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Synthesis of triple stranded porphyrin nanobelts
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Abstract: Molecular nanobelts are fascinating analogues of carbon nanotubes. Their rigid
geometries and strongly coupled n-electrons have the potential to generate a wavefunction
resembling that of a quantum ring. Here we report the synthesis of triple-stranded nanobelts
consisting of 8 to 12 edge-fused porphyrin units with diameters of 21 to 32 A. These nanobelts
were synthesized by nickel-mediated coupling of meso-bromoporphyrins, to form singly-linked
nanorings, followed by oxidation with gold(IT) chloride. Experimental 'H NMR spectra,
supported by computational simulations, reveal that belts containing odd numbers of porphyrins,
with circuits of 90 or 110 n-electrons, display global aromatic ring currents, whereas even-
numbered belts, with 80, 100 or 120 n-electrons, are globally antiaromatic.

One-Sentence Summary: Edge-fused porphyrin nanobelts exhibit global (anti)aromatic ring
currents, for circuits of up to 120 n-electrons even in the neutral molecules.
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Main Text:

Single-walled carbon nanotubes adopt three main structural types: zigzag, armchair and chiral.
Very short hydrogen-terminated sections of these tubes are known as carbon nanobelts (/-3).
Hypothetical benzenoid nanobelts have been discussed for decades (4), but until recently all
attempts at synthesizing them failed, due to their high strain and reactivity. Now, several viable
synthetic approaches have been developed (5-77) leading to intense interest in their potential as
optoelectronic materials (/2,73) and as hosts for supramolecular recognition (&, /7). The simplest
type of benzenoid nanobelt, and the first to be considered theoretically, are the [n]cyclacenes
(Fig. 1A) (1,4). These simple zigzag belts are calculated to have open-shell singlet biradical
ground states (/4), reflecting their lack of Clar sextets (/5), and this property seems to make
them too reactive to isolate. So far, they have only been detected by mass spectrometry (/6). The
biradical character of [n]cyclacenes can be suppressed by building in extra benzene rings along
the rims of the belt, so that every carbon atom of the n-system becomes part of a Clar sextet (Fig.
IB) (8,9). One of the most interesting features of a molecular nanobelt is extreme electronic
delocalization, potentially making the electronic wavefunction resemble that of a particle on a
ring (i.e., a quantum ring) (/7,18), yet paradoxically, all reported syntheses of benzenoid
nanobelts (e.g. Fig. 1C,D) target nanobelts with many Clar sextets, thus reducing electronic
delocalization and increasing chemical stability. All benzenoid nanobelts constructed from six-
membered rings are alternant hydrocarbons. Including five-membered rings results in a non-
alternant structure and tends to increase the electronic delocalization (/9-21).

Here we present the synthesis of a family of edge-fused porphyrin nanobelts (¢f~PN, Fig. 1E).
The presence of hetero-atoms and five-membered rings in these nanobelts results in highly
delocalized non-alternant structures. Furthermore, these porphyrin nanobelts are triple-stranded
(meaning that at least three bonds must be cut to cleave the ring), which amplifies the electronic
coupling around the circumference. Previously reported non-porphyrin nanobelts have been
double-stranded (/-3,22). The electronic delocalization in the neutral edge-fused porphyrin
nanobelts is evidenced in their 'TH NMR spectra, which reveal strong global ring currents.
Nanobelts with odd and even numbers of porphyrin units have diatropic (aromatic) and
paratropic (antiaromatic) global ring currents, respectively, in keeping with Hiickel’s 4n+2 rule
and with previously published theoretical predictions (23). Another manifestation of the strong
global m-conjugation is that the electronic absorption spectra of the neutral nanobelts extend far
into the infrared, with intense peaks in the region 1500-2000 nm. Previously reported porphyrin-
based nanobelts have bridging units separating the porphyrins, rather than direct porphyrin-
porphyrin coupling, they do not exhibit global ring currents (22,24-26), and they do not have
such red-shifted absorption spectra.

