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Abstract: Optical absorption, electron paramagnetic resonance, and resonance Raman spectra are reported for the one-electron
oxidation products of the Ce(IV) sandwich porphyrins, Ce(OEP), and Ce(TPP), (OEP = octaethylporphyrin; TPP = tet-
raphenylporphyrin). These data, in conjunction with electrochemical measurements, indicate that the holes of both oxidized
species are delocalized on the vibrational and probably the electronic time scales. In Ce(OEP),*, the hole is delocalized through
purely porphyrin—porphyrin interactions. In Ce(TPP),*, delocalization is further facilitated by participation of the f orbitals
of the Ce(IV) ion. The different characteristics of the redox orbitals of Ce(OEP)," and Ce(TPP),* are accounted for by the
fact that oxidation occurs from an a; -like orbital in the former complex and from an a,,-like orbital in the latter.

I. Introduction

Electronic interactions between porphyrinic 7 systems in close
proximity play a pivotal role in such diverse systems as photo-
synthetic proteins! and organic conductors.?  The bacterial
photosynthetic reaction center is comprised in part of two of the
bacteriochlorophyll molecules which are closely associated and
constitute the special pair.>> This supermolecule serves as the
primary electron donor in light-energy conversion.! Strong
electronic interactions between molecules within synthetic stacked
or bridged aggregates of metalloporphyrins and metallophthalo-
cyanines impart unique properties to these systems. In particular,
such aggregates exhibit large electrical conductivities which suggest
that these materials may be of use in the development of the next
generation of electronic devices.>®1? The facile electron transfer
which occurs in these natural and synthetic w-system aggregates
has spurred a renewed interest in the detailed characterization
of their electronic structure.!%!3

Before a thorough understanding of complex aggregates can
be achieved, it is first necessary to delineate the electronic
properties of the simplest multimer, namely a dimer. Numerous
examples of porphyrinic dimers are known and include = com-
plexes,'#!% covalently linked species,'7!° metal-metal bonded
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systems,?¥22 and single and multiple atom bridged complex-
es.!233-37  Of these many forms, the lanthanide sandwich com-
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plexes are of particular interest due to the especially close prox-
imity of their 7 systems. 33343  Sandwich complexes of Ce(1V)
with OEP (OEP = octaethylporphyrin) and TPP (TPP = tetra-
phenylporphyrin) have been prepared by Buchler and co-workers.3!
Crystallographic studies of Ce(OEP), show that the core atoms
of the two 7 macrocycles are on average separated by 3.4 A, while
the distance between the planes defined by the pyrrole nitrogen
atoms is only 2.7 A.314 The Soret maxima of both Ce(OEP), and
Ce(TPP), are significantly to the blue of those of monomeric
lanthanide porphyrins. This blue shift has been attributed to
excitonic interactions between the B-excited states of the two
porphyrin macrocycles.'® In addition, electrochemical generation
of the Ce(OEP),* = cation radical occurs at a potential consid-
erably more cathodic than is observed for any monomeric OEP
« cation radical.3'® This ease of oxidation suggests that the redox
orbital is, to some extent, delocalized over both porphyrin =
systems. The presence of near IR absorption features attributed
to intervalence charge-transfer transitions provides further evidence
for 7 system interaction in the Ce(OEP),* and Ce(TPP),* com-
plexes.’!f

In this paper, we examine the electrochemical properties and
the UV-vis, electron paramagnetic resonance (EPR) and reso-
nance Raman (RR) spectra of Ce(OEP),* and Ce(TPP),*. For
comparative purposes, the spectra of the monomeric lanthanide
porphyrin 7 cation radicals (LuOEPOH)* and (LuTPPOH)™ have
also been acquired. Collectively, these data provide insight into
the extent of redox orbital delocalization in the Ce(IV) porphyrin
sandwich = cation radicals.

