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Coordination Chemistry of Iron Porphycenes in the Presence of CO, CQ and
N-Methylimidazole: Electrochemical, ESR, and U\-Vis Study

Introduction

Among the seven possible structural isomers of porphyrins,
four isomers has been characterized, namely the following:
porphycenes, the first known isomer synthesized in 1986,
corrphycenes, hemiporphycenes, and isoporphyceriete
latter being only isolated as a palladium complex. Such a unique
series allows studies of changes in physical and chemical
properties within structural isomers. Not surprisingly, these
fascinating new molecules are attracting considerable interest.
The physicochemical properties and specifically the electro-
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The electrochemical behavior of iron porphycenes in benzonitrile, tetrahydrofdfdsdimethylformamide, and
dichloromethane in the presence of Lewis bases is reported. This analysis combined the use of polarographic,
steady-state voltammetric, cyclic voltammetric, and spectroelectrochemical methods. Iron(lll) 2,7,12,17-tetra-
n-propylporphycene ([RETPrPn]Cl) is reduced in three one-electron steps and is oxidized in two one-electron
steps: All the processes are reversible. The correspondingioxo dimer [F&' TPrPn}O undergoes four one-
electron oxidations as well as four one-electron reductions! TPePn]Cl forms a stable [&IPrPn](N-Melm) "

complex in the presence of N-Melm. This complex is reduced stepwise taFFEn]N-Melm, the iron(Il)

radical anion [FETPrPn]~ and the iron(ll) dianion [PETPrPnf~ as confirmed by UV-vis and ESR spectroscopy

of the electrogenerated species. In the presence of CO, the reduction of iron(lll) gener&€OJF€rPn]. In

contrast to porphyrins, one- and two-electron reductions of the latter compound are shifted to more negative
potentials in DMF and THF and these electron transfers remain reversible-vid\&pectroelectrochemical
experiments at an optically transparent thin layer electrode (OTTLE) demonstrate that the generated species are
respectively [F&(CO)TPrPr|~ and [F¢(CO)TPrPn}~. This redox behavior is distinctively different from that

of Fe—CO porphyrins. In the presence of g@lectrocatalytic reduction of CQs observed, as for porphyrins.

phycenes and metalloporphycenes has been examined and
remain relatively scarce. The electrochemical behavior of iron
porphycenes has been described in a few publicatibrsput

no study was devoted to the axial coordination ability of iron
porphycenes so far. Up to now, the assignment of the electron
transfer site (metal versus ligand) for each reduction step of
iron porphycenes was only based on YWs spectroelectro-
chemistry and no characterization of the reduced species by ESR
spectroscopy has been performed. In the present paper we wish
to present a new insight into this assignment of the electron

chemical behavior of porphyrins have been extensively (10) Giraudeau, A.; Ezahr, I.; Gross, M.; Callot, H. J.; Jordan, J.
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transfer site and to report unexpected results on axial coordina-

tion of iron in porphycenes.
Because of the importance of axial coordination in iron
porphyrins in their biological functions, we were interested in

the consequences of the changes from porphyrin to porphycene

on the physicochemical properties of iron complexes. The
reactivity of iron porphyrins toward Lewis bases like N-M&n{?

and C3?3*has been studied extensively. As well, because the
direct electrochemical reduction of G@quires very negative
potentials’>—37 extensive efforts have been devoted to the search

of catalysts capable of decreasing this overpotential. Transition

metal complexes of tetraazamacrocyde®, bipyridine° and
tetrapyrrolic macrocycles such as phtalocyarfihasd tetraphe-
nylporphyring? were found to act as good catalysts. A first

goal for us was to establish whether iron porphycenes are able
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Chart 1. Studied Iron Porphycenes

[Fe(IDTPrPn]Cl

[Fe(III)TPrPn]ZO

to catalyze the reactions as well. The present paper also deals

with the redox characteristics of iron(lll) 2,7,12,17-tetra-
propylporphycene ([RETPrPn]Cl) (Chart 1) in the absence and
presence of the Lewis basismethylimidazole (N-Melm) and
CO. As well the redox behavior of theoxo dimer is compared

to that of porphyrins. To characterize the various reduction

stages of the iron porphycenes by ESR spectroscopy and UV-

tetrahydrofuran (THF), dichloromethane (&), and benzonitrile
(PhCN). All four of these afforded acceptable porphycene solubility.
Due to the high sensitivity of the reduced species toward traces of
oxygen and water, bulk electrolysis and ESR experiments were carried
out in benzonitrile in a drybox with carefully deoxygenated solvents
and chemicals.

vis spectrophotometry, bulk electrochemical studies were carried ~Chemicals. Tetraethylammonium perchlorate (TEAP from Fluka)

out under strictly anhydrous and,@ee media.

Experimental Section

Iron(Ill) 2,7,12,17-tetran-propylporphycene and the corresponding
u-oxo dimer (Chart 1) used in the present study were synthesized in
accord with published procedure3*® Their electrochemistry was
studied in four different solventsN,N-dimethylformamide (DMF),
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was used as the supporting electrolyte in DMF. It was recrystallized
before usé* For the studies carried out in GEl, and in THF,
tetrabutylammonium perchlorate (TBAP from Fluka) was used as the
supporting electrolyte. It was purified according to standard proce-
dures®

The solvents were purified according to the following procedures.
DMF (Fluka) was purified as described previodslsnd stored under
argon. CHCI, (sds) was dried over molecular sieves (4 A), stored
under argon, and distilled from Catbefore use. THF (sds) was
purified by distillation from LiAlH; immediately before use. PhCN
used for bulk electrolysis as a hyper dry medium was purified as
described previously and stored in a gloveBbx.

