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A new tetraruthenated manganese(ir) porphyrin has been
obtained and characterized by spectroscopy, electrochemis-
try, and spectroelectrochemistry. It exhibits a saddle-shaped,
nonplanar structure that conveys interesting catalytic, elec-
trocatalytic, and spectroelectrochemical properties to the
molecule. Selective steric influence induced by the periph-
eral ruthenium complexes has been detected in the catalytic
oxidation of cyclohexane and cyclohexene with iodosylben-

zene. Films formed by layer-by-layer electrostatic assembly
with tetraanionic sulfonated copper phthalocyanine exhibit
electrocatalytic activity for the oxidation of nitrite and sulfite,
thus providing interesting applications in amperometric sen-
SOrS.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Metalloporphyrins are an important class of molecules
that are widely distributed in biological systems and play
an enormous variety of roles, including catalysis, oxygen
and signal transport, energy conversion, and electron trans-
fer.'-15] The development of new porphyrin compounds
and derived materials is a subject of current research inter-
est. New properties and functionalities can be generated by
changing the molecular structure, stereochemistry, and in-
teractions, in the context of molecular systems and materi-
als. Particularly promising systems that exhibit remarkable
catalytic and electrocatalytic properties!>®1°21 associated
with high-valence oxygen donor species such as
MnV=0P>23 have been derived from manganese porphy-
rins.

Supramolecular species containing selected metal com-
plexes attached at the periphery of the metalloporphyrin
ring have been found to mimic cytochrome P-450 ac-
tivity.?¥ This is a consequence of the electron-with-
drawing/-donating and/or electron-transfer properties of the
ancillary complexes, which can also act as cofactors and
create new pathways for the oxidation of organic substrates.
In this sense, the understanding of their spectroscopic prop-
erties, stereochemistry, intramolecular interactions, and re-
dox behavior is of the utmost importance.[*>-21 In this work
the spectroscopic and electrochemical properties of a new
tetraruthenated manganese()porphyrin complex, [Mn(3-
TRPyP)] (Figure 1), are described. Although this species
can form four atropisomers, only a single configuration cor-
responding to a saddle geometry is inferred from molecular
mechanics calculations (MM™); this reflects the large steric
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hindrance of the peripheral bis(bipyridine)chlororutheni-
um(1r) complexes attached at carbon 3 (meta) of the bridg-
ing pyridyl group (Figure 1).

The catalytic activity of [Mn(3-TRPyP)] in the oxidation
of cyclohexane and cyclohexene has been investigated. In
addition, the possibility to generate ultrathin supramolec-
ular films of such species has been exploited in electrocata-
lysis for the oxidation of nitrite and sulfite ions in aqueous
solution with the aim of generating new, efficient ampero-
metric sensors.

Results and Discussion

Spectroscopic Properties

The insertion of Mn?* ions into the free-base H,(3-
TPyP) is very fast and its oxidation to Mn** can be carried
out readily in the presence of air. The resulting [Mn(3-
TRPyP)] is soluble in common solvents such as methanol,
ethanol, DMF, acetone, acetonitrile, and acetic acid and is
sparingly soluble in water as its trifluoromethanesulfonate
salt. It should be mentioned that the binding of the ruthe-
nium complexes increases the total molecular charge to +5,
thus enhancing its solubility in polar solvents. The 'H
NMR spectrum is complicated by the superimposition of
the 2,2'-bipyridine and Mn'""TPyP peaks, in addition to the
low molecular symmetry and to the paramagnetic character
of the Mn'""P center. Accordingly, the structural characteri-
zation was carried out by mass spectrometry. The fragmen-
tation profiles of the polymetalated pyridylporphyrins were
found to be analogous to those previously found for the
derivatives H,(3-TRPyP) and Zn(3-TRPyP).[2%-27:30.31]
The peak for the [Mn(3-TRPyP)] molecular ion
([C120HgsCl,MnN,,Ru P+ = 2467.21 gmol ') was found at
mlz 494 with A(m/z) = 0.20 and m/z 617 with A(m/z) = 0.25,
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Figure 1. Structures of the tetraruthenated manganese(i) porphyrins [MnTRPyP].

suggesting the occurrence of a Mn"/!l

spray.