II. Experimental Section

LuOEPOH and LuTPPOH were synthesized by the imidazole melt
method described by Srivastava® and purified by column chromatogra-
phy on MgCO,. Ce(OEP), was the generous gift of Professor D. Holten
of Washington University. Ce(TPP), was synthesized by following the
general procedure prescribed by Buchler and co-workers.’'* However,
the reaction was found to proceed very slowly; therefore, the reflux of
H,TPP (Midcentury) with Cel(acetylacetonate)y+4H,O (Strem Chem-
icals) in 1,2,4-trichlorobenzene (Alfa, 99+%) was allowed to proceed for
3 days. Even after this period, the reaction was found to be largely
incomplete. The appearance of a shoulder on the blue side of the free
base Soret absorption band was the only discernible indication of the
formation of Ce(TPP),. After removal of the solvent by vacuum dis-
tillation, the residue was repeatedly washed with warm toluene to remove
the bulk of the unreacted H,TPP, and the remaining solid was chroma-
tographed on a Sephadex LH-20 column (2.5 X 40 cm) in CH,Cl,. Only
the initial fraction of the band was collected.

The oxidized complexes were prepared in a Vacuum Atmospheres
Model HE-43 glovebox equipped with a Model 493 Dri-Train by using
electrochemical instrumentation which has been described elsewhere.*
The integrity of the oxidized products was confirmed by cyclic voltam-
metry and coulometry. The samples were prepared in CH,Cl, which was
purified by vacuum distillation off of P,Os. Tetrabutylammonium per-
chlorate, TBAP (Kodak, recrystallized twice from absolute ethanol),
served as the supporting electrolyte. The oxidized samples were typically
~1 mM complex and 0.1 M TBAP except for Ce(TPP),* which was
prepared at 0.2 mM due to low solubility of the neutral complex. At-
tempts to isolate the oxidized products in solid form by solvent evapo-
ration of bulk electrolyzed solutions resulted in partial reconversion to
the neutral species except for Ce(OEP),*. As was originally reported by
Buchler and co-workers, ! this latter complex is quite stable under dry
atmospheres and can be readily obtained as the solid salt. We isolated
Ce(OEP)* from the supporting electrolyte by column chromatography
on oven-dried LH-20 in CH,Cl,.

UV-vis samples of the neutral and oxidized products of a given com-
plex were aliquoted from a single solution before and after oxidation. The
Soret region extinction coefficients were determined from diluted sam-
ples. EPR samples were aliquoted directly from the electrochemical cell
into quartz tubes equipped with ground glass joints which were subse-
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Table I. Half-Wave Potentials (E};3) for the Complexes
redox couple(E, ;)

complex EypptHH E 10 o E\ 7'
Ce(OEP), +0.58 +0.26 -0.51° -1.77¢
LuOEPOH d +0.69 -1.68%

Ce(TPP), +1.19 +0.79 -0.16 -1.73¢
LuTPPOH d +0.86 -1.26

9Potentials listed are V versus Ag/AgCl (saturated KCl). °This
wave is quite irreversible. “This potential is from the peak of the
cathodic portion of an irreversible wave. ¢Scanning through this irre-
versible wave results in sample decomposition.

180 s

160 Ce(0EP), — LUOEPOH —
+

140 ce(oEP)t - - (LUOEPOH) - - -

300 400 500 600 700 300 400 Sr?"? 600 700

Figure 1. Absorption spectra of the neutral (—) and singly oxidized
(=--) Ce(OEP), (left) and LuOEPOH (right) complexes in CH,Cl, (*
X 107 1 mol™ cm™).

quently sealed and transferred into the cavity of an IBM Instruments
ER-300 X-band EPR spectrometer for data collection. Low-temperature
EPR spectra were obtained by using a finger dewar (77 K) or an Oxford
Instruments ESR-900 cryostat (4.2 K). RR solution samples were also
transferred directly from the working solutions and sealed in capillary
cells. RR solid samples were suspended in compressed pellets with a
supporting medium of Na,SO,. The RR spectra were acquired by using
instrumentation described elsewhere.*? The incident laser powers were
approximately S0 mW. The spectral slit width was 3 cm™.

