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Abstract Within the growing family of strained carbon nanohoops and
nanobelts, [10]CPP arguably offers the best compromise between syn-
thetic accessibility and strong binding affinity for Cgo. In this work, we
report the synthesis of two nitrogen-containing analogues of [10]CPP
and we systematically compare the structure, optoelectronic properties
and Cg binding affinities of this small set of structurally similar macro-
cycles. While Aza[10]CPP outcompetes the parent compound by ap-
proximately one order of magnitude with respect to Cgo binding, we
found that the reverse was true for the methylaza analogue. Transient
absorption studies showed that photo-induced electron transfer oc-
curred readily from [10]CPP and its aza-analogue to an encapsulated
Cgo guest. Formation of a charge-separated complex was not observed
however for the N-methylated derivative. These insights will prove use-
ful for further applications of strained nanohoops in supramolecular
chemistry and organic electronics.

Key words: curved m-systems, host-guest chemistry, fullerenes, nitro-
gen doping, photo-induced electron transfer
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Introduction

The synthesis of strained carbon nanohoops! and nanobelts?
has received much attention since Jasti’s report of the first
[n]cycloparaphenylenes ([n]CPPs) in 2008.3 Inspired by their
unusual optoelectronic!®* and supramolecular properties,
researchers have made structural variations to the CPP
framework. These variations include the introduction of
larger m-fragments® and electron-donating or withdrawing’
moieties within the ring as well as the installation of periph-
eral halide atoms® and larger (bridging) substituents.8¢°
CPPs with more complex topologies have also been pursued,
most notably a trefoil knot,' cages!' and figure-eight mac-
rocycles.’? Due to our interest in the encapsulation of fuller-
enes within nanohoops,8¢90.tz213 the introduction of heter-
oatoms into the core CPP framework is a particularly appeal-
ing method of variation.'* We were therefore surprised that
no aza-derivatives of [10]CPP, as the ideal CPP host for Cg,
were reported.

In this work, we describe the synthesis of Aza[10]CPP and
its N-methylated derivative N-Me-Aza[10]CPP. In a system-
atic supramolecular study in solution and in the gas phase,
we compared the binding affinities between the three re-
lated hosts and Cgg as a guest. Motivated by recent studies
on the use of CPPs as organic semiconductors'> and media-
tors of charge transfer,®¢ we also investigated the optoelec-
tronic properties of the new compounds as well as their Cgg
complexes in the ground state and the excited state.

© 2022. The Author(s). Organic Materials 2022, 4,7-17
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Results and Discussion

To prepare the aza-analogue of [10]CPP, we decided to make
use of a procedure developed by Jasti and coworkers for the
synthesis of Aza[6]CPP and Aza[8]CPP (Scheme 1).14b< The
conventional, i.e. carbon- and hydrogen-based, part of the
macrocycle was synthesized from compound 1 via two-fold
lithium-halogen exchange, followed by reaction with 2
equiv of ketones 2 or 3, yielding the U-shape dibromide 4
or dichloride 5, respectively. Dibromide 4 was converted in-
to boronic ester 6 in 78% yield by another lithium-halogen
exchange followed by treatment with i-PrO-Bpin. The path-
way via dichloride 5 also proceeds with approx. 80% yield
and requires Suzuki-Miyaura conditions with reagent Bpin,
to furnish the same product. Pyridine-containing dibromide
7 (prepared exactly as described by Jasti'#’) and boronic
ester 6 were subsequently coupled under highly dilute
Suzuki-Miyaura conditions. At this stage, a mixture of
(mainly) cyclic products was treated with freshly prepared
sodium naphthalenide to give Aza[10]CPP 9 in a two-step
yield of 9% after column chromatography. Using the highly

reactive reagent methyl triflate, we were able to convert
Aza[10]CPP 9 into N-Me-Aza[10]CPP triflate 10 in an opti-
mized yield of 89%. For further details on synthesis, please
refer to the Supporting Information.