[Mn(3-TRPyP)] displays a typical electronic spectrum in
methanol,?? reflecting the strong coupling between the
molecular orbitals of the Mn™ ion and porphyrin
ring.[33-3 The porphyrin bands were found at 464 nm (log
¢ = 5.2), attributed to the so-called band V, and 560 (4.3)
and 595 nm (3.9), assigned to the IV or Q ¢, and III or
Q0_0) porphyrin bands, respectively. The MLCT bands of
the ruthenium complexes usually found at 360 and 480 nm
are hidden by the bands VI (374 nm, log ¢ = 4.9) and V,
(399 nm, log ¢ = 4.9). The 2,2'-bipyridine intraligand
pr—pn* transitions of the peripheral ruthenium complexes
appear at 294 nm (5.3). Finally, the Mn'! porphyrin bands
II and I appear at 680 (1.6) and 770 nm (1.4) and are as-
signed to charge-transfer transitions (normally a;, and a,,
— d,. and d,. transitions, respectively). They tend to be-
come more evident when strongly coordinating ligands such
as pyridine, imidazole, and pyrazine are axially coordi-
nated.®!

redox process in the

Electrochemistry

The electrochemical behavior of the polymetalated por-
phyrins was investigated by cyclic voltammetry and spectro-
electrochemistry. The voltammograms of a solution of
[Mn(3-TRPyP)] in DMF follow the general pattern pre-
viously described for the [Mn(4-TRPyP)] isomer.[?? The re-
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versible Ru"™! process is observed at E;» = 0.93 V (Fig-

ure 2), with a cathodic shift of 20 mV in comparison with
the para isomer.?? This suggests that the Mn'"TPyP center
is acting as an electron-withdrawing group stabilizing the
reduced [Ru''(bpy),(pyP)CI] species. However, no such elec-
tronic coupling between the porphyrin ring and the periph-
eral ruthenium complexes is expected in the case of the
meta isomer because of the molecular geometry. The por-
phyrin ring Mn'""P*/ redox process was not observed, even
at potentials up to 1.50 V.
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Figure 2. CV of a 2x 103 M [Mn(3-TRPyP)] solution in DMF con-
taining 0.1 M TEACIO, (scan rate: 20 mVs™).

The broad cathodic wave starting around —0.3 V was as-
signed to the Mn"V!'P process and confirmed by spectro-
electrochemistry. The waves at E,. = -0.94 and -1.17 V can
be tentatively assigned to the successive monoelectronic re-
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duction of the porphyrin ring to the radical anion and di-
anion (Figure 2), respectively, by comparison with analo-
gous derivatives.!'!-32-3¢-31 However, the possibility of for-
mation of a species with Mn'P character, as in the case of
the respective cobalt derivative,3¢3% cannot be discarded.
The single-electron reduction of one and two bipyridyl li-
gands of each peripheral ruthenium complex was observed
at E,. = -1.39 and —1.63 V, respectively. All those processes
should be coupled to chemical reactions involving the sol-
vent, and the intensity of the wave associated with the re-
verse anodic process is lower than for the reduction process.
The anodic wave at 0.35 V can be assigned to reduced spe-
cies formed in the cathodic scan because only the reversible
Ru™! pair of waves at E;,, = 0.93 V was found when the
scans were limited to the 0.0 to 1.2 V range.

Spectroelectrochemistry

The spectroeletrochemical behavior of [Mn(3-TRPyP)] in
DMF in the 2.2 to +1.1 V range is shown in Figure 3. The
most stable form of this supramolecular complex exhibits
the transition metal ions as Mn'"" and Ru" complexes.
When the potential was increased from 0.5 to 1.1 V the pe-
ripheral ruthenium complex band (bpy, pt—pn*) at 297 nm
and the MLCT bands at about 490 and 370 nm disap-
peared, while an absorption band rose at 316 nm. In con-
trast, the characteristic Mn™"P absorption bands (II1, IV, V,
V., and VI) remained essentially unchanged. Such spectral
changes (Figure 3, A) are characteristic of a reversible
Ru™ process, as suggested by the presence of several
isosbestic points. No changes were observed in the 1.1 to
1.5V range.
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Figure 3. Spectroelectrochemistry of an approx. 80 um solution of
[Mn(3-TRPyP)] in DMF containing 0.10 M TEACIO, in the 1.1
to 2.2 V range.