III. Results

A. Electrochemistry. The redox potentials [V versus Ag/AgCl
(saturated KC1)] for the monomeric Lu(III) and dimeric Ce(IV)
OEP and TPP complexes are given in Table I. The first ring
oxidation of Ce(OEP), occurs at 0.26 V which is 0.43 V cathodic
of the analogous oxidation of LuOEPOH. In contrast, oxidation
of Ce(TPP), occurs at 0.79 V which is only 0.07 V cathodic of
that of LuTPPOH. These results suggest that the oxidation of
Ce(TPP), is influenced by metal orbital particpiation (vide infra).
The first reductions of Ce(OEP), and Ce(TPP), occur at -0.51
and —0.16 V, respectively. These values are extremely anodic
compared with the first (porphyrin-centered) reductions of
LuOEPOH (-1.68 V) and LuTPPOH (-1.26 V) and indicate that
the first reductions of the Ce(IV) complexes involve an orbital
which is primarily metal in character.4!

B. Absorption Spectra. The absorption spectra of Ce(OEP),
and Ce(OEP),* are compared with those of LuOEPOH and
(LuOEPOH)* in Figure 1. The spectra for the analogous TPP
complexes are shown in Figure 2. The Soret maxima of the
cations of all four species are blue shifted relative to those of their
neutral counterparts. The appearance of the absorption spectra
of the cations does not readily aid in the assignment of the redox
orbitals.*? A particularly noteworthy aspect of the absorption
spectra of the two Ce(IV) porphyrin cations is that they do not
appear to be comprised of features associated with separate neutral
and oxidized chromophores isolated within a single a molecule.
Such composite absorption spectra have been observed in tran-

(41) Felton, R. H. In The Porphyrins; Dolphin, D., Ed.; Academic Press:
New York, 1978; Vol. V, pp 53-125.
(42) Edwards, W. D.; Zerner, M. C. Can. J. Chem. 1985, 63, 1763-1772.
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Figure 2. Absorption spectra of the neutral (—) and singly oxidized
(---) Ce(TPP), (left) and LuTPPOH (right) complexes in CH,Cl, (*
» 107 | mol™! em™).
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Figure 3. Electron paramagnetic resonance spectra of Ce(OEP),* (upper
panel) and (LuOEPOH)* (lower panel) in CH,Cl, at room temperature
and 77 K.

sition-metal complexes wherein the redox orbital is known to be
localized on one ligand of a multiligand system.*3-4°

Absorption spectra were also obtained for Ce(OEP),” and
Ce(TPP),™ (not shown). The general appearance of the spectra
of these anions is similar to that of the neutral complexes. No
features are observed for the reduced species which would suggest
that the redox orbital contains a large amount of porphyrin
character.! These results are consistent with the electrochemical
measurements which indicate that the first reduction involves an
orbital that is primarily metal centered. Buchler and co-workers
have reached a similar conclusion.?!f
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mond, M. K.; Wertz, D. W. Spectrochim. Acta 1986, 424, 233-240. (c) Tait,
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Figure 4. Electron paramagnetic resonance spectra of Ce(TPP),* at 77
K (upper panel) and (LuTPPOH)* at room temperature and 77 K (lower
panel). The solvent is CH,Cl, for both complexes.

