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Summary

In aqueous solution, pulse radiolytic studies have shown that vanadyl
porphyrins undergo redox reactions only at the porphyrin ring. The resultant
porphyrin radical anions and cations are unstable with respect to dispropor-
tionation. Steady state reduction, both radiolytic and photochemical, of the
vanadyl porphyrins results in formation of phlorins, porphodimethenes and
chlorins depending upon pH and the nature of the porphyrin periphery
groups. There is no evidence to show formation of products in which the
central vanadyl ion has been reduced.

1. Introduction

Metalloporphyrins undergo successive electron additions and removals
such that the polarograms and cyclic voltammograms exhibit a series of
peaks [1, 2]. The redox reactions can occur either at the porphyrin ring or
at the central metal ion. In fact, for oxidation processes it is possible to
alternate the site of reaction. Thus, one-electron oxidation of lead(II)
porphyrins results in formation of the lead(II) porphyrin radical cations [3]
but removal of a second electron leads to the formation of the corresponding
lead(IV) porphyrins [3 - 5]. In certain cases, manganese(III) porphyrins can
be successively oxidized to the manganese(IV) porphyrin and then to the
manganese(IV) porphyrin radical cation [6]. Similar examples can be found
with oxidation of palladium(II) [7] and nickel(I1) [8] porphyrins.

Alternate reaction sites are not so well documented for reduction
processes. Under certain circumstances tin(IV) porphyrins can be reduced to
the tin(II) porphyrins [9, 10], presumably via intermediate formation of the
tin(IV) porphyrin radical anion, but the overall process is poorly charac-
terized. Better examples are to be found with cobalt{II) and manganese(III)
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porphyrins where the first electron is added to the central metal ion and
further electrons go to the porphyrin ring [11 - 13]. Recent work [14, 15]
has shown that certain vanadium(IV) porphyrins can be reduced to the cor-
responding vanadium(II) porphyrins, although the reaction mechanism
remains unclear. This is somewhat surprising because electrochemical studies
[16] have shown that vanadyl tetraphenylporphyrin (VOTPP) undergoes
redox reactions only at the porphyrin ring. Consequently, it seems that the
state of the axially coordinated ligands can influence the reduction product.
In this paper, we describe the redox chemistry of some vanadyl por-
phyrins in aqueous solution. Emphasis is placed upon reduction processes.
In this context, it should be noted that vanadium porphyrins are important
contaminants in oil and that they are extremely difficult to remove. Reduc-
tion of the central metal ion might render the compound susceptible to acid-
catalysed demetallation, hence providing a possible means of removal [17].

2. Experimental details

Vanadyl meso-tetrakis(N-methyl-4-pyridyl)porphyrin (VOTMPyP)
(tosylate salt) and vanadyl meso-tetrakis(4-sulphonatophenyl)porphyrin
(VOTSPP) (sodium salt) were obtained from Midcentury Chem. Co. (The
charge on the porphyrin periphery has been omitted for clarity, but it should
be recalled that TSPP and TMPyP complexes possess overall electronic
charges of —4 and +4 respectively.) The VOTSPP sample was purified by
ion chromatography before use. All other materials were of the highest
available commercial purity and were used as received.

Pulse radiolysis experiments were performed as before [18] using a
Febetron 705 accelerator to generate 50 ns pulses of 2 MeV electrons. For
oxidations, the aqueous solutions contained metalloporphyrin (about 10~ %
mol dm™3), KBr (10~%2 mol dm™3) and buffer (borate, phosphate or HCIO,;
1073 mol dm™3 where possible) and were bubbled thoroughly with N,O.
Under such conditions, Br,” radicals are formed [19] with a radiation yield
G = 6. This species is a powerful oxidant and it can be used to oxidize the
metalloporphyrin. Solutions for reduction contained metalloporphyrin
(about 10™* mol dm™3), propan-2-ol (2% v/v) and buffer and were purged
thoroughly with N,. Here, solvated electrons (G =3) and 1l-hydroxy-1-
methylethyl radicals (G = 3) can be used to reduced the metalloporphyrin.
Steady state radiolyses were performed with a ®®Co v source delivering 10
krad min~!. In all cases, the course of reaction was followed by absorption
spectroscopy.

