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Abstract: A series of pyrrolyl and dipyrrinyl isoporphyrins
carrying different phenyl and thienyl groups is reported. The
compounds are obtained by a one-pot approach in the
presence of a template reagent. Thienyl derivatives gave
better yields, and were the only subclass to form with steric
hindrance. The structural analyses carried out on compounds
1 and 14 revealed distinct conformational differences which
are likely to result from an intramolecular NH~Cl hydrogen
bridge of the pyrrolyl subclass. In addition, this hydrogen

~

bridge strongly favors one of the two possible atropisomers.
Hindered rotation of the meso-aryl groups is observed only in
the cases of methylbenzothienyl derivatives 10 and 15 and
leads to the observation of several diastereomers. NIR
absorptions up to 923 nm are found throughout. Electro-
chemical investigations into the 1e™ and 2e™ reduced species
unravel axial ligand exchange dynamics for the zinc isopor-
phyrin radical, and the probable formation of a zinc
phlorinate.

_/

Introduction

Isoporphyrins represent a certain tautomeric form of porphyrin
in which one of the inner NH protons is shifted to one of the
meso-C atoms (Figure 1). Such tautomers have been discussed
in the literature since 1961 as possible intermediates in chlorin
synthesis." The formal migration of an N-bonded proton to one
of the bridging methine groups leads to the break-up of the
macrocyclic conjugation and thus to a marked loss of stability
as this bridging carbon atom changes from sp? to sp’ hybrid-
ization. The first isoporphyrins were obtained in the 1970s by
nucleophilic attack of water or alcohols on electrooxidized zinc-
meso-arylporphyrins and studied spectroscopically, revealing
intense NIR bands between 750 and 900 nm.”’ Subsequently,
alternative oxidation methods were applied, and a fair number
of iron- and zinc-isoporphyrins could be obtained and studied
spectroscopically and structurally.” However, all systems
proved to be too sensitive to unravel their chemistry in more
detail. Contact with electrophiles leads to the rapid reversion to
the starting porphyrins, while ring opening to linear tetrapyr-
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Figure 1. Porphyrin and isoporphyrin as tautomers.

roles of the bilatriene type is reported upon nucleophilic attack.
Nevertheless, interest in isoporphyrins of this type has grown
significantly in the last years. Recent contributions show such
highly reactive isoporphyrins, for example, as reagents for CH
activation processes,” as intermediates in biological cellular
respiration® and as electropolymerized electrode coatings in
photovoltaics.”’ Related ring-contracted isocorroles with poten-
tial in e.g. C—C coupling catalysis serve as important additions
to this chemistry.” A review summarizes the work done in this
field before 2015.%

Isoporphyrins gain additional stability when both hydrogen
atoms at the bridging sp® carbon atom are substituted by
organic residues. This structural motif was first realized ring-
synthetically by Smith et al., who received and studied meso-
dimethyl species like | (Figure 2).”” Recently, we reported a
simpler synthetic pathway to stabilized isoporphyrins Il by a
one-pot approach."” This type of isoporphyrin formation was
serendipitously unraveled during a study of a variation of the
Adler-Longo porphyrin synthesis,"" using the Gryko conditions
for corrole formation™” and zinc- or cadmium acetate as
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Figure 2. Stabilized zinc isoporphyrins I and Il, with numbering system for
the meso positions.

additional template reagents. In some cases, the isoporphyrins
emerged even as major products, despite the known sensitivity
of this substance class. The isolation of the first derivatives was
achieved with relatively little effort by chromatographic separa-
tion and crystallization. Investigations into the properties of the
new isoporphyrins revealed the characteristic NIR bands known
for this macrocycle. Furthermore, first chemical transformations
(metal and ligand exchange reactions, borylation at the
periphery) proved to be successful and created interest into this
compound class for further exploration.

In order to expand the chemistry of isoporphyrins further,
we first investigated the general accessibility by the one-pot
process in more detail. Here, we focus on the use of differently
substituted aryl aldehydes and template metals as starting
materials, and on isolation conditions for the obtained porphyr-
inoids. Furthermore, we were keen to observe the influence of
different substituents on stability, structural and spectroscopic
characteristics of isoporphyrins for the first time. In this paper,
we summarize our results on the preparation and investigation
of 15 new isoporphyrin derivatives.

