, 1 X 10~¢ M ZnSO,,
1.0 M (CH,):CHOH, 0.1 M NaOH, N;O saturated. The dose per
pulse was 4.0 X 101% eV 1.~ (---) experimentally observed optical
densities, (—) corrected absorption spectrum.
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Figure 8. Absorption spectrum of the second intermediate in the
reduction of ZnP. Experimental conditions as in Figure 7: (m)
experimentally observed optical densities, (@) corrected absorption
spectrum assuming a dimerization mechanism, (4A) corrected absorp-
tion spectrum assuming a disproportionation mechanism.

(CHj3),CO to the solutions. No effect on the kinetics
by any of these additives was observed. The possibility
that the analyzing light affects the results was checked
by chopping the light; this too was found to have no
effect on the results.

Reduction of Zinc Hematoporphyrin. The mecha-
nism of reduction of ZnP was studied in order to com-
pare it with the corresponding mechanism for PH,.
However, we have decided to use in this case only one
reductant, (CH;),CO~. Aqueous N;O-saturated solu-
tions at pH 13.0 containing 1.0 M 2-propanol were
used throughout this study. The results have shown
that the reduction of ZnP by (CH;).CO~ involves four
consecutive reactions until stable products are formed.

(a) The reaction of (CH;),CO~ with ZnP obeyed a
pseudo-first-order rate law, with kcupco-+zap =
1.0 = 0.1 X 10® M~1'sec-!. The absorption spectrum
of the intermediate formed in this reaction is shown in
Figure 7.

(b) The first reaction is followed by a reaction which
obeys a second-order rate law in respect of the first
intermediate. The specific rate of this reaction is 2.1
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Figure 9. (—) Absorption spectrum of ZnP. The solution com-
position 2 X 107% M ZnP, 1 X 10~¢ M ZnSO,, 0.1 M NaOH, 1.0 M
(CH;);CHOH. The cell length was 1.0 cm. (---) Same solution
irradiated by 1200 = 180 rads. The reference cell contained an
unirradiated solution, The cell length was 4 cm.

= 0.4 X 108 M-1 sec™!, independent of the assumed
mechanism (dimerization or disproportionation). The
absorption spectrum of the second intermediate, ac-
cording to the two plausible mechanisms (see above in
the corresponding section on PH;), is plotted in
Figure 8.

(c) The second reaction is followed by a first-order
reaction with kopsa = 17 = 2 sec™!. The changes in
the OD due to this reaction are very small and the
spectrum of the third intermediate is therefore very
similar to that of the second intermediate. The
kinetics of the reaction could be followed only in the
430-500-nm range and even there the changes in OD
are smaller than 209,

(d) The third reaction is followed by a fourth step
with 1./, > 5sec. However, by chopping the analyzing
light it was found that the decomposition of the third
intermediate is accelerated photochemically. There-
fore, we were unable to determine the specific rate of
this reaction.

The difference spectrum between the stable products
formed by irradiation in the 7 source (in the dark) and
an unirradiated blank is plotted in Figure 9.

Reduction of Hemin. In order to obtain monomeric
solutions of hemin, we have dissolved chlorohemin
in aqueous solutions at pH 13.0 containing 309} w/v
of tert-butyl alcohol or ethanol.’® The specific rate of
reaction of e,,~ with hemin, in Ar-saturated solutions
containing terr-butyl alcohol, was found to be
Kep~+homin = 6.0 = 1.0 X 10° M~! sec™!. The
specific rate of reduction of hemin by CH;CHO-
radicals, in N;O-saturated solutions, was found to be
KcH.0HO ~+hemin = 9.0 £ 1.0 X 108 M~! sec-!. No
further reaction was observed after the reduction by
either radical was over.

Spectral studies have shown that the reduced product
has a much lower absorption than hemin between 600
and 650 nm. On the other hand, the reduced product
has a strong absorption band with a maximum around
560 nm. We could not determine the absolute absorp-
tion coefficients of the product as the primary yields of
radicals in the solvent mixtures used are unknown.

(18) A. C. Machley and A. Akeson, Acta Chem. Scand., 12, 12539
(1958); N. S. Angerman, B. Hassinoff, H. B. Dimford, and R. B.
Jordan, Can.J. Chem., 47, 3217 (1969).



Discussion
The radiolysis of water may be described by!?

