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A Saddle-Shaped Expanded Porphyrinoid Fitting C,,**
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Dedicated to Professor Gerhard Erker.

We present the synthesis of a new type of an expanded
porphyrinoid macrocycle with a saddle-shaped morphology
and its complexation of Cg, guest molecules. The new macro-
cycle contains four carbazole and four triazole moieties and can
be readily synthesized via a copper-catalyzed click reaction. It
shows specific photo-physical properties including fluorescence

Introduction

Expanded, m-extended porphyrins™ and similar macrocyclic n-
systems have attractive properties not only in coordination
chemistry” but also in electrochemistry,”” molecular
recognition™ and host-guest interaction.”’ Large conjugated n-
systems with defined structures are often hard to synthesize,
with the annulation of the monomeric aromatic moieties being
the prevalent obstacle most of the time.” Additionally, macro-
cyclization often yields products of different ring sizes that can
be hard to separate. Nonetheless, expanded porphyrins receive
much attention in the state-of-the-art research, due to their
potential in supramolecular photo electronics.”

For host-guest interactions of curved molecules a concave
structure is preferred, especially for the binding of fullerenes.
But also fullerene peapods, like carbon nanotubes and macro-
cycles consisting of aryl or heteroaryl as well as organometallic
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with a high quantum yield of 60%. The combination of the
saddle-shaped geometry with the expanded zn-system allows for
host-guest interactions with Cg, in a stacked polymer fashion.
Evidence for the presence of a host-guest complex is provided
both in solution by NMR spectroscopy and in the solid state by
X-ray structure analysis.

moieties are known.® Recently, a molecular nanobarrel was
reported to host Cg,.”

Porphyrins and their expanded derivatives often have a flat,
twisted or band-like morphology, which is less suitable for
molecular interactions with a ball-shaped molecule like
fullerene” that prefers a host molecule of a concave design.”
To realize a suitable binding site for fullerenes nonetheless,
aromatic substituents and additional concave structures have
been added."” Polycyclic hydrocarbon cores are used in the
design of a “buckycatcher” by Sygula, Alvarez, and Torroba with
two or four attached corannulene moieties in a tweezer-like
conformation fitting perfectly one and two fullerenes
respectively."? Another novel approach is to modify the
molecule in such a way that it obtains a concave shape. This
can be achieved by introducing strain, like in corannulene
derivatives™ or even bigger rings, gaining a bowl- or saddle
shaped structure '

In the following we report on an expanded porphyrinoid
macrocycle with a saddle shape morphology that is suitable to
host fullerene by n- 7 interactions.

Results and Discussion

Previously, we reported the synthesis of a carbenaporphyrin
ligand."™ In the key step of its synthesis, the macrocyclization
via a copper catalyzed azide alkyne cycloaddition (CuAAC, click
reaction), we recognized the formation of side product
(Scheme 1). Like the main product 1, the 'H NMR spectrum of
the isolated side product shows seven characteristic signals in
the aromatic region, which are however, shifted over a broader
chemical shift range. Mass spectrometry reveals the main signal
at m/z=1378.8, which corresponds to twice the mass of the
main macrocycle 1 (IM+H]"). Therefore, we identified it as the
macrocycle 2 that is formed from two moieties of each the
carbazolyl dialkyne and the carbazolyl diazide substrate. We
could improve the formation of this colorless macrocycle 2 to
up to 23% isolated yield by increasing the substrate concen-
tration in the click reaction. Since we still need 1, we obtained
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Scheme 1. Synthesis of 1 and 2 via a CuAAC click reaction and illustration of
the construction of the expanded porphyrin 2 by formal annulation of two
bisected porphyrins (and substitution of four C atoms by N) as building
blocks.

enough of 2 so that further optimization of the selectivity of
the reaction towards 2 is not necessary at this stage.

The '"HNMR spectrum is consistent with a C,, symmetric
macrocycle. At 11.87 and 10.75 ppm two signals for the
chemically different carbazole NH-protons can be observed. The
triazole has a distinct signal at 8.80 ppm leaving the four
aromatic signals of the carbazole protons as doublets between
8.5 and 7.7 ppm. Additionally, two signals at 1.54 and 1.46 ppm
are detected with an integral of each 36H for the two
inequivalent tert-butyl groups.