Nanoring synthesis by nickel-mediated coupling. The edge-fused porphyrin nanobelts reported
here are cyclic analogues of the porphyrin nanoribbons pioneered by Tsuda and Osuka (27).
Previous work has shown that these linear ribbons exhibit exceptionally wire-like charge
transport (28-30), implying that they are promising components for the construction of molecular
quantum rings (/8). Linear porphyrin nanoribbons are synthesized by oxidative fusion of singly-
linked porphyrin chains (27-32), so the obvious precursors to edge-fused porphyrin nanobelts are
singly-linked porphyrin nanorings (cs-P/N). We explored various template-directed strategies for
preparing the required singly-linked rings, without success (33-35). Then, much to our surprise,
we found that they are formed serendipitously, together with linear polymers, during the
Yamamoto coupling of nickel(Il) 5,15-dibromoporphyrins (28) (Fig. 2).
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Fig. 1. Comparison of molecular nanobelts. A [N]cyclacene, B benzo[N]cyclacene, C armchair nanobelt, D chiral
nanobelt, E edge-fused porphyrin nanobelt. The projections of the 3D structures are all shown on the same scale. Clar
sextets are shaded gray in B, C and D.

Ar Ni(COD), Ar AuCls
2,2’-bipy AgOTf
DMF, 60 °C 1,2-DCE
Br Br —— > —_—
Ar M
P1Bry (M =1)
Is-PMBr, (M = 2-12) cs-PN
f-PN
three types of solubilizing groups: t-Bu ¢
t-Bu
OCgH17 t-Bu Me, 0
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Fig. 2. Synthetic route to porphyrin nanobelts. A/ and N are the numbers of porphyrin units in the starting material
and rings, respectively. Solubilizing groups are denoted with subscripts; for example the three monomers have
compound codes PlooctBr2, P1tguBr2 and P1messuBr2. The prefixes Is, ¢s and ¢f denote “linear singly-linked”, “cyclic
singly-linked” and “cyclic fused”. (Abbreviations: COD = 1,5-cyclooctadiene; 2,2"-bipy = 2,2"-bipyridine; DMF =
dimethylformamide; 1,2-DCE = 1,2-dichloroethane; Ar = aryl; OTf = trifluoromethanesulfonate)
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The Yamamoto coupling reaction shown in Fig. 2 was carried out, starting from a dibromo
nickel(II) porphyrin monomer P1Br; or a linear singly-linked oligomer Is-PMBr> (where M is
the number of porphyrin units), to obtain the cyclic singly-linked oligomers cs-PN with a
distribution of ring sizes. These reactions were performed using porphyrins with three different
aryl solubilizing groups (OOct, tBu or MesBu, as defined in Fig. 2). The singly-linked rings cs-
PN were separated by gel permeation chromatography (GPC) and isolated for N =6 to 12.
(Small amounts of larger rings up to N = 24 were also detected, but have not yet been fully
characterized.) Cyclic oligomers have longer GPC retention times than linear chains with the
same numbers of porphyrin units (36), and the first evidence for the cyclic nature of c¢s-P/N came
from a combination of GPC and mass spectrometry. For example, the GPC trace of a crude
reaction mixture from the cyclooligomerization of Is-P2oocBr:2 is shown in Fig. 3A, together
with the traces of the isolated products ¢s-P6ooct, ¢s-P8ooct, cs-P1000ct and ¢s-P1200ct. The
isolated yields of the cyclic oligomers are plotted as a function of ring size, for various
precursors, in Fig 3B. The small number of signals in the 'H NMR spectra of ¢s-PV oligomers
was consistent with the formation of highly symmetric cyclic molecules, without end-groups,
and this was confirmed by scanning tunneling microscopy (STM). For example, Fig. 3C shows
an STM image of ¢s-P8ooct, recorded under vacuum after electrospray deposition onto a gold
surface (octyloxy-substituted porphyrin polymers are compatible with electrospray deposition
and STM imaging on gold surfaces (34-36)). Steric repulsion between B-hydrogen atoms results
in a severe twist between neighboring porphyrin units in singly meso-meso-linked oligomers
(37), which explains why the STM image of ¢s-P8ooct has 4-fold (rather than 8-fold) symmetry
(see Supplementary Material, fig. S24-S26, for more images of ¢s-P8ooct, ¢s-P1200¢t and cs-
P1800ct).