High-purity CQ; (99.99%) and CO (99%) gases were used without
any further purification. The solubility of COn CH,Cl, was measured
by addition of excess standard 0.02 mol/L Ba(@$&h)lution and back-
titration with standard 0.02 mol/L oxalic acid (Merck) using phenol-
phthalein as indicatdt. The solubility of CQ in CH,Cl, was found
to be 0.014 mol/L in agreement with previous studfe®. Partial CQ
pressures were achieved by mixing known gas flows of argon and CO
through the studied solution for at least 5 min.

Apparatus. Reductions were achieved either chemically with
sodium amalgam or electrochemically through controlled potential
electrolysis; in the latter case, a small electrolysis cell (0.5 mL of
electrolyte solution) was used and the working electrode was a platinum
rotating disk electrode (4 mm diameter). The auxiliary electrode and
the reference electrode (ferrocenium/ferrocené/f@)) were separated
from the electrolysis cell by a glass frit of low porosity (Vycor tips
from PAR). The cell was connected to a potentiostat (PAR Model
173) equipped with a PAR 179 digital coulometric unit and monitored
by a PAR 175 programmer. Ugjra 2 mmdiameter platinum electrode,
the apparatus was also used to carry out RDE and low sweep rate CV
measurements.

Steady state voltammetry on a rotating disk electrode (RDE) and
cyclic voltammetry (CV) with sweep rates ranging from 10 mV/s to
20 V/s were carried out on a computerized electrochemical device
DACFAMOV (Microtec-CNRS, Toulouse, France) connected to an
Apple Il microcomputer. A classical three-electrode cell was used.
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The working electrode was either a platinum disk electrode (2 mm
diameter EDI type, Tacussel, France) or a glassy carbon electrode (GCE
3 mm diameter). The auxiliary electrode was a platinum wire, and
the reference electrode was an aqueous saturated calomel electrode. In
our studies ferrocene was used as the internal standard. TtfiécFc
redox couple k) was observed at0.48 V/SCE in CHCl; + 0.1 M

TBAP, +0.49 V/SCE in DMF+ 0.1 M TEAP, and+0.55 V/SCE in

THF + 0.1 M TBAP, respectively.

Spectroelectrochemical experiments were carried out with a diode
array spectrophotometer (Hewlett Packard 8452 A). The spectroelec-
trochemical cell was a homemade borosilicate glass cell having an
optical pathway of about 0.1 mm. The optical transparent thin layer
electrode (OTTLE) was a platinum grid (1000 mesh) placed in the
optical pathway. Under these conditions an exhaustive electrolysis was
carried out in a few minutes (5 min) instead of 0.5 h for a large-scale
electrolysis. As a result of this shorter time scale, further chemical
reactions of the electrogenerated species were avoided and spectral
measurements were possible on the species resulting from the electron
transfer reactions.

ESR measurements were carried out on a JEOL FE3X spectrometer,
and spectra were recorded from solutions{50 uL) in quartz tubes;
the power was 1 mW, and the frequency was close to 9.2 GHz. Spectra
were typically run at 140 K by using a flowing nitrogen controller.

The drybox used to carried out bulk electrolysis prior to ESR studies
was manufactured by Jaram: The nitrogen flow was continuously
purified by passing through molecular sieves at room temperature and
divided copper BTS catalyst (BASF) at 10G.
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Results

Electrochemical Behavior of [Fé' TPrPn]Cl. The redox
properties of the mononuclear iron(lll) tetrapropylporphycene
have been studied previoudhusing a combination of standard
cyclic voltammetry and OTTLE-type absorption spectroscopy.
RDE experiments and cyclic voltammetry of [{FEPrPn]ClI
exhibit five distinct one-electron redox steps in £&Hp and in
PhCN, three reductions and two oxidations, illustrated in Figure

Figure 1. Redox behavior of [FeTPrPh]n dry PhACN+ 0.1 M (TBA)-
PFRs. (a) Cyclic voltammetry on Pt at 0.1 V& (b) RDE on Pt at 2000
rpm of (1) [FeTPrPnj, (2) after electrolysis at-1.3 V/Fc (1F/mol),
(3) after electrolysis at-1.6 V/Fc (2F/mol), and (4) after electrolysis
at —2.1 V/Fc (2.7F/mol).

Table 1. Formal Redox Potentials (in V vs Ft=c) of [FeTPrPn]CI
in PhCN and CECI,

1. Their characteristics are summarized in Table 1. solvent 2ndoxid 1stoxid 1stredn 2ndredn  3rdredn
It has been show#that stepwise reductions of [E&PrPn]- PhCN 1093  +0.66 -0.86 —144  —1.77
Clin an OTTLE lead to well-defined spectral patterns. Each CH.CI, +0.90 +0.67 —0.80 -1.39 -1.71

reduction step exhibits absorption spectra with well-resolved

isosbestic points. When compared with those observed for free-F/mol reduction and two oxidation waves after aF2mol

base porphycenes and for other metallo(ll) porphycenes, thereduction. These oxidation waves have the same amplitude and
observed spectra were considered consistent with the following half-wave potentials as the corresponding reduction waves for
reduction schemé [FE'"TPrPn]Cl before electrolysis. This behavior indicates that
the involved redox processes are reversible on the time scale
of coulometry and that the generated species do not undergo
noticeable degradation.

Even in these conditions, the preparation of a pure solution
of the three-electron reduced species failed. However the three-
electron reduced species could be generated as a mixture with
the two-electron reduced form (ratio-B— ca. 0.7/0.3) as
indicated by the anodiecathodic third wave by RDE voltam-

[Fe"' TPrPnCIl== [F€'TPrPn]== [F€'TPrPA] =
[Fe'TPrPnf~

Bulk electrolysis of [F&# TPrPn]Cl at the plateau potential of
the first reduction stegreduction of Fe(lll) to Fe(ll)) yield in
DMF, THF, or CHCI; the corresponding irom-oxo porphycene
dimer2! It was identified by its U\~vis absorption spectrum

and its electrochemical behavior. Thus, under the experimenta
conditions of this exhaustive coulometry, traces of oxygen in

the solution precluded the generation of any observable mon-

omeric iron(ll) species.
For this reason we have performed coulometric reductions
in an Q- and HO-free atmosphere box and in strictly anhydrous

jmetry (Figure 1b).

