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The structures and electrochemistry of N-benzylated meso-tetrakis (3,5-di-tert-butyl-4-oxo-cyclohexa-
2,5-dienylidene) porphyrinogens have been investigated. Structural determinations reveal the
isomeric identity of the products obtained from the N-alkylation of the parent meso-tetra (oxo-
cyclohexadienylidene) porphyrinogen. The compounds are subject to increased macrocyclic deforma-
tions upon increasing N-substitution culminating in the tetra-N-benzyl derivative, which has a
buckling superimposed on the already highly puckered macrocycle. The electrochemical analyses
emphasize the electron deficiency of the N-benzylated meso-tetra(oxo-cyclohexadienylidene) por-
phyrinogens and indicate that they can be considered as quinones conjugated via the unsaturated
tetrapyrrolic macrocycle. The N-benzylated compounds studied form stable and well-defined z-cation
radical and s-anion radical species because of their highly conjugated nature. Ab initio molecular
orbital calculations at the B3LYP/3-21G(*) level confirmed the high degree of conjugation between
tetrapyrrole and meso substituents and also gave good agreement between calculated and

experimentally determined HOMO—-LUMO band gap energies.

Introduction

The tetrapyrrole macrocycles compose a class of com-
pounds that are vital in biochemical systems.? In nature,
they lie at the heart of many indispensable photo- and
electrochemical assemblies.? Additionally, the synthetic
porphyrins have become one of the most extensively
studied classes of compounds not just because of their
importance as model compounds for biological processes
but as catalytic, electronic,* and optical® materials. More
recently, the field of porphyrin chemistry has been
expanded by the use of imaginative synthetic procedures.
Good examples of this are the higher cyclic oligopyrroles®
and the development of porphyrin beta and meso sub-
stitution reactions.” Conventional porphyrinogens have
also become an increasingly studied class of tetrapyrrole
especially because of their rich synthetic and coordination
chemistries® and for their potential as anion and cation
binding agents.®

The phenol-substituted porphyrins as well as quinon-
oidal compounds derived from these have been character-
ized previously.® That work was aimed at investigating
the relevance of the phenolic porphyrins to naturally
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occurring pigments and the redox processes in which they
are involved. Although the redox chemistry of these
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compounds was studied, they represented somewhat of
an impasse synthetically because of complex tautomeric
mixtures and the formation of radical species when
modification of the porphyrins was attempted.! However,
the authors of those works were able to develop one
synthetic system via the N-alkylation of the oxidized
porphyrin derived from meso-tetrakis(3,5-di-tert-butyl-
4-hydroxyphenyl) porphyrin.*? This particular system
was first brought to light by the unexpected N-alkylation
of an unsymmetrically substituted tetraphenylporphy-
rin.’® Having identified a viable route, several multiply
N-substituted oxidized porphyrins were synthesized in-
cluding some with nonidentical groups. In fact, up to
three different nonidentical groups could be routinely
introduced at the porphyrin nitrogen atoms making this
system eminently suitable as a synthetic scaffold for
synthesis of novel compounds.** In all previous studies,
unambiguous characterization of the N-alkylated materi-
als could not be claimed because of the lack of X-ray
structural analyses and the resulting uncertainty over
the isomeric identity of the N-alkylated compounds.
Consequently, this promising system could not be ex-
ploited until structural data was forthcoming. We be-
lieved that the most significant aspect of these highly
facially encumbered tetrapyrrolic compounds lies in the
possibility of controlling their reduction toward the
porphyrinic state. That is to say that one and two electron
reductions to the radical and porphyrin state, respec-
tively, allow access to metastable oxidation states. In fact,
it has already been demonstrated that radical states of
tetrapyrrolic compounds could be of use in volatile
memory elements.’® Furthermore, the variation of mul-
tiplicity and nature of N-substituents should allow us to
tune the redox potentials of the reduction processes as
desired. Under aerobic conditions, the reduced com-
pounds spontaneously reoxidize to their native tetra-
oxocyclohexadienylidene porphyrinogen states presum-
ably under steric influences.® Changes in oxidation state
should also be associated with changes in the conforma-
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tion of the tetrapyrrole and so the molecule, as a whole,
will have an oxidation state-dependent shape. This has
connotations for the application of derivatives of this type
of compound in molecular sensing or information pro-
cessing.1"22