Results and Discussion

The isoporphyrin one-pot synthesis is carried out in two
consecutive steps. In the first step, pyrrole and an aryl aldehyde
are condensed under Bronsted acidic conditions to form a
mixture of linear oligopyrroles. Shortly after addition of the
acid, a clouding of the solution can be observed. Here,
increasingly insoluble oligopyrroles precipitate from the equili-
brium mixture. The heterogeneous reaction procedure requires
very intensive mixing to achieve reproducible yields. In the
second step, the nonpolar components of the reaction mixture
are extracted and mixed with p-chloranil and a template
reagent. This treatment leads to ring closure (Scheme 1).

After work-up, the isolated products are the pentapyrrolic
metal isoporphyrin Il, the tetrapyrrolic free base corrole Ill and,
in some cases, a hexapyrrolic metal isoporphyrin IV. The
observation of varying, but generally very small amounts of
porphyrin is probably due to the slow decomposition of
previously formed isoporphyrins. Products composed of less
than four or more than six pyrrole units probably also form!™>'
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Scheme 1. General reaction scheme for the two-step, one-pot preparation,
with the observed major products II, lll, and IV. a) HCl (ag.), MeOH; r.t.,
180 min. b) Zn(OAc), x 2 H,0, p-chloranil, CHCl;, reflux, 60 min.

but could not be isolated. Moreover, in the absence of template
substances, no isoporphyrins can be detected. These observa-
tions lead to the proposed reaction process outlined in
Scheme 2.

A number of different aryl aldehydes has been investigated
for their eligibility to form new isoporphyrins following the
general conditions described above. The successful reactions
are summarized in Figure 3. Several other aryl aldehydes failed
to produce isoporphyrin products. All heteroaromatic aldehydes
except those from thiophene derivatives did not yield any
detectable isoporphyrin product. The same observation was
made using the sterically hindered 2,6-dichlorobenzaldehyde
and mesitylaldehyde. Only traces of the desired macrocycles
were obtained from the electron poor aldehydes C,FsCHO and
4-NO,—C,H,CHO, and isolation of those products was not
successful in our hands. 4-F-, 4-CF;- and 3,5-di(CF;)-benzalde-
hyde, however, gave fair yields of zinc meso-pyrrolyl isoporphyr-
ins 1, as did the electron-rich 4-EtO- and 4-Me-benzaldehydes,
and benzaldehyde itself. The observed yields are generally in
between 4% and 13%. The C¢Hs- and the 4-MeOC¢H,-deriva-
tives 1 and 16"" gave somewhat higher yields of 16% and
18 %, respectively.

Thienyl aldehyde behaves conspicuously in a positive sense.
With this precursor, the isoporphyrin 8 is obtained in a yield of
36%. In addition, the result for the methylbenzothienyl
derivative 10 shows that product formation still occurs in
significant amounts for thiophenes even with increased steric

DA YAWA o4
N T N T N T N —
ArCHO H ArH Ar H Ar H
ML SN AN AW AW A 4
4/_\> N N N N N [M2+]
N H Ar H Ar H Ar H Ar H
H
(excess) /N /N 7\ I\ 7\ | O iV
N N N N N N | w2
H Ar H Ar H Ar H Ar H Ar H

Scheme 2. Proposal for metal isoporphyrin II/IV and free base corrole I
formation by the one-pot strategy.
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R M Ar
Ar 1 py Zn CGHS (16%)
2| py Zn 4-MeCgH,4 (8%)
3| py 2Zn 4-EtOCgH,4 (4%)
4| py Zn 4-FCgH, (10%)
A Al 5lpy Zn  4-CF4CeHqy (11%)
6| py Zn 3,5-(CF3),CgH3 (13%)
7 7 py Zn 3,5-(CH3)2-4-M€OCGH2 (12%)
A R 8| py Zn 2-thienyl (36%)
9| py Zn 2-(5-phenylthienyl) (10%)@
10 | py Zn 5-(4-methylbenzothienyl) (9%)2]
1M | py Cd CgHs(11%)
12 | dipy Zn CgHs (14%)
13 | dipy Zn  4-MeCgH5 (5%)
14 | dipy Zn 4-FCgHs (2%)
15 | dipy Zn 5-(4-methylbenzothienyl) (2%
16 | py Zn 4-MeOCgH,4 (18%)
17 | dipy Zn 4-MeOCgH,4 (11%)

