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Synthesis, spectroscopic and theoretical characterization of a
hitherto unknown meso-meso N-confused N-methylpyrrole-
bridged doubly N-confused hexaphyrin (molecule 5) and its
organometallic copper(n) complex (molecule 6) are reported
herein. The absence of Q-type bands in the UV-Vis spectrum and
the high chemical shifts of the inner proton signals of 5 suggest its
globally non-aromaticity. The spectroscopic evidence of non-aro-
maticity for 5 and the paramagnetic nature of 6, are fully sup-
ported by density functional theory (DFT) calculations of the
UV-Vis spectra, electron paramagnetic resonance (EPR) g-tensor
parameters, and the magnetically induced current density
strengths obtained with the gauge-including magnetically induced

currents (GIMIC) method.

The bicycloaromaticity hypothesis that two aromatic z-electron
circuits can exist independently of each other in nonplanar
molecules was introduced by Goldstein and Hoffmann.' Two
connected molecular rings with a common conjugation
pathway in one part of them share n electrons that sustain
independent ring currents, which can lead to a more complex
bicyclic ring with dual-potential electronic networks.” Such
bicyclic ring systems exhibit the potential to operate as switch-
ing functional motifs and may have three-dimensionally
extended aromaticity and/or antiaromaticity. Thus, recent
years have witnessed an upsurge in demand for [4n]/[4n + 2]
annuleno [4n]/[4n + 2] annulene-type expanded porphyrinoids®
to unravel bicycloaromaticity. The meso-meso bridging
approach, i.e. the linking of two meso positions of a porphyri-
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noid with a conjugated organic group, was first introduced by
Osuka et al., who obtained an almost planar structure for deca-
phyrin using a para-phenylene bridge.** The same group also
reported that vinylene and pyrrole-bridged hexaphyrins I and
II (Chart 1) adopt a major [26m] electronic conjugation
pathway, whereas thiophene-bridged I exhibits dual [18x]
and [26x] aromaticity, and meta-phenylene-bridged IV exhibits
a predominant contribution from the [18x] porphyrin
network.>® Depending on whether the chalcogen present in a
thiophene-bridged doubly-substituted hexaphyrin is sulfur(v)
or selenium(vi), a dual [18n] and [267] conjugation pathway or
a major contribution from the [26n] aromatic circuit are
revealed, respectively.*'¢ The meso-meso azulene bridged hexa-
phyrin VII exhibits a single [26xn] electron pathway.** These
reports confirm that meso-meso bridged moieties adopting
different orientations with respect to the mean meso plane of
the macrocycle may trigger bicycloaromaticity instead of
monocyclic aromaticity.>*

In the chemistry of expanded porphyrins, N-confused
expanded porphyrins (NCPs)>* are important newcomers,
which contribute to highlight the potential of expanded
porphyrinoids. Chart 2 summarizes progress in single macro-

cyclic m-conjugated (anti)aromatic doubly N-confused
hexaphyrins,””” each of which exhibited distinct properties
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Chart 1 Schematic presentation of meso—meso bridged hexaphyrins.
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Chart 2 Progress in doubly N-confused hexaphyrins.

upon metal ion complexation. For example, the metal (Cu",
Ni", co", pd", Mn", Fe ions) complexes of aromatic doubly
N-confused [26]dioxohexaphyrin(1.1.1.1.1.1) VIII are attractive
near-infrared-absorbing and/or emitting dyes,”” while the
doubly N-confused and ring-contracted aromatic [26]dioxohex-
aphyrin(1.1.1.1.1.0) IX led to the formation of n-radical species
upon complexation with palladium(u) cations.’? Ring-con-
tracted [24]hexaphyrin Pd" complexes (X and XI) happen to be
stable antiaromatic,® while nonaromatic figure-eight cross-
conjugated doubly N-methyl N-confused hexaphyrin XII exhibi-
ted antiaromaticity upon protonation.”” From these, it is
apparent that competitive dual macrocyclic
m-conjugation via meso-meso bridging strategy remained so far
unexplored in case of N-confused expanded porphyrinoids.
Herein, we report the synthesis, electronic properties, and aro-
maticity studies of a new-generation doubly N-confused hexa-
phyrin with a N-confused N-methylpyrrole moiety as the meso-
meso bridging unit. Furthermore, this novel hexaphyrin has
the potential to act as a tetradentate ligand for transition
metal complexes, as demonstrated here for copper(u).

