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Synthesis of annulated rosarins via iminium activation

This research presents a novel approach to the complex
construction of pyrrolic macrocycles using activated
aldehydes, facilitated by pre-conversion into corresponding
iminium species. The newly synthesized macrocycles
demonstrate that this method outperforms classical
methodologies. Theoretical calculations provide support for
the conclusion that iminium pathways make condensation
reactions both kinetically and thermodynamically more
favourable, paving the way for the synthesis of previously
inaccessible systems.
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Applications of expanded porphyrins, pyrrole-based macrocycles known for their unique optoelectronic
properties, have been hampered by challenges associated with their synthesis. Typically, these com-
pounds are prepared via condensation—macrocyclization reactions under acidic conditions, using pyrrolic
nucleophiles and aldehydes as electrophiles. The yield of these transformations is heavily influenced by
the electrophilicity of the aldehydes, thus limiting the scope of the reaction. In this study, we demonstrate
that activation of aldehydes by pre-conversion to the corresponding iminium species can be exploited for
the construction of expanded porphyrins. Specifically, we employ iminium-based activation to prepare a
series of haphthorosarins (NRos) using various aldehydes as electrophiles, resulting in different meso sub-
stituents. This approach has proved to be more efficient than classical methodologies, paving the way for
the synthesis of previously inaccessible systems. Based on a combination UV-vis spectroscopy, electro-
chemistry, and density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations, the
meso-substituent affect slightly the optoelectronic properties of the NRos considered in this study.
Theoretical calculations provide support for the conclusion that the iminium pathway makes the conden-
sation reaction both kinetically and thermodynamically more favorable. The present approach may
provide a general tool useful in the synthesis of expanded porphyrins and other pyrrolic macrocycles.
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Introduction

Expanded porphyrins, macrocycles featuring more than four pyr-
rolic or related aromatic subunits,"” have garnered significant
attention due to their versatile electronic states and ability to
stabilize radical forms and various aromatic configurations,
including Hiickel, M6bius, and excited-state (anti-)aromaticity.>””
Despite considerable progress in their chemistry, the synthesis of
most expanded porphyrins remains a substantial challenge. The
most common approach involves condensing a nucleophilic
pyrrole derivative with an aldehyde electrophile, activated by
either Brgnsted or Lewis acids, followed by oxidation.® Other
methods involving oxidative couplings®'® or cross-coupling
reactions,* ™ have also been reported. The success of the con-
densation strategy is significantly influenced by the electrophili-
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city of the aldehyde; higher electrophilicity makes the key conden-
sation reaction more favourable, thereby increasing the yield of
the entire cyclization process. For this reason, fluorinated alde-
hydes are often employed, while less electrophilic aldehydes, on
the contrary, frequently result in unacceptably poor yields or even
failed macrocyclizations."* This limitation significantly restricts
the choice of meso-substituents, which play a crucial role in mod-
ulating the photophysical properties and potential applications of
porphyrinoids.'® ' Therefore, there is an incentive to enhance
the reactivity of the aldehyde. Doing so is expected to improve the
synthesis of known expanded porphyrins and may allow the
preparation of derivatives nominally derived from less-activated
aldehydes.

Iminium catalysis has emerged in recent decades as a
powerful tool for the activation of aldehydes under simple,
mild reaction conditions.>® This kind of catalysis has been
exploited in many transformations, including Michael
additions, Diels-Alder cycloadditions, Knoevenagel conden-
sations, and, more recently, photochemical reactions.
Remarkably, more than 15 years ago, the groups of Singh®***
and Benaglia®® reported the iminium-catalysed synthesis of
dipyrromethenes, key intermediates in the formation of
expanded porphyrins. However, to our knowledge, the prepa-
ration of expanded porphyrins via iminium chemistry has
never been reported.

This journal is © the Partner Organisations 2024
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Herein we report the synthesis of a representative class of
expanded porphyrins, namely the naphthorosarins (NRos;
Fig. 1), employing iminium-catalysed condensation con-
ditions. As detailed below, we have found that the addition of
secondary amines significantly enhances the macrocyclization
yield, enabling the synthesis of NRos with various electron-
donating meso-substituents. Density Functional Theory (DFT)
calculations reveal that the origin of this enhancement lies in
the higher concentration of “activated” aldehyde available to
initiate the condensation and a reaction sequence that involves
a more favourable rate-determining step. To provide a prelimi-
nary insight into the effect of meso-groups on the opto-
electronic properties of the macrocycle, the present NRos were
studied by a combination of UV-vis spectroscopic analyses and
electrochemical measurements, as well as supporting DFT and
time-dependent DFT (TD-DFT) calculations.