Y€
H,O —> Caq H, OH, Hz, HzOz, H30+

The yields of the products in neutral dilute solutions
being G..- = 2.6, Gog = 2.65, Gu = 0.6, Gu, =
0.45, Gu.0, = 0.75 (G is defined as the number of
molecules of product formed by absorption of 100 eV
by the sample). The hydrated electron reacts with
N.O according to!®

N2O + € —> N; + O™
k = 5.6 X 10° M~!sec™!
which is followed by the equilibrium reaction!®
OH + OH- = H.0 + O~ pK(OH) = 11.8

In neutral solutions saturated with N,O, 2 X 10-2 M,
the yield of OH, or O~ depending on pH, is therefore
increased to G(OH) = 5.25. (A somewhat higher
yield is plausible owing to the effect of N,O on Gg,.")

The radicals OH, O-, and H react with saturated
aliphatic compounds according to!?

RH + OH/O/H —> ‘R + H:O/OH-/H,

There is a high preference for hydrogen abstraction by
these reactions from a site « to a functional group,
e.g., OH, CO,H. Thus, in N;O-saturated solutions
containing methanol, ethanol, 2-propanol, formate, or
tert-butyl alcohol all the primary radicals are trans-
formed into - CH,OH, CH;CHOH, (CH;),COH, -CO,~
and -CH,C(OH)(CH;),, respectively. The specific
rates of formation of these radicals from the primary
products,? as well as their uv?!22 and epr?? spectra,
mechanism of disappearance (by dimerization or dis-
proportionation), are well known.?!22 The radicals
-CH,0H, CH,;CHOH, and (CH;);COH behave as weak
acids

R1R2COH + OH- Z Rle(_JO' + H;O

with the pK’s 10.7, 11.6, and 12.2, respectively.2* The
radicals (CH;).CO~, CH;CHO-, CH,0-, and CO,™ are
strong reducing agents. The following reversible half-
wave potentials for their oxidation —2.2, —1.9, —1.73,
and —1.34 V vs. calomel, respectively, have been re-
ported.?®* For the acidic form of these radicals the
polarographic half-wave potentials are considerably
lower, indicating large overpotentials. Thus, in ir-
radiated N,O-saturated solutions containing a high
concentration of (CH;).CHOH, CH;CH,OH, CH;0OH,
or HCO,~, all the primary radicals formed are trans-
formed into strong reducing radicals. On the other
hand, the radical - CH,C(OH)(CH3), is known to be a
very weak redox agent and Ar-saturated solutions
containing fert-butyl alcohol are therefore used to

(19) J. C. Weeks and J. Rabani, J. Phys. Chem., 70, 2100 (1966).

(20) M. Anbar and P. Neta, Int. J. Appl. Radiat. [sotop., 18, 493
(1967).

(21) M. Simic, P. Neta, and E. Hayon, J. Phys. Chem., 73, 3794
(1969).

(22) P. Neta, M. Simic, and E. Hayon, J. Phys. Chem., 73, 4207
(1969).

(23) H. Zeldes and R, Livingston, J. Chem. Phys., 45, 1946 (1966);
K. Eiben and R. W, Fessenden, J. Phys. Chem., 75, 1186 (1971).

(24) K. D. Asmus, A. Henglein, A, Wigger, and G. Beck, Ber.
Bunsenges. Phys. Chem., 70, 756 (1966).

(25) 7. Lilie, G. Beck, and H. Henglein, Ber. Bunsenges. Phys. Chem.,
75, 458 (1971).
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study the reactions of e.,~ without the interference of
the effects due to OH radicals.

Identification of the Stable Product Obtained by the
Radiolytic Reduction of PH,. The spectrum of the
product (Figure 2) is in good agreement with the known
spectrum of phlorin in neutral aqueous solutions.
Furthermore, the pH effect on the spectrum which
indicates a pK, of about 9.0 with a blue shift at pH >9
is also in agreement with the pK, of phlorin

PH;+ &= PH, + H* pK, ~9.0

and the absorption spectrum of PH,.2 The salt effect
on the spectrum and the reactivity toward O, also
indicate that the product obtained is a phlorin.2 We
conclude, therefore, that the radiolytically obtained
reduction product is phlorin which is known to be the
product obtained also by photochemical, electrochemi-
cal, or chemical methods.?