We report herein on the structural, ab initio compu-
tational, electrochemical, and spectroelectrochemical char-
acterization of some N-alkylated oxidized-porphyrin com-
pounds. For the purposes of this study, we chose the most
easily accessible N-alkylated compounds of an oxidized
phenolic porphyrin. In this case, meso-tetrakis(3,5-di-tert-
butyl-4-hydroxyphenyl) porphyrin, 1, was selected be-
cause of the perceived ease of crystallization of its
derivatives and because O-alkylation is somewhat hin-
dered by the proximity of tertiary butyl groups to the
phenol hydroxyl group. Oxidation of this porphyrin in
basic solution gives the respective oxo-cyclohexadie-
nylidene porphyrinogen, 2,'® whose structure has been
reported.'® Subsequent N-alkylation with benzyl bromide
in refluxing ethanol in the presence of anhydrous potas-
sium carbonate gives the required N-alkylated com-
pounds in a varying ratio of yields depending on reaction
time. Di- and tetra-substituted derivatives are consis-
tently the major products, although some selectivity can
be introduced by varying the nature of the substituting
alkyl halide. It proved possible to isolate the mono- and
trisubstituted derivatives, but the yields were low and
they were usually neglected. Additionally, a very small
degree of O-alkylation has been observed using more
reactive benzyl bromides. The oxidation and N-alkylation
can be achieved in one step, but a stepwise regime is
preferred by us.

Results and Discussion

The chemical structures of the N-alkylated compounds
are shown in Scheme 1. Two types of structural isomer-
ism are possible in these materials. First, the exchange-
able protons can be bound to phenolic oxygen or tetra-
pyrrole nitrogen atoms. Of course, this is not an issue in
the fully N-substituted compound. The second type of
isomerism concerns the relative position of the substitu-
ent benzyl groups and applies to both of the N-alkylated
compounds. In 3, the benzyl groups can be positioned on
opposing or adjacent nitrogen atoms. The situation is
further convoluted by the possibility of the benzyl groups
occupying positions above or below the plane of the
tetrapyrrole. Thus, for 3 and 4 there are four possible
structural isomers (neglecting proton positional isomer-
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Electron Deficient N-Alkylated Porphyrinogens

SCHEME 1

2 R1=R2=R3=R4=H
3 R1=R3=H; R2=R4=CH2C5H5
4: R1=R2=R3=R4=CH2C5H5

ism). Although the opposite over adjacent argument can
be settled by use of 'H NMR spectroscopy, the atropo-
isomerism of the N-alkyl groups cannot be conclusively
determined by this method. Therefore, X-ray structural
measurements were necessary to firmly establish the
identity of these compounds. The structural studies
reported here represent a significant advance for this
class of compounds given the problems with obtaining
single crystal diffraction data for more highly substituted
derivatives.

Both di- and tetra-N-substituted derivatives were
synthesized by careful control of reaction time and with
monitoring by thin-layer chromatography. That the
unevenly substituted derivatives are only available in low
yield is noteworthy. This suggests an enhancement of
reactivity of the mono- and tri-substituted derivatives
toward N-alkylation, and therefore, that the reaction
occurs in a strict stepwise manner since only single
isomers of the two products have been so far isolated.
The enhancement of reactivity is apparently regioselec-
tive with further substitution occurring only at an
opposing nitrogen atom after mono-N-alkylation.

Figure 1 shows the optical absorption spectra of oxo-
cyclohexadienylidene porphyrinogens along with the
starting compound 1. As expected for extended conju-
gated derivatives, the porphyrinogens 2—4 exhibited red-
shifted absorption bands as compared to 1. However, the
bands were found to be broad with one or more shoulder
bands instead of the usual Q-bands of porphyrins. The
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FIGURE 1. Optical absorption spectra of (i) meso-tetrakis-
(3,5-di-tert-butyl-4-hydroxyphenyl)porphyrin (1), (ii) tetrakis-
(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-dienylidene)porphyrino-
gen (2), (iii) N21,N23-dibenzyl-5,10,15,20-(3,5-di-tert-butyl-4-
oxo-cyclohexa-2,5-dienylidene)porphyrinogen (3), and (iv)
N21,N22,N23,N24-tetrabenzyl-5,10,15,20-(3,5-di-tert-butyl-4-oxo-
cyclohexa-2,5-dienylidene)porphyrinogen (4) in 1,2-dichlo-
robenzene.

absorption maxima of the Soret-type band were located
at 518, 509, and 504 nm for 2, 3, and 4, respectively. That
is, upon N-substitution, the porphyrinogens exhibited a
small blue shift in their absorption maxima.