The first redox process observed in the 0.5 to -0.3V
range (Figure 3, B), leads to a shift and broadening of the
porphyrin Soret band from 464 to 444 nm, characteristic of
the reduction of MnP to Mn"P.33 Interestingly, a shift
of the Soret band maximum to 455 nm was observed at
852
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—-0.50 V, as a function of time (Figure 3, C), giving a more
symmetric and slightly less intense band. This unexpected
behavior does not seem to involve a redox process and is
probably associated with some axial ligand equilibrium. In
this case, the participation of adventitious water mole-
culesl>%321 cannot be the cause since quite negative limiting
potentials (2.2 V) could be attained.

When the potential was shifted to 1.0V a double-
peaked Soret band was formed due to the rise of a new
absorption band at 433 nm and decrease of the peak at
455 nm (Figure 3, D). This behavior is not consistent with
the reduction of the porphyrin ring to the respective radical
anion because no characteristic band could be found
around 750 nm. An equilibrium involving a face-to-face di-
mer is another possibility, although this doesn’t involve an
electron-transfer process. Accordingly, this spectroelectro-
chemical process was assigned to the formation of a re-
duced species with Mn'P character, as evidenced by the
electrocatalytic activity of GCE modified with films of
[Mn(TRPyP)J/[CuTSPc].

The reduction of the porphyrin ring was observed at
—1.3 'V, where a decay of the double-peaked Soret band and
an increase of the absorptions at 500 and 8§50 nm were ob-
served (Figure 3, E). The next two processes were observed
in the ranges —1.3 to —1.6 V (Figure 3, F) and -1.6 to 2.0 V
(Figure 3, G) and involve the successive decrease of the bi-
pyridine prn—pn* band at 298 nm to half its value, followed
by its disappearance, while a broad band rose at 350 nm.
Accordingly, they were assigned to the successive single-
electron reduction of the first and second bpy ligands of
each peripheral ruthenium complex. Interestingly, when the
potential was further shifted to —2.2 V the small peak at
470 nm associated with the porphyrin radical anion de-
creased as the absorbance at 660 nm increased (Figure 3,
H). Those changes are typical of the formation of the por-
phyrin dianion. Generally, this process occurs about
200 mV after the P process, but the reduction of the bpy
ligands should shift that redox process to potentials below
-2.0V, as observed in the case of the corresponding
[Co(TRPyP)] derivatives.[>:6-3236.37]

Electrocatalytic Properties

[Mn(TRPyP)] can form stable ultrathin films of a supra-
molecular nanomaterial on GCE that, however, exhibit ap-
preciable solubility in aqueous solution. This inconvenience
can be eliminated by means of a layer-by-layer electrostatic
assembly®>41 with the structurally complementary tetraan-
ionic sulfonated copper phthalocyanine [CuTSPc]. A re-
markable electrochemical activity was observed for the
modified electrodes (Figure 4), showing that it is possible to
transfer the molecular properties of those tetraruthenated
manganese porphyrins to the electrode surface. Typical CVs
of GCE modified with [Mn(TRPyP)]/[CuTSPc] films in
aqueous solution, at pH 4.7, exhibit a couple of reversible
sine-shaped waves at E;, = 0.95V assigned to the Ru'/II
process. The anodic and cathodic peak current intensities
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increase linearly as a function of the scan rate, as expected
for redox species immobilized on the surface.l-27:4%
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Figure 4. CVs of a GCE modified with layer-by-layer electrostati-
cally assembled films of (A, B) [Mn(4-TRPyP)/[CuTSPc] (I" = 1.6
and 1.2 nmolem™) and (C, D) [Mn(3-TRPyP))/[CuTSPc] (I" = 1.7
and 1.6 nmolem™) in the presence of increasing concentrations of
nitrite (A, C) and sulfite (B, D) in 0.025 m acetate buffer (pH 4.7)
and KNO; (0.5 M). Scan rate: 0.1 Vs '. Inset: plot of iy, vs. [sub-
strate].