C. EPR Spectra. The EPR spectra of (LuOEPOH)* and
(LuTPPOH)* are shown in the bottom panels of Figures 3 and
4, respectively. These spectra provide a clear distinction between
the nature of the redox orbitals of the OEP and TPP systems. The
EPR spectrum of (LuOEPOH)* is a simple first derivative signal
centered at g = 2.00 with no resolved hyperfine structure at either
room or low temperature. The general appearance of the EPR
spectrum and, in particular, the lack of resolved hyperfine structure
due to the 7/ = 7/2 '">Lu nucleus is indicative of a A, ground
state.* A number of metallo OEP = cation radicals, including
(CuOEP)*, (MgOEP)*, and (ZnOEP)*, also exhibit 2A;, ground
states. In contrast to the signal observed for (LuOEPOH)*, the
EPR spectrum of (LuTPPOH)* displays hyperfine structure due
to the / = 7/2 '*Lu nucleus at both room and low temperature.
[The room temperature EPR spectrum of (LuTPPOH)? displays
a weak feature at g = 2.00 which is due to sample aggregation.
This feature becomes more pronounced in the frozen solution
spectrum.] The appearance of metal hyperfine structure is con-
sistent with a 2A,, ground state, which is typical of metallo TPP
# cation radicals.*® The general features observed in the room
temperature EPR spectrum of (LuTPPOH)™ are quite similar
to those observed in the room temperature spectrum of
(CoTPPX)* (I = 7/2 for ¥Co0).#’ As is the case for (CoTPPX)*,
the EPR signal from (LuTPPOH)* is sufficiently broad that only
the outer two lines of eight-line hyperfine pattern due to the metal
ion are observed. Computer simulations of the EPR spectrum
of (LuTPPOH)* yield !"Lu and N hyperfine coupling constants
of 5.14 G (14.4 MHz) and 1.44 G (4.03 MHz), respectively (with
a 1 G line width). In comparison, the **Co hyperfine coupling
constant for the ?A,, ground state of (CoTPPX)*is 5.7 G (16.0
MHz).4

The EPR spectra of Ce(OEP),* are displayed in the top panel
of Figure 3. As is the case for (LuOEPOH)*, the room tem-
perature EPR spectrum of Ce(OEP),* is a simple first derivative
signal centered at g = 2.00 with no resolved hyperfine structure
(hyperfine structure can arise only from the porphyrin moieties
because / = 0 for the principal cerium isotopes, 1*°Ce and 4*Ce).
The similarity of the spectra of the Lu(III) and Ce(IV) complexes
indicates that the nature of the redox orbital is the same for the
two systems. Reduction of the temperature to 77 K does not result
in the resolution of any hyperfine structure for Ce(OEP)*; how-
ever, the signal does become slightly anisotropic. Comparison of
the room temperature signals of Ce(OEP),* and (LuOEPOH)*
shows that the peak-to-peak line width of the former complex (~4
G) is approximately half that of the latter (~8 G). This reduced
line width for the sandwich porphyrin cation compared with that
of the monomeric cation could be the result of unresolved *Lu

(46) Fajer, J.; Davis, M. S. In The Porphyrins, Dolphin, D., Ed.; Academic
Press: New York, 1978; Vol. IV, pp 197-256, and references therein.
(47) Wolberg, A.; Manassen, J. J. Am. Chem. Soc. 1970, 92, 2982-2991.
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Figure 5, High-frequency portions of the Soret excitation resonance
Raman spectra: (a), Ce(OEP),; (b), Ce(OEP),*; (¢), LuOEPOH; (d),
(LuOEPOH)* obtained with the given excitation energies. The Ce(IV)
complexes are solids in Na,SO, pellets, The Lu(III) complexes are in
CH,Cl; solutions.

hyperfine structure in the spectrum of the latter system. A more
intriguing explanation for the reduced line width of the sandwich
complex is that the hole is delocalized over both porphyrin rings
on the EPR time scale. A similar reduction in line width is
observed for cation radicals of dimeric versus monomeric chlo-
rophyll species.*** Because the frozen solution EPR spectrum
of Ce(OEP)," is slightly anisotropic, it is not possible to determine
from line width measurements whether the hole becomes localized
at low temperatures. However, the RR data indicate that
localization of the hole will not occur even at extremely low
temperatures (vide infra).

The 77 K EPR spectrum of Ce(TPP),* is shown in the top panel
of Figure 4. No EPR signal was detected for this complex at room
temperature. Unlike the Ce(OEP),* complex, the spectrum for
the TPP system is highly anisotropic. The EPR spectrum of
Ce(TPP),* was also recorded at 4.2 K (not shown). This spectrum
is identical with that obtained at 77 K both with respect to the
degree of anisotropy and the line widths of the signals. The
anisotropy is indicative of substantial metal character in the ground
state of the oxidized complex. The lack of an EPR signal at room
temperature is consistent with metal participation in the redox
orbital. Unpaired electron density on the cerium metal center
would be expected to give rise to rapid relaxation at room tem-
perature. In this regard, lanthanide complexes typically do not
exhibit EPR spectra above 20 K.#

