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Combined electrochemical and UV-visible spectroelectrochemical methods were utilized to elucidate the prevailing
mechanisms for electroreduction of previously synthesized porphyrin—corrole dyads of the form (PCY)H,Co and
(PCY)MCICoCl where M = Fe" or Mn"", PC = porphyrin—corrole, and Y is a bridging group, either biphenylenyl
(B), 9,9-dimethylxanthenyl (X), anthracenyl! (A), or dibenzofuranyl (O). These studies were carried out in pyridine,
conditions under which the cobalt(IV) corrole in (PCY)MCICoCl is immediately reduced to its Co" form, thus enabling
direct comparisons with the free-base porphyrin dyad, (PCY)H,Co" under the same solution conditions. The
compounds are all reduced in multiple one-electron-transfer steps, the first of which involves the M"/M" process of
the porphyrin in the case of (PCY)MCICoCl and the Co"/Co' process of the corrole in the case of (PCY)H,Co.
Each metal-centered redox reaction may be accompanied by the gain or loss of pyridine axial ligands, with the
exact stoichiometry of the exchange process depending upon the specific combination of metal ions in the dyad,
their oxidation states, and the particular spacer in the complex. Before this study was started, it was expected that
the porphyrin—corrole dyads with the largest spacers, namely, O and A, would readily accommodate the formation
of cobalt(lll) bis-pyridine adducts because of the larger size of the cavity while dyads with the smallest B spacer
would seem to have insufficient room to add even a single pyridine within the cavity, as was structurally seen in
the case of (PCB)H,Co(py). This is clearly not the case, as shown in the present study. A reversible Co"/Co"
reaction is seen for (PCB)MnCICoCl at —0.62 V, which when combined with spectroscopic data, leads to the
assignment of (PCB)Mn'"'(py),Co'"(py) as the species in pyridine. The reduction of (PCB)Mn"(py),Co"(py) to
(PCB)Mn'"(py)Ca'"(py) is accompanied on the slower spectroelectrochemical time scale by the appearance of a
603 nm band in the UV-vis spectra and is consistent with the addition of a second pyridine ligand to the Co"(py)
unit of the dyad as one ligand is lost from the electrogenerated manganese(ll) porphyrin, thus maintaining one
pyridine ligand within the cavity. A different change in the coordination number is observed in the case of
(PCB)FeCICoCl. Here the initial Fe"' complex can be assigned as (PCB)Fe"CICo"(py), which has no pyridine
molecule within the cavity and the singly reduced form is characterized as (PCB)Fe"(py),Co"(py),, which contains
two pyridine ligands inside the cavity. A following one-electron reduction of the Fe'/Co" complex then gives
[(PCB)Fe'(py)2Co']".

Introduction been reported in the literature. Many of these dyads contain
free-base macrocycles or macrocycles with electroinactive

The synthesis and reactivity of numerous face-to-face- . . .
metal ions such as Znwhile others contain one or more

linked bis-porphyrins° and bis-phthalocycaninEshave
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redox-active ions, with examples being complexes with iron, Chart 1.

manganese, ruthenium, or cobalt centers whet&/Nid
processes are readily observed.

Our own interest in face-to-face bis-macrocycles has
focused in large part on the electrochemistry, ligand binding
reactions, and spectroscopic properties of bis-corrole and

porphyrin—corrole dyads containing redox-active metal
centers?? These have included bis-coppéhis-nickel}* and
bis-cobalt>1¢derivatives, the latter of which were shown to
be effective catalysts in the four-electron reduction of O
when adsorbed on a graphite electrode in acid mEdihe

synthesis and characterization of free-base porphyrins linked

to a cobalt(ll1) corrolé® and heterobimetallic dyads contain-
ing iron(lll) or manganese(lll) porphyrins linked in a face-

to-face arrangement with a cobalt(lV) corrole have also been

reported by our group’. Each heterobinuclear complex was
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Structures of Investigated Compounds
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1: M = MnCl, (Et,MegPhPor)MnCl
6: M = FeCl, (Et,MegPhPor)FeCl
12: M = 2H, (Et;MegPhPor)H,

11: (Me4PhsCor)Co

2: M = MnCl, (PCO)MnCICoCl
7: M = FeCl, (PCO)FeCICoCI
13: M = 2H, (PCO)H,Co

3: M = MnCl, (PCA)MnCICoCl
8: M =FeCl, (PCA)FeCICoCl
14:M=2H, (PCA)H,Co

4: M = MnCl, (PCX)MnCICoClI
9: M = FeCl, (PCX)FeCICoCl
15: M=2H, (PCX)H,Co

5: M = MnCl, (PCB)MnCICoCl
10: M = FeCl, (PCB)FeCICoCl

16: M=2H, (PCB)H,Co
characterized by mass spectrometry, thisible, IR, and
electron spin resonance spectroscopies as well as by
electrochemistry in nonbonding or weakly bonding media.
These dyads are represented as (PGEZWM and
(PCY)MCICAYCl where PC= porphyrin—-corrole, M =

Mn"" or Fe", and Y is a bridging group, either biphenylenyl
(B), 9,9-dimethylxanthenyl (X), anthracenyl (A), or diben-
zofuranyl (O) (see Chart 1).

Manganese porphyrirf8,iron porphyrins® and cobalt
corroled??L22can each exist in a variety of metal oxidation
states, and this is investigated in the present paper, which
examines the electrochemistry and spectroelectrochemistry
of the above (PCY)MCICHCI and related (PCY)LC0"
dyads (Chart 1) in pyridine, a solvent known to coordinate
to both the porphyrin and corrole metal centers, thus giving
complexes with one to four axially bound ligands depending
upon the type of metal ion in the porphyrin, the metal
oxidation state in both macrocycles, and the type of spacer
linking the two macrocycles.

The binding of small molecules, nitrogenous bases, and
other axial ligands to one or both metal ions in the face-to-
face bis-porphyrin has been well-documented in the litera-
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Heterobimetallic Porphyrin-Corrole Dyads

Scheme 1. Schematic Representation of Metal-Centered (PCY{NMCoVCl Redox Reactions
<> G —%
R i e > =
® ®

= corrole <T\> = porphyrin a: Chemical reduction in the presence of pyridine

M =Fe, Mn

ture/®23and an understanding of these processes is essentialoltammetry and thin-layer spectroelectrochemistry and then
in designing cofacial bis-macrocyclic systems that possesscomparing the data to those of the related mono-porphyrin
an optimum separation between the two metal centers inand -corrole under the same solution conditions. An elucida-
order to obtain a desired cooperativity between the two tion of ligand binding equilibria is relatively simple in the
macrocyclic units for the purpose of carrying out a specific case of (PCY)HCo because the cobalt(lll) but not cobalt(ll)
chemical or photochemical reactiéhin this regard, it is corrole will bind pyridine, and the coordination number of
necessary to evaluate the ligand binding properties of the Cd" in pyridine can be unambiguously assigned on the basis
dyad in a variety of oxidation states because changes in theof spectroscopic and electrochemical data. A more complex
metal oxidation state are often associated with a specific behavior, however, is observed in the case of (PCY)MCICoCl
chemical or photochemical reaction being carried out by the (M = Fe", Mn"") where multiple metal oxidation states of
dyad. It is also necessary to determine how the cooperativitythe dyad can be electrogeneratédach of which will have
between the two face-to-face macrocycles will change upon a different pyridine binding ability. Under these conditions,
varying the cavity size within the dyad, and this was one must consider iron(lll), -(Il), and -(I) porphyrins linked
accomplished in our laboratdfy'’ and others®?> by to cobalt(lV), -(lll), or -(ll) corroles in the case of
changing the type of bridge that links the two macrocycles. (PCY)F&'CICoVCl and manganese(lll) or -(I) porphyrins
However, despite many advances in this area, there are venjlinked to cobalt(1V), -(lIl), or -(Il) corroles in the case of
little data in the literature demonstrating how axial coordina- (PCY)Mn!"CICoVCI.

tion of a face-to-face bis-macrocycle will change upon  The stepwise conversion of iron(lll) or manganese(lll)
systematically oxidizing or reducing the central metal ion. porphyrins to their lower oxidation states is shown in Scheme