Mechanism of Reduction of PH; and Identification
of the Intermediates. The observation that the absorp-
tion spectrum of the first intermediate is independent of
the reducing agent used (e.q~, (CH;).CO~, CH;CHO-,
-CH.0-, and - CO,, Figures 3 and 4) indicates that the
same intermediate is formed by all these radicals.
The product of the reaction of e.,~ with PH; has to be a
reduced form, most probably -PH,~ or -PHj, and it is
therefore suggested that this is also the product of
reaction of the other radicals. This conclusion is sup-
ported also by the fact that the specific rates of reaction
of (CH;),CO~, CH;CHO~, -CH;0~, and -CO,~ with
PH, decrease along this series which is also the order
of decreasing redox potential of these radicals.?’ The
observation that the (CH;);CHOH and -CH;OH radi-
cals are less reactive than their alkaline analogues and
that the - CH,C(OH)(CH};), radical is unreactive is also
in accord with the suggestion that the observed reaction
is a redox process.

Furthermore, the most characteristic absorption band
of the first intermediate, with Apax = 620 £ 5 nm and
emax = 13,000 M~! cm~!, and a shoulder at longer
wavelength, is very similar to the known absorption
spectrum of the -PH,™ radical in aprotic solvents.® 411
It would thus seem reasonable to conclude that the
first intermediate observed is the -PH,~ radical.
However, it is known that the rate of reaction of most
aromatic anion radicals, including different azabenzenes,
with water is very high?-%

R~ + H:O —> ‘RH + OH~™

For the azabenzene anion radicals it was shown that
the added proton adds to a nitrogen atom.®:2® ]t is
therefore plausible that the observed intermediate is the
-PH; radical and not -PH,~ (this would mean that the
reaction -PH,- + H,O — -PH; 4+ OH- has a half-
life shorter than 1 usec). It is reasonable to assume
that the absorption spectra of -PH; and -PH, are
similar,

It was hoped that the use of methanol or ethanol as
solvents might help in indicating whether the observed
intermediate is -PH; or -PH,~. However, as both the
spectroscopic and kinetic data are nearly identical in

(26) L. M. Dorfman, Accounts Chem. Res., 3, 224 (1970).

(27) 1. E. O’Reilly and P. J. Elving, J. Amer. Chem. Soc., 94, 7941
(1972); P, I. Elving, S. 1. Pace, and I. E. O'Reilly, ibid., 95, 647 (1973).

(28) R. W, Fessenden and P. Neta, Chem. Phys. Lett., 18, 14 (1973).

(29) E. M. Kosower, “Free Radicals in Biology,”” W. A. Pryor, Ed.,
Vol. I, Chapter 10, Academic Press, New York, N. Y., in press.
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the three solvents used, we are unable to resolve this
question.

The second reaction observed is second order with
respect to the first intermediate with a specific rate
independent of the pH or the solvent used (Table 1I).
These observations indicate that protonation is not the
rate determining process for this reaction. The second-
order rate law suggests a disproportionation or di-
merization reaction. A disproportionation of -PHj;
or -PH,~ would yield PH, and PH,?-, PH;~, PH,, or
PH,*. As the formation of the second intermediate is
followed by two further reactions yielding PH, or
PH;*, the final product at different pH’s (see above),
these products cannot be the second intermediate.
Identification of this intermediate as PH;~ or PH,2%-
seems also unlikely as their transformation into the
stable products should involve only protonation
processes, whereas the specific rates of the third and
fourth reactions are nearly pH and solvent independent.
Furthermore, the absorption spectrum of PH,%~ which
can be formed electrochemically in aprotic solvents!!
does not resemble the spectrum of the second inter-
mediate. PH,?~ is known to be unstable even in these
solvents!! and is therefore not expected to exist in
water for periods of the order of 100 msec.

We thus conclude that the second reaction is a di-
merization process and not a disproportionation re-
action. The data available seem to be too scarce to
prove the nature of the dimer formed. The spectrum
of the dimer is similar to that of the monomer but for
the band in the 600-700-nm range. The latter band
has a different shape and intensity. It is tempting to
speculate that the dimer is a w-mer and that the latter
band is a charge-transfer band. w-mers are known to
be very stable in aqueous media for different pyridinyl
radicals.?*% Their spectra are known to be similar to
those of the monomers with the addition of an intense
charge-transfer band at the long-wavelength end of the
spectra.?® It is plausible that - PH; radicals might form
similar dimers,

The specific rate of the second-order disappearance
reaction of several -PH; radicals in aqueous solution
was measured by the epr technique. The results
indicate that the rate increases with the decrease in the
number, n, of CO,H groups as substituents on the ring.®
Thus, forn = 6,k ~ 10t M-1sec™!, forn = 4, k = 10¢
M-1sec™!, and for n = 2, k> 108 M~!sec~1.¢ The
specific rate observed for the hematoporphyrin radical,
n=2k~2X10% M~!sec!,is in accord with these
observations,

The third reaction observed is a first-order reaction
with a specific rate which is independent of the PH,
concentration and the solvent used in alkaline solutions
and only slightly dependent on pH. Two plausible
mechanisms might be suggested for this reaction: (a)
decomposition of the dimer into PH, + PH, where the
phlorin, PH,, is in a different configuration than the
stable phlorin; (b) a rearrangement of the dimer. As
the absorption spectrum of the third product resembles
that of the second intermediate and differs considerably
from that of phlorin, we prefer the latter mechanism.

