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Cytochrome ¢ oxidase (CcO), the terminal enzyme of the
respiratory chain, performs the 4e- reduction of dioxygen to
water in the mitochondria. This reaction is coupled with proton
translocation across the membrane. The energy released by this
process is used to convert ADP into ATP. The so-called Fe,;-Cug
binuclear active site of this enzyme reduces dioxygen to water
without any leaking of partially reduced intermediates, such as
hydrogen peroxide, which are toxic for the cell (Figure 1).M"
Despite all efforts to elucidate the mechanism of dioxygen
reduction to water, different aspects remain controversial, such
as the nature of the O,-bound intermediate or the role of Cug
and Tyr 244 on the distal side of the porphyrin core. For example,
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Figure 1. Schematic representation of the binuclear Fe,;— Cug active site of CcO.
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resonance Raman spectroscopic studies initiated by CO photo-
lysis have led to a putative mechanism of the electroreduction of
0O, to H,0 involving an initial myoglobin-like Fe-0, binding
mode, a peroxo-, a ferryl-, and finally a hydroxy intermediate.”?!

The determination of two X-ray crystal structures® in 1995
opened the way to a new generation of models.”! However, the
exact nature of the peroxo species (hydroperoxo or u-peroxo
with Cug) remains uncertain. For these reasons, we have
developed a series of models and tried to determine the precise
role of each individual component in the mechanism of CcO.
Special attention is given to the exact role of Cug in the natural
enzyme and the nature of the peroxo species formed during the
catalytic reaction. In a previous paper about iron-only “Arbor”
porphyrins, which are tren-capped iron porphyrins (tren = tris(2-
aminoethyl)amine) with an external axial base bound to the iron
center on the other side of the porphyrin core, we have pointed
out that these compounds, with no copper ligated to the tren
moiety, are efficient catalysts for the 4e~ electroreduction of
dioxygen to water.d This observation, excluding the formation
of the u-peroxo iron-copper species as the key step of the
catalytic cycle, led us to design new structural and functional
models structurally closer to the active site to find out if this
property could be observable with other biomimetic models.
Here we report our results about the synthesis and the
electrocatalytic activity of quinolinoyl picket porphyrins with or
without copper in the distal side of the porphyrin and also with
either a tailed or an external nitrogen base to stabilize the iron()
ion as a five-coordinate complex. To our knowledge, this is the
first time that such systematic comparisons have been carried
out. A significant amount of work has already focused on related
compounds but, most of the time, three crucial points did not
receive enough attention: a) The catalytic efficiency of the
reported compounds toward the reduction of O, to water was
not always tested; most of them were designed only as model
compounds for spectroscopic investigations; b) The structural
requirements to mimic the natural function, such as the
presence of nitrogen atoms that are part of an aromatic system
to stabilize the copper ion in its coordination site and the off-
centering between the two metal centers, were sometimes
neglected. c) The prevention of any intermolecular reaction on
the distal side of the porphyrin between two copper ions was
not always taken into account. Indeed, the new copper-binding
domain introduced by the three quinolinoyl moieties might
satisfy these three major requirements. The three quinolinoyl
pickets should impose an obvious off-centering between the
two metal centers tethered at a fixed length, whereas the
encumbered quinolines should effect a real protection of the
distal side of the porphyrin, which is achieved by the poly-
peptidic chain in the enzyme (Scheme 1). In addition, com-
pounds 4 and 5 contain a covalently bound imidazole group as
the fifth ligand on the opposite side of the copper-binding
domain. Indeed, the fourth position of substitution on the
porphyrin has been used to graft a tailed base to probe its effect
on the catalytic activity.

The synthetic route to the final Fe - Cu complexes 3cand 5cis
outlined in Scheme 1. The a,a,a,a atropisomer!' of the meso-
(tetra-o-aminophenyl)porphyrin (TAPP)®! is singly acetylated
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Scheme 1. Synthesis of iron(i) - copper() quinolinoyl picket porphyrins.

i) 3-quinoline acyl chloride, NEt;, THF; ii) TFA, CH,Cl,; iii) 3-chloromethylbenzoy!

chloride, NEt;, THF, iv) Im, Nal, THF, 55 °C, N,, darkness; v) 2-Melm, Nal, THF, 55°C,
N,, darkness; vi) FeBr,, 2,6-lutidine, THF, 55°C; vii) CuBr, CH;CN, 80°C. Im = imi-
dazole; Tr= trityl = triphenylmethyl.