Suitable crystals of es-P8pu for single-crystal x-ray crystallography were grown by diffusion of
acetone vapor into a solution of the macrocycle in 1,2-dichlorobenzene (see Supplementary
Material for details). There are two crystallographically distinct cs-P8¢u units in the crystal, both
with similar conformations, one of which is shown in Fig. 3D. The mean Ni—Ni diameter is
20.65(0.66) A. As expected, the macrocycle has a highly twisted geometry and neighboring
porphyrin units are almost orthogonal. The average angle between the 24-atom planes of
neighboring porphyrins is 84.4(2.7)° and the angle between the porphyrin units and the mean
plane of the eight Ni centers is 48.6(6.2)°.

It is surprising that Yamamoto coupling of 5,15-substituted nickel(Il) porphyrins gives cyclic
oligomers, in the absence of any template. Coupling the corresponding zinc(Il) porphyrin
derivatives under identical conditions only yields linear oligomers (see Supplementary Material,
fig. S9). One reason why nickel(I) porphyrins favor the formation of cyclic products is that they
tend to adopt non-planar geometries, because the N-Ni bond length is too short for the cavity of
the porphyrin (38). This distortion of the porphyrin units reduces the strain in ¢s-PN rings when
metalated with Ni rather than Zn, as confirmed by density functional theory (DFT) calculations
(see Supplementary Material, fig. S30). For example, we calculate that ¢s-P16 is almost
unstrained when metallated with Ni (strain energy 4.9 kJ mol™!), whereas it has a strain energy of
116.8 kJ mol! when metalated with Zn.

Another factor that probably favors formation of cyclic products is that nickel(II) porphyrins are
electron-deficient (39), which is expected to retard the reductive elimination step in Yamamoto
coupling (40). This could lead to the formation of cyclic Cmeso-Ni-Cmeso linked intermediates, in
which all the C-Br bonds are replaced by C-Ni-C links before reductive elimination occurs (fig.
S31). In other words, metalation of the porphyrins with nickel favors a mechanism in which
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macrocyclization occurs before reductive elimination. Similar organo-nickel intermediates have
been used in the synthesis of cycloparaphenylenes consisting of electron-deficient fluorinated
para-phenylene units (47), and in the synthesis of a nanotube end-cap (42). Strong support for
this hypothesis comes from the observation that coupling Is-PMBr; only gives c¢s-PN with N >
M. For example, es-P6ooct can be prepared by coupling Is-P200cBr2 but not from Is-P6ooc:Br2,
demonstrating that the linear hexamer Is-P6oocBr: is not an intermediate in the formation of the
cyclic hexamer ¢s-P6ooct from Is-P200cBr2 (see fig. S7b). Similarly, coupling of Is-P1200cBr2
does not give cs-P12ooc (fig. S8). Reversible formation of Cmeso-Ni-Cineso links might allow
equilibration between linear and cyclic intermediates, which could also favor macrocyclization.

A crude reaction mixture B
—— ¢s-P6 15 7 =O=from P1Br3
cs-P8 . =®= from Is-P2Br;
gz:z:g X from Is-P3Br;
E =0=from Is-P4Br2
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Fig. 3. Synthesis and characterization of singly-linked porphyrin nanorings. (A) Gel permeation chromatography
(GPC) trace of the crude reaction mixture from Yamamoto coupling of the dibromodimer Is-P2o0ct superimposed on
traces of isolated cyclic oligomers for N = 6, 8, 10 and 12. (B) Isolated yields of e¢s-PNooct (N = 6—15) obtained from
a range of different starting materials. (C) STM image of cs-P8ooct on a Au(111) surface, deposited by electrospray
(imaging parameters: sample bias = -2 V, set-point current = 9 pA). (D) Single crystal x-ray structure of cs-P8:su,
showing one of two distinct molecular units in the crystal.