The macrocyclic framework consists only of sp? hybridized
carbon and nitrogen atoms. All nitrogen atoms are situated on
the inner ring, which results in four NNN-pincer-like pockets
(Scheme 1) that can be regarded as half a porphyrin each.
Merging (and formal substitution of C by N) forms a so-called
expanded porphyrin with 36 atoms in the inner ring. The NNN-
pincer moieties could be additionally functionalized by metal
complexation.

The optical properties of 2 in THF were studied by steady-
state UV/vis absorption and -fluorescence spectroscopy, as well
as transient absorption spectroscopy (Figure 1). We observe a
first absorption band with maxima at 373 and 357 nm followed
by a second, larger band at 298 nm. Upon excitation at 305 nm,
we detect a narrow fluorescence maximum at 383 nm as well as
a broader signal at 400 nm with a tailing shoulder at 425 nm

Chem. Eur. J. 2023, €202302104 (2 of 6)

Energy / eV
a) 4.96 4.13 3.54 3.1 2.76 2.48
—— Absorbance —— Emission A
E] el
] L]
g =y
=] 7]
] =
2 2
5 1=
@
E 1=
250 300 350 400 450 500
Wavelength / nm
Energy / eV
b) 3.1 2.48 2.07 1.77 1.24 0.83

Delay time / ps

600 700 1000 1500
Wavelength / nm

Figure 1. Optical properties of 2 in THF: a) Normalized steady-state
absorption (red) and fluorescence (blue) spectra. b) UV/vis/NIR transient
absorption spectrum after 350 nm excitation within a spectral window of
350 nm-1600 nm and a pump-probe delay of 150 fs-8 ns. The color code on
the right refers to the magnitude and sign of the differential absorption
(excited state - ground state). The white solid line exemplifies the transient
absorption spectrum after 1 ps in arbitrary units.

and a fluorescence quantum yield of 60%. For comparison, we
note that the dimeric macrocycle 1 exhibits similar, hypso-
chromically shifted spectral features (first absorption/
fluorescence maximum at 360 nm/378 nm) with roughly half
the reported quantum yield of 2.1'”

UV/vis/NIR transient absorption spectroscopy of 2 in THF
following 90 fs pump pulses at 350 nm (1 pJ/pulse) shows the
expected ground-state bleach as well as broad excited-state
absorption centered at 445 nm, 620 nm, and 1020 nm. All three
features exhibit similar exponential decay kinetics, which can be
fit with two short lifetime components on the order of 10 ps
and 200 ps as well as one long-lived process on the order of
8ns. We note that the strong excited-state absorption at
1020 nm is reminiscent of other porphyrinoids,"” where it has
been ascribed to a transition from the S, excited state to the
1'E, state." In contrast to such classical porphyrinoid features,
we do not observe a significant Q-band or any long-lived
transitions at a pump-probe delay >10 ns, which would be
indicative of intersystem crossing into a triplet state.

DFT and TD-DFT calculations show similar molecular orbitals
and electronic transitions of 1 and 2, with the molecular orbitals
being mostly localized on one aromatic moiety and, in the case
of 2, also on opposite moieties. Macrocycle 2 has twice the
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number of aromatic moieties and thus, twice the number of
MOs that mostly are pairs of spatially and energetically similar
orbitals originating from the symmetric nature of the macro-
cycle. Consequently, this leads to energetically closer electronic
transitions, which can be recognized from the UV/VIS spectrum
via a smaller distance of the bands (see Supporting Information
for more details).

Single crystals suitable for X-ray diffraction could be
obtained from a supersaturated solution of 2 in acetonitrile. The
solid-state molecular structure confirms the tetrameric nature
consisting of four carbazole moieties linked by four triazole
moieties (Figure 2). The carbazole moieties are connected
pairwise either to the N or the C atom of the triazole, which is
however, not resolved in the crystal structure due to a
stoichiometric disorder of the triazole nitrogen and carbon
positions. In the crystal, one carbazole moiety is mn-stacked
antiparallel to the carbazole moiety of a second molecule with
an interplanar distance of 3.79 A.