Crystals of 3 and 4 were grown by slow evaporation of
toluene and hexane solutions, respectively. The intensely
violet or red solutions yield olive green crystals for
reasons probably related to crystal packing rather than
to tautomerism involving exchangeable protons since this
situation is also true for the tetra-N-alkylated derivatives
where no exchangeable protons are available for such
tautomerism. However, solvatochromic effects can also
be considered and are under investigation by us. There
are several important features in the structure of 3. First,
and most obviously, the benzyl groups are substituted
at the central nitrogen atoms without changing the
overall conformation of the macrocycle relative to the
unsubstituted material.'® Additionally, an analysis of the
meso substituent C—0O bonds indicates that they are all
double bonds (ca. 1.24 A), revealing that the two remain-
ing exchangeable protons reside at the central nitrogen
atoms. This is further confirmed in the structure by the
presence of a water molecule that is strongly hydrogen
bonded via these N—H protons (Npyrrole —Owater 3.02 A) and
the N—H resonance at low field in the proton NMR
spectrum of 3. Further bond length analyses confirm that
the meso substituents are 4-oxo-cyclohexa-2,5-diene moi-
eties and that these are bonded at the meso positions via
double bonds. The meso substituents can similarly be
assigned as 4-oxo-cyclohexa-2,5-dienes in 4.

A comparative illustration of the three related struc-
tures is given in Figure 2 (the structure of the nonalky-
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FIGURE 2. Comparison of the skeletal deformations upon
N-alkylation in the X-ray crystal structures of (a) 22, (b) 3,
and (c) 4.

lated material was reported previously'®). The crystal
packing of 2 is strongly influenced by the waters of
crystallization. There is extensive H-bonding, which
results in the formation of a layered structure. Substitu-
tion at the central nitrogen atoms effectively disrupts the
formation of any networked structure and allows binding
of a discrete water guest molecule by hydrogen bonding
between tetrapyrrole N—H and the water oxygen atom.
Crystal packing of the N-alkylated oxidized porphyrin
derivatives is not characterized by any important inter-
actions. There are no short contact distances, and hy-
drogen bonding or other special packing forces are not
apparent. Therefore, the comparative discussion is re-

Hill et al.

stricted to the molecular stuctures of the species, 2, 3,
and 4. For this purpose, Figure 2 illustrates the skeletal
deformations that occur upon increasing substitution of
2 by benzyl groups.

The most notable effect of introducing bulky substit-
uents at the nitrogen atoms is the increased distortion
of the porphyrinogen framework. Thus, while in 2 there
is an even and alternating deviation of 48° by all the
pyrrole rings away from the least squares plane of the
macrocycle, the noncoplanarity in 3 is marked by an
uneven puckering where the unalkylated pyrroles have
dihedral angles slightly larger than 2 but the substituted
pyrrole rings have a deviation from the mean plane of
60.84 and 67.99°. The unsubstituted pyrroles are involved
in hydrogen bonding with a molecule of water, which
probably stabilizes the macrocycle in this particular
conformation.

Further N-substitution does not, however, lead to an
extension of the puckering. Rather, the conflicting driving
forces of steric hindrance and z-conjugation conspire to
produce a highly distorted structure in which the pyrrole
groups are allowed to occupy a less puckered conforma-
tion. In 4, the average dihedral angle subtended by the
pyrrole rings and the macrocyclic plane is around 53°.
In the cases of 2 and 3, the changes in electronic structure
and steric constraints caused by oxidation and N-substi-
tution, respectively, can be accommodated by a simple
out-of-plane hinging of the pyrrole groups. However, in
4, the presence of two extra benzyl groups requires an
additional torsional distortion over the entire macrocycle,
although this is also evident to some extent in 3. In the
absence of an X-ray structure for 1, a computed structure
was used for comparative purposes. The computed struc-
ture gave a dihedral angle of 0.04°, indicating an almost
planar porphyrin macrocycle (see Supporting Informa-
tion). The dication of 1, [T(DtBHP)PH,)?", is likely to
have a dihedral angle close to 33°, which is the value
obtained experimentally for the dication of unsubstituted
meso-tetraphenylporphyrin.?* Table 2 contains the dis-
placement distances of the macrocyclic atoms from the
macrocyclic mean plane. These values confirm the distor-
tion suffered by the macrocycle upon N-substitution and
further illustrate the hinging of the pyrrole groups in 3
and the reduction in puckering upon complete N-substi-
tution. The $-carbon atoms of N-substituted pyrrole rings
in 3 are displaced by an average of 1.63 A, while this
value is reduced to 1.39 A in 4.

