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Abstract 

Anaerobic aqueous solutions of a selection of alkyl and substituted alkylcarboxylic acids, in the presence of iron(II1) 
5,10,15,20-tetra(2-N-methylpyridyl)porphyrin, have been irradiated with light (A > 390 nm). In all the reactions this brought 
about the photolysis of an iron(II1) porphyrin-carboxylate complex (monitored by UV-vis spectroscopy) to give the iron(I1) 
porphyrin and carboxyl radical. The fate of the carboxyl radical, following decarboxylation, has been investigated by EPR 
spectroscopy using spin-traps. These studies show that substituents have a marked influence on the rate and course of the 
reactions. In the presence of dioxygen the system is catalytic since the iron porphyrin is rapidly oxidised to the iron(II1) 
species. Supporting the catalyst on silica gel greatly improves the stabili’y of the catalyst to self oxidation (bleaching). 

Kew.ordJc Carboxylic acid; Catalysis; Decarboxylation; EPR spectroscopy; Iron(II1) porphyrin: Photoreduction; Spin trapping 

1. Introduction 

The widely studied redox cleavage of the 
axial ligand-iron bond of iron(II1) porphyrins 
can be brought about either thermally [l] or 
under the influence of light [2-71 (Scheme 1). 
The former reaction is thought to be important 
in the iron(II1) porphyrin catalyzed oxidation of 
hydrocarbons by dioxygen developed by Ellis 
and Lyons [S]. The latter has been used to bring 

about reactions with a range of carbon, nitrogen, 
oxygen and halogen centred radicals [3-7,9]. 

In this paper we describe some of our studies 
on the photoreduction of iron(III)tetra(2-N- 
methylpyridyl)porphyrin (Fe”‘T2MPyP) (Fig. 1) 
by alkyl and substituted alkylcarboxylic acids in 
aqueous and acetonitrile solution. 

2. Results and discussion 

2.1. The photosystem 
Abbreviations: T2MPyP, 5,10,15,20-tetra(2.N- 

methylpyridyl)porphyrin ligand; Si-Fe’nT2MPyP, silica sup- 
ported Fe”‘T2MPyP; DMPO, 5,5-dimethylpyrroline N-oxide; 
DBNBS, 3,5-dibromo-4-nitrosobenzenesulphonic acid 

’ Corresponding author. 

The photoreactions were carried out with 
anaerobic solutions of the carboxylic acid (0.1 
M) and Fe”‘T2MPyP (1O-4 for EPR studies 
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X. 
Heat or light 

0 Fe” B products 

Scheme 1. 

and lop5 M for UV-vis and product studies) 
using light of wavelength > 390 nm. The ex- 
tent and rate of photoreduction of the iron(II1) 
porphyrin was readily monitored by UV-vis 
spectroscopy. This showed the clean conversion 
of the iron(II1) to iron(H) porphyrin with sharp 
isosbestic points (for example, Fig. 2). Introduc- 
ing air into the solutions at the end of the 
photoreduction led to the complete regeneration 
of the Fe”‘T2MPyP. 

The photoactive region of the spectrum of the 
Fe”‘T2MPyP-carboxylate complexes was ex- 
amined using the photoreaction of pivalic acid 
and a selection of light filters ( > 390 nm, 420- 
460 nm, 460-530 nm and > 580 nm). This 
showed that the iron(H) porphyrin was formed 
in all the reactions, except that in which light 
with wavelength shorter than 580 nm was ab- 
sent. The initial rates of reaction were 25 X 
10e8, 1.8 X lop8 and 0.5 X lo-’ mol s-i for 

IRON PORPHYRIN. ‘m My, 
I 

Fig. 1. 

u Mi 

\ 

Iron(III) 5,10,15,20-tetra(2-Nmethylpyridyl)porphyrin. 

the filters > 390 nm, 420-460 nm and 460-530 
nm, respectively. The photoreduction occurs 
when the irradiation is in the region of the 
ligand to metal charge transfer band [3], sug- 
gesting that for the carboxylate complexes of 
Fe”‘T2MPyP this lies within the Soret peak of 
the UV-vis spectrum. 

