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The cornucopia of novel porphyrinoid macrocycles that - as a result of a symbiotic link
between annulene and porphyrin chemistry - has emerged from the Cologne laboratory
over the last decade is reviewed.
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Introduction

It was at the 10th Congress of Heterocyclic Chemistry
at Waterloo (Canada) in 1985 that I had the privilege to
outline "The Heterocyclic Dimension of Bridged
Annulene Chemistry” [1]. This facet of our research arose
from the discovery, more than thirty years ago, of the
Hiickel-type aromatic hydrocarbon 1,6-methano-
[10]annulene 1 which is generally regarded as one of the
best models yet for the hypothetical 10n-homologue of
benzene [2].
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1,6-Methano{10]annulene 1 - subsequently introduced
into Organic Syntheses [3] - proved to be aromatic not
only in the spectroscopic but, to a large extent, also in
the classical chemical sense [4]. It thus occurred to us
that this annulene might serve as a "Leitstruktur” for the
development of novel heterocycles likely to be endowed
with unusual properties. The viability of this concept
was vindicated in due course by the synthesis of the
chemically very versatile NH-bridged [10]annulene, 1,6-
imino[10]annulene 2 [5]. Over the years, the advent of 2
was followed by the emergence of a host of other [10]- or
[14]annulene-based heterocycles, a cross-section of which
is given in the abstract (Fig. 1) of the 1985 lecture [1].
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Apart from representing the key molecule among this
class of heterocycles, 1,6-imino[10]annulene 2 plays a
pivotal role in symbiotically linking the "bridged
annulenes of the laboratory" to the "bridged annulenes of
nature”, the annulene chemist's view of the porphyrins
[6].
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The synthesis of 1,6-iminof10]annulene (1) twenty years ago first attested to the
ramifications of bridged annulene chemistry as developed at the Cologne laboratory in
the domain of heterocycles. In the present lecture the major novel N-heterocycles [(2).
(3). (6). and (7)) based on bridged annulenes. that have since been brought to light. will

be discussed.
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Figure 1. Abstract of the author's plenary lecture at the
10th Congress of Heterocyclic Chemistry
(Waterloo, Canada, 1985).

As already pointed out at the time of its synthesis, 2
favorably compares with porphyrin 3 in 'H NMR
spectroscopic terms, especially with regard to ring current
effects. This analogy made us receptive to the
[18]annulene model of porphyrin [7] which, due to the
presence of an 187 main conjugation pathway, invites
the application of Hiickel's (4n+2) rule to the
tetrapyrrolic macrocycle. Although the ramifications of
this model had already been demonstrated by the landmark
syntheses of the sapphyrins by R.B. Woodward [8] and of
the corroles by A.W. Johnson [9] as early as 1965-70,
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the cornucopia of novel porphyrinoid chromophores it
entails has become fully apparent only in recent years.
Guided by our experience in annulene chemistry, we set
out a decade ago on a systematic exploration of
potentially aromatic porphyrin structural variants that
could be anticipated to generate interdisciplinary interest.
Research programs complementary to ours had also
independently been initiated at about the same time by
the groups of B. Franck [10] and J.L. Sessler {11]. In this
account the contributions from the Cologne laboratory to
the field will be surveyed.

Porphyrin Isomers

3 8

The discovery of porphycene 8 at the Cologne labora-
tory in 1986 {12] has opened up a new avenue of research
in porphyrin chemistry having great potential: the
porphyrin isomers. Although such tetrapyrrolic macro-
cycles are among the most obvious porphyrin structural
variants, surprisingly, not even a hint as to their possible
existence could be found in the chemical literature prior
to the synthesis of 8. As revealed by pertinent methods
of investigation, porphycenes qualify as porphyrin-like in
many of their physical and chemical properties [6].
Additionally, their brilliant colors and general optical
behavior - 8 and most of its derivatives are strongly

fluorescent blue pigments exhibiting remarkable photo-
stability - make these compounds a chemist's delight.
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It is of interest to note that the idea of porphycene
originated from investigations in [16]annulene chemistry,
1.e., from our admittedly unsuccessful search for the
presumed equilibrium between the well-known 187-
electron [16]annulene dianion 4 [13] and the as yet
hypothetical configurational isomer §. Having been
aware of the structural and electronic relationship that 4
bears to the dianion 6 of porphyrin (as its magnesium
complex) [14] it occurred to us that § is similarly related
to dianion 7, an isomer of 6. To get to 8 requires only
protonation of dianion 7.

In simpler terms, 8 can be derived from porphyrin 3 by
reshuffling the pyrrole and methine moities of the latter
in such a way as to maintain an N4 coordination site.
This conceptual approach to porphycene led us to the
realization that 8 is but one member of a family of no
less than seven porphyrin isomers - compounds 8-14
- having an N4 core and one or two cisoid
C=CH:=CH:=C units (arene fragments) as common
features (Table 1) [15]. In order to get a feeling for the
stabilities of the isomers, their relative energies - with 3
as the reference - were calculated employing the PM3 and
BLYP/6-31G""//3-21G methods [16]. From these
calculations the following may be deduced: 1) Porphycene
matches porphyrin in energy although it is slightly
strained; presumably, the strong N-H---N hydrogen bonds
present in this isomer maintain the energetic balance. 2)
The relative energies rise considerably as one goes from
3/8 to 14; however, the increase remains modest for 9
and 10. 3) Planarity of the ring skeleton applies to all of
the isomers except 14. - Based on the above
considerations, among the isomers still awaiting
synthesis, at least 9 and 10 seemed likely to be endowed
with properties characteristic of porphyrins.

The synthesis of porphyrin isomers poses a challenge
since it is obvious that methodology generally used in
making porphyrins, such as biomimetic routes. would
hardly provide access to these possibly non-natural target
molecules. Viewing the generation of the formal double
bond(s) - common to all of the isomers - as the key step
of the synthesis, we reasoned that these molecules might
best be approached by reductive carbonyl coupling of
appropriate open-chain di- or tetrapyrrolic o, ®-
dialdehydes (or diketones). Indeed, the McMurry coupling
reaction [17], hitherto alien to porphyrin chemistry [18],
has thus far proved to be the method of choice for the
preparation of porphyrin isomers.

In the case of porphycene synthesis, which got all of
the work in the field started, Woodward and Dolphin's
5,5'-diformyl-2,2'-bipyrrole 15 [8] appeared to be an ideal
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-(1.1.1.1) -(2.0.2.0) -(2.1.1.0) -(2.1.0.1)
Porphyrin Porphycene Hemiporphycene Corrphycene
3 8 9 10
PM3 0.0 1.7 8.6 16.0
BLYP
16-31G 0.0 -1.5 5.1 12.0
//3-21G
-(3.0.1.0) -(2.2.0.0) -(3.1.0.0) -(4.0.0.0)
Isoporphycene
11 12 13 14
PM3 23.6 333 39.7 53.9
BLYP
/6-31G 19.0 30.6 38.7 70.6
//3-21G

Table 1. The isomers of porphyrin 3 with an N4 coordination site, [18]porphyrins-(-.-.-.-) 8-14, and their relative
energies (kcal mol-!) calculated with 3 as the reference. The formulae represent the most stable among the

respective NH tautomers.

building block. Indeed, reductive carbonyl coupling of 15
by means of titanium tetrachloride/zinc directly afforded
porphycene 8 in low yield as the only non-polymeric
product. Remarkably, the obligatory intermediate of the
reduction, the N,N'-dihydroporphycene 16, an NH-bridged
[20]annulene, turned out to be so prone to oxidation that
it escaped detection even when oxygen was excluded from
the reaction medium. Embarking from the appropriate
bipyrrole dialdehydes or diketones, McMurry coupling
has since allowed the preparation of an entire host of
alkyl- and aryl-substituted porphycenes (yields as high as
30%) [19]. Among these, the symmetrical 2,7,12,17-
tetrapropylporphycene 19 (from 17 via 18) stands out,
for its favorable solubility properties have made it the
"workhorse" in developing porphycene chemistry [19a].