D. RR Spectra. The Soret excitation RR spectra of the neutral
and oxidized Ce(OEP), complexes are shown in Figure 5 (parts
a and b, respectively). The analogous RR spectra of the Ce(TPP),
complexes are shown in Figure 6 (parts a and b). The Soret
excitation RR spectra of the neutral and oxidized LuOEPOH
complexes are shown in Figure 5 (parts c and d). RR spectra
of (LuTPPOH)* could not be obtained owing to extremely facile
photoreduction of both solid and solution samples. RR spectra

(48) (a) Norris, J. R;; Uphaus, R. A; Crespi, H. L.; Katz, J. J. Proc. Natl.
Acad. Sci. US.A. 1971, 68, 625-628. (b) Katz, J. J; Norris, J. R. Curr. Top.
Bioenerget. 1973, 5, 41-75.

(49) Wertz, J. E.; Bolton, J. R. Electron Spin Resonance, McGraw-Hill:
New York, 1972; pp 336-339.
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Figure 6. High-frequency portions of the Soret excitation resonance
Raman spectra: (a), Ce(TPP),; (b), Ce(TPP),* obtained with the given
excitation energy. Both complexes are in CH,Cl; solutions. Solvent
peaks are marked by the symbol #.

Table II. Resonance Raman Frequencies (cm™) for the Neutral and
Oxidized OEP Complexes Examined in This Study

Ce- LuOE- (LuOE-
band® Ce(OEP), (OEP),* A POH POH)* A
A 1376 1363 -13 1368 1344 -24
V3 1482 1479 -3 1476 1472 -4
2% 1556 1580 +24 1551 1582 +31
¥y 1579 1592 +13 1576 1600 +24

aMode numbering and assignments follow ref 50 and 51.

of the neutral and oxidized Ce(IV) OEP and TPP complexes were
also obtained with excitation at several other wavelengths in the
Soret region (not shown); however, no additional peaks were
observed. Because the Ce(OEP),* complex in solution did not
yield high quality spectral data, RR spectra were also obtained
for solid samples. Insomuch as the frequencies observed for solid
and solution samples of the neutral complex are the same (&2
cm™1), we presume that the frequencies for the cation will be
similar in the two different media. The vibrational modes which
exhibit significant shifts upon oxidation of LuOEPOH and Ce-
(OEP), are compiled in Table II. The assignments listed in Table
II were made on the basis of the observed relative intensities and
depolarization ratios and are consistent with those previously made
for neutral®® and cationic®® QEP complexes.

The general appearance of the RR spectra of both Ce(OEP),*
and Ce(TPP),* suggests that the hole is delocalized over the two
porphyrin rings of the sandwiches on the RR time scale. In
particular, the RR spectra that are observed upon excitation
throughout the Soret region (350-450 nm) exhibit a single set
of peaks. There is no evidence of composite features due to one
neutral and one fully oxidized porphyrin moiety. Such composite
RR spectra are typically observed for systems in which the redox
orbital is known to be confined to a portion of the molecular
framework.*>*? The relative magnitude of the frequency shifts
which occur upon oxidation of LuOEPOH and Ce(OEP), provide
further evidence for a delocalized ground state (Table II). As
can be seen, the oxidation shifts of the modes of the sandwich
complex are in all cases less than those of the modes of the
monomeric lanthanide porphyrin. Indeed, the shifts observed for
the sandwich complex are less than those reported for any mo-
nomeric metallo OEP complex.’! It is noteworthy that the shifts

(50) (a) Kitagawa, T.; Abe, M.; Ogoshi, H. J. Chem. Phys. 1978, 69,
4516-4525. (b) Abe, M.; Kitagawa, T.; Kyogoku, Y. Ibid. 1978, 69,
4526-4534.

(51) Oertling, W. A_; Salehi, A.; Chung, Y. C,; Leroi, G. E.; Chang, C.
K.; Babcock, G. T. J. Phys. Chem. 1987, 91, 5887-5898.