The localization of the charge (metal versus ring) and the
spin state of the different species, i.e. [FeéPrPn]ClI, [Fé-
TPrPn], [FeTPrPnj, and [FeTPrPHf, in the pure solvent could
be analyzed by ESR spectroscopy and are discussed below.

The electrochemical oxidation of [H&PrPn]Cl was also

medium, namely PhCN- 0.1 M (TBA)PFK; dried on activated studied in dry PhCN. Under OTTLE conditions, the spectrum
alumina. In these drastic conditions, it was possible to generateof the species generated by the first oxidation (Figure 2a) was
electrochemically pure solutions of the one-electron and the two similar to the spectra observed for free-base or metallopor-
one-electron reduced species of iron(lll) porphycene. The phycene radical catiorf. These observations indicate that the
electrogenerated one-electron and two-electron reduced speciegenerated species is likely the radical cation i.e!'[FerPn] ™.

are stable for hours and, as documented in Figure 1b, give byMoreover, studies of a series of iron(lll) porphycenes with
RDE voltammetry respectively one oxidation wave after a 1 different axial anionic ligands (XFeTPrPn, where=XCl, Br,
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Figure 3. Evolution of the UV~vis spectra of [FeTPrPh]in DMF in

the presence of increasing amounts of N-Melm. Insert: Evolution of
the Q band absorbance at 416 nm as a function of the ratio N-Melm/
[FeTPrPn}.

Figure 2. Time-resolved UV-vis absorption spectra of [FeTPrPn]
in PhCN+ 0.1 M (TBA)PF on a Pt OTTLE: (a) First one-electron
oxidation (electrolysis at-0.8 V/Fc); (b) second one-electron oxidation

electrolysis at+1.1 V/Fc). . . S .
( y ) constants corresponding to the different oxidation states of iron

porphycene in the presence of increasing amounts of N-Melm.
influenced by axial ligation of the iron. Such a behavior is an To det.ermlne the stoichiometry changg-s occurring during the
reduction processes, as well as the stability constants of N-Melm

additional indication of a ligand-centered oxidation proc¥ss. i " i it v of B PrPT f
The species generated by the second oxidation (Figure 2b) also‘é"_'ﬁ |ro?,Nw'\eA rlan e cyctlc t\'lo am_rlphe r)éto I[< b renf g;
displays the pattern of a ligand-centered oxidized spégiks. ierent N-viem concentrations. The stackelberg equdation

should be noted that, even in dry medium, this species is not relates the half-wave reduction potentials to the axial ligand

very stable and the initial spectrum could not be fully regener- complexation constants of iron porphycene for ea_ch r_eduction
ated through reduction step, where K;0). and Ey/2)s are half-wave potentials in the

Redox Behavior of [Fé' TPrPn]Cl in the Presence of
N-Melm. Nitrogen-containing Lewis bases are well-known to
axially coordinate iron(lll) and iron(Il) porphyrin®-32 The
ligand/metal stoichiometry is usually determined by spectros- presence and the absence of ligandrespectively, ang and
copy and, for iron(lll) porphyrins, is a 2/1 stoichiometry. q are the number of ligands bound to the oxidized and reduced

The N-Melm/Fé'TPrPn stoichiometry in DMF was deter-  species. K% is the stability constant of the oxidized species
mined through UV-vis spectroscopy. The UWvis spectraof  coordinated tg ligandsL, andK*dthe stability of the reduced
[FeTPrPn]Cl were recorded with increasing amounts of N-Melm species coordinated tpligandsL.
added to the iron porphycene solution. The spectral changes |f two steps of axial ligand addition are possible for iron(lll)
are shown in Figure 3. The spectral absorbency evolution at porphycene, the first step is the formation of the 1/1 complex
614 nm clearly confirms the coordination of 2 N-Melm per
[FE"TPrPny. In the case of porphyrins, the spectrum of the
2/1 complex (N-Melm/Fe) is observed only with a large excess
of ligand3° The present results indicate that iron(lll) por-
phycene binds N-Melm more strongly than iron porphyrins, as
confirmed hereafter. As the spectrum does not change anymore
after a 2-fold addition of N-Melm, the determination of the
stability constant could not be achieved by spectroscopy.

Under these conditions, the shift in reduction potential ~ Our studies were carried out in DMF 0.1 M (TBA)PFs.
accompanying the binding of axial ligands allows the determi- Among the three reduction steps of [FEPrPn]Cl, only the first

nation of the stoichiometry and of the axial ligand formation two were shifted toward more negative potentials for increasing
concentrations of N-Melm. The plot &versus log [N-Melm]

and N)*® showed that the first oxidation potential was not

(Eyjde = (Eyp)s — 0.059 |09(<p0x/qued) —0.059 Iog[_]pa)

K
FePn+ L == FeLPn

and the second step is the formation of the 2/1 complex

K
FeLPn+ L == FeL,Pn

(48) Lausmann, M. Unpublished results, Ph.D. Dissertatiorn Kt993.
(49) Phillippi, M. A.; Shimomura, E. T.; Goff, H. Minorg. Chem 1981,
20, 1322-1325.