Figure 3. New metal isoporphyrins 1-15, and known zinc 4-methoxyphenyl derivatives 16, 17 (yields in parenthesis). [a] A 3:1 mixture of methanol/water was

necessary in the condensation step to observe isoporphyrin formation.

hindrance. A DFT analysis shows that the structures of the
phenyl and thienyl substituted zinc isoporphyrins 1 and 8 differ
significantly with regard to the dislocation of the perimeter
atoms from an average macrocycle plane (Figure 4). The reason
for this is probably the smaller size of the thienyl moiety. This
allows for enhanced coplanarity of the substituent t system
with the macrocyclic one in the thienyl case (calculated rotation
between mean squares planes of 53.99° (C5), 45.94° (C10) and
50.39° (C15) for 8, versus 64.24°, 61.77° and 59.74°, respectively,
for 1), and thus an energetically favorable enhanced conjuga-
tion. As a consequence, the molecule accepts a stronger
repulsion of the thiophene H atoms with the -H atoms of the
neighboring C;N rings, which gives rise to the observed

N
N
1 8
06 0.6
0.4 0.4
2 z

20 20 < %2
0.0 £0.0

o < c20
0.2 0.2
-0.4 0.4
0.6 0.6

Figure 4. Optimized molecular structures of zinc isoporphyrins 1 and 8
(CAM-B3LYP/def2-TZVP/CPCM(CH,Cl,)), with linear displays of atomic dis-
locations from the mean-squares C,,N, plane.
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increase in saddling distortion." Such an intermolecular

interaction should push the pyrrole subunits of a linear
precursor out of coplanarity and enforce a helical arrangement,
which is assumed to be advantageous for zinc binding"” and
for the ring closure step.

The condensation and the ring closure steps were further
investigated on selected derivatives with Ar=C¢Hs; 1/12 and
Ar=4-MeO—C¢H, 16/17. Since the accumulation of the desired
penta- and hexapyrroles in the precipitated material depends
on their solubility in the medium and thus presumably on its
polarity, the methanol/water ratio was systematically varied.
The change in the product composition could be followed after
the subsequent oxidation by means of UV/Vis spectroscopy.
The intensity of the bands at 360 nm, 420 nm and 640 nm
changed with solvent composition, indicating the formation of
corrole Il and other unknown by-products (Figure 5). The
amount of formed isoporphyrins Il and IV, however, could not
be reliably quantified due to the relatively low extinction
coefficients of the Q bands, and to the strong overlap of the
major signals at around 450 nm with other absorption bands
from the mixture. A complete chromatographic work-up and
isolation of the isoporphyrins therefore becomes necessary for
each measured point. As it turned out for the observed cases,
larger amounts of isoporphyrins were found to be accompanied
by medium to low intensities of the bands at 640 nm, which
correlates with methanol/water mixtures ranging from 1:1 to
3:1. The optimum composition of the condensation medium
for the pentapyrrolic derivative Il was found at a methanol/
water ratio of 1:1 in both cases 1 (16%+14% 12) and 16 (18%
+11% 17), while a 3:1 mixture leads to a favored formation of
the hexapyrrolic derivatives 12 (12%+4% 1) and 17 (11%+
3% 16). The amount of HCl added, on the other hand, shows
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Figure 5. Qualitative UV/Vis spectra of reaction product mixtures for 1/12 (Ar=CgH;, left) and 16/17 (Ar=4-MeOC¢H,, right) using different methanol/water

mixtures as solvent in the condensation step.

hardly any influence on the reaction process above a critical
minimum amount.

When investigating the ring closure reaction, the focus was
laid on the nature of the template reagent. Zinc acetate already
used in the preliminary work was found to be the best choice.
Cadmium acetate also led to isoporphyrin formation in one
case (11), but with somewhat lower yields. Acetate salts of the
redox-active 3d transition metal ions of manganese, iron, cobalt,
nickel and copper, on the other hand, did not yield isolable
isoporphyrin products. Interestingly, isoporphyrin could also
not be found with zinc chloride as the template reagent. This
indicates a complex templating process in which the acetate
ions take on supporting tasks in addition to the zinc ions, and
in which a redox interference of the metal ion with the
oxidative ring closure reaction results in failure.