Steady state photolyses were made with a 100 W quartz-iodine lamp
filtered to remove light of wavelength shorter than 400 nm. Solutions
contained metalloporphyrin (1075 mol dm™3), nicotinamide adenine dinu-
cleotide (reduced) disodium salt (NADH) (2 X 10~3 mol dm™?) and buffer.
The solutions were purged thoroughly with N, before irradiation and the
course of reaction was followed by absorption spectroscopy.
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3. Results and discussion

3.1. Oxidation

Pulse radiolysis experiments performed at pH 7 showed that the two
water-soluble vanadyl porphyrins were oxidized by Br, radicals (E.,, =
1.69V)[20,21]: :

VOTMPyP + Br, —> VOTMPyP* + 2Br~ (1)
VOTSPP + Br;- —> VOTSPP* + 2Br~ (2)

However, under the conditions of the experiment, Br,  radicals decay
rapidly by disproportionation

2Br, — ZBr‘ + Br, (3)

(k=2 X 10° dm3® mol™! s7! [21]) and since the rate constant for reaction (1)
is low (k1 < 107 dm3 mol™! s7!) the yield of VOTMPyP* was very much less
than quantitative. Oxidation of VOTSPP was much more efficient (k, =
2 X 10® dm?® mol™? s™'), despite the electrostatic repulsion between the
reactants. The products of reactions (1) and (2) absorb quite strongly in
the near IR region and they are assigned to vanadyl porphyrin radical cations
by comparison with absorption spectra recorded for many other water-
soluble metalloporphyrin radical cations [22]. The absorption spectrum
recorded after oxidation of VOTSPP at pH 7 is shown in Fig. 1(a).

The pulse radiolysis records showed that VOTSPP* decayed with a
first half-life of 3 ms at pH 7. The decay kinetics gave poor fits to both
first- and second-order kinetics, as is often the case for metal TSPP radical
cations in water [23]. Increasing the pH to 12 decreases the half-life to
about 1 ms. These values are roughly in agreement with the stability of
VOTSPP* expected from the electronegativity of the central vanadyl ion
[23].

Steady state radiolysis using Br,” radicals as the oxidant at pH 7
showed that the vanadyl porphyrins were irreversibly bleached under oxida-
tive conditions. The absorption spectral profile for oxidation of VOTSPP is
shown in Fig. 1(b). The final product absorbs weakly at about 670 nm and
is assigned to a dihydroxyporphyrin [24]. Thus, decay of VOTSPP" most
probably involves reduction by inadvertent impurities and radiation products
and disproportionation to form the vanadyl porphyrin dication. This latter
species is a strong electrophile and readily reacts with hydroxide ions to
formisoporphyrin and dihydroxyporphyrin derivatives.

3.2. Reduction

Pulse radiolysis studies performed in N,-saturated aqueous solution at
pH 7 showed that both VOTMPyP and VOTSPP are reduced by solvated
electrons and 1-hydroxy-1-methylethyl radicals. The rate constants for
reduction by solvated electrons were very high (2 > 10!° dm3 mol™! s7!) but
reduction by 1l-hydroxy-l-methylethyl radicals was much slower. The bi-
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Fig. 1. (a) Differential absorption spectrum observed following pulse radiolytic oxidation
of VOTSPP with Br,~ radicals in aqueous solution at pH 7. (b) Absorption spectra
recorded before ( ) and after (—— —) steady state radiolysis of VOTSPP in N,0O-
saturated aqueous solution at pH 7 containing KBr (1072 mol dm™3).

molecular rate constants for the reactions

VOTMPyP + CH3;C(OH)CH; — VOTMPyP~ + H* + (CH;),CO (4)
and

VOTSPP + CH;C(OH)CH; —— VOTSPP~ + H* + (CH;),CO (5)
were determined to be 1.6 X 10° dm3 mol™! s and 4.2 X 108 dm?3 mol™! s™!
respectively.

Figure 2 shows the difference absorption spectra recorded at the end of
the reduction process (after about 100 us). The spectra show absorption
peaks between 600 and 700 nm and, by comparison with earlier work [22,
25], they can be assigned to the porphyrin radical anions. For VOTSPP, the
differential absorption spectrum was found to be unaffected upon raising
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Fig. 2. Differential absorption spectra of the various radical anions as recorded after pulse
radiolytic reduction of (a) VOTMPyP at pH 7, (b) VOTSPP at pH 7 and (c) VOTSPP at
pH 1 in N, saturated agueous solution.

the pH to 9 but lowering the pH to 1 caused a marked spectral change. The
spectrum observed at pH 1 is shown in Fig. 2(c) and it is quite unlike that
found at pH 7. The absorption spectrum of VOTSPP itself shows no changes
throughout the range 0 < pH < 11 although there is a slight red shift of the
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whole spectrum upon increasing the pH to 13. This latter effect is associated
with deprotonation of an axially bound water molecule, for which the pK is
about 14. The large absorption spectral change noted for the radical anion
in acidic solution presumably reflects a protonation step. The proton may be
added at either the meso position, forming a neutral radical