Photoreactions in the presence of air did not 
lead to the build-up of Fe”T2MPyP; instead the 
iron(II1) porphyrin was slowly bleached (Fig. 
3). In these reactions dioxygen rapidly regener- 
ates Fe”‘T2MPyP from the iron(H) porphyrin, 
however, a minor oxidative side reaction that 

i 
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j 
! 

1 
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4 :t 
0.641 

Increasing time of photolysis 

Wnm 
Fig. 2. W-vis spectrum of the anaerobic photoreaction of Fe”‘T2MPyP and phenylacetic acid in acetonitrile solution showing the build-up 
of Fe”T2MPyP with increasing time (O-300 s). 
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Increasing time of photolysis 

lhm Total time of photolysis (seconds) 

Fig. 3. UV-vis spectrum of the aerobic photoreaction of 
Fe”‘T2MPyP and phenylacetic acid in aqueous solution showing 
the slow bleaching of the iron(N) porphyrin with increasing time. 

Fig. 5. The time dependent build-up of Fe”T2MPyP in the 
anaerobic photoreactions of Fe”‘T2MPyP in aqueous solution. 
(0) Pivalic acid, (+I 2-methylpropanoic and phenylacetic acids, 
(A ) propanoic acid, ( ??) acetic acid. 

accompanies the reoxidation leads to the slow 
loss of the iron(II1) porphyrin catalyst. 

The fate of the carboxyl radicals formed in 
the photoreactions was determined by EPR 
spectroscopy using the spin traps DMPO and 
DBNBS (Fig. 4). Also, in selected photocat- 
alyzed oxidations in the presence of air, the 
products were analyzed and quantified by gas 
chromatography. 

2.2. Alk_vl- and aralkyl-carboxylate complexes 

The rates of the photoreduction of 
Fe’nT2MPyP by phenylacetic and a selection of 

Me 
DMPO 

M-E AI 
R 

+/ + R. - 
N H 

0- 0. 

SO; SO; 

Fig. 4. Spin traps used in the EPR identification of radicals in the 
photoreactions of Fe’nT2MPyP-carboxylate complexes. 

0 60 120 180 240 300 

alkylcarboxylic acids showed a strong depen- 
dence on the structure of the acids (Fig. 5). 
These correlate well with the known rates of 
decarboxylation of the carboxyl radicals (Table 
1). We suggest that this arises from the recom- 
bination of the Fe”T2MPyP and carboxyl radi- 
cal, formed within a solvent cage, competing 
with the decarboxylation (Scheme 2). Conse- 
quently, assuming the rate of the back reaction 
is approximately the same for all the carboxyl 
radicals, the faster the decarboxylation, the faster 
the rate of formation of Fe”T2MPyP. 

The carbon radicals formed by the decar- 
boxylation were trapped with DMPO and 

Table 1 
Initial rates of photoreduction of Fe”‘T2MPyP by alkylcarboxylic 
acids and by phenylacetic acid, in anaerobic aqueous solution “. 
and rates of decarboxylation of carboxyl radicals 

Carboxylic acid Initial rate of Rate of decarboxylation 
Fe”T2MPyP of carboxyl 
formation radical[10](10’s~‘) 
(10-s mols-‘) 

Me,CCO, H 25 II 
Me,CHCO, H 13 6.5 
Ph6H,CO,-H 13 5 
MeCH,CO,H 0.9 2 
MeCO,H 0.3 < 1.3 

’ [Fe”‘T2MPyP] = I X lo-’ M; [carboxylic acid] = 0.1 M; pH = 
2.9. 
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escape 

R. + a + co2 

Scheme 2. 

DBNBS and the adducts were identified by EPR 
spectroscopy (Table 2). 

The scope of the photodecarboxylation with 
Fe”‘T2MPyP was investigated further with a 
selection of (Y-, p-, and y-substituted carboxylic 
acids. This revealed that photocleavage with 
light (> 390 nm) is a general phenomenon for 
the Fe”‘T2MPyP-carboxylate complexes. How- 
ever, the subsequent reactions following decar- 
boxylation are sensitive to the substituent, in 
particular when the resulting radicals are sus- 
ceptible to redox reactions (vide infra). 