The synthesis of porphycene inspired the idea that other
porphyrin isomers, in particular [18]porphyrin-(2.1.1.0)
9 (hemiporphycene) and [18]porphyrin-(2.1.0.1) 10
(corrphycene), might be made. Recently, this expectation
has been borne out in a joint project between J.L. Sessler

at the University of Texas at Austin and the Cologne
group. Their collaborative effort resulted in successful
approaches to both octaethylcorrphycene 22 [20] and
octaethylhemiporphycene 26 by means of reductive
coupling employing the tetrapyrrolic ,w-dialdehydes 20
and 25 (the latter generated in situ from 23 and 24),
respectively, as strategic precursors. In contrast to 16/18
in the porphycene series, the primary product of coupling
of 20 (ie.,, 21) and of its counterpart in the
hemiporphycene series (not shown here) do not undergo
spontaneous oxidation. Rather, these intermediates need
to be treated with iron(III) chloride or other oxidizing
agents in order to effect final conversion into the
respective porphyrin isomer. Attesting to the interest
porphyrin isomers have attracted, further syntheses of
corrphycenes [21] and hemiporphycenes [22] have almost
simultaneously been described. '

In our previous studies on porphycene, encompassing
the elaboration of its coordination chemistry (next sec-
tion), we have shown that this tetrapyrrolic macrocycle
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bears a surprisingly close relationship to porphyrin. As its isomers invites a wide range of comparative
evidenced by very recent findings, the same is true for the investigations (covering physical, chemical, medicinal
new isomers corrphycene 22 and hemiporphycene 26. and even material science aspects) on this intriguing set
Needless to say, the availability of porphyrin and three of of compounds.

Figure 2. Molecular structures of tetrapropylporphycene 19, octaethylcorrphycene 22, and octaethylhemiporphycene 26
in the solid state (top: top views, bottom: side views, substituents are omitted for clarity).
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Figure 3. UV/vis spectra (in dichloromethane) of octaethylporphyrin, octaethyl-
porphycene, octaethylcorrphycene 22 and octaethylhemiporphycene 26.

The basis for such investigations is laid by the
structural finding that the three isomers, like porphyrin,
are planar aromatic species (see Fig. 2). In each of the
isomers, aromaticity manifests itself particularly clearly
in the observation that the CC bonds of the C4 unit
containing the formal double bond do not alternate in
length, but are typical benzenoid aromatic bonds (this
analogy to the acenes was responsible for the ending
“cene" in the names given to these isomers).

The similarities between porphyrin and its isomers
found to exist with respect to molecular structure extend,
as anticipated, to the electronic structure of these
compounds [23]. The UV/vis spectra of all of the isomers
(as octaethyl derivatives), shown together with the
spectrum of octaethylporphyrin in Fig. 3, are distinctly
porphyrin-like in that they exhibit the characteristic Soret
band in the 400 nm region as well as a set of Q bands at
longer wavelengths.

Qualitatively, the UV/vis spectrum of porphycene
differs from those of its congeners in that it possesses a
relatively strong Q band absorption at 560-680 nm, i.e.,
in the region where blood and body tissue are fairly
translucent. This absorption pattern in conjunction with
other photophysical properties of the compound [24],
such as its stability towards photooxidation, its high
quantum yields of fluorescence and singlet oxygen
sensitization, render porphycenes promising agents for
the detection and photodynamic therapy (PDT) of tumors
[25]. In light of favorable toxicology tests on
porphycenes and the potential these compounds might
have not only in PDT but also in the treatment of diverse
dermatological diseases, a chemical company (Cyto-

pharm, Inc., Menlo Park, CA) has been founded with the
intention of developing this type of porphyrin isomer
with regard to medicinal applications [26,27].

Figure 4. Isodynamic NH tautomerism in octaethyl-
corrphycene 22.

The observation that the 'H NMR spectra of porphyrin
and its three known isomers fully match with regard to
ring current effects provides additional strong evidence in
support of the contention that one is dealing with a set of
closely related aromatic compounds. Moreover, NMR
spectroscopy has allowed the evaluation of the NH
tautomerism existing in these molecules {28]. A case in
point is the 'H NMR spectrum of octaethylcorrphycene
22. Here, from an observed temperature dependence, it
can be deduced that 22 undergoes an isodynamic
NH shift (Fig. 4) rapid on the NMR time scale (AG* =
8.3 kcal mol-! [20] as compared to 10-15 kcal mol'! in
porphyrins).

Metal Complexes of the Porphyrin Isomers

Taking into consideration the dominant role
metalloporphyrins play in porphyrin chemistry, chemical
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interest in porphyrin isomers naturally focuses on their
metal complexation characteristics. Although these
isomers exhibit geometries of the N4 coordination site
noticeably deviating from the ideal square shape of the
porphyrin core - porphycene: rectangular; corrphycene:
pronouncedly trapezoidal; hemiporphycene: irregular - all
of them prove to be good or even excellent ligands.

Porphyrin Porphycene

N ........... N N ............ N

N ........... N N N
square rectangular

Corrphycene Hemiporphycene

N N N ........... N

Y p—— N N .............. N

trapezoidal irregular

Apparently, the three isomers possess sufficient
conformational flexibility as to satisfy the stereo-
electronic coordination requirements of many metal ions
to such an extent that the formation of stable complexes
remains possible. In fact, the capability of the isomers to
bind metal ions favorably compares, as far as small- or
medium-sized ions are concerned, with that of the
porphyrins. Insertion of large ions, however, meets with
resistence that has as yet been overcome only in a few
cases. In spite of this latter limitation, the study of the
multifaceted metalloporphycenes [29], -corrphycenes [30],
and -hemiporphycenes [22,31] has already taken on a
dimension that renders these complexes a chapter in
itself. Hence, they will be reviewed here only briefly.

Porphycenes, on which our complexation studies have
hitherto been concentrated, show a somewhat reduced
tendency to form metal complexes (except with small
cations) as compared to porphyrins. In all likelihood, this
behavior is not only due to the smaller rectangular shape
of their cavity, but also arises from the need to break the
exceptionally strong N-H---N hydrogen bonds, typical of
porphycenes, upon insertion of metal ions. Irrespective of

R

M =2Zn, Ni, Co, Cu, Pd, Pt
27

M = Fe, Co, Mn
28
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this, the spectrum of stable metalloporphycenes - using
2,7,12,17-tetrapropylporphycene 19 as the ligand -
comprises complexes of the majority of the more
important di-, tri-, and tetravalent metal ions. A
representative cross-section of the metalloporphycenes
already known and well characterized is given in formulae
27, 28, and 29 [29,32].

31

In some cases, complexes of type 28, when treated
with Grignard or organolithium compounds, smoothly
underwent exchange of the axial chlorine substituent by
alkyl or aryl groups. These transformations afforded
stable ¢-alkyl or aryl complexes, such as 30 [33], that
warrant further examination. Additionally, the formation
of the osmium complex 31 by C.-M. Che and C.K.
Chang [34] has revealed that porphycenes, contrary to
earlier findings, may also bind some of the larger metal
ions.