While [10]CPP shows only one signal in the 'TH NMR spec-
trum, the single nitrogen atom in Aza[10]CPP leads to de-
symmetrization and therefore a more complex spectrum
(Scheme 1b), in which the chemical shifts of the protons of
the pyridyl moiety (A, B and C) differ significantly from those
found in [10]CPP. After methylation, protons B and C are
shifted downfield (Scheme 1b, green) and proton A is shifted
upfield as a result of their relative position to the quater-
nized nitrogen atom. We were able to obtain single crystals
of Aza[10]CPP suitable for X-ray crystallography by slow
evaporation of a dilute solution in chloroform. We found
that the single nitrogen atom within the macrocycle of Aza
[10]CPP (molecular formula: CsgH3gN) is disordered over
all 40 possible isosteric positions (see Scheme 1c). This ob-
servation was previously also made by Jasti for compounds
Aza[8]CPP and Aza[6]CPP.14b< Compared to the published
solid-state structure of [10]CPP,'® Aza[10]CPP is a little more

b) 'H NMR
[10]cPP
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ES: X = Bpin
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a) Synthesis of Aza[10]CPP 9 and N-Me-Aza[10]CPP 10. Conditions: (i) 1. n-BuLi, THF, -78°C. 2. 2/3. 3. NaH, Mel, THF, 0°C, 2: 70%, 3: 46%. (ii)

4: 1. n-Buli, THF, -78°C. 2. i-PrO-Bpin, 78%. 5: Bpin,, Pd(OAC),, SPhos, K3POy, 1,4-dioxane, 90°C, 81%. (iii) Pd(PPhs)s, (n-Bu),NBr, NaHCOs3, MePh/MeOH)/
H,0 17:2:1, 90°C. (iv) Sodium naphthalenide, THF, -78°C, 9% over two steps. (v) MeOTf, DCM, 89%. b) Partial '"H NMR spectra (CDCl3, 400 MHz) of
[10]CPP (in dark blue, measured at 298 K), Aza[10]CPP (9) (in bright blue, measured at 340 K) and N-Me-Aza[10]CPP 10 (in green, measured at 298 K). c)
Solid-state structure and minimal/maximal diameters of Aza[10]CPP 9. Crystal system: monoclinic; space group: P24/c. Black atoms refer to carbon. Blue

atoms refer to the electron density of 1/40N and 39/40 C.
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“round” since its minimal and maximal diameters are nearly
identical (dmip=13.3A and dg.x=13.4A, Scheme 1c),
whereas in [10]CPP there is a somewhat more pronounced
difference (dpmin = 13.3 A and dp. = 13.6 A). Because it would
explain the higher binding affinity for Cgq (vide infra), we
propose that this rounder shape also exists in solution, even
though we cannot exclude that the effect is caused by the
disorder on nitrogen or packing in the solid state. Moreover,
we observed a slightly smaller average torsional angle (the
angle about which two adjacent phenylenes are tilted) of
Aza[10]CPP (6,=26.5°) compared to [10]CPP (6,=26.9°) in
the crystal structure. This trend was also found in density
functional theory (DFT) calculations (vide infra). Despite
our best efforts using different methods, we were unable to
grow single crystals of N-Me-Aza[10]CPP.

To delve deeper into all three molecular structures and
gather evidence that is independent of packing effects, we
carried out DFT calculations of Aza-, N-Me-Aza- and the par-
ent [10]CPP (level of theory: B3LYP/6-31 G(d)+D3); for fur-
ther details see the Supporting Information). An interesting
parameter for [n]CPPs is the torsional angle between two
phenylene moieties because it is affected by repulsive steric
interactions of the ortho-hydrogen atoms on the one hand
and by the amount of internal (macrocyclic) strain on the
other hand. Replacing one carbon by one nitrogen atom and
thereby replacing one hydrogen atom with a lone pair led to
flattening of the Aza[10]CPP (6,=25.6°) compared to
[10]CPP (6,=27.3°). This observation is consistent with
studies of Stiick and co-worker who theoretically examined
heteroatom-substituted nanohoops.!” As expected, the ad-
ditional methyl group in N-Me-Aza[10]CPP is more steri-
cally demanding than a hydrogen atom and therefore results
in an increased average torsional angle (28.9°). The DFT cal-
culations also allowed us to determine the strain energy of
the nanohoops via the homodesmotic reaction model (Table
1). We used [10]CPP as a benchmark and determined a strain
energy of 58.0 kcal-mol™!, which is in good agreement with
a previous calculation (57.7 kcal-mol™).1® The strain energy
of Aza[10]CPP was found to be slightly decreased

Table 1 Selected properties of [10]CPP, Aza[10]CPP and N-Me-Aza
[10]CPP.