2.3. cr-hydroxy- and a-halo-alkylcarboxylate 
complexes 

The photoreactions of two hydroxyacids, gly- 
colic and 2-hydroxy-2-methylpropanoic acid, 

R’=Me 
R’=H I 

X = Br or Cl 

R’=R*=Me,X=BrorOH 

Scheme 3. 

and three haloacids, 2-chloropropanoic, 2- 
bromopropanoic and 2-bromo-2-methylpropan- 
oic acid, were investigated (Scheme 3). The 
fastest reactions occurred with the cy-hydroxy- 
acids (initial rates: HOCH,CO,H, 8 X lo-’ mol 
s-i and HOCMe,CO,H, 11 X lo-* mol s-‘>. 
This is to be expected since not only will the 
hydroxyl group stabilise the carbon radical 
formed by decarboxylation but also the radical 
will rapidly reduce a further molecule of 
Fe”‘T2MPyP [ 111. 

The build-up of iron(B) in the reactions of 
the haloacids is slower for two reasons. First, 
the halo-groups do not stabilise the radicals 
following decarboxylation (cf. bond dissociation 
energies of the C-H bond in methanol 

Table 2 
Hyperfine splittings and assignments of radical adducts of DMPO and DBNBS from photoreactions of Fe’nT2MPyP with alkylcarboxylic 
acids and phenylacetic acid in anaerobic aqueous solution ’ 

Carboxylic acid Spin trap Hyperfine splittings (mT) Assignment of trapped radical 

Me&CO, H DMPO 

aN 

I.625 

aH 
2.320 Me&’ 

Me,CHCO,H 

MeCH2C0,H 

DMPO 1.625 
DBNBS 1.424 
DMPO 1.615 
DBNBS 1.424 

MeCO, H 

PhCH,CO,H 

DMPO 

DMPO 
DBNBS 

1.425 

1.615 
1.438 
1.600 
1.438 

0.066 
0.038 
2.425 
0.959 
2.310 
1.260 
0.068 
0.033 
2.295 
1.340 
2.240 
1.178 
0.068 

Me,C 

Me2CH 
MezCH 
MeCH, 
MeCHz 

Me’ 
Me 
PhCH ; 
PhCH, 

a g-value 2.0060 + 0.0001. [Fe”‘T2MPyP] = 1 X low4 M; [RCO,H] = 0.1 M; [spin trap] = 5 x 10e2 M; pH = 2.9. 



KC. Gilbert et al. /Journal of Molecular Catalks A: Chemical 1 I7 llYO71 249-257 253 

hv 
RFHCO,H _==I - RYHCO; 

Hal Hal 

-co, , RiH 

Aal 

Reduced ,F”C02”’ 

Hal 

RCHCO,H 

Hal 

Scheme 4. 

chloromethane and bromomethane, 393,43 1 and 
431 kJ mol-‘, respectively [ 121) but, more im- 
portantly, the Fe”T2MPyP reacts with the 
haloacid substrate regenerating the iron(I11) por- 
phyrin. Indeed the reactions go to an equilib- 
rium, rather than to completion, where the pho- 
tochemical generation of iron equals its rate 
of oxidation by the substrate (Scheme 4). 

2.4. Ketoacid complexes 

The photoreaction of the a-ketoacid, 3- 
methyl-2-oxobutanoic acid, with Fe”‘T2MPyP 
rapidly gave the expected shift in the Soret peak 
from 412 to 426 nm. However, unlike the alkyl 
carboxylic acids, the UV-vis spectrum showed 
that with further illumination a new species 
(Soret peak 418 nm) was formed. Introduction 
of air into the reactions before or after the 
formation of the 418 nm species regenerated the 
spectrum of Fe”‘T2MPyP. The reaction carried 
out in the presence of DMPO showed the pres- 
ence of two adducts from carbon-centred radi- 
cals which we attribute to an acyl (Me,CHCO) 

Scheme 5 

and an alkyl (Me,CH) radical formed by se- 
quential decarboxylation and decarbonylation 
(Fig. 6, Scheme 5). We suggest the initial pho- 
todecarboxylation generates an acyl-iron por- 
phyrin complex which on further illumination 
gives the alkyl radical and the Fe”T2MPyP-CO 
complex. The identity of the latter species, with 
Soret peak at 418 nm, was confirmed by com- 
parison with the UV-vis spectrum of an authen- 
tic solution of the CO complex prepared by 
passing CO into an anaerobic aqueous solution 
of Fe”T2MPyP obtained by photoreduction of 
Fe”‘T2MPyP by pivalic acid. 

