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Matthias Zeller b and Christian Brückner *a

Octaethyltrioxopyrrocorphins unexpectedly show macrocycle-aromatic properties, even though they

contain the macrocyclic p-system of the non-aromatic pyrrocorphins (hexahydroporphyrins). Two of the

four possible triketone regioisomers were first reported in 1969 by one-pot oxidation of

octaethylporphyrin but remained essentially unexplored since. We detail here the targeted preparation of

the remaining two triketone isomers and the optical and NMR spectroscopic properties of all isomers. All

four regioisomers possess unique electronic properties, including broadly varying degrees of diatropicity

that were experimentally determined using 1H NMR spectroscopy and computationally verified.

Structural patterns modulating the aromaticity were recognized. These differences highlight the

regioisomerically differentiated influences of the three b-oxo-functionalities. We also present the solid

state structure of the two most common isomers (in their free base form or as zinc complexes), allowing

further conclusions to be made about the resonance structures present in these triketones. Remarkably,

also, the halochromic properties of the triketones differ sharply from those of regular (hydro)porphyrins,

providing further support for the proposed 16-membered, 18 p-electron aromatic ring-current. The

work conceptually expands the understanding of tris-modified hydroporphyrinoid analogues and the

factors that enable and control porphyrinoid aromaticity.
Introduction

Porphyrins are characterized by the presence of a Hückel-
aromatic 18 p electron system, cross-conjugated with two
additional double bonds, resulting in what is typically described
as the porphyrinic 18 + 4 p-system (Fig. 1).

Reactions that convert one or both cross-conjugated b,b0-
double bonds to single bonds generate chlorins, bacterio-
chlorins or isobacteriochlorins, respectively.1 The aromatic
18 + 4, 18 + 2, or 18 p-electron systems of the (hydro)porphyrins
are primarily responsible for their characteristic electronic
properties.2 Their resonance structure preferably takes the so-
called ‘inner–outer–inner–outer’ pathways indicated.3

Importantly, removal of a third cross-conjugated double
bond from the tetrahydroporphyrins results in the interruption
of the classic Hückel-aromatic 18 p electron system. Thus,
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reduction of (hydro)porphyrins may lead to the formation of
their leuco-form, the porphyrinogens.4 While their free bases
are preferentially in the porphyrinogen tautomeric form
(5,10,15,20,22,24-hexahydroporphyrin), their nickel(II)
complexes are in the pyrrocorphin form (2,3,7,8,12,13-hexahy-
droporphyrin) (Scheme 1).4a
Fig. 1 Framework structures of the hydroporphyrin classes indicated.
Aromatic p-systems highlighted in red, cross-conjugated double
bonds in blue.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Pyrrocorphin–porphyrinogen tautomeric equilibrium.
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Eschenmoser and co-workers pioneered the studies of
synthetic b-alkylpyrrocorphins, such as compounds 1Mg, in the
context of their vitamin B12 synthesis.4a,5 Later, pyrrocorphins
were included in studies by the groups of Battersby, Smith, and
Stolzenberg.4b,6 Examples of pyrrocorphins (or pyrrocorphin-
like analogues)7 of the meso-pentauorophenylporphyrin
series emerged more recently:4b,7,8 For instance, triple-
cycloaddition formed pyrrocorphins 2/2Ni;8b the reduction of
a bacteriochlorin-type bis-adduct realized pyrrocorphin 3.8c

Oen these pyrrocorphins formed as fortuitous products next to
the target compounds. Notably, the electronic properties of the
pyrrocorphins did not receive closer scrutiny.

Better studied are the porpholactone-based meso-arylpor-
phyrin derivatives prepared by Zhang and co-workers that
contain two pyrrolines and one oxazolone or one pyrroline and
two oxazolones (such as cis/trans-4); they exhibited interme-
diate aromaticity and strong regioisomeric inuences with
respect to the two possible relative orientations of the lactone
moieties.7,9

A simple method to introduce b-oxo functionalities into b-
alkylporphyrins is their treatment with H2O2 in conc. H2SO4

(Scheme 2). The major product resulting from the treatment of
octaethylporphyrin (OEP) with H2O2/H2SO4 is oxochlorin 5.10

The chromatographic separation and identication of all
products from this reaction – three isomers of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
dioxoisobacteriochlorin series 6, two isomers of the dioxo-
bacteriochlorin series 7, two (out of the four possible) triketone
isomers 8, as well as meso-oxo-substituted phlorins and ring-
opened products – were described not long aer, in 1969.11

While the chemical, coordination, and physical properties of
oxochlorin 511b,12 and the dioxo-derivatives 6 and 7 12h,p,13 were
subject of several studies, the triketones 8 were largely ignored.
Nonetheless, their nickel and copper complexes were prepared
and their structure, axial binding properties, and electro-
chemical properties studied.13a,b,14 However, their electronic
nature was not further elucidated.