TABLE 1. Ab Initio B3LYP/3-21G(*) Calculated Parameters for the Investigated Porphyrin and Porphyrinogens

compound HOMO+1 eV HOMO, eV LUMO, eV LUMO+1, eV HOMO—-LUMO gap eV
T(DtBHP)P, 1 —5.147 —4.711 —2.029 —2.017 2.68
OX[T(DtBHP)P], 2 —5.831 —5.536 —3.624 —3.060 191
OX[T(DtBHP)P]Bz,, 3 —5.754 —5.515 —3.501 —3.089 2.01
OX[T(DtBHP)P]Bz4, 4 —5.826 —5.464 —3.420 —2.941 2.04

TABLE 2. Electrochemical Redox Potentials (V vs Fc/Fct) of the N-Substituted tetra-oxo-Cyclohexa-2,5-dienylidene

Porphyrinogens in o-Dichlorobenzene, 0.1 M (TBA)CIO,2

compound second ox. first ox. first red. second red. third red. fourth red.
T(DtBHP)P, 1 0.43° 0.31b -1.82 -2.19
OX[T(DtBHP)P], 2 0.48 0.27 —1.33¢
OX[T(DtBHP)P]Bz, 3 0.69 0.48 —1.38¢ —1.45 —2.00 —2.08
OX[T(DtBHP)P]Bzs, 4 0.73b —1.34¢ -1.38 -1.86

aScan rate = 100 mV/s. P Epa at 0.1 VI/s. ¢ Epc at 0.1 Vis.
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During these changes in macrocyclic structure, there
is also a perturbation in the conformation of the meso
substituents. These are essentially coplanar with each
other in 2, while in 3 there is a somewhat uneven but
slight departure from coplanarity that may be due, in
part, to crystal packing forces. The situation for 4,
however, reflects again the steric perturbation that the
four benzyl substituents exert in this compound. The
meso groups are themselves arranged in a puckered
manner with groups in opposing meso positions (i.e., 5
and 15; 10 and 20) deviating in the same direction, as
can be seen in Figure 2c.

In conclusion, it is interesting to observe the effect of
increasing substitution at the central nitrogen atoms of
2 especially in view of the highly conjugated nature of
these compounds. Changes in conformation of the pyrrole
rings must also allow a maximum conjugative overlap
between the component macrocycle and meso substituent
orbitals. Therefore, although the introduction of two
benzyl groups at opposing nitrogen atoms introduces a
significant steric crowding, there is only a localized dis-
tortion resulting in the increased angle between N-
substituted pyrrole and macrocyclic mean plane. Con-
versely, if all nitrogen atoms are N-substituted with
benzyl groups, the molecule is more distorted with both
macrocycle and meso substituents taking up a puckered
structure. It should be noted that the crystal structures
of 3 and 4 are not governed by any strong intermolecular
forces, so that packing constraints become more signifi-
cant as compared to other interactions especially in these
compounds that contain multiple tertiary butyl substit-
uents. Thus, a less distorted conformation (i.e., that
represented by the calculated structure) is likely to exist
in solution.

Ab Initio B3LYP/3-21G(*) Computational Studies.
To gain insight into their geometry and electronic struc-
ture, computational studies were performed on com-
pounds 1—4 by using density functional methods (DFT)
at the B3LYP/3-21G(*) level. The DFT methods were
chosen over the Hartree—Fock or semiempirical approach
since recent studies on porphyrin—fullerene dyads and
ferrocene—fullerene—nitroaromatic triads have shown
that the DFT methods at the 3-21G(*) level predict the
geometry and electronic structure much more accu-
rately.?

In our calculations, all of the compounds were fully
optimized to a stationary point on the Born—Oppenhe-
imer potential energy surface. To gain more confidence
in the computed structures, especially the nonplanarity
factors, the computed structures were compared with the
X-ray structures. The results of the comparison are
depicted in the flat-scale projections shown in Figure 3.
The flat-scale projections were generated by least-squares
fitting a plane to the 24 heavy atoms of the porphyrin
ring, establishing the origin of the plane at the centroid
of the 24 atoms, defining the positive X-axis in the
direction of one of the meso carbons, the positive Y-axis
orthogonal to X in the direction of another one of the meso
carbons, and the positive Z-axis orthogonal to the XY
plane. The original atomic coordinates were transformed
to the newly defined coordinate system, and the Z-
coordinate was plotted against the angle of the arctan-
gent of the XY coordinates. For compound 2, bearing no
N-substituents, an excellent agreement between com-
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FIGURE 3. Plots of the edge-on view of the porphyrin ring
atoms plotted by vertical distance from the least squares plane
of the 20 porphyrin atoms for both calculated (black line) and
X-ray (red line) structures.

puted and X-ray structure was observed. Here, the
B-pyrrole carbons were displaced as much as 1.7 A from
the least squares plane. The nonplanarity of the porphy-
rinogen macrocycle is comparable to that reported previ-
ously for highly substituted porphyrins.?® Additionally,
it is interesting to note that the X-ray and computed
structures are very similar, suggesting that the extensive
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FIGURE 4. Coefficients of the first HOMO and the first LUMO for the B3LYP/321G(*) optimized meso-tetrakis(3,5-di-tert-butyl-
4-hydroxyphenyl)porphyrin (1), tetrakis(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-dienylidene)porphyrinogen (2), N21,N2s-dibenzyl-5,-
10,15,20-(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-dienylidene)porphyrinogen (3), and Nz1,N22,N23,N2s-tetrabenzyl-5,10,15,20-(3,5-di-

tert-butyl-4-oxo-cyclohexa-2,5-dienylidene) porphyrinogen (4).