The fourth reaction observed is a first-order process
yielding the stable product, phlorin. It is therefore

(30) E. M. Kosower and J. Hajdu, J. Amer. Chem. Soc., 93, 2534
(1971).
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suggested that it involves the decomposition of the
dimer into PH, + PH,. (Alternatively, rearrangement
of an unstable form of phlorin into the stable form has
to be suggested if alternative a is accepted for the third
reaction.) Itis suggested, therefore, that the mechanism
of reduction of hematoporphyrin by one electron-
reducing radicals in protic media is the following

H:0
PH, + -R- —> -PH, (or -PHy") + R
k1

H:0
2.PH; (or 2-PH;Y) —k—> (PH3), (or P.H;™)
2
(PHy), —k—> (PH,),’
v3
(PH;). —> PH, (or PH;* depending on pH) + PH,
ka

where k; depends on the nature of the reducing radical
‘R=, ks = (2.1 £ 04) X 108 M~tsec™!, k; = 10 = 2
sec™!, and ky, = 0.11 £ 0.02 sec™!; (PH;), and (PH;),’
are suggested to be two different forms of the dimer of
the radical -PH;, most probably a #-mer.

Mechanism of Reduction of ZnP. The absorption
spectrum of the first intermediate formed by the pseudo-
first-order reaction of (CH;),CO~, a one-electron re-
ducing agent, with ZnP resembles the known spectrum
of ZnP-~ in aprotic solvents.*!* The specific rate of
this reaction, as well as that of the following second-
order step, is identical with those found for the corre-
sponding reaction of the free base PH,. It is therefore
reasonable to identify the first intermediate as ZnP-—,
or as ZnPH -, and the second intermediate as (ZnPH),,
or as Zn,P;H-. (Similar reasons to those discussed
above for the corresponding reaction of -PH; exclude
the possibility that the second reaction is a dispro-
portionation reaction or that the product is (ZnP),?~.)

The third reaction observed causes only slight changes
in the absorption spectrum and has a specific rate of
reaction which is about twice that observed for the
corresponding reaction for the free base. It is sug-
gested that this reaction involves a rearrangement of
the dimer (ZnPH), in parallel to the mechanism sug-
gested above for PH,. On the other hand, we could
not measure the kinetics of the fourth reaction due to
photochemical decomposition of the third intermediate
or of the final products by the analyzing light. No
photochemical reactions were observed during the
corresponding reactions of the free base. Further-
more, the absorption spectrum of the stable product
as obtained by irradiation in the dark, see Figure 9,
differs appreciably from that of phlorin. This is
evident from the absence of the absorption band in the
600~750-nm region. The observed spectrum is similar
to that of the product obtained by photochemical re-
duction of ZnP in ethanol.® This product has been
suggested to be dihydroporphyrin with one hydrogen
atom on a peripheral position instead of the pyrolic
nitrogen which is occupied by the metal atom.® It is
suggested that the major difference in the mechanism of
reduction of PH, and ZnP is that different dihydro-
porphyrins are formed upon the decomposition of the
dimer of the first intermediate. The product formed
upon the reduction of ZnP is less stable, at least photo-
chemically, than phlorin.

Reduction of Hemin.
that the reduction of hemin by €.~

The results clearly indicate
and CH;CHO-



radicals yields no intermediates before the stable product
is formed. (Alternatively, if an intermediate is formed
it is transferred into the stable products with a specific
rate kK > 5 X 10%sec™!.) The spectral properties of the
product clearly indicate that it is the Fe(II)-hemin
complex.
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Abstract:

The conventional spectral method and the polyiodide spectral-solubility method have been employed

to obtain thermodynamic data and spectral parameters for the complex of 9-cyclohexyladenine with iodine in

CCl, and heptane solution.