It should be noted that the effectiveness of porphycenes
as ligands can be modulated to some extent by peripheral
alkyl groups. As inferred from molecular models. these
groups can induce changes in the geometry of the
porphycene skeleton as a result of non-bonded repulsions
between the substituents [35]. Thus, while 2,7,12,17-
tetrapropylporphycenatozinc tends to demetalate during
chromatography, octaethyl- and etioporphycene form
perfectly stable zinc complexes {19b]. This discrepancy is
obviously attributable to relief of conformational strain
upon metal insertion into the more highly alkyl-
substituted porphycenes. Steric effects of alkyl groups in
porphycenes, albeit of an entirely different kind, are also
operative in the p-oxo-diiron(IIl) complex 33 of
2,7,12,17-tetra-r-butylporphycene [36]. In contrast to the
corresponding iron complex 32, where the molecule can
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adopt an energetically favored Fe-O-Fe angle of 145° [37],
the steric bulk of the substituents in 33 causes a
widening of this angle to almost 180°.

Corrphycenes, possessing rather distorted trapezoidal-
shaped cavities, were initially anticipated to be far less
disposed to bind metal ions than their more symmetrical
congeners. Surprisingly, however, it turned out that
corrphycenes are excellent ligands, matching (if not
exceeding) porphyrins in their tendency to form
complexes, specifically with small- and medium-sized
metal ions.

The efficacy of octaethylcorrphycene 22 as a ligand can
hardly be demonstrated more convincingly than by the

1467

"Periodic Table of Metallooctaethylcorrphycenes” (Fig. 5)
[38] in which the metals (as ions) that have up to now
been coordinated by 22 are indicated. X-ray
crystallographic analyses performed on several of these
complexes have provided insight into the geometric
changes 22 experiences when serving as a ligand (to be
detailed in forthcoming publications).

Metal-centered chirality

Hemiporphycenes have also been found to exhibit a
great affinity for the binding of metal ions. While the
first metallohemiporphycene, a nickel complex with
diverse peripheral substituents, has recently been dis-
covered serendipitously by H.J. Callot [22], a systematic
study on the metal complexation of octaethylhemi-
porphycene 26 in collaboration with the Sessler group
has since produced a sizable number of metallooctaethyl-
hemiporphycenes [31]. The metal ions that to date have
been inserted into 26 include: divalent magnesium (with
pyridine as an axial ligand), zinc, nickel, and copper,
trivalent iron, cobalt, and rhodium, and tetravalent tin. As

Metals already found to insert into octaethylcorrphycene 22.

Figure 5. Periodic Table of Metallooctaethylcorrphycenes [30].



1468

complexing partners, hemiporphycenes are unique among
the porphyrinoid tetrapyrrolic macrocycles presently
known in that metallohemiporphycenes bearing an axial
substituent (e.g., 34) are distinguished by "metal-
centered” chirality and might therefore be separated into
enantiomers.

Corrole and Isomers
The "Contracted Porphyrin" corrole 35, first synthe-

sized (as alky! derivatives) by the British chemist A.W.
Johnson [9], is structurally linked to vitamin Bj; [39] in

53 EY
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protons. Corrole, which is a very good ligand, has been
reported to form complexes (metallocorroles) with a great
variety of metal ions [9,40,41], in particular with
cobalt(I1l), iron(I1I) [42], nickel(II), and copper(1I).

In view of the history of porphyrin isomers it is hardly
surprising that the possible existence of corrole isomers
has likewise not been considered previously. As shown in
Table 2, three isomers of 35, i.e., compounds 36-38,
are theoretically feasible. Among these, corroie-(2.0.1.0)
36 (as the octaethyl compound 42) was chosen as the
prime target for synthesis because it is calculated by the
PM3 and the BLYP/6-31G**//3-21G methods to be the

5 &

-(1.1.1.0) -(2.0.1.0) -(2.1.0.0) -(3.0.0.0)
Corrole Isocorrole
35 36 37 38
PM3 0.0 3.8 15.3 35.1
BLYP o
;/63:3211% 0.0 3.5 15.1 39.8

Table 2. The isomers of corrole 35 with an N, coordination site, [18]corroles-(-.-..) 36-38, and their relative energies
(kcal mol!) calculated with 35 as the reference. The formulae represent the most stable among the respective

NH tautomers.

that it constitutes the aromatic parent of corrin. Similar
to porphyrin, 35 features an 187 conjugation pathway,
but in contrast to the latter contains three inner NH

most stable of the isomers [43]. Moreover, 42 is inferred
from retrosynthetic analysis to be accessible fairly
straightforwardly. Work on 42 had hardly gotten under-

B
— -
\ > |
N N
H
OHC” Ty W TCHO . |HO h 159
H H 40
OHC N N CHO HO
- -
possible intermediate OHC
24 39
<1%

41
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way when we accidentally encountered corroles-(2.0.1.0)
(henceforth called isocorroles) on two occasions: firstly,
as minor side products in the McMurry reaction of
tetraalkyl-substituted 5,5'-diformyl-2,2"-bipyrroles such as
24, and secondly, in base-induced rearrangements of
octaethylporphycene 40, etioporphycene and 3,6,13,16-
tetrabromo-2,7,12,17-tetrapropylporphycene [44].

Chromatography of octaethylporphycene 40 from the
reductive carbonyl coupling of 24 gave a well-separated
small fraction from which a carbonyl compound,
identified as the octaethylisocorrole aldehyde 41 (differing
from 42 with respect to its preferred NH tautomer!), was
isolated. As shown by control experiments, 41 does not
arise from a subsequent rearrangement of 40. Formation
of 41 might best be explained if one invokes the 1,2-
glycol 39 as an intermediate in the coupling of 24; the
aldehyde 41 would then be the product of a Wagner-
Meerwein rearrangement of 39 [45], presumably brought
about by the Lewis acid titanium tetrachloride.

2N KOH
e ol
DMSO/diglyme

OHC +

41 42

While the contraction of a porphyrin into a corrole has,
to our knowledge, not yet been observed, octaethyl-
porphycene 40 was found to be subject to conversion
into a mixture of octaethylisocorrole aldehyde 41 and
octaethylisocorrole 42 when heated with aqueous
potassium hydroxide in dimethylsulfoxide/diglyme. The
ratio of compounds 41 and 42 varied depending on
reaction conditions. Analogously, 3,6,13,16-tetrabromo-
2,7,12,17-tetrapropylporphycene furnished the aldehyde
corresponding to 41, but no decarbonylated product was
observed in this case. The mechanism of these intriguing
contractions of porphycenes into isocorroles still needs to
be unraveled.
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TiCly/Zn

—

42

Capitalizing on experience gained in the synthesis of
porphyrin isomers, we were able to prepare octaethyl-
isocorrole 42 in a more straightforward manner from the
linear tetrapyrrole 43 [46,47] by a sequence involving
reductive carbonyl coupling of the tetrapyrrolic @, w-
dialdehyde 44 as the crucial step. In accord with
expectation, 42 is similar to octaethylcorrole 46 in
spectral and structural respects.

Py

Co®*/pyridine
—
0,

Py
42 45

Octaethylisocorrole 42 readily forms a cobalt(III)
complex 45 containing two molecules of pyridine as
axial ligands, but failed (initially) to afford a defined
iron(I11) complex on treatment with diverse iron(IIl)
transfer agents.