This is investigated in the present paper, which reports 1 nich illustrates the oxidation states of the two metal ions
how the redox reactivity and pyridine binding ability of each  pt not the degree of axial coordination. As will be demon-
individual macrocycle of the investigated dyads will mutually stated, (PCY)M CICAVCl is rapidly reduced to its M/Co"
influence each other upon going from a high to a low metal form upon dissolution in pyridine (reaction 1), after which
oxidation state of the porphyrin and/or the corrole in the face- the metal-centered electroreductions of the dyad occur in a
to-face configuration. This is accomplished by examining stepwise fashion upon application of an appropriate potential,
the prevailing electrochemistry of the dyads using cyclic st at the MA' or Fd" ion of the porphyrin (reaction 2),
(23) (a) Sanders, J. K. M. Iithe Porphyrin Handbookkadish, K. M., then by reduction of the cobalt(lll) corrole to its Céorm

Smith, K. M., Guilard, R., Eds.; Academic Press: San Diego, CA, (reaction 3), and then, at more negative potentials, by

fAOO(OS; Vgl. 3,|Bp ?431168. (g%Tabu§hiiggéug(i)n;iy:\igé;lxlrggn?ir)d, reduction of the porphyrin, giving an iron(l) complex in the
. G, sasakl, 1.J. Am. em. S0 f . (C .
Collman, J. P.; Hutchison, J. E.; Wagenknecht, P. S.; Lewis, N. S.; €aS€ of (PCY)FeCICoCl (reaction 4) or a manganese(ll)

Lopez, M. A,; Guilard, RJ. Am. Chem. Sod99Q 112, 8206-8208. porphyrinsz-anion radical in the case of (PCY)MnCICoCl

(d) Le Mest, Y.; L'Her, M.; Collman, J. P.; Hendricks, N. H.; ; P :

McENwee-White, LJ. Am. Chem. So4986 108 533-535. (e) Ward, (MOt shown in Scheme 1). Additional reductions of the

B.; Wang, C.-B.; Chang, C. KJ. Am. Chem. S0d981, 103 5236 cobalt(ll) corrole and manganese(ll) or iron(ll) porphyrins

23?8' (f) Chang, C. KJ. Chem. Soc., Chem. Commas77, 800~ to theirzz-anion radical forms also occur, but these processes
(24) (a) Harvey, P. D. IThe Porphyrin Handbogkadish, K. M., Smith, were not examined in the present paper, which concentrates

5!33"'& bC)BuBiIalrd, Flez., %ﬂs.; Eése;iertr) San D'\i/leg% 2003;V0EI- 1|%_3|, |O|8f63F> on those redox reactions that involve changes in the metal
. olze, .; Gros, C. P.; Drouin, M.; ESpInosa, E.; Aarvey, P. - . . . . . .
D.. Guilard, R J. Organomet. Chen2002 89-97. (c) Faure, S.: Stern, 10N oxidation state and changes in axial coordination.

g-;Zggginffaéfég?gzgg'ed)-ZCGhU"ard'CR-SHaLFVﬁvaP-CF?leg‘-' Eur, As will be shown, a characterization of (PCY)Eb
. . ang, C. J.; Loh, Z.-H.; Deng, Y.; . . - . . .
Nocera, D. Glnorg. Chem2003 42, 8262-8269. (e) Faure, S.: Stern. electrochemistry and pyridine binding is relatively straight-

C.; Guilard, R.; Harvey, P. DJ. Am. Chem. So@004 126, 1253~ forward, and this contrasts with the case of (PCY)MCICoCl

0L ) Hoghe W Cha, € - PE10,9.0:Noc.0.6- i pyicine (py) where the iron(l) o manganese()
E. W.: Ou, Z.; Shao, J.; Kadish, K. M.; Hutchison, J. A.; Ghiggino, porphyrin (Por) can exist with four different sets of axial
K oa ynte, P. J.; Crossley, M. J. Am. Chem. So003 125 ligands, with examples being (Por¥\CI, (Por)M"Cl(py),
(25) (a) Collman, J P.; Boulatov, R.; Sunderland, C. JTie Porphyrin [(Po)M"(py)]*, or [(Por)M"(py),]* for M" ions and
ganclijboolx i;gggh\,/(l. lglz., Srr)n4lj4h§ TB)MC" ﬁunlardj F;., I\E/\gis.; Elievn?]r: (Por)M'(py) or (Por)M'(py). for the electrogenerated metal-
an biego , Vol , P . oliman, J. P.; WWagenknec t, . . . .
P. S.. Hutchison. J. EAngew. Chem., Int. Ed. Englod4 33, 1537 (I1) porphyrins, each of which may interact to a different

1554. extent with the linked cobalt corrole depending upon the size

Inorganic Chemistry, Vol. 44, No. 24, 2005 9025



Kadish et al.

Table 1. UV—Visible Spectral Datadmax M (€ x 1074, L mol~* cm~1)] of Neutral and Electroreduced Manganese Porphy@orrolét Dyads in
Pyridine Containing 0.1 M TBAP

Soret region Q region

metal ions macrocycle Cd"(py)

co' MesPhsCor (11) 433 (3.5) 557 (0.7) 598 (1.7)

Mn'! Et:MesPhPor () 375 (7.9) 396 (sh, 3.8) 474 (4.8) 553 (1.0)

Mn'/Cd" PCO Q) 377 (8.2) 399 (sh, 6.3) 415 (sh, 6.0) 474 (3.8) 554 (0.9) 598 (1.7)
PCA (3) 376 (6.1) 401 (sh, 4.6) 421 (sh, 4.4) 475 (3.1) 556 (0.6) 600 (1.7)
PCX (4) 373(6.7) 407 (sh, 3.6) 423 (sh, 3.3) 475 (2.2) 554 (0.8) 599 (0.9)
PCB () 368 (9.6) 420 (sh, 2.5) 478 (1.0) 554 (0.7) none

Mn't Et:MesPhPor () 352 (3.3) 430 (16.6) 555 (1.4)

Mn'/Co" PCO Q) 355 (3.9) 430 (13.7) 555 (1.6) 598 (1.7)
PCA (3) 355 (2.8) 431 (11.4) 557 (0.9) 600 (1.7)
PCX (4) 355 (3.4) 429 (11.2) 556 (1.2) 600 (1.4)
PCB () 379 (6.8) 413 (7.1) 432 (sh, 6.7) 560 (1.0) 603 (0.8)

aMn and Mr'/Cd" represent the neutral compounds, while '"Mand Mr'/Co" correspond to the species electrogenerated in a thin-layer
spectroelectrochemical cell (see text for a discussion of the data).

Table 2. UV—Visible Spectral Data/nax NM (€ x 1074 L mol~* cm™1)] of Neutral and Electroreduced Iron PorphyriGorrole Dyads in Pyridine
Containing 0.1 M TBAP

Soret region Q region

metal ions macrocycle Ca"(py)

Co" MesPhsCor (12) 433 (3.5) 557 (0.7) 598 (1.7)

Fell Et,MesPhPor 6) 403 (15.7) 528 (1.2)

Fd'/Co" PCO () 404 (13.1) 436 (sh, 5.5) 529 (1.7) 599 (1.5)
PCA (8) 407 (11.5) 437 (sh, 5.1) 528 (1.3) 601 (1.6)
PCX (9) 404 (9.2) 434 (sh, 4.8) 528 (1.3) 600 (1.5)
PCB (10 371 (11.6) 395 (11.6) 527 (1.5) none

=] Et,MesPhPor 6) 313 (4.0) 413 (16.8) 519 (2.5) 549 (3.1)

Fé'/Ca" PCO () 312 (5.0) 415 (13.9) 521 (2.4) 551 (2.9) 599 (1.5)
PCA (8) 313 (4.0) 412 (12.0) 522 (1.8) 553 (2.1) 600 (1.6)
PCX (9) 313 (4.0) 414 (12.0) 521 (1.9) 552 (2.1) 600 (1.6)
PCB (L0) 313(2.5) 412 (14.0) 518 (0.6) 553 (1.3) 603 (1.7)

apdl and Fd'/Cd" represent the neutral compounds, whild Bad F&/Co'" correspond to the species generated in a thin-layer spectroelectrochemical
cell (see text for a discussion of the dataj shoulder peak around 430 nm is overlapped by this band.

of the spacer. This is evaluated in the present paper, whichof a potential-induced equilibrium between the bis- and mono-
illustrates for the first time the nonrigidity of the biphenylenyl ~ pyridine Cd' complexes in solution. Under these conditions, the
(B) spacer for dyads containing axial ligands bound within yalues of k&, could be obtain(_ed by the use of spectroelectrochem-
the cavity of the two macrocycles and provides data on bis- Sty and of the Nemst equation, eq 1, where'[Ceepresents the

macrocyclic systems that should be useful in future studies 222222::2222 g:‘ tt?]‘z Csci)r?allt(lr”e) dﬁzggli '2;2;“2\2” dz?:rr[mﬁ o
on molecular recognition. gy P

measurements of UVvisible spectra obtained during electrore-
Experimental Section duction.
Instrumentation. Cyclic voltammetry was carried out with an Eapp= Euo + (0.059h) log([Cd"}/[C0"]) 1)
EG&G model 173 potentiostat. A three-electrode system was used
and consisted of a glassy carbon or platinum disk working electrode, ~ The spectroelectrochemical method of evaluagg involves
a platinum wire counter electrode, and a saturated calomel referencecollecting UV—visible spectra at a series of potentials on each side
electrode (SCE). The SCE was separated from the bulk of the of the half-wave potential for the ¢¢Co' process and then plotting
solution by a fritted-glass bridge of low porosity that contained the calculated value oE,p, vs log([Cd")/[Co'"]) to obtain the
the solvent/supporting electrolyte mixture. thermodynamic half-wave potential. The theoretical slope of the
UV —visible spectroelectrochemical experiments were performed EappVs 10g([Cd"]/[Co'"]) plot is 0.059 V for a one-electron transfer,
with an optically transparent platinum thin-layer electrétle. —and the intercept at [¢g = [C0'"] provides an accurate measure-
Potentials were applied with an EG&G model 173 potentiostat. ment ofEq.