We present here the targeted syntheses of the two ‘missing’
triketone isomers and the description of the unique electronic
structure of all four triketones isomers, as probed by UV-vis,
uorescence, and NMR spectroscopy, as well as DFT computa-
tions. The solid-state structures of two members of the trike-
tones conrm their connectivity and conformational
assignment. They also support the formulation of a 16-
membered, 18 p-electron aromatic system present in these
compounds. We also describe the halochromic properties of all
four triketones, again setting this compound class much apart
from regular (hydro)porphyrins or pyrrocorphins.

The work provides new concepts of how three b-oxo func-
tionalities modulate the chemical and electronic properties of
porphyrinoids to the extent that the usually nonaromatic p-
systems of pyrrocorphins assume the spectroscopic and struc-
tural characteristics of an aromatic macrocycle, whereby stark
regiochemical differences are noted.
Results and discussion
Formation of the known and novel b-trioxopyrrocorphin
isomers

The syntheses of the two previously known trioxopyrrocorphins
8-O2,7,12 and 8-O2,7,18 by oxidation of OEP proceeded as
described by Inhoffen and Nolte, and later Chang (Scheme 2):11

Multi-gram batches of OEP were reacted in 96% H2SO4 with 3%
H2O2 at ice temperatures over a period of 15 to 20 min. The
reaction was neutralized, and the product cocktail extracted
with an organic solvent and chromatographed (using multiple
columns; select fractions required further separations by
preparative plate chromatography). This allowed us to isolate,
among all the other products formed, the two isomers of tri-
oxopyrrocorphin title compounds 8-O2,7,18 (in 2% yield) and 8-
O2,7,12 (in 5.5% yield).‡11

It is reasonable to assume that OEP was converted in three
distinct and sequential pyrrole-to-pyrrolinone steps in this one-
pot reaction, with each step constituting a series of reactions
(epoxidation, epoxide ring opening, followed by a pinacol–
pinacolone rearrangement). Some regioselectivity in the
sequential reactions is expressed as only two of the four theo-
retically possible isomers of the trioxopyrrocorphins 8 were re-
ported to form.10b,11b,15 In fact, our own careful screening (by ESI
+ MS) of the many minor products formed did not reveal any
indication that the two other possible triketone isomers were
among them.
Chem. Sci., 2021, 12, 12292–12301 | 12293
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Scheme 2 Oxidation of octaethylporphyrinOEP to the corresponding b-oxoderivatives.10a,15 Reaction conditions: (i) (1) H2O2 (3%)/H2SO4 (96%),
�15 min, 0 �C. (2) NaOAc, H2O. (3) Chromatography. The atom numbering in octaethylporphyrin OEP shows the numbering system used, the
basis for the b-ketone names.
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When we oxidized ketone 5 under the same conditions as
OEP, we found that the absolute yields for the di- and triketones
improved. However, we found the relative product prole was
otherwise similar to that of the oxidation of OEP.

An analysis of which dioxoisomer (6 or 7) could theoretically
form which triketone upon further oxidation reveals that all
dioxoisomers are not equally suited to form the missing trike-
tone isomers (Table 1). We then proceeded to oxidize diketone
isomers 6 or 7 individually using harsher reactions conditions
(using twice the stoichiometric ratio of H2O2; for details, see
ESI†). The product outcomes relative to the theoretical possible
outcomes were tabulated. The diketones that were predicted to
be theoretically suitable to form the two known triketones 8-
O2,7,18 and 8-O2,7,12 indeed formed them also experimentally.
However, some reactions that theoretically could have formed
the hitherto unknown triketones 8-O2,7,13 and 8-O2,8,18 failed to
produce them. More importantly, however, some of the reac-
tions theoretically capable of forming the latter actually gener-
ated them. The novel products were identied based on their
compositions (as per ESI + HR-MS), NMR and UV-vis spectro-
scopic properties (see below).‡ They are also, like the previously
known congeners, chemically robust and no special conditions
were needed for their chromatographic isolation and purica-
tion, recrystallization, handling, or storage in solid form.

We note that the most successful reactions start from the
dioxoisobacteriochlorin isomer 6-O7,13 containing already a set
of gem-diethyl groups facing each other. Unfortunately, this
12294 | Chem. Sci., 2021, 12, 12292–12301
isomer is also the most rare of the diketones, forming in nearly
an order of magnitude lower yields than the next least common
isomer.11 Inversely, the formation of the two triketones con-
taining sets of gem-diethyl groups facing each other (8-O2,7,13

and 8-O2,8,18) from diketone precursors not already containing
this feature failed or were very inefficient. We assume kinetic
barriers to play a role during the formation of the products
under the harshly acidic conditions as the computed heats of
formation of the four triketone isomers provide no indication
for the existence of major thermodynamic constraints (such as
steric inhibitions) in the isomers containing gem-diethyl groups
facing each other: With the heat of formation of 8-O2,7,13 set to
be 0.0 kJ mol�1, that of 8-O2,7,12 is 2.2 kJ mol�1 higher, that of 8-
O2,8,18 is 3.1 kJ mol�1 higher, and the highest, for 8-O2,7,18, is
computed to be only 5.3 kJ mol�1 higher.