Compound [10]CcPP Aza[10]CPP N-Me-Aza[10]CPP
Aabs)max [nm]? 340 344 336

AEem)max [nmM]? 477 471 463

E(red)onset [V]° - - -1.54

Ky [M)e (2.79+0.03)x 106 (1.1£0.3)x107  (9.8+1.6)x 10
Strain [kcal-mol™']¢ 58.0 52.9 52.4

HOMO [eV]¢ -5.24 -5.27 -5.39

LUMO [eV]e -1.88 -1.96 -2.72

aMeasured in toluene; PTHF, nBu4PFg, vs. Fc/Fc* V=100 mV-s'; ‘measured in
toluene; dhomodesmotic DFT calculations (B3LYP/6-31 G(d)+D3); eDFT calcula-
tions (B3LYP/6-31 G(d)+CPCM (acetonitrile)).

(52.9 kcal-mol™), which could simply be a result of a lower
torsional strain (vide supra). Interestingly, N-Me-Aza
[10]CPP exhibits nearly the same strain energy (52.4 kcal-
mol™!) as Aza[10]CPP, which we cannot explain with the
same simple rationale and may be a result of the cancelation
of opposing effects (torsional, steric and internal strain).
We proceeded to study the optical properties of new
compounds 9 and 10 in comparison to commercially avail-
able [10]CPP by UV-vis absorption and fluorescence spec-
troscopy (see Figure 1a and Table 1). Since [n]CPPs are cen-
trosymmetric, the HOMO-LUMO transition is Laporte for-
bidden and the typical absorption band at around 340 nm
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Figure 1 a) Absorbance (solid lines) and fluorescence spectra (dashed

lines) of [10]CPP (dark blue): N(abs)max = 340 nm and N(em)max =477 nm;
Aza[10]CPP 9 (bright blue): A(abs)max =344 nm and A(em)max=471nm;
and N-Me-Aza[10]CPP 10 (green): A(abs)max =336 nm and

ANem)max =463 nm, in toluene. Spectra are scaled arbitrarily to allow for
better comparison. b) Cyclic voltammogram of N-Me-Aza[10]CPP 10 in
THF using nBuyPFg as the electrolyte and Fc/Fc* as the internal reference
(scan rate: 100 mV-s™).

© 2022. The Author(s). Organic Materials 2022, 4,7-17
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can be assigned to HOMO-2 to LUMO, HOMO-1 to LUMO,
HOMO to LUMO+1 and HOMO to LUMO+2.1° For the pure
carbon [n]CPPs the HOMO-1 and HOMO-2 as well as the
LUMO+1 and LUMO+2 levels are nearly degenerate. The in-
troduction of a nitrogen atom into the [8]CPP scaffold, as re-
ported previously by Jasti,*P< broke this degeneracy and led
to a slight red-shift of the absorption maximum (Aza[8]CPP
and Aza[6]CPP)."2 In the absorbance spectrum of Aza
[10]CPP, we also observed a red-shifted maximum
(344 nm) compared to [10]CPP (340 nm). However, a small
blue-shift was found for N-Me-Aza[10]CPP (336 nm), which
is not in accordance with Jasti’s observations for the smaller
methylated nanohoops, where the absorbance maximum
was similar to the non-methylated species.!#>¢ We tenta-
tively attribute these trends to the different observed (sol-
id-state structure) and calculated (minimum DFT structure)
torsional angles, which correlate with more or less effective
delocalisation of the m-electrons over the whole nanohoop
(“radial conjugation”34b.20),

In contrast to their absorption, the fluorescence of
[n]CPPs is size-dependent showing a red-shift and a drop in
quantum efficiency by decreasing nanohoop size.*" Theo-
retical studies by Tretiak et al.2' showed that fluorescence
occurs, according to Kasha’s rule, from the lowest energy ex-
cited state, which is for larger [n]CPPs (n > 8) partially pla-
narized, therefore exhibits a different geometry than the
ground state and thus becomes allowed. For the previously
reported Aza[8]CPP and N-Me-Aza[8]CPP, the influence of
the electronegative nitrogen also leads to red-shifted emis-
sion, which is more pronounced for the methylated species.
For the Aza- and N-Me-Aza[10]CPPs, we observed the oppo-
site trend with blue-shifting emission maxima from [10]CPP
(477 nm) over Aza[10]CPP (471 nm) to N-Me-Aza[10]CPP
(463 nm). We propose that at least the blue-shift for the N-
Me-Aza[10]CPP could be explained by its less effective m-
conjugation (in analogy to absorption).