Oxidation to nanobelts and global aromaticity. Oxidation of the singly-linked rings cs-PN to
the triply-linked nanobelts ¢f~PN was achieved with gold(III) chloride and silver triflate, in
around 95% yield using reaction conditions developed for the synthesis of linear porphyrin
ribbons (28,30,43). The role of the silver salt is to suppress formation of chlorinated byproducts
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(43). This fusion reaction is accompanied by a dramatic change in the UV-vis-NIR absorption
spectra, and the products exhibit intense absorption bands at 1500-2000 nm (Fig. 4). We tested
this chemistry with all three aryl (Ar) groups shown in Fig. 2, and similar UV-vis-NIR spectra
were recorded in all three cases, but sharp well resolved '"H NMR spectra were only obtained for
¢f-PNwmesBu, S0 we focused on this family of nanobelts (N = 8 to 12). We attribute the broadness
of the 'H NMR spectra of ¢f~PNooct and ¢f~PNisu to dynamic rotation of the aryl groups (which
is blocked by the ortho-methyl groups in ¢f~PNwmesu) and aggregation (which is hindered by the
bulk of the MesBu groups). The "H NMR spectra of the five ¢f~PNmessu nanobelts (Fig. 5) were
assigned using a combination of two-dimensional NMR techniques (see Supplementary
Materials for details). It was not possible to distinguish between mesityl methyl groups facing
inside (Mein) or outside (Meout) of the nanobelts using NOE correlations. We assigned these
resonances by assuming that the signal most shielded, or most deshielded, by the global ring
current is Mein (44). This assignment was fully confirmed by the excellent correlation between
experimental chemical shifts and those calculated using DFT (fig. S15). The '"H NMR spectra
show dramatic changes in the chemical shifts of the Mein, Meow and £ signals, which alternate for
odd/even numbers of porphyrin units, indicating that cf~P9mesu and cf-P11mesBu are globally
aromatic whereas ¢f~P8mesBu, ¢f-P10MesBu and cf-P12mesBu are globally antiaromatic, as predicted
(23), consistent with the nucleus-independent chemical shift (NICS) plots on the right of Fig. 5.
The ring current susceptibilities of the nanobelts with N = 8§ to 12 were estimated from the
experimental 'H NMR shifts in Mej, and Meoy using the Biot-Savart law (/8), giving values of
41.9,-29.8,31.3,-20.0 and 17.2 nA/T, respectively (compared with —11.8 nA/T in benzene
(45)). The integrated bond currents in ¢f~P8 and ¢f~P9, calculated using SYSMOIC (46) (fig.
S16), are similar in magnitude to ring currents from Biot-Savart law analysis, with about 90% of
the current flowing through the Ceso-Cmeso bonds, as predicted for the corresponding zinc
complexes (23).

The UV-vis-NIR absorption spectra of aromatic compounds generally feature sharp intense
bands, whereas antiaromatic compounds tend to give broader absorption spectra that tail into the
NIR region (47). We do not observe a dramatic difference between the absorption spectra of the
nanobelts in the series cf~P8mesBu to cf~-P12mesBu, but there is an alternation in the shape of the
NIR spectra between even and odd nanobelts: the aromatic belts cf~P9mespu and cf~P11mesBu
exhibit a pattern of sharp shoulder bands at 1700—1900 nm, which is absent in the antiaromatic
belts cf~P8mesBu, cf~P10mespu and cf-P12messu (Fig. 4).

In conclusion, we present the synthesis of molecular nanobelts consisting of 8 to 12 edge-fused
porphyrin units. The '"H NMR spectra of these neutral compounds reveal that they sustain global
ring currents that are diatropic (aromatic) for odd numbers of porphyrins and paratropic
(antiaromatic) for even numbers of porphyrins. These findings are in stark contrast with the
behavior of previously reported nanobelts (and butadiyne-linked porphyrin nanorings) which
only exhibit global ring currents when oxidized or reduced (/8,20,21,44). The observation of
global (anti)aromatic ring currents in neutral porphyrin nanobelts demonstrates that the
electronic wavefunction resembles, to some extent, that of a particle on a ring (i.e. a quantum
ring) (18,48), which implies that charge-transport through these molecules can be controlled by
quantum interference. For example, theoretical work indicates that ¢f~P/V nanobelts could
function as Aharonov—Bohm-type interferometers (49), enabling transport to be controlled by
applying a magnetic field.
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Fig 4. UV-vis-NIR spectra of nanobelts recorded in toluene-ds. (A) Antiaromatic belts with even numbers of
porphyrin units. (B) Aromatic belts with odd numbers of porphyrin units.
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Fig. 5. "TH NMR spectra of porphyrin nanobelts ¢f~P8mesu — ¢f-P12mesBu recorded in CD2Cl2/CS: (400 MHz, 298
K). Plots of the nucleus independent shift (NICS) in the plane of the porphyrin for each ring size are shown on the

right (NICS(0).. from DFT calculations the OX-B3LYP/def2-SVP level of theory (23). Numbers denote the NICS
value at the center of the ring.)
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