NMR spectroscopic properties of the trioxopyrrocorphins

The 1H NMR spectra of all four trioxopyrrocorphin isomers
show, next to the multiple signals for the ethyl groups, the
presence of four distinct low-eld singlets (1H each), assigned
to the four meso-CH hydrogens, and two broader singlets (1H
each) assigned to the inner NH hydrogen atoms (Fig. 2). The
meso-CH peaks are generally slightly upeld shied compared
to the corresponding signals in oxochlorin 5 or dioxochlorins 6
and 7, while the NH signals are considerably shied down-
eld.11,16 The 13C spectra of all isomers show three distinct
signals for carbonyl carbon atoms (between 204 to 209 ppm).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Theoretical and practical outcomes of the oxidation of a given dioxochlorin with respect to the formation of a specific triox-
opyrrocorphin isomer. The coloured arrows on the diketone startingmaterials indicate the position of the oxo-groups that leads to the formation
of the triketone isomer of the same colour. The black crosses indicate the reactions could not theoretically form the trioxopyrrocorphins
indicated. The checkmarks indicate successful reactions; the parentheses indicate the experimentally observed % isolated yield. The red crosses
indicate the reactions that could have led to the formation of the trioxopyrrocorphins indicated, but did not. For the reaction conditions, see ESI
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HMBC andHSQC spectra allowed unambiguous assignments of
most hydrogen and carbon signals of the chromophores (see
ESI†).

The diatropic shis of the hydrogens inside and outside the
aromatic macrocyclic p-system and particularly the spread of
shis between them (DdNH-meso) was taken as one measure for
the degree of aromaticity of the macrocyclic p-system.9,17 The
average DdNH-meso values found in the four trioxopyrrocorphins
vary widely, ranging from 8.5 ppm for isomers 8-O2,7,18 – a value
indicative of a system of substantial aromatic character, down
to 4.1 ppm for isomer 8-O2,7,13 – a value indicative of a system
with much reduced diatropic ring current. The spread for
isomers 8-O2,8,18 and 8-O2,7,12 (both 6.3 ppm) falls between the
two extremes. The corresponding DdNH-meso values of 13.8 ppm
for OEP, 12.5 ppm for 5, 12.0, 11.0 ppm for dioxo-
bacteriochlorins 7-O7,17 and 7-O7,18 and the average DdNH-meso

values of 9.0, 10.8, and 6.75 ppm for dioxo-isobacteriochlorins
6-O,2,7 6-O,3,7 and 6-O,7,13 respectively, serve as benchmark
© 2021 The Author(s). Published by the Royal Society of Chemistry
values for fully aromatic macrocycles.11,16 Computations, struc-
tural, and chemical ndings for the triketones presented below
shed further insight into the prevalent ring currents.
UV-vis and uorescence spectra of the trioxopyrrocorphins

All four triketone isomers possess distinct UV-vis spectra of
aromatic porphyrinoid character (Fig. 3):11,16 a (split) Soret band
feature in the blue region and well-dened side bands. In some
cases, four side bands are clearly distinguishable, as for any
typical porphyrin or chlorin. Isomer 8-O2,7,18 possesses
a chlorin-type absorption spectrum, the spectrum of 8-O2,8,18

resembles more that of a bacteriochlorin, while those of 8-
O2,7,12 and 8-O2,7,13 are dissimilar to any hydroporphyrin
archetype. The regioisomeric inuence of the auxochromic b-
oxo-substituents was noted also for other b-oxo-derivatives,1c,18

including the porphodilactones.7,9,19

The lmax bands of the isomers span a range of�70 nm (from
659 nm for 8-O2,7,13 to 727 nm for 8-O2,7,18), whereby the
Chem. Sci., 2021, 12, 12292–12301 | 12295
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Fig. 2 1H NMR spectra (400 MHz, CDCl3, 25 �C) of the trioxopyrrocorphin isomers indicated. For details, see ESI.†

Fig. 3 Normalized UV-vis absorption (solid trace) and fluorescence
emission (broken trace) spectra of the trioxopyrrocorphins indicated
(all in CH2Cl2); lexcitation ¼ lSoret-max. For their extinction coefficients,
see ESI.†
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isomers of the longest wavelength lmax band position broadly
possess the largest DdNH-meso values (or other aromaticity
parameters, see below), and vice versa. Such a correlation
between lmax band position and aromaticity parameters was
12296 | Chem. Sci., 2021, 12, 12292–12301
also suggested in recent work on porpholactones.9 However,
there is a notable difference in the lmax band positions (727 nm
and 682 nm for 8-O2,8,18 and 8-O2,7,12, respectively) of the
isomers of intermediate and near-identical aromaticity
parameters.

The uorescence spectra of all triketone isomers are, as
typical for hydroporphyrins, primarily single band spectra (with
a shoulder) with a small Stoke's shi. The uorescence emis-
sion yields are relatively high and range between 8.5% (for
8-O2,7,18) and 17.8% (for 8-O2,8,18) (see ESI† for details).