For potential applications in organic electronics, the re-
dox properties of a material are of significant interest,?2 and
it deserves mention that CPPs have found proof-of-principle
application in devices.'®13¢15d23 |n fact, the ability to access
strained nanohoops with low-lying LUMO levels was our
major motivation for the synthesis of the compounds re-
ported herein. As such, we were primarily interested in the
reduction of the title compounds by means of cyclic voltam-
metry (THF, nBuyPFg). Although the chemical reduction of
[n]CPPs has been achieved before,* we were unable to ob-
serve the reduction of [10]CPP by cyclic voltammetry, at
least within the electrochemical window of the solvent. The
same result was observed for Aza[10]CPP, even though we
expected a decreased LUMO level based on DFT calculations.
However, for N-Me-Aza[10]CPP an irreversible reduction
wave was observed at an onset potential of -1.54V vs. the
Fc/Fc* redox couple (see Figure 1b). Variation of the scan rate
did not result in a deviation of the peak shape, therefore, we

conclude that N-Me-Aza[10]CPP undergoes an irreversible
chemical transformation upon reduction, which is also con-
firmed by the appearance of new signals in the HRMS analy-
sis after cyclic voltammetry. For N-Me-Aza[6]CPP and N-Me-
Aza[8]CPP, the Jasti group reported irreversible onset reduc-
tion potentials of —1.42 and -1.49V, respectively,'4b< sug-
gesting a lowering of the LUMO with increasing ring size,
which is in accordance with the trends reported for pure-
carbon [n]CPPs.4

To better understand the observed photophysical and
electrochemical trends, we calculated the frontier orbitals
of the studied CPPs using the same DFT method as previ-
ously used by Jasti!4? (B3LYP/6-31 G(d)+CPCM (acetonitrile),
for details see the Supporting Information). The introduc-
tion of nitrogen leads to a slight lowering of both the LUMO
and the HOMO energy from -1.88 to -1.96eV and from
-5.24 to - 5.27 eV, respectively (see Table 1 and Figure S8).
Only the methylation leads to a more drastic decrease of
the LUMO energy level to —2.72 eV (which is in accordance
with the observed reduction in cyclic voltammetry), while
the HOMO is again only slightly decreased in energy
(-5.39eV) causing an overall decreased band gap in N-Me-
Aza[10]CPP. While the calculated frontier orbitals cannot
fully explain the observed electronic spectra (e.g. due to
symmetry-forbidden transitions), the observed theoretical
trends are in good agreement with previous calculations by
Jasti et al. for the Aza[8]CPPs.14b

Among the family of [n]CPPs, [10]CPP is of particular in-
terest to supramolecular chemists because of its ability to
encapsulate fullerenes with high association constants
(K,).132 The strength of this binding can be determined by
fluorescence titrations, during which the fullerene guest is
added incrementally to a solution of the [10]CPP host,
whose concentration is kept constant throughout the ex-
periment. Thanks to the observed fluorescence quenching
and fitting of the corresponding data, a K, of (2.79+0.03)
x106.-M™ (toluene) was determined by Yamago et al.’>2 for
the [10]CPP and Cgg system. For Aza- and N-Me-Aza[10]CPP,
we carried out fluorescence titrations in the same way as de-
scribed above (Figure 2a,b). We found that for Aza[10]CPP
the fluorescence quenching is more pronounced (Figure 2c)
when compared to N-Me-Aza[10]CPP (Figure 2d), which im-
mediately suggests a significantly stronger binding for the
former compound. When we fitted the binding isotherms
(see Figure 2e) according to a 1:1 stoichiometric model, we
determined a K; of (1.1 +0.3) x 107-M™! for Aza[10]CPP and a
K; of (9.8+1.6) x104-M"! for N-Me-Aza[10]CPP.*> The two
new nanohoops therefore differ by a factor of approximately
100 in their affinity for Cgy, while the parent nanohoop
[10]CPP has intermediate binding strength.