The rate of the photoreaction of the P-keto- 
acid, acetone dicarboxylic acid (monitored by 
UV-vis spectroscopy), appeared to be very slow 
since negligible Fe”T2MPyP was formed even 
after 25 min illumination. However, the reaction 
generated substantial CO, and when carried out 
in the presence of DMPO gave an EPR signal 
which we attribute to the DMPO- 
CH ,COCH ,CO, H adduct. We account for these 
observations by assuming that decarboxylation 

Fig. 6. The EPR spectrum of radical adducts to DMPO formed in the anaerobic photoreaction of Fe’nT2MPyP and 3-methyl-2-oxobutanoic 
acid in aqueous solution. Me?CHcO ( ??) and Me,CH (X ). 
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is followed by a 
from Fen T2MPyP 

rapid one-electron transfer 
to the ct-ketoradical within 

the solvent cage (Scheme 6). The overall effect 
of this step is to oxidise the Fe”T2MPyP and to 
make the system catalytic in Fe”‘T2MPyP. 

Hz0 RCOCH2. - RCOCH, 

Scheme 6. 

The photoreaction of the y-ketoacid, 4- 
oxopentanoic acid resembles that of an alkylcar- 
boxylic acid, although the CO group reduces the 
rate of reaction to less than that of acetic acid. 

2.5. P-dicarboxylic acid complexes 

The photoreduction of Fe”‘T2MPyP by P-di- 
carboxylic acids occurs at a comparable but 
slightly slower rate than that of the analogous 
alkylmonocarboxylic acid (Fig. 7). The (Y- 
methyl groups in 2,2-dimethylmalonic acid en- 
hance the rate of iron(H) formation, presumably 
in an analogous manner to that observed in the 
alkylmonocarboxylic acids. Interestingly, the 

min 
Fig. 7. The time dependent build-up of Fe”T2MPyP in the 
anaerobic photoreactions of Fe”‘T2MPyP with malonic acid (a), 
acetic acid (+), monoethyl malonate (0). dimethylmalonic acid 
( ??) and 2-methylpropanoic acid ( A ) in aqueous solution. 

monoethyl ester of malonic acid reacts substan- 
tially faster than malonic, suggesting the ester 
group is better able to stabilise the radical, 
following decarboxylation, than is a carboxylic 
acid group. 

None of the reactions showed evidence of the 
catalytic process noted for the P-ketoacid above. 
In agreement with this observation a ketone is 
known to be more effective at stabilising an 
a-carbanion than an ester group (cf. o- values 
of 4-COMe and 4-CO,Me, 0.87 and 0.68, re- 
spectively [ 131). 

Table 3 
Catalyst turnovers in the aerobic photoreactions of phenylacetic and phenylpyruvic acid with Fe”‘T2MPyP and supported Fe’nT2MPyP a 

Catalyst Carboxylic acid Solvent Time (min) Yield (catalyst turnovers b, 

PhCH,OH PhCHO PhCH,CH,Ph 

Fe’nT2MPyP PhCH,CO,H Ha0 60 ’ 15 133 2 
Fe”‘T2MPyP PhCH,CO, H CH,CN 60 ’ 387 
Si-Fe’nT2MPyP d PhCH,CO,H CH,CN 720 ’ 932 - 

Fe”‘T2MPyP PhCH,COCO,H Hz0 5’ ? 317 

a [Cat] = 1 x 1o-5 M: [RC~,H] = 0.1 M. 
b Moles of product/moles of catalyst. 
’ Catalyst > 90% bleached. 
d Silica-supported Fe”‘T2MPyP. 
e UV-vis spectroscopy indicates negligible photobleaching of catalyst. 
f Catalyst 30% bleached. 
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Destructmn 

Scheme 7. 