H-bonding in the crystals of 2 has little effect on its
molecular conformation.

Compounds 3 and 4, bearing two and four N-benzyl
substituents, respectively, exhibited macrocyclic distor-
tions similar to compound 2 (i.e., the g-pyrrole carbons

5866 J. Org. Chem., Vol. 69, No. 18, 2004

were displaced by around 1.7 A). The position of the
N-substituted benzyl groups could not exactly be matched
with the X-ray structure since crystal packing makes
these flexible substituents occupy less symmetric posi-
tions. However, the excellent agreement of the porphyrin
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ring atoms between the computed and the X-ray struc-
tures gave us enough confidence to investigate the
electronic structure of these molecules.

Figure 4 illustrates the first HOMO and first LUMO
of compounds 1—4, while Table 1 lists the energies of the
first two HOMOs and first two LUMOs along with the
calculated HOMO—-LUMO gap. As expected for porphy-
rins, the HOMOs and LUMOs of compounds 1—4 were
all z-orbitals. However, the symmetries of the HOMO
orbitals of compounds 2—4 were different (pseudo-Dyq,
a, HOMO, and b, LUMO) from compound 1 (pseudo-Dyp,
aiyu, 8y HOMO, and g LUMO). The HOMO and LUMO
orbitals for compound 1 were found to be mainly on the
porphyrin s-ring system, while for 2—4 these orbitals
were spread to the oxo-cyclohexadienylidene rings of the
porphyrinogen macrocycle due to the extension of con-
jugation caused by oxidation. Interestingly, there are only
minor orbital contributions on the ring nitrogens (only
for the LUMO), and almost no contribution from the
benzyl groups was observed. The calculated HOMO—
LUMO gap followed the trend 2 < 3 < 4 < 1. These
results suggest a decreased HOMO—-LUMO gap for the
porphyrinogens as compared to the parent porphyrin, and
this gap increases slightly with increasing number of
N-substituents at the porphyrinogen macrocycle.

Electrochemical Studies. Electrochemical studies
were performed to evaluate the redox potentials and to
verify the predictions of computational studies on the
HOMO—-LUMO gap. Comparison between the experi-
mental results and that predicted by theory has been of
general interest for both experimental and theoretical
chemists not only to check the validity of their procedures
but also to design molecular systems with novel physi-
cochemical properties.?* In our studies, dry 1,2-dichlo-
robenzene, freshly distilled over CaH,, was used to
prevent proton-coupled chemical reactions that might
occur upon electrochemical oxidation and reduction of the
investigated compounds. Dried, recrystallized samples
were used for the electrochemical studies. Figure 5 shows
the cyclic voltammograms of the three porphyrinogens
along with the starting material, meso-tetrakis(3,5-di-
tert-butyl-4-hydroxyphenyl) porphyrin, 1, while Table 2
lists the values of the redox potentials. The cyclic
voltammogram of tetra-oxo-cyclohexadienylidene por-
phyrinogen, 2, bearing no N-substitutents, revealed two
reversible oxidations located at E;», = 0.27 and 0.48 V
versus Fc/Fc™ and an irreversible reduction at Ep, =
—1.33 V versus Fc/Fc*. The larger current for this
reduction process suggests the involvement of one or
more electrons. Variable scan rate, multicyclic, and low-
temperature (0 °C) voltammetric studies revealed no
changes in the shape of the voltammogram. Interestingly,
compounds 3 and 4 exhibited a systematic anodic shift
in their oxidation potentials. The first oxidations of 3 and
4 (quasireversible) are located at Ei» = 0.48 and Ep, =
0.73 V versus Fc/Fct. These values represent over 200
and 400 mV shifts in their oxidation potentials, respec-
tively.