Time-resolved UV-visible spectra were recorded with a Hewlett- Ligand Binding Reactions Monitored by Electrochemistry.
Packard model 8453 diode array rapid-scanning spectrophotometerThe binding of pyridine to the cobalt(lll) corrole unit of the
Measurement of Half-Wave Potentials Three different tech- ~ Porphyrin—corrole dyads was carried out in benzonitrile (PhCN)

niques were used to measure half-wave potentials. Two of these@t room temperature and monitored by electrochemistry. The
invo'ved “routine" Cyc“c vo|tammetry and thin_'ayer Cyc"c VOI' determination Of the pyridine b|nd|ng constants fo"OWed methOdS
tammetry where half-wave potentia|s were CalCUlateE]_@S: (Epa described in the Iiteratu%éand involved measurement EI/z values
+ Epg)/2 and are referenced to SCE. as a function of the free ligand concentration and plot&ef vs

The Cd'/Co" reaction investigated in this paper is sometimes 109 [PY] using eq 2, whereHy). is the half-wave potential for
not reversible on the routine cyclic voltammetry time scale 0f0.1
0.5 V/s, and only broad “drawn out” peaks are obtained because

(27) (a) Crow, D. RPolarography of Metal Complexg8cademic Press:
London, 1969. (b) Kadish, K. M. liron Porphyrins Lever, A. B. P.,
Gray, H. B., Eds.; Addison-Wesley Publishing Co.: London, 1983;

(26) Lin, X. Q.; Kadish, K. M.Anal. Chem1985 57, 1489-1501. Part II, pp 161+249.
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Table 3. UV-—Visible Spectral Datadmax M (€ x 1074 L mol~* cm™1)] for (PCY)H.Co Dyads in Pyridine

Q region
metal ions macrocycle Soret region marker bangél
2H EtMesPhPor 404 (21.3) 502 (2.8) 534 (1.6) 572 (1.4) 625 (0.9)
2H/Cd" PCO 404 (25.2) 504 (2.7) 535 (1.8) 573 (1.7) b 599 (2.7)
PCA 404 (17.5) 504 (2.0) 538 (1.2) 573 (1.5) b 602 (2.7)
PCX 404 (17.9) 504 (1.8) 534 (1.3) 574 (1.2) b 602 (2.7)
PCB 393 (16.6) 504 (1.7) 531 (1.4) 575 (1.2) 622 (8h) none

a A shoulder around 430 nm is overlapped with this batithis band is overlapped with the marker band-&00 nm.c Diagnostic band for Cb(py)z.
dsh = shoulder.

reduction of the complexed @9 (E1,)s is the half-wave potential The chemical conversion of a €€l corrole dyad to its
for reduction of the uncomplexed €pKcoq is the formation  Co" form in pyridine is not without precedent in the
constant (eitheK, or f3;) of interest, ang is the number of ligands  |iterature, and similar ligand-induced reductions have been
bound to C8'. reported for iron(lll) porphyrins upon coordination with

E..). = (E..). — (0.059h) log K — (0.059h) Io P (2 pyridine or other nitrogenous bas®dndeed, the addition
(Fue = Bads ~ 109 Kean ~ yeglyl" () of OH" to solutions of (TPP)RECI (TPP= mesetetraphe-

Chemicals and Reagents.The porphyrir-corrole dyads, nylporphyrin) in pyridine also induces a rapid stoichiometric
(PCY)MCICoCI and (PCY)HCo#2were synthesized according  reduction of the metal center by the axially bound pyridine
to previously described procedures. Absolute dichloromethane molecule, giving rise to a porphyrin containing the'Fe
(CH:Clz) was obtained from Fluka Chemical Co. and used as central metal ion. In the present work, we attempted to isolate
rece.'ved' .Py”d'ne (py) was obtained in high purity from '.:lu.ka* a stable cobalt(lV) corrole dyad containing bound pyridine.
Aldrich, Sigma-Aldrich, or SDS and used as received or_dlstllled However, this was not possible in the absence of an applied
over KOH pellets under argon and stored %@ molecular sieves - . .

positive potential because of the very positg value of

prior to use. No difference was observed in the electrochemical or v | )
spectroscopic data as a function of the source of pyridine or its the CdY/Ca" process, which ranges between 0.23 and 0.37

degree of purification to remove any possible trace amines. PhcN V @s described in a later section of the paper.
was purchased from Aldrich Chemical Co. and distilled ov&sP The oxidation state of the electrochemically examined
under vacuum prior to use. Tetrebutylammonium perchlorate  manganese and iron porphyrins in the (PCY)MCICoCl dyads
(TBAP; Fluka Chemical Co.) was twice recrystallized from absolute remains unchanged in pyridine from that which is observed
ethanol and dried in a vacuum oven at 4D for 1 week prior to ina nonbonding solvent such as @b_lg The manganese
use. porphyrins of the examined dyads all have "MV —vis
bands at 474478 nm in pyridine, which are not observed
o o o in the case of electrogenerated manganese(ll) porphyrins,
UV—Visible Elucidation of the Metal lon Oxidation with this latter oxidation state being characterized in pyridine
State in (PCY)MCICoCI and (PCY)H,Co. UV—visible by an intense Soret band at 42832 nm (see Table 1). The
spectroscopy was used to confirm the metal oxidation statespectroscopic bands that characterize the iron(lll) and free-
of the cobalt corrole and iron, manganese, or free-basepzge porphyrins in pyridine are also unambiguous. As seen
porphyrins in solutions of pyridine prior to electrochemical iy Taple 2, all of the dyads with iron(lll) porphyrins have a
characterization. We have previously examined a numbersing|e Q band at 527529 nm, while all those with
of cobalt mono-corrole¥;** bis-corroles;® and porphyrir- electrogenerated iron(Il) porphyrins display two well-defined
corrole dyad¥ having the same linker groups as those in Q bands at 518522 and 549553 nm (see Table 3 and
the present study and have demonstrated that the presencgter discussion of spectroelectrochemical data). This con-
of a visible absorption band at 59801 nm in pyridine is  trasts with the free-base porphyrin/cobalt corrole dyads,
an unambiguous “marker band” for a bis-pyridine cobalt(lll) - hich are characterized by four porphyrin absorption bands
corrole, either in its monomeric for#h**or as part of adyad  j the visible region of the spectrum (although the weakest
containing a second face-to-face-linked macrocytté.'® of the bands at-625 nm is hard to observe). Thus, the YV
This 600 nm marker band is seen for all of the complexes yjsible data give clear evidence for dyads containing an
with O, A, or X bridges in pyridine (Tables 1 and 2), and jron(iIl) porphyrin, a manganese(lll) porphyrin, or a free-
this implies a conversion of (PCY)MCIC0VCl to its Cd" base porphyrin linked to a cobalt(lll) corrole in pyridine.
oxidation state upon dissolution of the dyad in neat pyridine.  ;qer these solution conditions, the electrochemistry of
The dyads with B bridges also contain a cobalt(lll) corrole o heterobimetallic dyads can be compared to that of
in pyridine solutions, as shown by other data described in (PCY)H,Co" because all of the derivatives contain a
this paper. cobalt(lll) corrole in neat pyridine. Despite this assignment
(28) Barbe, J.-M.. Stem, C.. Pacholska, E.: Espinosa, E.. Guilard, R. of the oxidqtion stgte, the nlota'tion utilized in the paper for
Porphyrins Phthalocyanine004 8, 301—312. the heterobimetallic dyads is given as (PCY)MCICoCl, the