VOTSPP~ + HY — VOTSPPH (6)
or at the vanadyl ion
VOTSPP~ + HY — (HO)VTSPP (7

Even though protonation of the vanadyl ion does not occur in the ground
state complex at pH 0, the increased electron density residing on the por-
phyrin ring in the radical anion might raise the pK for this process. Conse-
quently, we cannot really distinguish between these two sites for protona-
tion but, based upon the electronegativity of the vanadyl ion {25], reaction
(6) should become pronounced at pH < 3.

On longer time scales the radical anions decayed. For VOTMPyP™,
the absorbance at 700 nm decayed rapidly via second-order kinetics for
which the first half-life was only 0.5 ms at pH 7. Under such conditions,
there was a corresponding absorption growth at 650 and 800 nm. In neutral
and acidic (pH 1) solutions, VOTSPP~ also decayed by second-order kinet-
ics, decay being much faster at lower pH. Presumably, the major decay
route, in all cases, involves disproportionation to form the metalloporphyrin
dianion.

Normally, metalloporphyrin dianions are unstable with respect to
protonation [26], even in alkaline solution, and the final products are
phlorins. (A phlorin is a porphyrin 7 dianion, as formed by addition of two
electrons to the porphyrin 7 system, which is monoprotonated. The single
proton resides at one of the meso carbon atoms.) Steady state photolysis of
VOTMPyP, in the presence of NADH as an electron donor [27], showed
that, indeed, the phlorin is the major reaction product at pH > 7.

VOTMPyP* + NADH — VOTMPyP~ + NAD"® + H* (8)
VOTMPyP + NAD" —> VOTMPyP~ + NAD* (9)
VOTMPyP~ + NAD® —>VOTMPyP?~ + NAD* (10)
2VOTMPyP~ — VOTMPyP + VOTMPyP? ~ (11)
VOTMPyP?~ + H* = VOTMPyPH" (12)

The triplet excited state lifetime of VOTMPyP was measured by laser flash
photolysis to be about 350 ns. No fluorescence could be detected at 80 or
298 K but low temperature phosphorescence with a maximum around 750
nm was observed in water—-glycerol mixtures. These findings imply that
reaction (8) occurs via the excited triplet state manifold.

The phlorin (VOTMPyPH ™) absorbs strongly at 820 and 510 nm, as
shown in Fig. 3. There are no obvious changes in the absorption spectrum of
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Fig. 3. Absorption spectra recorded before ( ) and after (— — —) visible light pho-
tolysis of VOTMPyP in N,-saturated aqueous solution containing NADH (2 X 1073 mol
dm™3) at the given pH. Also shown (.. .) are the absorption spectra observed after aera-
tion of the photolysed solution.

the phlorin between pH 7 and 13 although there is a progressive increase in
absorbance around 650 nm relative to 820 nm as the pH approaches 7
(Fig. 3). Aeration of the final solution restores the original VOTMPyP but
at pH < 8 aeration results in partial formation of a reduced metalloporphyrin
{Amax = 638 nm). This latter product is a chlorin or an isobacteriochlorin
[28]. (A chlorin is a porphyrin with hydrogen atoms added to two adjacent
carbons on one of the pyrrole rings whilst an isobacteriochlorin is formed by
addition of two further hydrogen atoms to an adjacent pyrrole ring.) Photo-
reduction at pH 5 gave no phlorin but a product possessing weak absorption
across the 600 - 750 nm region was formed (Fig. 3). Aeration of this product
gave mostly reduced porphyrin (A,a.x = 638 nm). Photoreduction at pH 1.4
and 0.5 gave only reduced porphyrins (Apax = 638 nm and A, = 620 nm
respectively). Steady state radiolytic reduction at pH 7 gave an absorption
spectrum almost identical with that observed after photoreduction and both
phlorin (A, of 820 nm and 520 nm) and 650 nm species could be detected
clearly. The identity of the product absorbing at 650 nm was not established
for certain but it was not the radical anion. More likely, it is a phlorin having
a different degree of protonation since addition of deoxygenated KOH
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solution to a solution photolysed at pH 7 resulted in quantitative formation
of the phlorin. The extra proton is probably added at the meso position
forming a porphodimethene [29] (this is a diprotonated porphyrin 7 dianion
with the protons residing on opposite meso carbon atoms) rather than at the
vanadyl ion since the latter effect seems unlikely to cause such a large change
in the absorption spectrum.