As aliquots of a stock solution of nitrite and sulfite were
added to the electrolyte solution (Figure 4) the anodic wave
at 1 V intensified linearly as a function of the concentration
of those species. This indicates a relatively fast hetero-
geneous charge-transfer process mediated by the supramo-
lecular films, in contrast with the bare electrodes, which ex-
hibit broad, irreproducible responses. There is no signifi-
cant difference in the electrocatalytic properties of the
supramolecular nanomaterials obtained with both isomers
for the oxidation of sulfite and nitrite. On the other hand,
both modified electrodes are ineffective for the reduction of
nitrite until —0.85 V. However, this does not seem to be the
case for the reduction of sulfite, for which the activity of
the meta isomer is clearly higher. The broad reduction wave
starting at —0.5 V is assigned to the reduction of sulfite di-
rectly on the GCE surface.*'*?! This contrasts with the
results obtained for [Ni(TRPyP)J/[CuTSPc] and
[Co(TRPyP)J/[CuTSPc] films,“3! which exhibit high activity
for the reduction of both substrates. This reductive electro-
catalytic activity is due to the formation of reduced species
with M!'P character, such as Ni'P and Co'P, which should
be responsible for the efficient electron-transfer to nitrite
and sulfite. Analogously, this result for the [Mn(TRPyP)J/
[CuTSPc] films reinforces our previous assignment of the
spectroelectrochemistry event observed at around -1V to
the formation of a species with Mn'P character.

Catalytic Properties

The catalytic activity of [Mn(3-TRPyP)] species for cy-
clohexane hydroxylation and cyclohexene epoxidation with
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iodosylbenzene (PhIO) was evaluated relative to the activity
of the [Mn(4-TRPyP)] isomer.?? [Mn(3-TRPyP)] in aceto-
nitrile solution exhibits bands V, 1V, and III at 473, 574,
and 616 nm, respectively. Upon adding a PhIO solution in
CH,CIl,/CH;0H/H,O (80:18:2) band V immediately shifts
to 427 nm and bands IV and III disappear, giving rise to
broad absorptions. These features are characteristic of high-
valent O=Mn!"P species. However, within about a minute
the spectrum of the Mn'""P species is regenerated, indicat-
ing the consumption of PhIO and the reaction of O=Mn'VP
with solvent species such as water and methanol. This sug-
gests that the actual catalytically active species (O=MnVP)
is a much more effective oxidant and oxygen atom donor
(Figure 5).

0.8

o
o

Absorbance
o
~

e
N

0.0

360 300 500 500 700
Wavelength / nm

Figure 5. UV/Vis spectra showing the regeneration of Mn''P after
reaction of a 4x 107%™ acetonitrile solution of [Mn(3-TRPyP)]
with a PhIO solution in CH,Cl,/CH;OH/H,O (80:18:2). [Mn(3-
TRPyP)J:[PhIO] = 1:10.

The catalytic activity of [Mn(TRPyP)] for the oxidation
of cyclohexane was verified with iodosylbenzene as oxygen
donor.  Typically, 9.2x10*mol of cyclohexane,
1.21 x 1077 mol of catalyst, and 2.7 X 10-° mol of PhIO were
mixed in DCE/ACN (200/80 pL), at 298 K, in a sealed vial.
The products were determined by gas chromatography after
15 min and the results are shown in Table 1. Cyclohexanol
and cyclohexanone are the main products of the reaction,
but small amounts of chlorocyclohexane are also observed.
Interestingly, the meta isomer exhibits higher selectivity
(alcohol/ketone ratio = 3.6 vs. 2.3) and reactivity (44 % vs.
34%) than the para species.

More clear-cut evidence for the distinct activity of those
isomers was obtained when the tetraruthenated manganese
porphyrins were used as catalysts for the oxidation of cyclo-
hexene. In general, the meta isomer has a significantly
higher activity, converting all PhIO into oxygenated prod-
ucts but with a lower epoxide yield. In contrast, the para
isomer shows a conversion of only about 60%, with a much
higher selectivity for epoxide formation (Table 2).