Computed aromaticity parameters

DFT computations quantitatively reproduce the distinct DdNH-

meso values distributed from 4.1 to 8.5 ppm for the triox-
opyrrocorphin isomers to within 0.4 ppm. We therefore
extended the analysis of aromaticity to visualize the spatial
distribution of the perpendicular component of the magnetic
shielding 1.0 Å above the macrocyclic plane (Fig. 4).

The most aromatic isomer, 8-O2,7,18, is strongly diatropic,
particularly in the vicinity of the pyrrolic nitrogen and, to
a lesser degree, the imine nitrogen atoms and the meso-carbon
atoms anking the protonated pyrrolinone moiety.

Across the isomer series, the intensity of the diatropic
character changes much more than its spatial distribution, but
patterns in the variations can be recognized. The change from
a single cis- to trans-orientation of an oxo group starting from
the most aromatic isomer (8-O2,7,18 / 8-O2,8,18 or 8-O2,7,12)
causes a 2.2 ppm reduction in DdNH-meso. Inversely, starting
from the least aromatic isomer, the same cis-to-trans-isomerism
(8-O2,7,13 / 8-O2,8,18 or 8-O2,7,12) causes DdNH-meso to increase by
2.2 ppm. The consistently sized but oppositely directed shis in
DdNH-meso are related to the syn- or anti-dispositions of the oxo
groups on the N–N axis relative to the oxo group on the NH–NH
axis. Thus, the most (8-O2,7,18) and least (8-O2,7,13) aromatic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Visualization of differential diatropicity in the triketone isomers: (top) isochemical magnetic shielding heat maps at a height of 1.0 Å above
themacrocyclic plane and (bottom) average inner versus outer 1H NMR chemical shifts (Dd). All computed quantities were obtained at the BH and
HLYP/def2-TZVP level of theory. The iso-chemical shielding surface approach (ICSS)20 a three-dimensional generalization of the nucleus
independent chemical shift (NICS) technique,21 as implemented in MultiWFN22 was employed to visualize the spatial distribution of the ZZ
component of the magnetic shielding tensor 1.0 Å above the macrocyclic plane. Note that the ethyl substituents exhibit significant diatropicity
because the viewing plane bisects these groups. For further details, see ESI.†
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isomers have DdNH-meso values differing by 4.4 ppm, because
they have two syn- or two anti-oxo groups, respectively. This
analysis delineates a quantitative structural basis for the grades
of aromaticity among the trioxopyrrocorphin isomers that can
be used to rationally design other chromophores of the b-
Fig. 5 Stick representation of the X-ray single crystal structures of the trio
top view images shows the point of view of the corresponding side view.
removed for clarity. NSD analysis as implemented by Kingsbury and Seng
see ESI.†

© 2021 The Author(s). Published by the Royal Society of Chemistry
oxopyrrocorphin type. The understanding expands the analysis
of the aromaticity of bisporpholactone-based chromophores.7,9

Solid state structures of the major trioxopyrrocorphins

The solid state structures of free base 8-O2,7,18, its zinc complex
8-O2,7,18Zn$py, and the isomeric zinc complex 8-O2,7,12Zn$py
xopyrrocorphin isomers indicated, top and side views; the arrow in the
All disorder and solvents (if present) and all ethyl-hydrogen atoms were
e.23 For details to the structural determinations and structural analyses,

Chem. Sci., 2021, 12, 12292–12301 | 12297
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(zinc complexes prepared by insertion of zinc(II) into the cor-
responding free bases)‡ could be solved (Fig. 5). The free base
compound 8-O2,7,18 is characterized by the presence of only
minor distortions distributed over all normal distortion modes.
The doming and saddling conformational modes are enhanced
in its zinc(II) complex, as frequently observed in porphyrin
zinc(II) complexes with a single axial ligand.23 Its nickel(II)
complex was shown to be, as expected when porphyrinoids are
coordinated to a relatively small diamagnetic d8-ion,23,24 non-
planar, with signicant ruffling modes.13b

Complex 8-O2,7,12Zn$py is more planar than the other two
compounds, with only a – likely metal-induced –minor doming
deformation.23,25 The only other 2,7,12-trioxopyrrocorphin
structure known is that of the copper p-cation radical [8-
O2,7,12Cu]+, also of only modest distortions. We infer that the 8-
O2,7,12 framework is intrinsically more planar than its isomer 8-
O2,7,18.

The general planarity of the macrocycles is an important
parameter when assessing the electronic properties of por-
phyrinoids as deviations from planarity modulate their elec-
tronic structure to a signicant degree.26 Here, because of the
idealized planar structure of the compounds, we can assume
conformational effects to play only a diminished role and we
can attribute the electronic properties to the p-system deco-
rated with b-oxo- and sp3-hybridized b-carbon atoms.

