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Heliphyrin: a ring open porphyrinoid with helical
chiralityf
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Heliphyrin, a new porphyrinoid with a helicene-type structure, can be produced in two steps from com-
mercially available reagents. Three macrocycle-like structures were produced via a template reaction
involving a benzimidazolylylidene modified iminoisoindoline and divalent metal (Co, Ni, and Cu) salts. The
heliphyrins are tetradentate, dianionic ligands that coordinate the central metal in a square planar
configuration, while forming a helical structure around the metal due to the steric bulk of the benzimida-
zole units. These compounds are panchromatic chromophores, and we interrogated their electronic
structures using DFT and TDDFT methods. We could also separate racemic heliphyrins into enantiomers
using chiral chromatography, and axial ligation by tartaric acid induces formation of chiral species as
detected by circular dichroism spectroscopy. Due to their chiral nature, these complexes may have uses
in biological and sensor applications.

Normal porphyrins and phthalocyanines are highly symmetric
aromatic macrocycles which typically do not exhibit chirality.
Optical activity in porphyrinoids can be induced by incorporat-
ing chiral substituents or via functionalization at the
periphery.™ Alternatively, porphyrin assemblies have also
been shown to exhibit optical activities.* ® To make the core
ring itself chiral, one needs to break the symmetric reflection
planes that lie in and orthogonal to the macrocycle. In this
report, we present a new porphyrinoid where the reflection
plane symmetry is eliminated due to its open ring structure
which adopts a helical structure around a central metal atom.
The helicity in these porphyrinoids is similar to that seen in
the well-studied helicene class of compounds,”® and so we
have named this new class of porphyrin inspired chelate as the
heliphyrins (Hlp). The heliphyrins can be synthesized in two
steps from commercially available reagents. We have produced
cobalt, nickel, and copper metalated heliphyrins, and we can
separate the enantiomers by chiral chromatography.

Over the past few years, we have been exploring the reactiv-
ity of 1,3-diiminoisoindoline (DII) with organic acids that
possess a sp’ hybridized carbon atom with a pK, < 20."**3

4

“Department of Chemistry, The University of Akron, Akron, Ohio, 44312-3601, USA.
E-mail: ziegler@uakron.edu

bDepartment of Chemistry, University of Tennessee — Knoxville, Knoxville, TN 37996-
1600, USA

tElectronic supplementary information (ESI) available: Synthetic procedures,
spectroscopic data, DFT data, and X-ray parameters. CCDC 2330320-2330323.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d4qi00743¢

This journal is © the Partner Organisations 2024

These organic acids can substitute the imine groups in DII
with carbon-carbon double bonds to form ylidenes.
Frequently, bis(ylidene)isoindolines are formed, but the reac-
tion of equivalent amounts of 2-(benzimidazolyl)acetonitrile
with DII produces a 1:1 adduct (compound 1, BzIm-DII)
where just one of the two imine groups on the isoindoline is
replaced with a carbon-carbon double bond (Fig. 1). We have
fully characterized this compound, including via X-ray crystal-
lography, and BzIm-DII is a planar bidentate chelate that can
be considered as a meso carbon variant of the semihemipor-
phyrazine ligand. This compound also exhibits visible absorp-
tion bands that are similar to those observed in ylidene-modi-
fied isoindolines.'® Additionally, the structure of BzIm-DII is
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Fig. 1 The synthesis of the heliphyrins along with the structure of the
precursor chelate.
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analogous to that of the pyrazole and indazole substituted DIIs
which are precursors to the biliazine class of phthalocyanines
analogues.'*'® We observe conjugation between both hetero-
cycles in the BzIm-DII chelate as measured by the C-C bond
distances about the cyano-modified sp®> hybridized carbon
position (~1.37 and ~1.45 A) as well as in the UV-visible spec-
trum (Fig. S151), which shows a maxima at 438 nm.

When reacted with the transition metal ions Co(u), Ni(u),
and Cu(u), two equivalents of BzIm-DII template at the metal
centres to form an open porphyrinoid structure. The templat-
ing reactions are shown in Fig. 1, and the structures of the
resultant metal adducts (Co(Hlp)(DMF),, Ni(Hlp), and Cu
(Hlp)) are shown in Fig. 2. These compounds are sparingly
soluble in most organic solvents but can be dissolved in DMF,
pyridine, and DMSO. The heliphyrins have a single meso nitro-
gen atom linking the two isoindoline units, and there are two
nitrile modified meso carbon atoms connecting the benzimida-
zole groups to each isoindoline. Heliphyrin acts as a tetraden-
tate ligand, binding each metal in a distorted square planar
geometry, and the ligands act as dianions with the metals in
the +2 oxidation state. In the Ni and Cu complexes, the metals
are four coordinate overall, but in the Co complex there is an
equivalent of solvent dimethylformamide present in the axial
position. The M-N bonds around the metal are nearly equi-
valent in length, unlike that seen in the traditional hemipor-
phyrazine macrocycles, which exhibit asymmetric lengths
about metal centres."””?° In all three compounds, the M-N
bond distances are relatively short as well, with all below 2.0 A
in length.