2.6. Catalytic oxidatiue decarboxylation 

The potential of the photocleavage of 
boxylic acids to be turned into a catalytic 
tern, using dioxygen to regenerate Ilr 

car- 
sys- 
the 

Fe”‘T2MPyP, was examined with two sub- 
strates, phenylacetic and phenylpyruvic acid, 
which gave products that could be readily ana- 
lyzed by GC (Table 3). The major limitation of 
the system was the oxidative destruction of the 
iron porphyrin which competed with the desired 
photocatalytic cycle (Scheme 7). Thus, although 
the reaction of phenylacetic acid in water gave 
products expected of the benzyl radical, after ca. 
150 turnovers > 90% of the catalyst had been 
destroyed. Interestingly, the stability of the cata- 
lyst was greater in acetonitrile and when 
phenylpyruvic acid was used as the substrate. 
The precise cause of the instability of the cata- 
lyst is unclear, however, it is likely that oxida- 
tive destruction occurs during the regeneration 
of Fe”‘T2MPyP from Fe”T2MPyP by dioxy- 
gen. 

Two mechanisms have been proposed for the 
iron(iron(II1) conversion (Scheme S), the 
first (path a) involves the formation of 
monomeric peroxoiron species which subse- 
quently give HO; radicals [7,14]. In the second 

Scheme 8. 

Detected 
by UV-VIS 

Detected by 
spin trapping 

DBNBS 

Fig. 8. Photodecarboxylation of carboxylic acids using 
Fe”‘T2MPyP supported on silica. 

(path b), the peroxoiron species reacts with 
another iron(I1) porphyrin to give a p-per- 
oxodimer which cleaves to two oxoiron(IV) 
species [ 151. Comproportionation of iron(I1) and 
iron(N) species regenerates the iron(II1) por- 
phyrin. 

Oxidative destruction of the porphyrin ring 
can be envisaged as occurring either by the 
addition of oxyl-radicals to the porphyrin ring 
or by an intermolecular porphyrin-porphyrin 
reaction of the oxoiron(IV) species. In agree- 
ment with the latter explanation, the stability of 
Fe”‘T2MPyP was dramatically improved when 
electrostatically bound to silica gel (Fig. 8) 
[ 16,171. After > 900 turnovers, UV-vis spec- 
troscopy showed no evidence for catalyst de- 
struction (Fig. 9). We argue that under these 
conditions the immobilised iron porphyrin is 
unable to form p-peroxodimers, which in turn 
prevents the formation of oxoiron(IV) species 
and catalyst bleaching. 

Fig. 9. UV-vis spectrum of a suspension of Fe”‘T2MPyP sup- 
ported on silica in acetonitrile before (a) and after (b) 12 h aerobic 
photoreaction with phenylacetic acid. 
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3. Experimental 

3.1. Materials 

All materials were commercially available 
and used without purification unless otherwise 
stated. DMPO (Sigma) was purified by treat- 
ment with activated charcoal before use. DBNBS 
was prepared from 3,5-dibromosulphanilic acid 
[18]. Fe”‘T2MPyP was prepared as described 
previously [19] and supported on Kieselgel 60 
(10 mg of iron(II1) porphyrin g - ‘) [ 161. 

3.2. Instrumentation 

The photolyses were carried out using an ILC 
302 UV xenon high-intensity source (300 W; 
A > 390 nm) directed by a liquid light guide 
(Laser Lines). Reactions in the absence of 
dioxygen were carried out in sealed cuvettes 
following thorough flushing with dioxygen free 
nitrogen. UV-vis spectra were recorded with a 
Hewlett Packard 8452A diode array spectrome- 
ter and analyzed with a Hewlett Packard HP9500 
UV-vis ChemStation. EPR spectra were ob- 
tained using a Bruker ESP 300 spectrometer 
equipped with 100 kHz modulation and a Bruker 
ER 035H gaussmeter for field calibration. Prod- 
uct studies were carried out by gas chromatog- 
raphy using a Pye Unicam GCD chromatograph 
fitted with a flame ionisation detector and a 
packed column, DEGA (lo%, w/w> on Celite 
(80-120 mesh). The results were recorded and 
analyzed on a Trivector Trilab 2000 data sta- 
tion. pH measurements were made with a Corn- 
ing Delta 220 pH meter equipped with a Rus- 
sell’s CE 7L combined pH/reference electrode. 

3.3. Photolyses 

For UV-vis studies, photolyses of solutions 
and suspensions used quartz cuvettes (1 cm). 
Photolyses of solutions for EPR experiments 
were carried out in situ in an aqueous sample 
cell. Experiments using suspensions of Si- 
Fe’“T2MPyP were carried out externally and 

filtered solutions were examined in the EPR 
spectrometer. 
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