Results and discussion

Optimization, scope, and reaction mechanism of iminium-
based macrocyclization

NRos are an intriguing class of expanded porphyrins character-
ized by an antiaromatic, planar n-skeleton.®*° The synthesis
of these derivatives relies on the acid-catalysed condensation
of naphthobipyrrole (NBP) with a suitable aldehyde,* ™ fol-
lowed by DDQ oxidation. The yield of this condensation is par-
ticularly dependent on the aldehyde reactivity. We thus con-
sidered NRos to be a near-ideal system with which to explore
the iminium-catalysed synthesis of expanded porphyrins.
Thus, NRos 1, featuring 2,6-dimethylphenyl groups as meso-
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Fig. 1 New strategy for the synthesis of expanded porphyrins.
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substituents, was selected as a model substrate since 2,6-di-
methylbenzaldehyde (a) did not show any reactivity under con-
ditions effective for the preparation of NRos bearing electron-
withdrawing substituents; even in such cases, the yields are
often low (e.g., 5-15%; cf. Scheme where the yields using the
previous standard protocol are shown in parentheses). The
same conditions were then tested but in the presence of 50%
mol morpholine. Again, no detectable NRos 1 was found in
the reaction mixture. Adding 3 equiv. of trifluoroacetic acid
(TFA) to promote the formation of a putative iminium inter-
mediate, resulted in the formation of trace quantities of NRos
1. The addition of 6 equiv. further enhanced the macrocycliza-
tion process and allowed for the isolation of NRos 1 in 3%
yield. Other secondary amines, namely piperidine and pyrroli-
dine, were then tested. Using the latter secondary amine,
allowed a yield of 8% to be achieved. The use of 6 equiv. of
TFA in the absence of pyrrolidine did not result in the for-
mation of NRos 1, providing support for the notion that the
reaction takes place via an iminium intermediate. Consistent
with this conclusion was the finding that N-methyl-pyrrolidine
in the presence of TFA was ineffective as a catalyst. Specifically,
no NRos 1 was detected in the reaction medium under these
conditions.

Using the above conditions, we next explored reactions
between NBP and various aldehydes. For these studies, several
highly electron-rich aldehydes, such as 4-(tert-butyl)benz-
aldehyde, 4-(dimethylamino)benzaldehyde and 3,5-dimethoxy-
benzaldehyde, were studied. While evidence of reactivity was
observed the resulting compounds suffered from low solubility
and stability, precluding their full characterization. In order to
quantitatively evaluate the effect of iminium -catalysis, we
decided to employ aldehydes known to afford stable and
soluble NRos under conventional conditions (Scheme 1). The
goal was to see if these yields could be increased. For this
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Scheme 1 Iminium-based macrocyclization reaction of NBP with
various aldehydes. Reagents and conditions: (1) aldehydes (1.2 equiv.),
pyrrolidine (3 equiv.), TFA (6 equiv.), DCM, 25 °C, 48 h. (2) 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) (3 equiv.), DCM, 25 °C, 2.5 h.
Yields in the absence of catalyst are given in parentheses.
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portion of the study, we selected several different aldehydes,
including (i) b, since it is among the most common aldehydes
employed for the synthesis of expanded porphyrins, (ii) c-e as
they present functional groups capable of undergoing post-syn-
thetic functionalization, and (iii) f~h, which bear methoxy
groups at different positions. In all cases, the iminium-cata-
lysed reaction led to higher yields, with increases of 33-200%
being seen compared to the conventional method. The relative
yield enhancement was greatest for aldehydes bearing fewer
fluorine atoms, systems that give rise to the lowest macrocycli-
zation yield using the conventional conditions. This highlights
the positive effect of the present iminium-based approach.

To shed light on the influence of iminium generation on
the macrocyclization process, the reaction pathway was quanti-
tatively compared to the non-iminium pathway by means of
DFT calculations (see ESI{ for computational details). Fig. 2
shows the calculated free energy profiles considering a as the
aldehyde (i.e., NRos 1 formation). Our model assumes that the
reaction proceeds from an activated carbonyl species, derived
from either classic protonation (path a) or iminium formation
(path B) of the carbonyl moiety in a (Reac and B, respectively).
The formation of these species proved to be energetically
favoured in path p (Boltzmann distribution: F(a)/F(Reace) = 4.7
x 10%” while F(a)/F(ReacP) = 2.3 x 10"). The first C-C bond-
forming step of the reaction then involves nucleophilic attack
of NBP on either Reaca and P. This step is kinetically more
favourable in the former case, which is consistent with the
higher stability of Reac . This reaction, which leads to IN1a/f,
seems to be highly reversible in the case of path p. The next
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step along the reaction coordination is a 1,3-H shift, an iso-
merization characterized by the highest activation energy in
both pathways (37.3 kcal mol™" and 30.3 kcal mol™" for paths
a and B, respectively). Crucially, this reaction step is kinetically
and thermodynamically more favoured in the iminium-cata-
lysed process. Indeed, the formation of IN2 is endergonic in
the case of path «, while it is exergonic in the case of path p.
Finally, IN3, which is common to both pathways, undergoes
an SN1-type reaction, giving rise to the corresponding dipyrro-
methene (Prod), which by sequential reactions with activated
carbonyl species would afford the reduced form of NRos 1.
Based on these results, we suggest that the enhanced reactivity
observed when using secondary amines is essentially due to (i)
a higher concentration of activated carbonyl (Reaca/f) avail-
able to start the condensation and (ii) the lower activation
barrier and greater exergonicity of the rate-determining 1,3-H
shift step.