Results of the two methods are in reasonable agreement, and 9-cyclohexyladenine-I,

is shown to exist primarily as a charge-transfer complex stabilized by donation of n electrons from a ring nitrogen.
Evidence is also presented for the existence of a 1:2 cyclohexyladenine-I, complex in CCl, at iodine concentrations

on the order of 0.001 M.

In spite of the effort that has been spent on studies of
weak molecular complexes of biologically impor-
tant compounds, there is little direct evidence that
charge-transfer forces play an important role in bio-
chemistry. It is commonly assumed that charge trans-
fer is involved in the relatively long-range interactions
between the bases of nucleic acids and that numerous
biological control mechanisms probably rely on trans-
fer of charge from donor to acceptor molecules. A
large part of the work on model biological charge-
transfer systems has involved the purines and pyrimi-
dines. There have been reports that purines and py-
rimidines form = complexes with aromatic donors and
acceptors such as chloranil, steroids, and the flavins.!2
However, weak complexes of these types are undoubt-
edly stabilized in large part by interactions (such as dis-
persion forces and dipolar interactions) other than
charge-transfer (CT) forces.®'* A recent report from
this laboratory included initial structural, thermo-
dynamic, and spectral information about the 1:1
charge-transfer complex-of 9-cyclohexyladenine (CHA)
with I, which is stabilized primarily by partial donation
of an n electron from a ring nitrogen.> The present
article presents detailed results of the solution studies,
obtained with a conventional spectral method of the
Benesi-Hildebrand type® and a polyiodide spectral-
solubility method™® developed in this laboratory.

(1) M. A. Slifkin, “Charge-Transfer Interaction of Biomolecules,”
Academic Press, New York, N. Y., 1971, pp 76-95.

(2) R. Foster, “Organic Charge-Transfer Complexes,” Academic
Press, New York, N. Y., 1969, pp 350-351.
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(4) B. L. Van Duuren, Nature (London), 210, 622 (1966); B. Pullman,
P, Claverie, and J. Caillet, Science, 147, 1305 (1965).
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der Helm, J. Crystal. Mol. Struct., 3,249 (1973).
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Difficulties in applying the Benesi-Hildebrand tech-
nique are encountered because of the limited solubility
of CHA in organic solvents; the solubility method is
a convenient alternative technique for obtaining spec-
tral and thermodynamic data for such a system.

Experimental Section

Chemicals, Heptane (Baker Chemical Co. Defined purity) was
purified by standard techniques® and stored over drying agent
(Linde 4A molecular sieve) in a 3-ft glass column. CCl, (Matheson
Co. ACS analyzed reagent) was distilled from P;O; and stored in
the same way. lodine (Malinckrodt, resublimed reagent grade)
and tetramethylammonium iodide (Matheson, 994 %) were used
without further purification. 9-Cyclohexyladenine (Cat. No.
2013), obtained from Cyclo Chemical Co., was used directly without
further treatment,

Instrument. A single-beam Beckman DU-2 spectrophotometer
equipped with a temperature-regulated cell holder was used in the
spectral measurements. The temperature of the cell holder was
controlled to within £0.2° by circulating water from an auxiliary
thermostated circulator (Haake). A separate refrigerator unit
provided cooling for the Haake circulator when needed for experi-
mental temperatures near or below ambient,

Polyiodide Solubility Method. The method for preparing tetra-
methylammonium pentaiodide (TMAI;)!® and the experimental
method? for obtaining Kpa and epa have been reported previously.
Application of this method requires the accurate determination of
the wavelength of the isosbestic point prior to spectral measure-
ments of equilibrated solutions. This point was located by an
isothermal method in which the total concentration of iodine ([I.])
is held constant while the total concentration of CHA ([CHA)) is
varied and also by varying the temperature while holding both
[I:] and [CHA] constant. Typical spectra are shown in Figure 1;
the isosbestic point is located at 473 nm. In the solubility experi-
ments, the increase in absorbance at the isosbestic point which
occurs in the presence of added donor is attributed solely to the
formation of the complex.!! Since the extinction coefficients of

(8) I. D. Childs, S. D. Christian, J. Grundnes, and S. R. Roach, Acta
Chem. Scand., 25, 1679 (1971).

(9) A. E. Vogel, *A Textbook of Practical Organic Chemistry,”
Longmans, Green and Co., London, 1956, Chapter 2.

(10) F. D. Chattaway and G. J. Hoyle, J. Chem. Soc,, 123, 654
(1923).

(11) In the case of moderately strong complexes, such as CHA" L,
corrections for variation of activity coefficients with donor concentra-
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