In most cases, aeration of the phlorin results in re-formation of the
original porphyrin with little overall loss:

VOTMPyPH™ + H* + 0, — VOTMPyP + H,0, (13)

However, it is not clear how aeration at lower pH causes formation of
chlorin. Possibly, the chlorin arises from a small amount of tetrahydro-
porphyrin that might be present but the mechanism of the reaction has not
yet been established.

Similar photoreductions were performed with VOTSPP. Here, photo-
lysis at pH> 10 bleached the porphyrin but the product showed only
diffuse absorption between 600 and 750 nm (Fig. 4). Aeration gave a re-
duced porphyrin with A, ., = 638 nm but little restoration of the original
VOTSPP. Photolysis at pH 9 (Fig. 4) gave rise to an absorption spectrum
stretching right across the visible spectrum but there was a clearly resolved
peak at 520 nm. Aeration gave some reduced porphyrin (A,.x = 638 nm)
but the major product was the original porphyrin. Similar spectra were
observed for photoreduction at pH 7 and pH 5 although there was progres-
sively less of the 520 nm product and more reduced porphyrin as the pH was
lowered. Photolysis at pH < 5 gave only reduced porphyrin. Again, steady
state radiolytic reduction in the presence of propan-2-o0l gave absorption
spectral changes in very good agreement with those found in the photo-
reduction experiments.

It was found that the yield of the 520 nm product was optimal at pH 8.
Photoreduction at this pH showed that the product could be oxidized
quantitatively back to VOTSPP upon aeration of the solution. Addition of
small amounts of O,-saturated water showed that the re-oxidation step
involved a two-electron change. Addition of deoxygenated HNO; or KOH
solutions to the solution photoreduced at pH 8 resulted in formation of the
chlorin (or isobacteriochlorin) with A,,,, at 638 nm or the diffuse spectrum
respectively. Even dropping the final solution pH to below 1 did not cause
demetallation.

For VOTMPyP, the observed reductive chemistry is consistent with
known trends [25]. The electronegativity of the vanadyl ion is somewhat
similar to that of aluminium(IIT) and the two metalloporphyrins show quite
similar behaviour [25, 30]. At all pH values, the radical anion is unstable
with respect to disproportionation and the phlorin is formed. At low pH, the
radical anion may be protonated and disproportionation of the neutral
radical might lead directly to formation of the chlorin. The phlorin also
shows a pH dependence, owing to addition of a second proton at the meso
position and, possibly, to the acid—base properties of an axially bound
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Fig. 4. Absorption spectra recorded before ( ) and after (— — —) visible light photo-

lysis of VOTSPP in N,-saturated aqueous solution containing NADH (2 X 1073 mol
dm—3) at the given pH. Also shown (.. .) are the absorption spectra observed after aera-
tion of the photolysed solution.

water molecule. Clearly, the 820 nm product is the phlorin and the 638 nm
product is most likely a chlorin. Previous work [31] has shown that the
chlorin formed by reduction of VOTPP has an absorption maximum at
632 nm. The reduction product absorbing around 650 nm is less well iden-
tified but it is almost certainly a vanadyl porphodimethene.

With VOTSPP, the same type of reductive chemistry is observed but
the water-solubilizing group causes the electron density residing on the
porphyrin ring to be considerably higher than in VOTMPyP. This results
in higher pK values for all the relevant species and chlorin formation occurs
even in alkaline solution. The phlorin is not observed clearly, even at pH 13.
Instead, the vanadyl porphodimethene seems to be the preferred reduction
product. This species shows an absorption peak at 520 nm and a long tail
stretching as far as 800 nm.

In no case is there any evidence to show formation of a reduction
product having the reducing equivalents sited on the vanadium ion. This
finding is in agreement with the reported [16] electrochemical properties of
VOTPP. Thus, the redox chemistry of vanadyl porphyrins involves electron
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addition and removal only at the porphyrin ring. Reports [14, 15] that
vanadium(IV) porphyrins, stabilized by axial coordination with donor
ligands, can be reduced to vanadium(lI) porphyrins contrast sharply with
these findings. The difference in reactivity must be associated with the
nature of the axial ligands, but it is important to note that the only really
stable vanadium porphyrins are based on the vanadyl ion. This ion appears
to be extremely resistant to both oxidation and reduction.
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