(29) Barbe, J.-M.; Burdet, F.; Espinosa, E.; Gros, C. P.; Guilard).R. species added to solution in each case.
Porphyrins Phthalocyanine8003 7, 365-374. P

(30) Guilard, R.; Gros, C. P.; Bolze, Frdme, F.; Ou, Z.; Shao, J.; Fischer,

Results and Discussion

J.; Weiss, R.; Kadish, K. Minorg. Chem.2001, 40, 4845-4855. (32) (a) Srivatsa, G. S.; Sawyer, D.forg. Chem1985 24, 1732-1734.
(31) Kadish, K. M.; Shao, J.; Ou, Z. P.; Gros, C. P.; Bolze, F.; Barbe, (b) Brewer, C.Inorg. Chim. Actal988 150, 189-192. (c) Epstein,
J.-M.; Guilard, R.Inorg. Chem2003 42, 4062-4070. L. M.; Straub, D. K.; Maricondi, Clnorg. Chem1967, 6, 1720-1724.
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Table 4. Half-Wave Potentials (V vs SCE) for Porphyri€orrole Dyads, (PCY)MCoCl (Where M FeCl or MnCl) or (PCY)HCo, in Pyridine
Containing 0.1 M TBAP

oxidation reduction

compound ring-centered Nm cad'/cd' ring-centered
(Me4PhsCor)Co 0.27 -0.72 -1.61
(EtzMegPhPor)H a —1.36,-1.73
(PCO)HCo 0.28 -0.72 —1.32,-1.59,—-1.83
(PCA)H,Co 0.26 —0.70 —1.36,—1.64,—1.72,—1.90
(PCX)HCo 0.23 —0.64 —1.36,—1.48,—1.68,—1.80
(PCB)H:Co 0.31 —0.59 —1.36,—1.53,—1.76,—1.89
(EtzMesPhPor)FeCl —0.04 -1.81
(PCO)FeCICoCl 0.35 —0.02 —0.6& —-1.6C
(PCA)FeCICoCl 0.31 —0.03 -0.72 —-1.64
(PCX)FeClICoCl 0.30 —0.04-0.54 -0.73 —-1.69
(PCB)FeCICoCl 0.37 —0.02-0.54 —-0.7P —1.67
(Etz;MegPhPor)MnCl —0.43 —-1.57
(PCO)MnCICoCl 0.35 —0.42 -0.70 —1.59
(PCAYMNCICoCl 0.33 —0.42 —0.72 —1.64
(PCX)MnCICoCl 0.32 —0.42 -0.72 —-1.68&
(PCB)MNCICoCl 0.49 —0.44 —0.62 —1.62

aBeyond the anodic potential limit of the solvehtObtained by spectroelectrochemical experimeh@btained by thin-layer cyclic voltammetry at a
scan rate of 0.02 V/$ Peak potential at a scan rate of 0.1 \3wo overlapping one-electron processes.

Electroreduction of (PCY)H,Co. The electrochemistry
of (PCY)H,Co" in pyridine can be described as an overlap-
ping of redox processes associated with the free-base
porphyrin and the cobalt(l1l) corrole, the latter of which most
closely resembles the well-studied (MésCor)Co3! The
relevant monomeric porphyrin analogue is;\#&tsPhPor)H
(see Chart 1), which structurally and electrochemically
resembles free-base octaethylporphyrin, (OBP)H

Thus, the “combined” data on (BesPhPor)H (or its
analogue, (OEP)y and (MgPhsCor)Cd" should provide a
first approximation of the dyad’s redox reactivity, with any b) (PCX)H,Co
differences between the two types of compounds (mono-
macrocycle and dyad) being attributed in part to interactions
that exist between the two closely spaced macrocycles in
solution and in part to differences in the axial ligand binding
between the monomeric porphyrins or corroles and the
related macrocycles in the dyad. The electroreduction of the ©) (PCA)H,Co
four dyads is characterized by four- or five-electron-transfer
processes in pyridine.

The first and third reductions involve the corrole part of
the molecule, while the second and fourth involve the free-
base porphyrin macrocycle, which is reduced in two steps
to give a porphyrinz-anion radical and dianion. The d) (PCOYH,Co
potentials for these processes are as expected for cobalt .
mono-corrole¥-?1?2and free-base mono-porphyrifwith
similar structures, and the€g,, values are summarized in

a) (PCB)H,Co

—

—

-—

-0.47

Table 4 along with data for the corresponding monomers. |—Ce¥co | ColliCo | porphyrin or corrole ing |
The electroreductions in Figure 1 at1.80 to—1.90 V are 01 00 o 08 15 16 20
close to the cathodic potential limit of the solvent and are Potential (V vs SCE)

unknown as to their origin. Figure 1. Cyclic voltammograms of (a) (PCBY}go, (b) (PCX)HCo, (c)

The Cd'/Cd' process of corroles has been very well- (PCARCo, and (d) (PCO)Co in pyridine, 0.1 M TBAP.

characterized in the literatifé!-??and has been described
in most detail>16:3%.31.3%or macrocycles related to those in

the present study. Specifically, all known four-coordinate nqwn six-coordinate cobalt(I11) corroles with axially bound
C—Oobig(m) S‘gr;éesv arg reve(rjs_lbly reducertlj B, values fth pyridine are reduced at much more negative poteriidise
15 10 0. (depending upon the nature of the reqyction of (Cor)CH(py). to [(Cor)Cd']~, where Cor
(33) Kadish, K. .. Adamian. V. Az van A ——— represents a general corrole macrocycle, is kinetically Slow,
aaisn, K. M.; amian, V. A.; Van Caemelbecke, E.; Gueletlll, E.; H :
Will, S.. Erben, C.: Vogel, EJ. Am. Chem. S0d998§ 120, 11986 and thgs dlﬁer.ent currentvoltage curves will be observed
11993. by routine cyclic voltammetry (at scan rates of 91.0 V/s)

macrocycle substituents, the solvent, and the presence or
absence of a second linked macrocyéfe$,303133while all
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and thin-layer cyclic voltammetry, where the scan rate is
much slower, usually 520 mV/s. The measured value of
E, for the one-electron reduction of (Cor)&py), in neat
pyridine can be as negative a4.10 to—1.20 V vs SCE by
routine cyclic voltammetry, but the thermodynanti,,
value, as determined by thin-layer WWisible spectroelec-
trochemistry, ranges fror;;, = —0.70 to—0.75 V depend-
ing upon the macrocyckg.

The electrochemistry of five-coordinate cobalt(lll) corroles
has not previously been described in the literature for mono-
corroles of the type investigated in the present study (see
Chart 1), but a cobalt(lll) phosphine adduct has been
reported* and two additional examples of five-coordinate
cobalt(lll) corroles are given in the present paper for
compounds having the B bridge. One of these examples is
(PCB)H:.Co(py), which has been structurally characterized
in the solid stat€® and which undergoes a quasi-reversible
reduction to Ct at —0.59 V vs SCE (see Figure 1a). The
C0d'"/Ca' processes of (PCX)€o and (PCA)HCo are also
quasi-reversible, and these one-electron reductions occur a
—0.64 and—0.70 V, respectively, witHEya — Ep¢ values
of 0.24 and 0.38 V for a scan rate of 0.1 V/s (Figure
1b,c). This contrasts with what is observed in the case of
(PCO)HCo, where the Cb/Cd" reduction is irreversible by
routine cyclic voltammetry wittg,. = —1.14 V andEy, =
—0.47 V for a scan rate of 0.1 V/s (Figure 1d). This clearly
indicates the formation of a six-coordinate'Cspecies in
the dyad, i.e (PCO)HCo(py).

The trend in reversibility for the C&/Co' reaction as
described by the peak-to-peak separation in Figure 1 directly
parallels the spacer size in the different dyads, i.e., PCB
PCX < PCA < PCO, and this is also related to the number
of pyridine molecules inside the cavity that are bound to
Cad'". The Cd' center of (PCB)HCo binds a single pyridine
ligand in the solid stat& as well as in solution, as shown
by an electrochemically monitored titration of the'@go"
process using equations described in the literature for
reduction of the mono-corrole, (MehCor)Co, in PhCN/
pyridine mixtures

Cobalt(ll) corroles do not bind pyridine liganés?*-3'and
thus a plot ofEy;, vs log [py] for the C8'/Cd' process of
the dyads in PhCN/pyridine mixtures should have a slope
of —0.118 V for the reduction of C¥(py), to Cd' and
—0.059 V for the reduction of Ct(py) to Cd'. An example
of such a diagnostic plot is shown in Figure 2a for the case
of (PCB)H:,Co. The slope of the plot is0.059 V from log
[py] = —3.5 to —0.5, consistent with the binding of one
pyridine ligand to the initial dyad, giving (PCBY80d" (py)
and its reduction to [(PCB}€0']~ with loss of the axial
ligand, as indicated by the Nernstian@.059 V) slope of
the plot in Figure 2. The log [pyF O intercept of the plot,
when combined withE;, in the absence of pyridine
coordination, enables a calculation of the pyridine binding
constant to (PCB)kCo using equations in the literatdfe
and gives an experimentally measured g 3.6.