The difficulties encountered in obtaining an iron(III)
complex of 42 prompted us to reifivestigate the alleged
isolation of iron(I1l) corrole complexes [42]. In pursuit of
this side-line we made the striking discovery that corroles
are capable of stabilizing iron in the formal oxidation
state IV [48]. As it turned out, reaction of octaethyl-
corrole 46 with nonacarbonyldiiron, followed by work-up
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with admission of air, yielded as the only defined product the
oxygen-bridged binuclear iron(IV) complex 48, g-oxo-
bis[octaethylcorrolatoiron(IV)]. This new iron(IV) complex,
a stable compound, must have arisen from the spontaneous
air oxidation of the iron(IIl) octaethylcorrole 47, the assumed
primary product. By analogy to the chemical behavior of
p-oxo-bis[octaethylporphyrinatoiron(III)] [49], complex 48
could, in turn, be converted into the mononuclear iron(IV)
octaethylcorrole complexes 49, 50, and others.

46

[Fex(CO)q] O
—_—

HCI
—

Extension of the aforementioned complexation studies to
octaethylisocorrole 42 as a ligand have since shown that 42
parallels 46 in forming binuclear and mononuclear iron(IV)
complexes. Due to crystal disorders, however, iron(IV)
octaethylisocorroles, do not lend themselves to structural
investigations as readily as iron(IV) corroles. To characterize
these new complexes other pertinent physical methods were
employed [50].
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Cyclooctapyrroles - Octaphyrins

Cyclooctapyrroles or octaphyrins-(-.....o.ooe ),
molecules attracting interest as potentially versatile
ligands (e.g., for the formation of bimetallic
complexes) [51] are a most recent outgrowth of our
synthetic pursuits in the domain of porphyrin isomers
and corroles. As already indicated, the isomers have in
common the structural feature that they contain one or
two formal double bonds. Consequently, these
molecules should give rise to geometrical isomerism,
i.e., the (Z)-forms shown in Table 1 might have (E)-
counterparts. While (E)-porphycene almost certainly
suffers from too severe steric constraints to be of
more than fleeting existence, (E)-forms of the other
isomers, notably of hemiporphycene, corrphycene,
and isoporphycene, are possibly stable enough to be
isolable compounds.

(E)-Corrphycene

(Z)-Corrphycene
10 51

Our interest in the hitherto uncharted territory of
(E)-configured porphyrin isomers (for reasons of
solubility as octaethyl derivatives) has focused on (E)-
corrphycene 51. As inferred from Stuart-Briegleb
models, 51 possesses an essentially strain-free chiral
conformation in which the double bond is rigidly held
orthogonal to the tetrapyrrolic structural moiety. That
this conformation of 51 is preferred also follows from
PM3 calculations [according to these, 51 is
8 kcal mol-! higher in energy than planar (Z)-
corrphycene 10]. Being deprived of cyclic conjugation
due to steric hindrance, 51 is expected to constitute a
rather unique non-aromatic porphyrinoid. As such, it
invites interesting comparisons of its structural and
spectroscopic properties with those of its aromatic
counterpart.

52 53
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On pondering the synthesis of (E)-octaethylcorrphycene
53 it occurred to us that this molecule might be obtained
by dehydrogenation of 14,15-dihydrocorrphycene 52. The
intended formation of 53 in this reaction derives from
model considerations according to which 52 closely
resembles 53 in its conformation, with the CH,CH> unit
arranged in such a way as to be conducive to the
generation of an (E)-double bond.

Unfortunately, this conceptual approach to 53 could
not be tested because the strategically important dihydro
compound 52 has as yet failed to materialize. To our

1471

surprise, the planned route to 52 via the acid-catalyzed
MacDonald condensation [52] of the bipyrrole dialdehyde
24 with the dipyrroethane dicarboxylic acid 54 was
completely suppressed by an admittedly equally welcome
competition reaction, namely the condensation of two
molecules of 24 and 54 each to give the cyclooctapyrrole
55, an octaphyrin-(2.1.0.1.2.1.0.1), as the only defined
product isolated. On heating in the presence of Pd/C in
refluxing toluene, 55 experiences dehydrogenation with
formation of the fully conjugated cyclooctapyrrole 56
possessing (E)-double bonds [16].
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Figure 6. Molecular structure of the bis(hydrochloride) 59 and the tetrakis(hydroperchlorate) 60 of the cyclooctapyrrole
58 in the solid state (side views; substituents are omitted for clarity).

Clearly, formulae 55 and 56 only serve to illustrate
the gross structures of these cyclooctapyrroles. As
concluded from NMR spectroscopic studies, compounds
55 and 56 have non-planar ring systems that adopt the
chiral figure-eight conformations 57 and 58,
respectively, approximating D>-symmetry. In view of the
finding that the CH; protons of the ethyl groups in 57
and 58 exhibit diastereotopicity, which is maintained
even at high temperature, the two cyclooctapyrroles must
be fairly rigid, thus opening the prospect of being
resolvable into enantiomers. The inferred presence of
these molecules in figure-eight conformations derives
additional support from X-ray crystallographic analyses of
the bis(hydrochloride) 59 and the tetrakis(hydro-
perchlorate} 60 of 58 (Fig. 6) [16]. For obvious steric
and electronic reasons (4n conjugation pathway), 58
bears only a formal relationship to porphyrins.

The expectation that 57 and §8 might qualify as
ligands capable of forming binuclear metal complexes has
already been realized as far as 58 is concerned. Treatment
of 58 with copper(Il) acetate monohydrate in dichloro-
methane/methanol leads to the incorporation of two
copper(Il) ions to give the helical complex 61, the
structure of which could be determined by X-ray analysis
(Fig. 7) [53]. Copper(ll) complexation of 58 is found to
be associated with significant conformational changes in
the ligand resulting in the movement of the two (E)
double bonds into an almost parallel arrangement.
Featuring a relatively large Cu-Cu distance (7.48 A),
complex 61 is complementary to the bis-copper(Il)
complex of the cyclohexapyrrole amethyrin, recently
described by Sessler [54], in which the copper(Il) ions are

in relatively close proximity (2.76 A). Apart from
copper(Il) ions, zinc and palladium ions have also been
incorporated into 58 yielding the respective binuclear
complexes; these, however, still await structural

characterization.
Q
@
O)
61

Figure 7. Molecular structure of the binuclear copper(Il)
complex 61 of the cyclooctapyrrole 58 in the
solid state (top and side view; substituents are
omitted for clarity).
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In light of the formation of the cyclooctapyrrole 57
from 24 and 54, it is hardly surprising that attempts at
the synthesis of octaethylcorrole 46 by MacDonald
condensation of 24 and dipyrromethane dicarboxylic acid
62 likewise did not afford the expected cyclotetrapyrrole
but led to the cyclooctapyrrole 64, an octaphyrin-
(1.1.1.0.1.1.1.0) [16]. For reasons presumably more
steric (release of conformational strain) than electronic in
origin, the primary condensation product of 24 and 62,
i.e., 63 or its NH tautomer, turned out to be so prone to
dehydrogenation that it has as yet defied isolation. By
analogy to 57 and 58, cyclooctapyrrole 64 was also
shown to exist in a figure-eight conformation both in
solution and in the solid state (Fig. 8). As resonance in
64 is impaired sterically, the molecule is non-aromatic
even though it contains a (4n+2)1t conjugation pathway.

sk
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Figure 8. Molecular structure of the cyclooctapyrrole 64
in the solid state (top: top view, bottom: side
view; substituents are omitted for clarity).