In addition to the reaction procedure, the chromatographic
work-up is crucial for the successful preparation of isoporphyr-
ins. In a typical example the solvent is removed, the product
mixture is applied to silica and the corrole, which is omnipre-
sent as a by-product, is washed from the column with dichloro-
methane as the sole eluent. Then, by adding small amounts of
ethyl acetate, the more polar isoporphyrins can be eluted. In
cases where only traces of the meso-dipyrrinyl isoporphyrin IV
are formed, the meso-pyrrolyl derivative Il is thus obtained in
sufficient purity after crystallization from dichloromethane/n-
hexane. However, if dipyrrinyl isoporphyrin IV is present in
significant amounts, isolation requires several tedious chroma-
tographic steps, sometimes with high losses. For this reason it
can be advantageous to optimize not for maximum yield on
total isoporphyrins but rather for minimal occurrence of either
the pentapyrrolic form Il or the hexapyrrolic dipyrrinyl isopor-
phyrin IV.

From the above investigations, it appears that the con-
ditions mentioned in the preliminary study"” are already very
well adapted to the preferential formation of isoporphyrins
from typical benzaldehydes. Further optimization for different
aryl aldehydes may be achieved mainly by varying the solvent
polarity in the condensation step (e.g. for 9, 10 and 15), and by
limiting the formation of the undesired pyrrolyl or dipyrrinyl
derivatives through the same measure. However, as the
isolation of the products is still tedious and necessary for every

Chem. Eur. J. 2021, 27, 8021-8029 www.chemeurj.org
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optimization attempt, such efforts will
chromatographic methods in each case.

The molecular structures of one pyrrolyl and one dipyrrinyl
isoporphyrin 1 and 14 could be determined by single crystal X-
ray diffraction. Both compounds crystallize as solvates from
dichloromethane/n-hexane by vapor diffusion at 4°C in the
monoclinic system with Z=4, space group P2,/c (1) and P2,/n
(14), respectively. The solvent molecules could only be partially
described in both cases. The residual electron density has
therefore been removed using the SQUEEZE command in
PLATON. Selected molecular parameters for 1 and 14 are
compared with the earlier reported data for 16" in Table 1.
Figures 6 and 7 provide perspective views of the molecular
structures.

The parameters of the coordination sphere of the zinc atom
are very similar in all cases. Thus, all three structures show Zn—N
bond lengths between 2.078 A and 2.139 A, and the Zn—Cl
bond length is always detected between 2.281 A and 2.324 A.
The displacement of the zinc atom from the mean N, plane is
also found in a narrow range between 0.475 A and 0.509 A. The
data from the DFT calculations on 1 and on the thienyl
derivative 8 (Zn—N between 2.084 A and 2.129 A, Zn—Cl 2.348 A
and 2.342 A, displacement 0.449 A and 0.460 A) reproduce the
experimentally determined quantities very well, with the zinc
displacement being slightly underestimated and the Zn—Cl
bond length slightly overestimated. In zinc isoporphyrin
structures with water or methanol as the axial ligand, a

require improved

Figure 6. Molecular structure of 1. Thermal ellipsoids are set at 50%
probability. Most hydrogen atoms are removed for clarity.
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Table 1. Selected bond lengths /A and angles /° from the molecular structures of 1, 16"” and 14.

Compound 1 (Ph/py) 16 (MeO/py) 14 (F/dipy)
Zn—N1 2.130(3) 2.129(3) 2.139(2)
Zn—N2 2.078(3) 2.081(3) 2.088(2)
Zn—N3 2.102(3) 2.101(3) 2.103(2)
Zn—N4 2.124(2) 2.125(3) 2.122(2)
Zn—Cl 2.303(1) 2.324(1) 2.281(1)
N, ~Zn/A® 0.475 0.477 0.509
Cl~H 2.488 2.649 -
ClNoyroy 3.330 3.331 -
C20-C1 1.512(4) 1.499(5) 1.513(3)
C20-C19 1.513(4) 1.510(5) 1.511(3)
C20-C,y 1.550(4) 1.545(5) 1.544(4)
C20—Cpp oy 1.526(4) 1.531(5) 1.528(4)
C1-C20-C19 117.9(3) 118.3(3) 117.7(2)
[a] Displacement of the Zn atom from the N, mean squares plane.