(50) Bard, A. J.; Faulkner, L. RElectrochemical Methodslohn Wiley &
Sons: New York, 1980; Chapter 5.
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800 slope: -51mV | _g40 4 slope: -78mV (Ellz)c = (E1/2)s —0.059 IOgKZOX/KlrEd) — 0.059 IOQ [—]
-320 p-q=1 p-q =1
-860 | (3)

-340
360 4 Raa PN where K% = |[F&" TPrPn}F(N-Melm),l/(|[N-Melm]| |[Fé'-

E -900 | E TPrPn](N-Melm)) allowed us to calculate lodK** after
8801 = 920 4 o determination of thg intercept of the linear portion of the curve

[ ]

E

-400 +

| Loa(C and reporting the above calculated stability conskafit= Kjed

g0 by 09 ) |40 oot f‘-“ﬁefm? . This method gav&;* = 7.9 x 106 for the binding constant of
85 80 25 20 35 30 25 20 two N-Melm to [Fé' TPrPn]" in DMF. |

Figure 4. Evolution of the redox potential of the first (a) and second | . Compared to porphyrins the r_esult Sh_OW that![F@rPn[

(b) reduction of [FeTPrPr](c = 4.4 x 10~4 mol L™2) with increasing binds N-Melm more stronglyf, = KiKp = 3.2 x 109 than

amounts of N-Melm. [FE'"TPPT (B2 = 6 x 10%3° and also that the generated {Fe
TPrPn] binds only one N-Melm. Such a result in not un-
for both reductions (Figure 4) gave a line with a slope-&1 usuaf251.52put is seldom seen for iron(ll) porphyrins. Due to

mV characteristic of the loss of one N-Melm during the first the smaller size of the porphycene cavity compared to porphy-
reduction step{ — g = 1 in relation 1). Two lines were rins, it is not excluded that iron(ll) lies out of the plan so that
observed for the second reduction step. For less than stoichio-a second strong coordination is excluded. However due to the
metric amounts of N-Melm, no change occurred« q = 0) lack of any crystallographic structure of iron(Il) porphycene,
whereas for higher concentrations we obtained a line with a this hypothesis cannot be discussed.
—78 mV slope. Despite a higher slope than the expected 59 The electrogenerated reduced species in the presence of added
mV, this value is indicative of loss of one N-Melm during the N-Melm were further studied by ESR spectroscopy as presented
second reduction step (— g = 1). The third reduction step  below.
remained at a constant potential typical for an unchanged ESR Study of the Electrogenerated Iron Tetrapropylpor-
coordination number of N-Melnp(— q = 0) during reduction. phycenes in the Absence and Presence of N-Melmin order
Such a behavior is expected since iron(lll) binds only two to assign the redox site (metal versus ring) as well as the spin
N-Melm which are lost stepwise so that the two-electron reduced state of the different species, i.e. [FEPrPn]CI, [F¢TPrPn],
species does not bind anymore N-Melm. This was confirmed [FeTPrPni~, and [FeTPrPAY, in the pure solvent or in the
by spectroelectrochemical measurements as described belowpresence of excess N-Melm, the reduced species were generated
Spectroelectrochemical studies were performed on a platinumby electrolysis in the drybox and characterized by their ESR
OTTLE cell to characterize the generated species. For eachspectra.
reduction step, spectral changes with well-defined isosbestic The iron(lll) species does not display any ESR spectrum at
points were observed and the initial species could be recoveredroom temperature or at 140 K: High-spin iron(lll) complexes
through stepwise reoxidations. The absorption bands df[Fe usually give observable spectra only at low temperat&fés
TPrPn] in the presence and absence of N-Melm are different. or broad signals resulting from a high spin or intermediate-
In the absence of N-Melm, the absorption bands occur at 342 spin configuration8® In the presence of a large excess of added
(sh), 366 (Soret band), 575 (sh), 610, and 622 nm, whereas, inN-Melm, a spectrum with lines aj = 2.43, 2.27, 2.02, and
the presence of N-Melm, the absorption bands are at 344 (sh),1.84, shown in Figure 5, is observed: It is a typical spectrum
376 (Soret band), 568, and 622 nm (broad band). After the of low-spin iron(lll) complex [F& TPrPn](N-Melm}54-58 with
two one-electron reductions of [H&PrPn]", the observed an extra line not assigned in thg regiong = 2.02 org =
spectra were identical in both conditions and are characteristic1.84. In the absence or presence of N-Melm, the electrogen-
of [Fe'TPrPn]~, which confirms that the latter species does erated iron(ll) species, [E&PrPn], gave no detectable ESR
not coordinate N-Melm. spectra: This is frequently the case with the even-spin
The observed redox and spectral data, in the presence ofiron(Il) porphyrins®58-60 The two-electron reduced species
N-Melm, are in agreement with the following stoichiometric [FeTPrPn} in the pure solvent gave an ESR spectrum (Figure
changes occurring during the stepwise reduction of [FerPn]- 6a) displaying two signals aj = 4.31 andg = 2.006. The
(N-Melm), and are given in the following scheme: line atg = 4.31 is of small amplitude and is not common for
reduced iron porphyrins and could be ascribed to an imp#rity.

—& . —N-Melm The line atg = 2.006 is intense, slightly anisotropic, and very

[F" TPrPn] (N-Melm),
[Fe'TPrPn](N-Melm)

+e—, —N-Melm 1l _
————— =[Fe TPrPr] (51) Collman, J. P.; Reed, C. A. Am. Chem. Sod973 95, 2048-2049.
(52) Roude, M.; Brault, D.Biochemistryl975 14, 4100-4106.

As the two-electron reduced species does not bind any ligand,(53) ggg'i‘:gégép*-? Reis, D.; Balke, V. LJ. Am. Chem. S0d984 106

relation (1) applied to the second reduction wave of'fFe 54y yamaguchi, K.. Morishima, linorg. Chem 1992 31, 3216-3222.
TPrPn}" with g = 0 reduces to (55) Quinn, R.; Nappa, M.; Valentine, J. 8. Am. Chem. S0d.982 104,
2588-2595.
_ 56) Dickinson, L. C.; Symons, M. C. Ehem. Soc. Re 1983 12, 387—
(Ex)e = (Eyp)s — 0.059 logk,™ — 0.059log L] (2)  ©0 Dick y
(57) Otsuka, T.; Ohya, T.; Sato, Nhorg. Chem.1985 24, 776-782.

from which K% = |[F€' TPrPn](N-Melm)/(|[N-Melm]||[Fe'- (58) Lexa, D.; Momenteau, M.; Mispelter,Biochim. Biophys. Actd974
TPrPn]), the stability constant of [FdPrPn]N-Melm, can be 338 151-163.