(—1) with acetyl chloride to finally obtain the desired three-
picket porphyrin 3 a by addition of 3-quinoline acyl chloride. Iron
insertion in the porphyrin leaves the second site of metallation
free for copper() complexation, which represents the last step
before addition of a 100- to 1000-fold excess of the nitrogenous
base (1,2-dimethylimidazole) to stabilize the iron(i) center as a
five-coordinate complex. To compare!® the effect of an intra-
molecular base, the analogous complex with a tailed base, 4a,
was synthesized starting from the recently described mono-
protected trityl porphyrin 2 (Scheme 1).7! Grafting of quinolinoyl
pickets is followed by deprotection of the trityl group, leading to
an open face of the porphyrin, which can be functionalized at
will. As first described by Chang and Young,® 3-chloromethyl-
benzoyl chloride was used to link imidazole or 2-methylimida-
zole to the porphyrin.®

Electrochemical studies with a rotating electrode® were
carried out to compare the catalytic activity of the newly
synthesized compounds. The primary goal of this investigation
was to shed light on the role of the copper cation bound to the
distal nitrogenous site, more precisely to know if its presence is
essential for the catalytic 4 e~ reduction of O, to H,0. The second
motivation for this comparison was to examine the part played
by the N-base, the axial ligand of the iron of the porphyrin, and
particularly if this base is more efficient when attached to the
macrocycle. The compounds reported in the present study, like
other models already described in the literature, bind dioxygen
reversibly in aprotic solvents when only a five-coordinate iron(i)
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center is present. Under identical experimental conditions, when
copper() is bound to the distal nitrogenous site, the dioxygen
fixation is irreversible, which suggests that O, interacts with the
two metal centers.* The activity for the reduction of O, has
been tested with catalysts adsorbed onto highly ordered
graphite electrodes (edge-plane graphite electrode, EPGE), in
contact with an aqueous solution at an acidity level close to the
physiological pH value, at which cytochrome ¢ oxidase operates
as a 4e~ catalyst.!"

The reduction of O, at an electrode modified with the Fe—Cu
complex 3 ¢ begins at 0.15 V vs. SCE (Figure 2, curve b). From the
comparison with the 2e~ reduction wave on bare EPGE, the
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Figure 2. Rotating-ring - disk voltammetry for O, reduction. The graphite disk
was impregnated with 3b (curve a) or 3¢ (curve b), 1,2-dimethylimidazole was
used as an exogenous base. For recording curve c, a bare graphite electrode
(EPGE) was used. (pH = 6.86, rotational speed = 100 rpm, SCE as reference
electrode, pO,= 1 atm, potential of the platinum ring electrode = 0.8 V.) At the
disk, dioxygen is reduced to water or hydrogen peroxide; hydrogen peroxide
produced at the disk is oxidized when reaching the ring.

number of electrons exchanged per O, molecule is 3.4-3.3. H,0,
is detected through its oxidation, as soon as O, is reduced, from
the current rise at the platinum electrode encompassing the
graphite disk. This means that the 2e~ and 4e~ reduction
mechanisms occur simultaneously; however, the production of
H,O, is higher, at about the half-wave potential for the O,
reduction, in the activation region of this process. Unfortunately,
the catalyst is rapidly degraded by H,0,, as proved by
consecutive scans, so that the apparent number of electrons
for the electrocatalytic reduction is only an approximate figure.
Nevertheless, much of O, reaching the electrode by diffusion is
reduced through the 4e~ mechanism. The compound without
copper, 3b, is also a mixed 2e/4e~ catalyst for the electro-
reduction of O,, with the apparent number of electrons
exchanged per O, molecule even higher (ca. 3.5) than for 3¢
(Figure 2, curve a). This comparison between the Fe and Fe-Cu
complexes and the fact that the iron-only compound is even
more efficient than the Fe-Cu derivative, is of considerable
importance in the understanding of the catalytic cycle of
cytochrome ¢ oxidase models. The results obtained with the
present series of compounds are somewhat similar to the
observations for the tren-capped “Arbor” models:#*9 These iron-
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only complexes are better 4e~ catalysts than the iron-copper
analogues which catalyze both the 2e~ and 4e~ reductions.
There are two possibilities to explain these observations: 1) The
copper center does not interfere with the O, molecule bound to
the iron during the reduction reaction; 2) the labile copper ion of
the tris(N-base) complex is no longer coordinated when the
catalyst adsorbed onto the graphite electrode is in contact with
the aqueous solution. It has to be pointed out that in the articles
published about compounds similar to the ones of the present
study™ 9] no proof of the presence of copper in the molecules
adsorbed onto the working electrode has been reported. The
quinolinoyl picket molecules described here are not as efficient
as the tren-capped porphyrins examined earlier;*? however,
the essential structural parameter for the 4e~ reduction does
not become evident from the comparison of the two series of
results.