F4§

—

4

Figure 7. Molecular structure of 14. Thermal ellipsoids are set at 50%
probability. Most hydrogen atoms are removed for clarity.

significantly lower value for the zinc displacement of about
0.31 A is reported.*%*? Thus, the displacement seems to be
mainly dependent on the type of axial ligand.

Between the axial chloro ligand and the pyrrolyl substituent
in the structures of 1 and 16, a hydrogen bond with ClH
distances of 2.488 A and 2.649 A is present. Apparently, the
isomer in which this H-bridge can be formed on the upper side
of the macrocycle is preferred over the isomer with the pyrrolyl
residue on the lower side. In the case of 14, on the other hand,
the dipyrrinyl residue is found on the lower side of the
isoporphyrin, although no energetic advantage appears obvious
from this arrangement. Hydrogen bonding is omitted in this
case for steric reasons.

For the bond lengths and angles at the C(sp?) position C20,
very similar and typical values for a quaternary C atom are
found in the experiment and in the calculation. The angles
C19—C20—C1 range from 117.7° to 118.3° (calculated for 1:
117.9°) and are markedly smaller than those at the sp*
configured meso positions. The other angles at C20 are found
between 104.2° and 115.4° (calculated for 1 between 103.0°
and 115.2°) and indicate a slight tetragonal distortion of the
tetrahedron. A possible differentiation between the pyrrolyl-

Chem. Eur. J. 2021, 27, 8021-8029 www.chemeurj.org

and the dipyrrinyl-substituted compound at this position is not
apparent.

The macrocyclic conformations of the isoporphyrins 1, 14
and 16 were analyzed in detail using the porphyrin NSD online
tool."™ Figure 8 presents the linear displays of the new
compounds 1 and 14. The relative extents of the major
distortion modes doming, ruffling and saddling are summarized
in Table 2.

The saddling mode clearly stands out as the main mode for
the pyrrolyl derivatives 1 and 16, while it only plays a minor
role for the dipyrrinyl derivative 14. Here again, the extent of
the saddling distortion correlates with the rotation of the aryl
substituents (mean value for 1: 53.77° for 16: 58.77°; for 14:
70.63°): the smaller the rotation from a coplanar arrangement
with the C,oN, macrocycle, the stronger is the saddling. Since
only the hydrogen bridge between the pyrrolyl substituents
and the axial chloro ligands in 1 and 16 exerts a direct influence
of the peripheral substituents on the macrocycle, it can be
assumed that this intramolecular interaction is the trigger for
the strong saddling deformation. In contrast, the other modes
in the three systems behave very similar. The ruffling mode is

0.6 0.6
0.4 0.4
C20
0.2 a0 0.2
20.0 20.0
E £
< <
-0.2 -0.2
-0.4 -0.4
06 1 (pyrrolyl) 0.6 14 (dipyrrinyl)

Figure 8. Linear displays of atomic dislocations from the mean-squares C,oN,
planes of 1, 16, and 14 (molecular structures from X ray diffraction studies).

Table 2. NCD contributions of major distortion modes for 1, 16, and 14.
saddling ruffling doming wave (x+Y)

1 (Ph/py) 0.78 0.38 0.18 0.16

16 (MeO/py) 0.99 0.30 0.09 0.29

14 (F/dipy) 0.18 0.35 0.15 0.24
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characterized, among other issues, by the adaptation of the
macrocycle to the steric requirements of the central metal"” -
in this case zinc(ll) - and shows medium size values. The weak
doming mode depends largely on the type of central metal and
the axial ligand. Significant differences between the pyrrolyl
and dipyrrinyl derivatives are therefore not to be expected for
these two modes.