Role of meso-groups on the opto-electronic properties of NRos

To assess the influence of meso-substituents on the optical pro-
perties of the macrocycle, UV-vis spectra of NRos 2-8 were
recorded in dichloromethane at a concentration of 5.0 x 10°°
(M). As depicted in Fig. 3, the absorption spectrum of NRos
2-8 is primarily characterized by a broad band that covers the
350 to 700 nm spectral region. Although the absorption
maxima show minimal variations (467-481 nm), a discernible
influence of the meso-group is observed. Specifically, the
absorption maxima of NRos 6-8, all of which possess relatively
electron-donating meso-aryl substituents are all above 470 nm,
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[Path B-Iminium catalyzed]

L IN2a \
t ‘ 0.8 kcal mol”
T 7 tsa :
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Fig. 2 Relative energy profile for the DFT reaction mechanism of the macrocyclization process calculated at the B3LYP/6-31G(d,p) level, consider-
ing aldehyde a as model substrate. The influence of the iminium generation (red) is compared to the non-iminium pathway (blue).
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Fig. 3 Optical and electrochemical properties of NRos 2—8 (a) UV-vis-
NIR spectra in dichloromethane (5.0 x 10~ M) at room temperature. (b)
Selected molecular orbitals of NRos-2, which serves as example, calcu-
lated by DFT at the CAM-B3LYP/6-31G(d,p) level of theory. Isosurface
value = 0.02. Hydrogen atoms are omitted for clarity. (c) Calculated
HOMO-LUMO energies (solid) and electrochemical oxidation and
reduction potentials obtained by cyclic voltammetry in CH,Cl, (dashed
lines) of NRos 2, 3, 6, 7 and 8.

while the more electron-deficient NRos 2-5 display maxima
below this value. As revealed by time-dependent density func-
tional calculations (TD-DFT), the broad absorption seen for
the NRos arises mainly from HOMO — LUMO+1 and HOMO
— LUMO+2 transitions, corresponding to SO — S5 and SO —
S6 excitations. Note: selected TD-DFT transition energies,
oscillator strengths (f), and molecular orbital configurations
are shown in Tables S7.1-7.5.1 As illustrated in Fig. 3b, the
methine bridge is minimally involved in these orbitals,
explaining the slight effect of the meso-groups on the absorp-
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tion maxima. In all cases, the absorption profiles exhibit a
similar shape, suggesting that the meso-groups do not signifi-
cantly perturb the electronic distribution of the macrocycle.
Regarding the emission properties, these NRoss displayed no
appreciable fluorescence, which is consistent with previous
results.>®

The effect of meso-groups on the oxidation/reduction poten-
tial was evaluated using cyclic and differential pulse voltamme-
try (see Fig. 3c and S6.1}) in CH,Cl,. To ensure a reliable com-
parison, we mainly focused on soluble NRos 2, 3, 6, 7 and 8.
Fig. 3c shows the potentials for the first oxidation/reduction
processes (see ESIT for second oxidation/reduction potentials
and more details) and the calculated HOMO-LUMO levels
thought to govern these redox processes. A strong correlation
between the observed redox potential and the calculated
HOMO-LUMO gap was observed. As expected, NRos 2 exhibits
the deepest LUMO level and accordingly the lowest reduction
potential. A clear influence of the group at the para-position of
the meso-aryl is noticeable when comparing NRos 3 and NRos
8. Thus, a bromine atom makes meso-aryls less electron-rich
compared to methoxy group, leading to higher oxidation and
reduction potential. On the other hand, NRos 6 is easier to
reduce than NRos 8, despite fluorine atoms that are farther
from the meso-carbon. We hypothesize that this difference
arises from the possible planarization of the electron-deficient
meso-aryl in NRos 6, thus enabling better conjugation. On the
other hand, the introduction of two methoxy groups (NRos 7)
lowers the reduction/oxidation potentials. It should be noted
that although the position of HOMO-LUMO levels in all these
species varies slightly, the bandgap of the NRos is rather
similar, consistent with the UV-vis absorption experiments.

Conclusions

In summary, we have shown that the generation of iminium
species is a promising approach to increase the yield and
broaden the preparative scope in the case of a test expanded
porphyrin, naphthorosarin (NRos). Specifically, the presence
of secondary amines, in conjunction with an acid catalyst, sig-
nificantly improves the macrocyclization yield and provides
access to previously inaccessible NRos. DFT calculations
provide support for the suggestion that iminium generation
lowers the activation energy of key steps during macrocycliza-
tion, including rate-determining proton transfers, while stabi-
lizing most intermediates. This method has enabled the prepa-
ration of multiple NRos, which differ in their meso-substitu-
ents. The nature of the meso-groups, in turn, was found to
affect slightly key properties of the products, such as the
absorption maximum and the HOMO-LUMO levels.

Ultimately, the iminium-based method described here is
expected to provide a new tool that can be exploited for the
synthesis and thus study of expanded porphyrins.
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Data availability

The data supporting the findings of this study are available
within the article and its ESIL.}
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