A macrocycle bond distance analysis of the solid state
structure of 8-O2,7,12Zn$py provides structural indications for
the contribution of a surprising ‘inner–inner–inner–inner’
resonance structure that involves 16 heavy atoms and 18 p-
electrons (Fig. 6) (an equivalent analysis can be performed for
the zinc complex of the other isomer and the free base chro-
mophore (see ESI† for details).

Computations provided further support for the existence of
this conjugation pathway: based on the minimized triketones,
we computed hypothetical structures in which the 16 members
of the ‘inner–inner–inner–inner’ resonance pathway were
maintained but all other carbon atoms were replaced by
hydrogen atoms (for details, see ESI†). While such macrocycles
Fig. 6 Proposed resonance structure based on the bond length
analysis of the solid state structure of 8-O2,7,12Zn$py. Axial pyridine
group and all ethyl substituents omitted for clarity. Coordination
bonds: green; isolated double bonds: red; single bonds (>1.44 Å): blue;
conjugated double bonds (between 1.35 and 1.45 Å): red. For an
equivalent analysis for the other structures, see ESI.† In comparison,
bond lengths in [octaethylporphyrinato]Zn(II) (CCDC code ALOKOB):
coordination bonds: 2.04 Å; Ca–N bonds: 1.36 Å; conjugated C]C
double bonds: between 1.37 and 1.45 Å.
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returned reduced diatropic ring currents, they still carried
a diatropic ring current that displayed the same regioisomer-
dependent trends in their strengths as the parent compounds.

The group of Fowler previously showed, using an ipsocentric
orbital-based model, that the 16-membered 18 p-electron
‘inner–inner–inner–inner’ conjugation path of the macrocycles
proposed here also described the orbital p-current density
maps of porphyrin dianions (in the absence of a metal or
protons).27
Halochromic properties of the trioxopyrrocorphins

Free base porphyrins are, by virtue of the presence of two inner
imine nitrogen atoms, Brønsted-basic. But as free base
porphyrins also contain two pyrrole-like NH protons, they can
also act as Brønsted acids. However, deprotonation of free base
porphyrins in the absence of a coordination metal requires very
strong bases (such as alkaline/alkaline earth hydrides or
lithium organyls).

We performed UV-vis titrations of all triketone isomers 8
with triuoroacetic acid (TFA) and tetrabutylammonium
hydroxide (TBAOH) in CH2Cl2 (Fig. 7). Surprisingly, all isomers
show strong responses to acid and base, and all of them show
quantitatively and qualitative different responses.

In light of the foregoing, the response to acid does not
surprise per se, but the nature of the response is untypical for
porphyrins. Upon protonation, the Soret bands of all triketone
isomers blue-shi and lose intensity. The side-bands exhibit
signicant red-shis, also at lower intensities; in case of isomer
8-O2,7,18 the side bands completely lose denition. Clear iso-
sbestic points cannot be made out in any of the cases and the
corresponding Hill plots are convoluted (for details, see ESI†).
This indicates a complex protonation behavior, likely involving
multiple binding sites (inner nitrogen atoms and oxo functio-
nalities).13f Accordingly, there is little match between the
modeled spectra of the bis-imine nitrogen protonated species
and the experimental spectra (see ESI†). Also, pKb values or
protonation stoichiometries could not be determined but rela-
tive basicities could be estimated as the [TFA] concentrations at
the half end point value of the titration ([TFA]/2 value) (for
details, see ESI†). All four pyrrocorphins require much higher
TFA concentrations for half protonation (8-O2,7,12: [TFA]/2 ¼
3.80 � 10�2 M; 8-O2,7,18: [TFA]/2 ¼ 4.69 � 10�2 M; 8-O2,7,13:
[TFA]/2 ¼ 7.66 � 10�2 M; 8-O2,8,18:[TFA]/2 ¼ 1.01 � 10�1 M).
These values are much higher than needed for the half-
protonation of monooxochlorin 5 ([TFA]/2 ¼ 1.02 � 10�4 M),
and comparable or slightly higher compared to the least basic
dioxochlorins 7-O7,17 ([TFA]/2 ¼ 4.27 � 10�2 M).13f This char-
acterizes the trioxopyrrocorphins as very weakly basic porphyr-
inic macrocycles. The low basicity of the inner nitrogen atoms
in these triketones also explains why ketone oxygen protonation
becomes competitive. Indirect evidence for the low basicity of
pyrrocorphins was previously provided through axial ligand
binding studies of the nickel(II) complex 3Ni.8a