Within the four NNN-pincer-like pockets, the carbazole
nitrogen atoms are 2.9 A apart from the respective triazole
nitrogen atoms, which are 4.3 A apart from each other (mean

14 A /

Figure 2. Top: Solid-state molecular structure of macrocycle 2 hosting one
acetonitrile molecule in the central cavity (anisotropic atomic displacement
parameters at the 50% probability level). For clarity, tert-Bu moieties are
shown with wireframe. Bottom: Wireframe side view of macrocycle 2.
Hydrogen atoms and co-crystallized acetonitrile molecules are omitted. All
distances are displayed as mean values.
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values). This resembles the distances in porphyrin derivates, for
example, porphin with 2.889 A and 4.112 A respectively.

The alternating linkage of the carbazole and triazole
moieties leads to a strain in the macrocycle that is reduced by
adopting a saddle-shaped conformation. The carbazole moieties
at opposite sides are tilted pairwise by 80° and 95° against each
other. We attribute the difference to packing effects and the
mentioned intermolecular n-interaction of one carbazole moiety
in the solid state. This is reasonable as DFT calculations in the
gas phase show a smaller difference of this tilting (93° for the
N-bonded and 90° for the C-bonded carbazole planes). The
saddle shape of 2 results in two concave cavities, with a mean
distance between the two symmetry-equivalent carbazole
moieties in the solid-state structure of 11 A (measured from the
carbazole centers). The height of each cavity, determined from
the center of the molecule to the plane spanned by the tertiary
carbons of the corresponding tert-butyl groups measures 4.4 A.
Such large voids spanned by an extended n-system can be very
useful in host-guest complexation. With its large aromatic
system and the perfect diameter of about 10 A, the Cg, fullerene
is a promising candidate to form a host-guest complex with
potentially interesting properties."

Addition of C4 to macrocycle 2 in toluene-dg shows clear
signs of a host-guest interaction by distinct shifts of '"H NMR
signals: The signals of the t-Bu groups shift from 1.354 to
1.377 ppm and 1.509 to 1.531 ppm upon titration with 5 equiv.
of Cq, (Figure 3). The aromatic signals show a similar down-field
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Figure 3. Titration of 2in toluene-dg (4.3 mM) with Cg, in toluene-dg (2.8 mM)
followed by "H NMR spectroscopy (400 MHz): shift of the t-Bu signals (top)
and correlation between the shift difference of the t-Bu signal at 1.35 ppm
and the amount of added fullerene (concentration of 2 not constant).
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shift of about 0.02 ppm each. The concentration of 2 was not
kept constant, however, a mere concentration effect on the
chemical shift due to the titration can be excluded as diluting a
solution of pure 2 in toluene-dg causes no change of the NMR
spectrum. The result shows qualitatively that the binding
affinity is rather low.

In contrast to the good detectability by NMR spectroscopy,
the host-guest complexation could neither be detected in the
UV/VIS nor in the fluorescence spectra. Optical spectroscopy
requires significantly lower concentrations (0.5-30 uM) than the
aforementioned NMR experiments (4 mM) in order to maintain
sufficient transmission and/or prevent reabsorption. Due to the
low binding constant, the strong dilution hampers the
formation of the host-guest interaction. The IR (ATR) spectrum
of the host-guest complex shows no significant difference
compared to the superimposed spectra of the starting materials
2 and C,.

Nonetheless, from a saturated solution in toluene it was
possible to grow single crystals suitable for X-ray diffraction by
diffusion of methanol. Despite their weak diffraction, we could

Figure 4. The solid-state molecular structure of the host-guest complex
2°(Cgo), between 2 (black) and C, (view along the b-axis; blue: Cg, along the
ligand chain; red: lateral Cg). For clarity, all molecules are shown using
wireframes, and hydrogen atoms as well as a third type of Cg, (see Figure 5)
are omitted. The red dot marks the center of 2 and of one fullerene.
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Figure 5. View along the ag-axis of the solid-state structure of the host-guest
complex 2(Cg), between 2 (black) and Cq (blue: in the coordination polymer
strain; red and green: lateral). All molecules are shown as wireframe, and
hydrogen atoms are omitted for clarity.
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obtain the molecular structure (Figures 4 and 5) of the host-
guest complex between macrocycle 2 and C,.