The results described above reveal that [Mn(TRPyP)] has
a catalytic activity for the oxidation of cyclohexane by PhIO
similar to that of other manganese porphyrins.+46 For ex-
ample, lamamoto et al.*4 obtained 43% of cyclohexanol
and 23% of cyclohexanone (ol/one ratio 2) with [Mn(TPP)-
Cl] (chloromanganese tetraphenylporphyrin) in DCM. In
general, the lower selectivity in polar solvents (for example
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Table 1. Cyclohexane hydroxylation with PhIO catalyzed by tetraruthenated manganese(itr) porphyrins.[l

Catalyst C-ol C-one C-Cl Ratio Total yield TONIP!
[Yo]t [Yo]tel [Yo]tel alcohol:ketone [%]

[Mn(3-TRPyP)] 30 9 3.6 44 1

[Mn(4-TRPYP)] 23 10 23 34 9

[a] MnP: 1.2x 107 mol; PhIO: 2.7 x 10-¢ mol; cyclohexane: 9.2 x 104 mol; 1,2-dichloroethane (DCE): 200 pL; acetonitrile (ACN): 80 pL;
chlorobenzene as internal standard; all solvents purged with N,; 7" = 298 K. C-ol = cyclohexanol, C-one = cyclohexanone, C-Cl =
chlorocyclohexane. [b] TON = mol products/mol catalyst. [c] Based on the initial amount of PhIO. Average error: £3%.

Table 2. Cyclohexene oxidation with PhlO catalyzed by tetraru-
thenated maganese porphyrins.[]

Catalyst Epoxide C-ol C-one Allyl. oxid. Total yield
[Zo]®T %]l )b [Yo]ted

[Mn(3-

TRPyP)] 24 40 43 0.3 107

[Mn(4-

TRPyP)] 37 15 11 1 63

[a] MnP: 1.2x107 mol; PhIO: 2.7x10°mol; cyclohexene:

4.9x10“*mol; 1,2-dichloroethane (DCE): 250 pL; acetonitrile

(ACN): 44 uL; chlorobenzene as internal standard; all solvents
purged with N»; 7= 298 K. C-ol = cyclohexen-2-0l, C-one = cy-
clohexen-2-one, allyl. oxid. = percentage of allylic oxidation prod-
ucts. [b] Based on the initial amount of PhIO. Average error +3 %.

ACN) is associated with the formation of the radical inter-
mediate species O=Mn'VP*" 447481 a5 well as the possible
coordination of the solvent molecules to the Mn center.
This does not seem to be the case for the [Mn(TRPyP)]
complexes, however, which have a higher selectivity in
DCE/ACN, in which they are more soluble because of their
higher ionic character.

In the case of cyclohexane (Table 1), the higher efficiency
suggests that the catalytically active high-valent oxoman-
ganese species formed by [Mn(3-TRPyP)] is more reactive
than that formed by [Mn(4-TRPyP)]. Another possibility is
the involvement of two different activated species*’! as a
consequence of electronic effects or interaction of the oxi-
dant and/or the substrate with the peripheral [Ru(bpy),-
CI]" groups. In fact, the ruthenium complexes in [Mn(3-
TRPyP)] are positioned above and below the manganese
porphyrin center. Accordingly, two pockets of suitable size
for interaction with those organic substrates are generated,
probably inducing the formation of a structurally more fa-
vorable activated complex. In contrast, the para isomer has
a more symmetric and planar structure, ruling out such a
possibility.3?!

The small amount of chlorocyclohexane (Table 1) gener-
ated in the oxidation reaction also gives some clues about
the role of the peripheral ruthenium complexes in the acti-
vated complex. This by-product is likely to be formed when
the cyclohexyl radical does not combine with the OH bond
at the MnP center and escapes from the “cage”. Conse-
quently, its yield should be higher when the peripheral ru-
thenium complexes are close or interacting with the species
participating in the activated complex. This proximity
should facilitate the abstraction of a chloro atom from the
[Ru(bpy),Cl] groups, although the possibility of abstraction
from the solvent cannot be discarded. In fact, experiments
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under similar conditions using another supramolecular spe-
cies containing four trinuclear ruthenium acetate clusters
with no coordinated chloride showed no chlorocyclohexane
formation, thus ruling out the hypothesis of chlorine atom
abstraction from the solvent. Considering that the redox
and electronic properties of both species are similar, the sig-
nificantly higher amount of chlorocyclohexane generated
by the meta isomer is strong evidence that its higher cata-
lytic activity can be assigned to the favorable stereochemical
effects induced by the peripheral [Ru(bipy),CI]* groups.