. . A (59) Reed, C. AAdv. Chem. Ser1982 201, 333-356.
extracted. The value oE{;). according to relation (2) is given  (60) Yu, B.-S.; Goff, H. M.J. Am. Chem. S0d989 111, 6558-6562.

from they intercept of the linear part of the curéeversus log (61) Signals ag = 4.3 have been observed in some high-spin peroxoiron-

_ i oX — i i (1) porphyrin complexe$® The generation of small amounts of
[N Melm]. This Igads Ky 4.0 10° Relatlo_n (1) appll_ed peroxoiron(lll) through reaction of residual,@ith iron(ll) cannot
to the first reduction step of [MeTPrPn]" with p = 2 andq = be ruled out despite the use of an inert-atmosphere box and thus could

1 becomes explain the signal observed gt= 4.3.
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Figure 5. ESR spectrum of [FeTPrPhjn PhCN-+ N-Melm recorded
at 140 K.

(a)

(b)

1“ 500G
| e=2007

=202
I '

2=209 |

Figure 6. ESR spectra recorded in PhCN at 140 K of the two-electron
reduced [FeTPrPr]in the absence (a) and in the presence (b) of
N-Melm. Insert: Enlarged central lines.

narrow (ca8 G width) and is typical of a-radical of porphyrins
or porphycenes; the two asymmetric side bandg &t 2.013
andg = 1.99 (insert of Figure 6a) might be indicative of some

Bernard et al.

(a)

} g =433
g=1.99 i
500G (
g=2.02 ‘ o
\
[ =

|
g =2.007 ‘\‘

Figure 7. ESR spectra recorded in PhCN at 140 K of the three-electron
reduced [FeTPrPr]in the absence (a) and in the presence (b) of
N-Melm.

[FE'TPrPn]~ is the formulation for the two-electron reduced
species.

It should be noted here that, for the two-electron reduced
species, a color change occurred when freezing the solution.
The solution turned from red-violet at room temperature to green
at 140 K. The color change was reversible, and warming the
sample regenerated the initial color. Such thermochromism has
been described previously for porphyih& and could be due
to spin-state changes with temperafier solvation changes.
The color change occurred only in the solid state (PhCN glass)
and could not be followed by U¥vis spectroscopy.

The [FE TPrPnE~ species could not be generated quantita-
tively by bulk electrolysis as mentioned above. The recorded
ESR spectra (Figure 7a,b) for the ca. 2.7-electron reduced
solution shows that this third reduction step leads to a loss of
the sr-anion radical line ag = 2.006. In the absence or in the
presence of N-Melm the lines at eithgr= 4.33 org = 2.09
and g = 2.02, respectively, are retained. As none of these
signals are ascribable to [F@rPn]-, likely indicating the
presence of the same impurity as discussed above, it thus seems
reasonable to propose that the third electron reduction step of
[FE"TPrPn]]Cl yields the dianion Fe(ll) derivative [FEPrPnf-.

Such an assignment is also in agreement with -W\g

unpaired spin density on the metal. Indeed, this signal is quite spectroscopy, insofar as the absence of any absorbency bands

similar to that reported for the-anion radical of a PETPP
derivative®2 In the presence of added N-Melm (Figure 6b),
thesr-anion radical line is much more intengg=€ 2.007) and

is always anisotropic, indicating that the-anion radical
configuration is retained even in the presence of N-Melm. In
this solution condition, thg = 4.3 line has disappeared and
three new broad lines at= 3.14,g = 2.09, andg = 2.02 are

observed. These could correspond to the species generating

the signal alg = 4.31 but in the presence of N-Melm.

In any solution condition, these signals are quite different
from those reported for iron(l) porphyrins either axially sym-
metric Op =~ 2.2—2.3,g,~ 1.90) or rhombic ¢y ~ 2.0-2.4,9y
~ 1.9-2.2,09, ~ 1.9-2.0p*62-65 while the typical line of the
m-anion radical is observed. This clearly establishes that

(62) Donohoe, R. J.; Atamian, M.; Bocian D. F..Am. Chem. S0d.987,
109 5593-5599.

above 450 nm has been demonstrated to be characteristic of
the free-base porphycenes dianions and metalloporphycene
dianions?!

From these results, it can be concluded that, in the case of
iron(lll) porphycenes, after reduction of the metal to iron(ll),
the reduction steps are ligand-centered generating the iron(lIl)
anion radical and the dianion, in contrast to iron porphyrins.

(63) Cohen, I. A,; Ostfeld, D.; Lichtenstein, B. Am. Chem. Sod.972
94, 4522-4525.

(64) Mashiko, T.; Reed, C. A.; Haller, K. J.; Scheidt, W.IRorg. Chem.
1984 23, 3192-3196.

(65) Rodgers, K. R.; Reed, C. A; Su, Y. O.; Spiro, T.I8org. Chem.
1992 31, 2688-2700.

(66) Mori, Y.; Sasaki, M.; Daian, C.; Yamada, Bull. Chem. Soc. Jpn.
1992 65, 3358-3361.

(67) Tsukahara, K.; Tsunomori, M.; Yamamoto,I¥org. Chim. Actal986
118,L21-L22.

(68) Kambara, TJ. Chem. Physl979 70, 4199-4206.
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Figure 8. Cyclic voltammetry recorded on Pt at 0.1 V!sof

[FeTPrPnf in the absence (dotted line) and in the presence (full line)

of CO in different solvents.

Consequently, the porphycene ligand stabilizes iron(ll). These

results led us to investigate the redox behavior of axially Figure 10. Cyclic voltammetry on Pt at 0.1 V& of [FeTPPn] for

coordinated iron porphycene. _ _ _ different partial pressures of G@corded in CKCl, + 0.1 M (TBA)-
Elec_trochemlcal and Spectroscopic Behawor_ of Axially PR () 0 atm; (b) 0.09 atm; (c) 0.21 atm; (d) 0.45 atm; (€) 0.75 atm;
Coordinated Iron Porphycenes. Redox Behavior [Fé T- (f 1 atm.