(52) Angel, S. M.; DeArmond, M. K.; Donohoe, R. J.; Hanck, K. W.;
Wertz, D. W. J. Am. Chem. Soc. 1984, 106, 3688-3689.
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Figure 7. Orbital energy diagram for the Ce(IV) porphyrin sandwich
complexes examined in this study (see text).

of the v,, v4, and vy, modes of Ce(OEP), are approximately 1/,~%/4
of those of LUOEPOH. A reduction in the magnitudes of the
oxidation shifts is expected if the redox orbital is delocalized over
both porphyrin 7 systems because only !/, an electron is effectively
removed from each ring. [It should be noted that the different
magnitude of the oxidation shifts of LuOEPOH versus Ce(OEP),
cannot be due to differential changes in structure which occur
upon oxidation. Qertling et al.’! have shown that the magnitude
of the oxidation shifts of the skeletal modes (with the exception
of v,) of metallo OEP complexes are essentially independent of
structural features such as core size and extent of doming.]

IV. Discussion

The spectroscopic data presented above indicate that the holes
in both Ce(OEP),* and Ce(TPP),* are delocalized on the time
scale of vibrational motion (10713 s) and probably on the time scale
of electronic motion (1071 5). In the case of Ce(OEP),", the redox
orbital does not contain substantial metal character which suggests
that delocalization occurs as a result of direct porphyrin-porphyrin
interaction. On the other hand, the redox orbital of Ce(TPP),*
clearly contains a non-negligible metal contribution; thus, delo-
calization in this system may be facilitated by participation of
the metal ion. These results can be rationalized by inspection of
the molecular orbitals of the OEP and TPP complexes as well as
the f orbitals of the Ce(IV) ion. A partial molecular orbital
diagram for these systems is shown in Figure 7. In the left-most
and right-most portions of the figure, the porphyrin and metal
orbitals, labeled according to Dy, symmetry, are shown in the limit
of zero porphyrin—porphyrin and metal-porphyrin interaction. In
the central portion of the figure, the various orbitals are shown
in the limit of strong porphyrin—porphyrin interaction. These
orbitals are labeled according to D, symmetry which is the actual
symmetry of Ce(OEP),’!¢ and the presumed symmetry of Ce-
(TPP),. The relative energies and extent of metal-porphyrin
interaction indicated in the figure are in accord with the elec-
trochemical and spectroscopic results and will be discussed further
below.

The highest occupied molecular orbitals (HOMO) of the OEP
and TPP sandwich complexes are derived from a,, and a,, mo-
nomer orbitals, respectively. The former orbital contains electron
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density primarily at the C, and C, carbon atoms of the pyrrole
rings, whereas the latter contains density primarily at the pyrrole
nitrogen and methine bridge carbon atoms.*> Although the 45°
interring torsional angle of the D, structure staggers the nitrogen
atoms on opposite porphyrin rings, these atoms are still in close
proximity (~3 A). In addition, the C, pyrrole atoms on opposite
macrocycles are approximately eclipsed and still within van der
Waals contact (~3.2 A).3'4 On the basis of these spatial char-
acteristics, the interactions between the a,, orbitals on the two
halves of the sandwich would be expected to be greater than those
between the a,, orbitals. Strong interactions between the monomer
a,, and a,, orbitals would result in bonding and antibonding pairs
as is depicted in Figure 7. Only the pairs derived from the
pertinent monomeric redox orbitals are shown in the figure (for
clarity, only the interacting lobes of the = orbitals are shown).
Under Dy, symmetry, the metal f orbitals transform as b,, e, e,,
and e;. Thus, there are no metal f orbitals of appropriate sym-
metry to mix with the HOMO of Ce(OEP),. On the other hand,
the b, metal- and porphyrin-centered orbitals can mix to form
the HOMO of Ce(TPP),. Unlike the HOMOs, the lowest
unoccupied molecular orbitals (LUMO) of Ce(OEP), and Ce-
(TPP), are primarily metal-centered. These LUMOs may contain
some porphyrin character due to the symmetry equivalence of the
metal and porphyrin e, orbitals. The latter are derived from
bonding interaction between the monomeric porphyrin e;* orbitals.
In the construction of the molecular orbital diagram, the potentials
for the first oxidation and first reduction of the closed shell (f'%)
Lu(III) complexes were used to establish approximate energies
for the orbitals of OEP and TPP. This seems justified because
these potentials are typical of those observed for other closed shell
metalloporphyrins.*! The energies of the HOMOs and LUMOs
of the two sandwich porphyrin complexes were then placed on
the diagram according to the observed electrochemical potentials.
The empty f orbitals of the Ce(IV) ion were assumed to lie at the
same energy in the OEP and TPP complexes prior to mixing with
the porphyrin orbitals.