The solution structures of the new isoporphyrins were
investigated by means of NMR spectroscopy. As suggested by
the results from X-ray diffraction, all pyrrolyl-substituted
isoporphyrins studied turned out to exist as a single syn isomer
with the pyrrolyl moiety and the axial chloro ligand situated at
the same side of the macrocycle. These two subunits are
connected via a N-H~Cl hydrogen bond as indicated by the
low-field shift of the pyrrolic NH signal that is present in the 'H
NMR spectra between 10.37 ppm and 10.68 ppm for the zinc
complexes, and at 9.92 ppm for the cadmium complex 11. The
spectra of zinc and cadmium meso-pyrrolyl isoporphyrins
carrying benzene-related substituents all show 4 signals for the
B-CH groups in the narrow range of 6.72 ppm to 6.32 ppm and
thus outside the typical aromatic region. A minor shift of the
individual signals generally follows the Hammett o, and o,
constants™® of the respective aryl groups (see Supporting
Information). The NH and 3-CH signals of the thienyl derivatives
8 and 9 are shifted to lower field by about 0.2-0.3 ppm. This
may be related to the increased effective conjugation in these
compounds, to their larger saddling mode amplitude, or both.
For the less saddled dipyrrinyl derivatives 12-14 and 17,"”
however, similar shifts of the f-CH signals are observed, so that
an influence of the saddling mode on the 'H NMR chemical
shift is rather negligible.

The dipyrrinyl derivatives 12-14 show a double signal set of
the same intensity in the 'H- and "C NMR spectrum. This
behavior was already described for 17 in the preliminary
study"” and could be attributed to the presence of two isomers
by means of DOSY spectroscopy. In one isomer (syn), the
dipyrrinyl unit points to the upper side of the macrocycle and is
thus situated next to the chloro ligand, and in the other isomer
(anti) to the lower side. The anti form is evident in the
molecular structure of 14. For NMR, however, the presence of
two isomers in slightly different amounts and the often high

10.8 10.7 10.6 10.5 24 23

-~

Figure 10. Details from the 'H NMR spectrum of 10 (500 MHz, CD,Cl,).

number of partially broadened signals in the spectra makes it
difficult to assign signals to the individual positions of the
dipyrrinyl derivatives.

A particularly intriguing case comes with the meth-
ylbenzothienyl derivatives 10 and 15. These compounds form
as mixtures of several atropisomers due to the hindered
rotation of the benzothienyl groups. As detailed in Figure 9, the
pyrrolyl derivative 10 exists as a mixture of eight isomers in
about equal ratio, including two pairs of enantiomers. This leads
to six individual diastereomers, and thus to six overlapping
NMR subspectra. These subspectra can in fact be observed for
the NH resonances in the '"H NMR spectrum (Figure 10). For the
methyl group signals between 2.27 ppm and 2.42 ppm, symme-
try predicts 20 individual lines in different ratios, of which only
a fraction can be detected individually due to intense overlap.
Even more complex are the spectra of the dipyrrinyl benzo-
thienyl derivative 15 carrying yet another rotationally hindered
benzothienyl substituent at the dipyrrin unit. Symmetry predicts
32 isomers (16 enantiomeric pairs) and thus 16 subspectra of
similar intensities for this compound (see Supporting Informa-
tion). Consequently, only groups of signals can be assigned in
the "H NMR spectrum of 15, and no meaningful *C NMR spectra
were recorded. In general, there are even more possible isomers
for the dipyrrinyl isoporphyrins IV as this moiety may reside not
only in the geometry shown by the structural analysis of 14 but
also with a rotated pyrrole ring, or with the positions of the aryl

Figure 9. Schematic representation of the eight atropisomers of 10, with indication of the pairs of enantiomers (ellipse: isoporphyrin perimeter in perspective
view; S and full circle: orientation of the sulfur atom from the benzothienyl units; HN and full diamond: NH group from pyrrolyl unit). Only hydrogen bridge-

stabilized syn forms are taken into consideration.
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group and the pyrrole ring swapped, or both. These additional
sets of isomers were, however, not taken into consideration as
the NMR spectra of the compounds 12-14 and 17 only show
two sets of signals, each for one syn- and one anti form.