The experimental results also provide information about the
role of the N-base as axial ligand of the iron. The catalytic activity
of 4b, 5b, and 5c¢, compounds with a base covalently linked to
the iron porphyrin, is shown in Figure 3. If the voltammograms
observed with 3 b (Figure 2, curve a) or 4b (Figure 3, curve a) are
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Figure 3. Rotating-ring —disk voltammetry for O, reduction. The graphite disk
was impregnated with 4b (curve a), 5b (curve b) with a tailed Im base, or 5c¢
(curve c) with a tailed 2-Melm base. For recording curve d, a bare graphite
electrode (EPGE) was used. (pH = 6.86, rotational speed = 100 rpm, SCE as
reference electrode, pO,= 1 atm, potential of the platinum ring electrode = 0.8 V)

compared, it clearly appears that anchoring an N-base as a
potential fifth ligand for the iron center does not improve the
efficiency of O, reduction. From Figures 2 and 3, two categories
of catalysts can be distinguished. In the voltammograms of 5¢,
3¢, and 3 b, the intensity of the current for the reduction of O, at
the graphite disk increases quite steeply. A plateau is reached,
which means that the limiting step of the reduction reaction is
the mass transport of O, in the solution, and not the electron
exchange rate (at potentials lower than —0.25 V). However, the
slow O, transport in solution has to be stressed; the speed of
rotation of the electrode (100 rpm) was chosen in order to make
sure that in the plateau phase, mass transport would be limiting
and, as a consequence, that the current would be proportional
to the number of electrons exchanged. For these compounds,
the oxidation current of H,0,, detected at the platinum ring,
increases as soon as the O, reduction starts at the modified
graphite disk; the production of H,0O, reaches a maximum and
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then decreases. This means that H,0O, is produced as soon as O,
is reduced and that the 4e~ reduction is activated more
efficiently than the 2e~ reduction. In contrast, the reduction
current catalyzed by 4b and 5b never reaches a plateau. More
striking is the fact that even when the reduction current reaches
the level observed for 5¢ (Figure 3), 3¢, and 3b (Figure 2), the
amount of H,0, produced is lower for the catalysts 4b and 5b.
One plausible explanation for this observation is that the
activation of the two reduction mechanisms (4e~ and 2e7) is
slower for 4b and 5b and that the reduction is limited by the
electron exchange rate or the chemical reactions at the
electrode. There is no obvious explanation for these observa-
tions since Fe and Fe-Cu complexes, with or without a
covalently bound axial N-ligand, belong to each of the two
categories of catalysts. As the kinetics of the catalytic process is
limiting, the number of active sites, that is of adsorbed
molecules, has certainly a major impact on the reduction.
However, positive experimental results for the estimation of the
surface concentration of the catalysts on graphite are not
available, even differential pulse polarography and square-wave
voltammetry failed. Moreover, as stated above, the degradation
of the catalysts during the reduction of O, is rather rapid so that
the surface concentration of the active molecules is certainly not
constant during a voltammogram. This degradation also pre-
vents more sophisticated experiments on the kinetics of the
electrode reaction, such as a Koutecki- Levich analysis of the O,
reduction waves.

The compounds reported in the present study, as well as the
“Arbor” porphyrins studied earlier, are model compounds of CcO
that do not have an attached nitrogen base but promote the 4e-
reduction of O,. The role of the copper ion for the catalytic
activity is also a matter of debate. Nevertheless, two explan-
ations seem consistent with our observations concerning the
quinolinoyl picket porphyrins. The first one has been advanced
by Rousseau et al. who have proposed that the copper() ion only
serves as a pre-storage site for dioxygen, which might bind more
rapidly to copper() than to iron(i).'" In that case, the copper ion
would not really participate in the catalytic cycle. The second
hypothesis has been proposed by Yoshikawa et al. The tyrosine
residue (Tyr244), present on the distal side of the active site of
the enzyme, might be involved in catalysis, as its proton could
cooperate with the iron ion in the formation of a hydroperoxo
complex (Fe"-O-OH) when electrons and protons are supplied.
The involvement of the copper ion would lead to an inactive
peroxo complex (Fe"-O,-Cu") when the electron/proton flow
becomes insufficient.l'?