Neither regular porphyrins nor the monooxo- and dioxo-
derivatives respond to TBAOH under the conditions applied
here (see ESI†). All triketones however, show a strong
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 UV-vis titration of triketone isomers 8 indicated; acid titration using TFA (left column) and base titration using TBAOH (right column) in the
[H+]/[OH�] ranges indicated. The photographic images on the left show the colours of the solutions at their start and end points, see ESI.†
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halochromic response upon addition of base (for details, see
ESI†): the Soret bands of all isomers intensify and exhibit
signicant red-shis; the well-dened Q-bands retain their
denition, but slightly blue-shi and intensify. The titration
curves possess clear isosbestic points and the corresponding
linear Hill plots suggest a single step, seemingly two-proton
deprotonation; equilibrium constants could be derived (8-
O2,7,12: K ¼ 1.62 � 10�7 M�1; 8-O2,7,18: K ¼ 3.55 � 10�8 M�1; 8-
O2,7,13: K ¼ 5.75 � 10�8 M�1; 8-O2,8,18: K ¼ 7.08 � 10�8 M�1).
The relative facile deprotonation of both inner NH groups
highlights a large increase of acidity of these compounds upon
the introduction of three b-oxo-functionalities to the
© 2021 The Author(s). Published by the Royal Society of Chemistry
macrocycle. However, a simultaneous two-proton deprotona-
tion of these dibasic chromophores is, in the absence of, for
instance, a large conformational change – not deemed to be
taking place here – unlikely. We could model the spectra of the
mono- (either at the pyrrole or pyrrolinone NH) or bis-
deprotonated species (see ESI†), but neither showed a good
match with all experimental spectra under basic conditions. On
the other hand, 1H NMR titrations for the two triketone isomers
8-O2,7,12 and 8-O2,7,18 with TBAOH clearly showed the gradual
disappearance of both NH protons, with no other processes
becoming evident (for details see ESI†).
Chem. Sci., 2021, 12, 12292–12301 | 12299
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In light of the formation of an 18 p-aromatic aromatic and
thusly greatly stabilized dianionic conjugated base, the unusu-
ally high acidity of the NH protons in the triketones is readily
rationalized.

Thus, the behaviour of the triketones in the presence of base
is also much different compared to that of the base-sensing
porpholactones, meso-aryl derivatives carrying a lactone func-
tionality at their b,b0-position.28 In porpholactones, the b-
carbonyl functionality is susceptible to nucleophilic attack by
a range of nucleophiles, including OH�, leading to a strong
halochromic response.29 More investigations to authenticate
the nature of (de)protonation events in the triketones and, in
general, the origin of their aromaticity are ongoing.
Conclusions

In conclusion, all four possible b-trioxopyrrocorphins could be
prepared. In stark contrast to regular pyrrocorphins, they
exhibit macrocycle aromatic character, as seen by the diatropic
shis of the framework protons in their 1H NMR spectra and
their computed aromaticity parameters. All isomers are
believed to be essentially planar (this was conrmed for two
isomers). Thus, their electronic properties could be solely
attributed to the presence of the b-oxo-substituent, a known
class of potent auxochromes.1,18 The a-gem-dialkylated b-oxo-
substituents facilitate the expression of an ‘inner–inner–
inner–inner’ resonance pathway involving 18 p-electron
distributed over 16 heavy atoms. The X-ray crystal structures
provided structural evidence for this conjugation pathway. The
acid–base properties of trioxopyrrocorphins are also unusual as
they are more weakly basic and much more strongly acidic than
regular (hydro)porphyrins, or their mono- and di-b-oxo-
analogues. As a result, the triketones show strong hal-
ochromic responses upon addition of acid or base. The high
acidity could also be linked to the unusual aromatic ring current
system of the conjugate base.

This works lays the foundation for the further study of these
readily accessible b-trioxopyrrocorphins and contributes
insights into the electronic structure of b-oxoporphyrinoids.
The nding that the trioxopyrrocorphins enable a 16-
membered, 18 p-electron aromatic ring current where none
could have been expected to be present is a novel concept. The
ndings expand the toolset for the precise modulation of por-
phyrinoid optical properties and aromaticity by systematically
varying the number and relative placement of three b-oxosub-
stituents around a (hydro)porphyrinoid framework. The triox-
opyrrocorphins possess the potential to be used as novel
chemosensing chromophores.
Data availability

Crystallographic data for 8-O2,7,18Zn$pyridine, 8-O2,7,18, and
8-O2,7,18Zn$pyridine have been deposited at the CCDC under
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R. Herges, Org. Lett., 2018, 20, 7879–7883.

9 Y. Yao, Y. Rao, Y. Liu, L. Jiang, J. Xiong, Y. J. Fan, Z. Shen,
J. L. Sessler and J. L. Zhang, Phys. Chem. Chem. Phys., 2019,
21, 10152–10162.

10 (a) R. Bonnett, D. Dolphin, A. W. Johnson, D. Oldeld and
G. F. Stephenson, Proc. Chem. Soc., 1964, 371–372; (b)
R. Bonnett, M. J. Dimsdale and G. F. Stephenson, J. Chem.
Soc. C, 1969, 564–570.

11 (a) H. H. Inhoffen and W. Nolte, Justus Liebigs Ann. Chem.,
1969, 725, 167–176; (b) C. K. Chang, Biochemistry, 1980, 19,
1971–1976.