PrPn]ClI in the Presence of CO. Cyclic voltammograms of

[Fe"'TPrPn]Cl in the presence and absence of CO were recordeds still able to coordinate CO even in [FEPrPnf-. Spectro-

in THF, CH,Cl;, and DMF. As seen in Figure 8 in all the electrochemical studies on platinum OTTLE demonstrate clearly
solvents the first reduction step becomes electrochemically that the spectrum of the generated iron(ll) dianion, in the
irreversible in the presence of CO due to the large affinity of presence of CO differs from that obtained in the absence of

the generated Fe(ll) toward CO. The FefiQO complex is  CO, as confirmed by the characteristics of the absorption bands
reoxidized at more positive potential as evidenced by an reported in Table 2.

irreversible oxidation peak &, = +0.10 V vs Fc in THF,
—0.03 V vs Fc in DMF, and-0.04 V vs Fc in CHCI;, for v =

0.1 V/s. Such a behavior is commonly observed with iron
porphyrinst314.33.34 The second reduction step, due to the
stabilization of Fe(ll) by CO binding, is shifted toward more
negative potentials as also observed in porphyrins. It has to be
mentioned here that for superstructured iron porphyrins a P o .
negative shift of the third reduction step has also been observed,mg gggzr%(;%r?gﬁ'g n in noncoordinating solvent could explain
and attributed to CO coordination to Fetf)however this latter X '

shift was of smaller magnitude and the reversibility was not as N DMF, in the presence and absence of CO, the spectra of
well defined as in the present case. Unprecedentedly, asthe generated species are different than inCl§ and it is clear, .
compared to porphyrins, except in dichloromethane, the third from the r_edox behavior and f_rom spect_ral data, that CO remains
reduction step is also shifted to more negative potentials in the Pound to iron(ll) porphycene in all the different reduced species.
presence of CO—85 mV in THF and—70 mV in DMF. As In THF the behavior is somewhat peculiar. The OTTLE
demonstrated above by ESR and Vs spectroscopy, iron  results indicate that the one-electramamely iron(lly-and the

in porphycenes is not reduced to iron(l) (although that is two-electron reduced species still exhiiQ band at the same
commonly observed in porphyrins) but remains as iron(ll) which wavelength with reduced absorbencies. Therefore, it is not

In CH,Cly, the redox behavior is similar to iron porphyrins.
The observed lack of CO coordination in &El, is probably
due to the low stability of the complexed iron(ll) dianion with
CO in noncoordinating solvents. It is known that even a weak
interaction (with a molecule of solvent for example) at the trans
position provides a stronger F€0 bond®? The absence of
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Table 2. Wavelengths for the Different Species Observed through OTTLE-MM Spectroscopy in Different Solvents during Reduction of
[FeTPrPn} in the Absence and Presence of CO {sishoulder)

in CHzClz
Species Amax iN M

[FeTPrPn]Cl initial species 364 614
after 1F/mole 302 364 404(sh) 564(sh) 616
after 2F/mole 296 332 342(sh) 378 398 534 680 744 768
after 3F/mole 332 390(sh) 422 (sh)

[FeTPrPn]Cl + CO | after 1F/mole 296 386 574(sh) 608
after 2F/mole 294 332(sh) 344 384 408 536 580 678 744 768
after 3F/mole 334 390 424(sh)

in DMF
Species Amax I M

[FeTPrPn]Cl initial species 366 618
after 1F/mole 300 352(sh) 368 584(sh) 618
after 2F/mole 292 344 377 394 532 682 746 770
after 3F/mole 302 336 368 404 (sh) 414

[FeTPrPn]Cl + CO | after 1F/mole 300 382 566(sh) 616
after 2F/mole 300 354(sh) 364 550 762
after 3F/mole 300 330 420

in THF
Species Amax i NM

[FeTPrPn|Cl initial species 296 344(sh) 362 584(sh) 614
after 1F/mole 296 344(sh) 362 584(sh) 610 622
after 2F/mole 298 344 376 402 416 534 746 768
after 3F/mole 300 326 344 366 416

[FeTPrPn|Cl + CO | after 1F/mole 294 384 564(sh) 606
after 2F/mole 294 384 564(sh) 588
after 3F/mole 294 384 420