Finally, it is well known that conventional Mn—porphyrin
species undergo severe degradation during the catalytic cy-
cles,* 481 and for this reason new, more-stable catalysts
have been pursued, for example involving chlorinated or
fluorinated porphyrins. In the case of the [Mn(TRPyP)] cat-
alysts no evidence of decomposition could be detected spec-
troscopically after at least 10 turnover cycles, or 15 min,
corresponding to the time of a typical experiment. There-
fore, in spite of their secondary role in catalysis, the periph-
eral [Ru(bipy),Cl]* groups do provide an important steric
protection around the highly reactive MnV=0 site, thereby
preventing the degradation of the porphyrin center under
such highly oxidizing conditions. Furthermore, they can
provide interaction sites for the occurrence of steric effects,
inducing changes in the geometry of the activated complex.
The last two effects are probably the greatest advantage as-
sociated with these [Mn(TRPyP)] catalysts, in addition to
their improved selectivity and high solubility in organic sol-
vents.

Conclusions

A new stereochemically hindered tetraruthenated manga-
nese(11) porphyrin has been obtained and its structural,
spectroelectrochemical, catalytic, and electrocatalytic prop-
erties investigated. The metalloporphyrin reduction and ru-
thenium complex oxidation potentials are shifted to more
negative potentials in comparison with the planar isomer,
suggesting a higher electronic density on the porphyrin ring.
Stable and electrocatalytically active ultrathin films of layer-
by-layer electrostatic assembled films of [Mn(TRPyP)J/
[CuTSPc] can be easily prepared and used as nitrite and
sulfite detectors. The activity of the [Mn(3-TRPyP)J/
[CuTSPc]-modified GC electrodes for the reduction of sul-
fite is ascribed to the formation of a reduced species with
Mn!P character at around —0.85 V, as observed by spectroe-
lectrochemistry.
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Very significant differences in the P-450 catalytic activity
were found for the oxidation of cyclohexene and cyclohex-
ane with iodosylbenzene. In fact, the meta isomer is consist-
ently more active than the para isomer in both cases, al-
though the selectivity for epoxide is higher for the latter.
Such differences are due to steric effects induced by the pe-
ripheral [Ru(bpy),Cl] groups, which are positioned above
and below the MnP ring and can therefore direct the acti-
vation of the substrates, thus improving the selectivity of
the catalytic reactions. In comparison with conventional
manganese porphyrins, the great advantage associated with
the [Mn(TRPyP)] catalysts is their pronounced stability and
improved selectivity in oxygen-transfer reactions.