In conclusion, these new picket porphyrins are efficient
catalysts for the electroreduction of dioxygen to water, with or
without copper in the distal side of the porphyrin and whether
or not a tailed nitrogen base stabilizes iron(i) as a five-coordinate
complex. To our knowledge, this is the first time that such
comparisons have been made to find out precisely which
features are really necessary to elaborate a functional biomi-
metic model of CcO. From our point of view, this could be a key
point in the understanding of the catalytic cycle. These results,
together with the study of “Arbor” porphyrins, do not support
the formation of a peroxo-bridged Fe—Cu species as the active
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intermediate in the catalytic cycle of our model compounds but
are consistent with the formation of an iron-only (peroxo)
complex, which may or may not be protonated. It is now clear
that the copper ion is not indispensable for the 4e~ reduction of
oxygen at physiological pH, at which these model compounds
are adsorbed onto a graphite electrode. In the enzyme, where
many steps such as O, or HT transport and e~ transfer are
different, Cu ions could play an essential role in one of these
events. A new generation of compounds is already under
investigation to improve our understanding of the important
features of the catalytic activity of CcO.

Experimental Section

(5¢-Acetyl)porphyrin 1: Acetyl chloride (115 pL, 1.1 mmol) was
slowly added to a mixture of a,a,a,a-5,10,15,20-tetra(o-aminophe-
nyl)porphyrin® (1 g, 1.48 mmol) dissolved in THF and triethylamine
(210 pL, 3.0 mmol) at 0°C to yield 490 mg (0.68 mmol, 46%) of 1.
'HNMR (500 MHz, CDCl;, 25°C): 6 =8.96 (br.s, 4H; Hp-,,); 8.95 (d,
3J(HH)=4.7 Hz, 2H; HB,,); 8.81 (d, JJ(H,H) =4.7 Hz, 2H; HB,,); 8.73
(d, 3J(HH)=8.0Hz, 1H; H,,); 8.01 (d, *J(HH)=75Hz, 1H; H,,.); 7.89
(d, 3J(H,H) =75 Hz, 3H; H,,,); 7.86 (t, 3J(H,H) =8.0 Hz, 1H; H,,,); 7.64 (t,
3J(HH)=8.0 Hz, 3H; H,.); 753 (t, 3J(H,H)=8.0Hz, 1H; H,.); 7.22 (&,
3J(HH)=75Hz 3H; H,.); 715 (d, 3J(HH)=75Hz 3H; H,,); 6.82 (s,
1H; NHCO); 3.53 (br.s, 6H; NH,); 1.27 (s, 3H; CH;); —2.66 (s, 2H;
NH,,.); MS (FAB): m/z (%): 716.7 (100) [M]**; elemental analysis (%):
calcd for C,4H36NzO - 2H,0: C 73.39, H 5.36, N 14.88; found: C 73.80, H
4.92, N, 15.10.