(34) Kadish, K. M.; Koh, W.; Tagliatesta, P.; Sazou, D.; Paolesse, R.;
Licoccia, S.; Boschi, Tlnorg. Chem.1992 31, 2305-2313.

a) (PCB)H,Co

+e

[(PCB)HZCOI“(py) [(PCB)H,Col]" + py]

-0.35 7
-0.40 -
>
_8 slope = -59mV
= logK; =3.6
S 0451
]
S
©
Q
M -0.50 4
-0.55 T T T T T 1
-3.5 -3.0 2.5 -2.0 -1.5 -1.0 -0.5
log[py]
L
b) (PCA)H,Co
+e
0.30 (PCA)H,Co(py) [(PCB)H,Co"l] + py
g8
-0.37 1
- slope = -66 mV
2 044 logK, =3.6
)
o
_
:o slope =-106 mV
O o517 logh, = 5.6
©
N
m
-0.58 1
(PCA)H,Co'(py), [(PCA)H,Co'l]" + 2py ]
ogph,
-3.5 -3.0 2.5 -2.0 -1.5 -1.0 -0.5 0.0
log[py]

Figure 2. Ejj vs log [py] for the CH'/Cd' processes of (a) (PCBY8o
(top) and (b) (PCA)HCo (bottom) in PhCN, 0.1 M TBAP.

In contrast, (PCX)HCo has been characterized as a bis-
pyridine adduct, (PCX)kCo(py), in the solid staté® while
(PCA)H,Co and (PCX)HCo exist as a mixture of five- and
six-coordinate cobalt(lll) pyridine adducts in pyridine solu-
tions, the latter of which is predominant under the electro-
chemically investigated conditions. Pyridine binding con-
stants were also calculated for these two dyads in PhCN using
the method of calculation described above for (PCE)él
An example of theE;, vs log [py] plot is also shown in
Figure 2b for (PCA)HCo and gives values of lok; and
log 2 of 3.6 and 5.6, respectively.

In summary, the electrochemical and spectroscopic data
indicate that the free-base porphyrin dyad with the shortest
spacer, PCB, is linked to a five-coordinate cobalt(lll) corrole,
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Scheme 2. Cd"/Co' Processes of (PCYYED" in Pyridine
PCB

(PCY)H,Co"'(py)

/

PCX )
C +py [(PCY)H,Coll]

X2

(PCY)H,Col(py),
PCO

giving (PCB)H.Co(py) in pyridine, while the dyad with the
largest spacer, PCO, is linked to a six-coordinate cobalt(lll)
corrole, giving (PCO)HCo(py). The other two investigated ¢)PCO 160
dyads, PCA and PCX, exist as a mixture of the five- and —
six-coordinate C® complexes in pyridine. None of the s
cobalt(ll) corroles bind pyridine axial ligands, and thus the i
electroreduction for (PCY)KCo proceeds as shown in

Scheme 2. d) (Bt;MegPhPoFeCl

Electrochemistry of (PCY)FeCICoCl. Figure 3 shows
cyclic voltammograms of three (PCY)FeCICoCl dyads (PCB, ="
PCX, and PCO) and the related monomeric units in pyridine zz!_'l

containing 0.1 M TBAP. The half-wave potentials for each

reaction are given in Table 4, which also includes data for ¢) (MePhsCor)Co

(PCA)FeCICoCl, which is not shown in the figure. The UV —

visible spectra of the PCO, PCA, and PCX complexes

indicate that the corrole unit in these dyads is converted to 038

its Cd" form upon dissolution of the compounds in neat T T T T T r T

pyridine, and thus the electrode reactions in Figure 3 pertain o4 00 o o8 2 e 20
Potential (V vs SCE)

to dyads containing a linked iron(lll) porphyrin and a Figure 3. Cyclic voltammograms of (a) (PCB)FeCICoCl, (b) (PCX)-

cobalt(ll) corrole rather than an MéCo¥ complex, which  gecicoc, (c) (PCO)FeCICoC, (d) (EflesPhPor)FeCl, and (e) (MEhs-
exists in CHCI, or PhCN?!® These compounds are then Cor)Co in pyridine containing 0.1 M TBAP.

electroreduced as shown in Scheme 1.

No oxidations are observed for the monomeric iron(lll)
porphyrin, (EtMesPhPor)FeCl, up to the anodic potential
limit of pyridine (~0.8 V), but the three expect&d®one-
electron reductions can be observed for this complex (see
Figure 3d). The first and third reductions are reversible with
Ei», = —0.04 and—1.91 V, while the second is irreversible
with Epc = —1.80 V for a scan rate of 0.1 V/s. The redox
behavior of (EfMesPhPor)FeCl in pyridine is comparable
to what has been reported for (OEP)F&GInd (TPP)FeCl
(TPP = tetraphenylporphyrin dianiof$2 each of which
axially binds two pyridine ligands in neat pyridine or
pyridine/CHCI, mixtures. A similar ligand binding reaction
occurs for (EfMegPhPor)FeCl, resulting in the formation of
[(Etz,MesPhPor)F¥ (py),] "Cl~, which is reversibly reduced
at E;» = —0.04 V to give (EtMesPhPor)Fé(py),. The
assignment of two pyridine ligands on both'Fand Fé is
thus consistent with the results in the literature for relate
porphyrins that have been examined in pyridifi&,and it
also agrees with spectroelectrochemistry data discussed i
later sections of this paper.

Iron(l) porphyrins show no coordination in pyridine at
room temperaturé®®® and thus the further reduction of
(Etz-MesPhPor)Fé(py), atE, = —1.80 V is accompanied by
a dissociation of the two axially bound pyridine ligands. The
third reduction of the iron porphyrin in pyridine is macro-
cycle-centered and generates ah&anion radicaf’P

The Fd'/Fé' redox processes of the porphyrinorrole
dyads, (PCY)FeCICoCl, occurs Bf, = —0.02 to—0.04 V
in pyridine (see Figure 3ac and Table 4), and these half-
wave potentials are virtually identical with the measutgg
(=0.04 V) for reduction of [(EMesPhPor)Fé (py)]* to give
(Etz;MesPhPor)Fé(py). (Figure 3d). The fact that the first
reduction potentials of (PCO)FeCICoCl, (PCA)FeCICoCl,
and (PCX)FeCICoCl show no differenceskH, compared
with the related iron(lll) mono-porphyrin indicates that the
d cobalt corrole macrocycle in these three porphyidorrole
dyads has little or no effect on the '"H&€' process under
rFhese solution conditions (see Table 4).

(PCB)FeCICoCl also undergoes a reversiblé &' re-
duction atE;, = —0.02 V, but an additional irreversible 'fe
(35) Kadish, K. M.; Tabard, A.; Lee, W.; Liu, Y. H.; Ratti, C.; Guilard, R. ~ reduction is also observed Bj. = —0.54 V for a scan rate

Inorg. Chem 1991, 30, 1542-1549. of 0.1 V/s (Figure 3a). The behavior of (PCB)FeCICoCl also
(36) Kackn K. M.; Botiomley, L. AJ. Am. Chem. S04977199,2380" jiffers from that of (PCO)FeCICoCl, (PCX)FeCICoCl, and

(37) gagiisr,u\)| deM.;hVén JCaEmelbﬁcI%e,PE.;KD’Squza, FB; LiSn, l\/lh llzlulﬁo, (PCA)FeCICoCl in that the ratio of cathodic to anodic peak
. J.; Medforth, C. J.; orsyt , 1P rattlnger, .; Smith, K. . . Fpr - .
Fukuzumi, S.: Nakanishi, |.: Shelnutt, J. forg. Chem 1999 38, currents for the first reductiorips/ipa)) is smaller than that

2188-2198. in the case of an uncomplicated Nernstian process where
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Figure 4. UV —visible spectra of (a) (EMesPhPor)MnCl (solid line) and singly reduced species (dashed line) in pyridine, 0.1 M TBAP, where Y
the singly reduced species (dashed line), (B)NEsPhPor)FeCl (solid line) ~ ©O» X, and B.
and the singly reduced species (dashed line), and (c)RMEor)Co(py}
in pyridine, 0.1 M TBAP. . . . .