In pursuit of determining the scope and limitations of
cyclooctapyrrole synthesis, octaphyrin-(1.1.1.1.1.1.1.1)
65 and octaphyrin-(1.0.1.0.1.0.1.0) 66, to be regarded as
major representatives of the class, became obvious target
molecules. In a formal sense, octaphyrin 65 constitutes a
homologue of porphyrin. However, 65 substantially
differs from the latter in electronic respects in that its
main conjugation pathway involves 4n (36) rather than
(4n+2) m-electrons. Octaphyrin 66 is also related to
porphyrin since it derives from it by replacement of the
four pyrrole rings by four bipyrrole units. Its conjugation
pathway, like that of 65, is made up of 4n (32) n-
electrons. Calculations (PM3) leave no doubt that 65 and
66, which in their hypothetical planar conformations
exhibit effective Dgy- and Dgp-symmetry, respectively,
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resemble their predecessors 57, 58, and 64 in their
figure-eight topologies. While 65 remains a challenge,
66 has recently been prepared as its hexadecaethyl
derivative 67 by two independent routes [55].

The availability - from the synthesis of isocorroles [47]
- of the linear tetrapyrrole 43 and the a,w-dialdehyde 44,
obtained from 43 by Vilsmeier formylation, invited
attempts to synthesize octaphyrin 67 in straightforward
fashion by a MacDonald condensation of the two
tetrapyrrolic compounds. Indeed, when 43 and 44 were
treated with trifluoroacetic acid in dichloromethane, the
desired cyclooctapyrrole 67 is the only non-polymeric
product isolated (yield 11%). Subsequently, it was found
that 67 is obtained more expediently (fewer steps) if two
equivalents each of bipyrrole 68 and bipyrrole dialdehyde
24 are condensed with acid catalysis (yield 14%).

It is interesting to note that the condensation of
tetraalkyl-substituted bipyrroles (unsubstituted o, o'
positions) with aromatic aldehydes under oxidizing
conditions which - being patterned after Rothemund’s
synthesis [56] of tetra-meso-substituted porphyrins -
might also have led to octaphyrins-(1.0.1.0.1.0.1.0), is
reported by Sessler [57] to afford the expanded porphyrins
named rosarins, i.e., hexaphyrins-(1.0.1.0.1.0),
exclusively.

The 'H NMR spectrum (300 MHz, CDCl3) of
octaphyrin 67 is relatively simple in that it consists only
of a singlet (6= 6.57, meso-protons), a broad singlet
(6 = 13.30, NH protons) and two ABX3 systems (ethyl
groups with diastereotopic CH, protons). With
[Dgltoluene as solvent, no significant changes occur in
the spectrum in the temperature range between -100°C
and 100°C. These NMR observations might best be
explained by one of the two following scenarios, both of
which are consistent with the constant diastereotopicity
of the CH, protons: 1) octaphyrin 67 exists in an achiral
tub conformation resembling cyclooctatetraene and does
not invert on the NMR time scale. 2) 67 consists of two
enantiomeric figure-eight conformers that interconvert
rapidly via a tub conformation (Fig. 9).

To answer the question of whether octaphyrin 67 is
static (excluding NH tautomerism) or dynamic, a force
field conformational analysis of the molecule was
performed. Based upon this analysis, scenario 2 is most
probable, and the barrier to racemization is too low
(<10 kcal mol™!) to allow separation of enantiomers.
Additionally, the study shows that the conformational
change is coupled to NH tautomerism [58].
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An X-ray analysis of the free base octaphyrin 67
reveals a figure-eight conformation of the molecule in the
solid state (Fig. 10). As can be seen from the structural
parameters, 67 is made up of four nearly planar dipyrrin
(pyrromethene) [59] subunits (torsional angles between 1
and 10°). The observed conformation of the molecule
arises mainly because the pyrrole rings of the bipyrrole
units are rotated about their linking bond (the torsional
angles are in the range of 43 to 52°).

Preliminary chemical investigations on 67 indicate that
this polypyrrolic macrocycle is not only capable of metal
complexation to give both mono- and binuclear
complexes but is also endowed with other interesting
host-guest properties. In hindsight, it is hard to under-
stand that the assembly of figure-eight cyclooctapyrroles
in acid-catalyzed condensation reactions of appropriate
pyrrolic building blocks has escaped detection for so
long. Apparently, formation of such macrocycles is
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favored over that of cyclotetrapyrroles if ring-closure to thermodynamic (product stability) reasons [60].
afford the latter is impaired by conformational rather than

AEc:alc
< 10kcal mof™!

Figure 9. Energy profile of the interconversion of the enantiomers of the octaphyrin 67 (substituents are omitted for
clarity).

NI-“N2 2716 N5N6  2.693
NI-“N8 2,671 N6N7  2.699
N2-N3 2,681 N4=N5 2,677
N3“N8  4.410 N4-N7 4378
Co-Cp 1.429 £ 0.017
Cp-Cp 1.379 £ 0.014

Co-Crneso 1.398 £ 0.012

Figure 10. Molecular structure of the octaphyrin 67 in the solid state (left: top view, right: side view; N-~N-distances
and bond lengths in A; substituents are omitted for clarity).
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Oxygen and Sulfur Analogues of Porphyrin

A structural variation of porphyrin even more obvious
than the reorganization of the tetrapyrrolic macrocycle to
yield porphycene and its congeners is the partial or
complete replacement of the nitrogen atoms of porphyrin
by other heteroatoms, specifically by oxygen, sulfur and
selenium. One thus arrives at various types of chalcogen
analogues of porphyrin. It was in pursuit of a program
intended to "assess the contribution of the bridging
nitrogen atoms to the aromaticity of the porphyrin
structure” that A.W. Johnson and his group [9b.c]

Vol. 33

For reasons hard to explain, previous workers did not
take into consideration the existence of the molecules
which might be viewed as the ultimate targets of this
avenue of research in porphyrin chemistry: the dicationic
tetraoxa-, tetrathia-, and tetraselenaporphyrins (as salts).
In fact, the only clear reference to such species to be
found in the chemical literature is in a theoretical paper
by J. Michl [7b]. These dications can be described by
oxonium, sulfonium, or selenonium resonance structures,
as well as by structures with a dicationic Cog perimeter
(Fig. 11) - the latter ones assumed to be the major
contributors to the resonance hybrid.

Figure 11. Resonance structures of the tetraoxa- tetrathia-, and tetraselenaporphyrin dications.

initiated the development of this new line in porphyrin
chemistry. As shown by the British chemists and, more
recently, by several other groups [61], the established
methods of porphyrin synthesis also provide access to a
host of porphyrins in which one or two of the nitrogen
atoms have been replaced by chalcogen atoms. While
many of these novel macrocycles exhibit special features,
such as unusual basicity or partial bonding across the
heteroatom core, virtually all of them have retained the
spectral and structural characteristics associated with

porphyrins.

72 73

After it had been shown at the Cologne laboratory that
the tetraoxaporphycene dication 71 (as its perchlorate)
[62], obtained by two-electron oxidation of the oxygen-
bridged [20]annulene 70 (product of the reductive
carbonyl coupling of 5,5'-diformyl-2,2'-bifuran 69),
qualifies as a porphyrinoid aromatic species, there could
be no doubt that the same would be true for its porphyrin
counterpart, the tetraoxaporphyrin dication 75. In parallel
to the conversion of 70 into 71, the most obvious
approach to 75 is by the "annulene route”, i.e., by
oxidation of the as yet unknown [20]annulene 74, the

1) DDQ
—t

1) HNO3
—




Sep-Oct 1996

76 77

oxygen analogue of the hitherto elusive isophlorin (V,N"*-
dihydroporphyrin) 79 [63]. Since the polyenic 74
possesses quinodimethane-type furan structural units it
appeared to us that generation of 74 in situ under
oxidizing conditions would offer the best chance of
success. Following this strategy, 5,5'-diformyl-di-2-
furylmethane 72 was condensed with di-2-furylmethane
73 in the presence of trifluoroacetic acid, and the
resulting product, assumed to contain 74 in latent form,
treated successively with nitric acid (oxidation) and
perchloric acid (formation of a readily crystallizing salt).
Although this sequence of reactions may have an
alchemistic touch it lived up to our expectations in that it
afforded 75 in the form of its stable perchlorate [64].