The molecular orbital description for Ce(OEP)," is less com-
plicated than that for Ce(TPP),* because oxidation involves an
orbital that is purely porphyrin in character. Accordingly, the
oxidation potential of Ce(OEP), relative to that of LuOEPOH
should yield an approximate measure of the porphyrin—porphyrin
interaction energy in the sandwich complex. The Ce(OEP),
species is 0.43 V easier to oxidize than the Lu(III) monomer. This
energy is nominally one half the splitting between the bonding
(b,) and antibonding (a,) pair derived from the a,, monomer
orbitals. In this picture, promotion of an electron from the b, to
the a, orbital represents a z-polarized, allowed electronic transition.
It is especially noteworthy that the predicted energy for this
transition (0.86 eV) is quite close to that observed for the near
IR transition of Ce(OEP),* (0.96 eV).3!* This band has previously
been assigned as an intervalence charge-transfer transition;
however, in that the spectroscopic data presented herein indicate
that the ground state of the cation is delocalized, this description
is not accurate. Given the similarity between the predicted splitting
of the bonding and antibonding HOMO pair and the observed
energy of the near IR transition, it seems likely that this band
is due to a transition between the two delocalized molecular
orbitals.

The molecular orbital description for Ce(TPP),* is more
complicated than that for Ce(OEP),* because the redox orbital
contains metal character. This metal participation precludes a
direct assessment of the porphyrin-porphyrin interaction energy
on the basis of the oxidation potential of Ce(TPP), relative to that
of LuTPPOH. As was previously noted, the interaction between
the a,, macrocycle orbitals is expected to be greater than that
between the a,, orbitals. Thus, the difference in the oxidation
potential of Ce(TPP), relative to LuTPPOH should be greater
than that of Ce(OEP), relative to LuOEPOH (in the absence of
metal involvement in the redox orbital). In addition, the near IR

(53) Gouterman, M. In The Porphyrins, Dolphin, D., Ed.; Academic Press:
New York, 1978:; Vol. III, pp 1-165.
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transition of Ce(TPP),* should be at higher energy than that of
Ce(OEP),*. In fact, the first oxidation potential of Ce(TPP),
is similar to that of LuTPPOH, and the near IR transition of
Ce(TPP),* is at an energy (0.92 eV) which is slightly less than
that of Ce(OEP),*.3'¢ Both of these results reflect mixing of metal
f orbital character into the HOMO as is shown in Figure 7. Such
mixing results in a ground-state wave function which contains
partial metal f1/porphyrin dication character. The inclusion of
Ce(III) character in the wave function is probably the cause of
the significant anisotropy and rapid relaxation observed in the
EPR spectrum of Ce(TPP),*. The occurrence of significant
mixing of the metal f and porphyrin = orbitals is supported by
quasirelativistic SCF-Xa scattered-wave calculations on cerocene
complexes.>* These calculations indicate that the f orbitals of
the Ce(IV) ion are capable of an unusually large degree of covalent
interaction with ligand orbitals. It should be noted that this type
of orbital mixing is not expected for f1* Lu(III) complexes. The
175 u hyperfine interactions manifested in the isotropic EPR
spectrum of (LuTPPOH)* are due to spin polarization effects.