solution, as was described in detail for the case of (TPP)FeCl
indipa= 1. An irreversible reduction &, = —0.54 V can in pyridine3®% _
also be seen for (PCX)FeCICoCl (Figure 3b and Table 4), In contrast to what is observed for (PCB)FeCICoCl,
but the current height of this process.4) is significantly the electrochemical data indicate that thé“Fcaenter_s of
lower than that of the first reductioriyfy) at E;, = —0.04  (PCO)FeCICoCl and (PCA)FeCICoCl both contain two

V. (PCO)FeCICoCl (Figure 3c) and (PCA)FeCICoCl (figure axial_ly coor_dinated py_ridine molecules_ pr_ior to electrore-
not shown) do not exhibit an irreversible'Feeduction at ~ duction, while UV-visible data of the initial compounds

E, = —0.54 V. (Table 2) show that two pyridine molecules are also bound
The fact that (PCB)FeCICoCl undergoes a well-defined t© the Cd' center of the corrole in these two dyads. This
reduction atE, = —0.54 V in neat pyridine indicates latter fact is indicated by the presence of a diagnostic 600

that the anionic Cl ligand remains bound to the eenter ~ "M marker band for the PCO and PCA dyads whose molar
prior to electroreduction because the bis-pyridine adduct is 20SOrptivities¢) are virtually the same as those for the mono-
characterized by a reduction potential-68.02 to—0.04 V. corrolg in neat pyridine, WhICh has_ earlier be_en char_acterlzed
Half-wave potentials of—0.50 to —0.51 V have been aSa bis-pyridine adduct in the solid sf&tend in solutiort®
reported for the reduction of (OEP)FeCl in a variety of 'he Cd'(py). assignment is also shown by the lack of a
nonbonding solvent®® and indicate that the reduction of reversible C8/Co' process for the PCO and PCA deriva-

(PCB)FeCICoCl proceeds via an'H@l/Fe' process, after tives, which has been described earlier as a diagnostic
which the iron(ll) bis-pyridine adduct is rapidly formed in  criterion for bis-pyridine adducts of cobalt(l1) corrofésind
is also observed for (PCO}8o in pyridine (Figure 1d).

(38) Guilard, R.; Boisselier-Cocolios, B.; Tabard, A.; Cocolios, P.; Simonet, Quite dlfferer!t ax!a! coordination is seen _for
B.; Kadish, K. M.Inorg. Chem.1985 24, 2509-2520. (PCB)FeCICoCl in pyridine, where the electrochemistry
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(Figure 3a) indicates little or no binding of pyridine to the
Fe' center while the UV-visible data (Table 2) indicate
the lack of a six-coordinate cobalt(lll) corrole. Thus, two
different extremes of pyridine coordination are present in
the initial electroactive form of this dyad. One is in
[(PCY)F€E" (py).Cd" (py)]*, which contains four bound
pyridine molecules when ¥= O or A, and the other is in
(PCB)Fe'CICd" (py), which contains only a singly coordi-
nated pyridine molecule. (PCX)FeCICoCl has behavior
between the two extremes but, like the other three dyads, is
reduced to an FéCo" derivative containing four axially
coordinated pyridine molecules, as is described by the
spectroelectrochemistry discussed below.

Spectroelectrochemistry of (PCY)FeCICoCl and Elu-
cidation of Reduction Mechanisms.The electron-transfer
mechanisms for the iron porphyrin dyads can be assigned
on the basis of electrochemical and YVisible data when
compared to the corresponding monomeric units. The mon-
omeric iron(lll) porphyrin in pyridine exhibits an intense
Soret band at 403 nm and a broad visible band at 528 nm
(solid line in Figure 4b), which is assigned to the six-
coordinated bis-pyridine adduct, [(&tesPhPor)Fé(py),] "CI-.
The neutral porphyrincorrole dyads, (PCO)FeCICoCl
(Figure 5a), (PCX)FeCICoCl (Figure 5b), and
(PCA)FeCICoCl (Table 2), display quite similar spectra, with
an Fé' Soret band at 404407 nm and a broad visible band
at 527-529 nm (Table 2). The spectra of the dyads are
almost superimposable with the spectrum of the correspond-
ing iron(lll) porphyrin monomer (Figure 4b), with the
exception of a shoulder at 43437 nm and a weak visible
band at 599-601 nm, both of which originate from the cobalt ~ Wavelength (nm) _ _
corrole macrocycle in the dyads (see Figure 4c for the F5UIe & Y- eble secta of (bGBIFecicoo o difret aple
spectrum of (MgPhCor)Co in pyridine). containing 0.1 M TBAP.

A quite different U\V~visible spectrum is seen for
(PCB)FeCICoCl in pyridine. This spectrum is shown in

Figure 5c and is characterized by a broad Soretband &t 371 5,5 ptivities of these iron(lil) and iron(ll) porphyrin com-
395 nm (rather than at 46407 nm), and there is N0 600 16,65 are summarized in Table 2, which lists the spectral

nm Cd'(py), marker band, as is seen for the other three ;o of each neutral and singly reduced (PCY)FeCICoCl
(PCY)FeCICoCl derivatives in pyridine (Table 2). These dvad

spectral differences between the PCB dyad and the other As.seen in the table and figures, all of the iron(ll) por-

| . .
three .Fé dyads can be aFtrlbuted in part to the fact that phyrins have an intense Soret band at4425 nm and two
there is a stronger interaction between the two macrocycles, .||_qefined Q bands at 5622 and 549553 nm. The

in the PCB complex, in part to the fact that"Qlemains ¢ dyads and (M@hCor)Co(py} (but not the F&& mono-
bound to the P& center of the PCB derivative (as ascertained mer) also all have a Ct{py), absorption band at 59%03
_by the irreversible reduct_lo_n of F’eat Ep = __0'54 2 a_nd nm whose molar absorptivity ranges from x510* to 1.7
in part to the lack of pyridine binding inside the. cawty ,Of x 10 Virtually the same molar absorptivities are seen for
(PCB)F_eCICoC!. The absence of a cobalt(lIl) p|s—pyr|d|ne the 600 nm band of unreduced (PCY)FeCICoCl where Y
adduct is described above for (PCBFd, and this lack of 5 "5 "o x (see Figure 5 and Table 2), thus indicating that
a six-coordinate cobalt(lll) corrole is also seen for the''Mn there are two pyridine molecules on C®oth before and
form of (PCB)MnCICoCl, as discussed in a later section of agar electroreduction of the iron(lll) porphyrin to its 'Fe
the paper. form.

Despite differences in the UVV'S'I?IG spectra between g pinding of two pyridine molecules to ¢avas totally
(PCB)FeCICoCl and the other three'Fdyads in pyridine,  neynected for the PCB derivative, where the overall

the same spectral pattern (and the same degree of axial pyrig|ectrode reaction can be written as shown in eq 3.
dine coordination) is seen upon electroreduction to give the

Fe! form of the dyad. This is evident from a comparison of | I
the UV—visible spectra in the reduced dyads in Figure 5 (PCB)FE'CICA" (py) + e+ 3py | "
(dashed lines) with the spectrum for the'Herm of the (PCB)F€ (py),Ca" (py), (3)

9032 Inorganic Chemistry, Vol. 44, No. 24, 2005
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Scheme 3. Electroreduction Mechanisms for Dyads with Iron(Ill) Porphyrins
(PCY)FeCICoCl (Y = 0O, A and X)

PCX
PCA py X Y py
PCO \ E,,=-0.68~0.73V |
¢ Fe!
\
ply py
= corrole
= porphyrin
X Y py
PCX

(PCB)FeCICoCl

O
+e, -
! +e, +3py, -CI € 7oPY
El/2 = -0.71 V

py

Q a —| + E,= 054V
I
Cl

Py

A further reduction of (PCB)Fé&py).Cd" (py). to its Fé'/ bands for the electrogenerated' f®/), product at 412, 518,
Cd' form involves the loss of two pyridine ligands and and 553 nm grow in, as does the diagnosti¢ (py), marker

proceeds via eq 4. band at 603 nm. Isobestic points are obtained at 398 and
" 638 nm, indicating the lack of any spectrally detectable
(PCB)Fé€ (py),Cd" (py), + e~ intermediates in the irreversible reduction that involves a

[(PCB)Fé'(py)2Co”]_ + 2py (4) loss of CI and the addition of three pyridine molecules
to the two metal centers. Isobestic behavior is also seen
Evidence for the reaction sequence in eqs 3 and 4 isduring the electroreduction of (PCB)Rpy),Cd" (py). to
given in Figure 6. In the first one-electron reduction of (PCB)[Fée (py).Cd']~ (eq 4 and step 2), where the 603 nm
(PCB)Fe'CICd"(py) (eq 3 and step 1), the UWisible band disappears and is replaced by a 642 nm band, which
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Figure 7. Comparative thin-layer cyclic voltammograms of (PCY)FeCICoCl and (PCY)MnCICoCl in pyridine containing 0.1 M TBAP.

was previously assigned to a four-coordinate cobalt(ll)
corrole in both bonding and nonbonding media including
pyridine3! This leads to the overall electroreduction mech-
anisms shown in the top of Scheme 3 for (PCY)FeCICoCl,
where Y= O, A, or X, and the bottom of Scheme 3 for
(PCB)FeCICoCl.