As outlined in Scheme 1, the targeted doubly N-methyl
N-confused hexaphyrin 5 is obtained by a [3 + 1] acid-catalyzed
MacDonald-type oxidative condensation ie., the reaction of
2:1 ratio of tripyrrane 3, bearing bulky meso-2,6-difluorophe-
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Scheme 1 Rational

syntheses of
N-confused hexaphyrin 5 and its Cu" complex 6.
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nyl rings (to confer rigidity to the m-extended porphyrinoid),
with the 1,3-bis-N-methylpyrrole aldehyde 4, in dichloro-
methane. Trifluoroacetic acid (TFA) was used as the catalyst.
The reaction is followed by oxidation with 2,3-dichloro-5,6-
dicyano-1,4 benzoquinone (DDQ), which led to the exclusive
formation of meso-meso bridged doubly N-methyl N-confused
hexaphyrin 5. Column chromatographic separation followed
by repeated preparative thin layer chromatography (PTLC) puri-
fication led to the isolation of 5 in 13% yield as a blue solid. 5
is stable against ambient temperature, light, and air both as
solid as well as in solution. The new macrocycle has been
thoroughly characterized via various spectroscopic and in-
depth DFT level theoretical analyses. The positive-mode
ESI-TOF mass spectrometry showed the parent ion peak at m/z
of 1080.2544 Da for 5 (Fig. S2t) supporting the proposed
structure.

The electronic absorption spectral pattern of 5 (Fig. 1A)
shows a strong Soret band at 544 nm while lacking the typical
Q-type bands of porphyrins,® along with a very weak band at
800 nm stretching up to 900 nm that could be expected for a
disrupted m-conjugation of cross-conjugated system.*” The
broken conjugation pathway through the oxo groups of the
N-confused N-methylpyrrole rings due to the presence of the
C=0O groups is confirmed by the IR absorption band at
1696 cm™" for 5 (Fig. S47). The low temperature "H NMR spec-
tral pattern of 5 (Fig. S107) revealed structural rigidity with the
macrocyclic framework lacking conformational fluxionality.
Based on the 2D HSQC (heteronuclear single quantum coher-
ence) spectra (Fig. S14%), the broad signals at 13.34 and
11.43 ppm are assigned to NH peaks (¢ and i in Fig. 1A"). The
doublets a-b and g-h (6 = 7.9, 8.31 ppm and 7.62, 8.101 ppm,
respectively) have been assigned to the p-CH protons of the
amine type pyrrole rings owing to the COSY (correlated spec-
troscopy) correlations with NH signals (Fig. S117). The singlets
at 5.95 ppm and 6.62 ppm assigned to a-CH and p-CH respect-
ively of the meso-meso bridging N-methyl N-confused pyrrole
ring, is based on the dipolar coupling with the methyl peak at
2.87 ppm while exhibiting dipolar coupling with NH signals c
and i in the 2D ROESY (rotating frame Overhauser enhance-
ment spectroscopy, Fig. S12%). The doublets at 6 = 7.06,
6.54 ppm and 6.96, 6.40 ppm, respectively, have been unam-
biguously assigned to the p-CH protons e-f and l-k of the
imine-type pyrrole rings based on COSY (Fig. S111). The sharp
singlet at 2.64 ppm exhibiting no scalar or dipolar coupling
with any other signals, concludes as methyl peaks of
N-confused N-methylpyrrole rings possessing oxo groups. The
resonances of the individual NH and CH peaks in the "H NMR
spectrum of 5 suggest that it is weakly antiaromatic’ or non-
aromatic through the major 28z macrocyclic conjugation (5,
Scheme 1). Our observation is in line with the reduced (anti)
aromaticity which has been obtained in most of the
N-substituted N-confused porphyrinoids reported to date.®*"

In our next attempt, we have synthesized the organometallic
copper(n) complex 6 following an adapted literature pro-
cedure.’ Based on the observation of the molecular ion peak at
mj/z of 1140.1608 Da (Fig. S37), the elemental composition of 6

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 UV-Vis absorption spectra of (A) 5 and (B) 6 in CH,Cl, at 298 K; (A’) completely assigned *H NMR spectra of 5 in CDCls at 298 K; (B') EPR
spectrum of 6 in CH,Cl, at 77 K; DFT optimised geometries of (A”) 5 and (B") 6. Colour code: C, grey; H, white; Cu, brown; F, green; N, blue; O, red.

was confirmed. In the electronic absorption spectrum,
complex 6 exhibited a Soret band at 402 nm with Q-type bands
at 615 and 709 nm (Fig. 1B), supporting n-conjugation upon
metalation. The paramagnetic behaviour of complex 6 is
obvious by the absence of "H NMR resonances, thus support-
ing an open-shell nature for 6. Electron paramagnetic reso-
nance (EPR) spectrum recorded for 6 in dichloromethane at
liquid nitrogen temperature exhibits a pattern which is typical
of that expected for the Cu" ion in tetragonal environment
(Fig. 1B").° Of the four parallel lines, two are very well resolved
and, in the perpendicular region, the superhyperfine inter-
actions between the Cu" ion and coordinated N atoms are
seen. The EPR parameters do not differ much from those of
copper(n) 5,10,15,20-(tetraphenyl) porphyrin (CuTPP; g = 2.19;
g1 = 2.05; 4;°" =202.0 x 107* em™; 4," = 33 x 107* em™;

= 0.82), suggesting that the meso-meso bridging ring has
little effect on the electronic structure of the Cu" ion. The
g-tensor components have been calculated for an optimized
model of 6 (vide infra) at the DFT level of theory within a relati-
vistic spin-orbit exact-two-component framework.'®'" Table 1

Table 1 EPR g-tensor components and hyperfine coupling constants A
(in cm™) of complex 6

Experimental Calculated
2 2.14 2.125
I 2.004 2.031, 2.037
A 201.3x107* —
A0 35x 1074 —
AN 16.32 x 1074 —
a, 0.738 —

This journal is © The Royal Society of Chemistry 2024

summarizes the experimental EPR parameters together with
the calculated ones. The calculated g-tensor components are of
the same size as the experimental ones, thus supporting the
proposed tetragonal C, N, N, O coordination environment for
Cu" in complex 6.