A similar but less pronounced trend was observed
during the reduction of the oxo-cyclohexadienylidene
porphyrinogens. While the reduction of 2 was fully

(23) Shelnutt, J. A.; Song, X.-Z.; Ma, J.-G.; Jia, S.-L.; Jentzen, W.;
Medforth, C. J. Chem. Soc. Rev. 1998, 27, 31 and references therein.
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FIGURE 5. Cyclic voltammograms of (a) tetrakis (3,5-di-
tert-butyl-4-oxo-cyclohexa-2,5-dienylidene) porphyrinogen, (b)
N21,N23-dibenzyl-5,10,15,20-(3,5-di-tert-butyl-4-oxo-cyclohexa-
2,5-dienylidene) porphyrinogen, (c) N21,N22,N23,N24-tetrabenzyl-
5,10,15,20-(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-dienyl idene)-
porphyrinogen, and (d) meso-tetrakis(3,5-di-tert-butyl-4-hydroxy-
phenyl)porphyrin in 1,2-dichlorobenzene, 0.1 M (TBA)CIO,.
Scan rate = 100 mV/s. The asterisk indicates the Fc/Fc' redox
couple used as an internal standard.

irreversible, the cyclic voltammograms corresponding to
the reduction of 3 and 4 were found to be quasireversible
to reversible. Scanning the potential to more negative
values revealed additional reductions (Figure 5) for 3 and
4. The potentials corresponding to the first reduction of
compounds 2—4 were found to be close to each other
(Table 2). The cyclic voltammogram of 1 revealed two
irreversible oxidation peaks located at E,; = 0.31 and
0.43 V versus Fc/Fc*, and as expected for free-base
porphyrins, two reversible reductions at E;; = —1.82 and
—2.19 V versus Fc/ Fct. The location and irreversible
nature of the anodic waves suggest oxidation of the
porphyrin ring leading to the formation of oxo-cyclohexa-
dienylidene porphyrinogens. It is important to note that
the oxidation behavior of 1 and the reduction behavior
of 2 complement each other, that is, the irreversible
reduction of 2 involves the conversion of oxo-cyclohexa-
dienylidene porphyrinogens to the tetrakis(4-hydroxy-
phenyl)porphyrin (in its deprotonated form in the absence
of protons). Importantly, the magnitude of the redox
potentials of compounds 2—4 suggests that these com-
pounds are electron deficient. That is to say that they
are nearly 500 mV easier to reduce than 1.

The HOMO—-LUMO gaps calculated from computa-
tional studies and from the electrochemical measure-

(24) Langford, S. J.; Yann, T. 3. Am. Chem. Soc. 2003, 125, 11198.
(b) Introduction to Molecular Electronics; Petty, M. C.; Bryce, M. R.;
Bloor, D., Eds.; Oxford University Press: New York, 1995.
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TABLE 3. Comparison between the HOMO—-LUMO Gap
Calculated from Electrochemical and Computational

(B3LYP/3-21G(*)) Methods

compound electrochemical, V. computational, eV
T(DtBHP)P, 1 213 2.68
OX[T(DtBHP)P], 2 1.60 1.91
Ox[T(DtBHP)P]Bz,, 3 1.86 2.01
OX[T(DtBHP)P]Bz4, 4 2.07 2.04
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FIGURE 6. Spectral changes observed during (a) first oxida-
tion and (b) first reduction of N21,N23-dibenzyl-5,10,15,20-(3,5-
di-tert-butyl-4-oxo-cyclohexa-2,5-dienylidene) porphyrinogen in
o-dichlorobenzene, 0.1 M (TBA)CIO,.

ments (the difference between first oxidation and first
reduction potentials) are listed in Table 3. For the trend
of the HOMO—-LUMO gap, 2 < 3 < 4 < 1, excellent
agreement between computed and experimental results
is observed. These observations are also consistent with
the optical absorption data shown in Figure 1, where the
position of the absorption bands also follows a similar
trend. Previously, similar attempts have been made to
match the HOMO—-LUMO gap from computational,
electrochemical, and optical studies.?®> The results pre-
sented here serve as an excellent illustration that this is
an attainable goal.

The anodic shift and reversibility of the oxidation
processes clearly suggest stabilization of the HOMO of
tetra-oxo-cyclohexadienylidene porphyrinogens upon N-
substitution. Although the effect on the LUMO is less,
the reductions of 3 and 4 are reversible as compared to
the irreversible reduction of 2. The reversible redox
processes of 3 and 4 suggest formation of stable s-cation
and s-anion radicals upon the first oxidation and first
reduction processes. Spectral characterization of such
radicals is essential considering the extended s-conjuga-

(25) (a) Ghosh, A. Acc. Chem. Res. 1998, 31, 189. (b) Ghosh, A. J.
Am. Chem. Soc. 1995, 117, 4691. (c) Ghosh, A. J. Phys. Chem. 1994,
98, 11004. (d) D'Souza, F.; Zandler M. E.; Tagliatesta, P.; Ou, Z., Shao,
J., Caemelbecke, E. V., Kadish, K. M. Inorg. Chem. 1998, 37, 4567.
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FIGURE 7. Spectral changes observed during (a) first oxida-
tion and (b) first reduction of Nz1,N22,N23,N24-tetrabenzyl-5,-
10,15,20-(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-dienylidene)-
porphyrinogen in o-dichlorobenzene, 0.1 M (TBA)CIO,.

tion of the tetra-oxo-cyclohexadienylidene porphyrinogen
macrocycles and their possible applications as materials
for building molecular electronic devices® or electron-
transfer model compounds.?® With this in mind, we have
performed spectroelectrochemical characterization of the
oxidized and reduced species of 3 and 4, and the results
are discussed next.