The impressive progress in the synthesis of natural and
non-natural porphyrinoid compounds by biomimetic
routes achieved in recent years inspired an alternative
approach to 75, namely from furfuryl alcohol 76 via the
crown ether tetraoxaporphyrinogen 77 (not reported
previously). A reexamination of the acid-catalyzed

Figure 12. Molecular structure of the tetraoxaporphyrin
dication 75 (as its perchlorate) in the solid
state (top: top view, bottom: side view).
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1) DDQ
—_—

condensation of 76 revealed that this reaction indeed
produces 77, albeit in only 1-2% yield [65]. As one
might have expected, 77 - in contrast to porphyrinogen -
is fairly stable towards molecular oxygen. While the
chemical properties of 75 preclude its oxidative
generation from 77 under the conditions of porphyrin
biosynthesis, reaction of 77 with oxidants such as DDQ
or cerium(IV) salts followed by treatment of the products
formed with perchloric acid smoothly gives 75. In view
of the relatively ready availability of 77 (despite the low
yield), the latter procedure is the method of choice in
preparing 75.

As a dication bearing some resemblance to pyrylium
ions, 78 is stable in strongly acidic media but shows
great sensitivity towards nucleophilic solvents and
agents. The study of the presumed addition reactions was
rendered difficult due to the poor solubility of 75.
Evidence regarding the aromatic nature of 75 is provided
by spectral and structural findings. The !H NMR
spectrum is consistent with the presence of a strongly
diatropic dicationic species, and the UV/vis spectrum
(Fig. 13) resembles that of a porphyrin-type molecule in

2 : . l
300 400 500  A[nm]

Figure 13. UV/vis spectra of the tetraoxaporphyrin
dication 75 (in 96% sulfuric acid) and the
tetraoxaporphycene dication 71 (in 70%
perchloric acid) (each as its perchlorate).
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that it exhibits a remarkably sharp Soret-band and a set of
Q-bands in the expected region. As borne out by an X-ray
crystallographic analysis of 75 (Fig. 12), the dication is
planar, possesses approximate Dg4p-symmetry, and shows
a bond length pattern matching that in porphyrins. It
should be noted that the O--O distances almost exactly
agree in length with the N---N distances in the parent
porphyrin. Attesting to the close electronic relationship
between 75 and the tetraoxaporphycene dication 71, the
IH NMR and UV/vis spectra of 75 are similar to the
corresponding spectra of the latter but have experienced
simplification due to the increase in symmetry - from
D3 to Dy, - on going from 71 to 785.

Despite poor solubility, the tetraoxaporphyrin dication
75 (as its perchlorate) has been found to be amenable to
useful chemical transformations. Among these, the
elaboration of the redox system comprising the dication
75, the radical cation, tetraoxaisophlorin 74, the radical
anion, and the dianion 78 (uptake of a total of four

79

electrons) stands out [66]. A particularly interesting
aspect of this system is the possible two-electron
reduction of the dication to give tetraoxaisophlorin. As
far as we are aware, the only reference to the parent
isophlorin 79 - a formally very simple porphyrin
derivative - in the chemical literature is by R.B.
Woodward [63]. In the course of his ingenious synthesis
of chlorophyll, he pointed out that 79 is a true non-
Hiickel [20]annulene that should be very conducive to
oxidation to porphyrin (presumably via 80). For us,
isophlorins and their analogues with other heteroatoms
hold special fascination, since their discovery would
demonstrate in a most telling way how intricately
porphyrin and annulene chemistry can be intertwined.

Vol. 33

Tetraoxaisophlorin 74, in contrast to the parent
compound 79, is presumed to be planar, or at least nearly
s0, and thus to possess Dy, or Doy, symmetry, depending
on whether the n-bonds are delocalized or not. In light of
such properties, 74 - which, according to simple Hiickel
theory might be a diradical - qualifies, like cyclobutadiene
[67] and cycl{3.3.3]azine [68], as a [4n]annulene model
compound.

The direct synthesis of tetraoxaisophlorin 74 from 75
by two-electron reduction utilizing potassium in tetra-
hydrofuran met with only partial success because the
reaction could not be arrested at the stage of 74, but pro-
ceeded further to give the aromatic 22n-tetraoxaporphyrin
dianion 78. This result prompted attempts to prepare the
supposedly highly reactive 74 by partial oxidation of 78.
The method of choice in bringing about this oxidation
proved to be molecular oxygen applied at low
temperature. Tetraoxaisophlorin produced in this fashion
is isolated as air-sensitive black crystals.

As indicated by the occurrence of sharp lines in its 'H
and 13C NMR spectra and the absence of signals in the
ESR spectrum, tetraoxaisophlorin 74 exists in the
singlet ground state. However, the HOMO-LUMO energy
gap in 74 must be very small since the 'H NMR
spectrum of this molecule (Fig. 14), consisting of two
singlets at 8= 1.98 and § =-0.64 for the furanoid and
meso-protons, respectively, exhibits a most marked para-
magnetic ring current. To our knowledge, the up-field
chemical shifts of the tetraoxaisophlorin protons are the
highest ones ever recorded for hydrogen bound to olefinic
carbon. Remarkably, the 'H and !3C resonances (three
lines) of 74 remain sharp down to -135°C (the lowest
temperature reached so far) showing that the isodynamic
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Figure 14. 'H NMR spectrum (300 MHz, benzene-dg) of tetraoxa-

n-bond shift assumed to take place in the molecule must
be extremely fast. Bearing in mind that the free energy of
activation (AG¥) of the n-bond shift in some bridged
[12lannulenes [69], which noticeably deviate from
planarity, is on the order of only 4-5 kcal mol'l, AG* for
this dynamic process in 74 is presumably too small to
be accessible by NMR spectroscopic methods. The
UV/vis spectrum of 74 exhibits, in addition to relatively
intense bands at 310-350 nm, a very weak and broad
long-wave absorption (600-900 nm) that is characteristic
of (4n)m-electron systems in which such a transition
involves alternating compression and expansion of
adjacent bonds. An X-ray crystallographic analysis of 74
confirmed that the molecule is planar, but, due to static
and possibly also dynamic disorder, the analysis has as
yet remained inconclusive regarding the nature of bonding
along the Cyp-perimeter. At present, evidence for n-bond
alternation in 74 mainly rests upon MO theoretical
arguments [66].

75

In pioneering work (1982 to date) B. Franck
(University of Miinster) has shown that the NN N",N""-
tetramethyloctaethyl[18]porphyrin dication, which is
isoelectronic to 75, possesses symmetrically expanded
aromatic homologues featuring peripheral 26n- (e.g., 81)
and 34mn-electron systems, respectively [10]. These novel
porphyrin structural variants have become accessible by
pathways patterned after the biosynthesis of porphyrins.
Evidently, an essentially strain-free porphyrin-like geo-

isophlorin 74.

metry can only be attained by homologues in which the
number, n, of the carbon atoms of the (CH), segments
connecting the pyrrole rings is odd.