The fullerene interacts not only with the aromatic carbazole
n-system in the concave confinement on both sides of each
carbazole, but also at the exterior side of each carbazole moiety
resulting in a 4:1 ratio of fullerene to 2. The core of the
structure 2°(Cq), consists of a polymeric chain, in which one
type of fullerenes (Figure 4, blue) is encapsulated by the
concave shell of two macrocycles. Thus, this Cq, is coordinated
by four carbazole moieties from two different macrocycles in a
tetrahedral manner. Only a handful of similar host-guest
structures are known®***” with even fewer forming columns of
alternating host-guest complexes.”?" The remaining concave
shell of each macrocycle is also occupied by fullerene in the
same manner, thus forming a one-dimensional coordination
polymer. This polymer strand is flanked by additional fullerenes
coordinated to the lateral n-system of each carbazole moiety
which forms additional concave confinements by London
dispersion with the tert-butyl groups of the two adjacent
carbazole moieties. This leads to the second type of fullerene
that is coordinated along the c-axis of the unit cell (marked in
red) and requires two fullerenes per macrocycle. For the third
type of fullerene (Figure5, green) the flanking fullerene
interconnects two polymer strands. The host macrocycle shows
an inclination of the carbazole planes of 71° and 95° which
reveals that hardly any conformational change in the free
macrocycle 2 (80° and 95°) is necessary for the complexation of
the fullerenes. The slightly different angles also result in slightly
different distances between the center of 2 and the two
coordinated Cq, in the a-direction of 6.9 and 6.7 A measured
from their centroids. Thus, the Cg-Cq, distance through the
macrocycle measures 13.6 A, which is slightly longer than in the
alternating complex between Cg, and an extended phthalocya-
nine (12.7 A).%) In the geometrically more related thiacalix[4]DTT
host-guest complex the fullerenes are only slightly further apart
(10.3 A) than in pure Cq, crystals (10.0 A), which is a conse-
quence of the less rigid binding pocket of that host."'?

Conclusions

In conclusion, we synthesized an expanded, =-extended
porphyrinoid that exhibits a violet-blue fluorescence with 60%
quantum yield. Its unique n-conjugated saddle-shaped geome-
try results in two bowl-shaped confinements of 11 A which are
suitable for accommodating Cg. The complexation of Cg, is
realized by n-n interactions as well as London dispersions. This
results in a one-dimensional coordination polymer whose
strains are further connected by lateral coordinated fullerenes.
Besides the possibility of hosting other convex molecules, an
additional feature of our macrocycle 2 are the NNN-pincer
moieties that could be further functionalized, for example, by
complexation of metal ions. This could make this new macro-
cycle an interesting ligand for combining both host-guest
interactions and coordination chemistry.
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Experimental Section

General Information: Unless otherwise stated, all reactions were
carried out under an argon atmosphere in dried and degassed
solvents using Schlenk technique. Toluene, tetrahydrofuran, di-
chloromethane, and diethyl ether were dried using an MBraun SPS-
800 solvent purification system. Deuterated solvents were dried
with standard purification methods and degassed.”” The precursors
3,6-di-tert-butyl-carbazole®™ and 1,8-diethynyl-3,6-di-tert-butyl-
carbazole” were synthesized according to the literature. Support-
ing Information contains the numbering scheme for the NMR peak
assignment.

CCDC Deposition Number(s) 2245615 (Macrocycle2) and 2245616
(Complex2) contain(s) the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.