Spectroelectrochemical Studies. Figures 6 and 7
present the spectral changes observed during the oxida-
tion and reduction of 3 and 4, respectively, in o-dichlo-
robenzene containing 0.1 M (TBA)CIO,. The spectral
changes recorded during the first oxidation of 3 revealed
new absorption bands at 588 and 750 nm with a decrease
in the Soret band intensity (Figure 6a).

Isosbestic points at 430 and 570 nm were also observed,
suggesting the occurrence of only one equilibrium process
in solution. Similar observations were also made during
the first reduction of 3. New absorption bands at 744 and
572 nm were observed with a concurrent decrease of the
Soret band intensity of the neutral species. No new
spectral bands were observed during the oxidation of 4
with the spectra undergoing only a small intensity gain
(Figure 7). Interestingly, the reduction of 4 resulted in
the formation of well-resolved bands at 571 and 589 nm
with a concurrent decrease of the Soret band at 504 nm.
Isosbestic points were also observed at 454 and 571 nm.

The observation of the nicely formed z-cation radical
spectra, and especially the z-anion radical spectra of 3
and 4, clearly suggest their higher stability as predicted

(26) (a) Sutin, N. Acc. Chem. Res. 1983, 15, 275. (b) Wasielewski,
M. R. Chem. Rev. 1992, 92, 435. (c) Gust, D.; Moore, T. A.; Moore, A.
L. Acc. Chem. Res. 1993, 26, 198. (d) Paddon-Row: M. N. Acc. Chem.
Res. 1994, 27, 18. (e) Hayashi, T.; Ogoshi, H. Chem. Soc. Rev. 1997,
26, 355. (f) Piotrowiak, P. Chem. Soc. Rev. 1999, 28, 143. (g) Guldi, D.
M. Chem. Soc. Rev. 2002, 31, 22.
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from the reversible redox processes. It should be men-
tioned here that spectroelectrochemical investigations of
the oxo-cyclohexadienylidene porphyrinogen derivative
without N-substitution, 2, revealed irreversible spectral
features without the presence of clear isosbestic points.
The present electrochemical and spectroelectrochemical
studies collectively indicate that the investigated tetra-
oxo-cyclohexadienylidene porphyrinogens are electron
deficient and become stable toward the formation of
cation and anion species upon N-substitution.

Conclusion

We have presented the structural and electrochemical
characterization of an interesting class of N-alkylated
tetrapyrrole macrocycles. The N-alkylation has been
shown to occur at the pyrrolic nitrogen atoms without
altering the conformation of the macrocycle. This is a
significant point since it allows us to predict the three-
dimensional structure of other similar derivatives where
structural data is not available. Moreover, this system
avoids the purported difficulties of tautomerism in phe-
nolic porphyrin systems while retaining the possibility
of porphyrinic cation radical states that are available
through electrolytic or chemical reductions. The X-ray
structural analyses along with the ab initio computa-
tional studies revealed highly nonplanar macrocycles in
compounds 3 and 4. The electrochemical studies revealed
that the porphyrinogen ring is electron deficient by nearly
500 mV and that the redox processes of N-substituted 3
and 4 are better defined than those of 2. The computa-
tionally predicted and electrochemically determined
HOMO-LUMO gap followed the trend 2 < 3 < 4 < 1.
As predicted from the electrochemical studies, spectro-
electrochemical studies confirmed stable z-cation and
m-anion radical formation in the N-substituted oxo-
cyclohexadienylidene porphyrinogen macrocycles. Such
stability is an important factor when considering poten-
tial applications of these compounds.

The electron deficiency in 2—4 suggests that these
materials can be considered as highly m-conjugated,
sterically hindered quinones albeit connected via the
tetrapyrrole moiety (by extension, this leads to the
supposition that the reduced states of 2 (i.e., porphyrin,
1, and its dication) can be labeled the conjugate hydro-
quinones). This conjecture helps to predict which further
derivatives of the system represent worthwhile goals.
However, while there are several synthetic variables
available, the basic system presented here is still rela-
tively undeveloped. The ability to bind metal ions (i.e.,
in 2 and 3) and the availability of highly stable radical
states are but two of the intrinsic features that make the
N-alkylated meso-tetrakis(4-oxo-cyclohexadienylidene) por-
phyrinogens so appealing for further study.