(5a-Acetyl)-(10,15,20-a,a,a-quinolinoyl-picket)porphyrin 3a:
Step i: 3-quinolinecarboxylic acid chloride was prepared starting
from the acid (180 mg, 1.04 mmol) by refluxing it overnight in thionyl
chloride. The mixture was dried, redissolved in benzene, filtered, and
dried again. 170 mg of quinolinecarboxylic acid chloride (0.88 mmol,
85 %) was obtained. It was analyzed by 'H NMR spectroscopy in the
form of its ethyl ester derivative. '"H NMR (500 MHz, CD,0D, 25°C):
0=9.74 (d, Y(HH)=15Hz, 1H; H,.); 9.67 (q, */(H,H)=2.0Hz, TH;
Hao); 853 (d, 3J(HH)=85Hz, 1H; H,,); 841 (d, *(HH)=8.5Hz,
4J(HH)=2.0Hz, 1H; H,,); 8.33 (d, 3J(H,H)=7.0Hz, “J(HH)=1.5Hz,
1H; H,.); 8.09 (d, 3J(H,H)=7.0 Hz, U(H,H)=1.0 Hz, 1H; H,.); 457 (q,
3J(HH)=70Hz, 2H; CH,); 3.62 (t, 3J(HH)=70Hz, 3H; CH,). In a
100 mL round-bottom flask equipped with a stirring bar and
nitrogen inlet, compound 1 (160 mg, 0.21 mmol) was dissolved in
50 mL of freshly distilled THF and 0.1 mL of dry NEt;. 3-Quinoline-
carboxylic acid chloride (140 mg, 0.74 mmol) dissolved in THF was
added over 1 h. After incubation overnight, the mixture was dried,
redissolved in CH,Cl,, washed with sat. ag NaHCO,, and purified by
flash chromatography on a silica gel column. 218 mg of 3a
(0.18 mmol, 88%) were obtained. '"H NMR (500 MHz, CDCl;, 25 °C):
0=9.14 (d, *J(H,H) =4.7 Hz, 2H; HB,,); 9.09 (d, *J(H,H) =4.7 Hz, 2H;
HBoy); 899 (d, 2J(HH)=4.7 Hz, 2H; HpB,,); 8.86 (d, J(H,H) =4.7 Hz,
2H; HB,,); 8.81 (d, *J(H,H) =8.0 Hz, 2H; H,.); 8.72 (d, *J(HH) =75 Hz,
1H; H,,); 8.57 (s, 1TH; NHCO); 8.48 (d, 3J(HH)=75Hz 1H; H,,); 8.24
(d, 3J(HH)=75Hz 2H; H,.); 8.18 (d, *J(H,H)=8.0 Hz, 2H; H,,); 8.03
(s, 2H; NHCO); 7.96 (t, 3J(H,H)=8.0 Hz, 3H; H,.); 7.83 (d, 3J(H,H) =
75Hz, 1H; H,,,); 780 (t, 3J(H,H) =75 Hz, 1H; H,..); 7Z.71 (m, 4H); 7.56 (s,
2H; H,.); 747 (t, 3J(H,H)=8.0 Hz, 2H; H,,.); 7.34 (s, 2H; H,,.); 7.12 (m,
4H); 6.95 (m, 5H); 6.80 (d, 3J(H,H) = 7.5 Hz, 1H; H,,,); 6.63 (d, 3J(H,H) =
75Hz, 2H; H,,); 044 (s, 3H; CHy); —2.37 (s, 2H; NH,,); UV/Vis
(CH,CL,): A, (€) =423 (Soret, 305400), 517 (20400), 551 (6000), 590
(6900), 645 (2900 mol~'dm3*cm~"); HR-MS (liquid secondary ion MS,
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LSIMS): m/z (%): calcd for C,Hs,N;,0, 1182.4204 [M+H]", found
1182.4253 (100); elemental analysis (%): calcd for C,4Hs;N;,0,: C 77.21,
H 4.35, N 13.03; found: C 76.89, H 4.49, N 13.07.

3b: Step vi: In a glove box (dioxygen concentration less than 1 ppm),
3a (20 mg) was dissolved in THF and heated to 55 °C. Then, ten drops
of 2,6-lutidine and a fivefold excess of iron(i) bromide were added.
After 5 h the mixture was dried, redissolved in CH,Cl,, filtered over a
Celite plug, and dried again; yield 90%. 'H NMR (500 MHz, [Ds]pyr-
idine, 50°C): 6 =9.71 (s, 2H; NHCO); 9.35 (s, 1H; NHCO), 8.95 (d,
3J(H,H)=4.7 Hz, 2H; HB,,); 8.93 (d, JJ(H,H) = 4.7 Hz, 2H; HB,,); 8.90
(d, *J(HH)=4.7 Hz, 2H; HB,,); 8.83 (d, *J(H,H) =8.0 Hz, 3H; H,,); 8.77
(d, J(HH) =8.0 Hz, 1H; H,,); 8.74 (d, J(H,H) = 4.7 Hz, 2H; H}B,,); 8.53
(d, YUHH)=2.0Hz, 2H; H,.); 845 (s, 2H); 8.39 (s, 1H); 8.27 (d,
4J(H,H)=2.0Hz, 1H; H,.); 8.16 (d, 3J(H,H) =75 Hz, 1H; H,,); 8.02 (d,
3J(HH)=75Hz, 1H; H,,); 7.79 (m, 6H); 7.70 (m, 3H); 7.50-7.43 (m,
8H); 7.38-7.28 (m, 6H); 0.87 (s, 3H; CHs); HR-MS (LSIMS): m/z (%):
caled for CrgHsoNy;O,Fe 1236.3397 [M+ H]*, found 1236.3382 (100).
The reversible oxygenation of the iron(i) complex stabilized by 1,2-
dimethylimidazole was verified by UV/Vis spectroscopy.

