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Abstract: Porphyrinoids are a well-established class of molecules, with research ranging from biological appli-
cations to light-harvesting nanorings and qubits. Recently, curved variants have received increased attention.
Bending them out of planarity has been shown to impact n—x communication and self-assembly properties,
making them ideal model systems for advanced molecular electronic devices and supramolecular assembilies.
Carpyridines, which are macrocyclic curved porphyrinoids combining carbazole and pyridine moieties, share
structural similarities with polyaromatic hydrocarbons (PAHs), and can be thought of as porphyrinoid—PAH hybrids.
We became interested in carpyridines for their persistent saddle-like geometry with which we can drive self-as-

sembly. But their unusual geometry has other consequences too, some of which we discuss in this overview.
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1. Introduction

Porphyrins are one of the most well studied molecules in or-
ganic and supramolecular chemistry. They have critical roles in
the natural world, ranging from transporting oxygen in our blood
via haemoglobin,['l to chlorophyll’s key role in light-harvesting
for photosynthesis.[2 It is therefore of little wonder that this in-
tense research has led to numerous discoveries, from therapeutic
applications3! and catalysis,!¥ to light-harvesting nanorings, 3!
molecular electronic devices,!f! and supramolecular polymers.7!
Naturally, many efforts have been made to branch out into other
derivatives,Blresulting in a zoo of related systems that are grouped
together under the umbrella term porphyrinoid.

One of these avenues of interest is curved porphyrinoids —
i.e. porphyrinoids possessing a molecular geometry that is sig-
nificantly distorted from planarity (Fig. 1). This is a relatively
underexplored field, in comparison to the vast amount of research
conducted into porphyrinoid chemistry. However, it is expanding,
with a recent review published in 2022 by Ishizuka et al., as one of
a twelve-part collection on trends and challenges in porphyrinoid
chemistry, outlining the area comprehensively.!

2. Carpyridines

Our group has been focusing on a specific curved porphyri-
noid that we coined carpyridine, which is composed of two carba-
zole and two pyridine moieties (Fig. 1). It shares similarities with
porphyrins, being composed of smaller constituent aromatic units,
and bearing a tetradentate N/NH central cavity. However, one

Carpyridine
Carpyridine can be thought
of as a combination of
nanographene and
porphyrin.

The introduction of odd-

numbered rings imparts
curvature onto the
structure, resulting in a
saddle-shaped macrocycle.

Fig. 1. Depiction of the structural similarities between carpyridine and
both porphyrin and polycyclic aromatic hydrocarbons.

clear structural difference is the intrinsic negative Gaussian cur-
vature of carpyridine. This arises from similar principles to those
that govern the shapes of curved polycyclic aromatic hydrocar-
bons (PAHs). Positive (bowl-shaped) and negative (saddle-shaped)
curvature can be imparted onto [6]circulene, upon introducing
5- and 7-membered rings, respectively (Fig. 2).[191 This trick to
introduce strain in regular lattices can be used to access curved
PAHSs, such as bucky bowls, n-extended circulenes, and twisted
nanographene sheets.[!!] The negative curvature of carpyridine
can be understood in a similar way. Here it is not a 7-membered
ring (or higher) that buckles the system into a saddle, but two
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5-membered rings (Fig. 3, top). However, this non-classical ap-
proach to curvature has a consequence. Because these defects
disrupt a perfectly conjugated surface of sp? carbon atoms, here
we end up with a formally sp* centre in the middle of the macro-
cycle. By filling this centre with a metal, which is more forgiving
in terms of geometry, the surface can be closed conductively.

Introducing Curvature

[6]Circulene [5]Circulene
5- and 7-membered C %
rings induce bowl- and Q O
saddle-shaped '.O
geometries, respectively, OO

in the circulene series. ;
[7]Circulene

Fig. 2. Demonstration of the curvature induced into a PAH by introduction
of an odd-numbered ring, to give [5]- and [7]-circulenes.

The general procedure for carpyridine synthesis is outlined in
Scheme 1.11211t is versatile, with a variety of different cross-cou-
pling and Friedel-Crafts alkylation/acylation reactions possible.
This presents the opportunity to introduce a range of alkyl and
aryl groups, indicated as R, and R, onto the individual carbazole
and pyridine moieties. Careful selection of these groups allows
tailoring of the properties of the resulting carpyridine to a desired
functionality.