As in the biliazine porphyrinoid, the M(Hlp) macrocycles
are not closed by a covalent bond. As a result, the steric bulk of
the benzene ring of benzimidazoles are forced to adopt a
slipped stack configuration. These open porphyrinoids thus
adopt a helical configuration, as shown in the Fig. 2. Since the
helicity is induced upon template reaction, the metal com-
plexes of the heliphyrins are isolated as racemic mixtures. This
can be seen in the crystal structures of the three metal com-
plexes presented herein, as all the space groups have inversion
centre symmetry. The spacing between the overlapping benzi-
midazole units, as measured by the distance between the 4
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carbon positions, ranges between 3.4 and 3.6 A, which also
represents the rise in the helix for the single turn. Due to the
limited size of the benzimidazole unit, the overlap occurs only
at the 4 and 5 carbon atom positions on each terminal hetero-
cycle. Previously, ring open hemiporphyrazines have been
shown to adopt helical structures, but these ligand systems do
not exhibit cross conjugation as observed in the
heliphyrins.>?* In addition to the similarities to the heli-
cenes, this helicity has parallels to the chemistry of the bili-
nones and bilindiones.?**” These open ring systems were pro-
duced as models for the metabolic byproducts of heme degra-
dation, such as biliverdin. When coordinated to metals, the
terminal carbonyls of the cleaved porphyrin ring create steric
hindrance that forces the bilinones and bilindiones to adopt
helical configurations.

The heliphyrins are strongly absorbing chromophores, with
intense absorption bands across the enitre UV-visible spec-
trum  (Fig. 3). Like many of ylidene-modified
isoindolines,""'>'® the precursor BzIm-DII chelate is a
chromophore itself. Upon the template formation of the heli-
phyrins, the absorption bands extend through the visible out
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Fig. 3 Experimental (DMF) and B3LYP TDDFT-predicted spectra for 1
and M(Hlp) complexes.
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Fig. 2 The structures of cobalt, nickel, and copper heliphyrins.
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to the near-IR region. In the heliphyrins, the extinction coeffi-
cients are relatively large, on the order of 10* M~ cm™,
although they are not as intense as in normal porphyrins due
to the lack of ring closure to form an 18 electron annulene-
type aromatic ring. Notably, the bands in all the heliphyrin
complexes are very broad, such that we observe continuous
absorbance from ~300 nm to 750 nm, which includes the
entire visible region. Thus, the heliphyrins are black in colour,
and we can characterize this behaviour as panchromatic. In
this regard, they are potentially useful for their light harvesting
properties. As part of our characterization of these com-
pounds, we investigated their cyclic voltammetry. We observed
partially reductions of the ligand around —1 V as well as some
metal-based redox events for the Co(Hlp) and Cu(Hlp) variants
(Fig. S9-S117%).

In order to interrogate the optical properties of the bilia-
zines, we carried out DFT and TDDFT calculations on Co(Hlp)
(DMF),, Ni(Hlp), and Cu(Hlp). The energies of the frontier
orbitals for the heliphyrin complexes and compound 1 are
shown in Fig. S13 and S147f along with the structures of the
HOMO and LUMO orbitals in Fig. S12.1 The frontier orbitals
are predominantly = in character. Additionally, the LUMOs are
relatively energetically isolated from the LUMO+n orbitals in
these complexes. The TD-DFT calculations, shown in Fig. 3,
are in good agreement with the experimental data (taking into
consideration the presence of vibronic 0-n transitions associ-
ated with all major bands in the experimental spectra). Similar
vibronic satellites can be seen in other isoindoline based
chromophores.'*™* The lowest energy band observed around
700 nm in all complexes was predicted to be dominated by the
HOMO — LUMO single-electron transition.

To isolate the different enantiomers of heliphyrin, we
employed chiral chromatography. Using an HPLC equipped
with a 5 pm CHIRALPAK IE (Daicel) column, we were able to
separate the two enantiomers for all three products. Fig. 4
shows the separation between the two enantiomers of Ni(Hlp).
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Fig. 4 Chiral HPLC separation of the two enantiomers of Ni(Hlp) (left)
and the CD spectra of Co(Hlp) in THF in the presence of p and L tartaric
acid.
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However, due to the overall lack of overlap between the benzi-
midazole units and from the flexibility in the metal coordi-
nation environments, we observe re-isomerization in solution
relatively quickly (<1 hour). However, we could drive the equili-
brium toward the formation of a single enantiomer by axial lig-
ation. Fig. 4 also shows the CD spectra of Co(Hlp)(DMF) in the
presence of p- and vr-tartaric acid. CD spectra of these enantio-
mers are clear mirror images of each other. In contrast, the Ni
(Hlp) variant shows no such induction (based on CD spec-
troscopy data). Square planar Ni(u) complexes, unlike Co(u)
analogues, do not readily bind ligands at their axial positions
(see ESIT for more details) and thus the presence of the
racemic mixture is still experimentally observed. We have
carried out calculations on the axial induction of chirality in
Co(u) complexes coordinated with one and three tartaric acids
and observe good agreement with experimental data
(Fig. S16%). Notably, the bilinones and bilindiones also exhibit
induction of chirality by use of point modification, allosteric
interactions, or solvent effects.>> %’

In conclusion, we have synthesized a new ring open por-
phyrinoid using a simple metal mediated template reaction.
The chelate precursor can be readily generated from commer-
cially available reagents. The cobalt, nickel, and copper
adducts of heliphyrin exhibit a helical structure similar to that
seen in the helicenes. These ligands are fully conjugated and
absorb light across the UV-visible spectrum so they can be con-
sidered panchromatic in character. The template synthesis
reactions of the M(HIlp) compounds produce a racemic mix-
tures, and although enantiomers can be separated, they are
only transiently stable to equilibration. However, axial binding
by the chiral ligands p- or r- tartaric acid can be used to drive
the equilibrium to a single enantiomer. We are continuing our
work on developing new porphyrinoids with a focus on isoin-
doline chemistry as a starting point.
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