Synthesis of macrocycle 2: In a modification of the procedure
described earlier,™ a round bottom flask with 1,8-diazido-3,6-di-
tert-butyl-carbazole (1.00 g, 2.77 mmol, 1 eq), 1,8-diethynyl-3,6-di-
tert-butyl-carbazole (906 mg, 2.77 mmol, 1 eq) copper sulfate
pentahydrate (69.0 mg, 277 umol, 0.1 eq), TBTA (155 mg, 277 umol,
0.1 eq) and sodium ascorbate (274 mg, 1.38 mmol, 0.3 eq) were put
under argon. 500 mL of degassed tetrahydrofuran and triethyl-
amine (2.88 mL) were added. The flask was sealed and heated to
60 °C under stirring for 3 d. After filtration and concentration of the
suspension in vacuo to 18 g, 40 mL of methanol were added, and
the precipitate was filtered off and washed with two times 4 mL of
methanol to yield 440 mg (23%) of the small macrocycle 1 as a
white solid. The solution was then concentrated to half the volume
to precipitate the raw product of 2 overnight, which was filtered off
and eluted over silica gel with diethyl ether. The eluate was washed
with pentane and dried in vacuo to yield macrocycle 2 (430 mg,
23 %) as an off-white solid.

'H NMR (THF-dg, 500.11 MHz) § 11.87 (s, 2H, H-19), 10.75 (s, 2H, H-
9), 8.80 (s, 4H, H-5), 8.46 (d, “Jyy=1.7 Hz, 4H, H-4), 8.15 (d, *Jyu=
1.8 Hz, 4H, H-14), 7.82 (d, YJyy=1.7 Hz, 4H, H-12), 7.78 (d, “Jyy=
1.8 Hz, 4H, H-2), 1.54 (s, 36H; H-21), 1.46 (s, 36H; H-25). 'H NMR
(toluene-dg, 400.11 MHz) 6 12.25 (s, 2H, NH), 10.75 (s, 2H, NH), 8.40
(d, “Juy=1.5Hz, 4H, Ar-H), 8.26 (d, *Jyy=1.5 Hz, 4H, Ar—H), 7.83 (s,
4H, H-5), 7.69 (d, “J,y=1.8 Hz, 4H, Ar—H), 7.31 (d, “Jy4=1.8 Hz, 4H,
Ar—H), 151 (s, 36H, t-Bu), 1.36 (s, 36H, t-Bu). *C NMR (THF-d,,
125.11 MHz) 0 148.7 (C4’), 144.2 (C3), 142.5 (C13), 136.9 (Cl4a),
134.5 (C4a), 126.9 (C1), 125.2 (C11), 123.2 (Cla), 122.3 (C5), 121.6
(C12), 120.7 (C2), 118.8 (C4), 117.0 (C14), 114.3 (C11a), 35.8 (C20),
35.5 (C24), 32.6 (C25), 32.4 (C21). ESIT: (MeCN) 1378.81 [M+H]",
689.93 [M42HI*". IR: (ATR) 3419, 2959, 2901, 2869, 1598, 1487,
1433, 1363, 1290, 1175, 1037, 869, 785, 672, 651, 608 cm ™.

Synthesis of the host-guest complex 2°(Cg),: A solution of 2
(4.0 mg, 2.9 umol, 1 eq) in 0.2 mL toluene was added to a solution
of Cg, (4.2 mg, 5.8 umol, 2 eq) in 2.0 mL toluene. After diffusion of
methanol into the solution large crystals of the host-guest complex
2%(Cq), could be obtained, which reveals a stoichiometry in the
crystal of 2:Cq, = 1:4.%

Supporting Information
The Supporting Information contains NMR, IR and UV spectra,
information on the X-ray structure analyses” as well as the DFT

calculation results. The authors have cited additional references
within the Supporting Information.?*”
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A saddle-shaped macrocyclic host:
An expanded porphyrinoid macro-
cycle with a saddle-shaped structure
was synthesized. It is suitable for
host-guest complexation by n- 7 in-
teractions with four equivalents of

fullerene Cq, in all three directions.
UV/vis/NIR transient absorption spec-
troscopy exhibits a strong long-lived
NIR absorption reminiscent of that of
porphyrins but shows no porphyrin-
type Q-band.
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