3c: Step vii: In a glove box, 3b was dissolved in CH;CN and refluxed.
CuBr was added in excess and heating was continued for 12 h. After
filtration of the salt, a 100- to 1000-fold excess of the nitrogen base
(1,2-dimethylimidazole) was added to stabilize the complex. Inser-
tion of copper was verified by EPR measurements at 100K
comparing the oxidized form of the complex 3b, which is
characterized by its classical high-spin iron(i) porphyrin signal
centered at g=6, and the oxidized form of 3¢, which did not
exhibit any signal at 100 K. This feature, already observed with other
model compounds, is explained by an antiferromagnetic coupling
between the two metal centers. The irreversible oxygenation of the
iron () — copper() species was then observed by UV/Vis spectroscopy.

(56-Im)-(10,15,20-a,a,a-quinolinoyl-picket)porphyrin 4a: Stepi:
The same procedure used for the synthesis of 3a was used but
starting from the recently described f,a,a,a-5,10,15,20-tetra(o-
aminophenyl)porphyrin, of which the amino function at the
B position is protected by a trityl group (2; 200 mg, 0.22 mmol)."!
240mg of (5pB-trityl)-(10,15,20-a,a,a-quinolinoyl-picket)porphyrin
(0.18 mmol, 80%) were obtained. 'H NMR (500 MHz, [Ds]pyridine,
25°C): 0=10.51 (s, TH; NHCO); 10.48 (s, 2H; NHCO); 9.23 (d,
*J(H,H)=4.7 Hz, 2H; HB,,,); 9.20 (d, *J(HH)=4.7 Hz, 2H; Hp,,,); 9.16
(d, 3J(HH)=4.7 Hz, 2H; HB,,); 9.10 (d, *J(HH)=4.7 Hz, 2H; HB,,);
8.88 (d, *J(H,H) =8.0 Hz, 2H; H,,); 8.67 (d, *J(H,H) =8.0 Hz, 1H; H,,,);
8.53 (d, “(HH)=15Hz 1H; H,,); 849 (br.s, 2H); 8.36 (d, 3J(H,H)=
75Hz, 1H; H,,); 8.27 (m, 3H); 8.08 (br.s, 1H); 7.96 (m, 3H); 7.88 (br.s,
2H); 7.72 (m, 3H); 7.58 (d, 3J(H,H) =75 Hz, 1H; H,,,); 741 (d, 3J(HH) =
8.0 Hz, 2H; H,); 7.35 (d, Y(H,H) = 1.0 Hz, 1H; H,.); 7.25 (m, 7H); 7.12
(t, 3J(HH) =75Hz, 2H; H,,.); 7.04 (t, 3J(HH)=75Hz, 1H; H,,,); 6.94 -
6.81(m, 15H); 6.71 (d, *J(H,H) = 8.0 Hz, 2H; H,y,); — 2.59 (5, 2H; NH,,);
MS (FAB): m/z (%): 1382.6 (100) [M+ HI*. Stepii: By reacting the
product of step i with TFA in CH,Cl,, 190 mg of (55-amino)-(10,15,20-
a,a,a-quinolinoyl-picket)porphyrin (0.17 mmol, 95 %) were obtained.
'H NMR (500 MHz, CDCl;, 25°C): 6=9.09 (d, 3J(H,H)=4.7 Hz, 2H;
HBoy): 9.07 (d, 3J(HH) =4.7 Hz, 2H; HB,,.); 8.99 (d, JJ(HH)=4.7 Hz,
2H; HB,,); 891 (d, *J(HH)=4.7Hz, 2H; HB,,); 8.84 (d, *J(HH)=
8.0Hz, 1H; H,.); 867 (d, 3J(HH)=75Hz, 2H; H,,); 848 (s, 1H);
8.42 (d, 3J(H,H) =75 Hz, “J(H,H) = 1.0 Hz, 2H; H,.); 8.21 (d, 3J(H,H) =
7.5 Hz, “J(H,H)=1.5Hz, 1H; H,.); 8.04 (d, */(H,H) =2.0 Hz, 2H; H,..);
7.99-7.95 (m, 4H); 7.75 (t, 3J(H,H) = 7.5 Hz, “J(H,H) = 1.5 Hz, 3H; H,.);
771 (t, 3J(HH)=75Hz, “(HH)=10Hz 2H; H,,,); 747 (t, 3J(HH)=
7.5 Hz, 4J(H,H)=1.5Hz, 1H; H,.); 744 (d, “J(HH)=2.0Hz, 1H; H,.);