The optical spectra of the new isoporphyrin derivatives with
pyrrolyl and dipyrrinyl substitution are similar in habitus and
band intensities to those of the systems already described, and
differ only in details. An exception are again the thienyl
derivatives, where particularly red-shifted absorptions are
observed (Figure 11). The highest values are obtained for the
methylbenzothienyl derivative 10 with A,,,=923 nm. This
special behavior of the thienyl derivatives is also observed for
the dipyrrinyl isoporphyrins, where the most red-shifted
absorption of the methylbenzothienyl derivative extends to
896 nm into the NIR range.

TD-DFT calculations were performed to support the optical
properties of the isoporphyrins 1 and 8 on the CAM-B3LYP level
of theory with the def-2/TZVP basis set in dichloromethane,
using the conductor-like polarizable model (CPCM). The tran-
sitions with their composition and assignment are shown in
Table S1. The long-wavelength transitions are mainly described
by the HOMO—LUMO configuration for both macrocycles,
while the more intense Soret-like bands at 350 nm to 470 nm
correlate with several transitions between admixed states with
contributions from HOMO, HOMO-2 and HOMO-6 on one side,
and LUMO as well as LUMO+1 on the other. Within the usual
margin of error for TD-DFT,"™ the calculated absorptions fit well
with the experimental spectra and predict the observed red-
shift for the Q band of thienyl isoporphyrin 8 (Figure 11).

As a final and hitherto inaccessible task, the redox behavior
of isoporphyrins was investigated. Isoporphyrin and phlorin®®”
are formally connected to each other by a 2H"—2e™ redox
context, although this could not be experimentally proven so
far due to the high sensitivity of isoporphyrins. To confirm this
relationship, the electron transfer characteristics of zinc iso-
porphyrin 16 in acetonitrile were investigated using cyclic
voltammetry (CV) and square wave voltammetry (SWV). As a
result it could be shown that upon applying positive potentials
only irreversible processes occur, in which the decomposition of

— 1 (Phenyl)

—— 8 (Thienyl)

Figure 11. UV/Vis spectra (CH,Cl,) of zinc isoporphyrins 1 and 8, and results
from TD-DFT calculations (bar plots). To visualize the assignment of the
bands, the theoretical absorptions were shifted on the energy scale to fit the
Soret-type band of the experimental spectra (3615 cm™' for 1 and 4155 cm™
for 8).
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the electrooxidized species proceeds rapidly. At negative
potentials, on the other hand, two waves can be detected
during reduction and three waves during reoxidation (Fig-
ure 12). The signal at E,,=—-950mV proves to be quasi-
reversible at sufficiently high sweep rates, while the waves at E;,
,=—680 mV and at £,,,=—510 mV are more susceptible to a
change in the sweep rate (see Supporting Information) and
thus suggest a coupling of the quasi-reversible electron transfer
with a reversible chemical reaction (EC process).

To confirm the assumption that the nature of the chemical
reaction is the dissociation and reassociation of the chloro
ligand in the sense of the reaction diagram in Figure 12, the
chloro ligand of 16 was exchanged for perchlorate, and the
cationic zinc isoporphyrin thus obtained was also measured
under the same conditions. In fact, the wave at E,,,=—680 mV
disappears completely in favor of a quasi-reversible wave at E;,
,=-510 mV. However, due to the limited chemical stability of
the electroreduced species, neither the determination of the
ligand exchange rate at the isoporphyrin radical nor the
spectroelectrochemical analysis of the two-electron reduced
species was successful. The formation of a zinc phlorinate could
thus only be made probable, but not definitively proven.

Conclusion

The present study has shown that the template-controlled one-
pot synthesis of zinc isoporphyrins can be applied to many
aromatic aldehydes. The limitations lie with certain electron
deficient and sterically hindered derivatives, as well as with
most heterocyclic systems, for which isoporphyrin formation
cannot, or only in traces, be shown. The formation is particularly
advantageous for thienyl derivatives. The introduction of these
potentially electroactive side chains opens an important door
for future processing in the context of molecular materials.
However, the transfer of template synthesis to other metal ions
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Figure 12. Assigned cyclic voltammograms and square wave voltammo-
grams of 16 (left) and of the respective perchlorate (right; acetonitrile,

0.4 mol/L n-Bu,NPF, scanning speed 1 V/s), with proposed reaction scheme
for 16 (IP=isoporphyrin; Phl=phlorin).
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