12 (a) A. M. Stolzenberg, P. A. Glazer and B. M. Foxman, Inorg.
Chem., 1986, 25, 983–991; (b) A. M. Stolzenberg and
M. T. Stershic, Inorg. Chem., 1987, 26, 3082–3083; (c)
A. M. Stolzenberg and M. T. Steshic, J. Am. Chem. Soc.,
1988, 110, 6391–6402; (d) R. Bonnett, A. N. Nizhnik and
M. C. Berenbaum, J. Chem. Soc., Chem. Commun., 1989,
1822–1823; (e) A. M. Stolzenberg, S. W. Simerly,
B. D. Steffey and G. S. Haymond, J. Am. Chem. Soc., 1997,
119, 11843–11854; (f) A. M. Stolzenberg and
M. A. Laliberte, J. Org. Chem., 1987, 52, 1022–1027; (g)
K. R. Adams, M. C. Berenbaum, R. Bonnett, A. N. Nizhnik,
A. Salgado and M. A. Valles, J. Chem. Soc., Perkin Trans. 1,
1992, 1465–1470; (h) R. D. Arasasingham, A. L. Balch and
M. M. Olmstead, Heterocycles, 1988, 27, 2111–2118; (i)
E. Meehan, R. Li, M. Zeller and C. Brückner, Org. Lett.,
2015, 17, 2210–2213; (j) R. Li, E. Meehan, M. Zeller and
C. Brückner, Eur. J. Org. Chem., 2017, 2017, 1826–1834; (k)
R. Li, M. Zeller and C. Brückner, Eur. J. Org. Chem., 2017,
2017, 1820–1825; (l) R. Li, M. Zeller, T. Bruhn and
C. Brückner, Eur. J. Org. Chem., 2017, 2017, 1835–1842; (m)
S. Cai, E. Belikova, L. A. Yatsunyk, A. M. Stolzenberg and
F. A. Walker, Inorg. Chem., 2005, 44, 1882–1889; (n)
D. B. Papkovsky, G. V. Ponomarev, W. Trettnak and
P. O'Leary, Anal. Chem., 1995, 67, 4112–4117; (o) T. J. Neal,
S.-J. Kang, C. E. Schulz and W. R. Scheidt, Inorg. Chem.,
1999, 38, 4294–4302; (p) F. Tutunea and M. D. Ryan, J.
Electroanal. Chem., 2012, 670, 16–22; (q) T. J. Neal,
S.-J. Kang, I. Turowska-Tyrk, C. E. Schulz and
W. R. Scheidt, Inorg. Chem., 2000, 39, 872–880.

13 (a) P. A. Connick and K. A. Macor, Inorg. Chem., 1991, 30,
4654–4663; (b) P. A. Connick, K. J. Haller and K. A. Macor,
Inorg. Chem., 1993, 32, 3256–3264; (c) C. K. Chang,
K. M. Barkigia, L. K. Hanson and J. Fajer, J. Am. Chem.
Soc., 1986, 108, 1352–1354; (d) K. M. Barkigia, C. K. Chang,
J. Fajer and M. W. Renner, J. Am. Chem. Soc., 1992, 114,
1701–1707; (e) S. Ozawa, E. Sakamoto, Y. Watanabe and
I. Morishima, J. Chem. Soc., Chem. Commun., 1994, 935–
© 2021 The Author(s). Published by the Royal Society of Chemistry
936; (f) D. Schnable, N. Chaudhri, R. Li, M. Zeller and
C. Brückner, Inorg. Chem., 2020, 59, 2870–2880; (g)
H. Fujii, D. Yamaki, T. Ogurac and M. Hadab, Chem. Sci.,
2016, 7, 2896–2906.

14 (a) P. A. Connick, Electrochem. Soc. Interface, 1993, 2, 51–52;
(b) I. Turowska-Tyrk, K. Seong-Joo and W. R. Scheidt, J.
Porphyrins Phthalocyanines, 2011, 15, 373–381.

15 (a) H. H. Inhoffen and W. Nolte, Tetrahedron Lett., 1967, 23,
2185–2187; (b) H. H. Inhoffen and W. Nolte, Liebigs Ann.
Chem., 1969, 725, 167–176.

16 H. H. Inhoffen and W. Nolte, Tetrahedron Lett., 1967, 8,
2185–2187.

17 N. Halder, M. Sangeetha, D. Usharani and H. Rath, J. Org.
Chem., 2020, 85, 2059–2067.

18 J. S. Lindsey, Chem. Rev., 2015, 115, 6534–6620.
19 (a) X.-S. Ke, Y. Chang, J.-Z. Chen, J. Tian, J. Mack, X. Cheng,

Z. Shen and J.-L. Zhang, J. Am. Chem. Soc., 2014, 136, 9598–
9607; (b) M. J. Guberman-Pfeffer, R. F. Lalisse, N. Hewage,
C. Brückner and J. A. Gascón, J. Phys. Chem. A, 2019, 123,
7470–7485.

20 (a) S. Klod and E. Kleinpeter, J. Chem. Soc., Perkin Trans. 2,
2001, 1893–1898; (b) Z. Liu, T. Lu and Q. Chen, Carbon,
2020, 165, 468–475.