Despite the irreversible nature of the '0€0" reduction
in Figure 3a, a thermodynamic half-wave potential for this
redox process of (PCB)E@y).Co"(py). (eq 4) can be
obtained by the use of thin-layer electrochemistry (Figure
7) or thin-layer spectroelectrochemistand an application
of this latter method is illustrated in Figure 8, which analyzes
the decrease in absorption of the 603 nm band fdt (@p),
in Figure 6b as a function of the applied potential. The
relative ratio of [Cd']/[C0"] in the PCB dyad is determined
by the relative intensity of the 603 nm band, and a plot of
Eapp Vs log([Cd"]/[C0'"]) gives a straight line slope of 0.059
V, as shown in Figure 8b. This Nernstian slope corresponds
to a reversible one-electron reduction and givesEap=
—0.71 V for the C#'/Cd" process of (PCB)FeCICoCl. A
similar method was used to calculate thermodynakie
values for the C8/Co" process of the other (PCY)FeCICoCl
and (PCY)MnCICoCl dyads (see the following section).
These half-wave potentials are summarized in Table 4 and
range from—0.62 to—0.73 V. Almost identical values of
E,/, are obtained from the thin-layer cyclic voltammograms,
as seen in Figure 7.

Electrochemistry and Spectroelectrochemistry of
(PCY)MNCICoCI in Pyridine. Cyclic voltammograms of
(PCB)MnCICoCl, (PCX)MnCICoCl, and (PCO)MnCICoCl
in pyridine are shown in Figure 9 along with those of

9034 Inorganic Chemistry, Vol. 44, No. 24, 2005

monomeric (EtMesPhPor)MnCl and (MgPhsCor)Co. The
measured half-wave potentials are summarized in Table
4, which also includes;, values for the reduction of
(PCA)MNCICoCI, which is not illustrated in the figure.

The first two reductions of (PCB)MnCICoCl are reversible
and located aE;;, = —0.44 and—0.62 V vs SCE (Figure
9a). The—0.44 V value is virtually identical withe,, for
the first reduction of (EMesPhPor)MnCl in pyridine (Table
4 and Figure 9d) and is assigned as a'WMn" process.
This reaction has been investigated in the literature for a
large number of monomeric manganese porphyrins in
pyridine?°3%-41 and the electrode reduction has generally
been assigned as Mipy)/Mn" (py).

The second reduction of (PCB)MnCICoCl &f, = —0.62
V, occurs on the cobalt corrole center. The half-wave
potential and reversibility of this reaction is comparable to
that of the (PCB)HCo dyad E;, = —0.59 V, Figure 1a),
which is attributed to a Ct(py)/Cd' process on the basis
of electrochemical and spectroelectrochemical data discussed
earlier in the paper.

The cyclic voltammogram of (PCB)MnCICoCl differs
from the voltammograms of (PCX)MnCICoCl (Figure 9b),
(PCO)MNCICoCI (Figure 9c), and (PCA)MnCICoCl (Table
4) in that an irreversible to quasi-reversible WMreduction
is obtained for the latter three dyads. In addition, the

(39) Guilard, R.; Jagerovic, N.; Barbe, J.-M.; Liu, Y. H.; Perrot, |.; Naillon,
C.; Van Caemelbecke, E.; Kadish, K. Molyhedron1995 14, 3041~
3050.

(40) Guilard, R.; PefieK.; Barbe, J.-M.; Nurco, D. J.; Smith, K. M.; Van
Caemelbecke, E.; Kadish, K. Mnorg. Chem 1998 37, 973-981.

(41) Kelly, S. L.; Kadish, K. M.Inorg. Chem 1982 21, 3631-3639.
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cobalt(lll) corrole reduction is irreversible and ill-defined
in (PCY)MnCICoCl, where Y= 0, A, or X, but well-defined
in (PCB)MnCICoCl.

As in the case of (PCY)FeCICoCl, the UWisible spectra

(PCY)MnCICoCl

a) PCB
-0.50
036 049
b) PCX =
ﬂ ——
0.54
-0.50
¢) PCO .
d) (Et;MegPhPor)MnCl

R

-0.58

038 04 00 .04 038 12 16 20
Potential (V vs SCE)

Figure 9. Cyclic voltammograms of (a) (PCB)MnCICoCl, (b) (PCX)-
MnCICoCl, (c) (PCO)MnCICoCl, (d) (EMesPhPor)MnCl, and (e) (Me
PhsCor)Co in pyridine, 0.1 M TBAP.

is assigned to the bis-pyridine adduct of the cobalt(lll) corrole
in the dyad. Similar spectral features are seen for
(PCA)MNCICoCI (Table 1).

The UV—visible spectrum of the initial (PCB)MnCICoClI
complex (Figure 10c) differs from that of the other manga-
nese porphyrin dyads in pyridine in that it exhibits a relatively
stronger porphyrin Soret band at 368 nm and a weaker visible
band at 478 nm. It has the same 5550 nm band as the
other (PCY)MnCICoClI (Y= O, A, and X) dyads, but no

can be used to ascertain the degree of pyridine binding to600 nm band is seen (Table 1).

the Co center of the dyad before and after electroreduction.

The spectrum of singly reduced EtesPhPor)MnCl in

This is shown by a comparison of the spectrum of the pyridine exhibits an intense Soret band at 430 nm and a
Mn"" monomer in Figure 4a with that of the manganese(lll) Visible band at 555 nm, as shown by the dashed line in

porphyrin dyads in Figure 10.

The monomeric Figure 4a. This spectrum is typical of a manganese(ll)

manganese(lll) porphyrin in pyridine exhibits an intense porphyrin with one bound pyridine axial ligaf,*
Soret band at 375 nm, a shoulder at 396 nm, and ani.e., (EtMesPhPor)Mti(py). The one-electron-reduction
additional band in the Soret region at 474 nm. A single products of (PCO)MnCICoCl, (PCA)MnCICoCl, and
Q band at 553 nm is also seen for this complex. (PCX)MnCICoCl also display an intense Soret at 4231

(PCO)MnCICoCl, (PCX)MnCICoCl, and (PCA)MnCICoCl

nm, and all three dyads also have a visible band at-555

(Figure 10 and Table 1) show similar spectral features 557 nm, thus suggesting that the Meenters are also five-
assigned to the manganese(lll) porphyrin in pyridine. coordinate, as in the case of {HesPhPor)Mr (py).
(PCX)MnCICoCI has bands at 373, 407, 475, and 554 nm As seen in Figure 10 and Table 1, the molar absorptivity
(Figure 10b), while (PCO)MnCICoCl has bands at 377, 399, of the Cd'(py). marker band in (PCO)MnCICoCl and

474, and 554 nm (Figure 10a; see a summany,@f ande

(PCA)MNCICoCI is the same as that in the monomer

in Table 1). The spectra of both dyads have a shoulder at(e = 1.7 x 10% but decreased in intensity by50% in
around 420 nm aha Q band at 600 nm, the latter of which (PCX)MnCICoCl. Reduction of the Mh center to give the
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but the presence of a 603 nm marker band fot @), after

the complete reduction of Mh to Mn" by thin-layer
spectroelectrochemistry (see Table 1) is consistent with a
slow conversion of Ct(py) to Cd"(py)., as shown by the
equilibrium in the lower part of Scheme 4.

Summary. Combined electrochemical and UWisible
spectoelectrochemical methods were utilized to elucidate the
prevailing mechanisms for electroreduction of three different
series of porphyrircorrole dyads having the form
(PCY)H,Co and (PCY)MCICoCl, where M= Fe" or Mn'"',

The compounds are all reduced in multiple stepwise one-
electron transfers, the first of which involves the"R"
process of the porphyrin or corrole in pyridine and is
accompanied by the gain or loss of pyridine axial ligands
depending upon the particular spacer in the dyad.