We propose that the relatively weak binding of the meth-
ylated nanohoop N-Me-Aza[10]CPP may be explained by the
steric hindrance due to the methyl group, which sterically
desymmetrizes the ring and makes it somewhat less “com-

© 2022. The Author(s). Organic Materials 2022, 4,7-17
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Figure 2 Host-quest equilibria and association constants of Cgg and a) Aza[10]CPP 9 and b) N-Me-Aza[10]CPP 10 compared to [10]CPP'32, Changes in
fluorescence spectra upon addition of Cgg (Aexc =345 nm) for c) Aza[10]CPP 9 and d) N-Me-Aza[10]CPP 10 in toluene. e) Binding isotherms and fit
according to a 1:1 model for Aza[10]CPP 9 (blue, at 470 nm) and N-Me-Aza[10]CPP 10 (green, at 463 nm). f) Relative abundance of the Cgy complexes of
[10]CPP, Aza[10]CPP 9 and N-Me-Aza[10]CPP 10 in ESI-MS/MS with varied collision energy. See the Supporting Information for details.

fortable” for the fullerene to occupy the central binding cav-
ity. The significantly higher binding constant of Aza[10]CPP
compared with the parent [10]CPP, however, surprised us
initially, because we expected that these two compounds
would not differ in solvation, shape or strength of dispersion
between the host and guest. Nevertheless, the solid-state

structure and the DFT calculations (vide supra) suggest that
the lower average torsional angles in Aza[10]CPP and the
more spherical shape simply make this compound (even)
more pre-organized for the binding of Cgo, which is an effect
that also makes suitably sized (partial) nanobelts especially
good hosts for Cgo.9¢134.26 Based on the calculated frontier or-

© 2022. The Author(s). Organic Materials 2022, 4,7-17
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bital energies of Aza[10]CPP (Table 1), we suggest that this
host resembles [10]CPP in the fact that ground-state charge
transfer interactions based on the m-systems of host and
guest are not at play. However, we cannot rule out a more
localized electronic effect based on the interaction of the
pyridine lone pair and the m-system of the fullerene (un-
fortunately, meaningful insights cannot be gained from
UV-vis titrations due to extensive signal overlap between
Cgo and Aza[10]CPP).

To obtain further insights into the host-guest chemistry,
we decided to study the thermodynamics of the isolated
Aza- and N-Me-Aza[10]CPP complexes with Cgq also in the
gas phase. In these experiments, the complex is subjected
to energy-resolved collisions to induce decomposition while
controlling the collision energy. Recording the decline of the
charged complex into its fragments as a function of the col-
lision energy in the centre-of-mass frame (see the Support-
ing Information) results in the so-called survival yield. The
collision energy Esg, at which 50% of the complex has disso-
ciated into its components, is taken as a relative measure of
its stability. The collision experiments (see the Supporting
Information) reveal that all three noncovalent complex ions
dissociate into a positively charged CPP nanohoop and the
neutral Cgo. The localization of the positive charge on the
nanohoops is the result of either protonation or methylation
at the nitrogen atom or is caused by oxidation due to a con-
siderably lower ionization energy of the nanohoop com-
pared to Cgp (see DFT calculations in the Supporting Infor-
mation). The survival yield curves of the Cgy complexes with
the three nanohoops (Figure 2f) show a clear order of stabil-
ity. The Aza[10]CPP H*>Cg is the most stable complex, fol-
lowed by [10]CPP*>Cgg and finally N-Me-Aza[10]CPP*>Cg.
The protonated aza-complex, Aza[10]CPP H*>Cgp, was more
abundantly formed in our experiments than the oxidized
aza-complex, Aza[10]CPP*>Cgg, and chosen here due to its
better signal-to-noise ratio. However, both of these ionic
forms of the aza-complex exhibit the same stability. The
gas-phase stability of the isolated complexes thus follows
the same trend as observed in our solution-based equilibri-
um studies (vide supra).