excluded that two species are in equilibrium: [Fe()TPrPn] the theoretical behavior expected for an/€ catalytic reduction
< [FE'TPrPn]~. However, the three-electron reduced species proces$® The kinetics k;) of the follow up chemical reaction
displayed spectra which were different in the presence and in were determined using the Nicholson method. We fokirve
the absence of CO, confirming the coordination of CO to iron- 10 mol/s. The electron transfer kinetidg)(in the absence of
(1. In both cases, no absorbencies characteristic of diafions CO, were also estimated using the Nicholson method by
were observed above 420 nm. determiningy = f(AEp), wherey = (Dox/Dred®/?kd/ (raDoy) Y270
These electrochemical and spectroscopic data led us toThe calculateds value was equal to 0.01 cm/s. Simulation of
propose the following reduction scheme for [FeTPrPn]Clin the the catalytic reaction, using the CVSIM progrdingave an
presence of CO (Figure 9). S-shaped curve similar to the experimental one which confirms
Redox Behavior [Fé' TPrPn]Cl in the Presence of CQ. the proposed mechanism. Such S-shaped catalytic reduction
The redox behavior of [FeTPrPn]Cl in the presence ot @G@s of CO; by iron porphyrins has been observed previod3ignd
studied in CHCI, by cyclic voltammetry at 0.1 V/s for different  the reduction product has been identified as CO.
partial pressure of Cfand also at various sweep ratesforal  Due to the high reactivity of the generated species, no
atm pressure of C© As shown in Figure 10, cyclic voltam-  exhaustive electrolysis could be made to examine the products
metry, at 0.1 V/s in the presence of g@oes not exhibit any  of the electrocatalytic reduction of GOHowever, during cyclic
change for the two first reductions whereas the third reduction voltammetry from+0.3 to —2.0 V vs Fc, no oxidation peak
step becomes irreversible in the presence of, @G@d its characteristic of the generation of FeCO was observed either at
amplitude increases with the partial pressure of, @Elgure —0.04 V vs Fc or at-1.58 V vs Fc, indicating that no CO was
10). The shape and the evolution are characteristic of an generated at the electrode during the catalytic reduction ef CO
electrocatalytic reduction of GO° Cyclic voltammetry under  through the iron(ll) porphycene dianion. In dry media, no
1 atm pressure of COwas also carried out for sweep rates catalysis was observed. This suggests that the presence of
ranging from 0.01 to 10 V/s. The third reduction step is residual water (a weak acid) in the solvent enhanced this
reversible at sweep rates higher than 1 V/s and is irreversible catalytic process. Indeed, it has been observed recently that
for sweep rates lower than 1 V/s. Compared to the secondiron porphyrins in the presence of weak acids catalyzed the
electron transfer, the peak current of the third reduction reduction of CQ’2into carbon monoxide.
increases. Plottingp/Ip, versus W2 (Ip, stands for the Redox Behavior of [Fé! TPrPn],0. The electrochemical
catalytic current andp, for the charge transfer current in the behavior of the irornu-oxo derivative [F& TPrPn}pO was also
absence of any catalysis) gave a straight line, in agreement with

(70) Nicholson, R. SAnal. Chem1965 37, 1351-1355.
(69) Nicholson, R. S.; Shain, Anal. Chem1964 36, 706-723. (71) Gosser, D. K.; Zhang, Ralanta1991, 38, 715-721.
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Figure 11. Cyclic voltammetry of [F& TPrPn}O in dry PhCN+ 0.1
M (TBA)PFs on Pt at 0.1 V st.
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Figure 12. Time-resolved UV-vis absorption spectra of [{t&PrPn}O

in PACN+ 0.1 M (TBA)PF; on a Pt OTTLE: (a) First one-electron

reduction (electrolysis at0.8 V/Ag); (b) second one-electron reduction
(electrolysis at—1.00 V/Ag); (c) third one-electron reduction (elec-
trolysis at—1.3 V/Ag); (d) fourth one-electron reduction (electrolysis
at —1.4 VIAQ).

analyzed in dry PhCN. Remarkably, the dinuclear species
undergoes eight distinct electron transfers, giving rise to nine

different redox states. All of these reactions are reversible one-
electron redox processes, as documented in Figure 11. The

species is reduced at1.47,—1.57,—2.00, and—2.24 V vs Fc
and oxidized at-0.33,+0.55,+0.79, andt-0.95 V vs Fc. Using
Pt OTTLE spectroscopy in dry PhCN, it was possible to run,

for the first time, all reduction and oxidation processes as shown

in Figure 12. The first reduction step of theoxo dimer, [Fé!'-

(72) Bhugun, |.; Lexa, D.; Saveant, J. Nl. Am. Chem. S0d 994 116,
5015-5016.
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Figure 13. Time-resolved U\-vis absorption spectra of [f&PrPn}O

in PACN+ 0.1 M (TBA)PR on a Pt OTTLE: (a) First one-electron
oxidation (electrolysis at-0.8 V/Ag); (b) second one-electron oxidation
(electrolysis at+ 1.00 V/Ag); (c) third one-electron oxidation
(electrolysis at+1.3 V/Ag); (d) fourth one-electron oxidation (elec-
trolysis at+1.4 V/AQ).

TPrPn}O, yields well-defined isosbestic points at 362, 404, 418,
476, 550, and 670 nm. This is taken as an indication that there
are no intermediate chemical species between the starting bis-
ferric species and its resulting one-electron reduced form. In
contrast to the above, the second reduction step yields an
absorption spectrum with bands above 600 nm (Figure 12)
typical of anion radicald! However, the spectrum of the
direduced species is not identical with that observed for the
mononuclear iron(ll) radical anion. Thus, it is likely that the
dinuclear species is not destroyed during the second reduction
step. Further reductions give well-defined isosbestic points at
320, 402, and 452 nm for the third reduction and at 418, 378,
440, and 560 nm for the fourth reduction step. The large
decrease of all absorption bands above 400 nm is characteristic
of the generation of a dianion on each porphycene ring.
Moreover, the initial spectrum of theoxo dimer was restored
after stepwise oxidations which demonstrate that the generated
species ([FETPrPnpO)*~ is stable on the time scale of the
measurements.

Oxidation of the dimer by OTTLE UWvis spectroscopy led
to nice spectroscopic patterns with well-defined isosbestic points
for each of the oxidation step (Figure 13). However, in contrast
to the reduction processes, the initial spectrum was only fully
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recovered if the electrolysis potential was not set beyond the the iron(lll) porphyrin analog, [FETPPLO. Previous studiég 7
second oxidation step. Indeed, after microelectrolysis on the demonstrated that [F&'PPLO is oxidized in three reversible
plateau potential of the third and fourth oxidation step, only one-electron steps &t0.36,+0.64, and+1.02 V vs Fc. This
part of the starting material could be recovered indicating a behavior is not much different from that observed here with
follow-up chemical reaction involving the generated three- [Fe'TPrPn}O, which undergoes four distinct one-electron
electron oxidized species even in hyper dry media. Examination oxidations. Although their oxidation behaviors are essentially
of the spectra of the generated species shows that the onesimilar, [Fé" TPPLO and [Fé' TPrPn}O differ dramatically in
electron and two-electron oxidized species gave spectra with athe stability of their reduction products. In either g3’ or
Soret-like band (about the same amplitude as in the initial DMF7® solution, the porphyrinu-oxo species decomposes
species) ath a Q band. These spectra are very different from rapidly even after the second reduction step, generating ulti-
those recorded during the oxidation of [FeTPrRrghown in mately FeTPP and the corresponding anion radical. By contrast,
Figure 2, which suggests a metal centered oxidation yielding a the porphycene-basedoxo derivative [F& TPrPn}pO can be
bis(iron(1V)) species. Identification of the generated oxidized reduced in four distinct one-electron steps. The four reductions
species by ESR failed as the coulometric oxidation could not are reversible on the time scale of cyclic voltammetry, even at
be carried out without noticeable degradation of the oxidized slow sweep rates (0.01 V/s), and also through OTTLE spec-
species. Further oxidation yields spectra with no absorbency troelectrochemistry. The resulting species could then be reduced
above 600 nm characteristic of cation radicals as observed forfurther to yield a species assigned as [{F@rPn)0]*~. This