7.31 (d, 3J(H,H) =75 Hz, *J(HH)=1.0Hz, 1H; H,,)); 713 (m, 1H); 7.00
(d, 3J(HH) =75Hz, 1H; H,,); 6.99-6.94 (m, 2H); 6.84 (t, *J(H,H)
=75Hz, J(HH)=10Hz, 1H; H,,); 6.76 (m, 8H); 6.33 (br.s, 3H;
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NHCO); 5.37 (br.s, 2H; NH,); —2.28 (s, 2H; NH,,,); MS (FAB): m/z (%):
1139.9 (100) [M]*". Stepiii: By reacting the product of stepii with
3-chloromethylbenzoyl chloride in THF and NEt;, 130 mg of (504-
chlorobenzyl)-(10,15,20-a,a,a-quinolinoyl-picket)porphyrin (0.10
mmol, 60%) were obtained. 'HNMR (500 MHz, CDCl;, 50°C): 6 =
9.09 (d, *J(HH)=4.7 Hz, 2H; Hp,,); 9.07 (d, *J(HH)=4.7Hz, 2H;
HpBoyn); 8.99 (d, *J(HH)=4.7 Hz, 2H; Hp,,); 8.85 (d, *J(H,H)=4.7 Hz,
2H; HpB,,); 8.78 (d, *J(H,H)=8.0 Hz, 1H; H,,,); 8.76 (d, *J(H,H) =8.0 Hz,
4J(HH)=1.5Hz 1H; H,,); 8.70 (d, 3J(H,H) =8.0 Hz, 2H; H,,.); 8.34 (m,
3H); 8.17 (d, 3J(HH) =75 Hz, J(HH)=1.5Hz, 1 H; H,,.); 7299-7.93 (m,
5H); 7.86 (br.s, 2H); 7.78 (t, 3J(H,H) = 8.0 Hz, *J(H,H) = 1.5 Hz, 1H; H,,,);
7.73-7.69 (m, 4H); 7.60 (d, 3J(H,H)=75Hz, 1H; H,.); 750 (m, 1H);
7.32-7.39 (m, 3H); 7.05 (d, 3J(H,H) =8.0 Hz, 1H; H,,,); 7.00 (t, 3J(H,H) =
75Hz, 1H; H,,); 6.95 (t,3J(H,H) =75 Hz, 1H; H,,.); 6.91-6.81 (m, 6 H);
6.56 m, 2H); 6.46 (br.s, 2H); 6.43 (t, 3J(H,H) = 7.5 Hz, *J(H,H) = 1.5 Hz,
1H; H,,0); 6.24 (s, 1H); 5.53 (d, 3J(HH) =8.0 Hz, 2H; H,,;); 3.44 (s, 2H;
CH,); —2.19 (s, 2H; NH,,,); MS (FAB): m/z (%): 1291.4 (100) [M]*".
Step iv: By reacting the product of step iii with imidazole (Im) and Nal
in THF at 60°C in the dark, 20mg of (58-Im)-(10,15,20-a,a,a-
quinolinoyl-picket)porphyrin  (0.015 mmol, 30%) were obtained.
'HNMR (500 MHz, CDCl;, 50°C): 6 =9.09 (d, 3J(HH)=4.7 Hz, 2H;
HBoyn); 9.07 (d, 3J(HH)=4.7 Hz, 2H; Hp,,); 9.01 (d, *J(H,H)=4.7 Hz,
2H; HB,,); 885 (d, J(HH)=4.7Hz, 2H; HB,,); 8.79 (d, *J(HH) =
80Hz, 1H; H,.); 874 (d, *JHH)=80Hz, 1H; H,,); 869 (d,
3J(HH)=8.0Hz, 2H; H,,); 8.29 (d, 3J(H,H)=75Hz, “J(HH)=15Hz,
2H; H,.); 8.25 (s, TH); 8.17 (d, 3J(H,H) =75 Hz, “J(H,H) = 1.5 Hz, 1H;
H.wo); 8.00-7.94 (m, 4H); 7.90 (br.s, 2H); 7.79 (m, 2H); 7.72 (t, *J(H,H) =
75Hz, *J(H,H)=15Hz, 3H; H,,); 760 (d, *J(HH)=75Hz, *J(HH)=
1.5Hz, 1H; H,,,); 743 (m, 1H); 7.30 (t, *J(H,H) = 7.5 Hz, *J(H,H) = 1.5 Hz,
1H; H,.); 707 (d, 3JHH)=75Hz, YHH)=20Hz, 1H; H,,);
7.01-6.93 (m, 4H); 6.88 (t, 3J(H,H) = 7.5 Hz, “J(H,H) = 1.5 Hz, 2H; H,,,);
6.82 (d, *J(HH)=8.0Hz, 1H; H,,); 6.74 (s, 1H); 6.53 (d, *J(HH)=
70Hz, YJHH)=15Hz, 1H; H,,); 6.50-6.42 (m, 5H); 6.56 (m, 2H);
6.38 (d, 3J(H,H) =8.0 Hz, “J(H,H) = 1.0 Hz, 1H; H,,.); 6.36 (m, 1H); 6.27
(m, 1H); 5.61 (t, “J(H,H)=1.0Hz, 1H; H,,); 5.57 (d, 3J(H,H)=8.0Hz,
2H; H,); 3.95 (s, 2H; CH,); —2.19 (s, 2H; NH,,,); HR-MS (LSIMS): m/z
(%): calcd for CgsHs,N,30,Na 1346.4554 [M + Nal*, found 1346.4554
(100).