DFT calculations confirm this stability trend. The frag-
mentation energies were calculated as the energy differ-
ences between the individual nanohoops plus free Cgp on
the one hand and the intact complex on the other hand (see
Table S3 in the Supporting Information). The calculations
confirm that the fragmentation path of lowest energy
requirement would lead in all cases to the charge being
located on the nanohoop. Moreover, the Aza[10]CPP H*>Cgg
exhibits a fragmentation energy of 1.82eV, indicating a
stronger binding energy than [10]CPP*>Cgg, for which the
fragmentation energy was 1.69eV.2” The N-Me-Aza
[10]CPP* allows for two extreme positions of the methyl
group towards the ring, i.e. pointing inwards (“in”) or out-
wards (“out”). For the “in” conformation of the N-Me-Aza

[10]CPP*>Cgp, a fragmentation energy of 1.63 eV was ob-
tained, which would lead to a slightly less stable complex
than [10]CPP*>Cgg, as confirmed by the collision experi-
ments. The “out” conformation shows with fragmentation
energy of 1.81eV, a similar stability to the Aza[10]CPP
H*>Cgp complex. It is well established that in solution the
phenyl groups of a CPP ring show a considerable “fluttering”
within their complexes even at relatively low temperatur-
es.”m132 We assume here a similar fluctuation in the gas
phase between “in” and “out” like positions of the methyl
group leading to the overall weakest bonding between the
nanohoop and fullerene sphere, as observed in the collision
experiments.

CPPs have emerged as suitable electron donors in con-
junction with fullerenes,’>™ and as supramolecular media-
tors of charge transfer between porphyrins and fullerenes.8f
To compare the influence of Aza[10]CPP and N-Me-Aza
[10]CPP relative to [10]CPP, we turned to time-resolved
transient absorption spectroscopy (TAS) on the fs- and ns-
timescale in the presence of electron-accepting Cg. To probe
different solvent polarities, we prepared mixtures of the dif-
ferent CPPs and Cg in toluene and THF at concentrations of
5x 107 M. Considering the low solubility of Cgo in THF, all
mixtures were first prepared in toluene with a 1: 1 molar ra-
tio of the CPPs and Cgy. Subsequently, toluene was evapo-
rated and the residue dissolved in THF. Absorption spectros-
copy confirmed the presence of the CPPs as well as Cg.
387 nm was selected as the excitation wavelength for the
time-resolved measurements, as it predominantly excites
the CPPs.?8 Initially, the three different CPPs were probed in
the absence of Cgg. In each case, deconvolution of the spectra
via global target analysis afforded three main species. The
first species on the fs-timescale is assigned to a hot singlet
excited state of the CPP with lifetimes ranging from 1 to
132 ps. In parallel to its decay, a second species is formed,
whose lifetime was derived from ns-TAS as its lifetime ex-
ceeded the fs-timeframe.

It is assigned to a relaxed singlet excited state of the cor-
responding CPP.2? Lifetimes of the second species range from
5.7 ns for [10]CPP to 1.4 and 2.5 ns for Aza[10]CPP and N-
Me-Aza[10]CPP, respectively. Eventually, a third species
evolves with a lifetime of 0.6 us for [10]CPP, which is as-
signed to its triplet excited state.3? Overall, the species-asso-
ciated spectra (SAS) show very similar features for [10]CPP
and Aza[10]CPP. To this end, the first and second species re-
veal features at 490, 670, 724 and 893 nm, while the third
species displays a broad band around 665 nm. In contrast,
all SAS of N-Me-Aza[10]CPP show a very broad absorption
across the entire visible range as well as a feature at 820 nm
for the singlet excited states.

Addition of Cgp to the three different CPPs introduces
considerable changes in the 3D fs- and ns-TAS heat maps
for the resulting CPP>Cgy complexes. Deconvolution via
global target analysis prompted also to the existence of

© 2022. The Author(s). Organic Materials 2022, 4,7-17
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Figure 3 Differential absorption spectra of a) Aza[10]CPP 9 and b) N-Me-Aza[10]CPP 10 with Cgo (5% 107 M, 1:1) obtained by fs-TAS at time delays
between 0.1 and 5500 ps after laser excitation at 387 nm measured in THF. Deconvoluted SAS obtained via global target analysis following a sequential

model (black-red-blue) of c) Aza[10]CPP 9 and d) N-Me-aza[10]CPP 10.

three species (Figure 3a). Those features which were seen for
the singlet excited states of [10]CPP and Aza[10]CPP were
missing. Instead, 460 and 980 nm signatures characterize
the first species. Its lifetime is around 8 ps and in light of
the appreciable ground-state interactions, we postulate the
direct charge-transfer population by photoexcitation. Fol-
lowing its decay, an additional feature at 1090 nm grows in
as the second species evolves, which is a known fingerprint
of the one-electron-reduced form of Cgy (Figure 3c).3132
Apart from that, the 460 nm marker represents the one-
electron-oxidized form of the CPPs. Taken the aforemen-
tioned into concert, we confirmed electron transfer to Cgg
and, in turn, formation of the charge-separated states
[10]CPP*>Cgp as well as Aza[10]CPP*>Cgp" as the second
species.13m

The lifetimes are 1.6 and 1.4 ns, respectively. Ns-TAS
spectra are dominated by a signal at 750 nm and lifetimes
of 25 and 24yps. This speaks for a charge recombination,
which yields the triplet excited state.?!