81 82

Major synthetic inroads into neutral porphyrin-related
macrocycles containing more than four pyrrole rings,
such as rubyrin 82 [70], rosarin [57], and amethyrin
[11d], have been made by J.L. Sessler.

The extraordinary spectroscopic properties of Franck's
expanded porphyrins (extreme 'H NMR chemical shifts
and exorbitant molar extinction coefficients of the Soret
band) {71] which prompted him to denote his molecules
as "superaromatic”, were an incentive for us to explore
the synthesis of the two next higher homologues of 75,
the tetraoxa[22]porphyrin-(2.2.2.2) dication 83 (even
number of n) and the tetraoxa{26]porphyrin-(3.3.3.3)
dication 84.
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In geometrical respects, the tetraoxal22]porphyrin-
(2.2.2.2) dication 83 is a special case since the all-cis-
configuration and planar conformation of the molecule,
required to render it a homologue of 75 and 84 in terms
of symmetry, imposes severe angular strain on 83. In
contrast to 83, its less symmetric cis,trans,cis,trans-
isomer 86 can adopt a nearly strain-free planar
conformation. It thus seems very likely that 83, if it ever
were formed, will readily isomerize to give the
cis,trans, cis,trans-isomer.

One possibility to obtain 83 is offered by the two-
electron oxidation of the oxygen-bridged [24]annulene
85, a non-planar, atropic molecule that has recently
become available [72]. However, when 85 is sequentially
treated with DDQ and perchloric acid, the only dicationic
product isolated was the cis, trans, cis,trans-isomer 86 (as
its perchlorate). As evidenced by its spectra, 86 is closely
related to the aromatic diprotonated cis,trans,cis,trans-
[22]porphyrin-(2.2.2.2). An X-ray study of 86 has shown
the molecule to be planar, but did not allow
determination of the bond lengths accurately due to
crystal disorders. While our studies on 86 were still in
progress an independent synthesis of 86 employing the
McMurry reaction of the dialdehyde 87 was achieved by
G. Mirkl (University of Regensburg) [73].

Ry
N~ NZ"CH,0H
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88

1) H®
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The successful synthesis by biomimetic schemes of the
N,N',N" .N"'-tetramethyloctaethyl[26]porphyrin-(3.3.3.3)
dication 81 (as its trifluoroacetate) from the
N-methylpyrrylpropenol 88 on the one hand (B. Franck)
[71], and of the octaethyltetraoxa[18]porphyrin dication
91 (as its perchlorate) from 2-hydroxymethyl-3,4-
diethylfuran on the other (this group) [74], made it appear
likely that the tetraoxa[26]porphyrin dication 90 could
analogously be prepared from the alcohol 89. Indeed,
treatment of 89 in nitromethane with citric acid brings
about cyclotetracondensation with formation of the
corresponding porphyrinogen (yield 3%), which furnished
the desired dication 90 as its perchlorate salt upon
oxidation with bis(trifluoroacetoxy)iodobenzene followed
by addition of 70% perchloric acid. The presumed close
structural and electronic relationship of 90 to Franck's
dication 81 is borne out most strikingly by a
spectroscopic comparison of the two compounds. In the
TH NMR spectra, 90 and 81 not only show the same
absorption pattern, but also exhibit good agreement in
the values of the chemical shifts (indicated in the
formulae) of the perimeter protons. The parallelism
between 90 and 81 further extends to their UV/vis
spectra, except for the astounding finding that the already
extremely high value of &gqe¢ for 81 - hitherto a record -
is surpassed by the corresponding value for 90 by a
considerable margin: 900 000 vs. 1 600 000.

RaGn
07 N CH,0H

89
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Figure 15. UV/vis spectra (in formic acid) of the octaethyltetraoxal 18]porphyrin-(1.1.1.1)
dication 91, the cis, trans,cis, trans-octaethyltetraoxa{22]porphyrin-(2.2.2.2) dication
92, and the octaethyltetraoxa[26]porphyrin-(3.3.3.3) dication 90 (as their

perchlorates).

It would seem appropriate to conclude the discussion of
the homologous tetraoxa[4n+2]porphyrin dications by a
joint presentation of the UV/vis spectra of the octaethyl-
tetraoxa[18]-, cis,trans,cis,trans-octaethyltetraoxa[22]- and
octaethyltetraoxa[26]porphyrin dications 91, 92, and 90
(all as their perchlorates), respectively, because these
spectra demonstrate in a telling fashion the importance of
symmetry in UV/vis spectroscopy. While the main
absorption band (Soret) of the three dications moves to
longer wavelengths as the (4n+2)n-electron system gets
larger, the sharpness of the band observed for 91 and 90
yields to splitting in the case of 92 due to reduced
symmetry of the molecule (Fig. 15).

The sulfur analogues of porphyrin, alternatively to be
regarded as porphyrins based on thiophene, derive their
attractiveness to a large extent from the important role
that thiophene has attained in recent years as a structural
component of advanced materials (organic conductors and
semiconductors, functional dyes, and others) [75]. This
background provided added incentive for us to extend our
work on the tetraoxaporphyrin dication 75 (as its
perchlorate) to its sulfur analogue, the tetrathiaporphyrin
dication 94 (as its perchlorate).

Knowledge of 75 did not allow a safe guess as to the
properties of 94 since the thia compound would be
anticipated to deviate from planarity due to the steric
interference of the relatively large sulfur atoms. Force
field calculations (MM2) imply that 94 is dome-shaped
with all four of the sulfur atoms protruding out of the
C,o perimeter on the same side. Initial attempts at the
synthesis of 94 by routes analogous to those that proved
to be successful in preparing 75, i.e., the "annulene
route” and the "biomimetic route”, did not lead to the
desired product. This deadlock was, however, overcome
by the observation that tetraoxaporphyrinogen 77 readily
experiences oxygen/sulfur exchange to give 93 when
treated with hydrogen sulfide in the presence of hydrogen
chloride. Subsequent conversion of 93 into 94 (as its
perchlorate) was effected by oxidation with DDQ under
conditions similar to those employed in the synthesis of
75 [65].

The !H NMR spectrum of the thia compound 94
corresponds to that of 75 in that it only shows two
signals in the resonance region to be expected for a
dicationic and aromatic porphyrin-type compound. Very
distinct differences are observed, however, in the UV/vis
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Figure 16. Molecular structure of the tetrathiaporphyrin
dication 94 (as its perchlorate) (top: top
view, bottom: side view taken from the
above projection, rotated by 45°).

spectra of 94 and 75. While the spectrum of 94 still
resembles that of 75 in type, it no longer exhibits a
sharp Soret-band with high extinction and fairly resolved
Q-bands. Instead, all absorption bands of 94 are strongly
broadened and shifted to longer wavelengths. The UV/vis
spectroscopic findings on 94 are indicative of the
presumed non-planarity of this dication, which has since
been confirmed by an X-ray analysis (Fig. 16).
Remarkably, rather than possessing the geometry
predicted for it (dome-shaped), 94 is found to be
centrosymmetric with two of the thiophene rings tilted
up and down from the mean molecular plane as depicted.

95

At this point, a brief comment on the counterpart of
94 in the porphycene series, i.e., the tetrathiaporphycene
dication 96 seems appropriate. In the case of 96, the
distortion imposed on the ring system by the steric
demand of the four sulfur atoms is such as to render this
dication extremly unstable, if it exists at all. Oxidation

Vol. 33

studies on the [20]annulene 95, which, in contrast to its
planar oxygen analogue, is compelled to adopt a phane
conformation, resulted in the formation of undefined
products only [76]. In view of this observation it is
somewhat surprising that the dithiaporphycene 97,
recently synthesized by R. Neidlein (University of
Heidelberg), is found to be entirely planar [77].