Experimental Procedures

meso-Tetrakis-(3,5-di-tert-butyl-4-hydroxyphenyl)por-
phyrin, 1, and Its Two-Electron Oxidized Product, 2,
were prepared by modifications of previous procedures.'®
Respective yields were 17.5 and 95%. 1: 'H NMR (dgs-tetra-
hydrofuran): 6 = 8.85 (8H, porphyrin pyrrolic 5-H), 8.05 (8H,
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meso substituent H), 6.58 (4H, phenol OH), 1.63 (72H, tert-
butyl-H), —2.62 (2H, br, porphyrin N—H) ppm. FAB-MS (3-
NBA): m/z = 1127 (M + H)*. UV—vis(1,2-dichlorobenzene)
428.5 (Amax), 523.5, 562, 598, 655 nm. 2: *H NMR (dg-tetra-
hydrofuran): 6 = 10.11 (br, pyrrolic N—H), 7.57 (8H, pyrrolic
p-H), 6.87 (8H, meso substituent H), 1.33 (72H, tert-butyl) ppm.
FAB-MS (3-NBA): m/z = 1127 (M + 3H)*. UV-vis(1,2-
dichlorobenzene): 350(sh), 517 (Amax) NM.

3, N21,N23-Dibenzyl-5,10,15,20-(3,5-di-tert-butyl-4-oxo-
cyclohexa-2,5-dienylidene) Porphyrinogen and 4,
N21,N22,N23,N24-Tetrabenzyl-5,10,15,20-(3,5-di-tert-butyl-
4-oxo-cyclohexa-2,5-dienylidene) Porphyrinogen. N-Alky-
lation of the oxidized porphyrin was performed in refluxing
anhydrous ethanol/potassium carbonate with 5 equiv of benzyl
bromide. 2 (200 mg, 1.8 x 10™* mol) was dissolved in dry
ethanol (20 mL), and anhydrous potassium carbonate (0.25 g)
was added. The reaction mixture was stirred during the
addition of benzyl bromide (150 mg, 8.8 x 10~* mol, ~5 equiv)
followed by warming to reflux. Typically, the reaction was
allowed to proceed until none of the parent porphyrinogen
remained (tlc monitoring). Following completion of the reac-
tion, the solvent was removed by evaporation under reduced
pressure, and the resulting solid was partitioned between
dichloromethane and water. Evaporation of the highly colored
dichloromethane fraction yielded a green solid that was
dissolved in the minimum of dichloromethane and chromato-
graphed on silica gel eluting with n-hexane/dichloromethane,
1:1. The major products are consistently the di- and tetra-
substituted products when benzyl bromide is used in the
N-alkylation. The two main products are separated easily, but
care must be taken to avoid contamination by the small
amounts of trisubstituted derivative that are present in the
mixture. Relative yields depend on reaction time, but the tetra-
substituted product could be obtained in >80% vyield if the
reaction was allowed to proceed until virtually no disubstituted
material, 3, remained. The identity of the products was
confirmed by *H NMR and FAB-MS.

3: 'H NMR (CDCl3): 6 = 9.82 (br, NH), 7.57 (d, 4H, J =
2.44 Hz, pyrrolic -H), 7.12 (m, 6H, benzyl ortho, para H), 7.00
(d, 3 = 2.44 Hz, 4H, pyrrolic -H), 6.89 (d, J = 2.44 Hz, meso
substituent alkene-H), 6.76 (dd, 4H, benzyl meta-H) 6.52 (s,
4H, meso-substituent alkene-H), 4.50 (s, 4H, benzyl CHy),
1.33 (s, 36H, tert-butyl-H), 1.19 (s, 36H, tert-butyl-H) ppm.
FAB-MS (3-NBA): m/z = 1308 amu (M + 3H)"; UV—vis (1,2-
dichlorobenzene): 333.0, 509 (Amax) NM. 4: *H NMR (CDCls):
0 = 7.24 (s, obscured by CHClIs, pyrrolic 5-H), 7.16 (m, 12H,
benzyl ortho, para protons) 6.67, 6.65 (m, 16H, benzyl meta-H
(8H) + meso substituent alkene 8H), 4.52 (s, 8H, benzyl CHy),
1.23 (s, 72H, tert-butyl groups) ppm. FAB-MS (3-NBA): m/z
= 1486 amu (M + 2H)"; UV—vis (1,2-dichlorobenzene): 331
and 504 (Amax) NM.
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