21 Z. Chen, C. S. Wannere, C. Corminboeuf, R. Puchta and
P. V. R. Schleyer, Chem. Rev., 2005, 105, 3842–3888.

22 T. Lu and F. Chen, J. Comput. Chem., 2012, 33, 580–592.
23 C. J. Kingsbury and M. O. Senge, Coord. Chem. Rev., 2021,

431, 213760.
24 J. Schindler, S. Kupfer, A. A. Ryan, K. J. Flanagan, M. O. Senge

and B. Dietzek, Coord. Chem. Rev., 2018, 360, 1–16.
25 M. O. Senge, in The Porphyrin Handbook, ed. K. M. Kadish,

K. M. Smith and R. Guilard, Academic Press, San Diego,
2000, vol. 10, pp. 1–218.

26 (a) H. Ryeng and A. Ghosh, J. Am. Chem. Soc., 2002, 124,
8099–8103; (b) A. B. Parusel, T. Wondimagegn and
A. Ghosh, J. Am. Chem. Soc., 2000, 122, 6371–6374; (c)
R. E. Haddad, S. Gazeau, J. Pécaut, J.-C. Marchon,
C. J. Medforth and J. A. Shelnutt, J. Am. Chem. Soc., 2003,
125, 1253–1268; (d) S. G. DiMagno, A. K. Wertsching and
C. R. Ross, J. Am. Chem. Soc., 1995, 117, 8279–8280; (e)
M. J. Guberman-Pfeffer, J. A. Greco, L. P. Samankumara,
M. Zeller, R. R. Birge, J. A. Gascón and C. Brückner, J. Am.
Chem. Soc., 2017, 139, 548–560.

27 E. Steiner, A. Soncini and P. W. Fowler, Org. Biomol. Chem.,
2005, 4053–4059.

28 C. Brückner, J. Ogikubo, J. R. McCarthy, J. Akhigbe,
M. A. Hyland, P. Daddario, J. L. Worlinsky, M. Zeller,
J. T. Engle, C. J. Ziegler, M. J. Ranaghan, M. N. Sandberg
and R. R. Birge, J. Org. Chem., 2012, 77, 6480–6494.

29 (a) G. E. Khalil, P. Daddario, K. S. F. Lau, S. Imtiaz, M. King,
M. Gouterman, A. Sidelev, N. Puran, M. Ghandehari and
C. Brückner, Analyst, 2010, 135, 2125–2131; (b)
J. L. Worlinsky, S. Halepas, M. Ghandehari, G. Khalil and
C. Brückner, Analyst, 2015, 140, 190–196; (c) E. Liu,
M. Ghandehari, C. Brückner, G. Khalil, J. Worlinsky,
W. Jin, A. Sidelev and M. A. Hyland, Cem. Concr. Res., 2017,
95, 232–239.
Chem. Sci., 2021, 12, 12292–12301 | 12301

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc03403k

	tnqh_x03B2-Trioxopyrrocorphins: pyrrocorphins of graded aromaticityElectronic supplementary information (ESI) available: Experimental and...
	tnqh_x03B2-Trioxopyrrocorphins: pyrrocorphins of graded aromaticityElectronic supplementary information (ESI) available: Experimental and...
	tnqh_x03B2-Trioxopyrrocorphins: pyrrocorphins of graded aromaticityElectronic supplementary information (ESI) available: Experimental and...
	tnqh_x03B2-Trioxopyrrocorphins: pyrrocorphins of graded aromaticityElectronic supplementary information (ESI) available: Experimental and...
	tnqh_x03B2-Trioxopyrrocorphins: pyrrocorphins of graded aromaticityElectronic supplementary information (ESI) available: Experimental and...
	tnqh_x03B2-Trioxopyrrocorphins: pyrrocorphins of graded aromaticityElectronic supplementary information (ESI) available: Experimental and...
	tnqh_x03B2-Trioxopyrrocorphins: pyrrocorphins of graded aromaticityElectronic supplementary information (ESI) available: Experimental and...
	tnqh_x03B2-Trioxopyrrocorphins: pyrrocorphins of graded aromaticityElectronic supplementary information (ESI) available: Experimental and...
	tnqh_x03B2-Trioxopyrrocorphins: pyrrocorphins of graded aromaticityElectronic supplementary information (ESI) available: Experimental and...

	tnqh_x03B2-Trioxopyrrocorphins: pyrrocorphins of graded aromaticityElectronic supplementary information (ESI) available: Experimental and...
	tnqh_x03B2-Trioxopyrrocorphins: pyrrocorphins of graded aromaticityElectronic supplementary information (ESI) available: Experimental and...
	tnqh_x03B2-Trioxopyrrocorphins: pyrrocorphins of graded aromaticityElectronic supplementary information (ESI) available: Experimental and...
	tnqh_x03B2-Trioxopyrrocorphins: pyrrocorphins of graded aromaticityElectronic supplementary information (ESI) available: Experimental and...