The poor solubility and relative instability of the parent
tetrathiaporphyrin dication 94, which hampered chemical
exploration of the compound, prompted us to try to
prepare its octaethyl derivative 101. As it turned out, 2-
hydroxymethyl-3,4-diethylthiophene 98 (in striking
contrast to 2-hydroxymethylthiophene itself) was
amenable to cyclocondensation in acidic medium to afford
not only the tetra- but also the pentacyclocondensation
products, 99 and 100, respectively, in about equal
amounts (total yield 46%) [78]. In line with expectation,
99 could be smoothly converted into the desired octaethyl
tetrathiaporphyrin dication 101 (as its perchlorate) using
proven methodology. According to an X-ray analysis of
101, its ring system, like 94, is non-planar. Presumably
due to crystal forces, however, 101 differs from 94 in
conformation in that its thiophene rings are tilted with
respect to the mean molecular plane in an up, up, down,
down fashion. The ethyl substituents of 101 bestow
upon the molecule the anticipated good solubility in
polar non-prototropic solvents such as dichloromethane
and acetonitrile, and thus should render it a suitable
candidate for chemical studies.

The formation of the cyclocondensation product 100
on treatment of 98 with acids was equally welcome as
that of 99 since 100 also promised to undergo
interesting chemical transformations. Thus, exhaustive
oxidation of 100 offered the chance of generating
the pentathiapentaphyrin trication 102, a potentially
aromatic 22mn-electron system that represents the sulfur
analogue of A. Gossauer's pentaphyrin (described as alkyl

97

derivatives) [79] in its triprotonated form. When 100 was
treated with iron(III) chloride, an oxidation product could
in fact be isolated, but this proved to be a n-n-dimer of
the monocation [as a bis(tetrachloroferrate)}. However,
employment of the more powerful oxidizing agent
antimony pentachloride did produce the desired trication
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2) HCIO, l SbCls

2cl0° 3 SbCI® and [SbeCiy1]*©
101 102

102. This is obtained as a mixture of salts differing in
the nature of the antimony-based counterions: three
SbCle @, the cluster [SbgCl»;13 @, and possibly others.
Although this mixture has as yet defied separation on
a preparative scale, crystals solely consisting of
the tris(hexachloroantimonate) and the cluster salt,
respectively, could be isolated and subjected to X-ray
analysis. The structural investigation revealed that the
ring skeleton of the trication is planar and that it
possesses approximate Dsp symmetry. In accord
herewith, the 'H NMR spectrum (in CD3NO,) shows a
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sharp singlet for the meso-protons that, due to its
location at extremely low field (6 =14.8), is clearly
indicative of the presence of an aromatic trication [78]. In
order to allow for a more detailed investigation of the
trication, current efforts are concentrated on finding a
practical way to separate the mixture of salts.

103 104

Initial chemical studies on the octaethyltetrathia-
porphyrin dication 101 were aimed at its conversion into
the [20]annulene octaethyltetrathiaisophlorin 103 by
two-electron reduction. While attempts to obtain this
annulene electrochemically provided inconclusive results,
it could be generated, albeit not in a pure state, by
employing samarium(II) iodide as the reducing agent.
Proof of the presence of the highly reactive tetrathia-
isophlorin 103 unequivocally follows from the NMR
spectra of the compound.

In order to get to tetrathiaisophlorins stable enough to
be isolated, it appears sufficient to introduce an
electronegative substituent into just one of the meso-
positions. A case in point is 5-cyano-octaethyltetra-
thiaisophlorin 105 which is formed when 101 is treated
with sodium cyanide in ethanol [78]. This reaction has
precedent in earlier work devoted to the synthesis of
N,N' N",N'""-tetramethyloctaethylisophlorin 104 [80].
The [20]Jannulene 105 exhibits temperature dependent
NMR spectra from which it could be deduced that
the compound undergoes a fast ®-bond shift with
AG* g0k = 8.9 kcal mol™!, as compared to AG#*y95x =
13.2 kcal mol"! for 104 and AG#|33x < 6 kcal mol"!
for the practically planar tetraoxaisophlorin 74 [66].

CN CN

105
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102 106

In the case of the pentathiapentaphyrin trication 102 a
four- rather than a two-electron reduction attracted our
interest since transfer of four electrons onto 102 should
lead to the aromatic 26n-monoanion 106. In view of the
fact that the antimony-based counteranions of 102 are
electrochemically active, efforts at effecting the
conversion of 102 to 106 by taking advantage of
electrochemistry seemed problematic. However, according
to recent findings that will be reported in a forthcoming
publication, a formal four-electron reduction of 102 to
give 106 can be accomplished by chemical means. The
anion 106 is convincingly characterized by its NMR
spectra as being an aromatic species.

Conclusion

Porphyrins and metalloporphyrins - due to their
multifaceted biological functions [81], their importance
in medicine [10,25}, and last but not least their
utilization as components of supramolecular structures
[82] - rank among the most fascinating molecules known
to organic chemistry. The interdisciplinary interest these

molecules engender, in conjunction with the idea of
symbiotically linking annulene and porphyrin chemistry,
has provided the incentive to us to employ porphyrin as a
"Leitstruktur” for the design and synthesis of structural
variants of this prototype of tetrapyrrolic macrocycles. As
a result of our systematic efforts to manipulate the
porphyrin structure, a cornucopia of novel chromophores,
some of them to be regarded as fundamental non-natural
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porphyrins, has been brought to light during the last
decade. Among these chromophores, the porphyrin
isomers - porphycene, hemiporphycene, and corrphycene
(the latter two resulting from a joint project with J.L.
Sessler) - stand out in potential since they share the
capacity of the porphyrins to form complexes with a
large number of metal ions.

The question whether there are further porphyrin
isomers existing as stable molecules is a matter of
speculation because of the fairly high relative energy of
the as yet unknown isomers [four (Z)-isomers and several
(E)-isomers]. That the search for these isomers is an
endeavour worthwhile is evident from the most recent
discovery (after the Congress of Heterocyclic Chemistry)
of thermally stable yet photosensitive metal complexes
of [18]porphyrin-(3.0.1.0), termed isoporphycene.
Significantly, this isomer brings stereochemistry into the
game. As will be reported in a forthcoming publication,
palladium(II) chloride is capable of inducing cyclization
of the tetrapyrrolic aldehyde 107 to give a mixture (still
to be separated) of the photochemically equilibrating
palladium complexes 108 and 109 of (Z)- and (E)-
octaethylisoporphycene, respectively. In addition to 108
and 109, the 15-formy! derivative of 108 is obtained in
this palladium-mediated reaction.

Taking also into account the intriguing inverted or
confused porphyrins that have emerged from work of
Japanese [83] and Polish [84] chemists, porphyrin
isomers and their metal complexes are bound to add a new
dimension to research on tetrapyrrolic macrocycles [85].
Apart from porphyrin isomers, the equally interesting
figure-eight cyclooctapyrroles are currently under active

109

investigation at this laboratory, especially with respect to
metal complexation. While cyclooctapyrroles have
already been shown to form binuclear complexes with
metals of the same kind, their conversion into complexes
with mixed metals, that would render them models for
enzymes containing two different metal centers [86], still
poses a challenge.
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There remains the tantalizing question whether
porphyrin isomers are exclusive products of the
laboratory or whether any of these cyclotetrapyrroles may
eventually be uncovered in nature.

Dedicated to Professor Richard Neidlein on the occasion
of his 65th birthday.
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