The monocyclic vs. bicyclic conjugation pathways and
optical properties of hexaphyrins 5 and 6 were computationally
studied at the DFT level of theory. The optimized structures of
5 and 6 are depicted in Fig. 1A” and B”, respectively. The
N-confused hexaphyrin scaffold of 5 is roughly planar, except
for the fact that the ring strain imposed by the short length of
the protruding N-methylpyrrole bridge tilts the inner carbonyl
groups out of the mean plane. Besides, the bridging moiety is
almost perpendicular to the hexaphyrin plane. Cu" coordi-
nation in 6 induces planarization of one of the N-confused
porphyrin subcycles, leading to a folded structure. The poss-
ible bicyclic m-conjugation pathway of hexaphyrin 5 and its
Cu" complex 6 was evaluated with the gauge-including magne-
tically induced current (GIMIC) method and by visualization
of the delocalization pathways."”>™'> We have integrated the
magnetically induced current (MIC) density passing through
planes that cut the bonds shown in Fig. S17.1 If 5 and 6 are
globally (anti)aromatic, a strong ring current must flow along
these bonds. Table S11 summarizes the calculated ring-current
strengths. The obtained values of <3.0 nA T~" are too small to
indicate any global (anti)aromaticity for these macrocycles,
thus precluding bicycloaromatic character. The computational
study suggesting nonaromaticity is in line with "H NMR and
UV-Vis spectral observation for 5. The non-aromatic behavior
of 5 and 6 is further studied by visualizing the delocalization
pathways of the MIC as 3D streamlines. This is a successful

Org. Biomol. Chem., 2024, 22, 4461-4465 | 4463
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Fig. 2 The magnetically induced current density delocalization pathways of molecules 5 (left) and 6 (right) as 3D streamlines. The increasing MIC
strength is represented with a black-red-orange-yellow-white colour scale. Colour code: C, grey; H, white; Cu, brown; F, green; N, blue; O, red.

strategy for revealing independent ring currents, as demon-
strated for dithienothiophene-bridged [34]octaphyrins,” lem-
niscular molecules such as [12]infinitene,'®"” and figure-eight
octaphyrins.’® The ring-current pathways of 5 and 6 are
depicted in Fig. 2. The weak ring current in 5 mainly follows
the expected route along the hexaphyrin scaffold. It is compli-
cated by loops on the pyrrole subunits and diversions towards
the meso 2,6-difluorophenyl groups that cancel the net ring
current. Notably, almost no current density circulates through
the meso-meso bridged N-confused N-methylpyrrole ring, sup-
porting a preferred single macrocyclic n-conjugation pathway
for 5. Conversely, the metalation induced planarization of the
meso-meso bridging N-confused N-methylpyrrole ring in
complex 6 leads to a major delocalization pathway on the
copper(n) N-methyl N-confused porphyrin subcycle. This
agrees with the observation of Q-type bands in the UV-Vis-NIR
spectrum of 6, which are absent in the spectrum of free-base
5. The simulated spectrum of 5 by means of time-dependent
DFT (TD-DFT; Fig. S18 and Tables S2 and S3+) calculations fea-
tures an intense excitation at 506 nm, which is in good agree-
ment with the position of the Soret band at 554 nm. It corres-
ponds to the S, « S, transition and consists of a mixture of
transitions from the HOMO, HOMO—-1 and HOMO-2 to the
LUMO. These orbitals are not located on specific parts but on
the whole molecule. The interpretation of the spectrum of
complex 6 is not straightforward due to its open-shell charac-
ter, that leads to numerous small contributions from the low-
lying d states of Cu'". More interestingly, the low-energy band
edge of the spectrum is red shifted with respect to that of 5,
which agrees with the experimental measurements.

Conclusions

In conclusion, we reported syntheses of a meso-meso
N-confused N-methylpyrrole bridged doubly N-methyl
N-confused hexaphyrin (5) exhibiting major single macrocyclic
conjugation through charge separated canonical resonance

4464 | Org. Biomol Chem., 2024, 22, 4461-4465

structure (5') while its Cu™ complex (6) exhibits dual macro-
cyclic conjugation pathways. The o- and p-carbon oxidation
hampered in the global macrocyclic w-conjugation pathways
leading to nonaromaticity as evident from calculated magneti-
cally induced current density. The experimentally observed
gtensor confirms that Cu” has a tetragonal coordination
environment. Further, such thriving scientific investigations
are currently under progress in our laboratory for expanded
N-confused porphyrinoid analogues beyond six pyrrole (hetero-
cycle) subunits.
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