In contrast, adding Cgg to N-Me-Aza[10]CPP leads to no
significant changes in the 3D heat maps and no detection of
the fingerprint of the one-electron-reduced form of Cgq (Fig-
ure 3b,d), it is only on the longer ns-timescale, where the Cgg
triplet excited state is quenched compared to the other two
CPPs. This finding is not simply due to the lower association
constant (compared to [10]CPP and Aza[10]CPP), because
approx. 65% of the host-guest complex should be associated
under the conditions of the experiment. We suggest that, in
addition to the low LUMO level (see also Table 1), the posi-
tive charge density at the nanohoop in N-Me-Aza[10]CPP
might prohibit any electron transfer to Cg.

Conclusions

We were able to employ a synthesis protocol developed by
Jasti to prepare the previously unknown nitrogen-doped
nanohoops Aza[10]CPP and N-Me-Aza[10]CPP. A compara-
tive study of fundamental properties of the three related

© 2022. The Author(s). Organic Materials 2022, 4,7-17
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[10]CPP nanohoops revealed the following insights: (i) the
main absorption and fluorescence bands show only slight
shifts that are largely in agreement with results observed
for the smaller nitrogen-doped CPPs.'4b< (ii) Aza[10]CPP
binds Cgp about 20 times more strongly than [10]CPP, while
N-Me-Aza[10]CPP binds Cgg with a 10-fold lower affinity
than [10]CPP. Because these trends were also observed in
the gas phase, we propose that the high Cgq affinity of Aza
[10]CPP is a consequence of lower torsional angles between
phenylenes, which is corroborated by observations we made
in the solid state and by DFT calculations. The decreased Cgg
affinity of the charged N-Me-Aza[10]CPP is most likely a
steric rather than an electronic effect. (iii) Ultrafast transient
absorption studies revealed that photo-induced electron
transfer occurs in [10]CPP>Cgg as well as Aza[10]CPP>Cgg in
THF, where both CPPs follow a similar deactivation pattern
following laser excitation. In stark contrast, no electron
transfer was seen in N-Me-Aza[10]CPP>Cgg. We believe that
the results of this study at the interface of supramolecular
and materials chemistry will prove useful for researchers
seeking to create self-assembled functional materials.'>433

Experimental Section

All commercially available chemicals were purchased from
Sigma Aldrich, TCI Germany, VWR International, Fischer Sci-
entific, Carl Roth GmbH & Co., Acros Organics or Alfa Aesar.
All of them were used without further purification. Anhy-
drous solvents were dried prior to use on an MBraun SPS-
800 system.

For details on instrumentation and detailed methods,
please refer to the Supporting Information.

Synthetic Procedures

Synthesis of compound 8: Under N,, 6 (200 mg, 0.20 mmol,
1.0 equiv), 7 (93.0mg, 0.20mmol, 1.0 equiv), NaHCO;
(168 mg, 2.00 mmol, 10 equiv) and n-BuyNBr (13.0 mg,
0.040 mmol, 0.2 equiv) were added to a pressure flask and
dissolved in a mixture of degassed toluene (45 mL), metha-
nol (5mlL) and water (2.5 mL). The mixture was degassed
for 10min using a N, stream, Pd(PPhs3); (23.0mg,
0.020 mmol, 0.1 equiv) was added and the mixture was
heated to 90°C for 18 h. The organic solvents were removed
under reduced pressure, brine (50 mL) was added and the
mixture was extracted with CH,Cl, (2 x50 mL). The com-
bined organic layers were dried over MgSO,4 and concen-
trated under reduced pressure. The crude product was puri-
fied by column chromatography (CH,Cl,/EtOAc 5:1—3:1)
to remove less polar side-products. The fraction-containing
product and some minor impurities were used without fur-
ther purification for the next step.