2.1 Shape-assisted Self-assemblies

The saddle-shaped geometry of carpyidines was found to drive
their self-assembly into supramolecular materials, via a ‘shape-as-
sisted self-assembly’ mechanism (Fig. 3).[124131 This leads to ordered
columnar stacking, that tiles into macroscopic objects on a surface.

| R
L, — o, —— .
Br N/ Br Br N/ Br Br N/ Br N
2 3 4
X X R, R, R, R,
O O e A
H X=H,Br H Bpin H Bpin
5 6 7
Synthesising R, Ro
Carpyridines O O
There is broad scope to v
introduce a variety of Ry Ry ~——

organic moieties onto
both carbazole and
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Scheme 1. General synthetic scheme outlining the synthesis of carpyri-

dines. Conditions for reactions i-vi can be found in the literature, Refs.
[12] and [14].

We demonstrated that variation of R, and R, groups on pyri-
dine and carbazole had a drastic influence on their modes of
self-assembly. When there are only alkyl chains on the carbazoles
(R,=H,R, = hexyl), the macrocyclic stacks are able to associ-
ate laterally, resulting in the formation of 2D sheets (Fig. 3,
bottom).[!2al Introduction of alkyl chains to the pyridine (R, = R,
= hexyl) removed this bias, resulting in the formation of 1D fibres
(Fig. 3, bottom).l'2b1 [t has even recently been shown that water
can be intercalated between neighbouring carpyridines at regular
intervals, using a phenyl variant (R, = H, R, = Ph), giving a win-
dow into the role of trace water in supramolecular assemblies.[!4]

2.2 Macrocyclic Carpyridines: More than Meets the Eye

It is expected that carpyridine will host metal cations, in a
similar fashion to porphyrins, which typically exhibit high asso-
ciation constants for a variety of metals.[!5In the case of a typical
flat porphyrin free base, the macrocycle experiences global aro-
maticity, owing to 18 delocalised electrons conjugated across
its macrocyclic backbone (Fig. 4).['61 This is evidenced by proton
NMR, with N-H protons often at negative ppm values. UV/Vis

Shape-Assisted Self-Assembly

Modification of the R groups on pyridine and carbazole
moieties drives shape-assisted self-assembly towards
1D fibres or 2D sheets.
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Fig. 3. Top: XRD structure of a carpyridine core (R, = 2H, R, = Ph), show-
casing the torsion between carbazole and pyridine. Side chains ex-
cluded for clarity. Reported by J. F Woods, K. Zhang et al., Ref. [14].
Bottom: A visual depiction of shape assisted self-assembly. Fig. Adapted
with permission from L. Gallego et al., ‘Shape-Assisted Self-Assembly
of Hexa-Subsituted Carpyridines into 1D Supramolecular Polymers’,
Angew. Chem. Int. Ed. 2024, 63, €202318879 https://doi.org/10.1002/
anie.202318879. Copyright 2024 Wiley-VCH.
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spectroscopy shows Q-bands in the visible region, resulting in
macrocycles with vibrant colours.[!7]

Upon insertion of a metal centre, a second mode of n—m elec-
tron communication is introduced across this metal centre (Fig.
4, left), which results in a highly interconnected n-system, with
through-bond delocalisation occurring both across the macrocy-
cle and the metal centre simultaneously (Fig. 4, left).l1¢]

Carpyridines as Macrocycles

The curvature of carpyridine doesn’t just have
effects on larger scales. It also affects the intrinsic
properties of the individual monomer.

T-Tt communication disconnected m-

across macrocycle systems
l Metallation l Metallation

T-Tt communication
across metal

T-Tt communication
across macrocycle
and metal

Fig. 4. Scheme depicting the metallation of porphyrins vs. carpyridine,
and a comparison of their respective geometries.

Comparatively, the saddle-shaped structure of carpyridine re-
sults in stark differences. Just like porphyrins, carpyridines can
host first row transition metals, albeit with generally lower asso-
ciation constants. In contrast to flat porphyrins, the torsion be-
tween the adjacent carbazole and the pyridine moieties (Fig. 4,
right) brings them out of conjugation, resulting in negligible n—n
communication and no global aromaticity. This is evidenced, for
instance, by proton NMR, which displays deshielded N-H protons,
typical of the constituent carbazole units. UV/Vis spectra also rare-
ly extend beyond 380 nm, resulting in colourless/weakly coloured
compounds.[!2bl Hence, in this context, carpyridine is best thought
of as a collection of covalently linked, but independent nt-systems.

However, this changes significantly with metal coordination.
The metal now provides a bridge between these four separate
ni-systems. Crucially, the system does not planarize upon coor-
dinating a metal, which means that due to the absence of global
aromaticity, all conjugation must pass through this metal centre.
This makes metallated carpyridines ideal candidates to probe met-
al-to-m communication. The complex even has the potential to in-
clude axially coordinated components, such as amine or pyridine
derivatives. Similarly, stringing together multiple units together
would enable the investigation of long-ranged metal-to-nm commu-
nication. We are currently investigating this behaviour in our lab.
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