Experimental Section

Materials and Methods: UV/Vis spectra were recorded with a HP-
8453A diode array spectrophotometer, in the 190-1100 nm range,
either in CH3;0OH or CH3;CN. Cyclic voltammograms of
[Mn(TRPyP)] in DMF solution were obtained with an AUTOLAB
PGSTAT30 potentiostat/galvanostat. A conventional three-elec-
trode cell was employed, consisting of a platinum disk as working
electrode, Ag/Ag* (0.010 M, in CH5CN) as reference electrode, and
coiled platinum wire as auxiliary electrode. The solvents were
HPLC grade; DMF was dried with anhydrous CuSO, and distilled
under vacuum immediately before use. The electrolyte [(C,Hs),N]-
ClO4 was prepared by the reaction of [(C,Hs),NJOH with HCIO,,
recrystallized from water, and dried under vacuum. A similar ar-
rangement, except for the Ag|AgCI|KCI 1.00 m reference electrode,
was used in the electrochemical studies using glassy carbon elec-
trodes (GCE) modified with ultrathin electrostatic assembled films
of [Mn(3-TRPyP)]/[CuTSPc] or [Mn(4-TRPyP)]/[CuTSPc]. All po-
tentials were converted into the SHE scale by adding 0.503 or
0.222 V to the experimental values in organic or aqueous solution,
respectively. Phosphate (25 mm, pH 6.80) and acetate (25 mm,
pH 4.70) buffers in 0.50 M KNOj solution were used as electrolyte.
The spectroelectrochemistry data were collected with a previously
described homemade thin-layer cell®® and a PAR model 173 po-
tentiostat/galvanostat in parallel with an HP-8453A spectropho-
tometer. Electrospray mass spectra were recorded with a Q-Tof
(Micromass) mass spectrometer with a quadrupole (Qq) and high-
resolution orthogonal time of flight (0-TOF) configuration. The
sample was injected with a syringe pump (Harvard Apparatus,
Pump 11) at a rate of 10 pLmin~' through an uncoated fused-silica
capillary. All samples were dissolved in pure methanol. The ESI
mass spectra were acquired at an ESI capillary voltage of 3 kV and
a cone voltage of 10 V. Isotopic patterns were calculated using the
MassLynx software. The products of the catalytic oxidation reac-
tions were analyzed by gas chromatography using a Shimadzu
model GC-17A equipment with flame ionization detector and OV-
1701 0.50 micron capillary column (30 mx 0.25 mm). The carrier
gas was N,. Acetonitrile (HPLC grade) was dried over 3-A molecu-
lar sieves before use. n-Octane was purified with concentrated sul-
furic acid, washed with water, and distilled. Dichloromethane was
distilled from over P,O5 and stored over molecular sieves. All other
chemicals were reagent grade (1,2-dichloroethane, cyclohexane,
methanol, and deuterated cyclohexane with >99% D) and used as
received. lodosylbenzene was prepared from iodobenzene diacetate
as described in the literature.’! All reactions were carried out in a
thermostatted 2-mL vial with a septum, containing a magnetic stir-
ring bar, at 25.0£0.1 °C, under argon. 1,2-Dichloroethane, cyclo-
hexane, and n-octane (internal reference for GC) were successively
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syringed into the vial, and 1.14x 107> mol of PhIO was added. A
suitable volume of acetonitrile stock solution of the catalyst was
then introduced in order to obtain the desired concentration.

Syntheses: The preparation of the cis-dichlorobis(2,2’-bipyridine)-
ruthenium(ir) complex [Ru(bpy),Cl,] has been described pre-
viously.®?l [Mn(3-TPyP)] was obtained by treating 500 mg
(0.80 mmol) of the free-base porphyrin H,(3-TPyP) with 147 mg
(0.85 mmol) of manganese(11) acetate in refluxing glacial acetic acid
for an hour, whilst stirring. The reaction mixture was cooled to
room temperature and the solvent removed in a flash evaporator.
The solid was washed with water, filtered, and dried under vacuum.
Yield: 97%. C40H»4NgMn(CH3;COO)-H,O (748.2): caled. C 67.38,
H 3.90, N 14.97; found C 67.76, H 4.12, N 15.98. [Mn(3-TRPyP)]
was obtained from the reaction of 101 mg (0.15 mmol) of [Mn(3-
TPyP)] with 300 mg (0.62 mmol) of [Ru(bpy),Cl,] in 100 mL of re-
fluxing glacial acetic acid for an hour, whilst stirring. The solvent
was removed in a flash evaporator and the residue redissolved in
methanol and refluxed for 30 min to assure the coordination of
four ruthenium complexes to the peripheral pyridyl nitrogen atoms.
The solvent was removed, the solid redissolved in a minimum vol-
ume of DMF, and this solution added dropwise to 10 mL of an
aqueous lithium trifluoromethanesulfonate solution. The brown
amorphous precipitate obtained was filtered, dried under vacuum,
purified by successive recrystallization, and finally by neutral
alumina column chromatography using a mixture of dichloro-
methane and ethanol (10:1) as eluent. Yield: 89%.
C20HgsCluMnN,4Ruy(CF;3S05)5-8H,0 (3356.7): caled. C 44.73, H
3.12, N 10.01; found C 44.52, H 3.27, N 9.49.
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