Synthesis of Aza[10]CPP 9: Under N,, naphthalene
(641 mg, 5.00 mmol, 1.0 equiv) was dissolved in anhydrous
THF (10mL). Small pieces of sodium metal (171 mg,
7.50 mmol, 1.5 equiv) was added to the solution, which was
stirred for 16 h at room temperature yielding sodium naph-
thalenide as a dark green solution. Under N, 8 (28.0 mg,
0.028 mmol, 1.0 equiv) was dissolved in anhydrous THF
(10 mL) and cooled down to - 78 °C. The freshly prepared so-
lution of sodium naphthalenide (1.32mL, 0.5M,
0.653 mmol, 24.0 equiv) was added dropwise, yielding a
dark violet solution which was stirred at — 78 °C for further
90 min. The reaction was quenched by adding a solution of
iodine in THF. An aqueous solution of NayS;03 was added
and the reaction was extracted with CH,Cl, (2 x 50 mL) and
the combined organic layers were dried over MgSO4 and
concentrated under reduced pressure. The crude product
was purified by column chromatography (CH,Cl»/PE 2:1 =
DCM) to yield 9 as a yellow solid (13.0 mg, 0.017 mmol, 9%
over two steps).

'H NMR (CDCl3, 500 MHz): 6 =8.85 (d,4J=2.3Hz, 1 H, Hc),
8.03 (d, 3]=8.7Hz, 2 H, Ph-H), 7.98 (dd, 3]=8.6,4/=2.3 Hz, 1
H, Hg), 7.73 (d, 3]=8.6 Hz, 1 H, Hp), 7.64 (d, 3]=8.8 Hz, 2 H),
7.60-7.49 (m, 32H, Ph-H) ppm.

13C NMR (CDCl3, 101 MHz): § =154.8, 147.5, 139.9, 139.1,
138.7, 138.5, 138.5, 138.4, 138.4, 138.3, 138.3, 138.2, 138.2,
137.4,135.3, 133.3, 132.7, 131.7, 128.8, 128.0, 127.9, 127.7,
127.6,127.6,127.5,127.5,127.4,127.4,119.5, 115.5 ppm.

HRMS (MALDI): m/z calcd for CsgH3g N: 761.3083, found:
761.3078 [M]*.

Synthesis of N-Me-Aza[10]CPP 10: Under N,, Aza[10]CPP
9 (3.5 mg, 4.6 umol, 1.0 equiv) was dissolved in anhydrous
CH,Cl; (3 mL). Methyl triflate (2.5 L, 23 pmol, 5 equiv) was
added dropwise. The color of the reaction solution changed
from a bright yellow to a darker yellow. The reaction was
stirred for 20 h at room temperature and quenched by addi-
tion of aqueous NH4ClI solution. The aqueous phase was sep-
arated, extracted with CH,Cl, (2 x 20 mL) and the combined
organic layers were dried over Mg;SOg4. The solvent was re-
moved under reduced pressure and the crude product was
purified by column chromatography (CH»Cl; —» 5% MeOH in
CH,Cl,) to yield 10 as a yellow solid (3.8 mg, 4.1 pmol, 89%).

TH NMR (CDCl3, 400 MHz): 6 =9.63 (d,4/=1.9Hz, 1 H, H),
8.06 (dd, ?J=8.7,4=1.8Hz, 1 H, Hg), 7.84 (d, 3)]=8.5Hz, 2 H,
Ph-H), 7.73 (d, 3]=8.6 Hz, 2 H), 7.69-7.50 (m, 32 H, Ph-H),
7.45 (d,3]=8.6Hz, 1 H, Hp), 4.81 (s, 3 H, CH3) ppm.

3C NMR (101 MHz, CDCl3): § =152.5, 145.1, 144.6, 141.7,
141.7, 139.8, 139.5, 139.0, 138.5, 138.4, 138.4, 138.3, 138.2,
138.2, 138.0, 137.4, 137.1, 137.0, 130.9, 130.7, 129.7, 129.7,
129.2, 129.1, 128.3, 127.8, 127.7, 127.6, 127.6, 127.5,
48.3 ppm.

19F NMR (376 MHz, CDCl3) § = - 78.23 ppm.

HRMS (MALDI): m/z = calcd. for CgoHgy N: 776.3317,
found: 776.3322 [M]".

© 2022. The Author(s). Organic Materials 2022, 4,7-17
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Further synthetic procedures are described in the Sup-
porting Information.
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