One aim of this study was to investigate how changes in
the porphyrin unit of (PCY)MCICoCl and (PCY 2o would
effect the binding of pyridine to the cobalt(lll) corrole within

the cavity, and this was easily accomplished by monitoring
the reversibility or irreversibility of the C&/Co" process by
cyclic voltammetry while also following the reaction by thin-
layer spectroelectrochemistry to ascertain the presence or
absence of a 600 nm marker band assigned t8(80,.
The mono-pyridine cobalt(lIl) corroles all display reversible
to quasi-reversible reductions at potentials close-60
V vs SCE by cyclic voltammetry, while the bis-pyridine
adducts are irreversibly reduced at potentials more negative
than—1.10 V for a scan rate of 0.1 V/s. Thus, a combination
. of data from routine cyclic voltammetry at a scan rate of
S 0.1-1.0 V/s and the much slower thin-layer spectroelectro-
= chemistry at 520 mV/s (or slower) provide more definitive
information than that from just one of the two techniques
alone while also giving some indication as to axial ligation
Figure 10. UV—visible spectra of (PCY)MnCICoCl (solid line) and the  kinetics because the two measurement techniques operate
singly reduced species (dashed line) in pyridine, 0.1 M TBAP, where Y on different time scales of observing the electrogenerated
O (a), X (b), and B (c). .

reduction products.

A summary example of this is shown in Figure 11 for the
manganese(ll) porphyrin dyads is accompanied by no changecase of the three PCB complexes. As earlier discussed,
in molar absorptivity for the Ct(py), band of PCO and PCA  (PCB)H:Co is quasi-reversibly reduced at0.59 V and
but a significant increase is seen for PCX, although the value displays no 600 nm marker band for the reduced product in
is still less than those in the other dyads. This indicates thatthe UV—visible spectrum. The electrochemical and spec-
the cobalt(lll) corrole is bis-ligated in the PCA and PCO troelectrochemical data are thus self-consistent and defini-
dyads but exists as a mixture of five- and six-coordinate tively indicate the dyad in solution to be (PCB)Eb(py),
cobalt(lll) pyridine complexes in the PCX derivative. Under which is also the assignment resulting from other experiments
these conditions, the mechanism for reduction is as showndescribed in this paper and from a previously published
in Scheme 4. structural characterizaticH.

Again, the PCB dyad differs from those of the other dyads A reversible C#/Cd' reaction is also seen for
in terms of the U\-visible spectrum for the singly reduced (PCB)MnCICoCl at-0.62 V, which leads to the assignment
compounds. Three relatively weak Soret bands are seen forof [(PCB)Mn'"(py).Co(py)l" as the species in pyridine
Mn'" at 379, 413, and 432 nm. There is no 600 nm band in solutions when also considering the lack of a"Quy),
the spectrum of the initial complex, but it is seen for the marker band and the known ligation properties of manganese-
singly reduced species (dashed line in Figure 10c), thus(lll) porphyrins. However, as seen in Figures 5, 10, and 11b,
indicating that two pyridine molecules are bound to the cobalt the reduction of Mt (py), to Mn'(py) is accompanied on
corrole center in the singly reduced product on the-JV  the slower spectroelectrochemical time scale by the appear-
visible spectroelectrochemical time scale. ance of a 603 nm band in the WWisible spectrum. This is
This similarity in Cd'/Cd'" half-wave potentials for  consistent with the addition of a second pyridine ligand to
(PCB)HCo and (PCB)MnCICoCl implies the same Cd"(py) as one ligand is lost from the electrogenerated
Cd"(py)/Cd' process on the cyclic voltammetry time scale, manganese(ll) porphyrin, thus maintaining one pyridine

¢) (PCB)MnCICoCl

300 400 500 600 700 800
Wavelength (nm)
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Scheme 4. Electroreduction Mechanisms for Dyads with Manganese(lll) Porphyrins
(PCY)MnCICoCl (Y =0, A and X)
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ligand within the cavity (for about 50% of the compounds, these conditions, the Feform of the dyad is coordinated
as determined by the reduced value of''Quy), in Table by one pyridine ligand, while the Edorm has four bound
1). pyridine axial ligands, with the overall reduction sequence
A similar change in the corrole coordination number with proceeding as shown in eq 3.
a change in the the porphyrin metal oxidation state is also Before starting this study, it was expected that porphyrin
observed in the case of (PCB)FeCICoCl. Here the initidl Fe corrole dyads with the largest spacers, namely, O and A,
complex can be assigned as (PCB)FeClCo(py) by virtue of would readily accommodate the formation of cobalt(lll)
its irreversible FECI/F€' reduction at—0.54 V (see the  bis-pyridine adducts because of the larger size of the cavity,
earlier discussion) and its lack of a bis-pyridine cobalt(lll) while dyads with the smallest B spacer would seem to
marker band in the U¥visible spectrum. However, unlike  have insufficient room to add even a single pyridine
[(PCB)MN" (py).Co(py)]", the addition of a second pyridine  within the cavity, as was structurally seen in the case of
ligand to the corrole unit of (PCB)P&ICo(py) is rapid after ~ (PCB)H.Co(py)?®
reduction of the porphyrin metal center, and this is indicated The X linker has a size closer to that of B than to that of
by the lack of a reversible dCo' process in the cyclic the O or A bridge, but because (PCXEb(py)r was
voltammogram and the appearance of a fully formed 603 characterized in the solid stafeeither mono- or bis-pyridine
nm marker band, as seen in Figures 5, 6a, and 11c. Underdducts were thought to be possible for this dyad in solution.
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Figure 11. Cyclic voltammograms and visible bands of (a) (PCBJd, (b) (PCB)MnCICoClI, and (c) (PCB)FeCICoCl in pyridine, 0.1 M TBAP. Potentials
for the formation of MH/Co"" and Fd/Cd" are set at-0.55 and—0.60 V, respectively.

Table 5. UV—Visible Spectral Marker Bandfnax, M € x 1074 L
mol~1 cm~1)] of the Cd"(py), Unit of (PCY)MCICoCl Derivatives in
Pyridine Containing 0.1 M TBAP

porphyrin metal ion

macrocycle 2H Pé Fe'b Mn'! Mn't b
PCO 599 (2. 599 (1.5) 599 (1.5) 598(1.7) 598(1.7)
PCA 602 (2.79 600(1.6) 600 (1.6) 600(1.7) 600 (1.7)
PCX 602 (2.79 600 (1.5) 600 (1.6) 599(0.9) 600 (1.4)
PCB none none 603 (1.7) none 603 (0.8)

a A visible band of free-base porphyrin at 62630 nm is overlapped
by this bandP? Electrogenerated in a thin-layer spectroelectrochemical
cell.

This is indeed the case as shown in Table 5, whic

Most surprising is what occurs in the case of the (PCB)-
FeCICoCl dyad, where the iron(lll) porphyrin form of the
complex is assigned as (PCBYReIC0o" (py) on the basis
of combined electrochemical and spectroscopic data and the
singly reduced form as (PCB)Hgy).Cd" (py).. The mea-
sured molar absorptivity of the diagnostic 603 nm band is
1.7 x 10* (Table 4), exactly the same as that for the
monomeric corrole, (Mg hCor)Cd" (py)., under the same
solution conditions. Four pyridine molecules (with two inside
the cavity) are also bound to the other PCY dyads with
iron(Il) and cobalt(lll) corroles, and the overall electrore-

h duction mechanism is as shown in Scheme 3.

summarizes spectroscopic data on the 600 nm marker band The data in this study should prove valuable in designing

for 20 different dyads containing five different porphyrins,
eight of which were electrogenerated in solution.

porphyrin—corrole dyads with other linking bridges and
should also be applicable to bis-corrole and bis-porphyrin

This bis-pyridine marker band has a molar absorptivity systems, which are now being investigated as to their

of 1.7 x 10* for (Me4PhsCor)Cd" (py). in pyridine (Table

1), and a similar value is seen for many of the investigated
PCY derivatives in Table 4. The spectroscopic data confirm

a Cd"(py). assignment in all of the PCA and PCO deriva-

tives, independent of the nature of the porphyrin center, be

it 2H, Fe", F€', Mn", or Mn". The 2H, F&,6 and Fé&

complexes of PCX also exist as a bis-pyridine adduct in neat

reactivity with CO, @, or other small molecules that may
need to be bound to two metal centers within a cavity of
two macrocycles in order to undergo a desired specific
reactivity.
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