(56-2-Melm)-(10,15,20-¢,a,a-quinolinoyl-picket)porphyrin 5a:
Steps i —iii are identical to those described for the synthesis of 4a.
Step v: By reacting the product of stepiii with 2-methylimidazole
and Nal in THF at 60°C in the dark, 40 mg of 5a (0.03 mmol, 60 %)
were obtained. '"H NMR (500 MHz, CDCl;, 50°C): 6 =9.10 (d, 3J(H,H) =
5.0Hz, 2H; HB,); 9.07 (d, *(HH)=5.0Hz, 2H; HpA,,); 9.03 (d,
*J(HH)=5.0Hz, 2H; Hp,,); 8.87-8.82 (m, 3H); 8.73 (d, *J(HH) =
83Hz, 1H; H,,); 8.64 (d, 3J(HH)=8.0Hz, 2H; H,.); 847 (s, 1H);
8.33 (d, 3J(H,H) =76 Hz, *J(HH)= 1.1 Hz, 2H; H,,); 8.20 (d, 3J(HH) =
76 Hz, “J(HH)=1.1Hz, 1H; H,.); 8.11 (d, Y(H,H)=1.7 Hz, 1H; H,,);
8.01-794 (m, 4H); 7.79-771 (m, 5H); 753 (d, 3J(HH)=76Hz
4J(H,H)=1.1Hz, 1H; H,,,); 7Z.34-7.25 (m, 4H); 7.18 (d, *J(H,H) = 8.0 Hz,
1H; H,,); 701-6.91 (m, 2H); 6.75 (m, 4H); 6.68 (d, 3J(H,H) =8.3 Hz,
2H; H,.); 6.46-6.34 (m, 4H); 6.29 (m, 2H); 6.21 (s, 1H); 5.67 (m, 3H);

391 (5, 2H; CHy); 1.58 (5, 3H; CHy); —2.34 (s, 2H; NH,,).

5d: By reacting 5a (20 mg, 0.015 mmol) with CuBr in MeOH at 50°C
and then with 1m HCl, 20mg (0.014 mmol, 95%) of 5d were
obtained. UV/Vis (CH,CL,): 4.« (€) =428 (Soret, 228300), 478 (4400),
550 (20200), 595 (2200 mol-"dm3*cm~"); MS (MALDI-TOF, linear
mode): m/z (%): 1398.7 (100) [M]**; elemental analysis (%): calcd for
Cg7HsoN;30,Cu - CH,CL, - CH;O0H: C 69.67, H 4.19, N 12.00; found. C
69.54, H 3.94, N 11.64. Steps vi and vii are identical to those described
for the synthesis of 3b and 3 ¢, without the need for stabilization of
the compounds with an exogenous base.
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Electrochemical studies: The diameter of the edge-plane graphite
electrode was 6 mm; the collecting efficiency of the ring-disk
electrode was 27 % (Pine Instrument Co.). The graphite electrode is
modified by dipping it for 5 min in the solution of the catalyst in
CHCl;. A bipotentiostat (Solea-Tacusel) pilots the disk potential,
whereas the platinum ring is maintained at 0.8V vs. SCE for
experiments in a phosphate buffer (0.025m KH,PO,, 0.025m Na,HPO,,
pH 6.86).
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