The mixing of the metal and porphyrin orbitals is also mani-
fested in the potentials for the first reductions of the two sandwich
complexes. For both the OEP and TPP systems, the ¢, bonding
orbitals (derived from the e;* monomer orbitals) are capable of
mixing with the metal f orbitals. The reduction potential observed
for Ce(TPP), versus Ce(OEP), indicates that this mixing is greater
in the former complex than in the latter as is schematically rep-
resented in Figure 7. This more extensive mixing in the TPP
sandwich probably occurs because the metal and porphyrin e;
orbitals of this complex are energetically closer than those of the

(54) Rosch, N.; Streitwieser, A., Jr. J. Am. Chem. Soc. 1983, 105,
7237-7240.

OEP sandwich. The relative ease of reduction of LuTPPOH
(-1.26 V) versus LuOEPOH (-1.68 V) lends credence to this
conclusion.

V. Conclusions

The hole delocalization which is observed for the two oxidized
Ce(IV) sandwich porphyrins occurs primarily as a result of the
close proximity of the macrocycles. The exact mechanism for
delocalization (orbital overlap, strong exciton, etc.) is not im-
mediately obvious and will require detailed theoretical studies.
Regardless, hole delocalization in the dimeric systems has in-
teresting implications for higher order aggregates. It might be
speculated that if stacked aggregates of the form Ce,(porphy-
rin)p4+1(L7),, could be synthesized, these systems would be highly
conducting (L~ is a counterion for charge conservation). To date,
such high order aggregates have not been prepared; however, the
triple-decker Ce(II1) sandwich, Ce,(OEP);, is known.3!t4 This
suggests that higher order oligomers may be obtainable. The
stacked lanthanide porphyrin systems may offer certain advantages
over stacked metallophthalocyanines in that a, -like orbitals are
available for oxidation in the former systems but not the lat-
ter.101353 Involvement of these orbitals in hole delocalization
facilitates participation of the metal ion and may enhance con-
ductivity. The assessment of conductivity in lanthanide porphyrin
polymers must, however, await their synthesis.
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Abstract: The oxidations of cyclohexene and various aryl-substituted alkenes are catalyzed by the cyclam (1,4,8,11-tetraa-
zacyclotetradecane) complex of Ni(NOs), with iodosylbenzene as terminal oxidant. Epoxides are the major products; however,
small amounts of ring-opened products, over-oxidation to ketones or aldehydes, and allylic oxidation of cyclohexene are also
observed. E olefins are more reactive than the corresponding Z olefins in contrast to the results of iron porphyrin catalysis,
and kinetic studies of para-substituted styrenes indicate that the reaction is facilitated by electron-donating substituents. Labeling
studies with PhI'80 confirm that the epoxide oxygen is derived from PhIO while allylic oxidation and over-oxidation products
involve both PhIO and exogenous sources of oxygen. A pericyclic mechanism for the formation of PhCHO is proposed along
with the intermediacy of a high-valent nickel-oxo complex as the active oxidant. These results are discussed in light of related

transition-metal /PhIO oxidation mechanisms.

The mechanisms by which transition-metal complexes mediate
olefin oxidation have intrigued organic, inorganic, and biological
chemists alike.! In organic synthesis, an understanding of the
mechanistic features critical to high stereoselectivity is desired
for the design of new oxidation catalysts. In the biological realm,

monooxygenase enzymes, including cytochrome P-450 and various
peroxidases, employ iron(III) porphyrins at their active sites in
order to effect oxygen atom transfer to olefins and other substrates.
Their mechanisms and those of numerous model systems have been
the subject of considerable discussion.%> Most of these studies

(1) (a) Sheldon, R. A.; Kochi, J. K. Metal-Catalyzed Oxidations of Or-
ganic Compounds; Academic: New York, 1981. (b) Holm, R, H. Chem. Rev.
1987, 87, 1401-1449.

(2) Ortiz de Montellano, P. R., Ed. Cytochrome P-450: Structure,
Mechanism, and Biochemistry; Plenum: New York, 1976.
(3) Guengerich, F. P.; Macdonald, T. L. Acc. Chem. Res. 1984, 17, 9-16.
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