the free-base porphycene or nickel porphycétes. is clearly very different from what is observed with porphyrins.
) ) However, onlyu-oxo—Fe(lll) porphyrin dimers bearing four
Discussion electron-withdrawing cyano groups lowering the LUMO of the

| ring system exhibit a similar electrochemical behavior: Four

properties of iron porphycenes as compared to iron porphyrins. eversible reduction waves were obser/edor ([FeTPP-

The first striking feature is the formation of stable reduced iron- (CN)a]20). However oxidation studies failed as the oxidized
(I1) porphycenes, namely the iron(ll) radical anion and the iron- SPEcies were not stable enough. The possibility of generating
() dianion. The comparison of the redox potentials of & bls(lron(IV))_ata rqther Iow_ potentla_l is perhaps not negligible
porphycenes and porphyrins in @B, gives the following: (i) as the reduc_tlon of won(ll_l) is very difficult and not observed
for FeTPPCI—0.77 and-1.55 VV (Fé/F€ couple) and-2.11y N our experimental conditions.

vs Fc and for [FeTPrPn]CH0.82 V (Fé¢'/F€e' couple) and )

—1.41V and—1.79 V vs Fc; (ii) for HTPP,—1.68 V and—2.03 Conclusion

vs Fc and for HTPrPn—1.47 and—1.82 V vs Fc. Comparison Thi ¢ illustrat " trast in behavi
of these values clearly shows that the redox potential differences IS report Tllustrates a very strong contrast in behavior
between the first and second reductions are nearly equal (Ca.betweer_l ron porph_ycene_s and porphyrins. T he difference can
350 mV) in the free-base porphycene and between the seconabe ascr_lbed to an inversion, when comparing porphycene to
and third reductions in the iron(lll) porphycene. This is a porphyrln,_ beIV\_/een the energy levels of the ring L_UMO and
common criterion for a electron transfer on the lig&nd,full the metallic orbital. In the case of porphycene, the ring LUMO

agreement with the above redox site assignments. These value.éS lower than the metal_lic iron orbital_ making the_ ring ea_sier to
also indicate clearly, as observed previously, that the porphycene“.aduce than.the mgtgl, n coqtrast toiron porphynps. This result
ring is reduced at less negative potentials than the porphyrin.yIGIdS drgshc mo<:{|f!cat|ons n 'the redox properties as well as
fing. This feature likely results from lowering of the LUMO N the axial reactivity of the iron porphycene compared to

energies of the porphycene system as compared to porphyrins.porphyrins' The stabilization. (.)f reduced fgrms of iron(ll)
This is proposed to induce a crossing of the metal and ligand generates a remarkable reactivity toward axial substrates such

orbitals, making the ring levels more accessible for incoming @S CO at cathodic potentials. This specific behavior is also

electrons. This effect rationalizes the inversion in reduction OPServed for theitoxo)iron(lll) dimer that could be reduced

sites presently described for the iron derivatives, the second and four reversible one-electron charge transfer steps yielding
third reductions being metal centered in the porphyrin and ligand formally an unexpected stable [F©—Fe}*" (u-oxo)iron dimer

centered in porphycenes. Such redox site tuning has beerf€traanion at very negative potential, which is unique. These

previously observed in substituted porphyrins bearing an examples illustrate the interest of structural differences, between

electron-withdrawing group on the meso position or onfhe  Porphycenes and porphyrins, for the stabilization of uncommon
positionl4 Such substituents yield a lowering of the LUMO redox intermediates and the exploration of new reaction

ring level leading to a change of the reduction site from the Pathways.
metal to the ligand.

This situation also provides a rationale for the unexpected fr
reactivity of the reduced forms of iron porphycenes, especially
toward axial ligation. The iron(ll) dianion evidenced in the
present work is still able to coordinate CO in DMF and THF: 1C970472N
This is unprecedented in the literature. This behavior is fully
consistent with the proposed generation of the iron(Il) dianion, (73) cohen, I. A.; Lavallee, D. K.; Kopelove, A. Baorg. Chem.198Q
as it is known that iron(l) is a poor complexing agent toward 19, 1100-1101.

CO13 The sole observed coordination of CO for the third (74) fge;tfrggRég'éfg"se?’r:{ G. S.; Dolphin, D.; FajerJJAm. Chem. Soc.
reduction step in iron porphyrins corresponds to an iron(l) (75) Phillippi, M. A.; Goff, H. M. J. Am. Chem. S0d.979 101, 7641
radical anion or formally iron(“0”) in superstructured porphy- 7643.
rins 42 (76) Kadish, K. M.; Larson, G.; Lexa, D.; Momenteau, M.Am. Chem.
. . Soc.1975 97, 282-288.
In the (u-oxo)iron(lll) porphycene dimer, the above-reported (77 adish, K. M.; Boisselier-Cocolios, B.; Simonet, B.; Chang, D.; Ledon,
electrochemical behavior in GBI, was compared with that of H.; Cocolios, PInorg. Chem.1985 24, 2148-2156.

The present results offer insights into several origina
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