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ABSTRACT: Cyclic porphyrin trimers were synthesized
through one-step cyclooligomerization via alkyne metathesis
from diyne monomers. These macrocycles show interesting
host—guest binding interactions with fullerenes, selectively
binding C,, (6 X 10> M™') over Cg and Cg, (no binding
observed). The fullerene-encapsulated host—guest complex can
undergo guest or host exchange in the presence of another guest
(2,4,6-tri(4-pyridyl)-1,3,5-triazine) or host (cage COPS) mole-

cule with higher binding affinity.

Host-Exchange

C,@COP5

orphyrin-based compounds have been of great interest in
molecular electronics,' ™ host—guest chen1istry,4_6 catal-
ysis,”" solar energy conversion,” and molecular sieving.'”"'
Since the discovery of the light-harvesting antenna (LH2) with
ring-like arrangement of porphyrinic chromophores in the
purple bacterium Rhodopseudomonas acidophila,">"* oligomeric
cyclic porphyrins have attracted tremendous research inter-
est.”"*'> A cyclic array of porphyrins offers many attractive
teatures, such as large internal voids, unprecedented electronic
properties (e.g, migration of excitation energy and electronic
coupling), and unusual coordination environment synergisti-
cally provided by multiple porphyrin centers. In addition to the
unique physical properties, such cyclic structures alone,
especially covalently linked stable multiporphyrin rings, are
interesting and synthetically challenging. Two approaches have
been explored so far: template-assisted preorganization
followed by cyclization, and stepwise synthesis of linear
oligomers and subsequent cyclization under high dilution
conditions.'® Elegant Vernier-templating syntheses of multi-
porphyrin nanorings reported by the Anderson group represent
a milestone in the synthesis of porphyrinic macrocycles.'” =’
These previous synthetic approaches heavily rely on cross-
coupling reactions, which have a high tolerance of functional
groups and generally give high yields in individual steps, yet are
irreversible and unable to correct undesired bond formation.
Dynamic covalent chemistry is a conceptually distinctive
approach that relies on reversible covalent reactions under
thermodynamic control.”' ** Herein, we report template-free,
one-step synthesis of trimeric porphyrin macrocycles through
alkyne metathesis cyclooligomerization in excellent yields.
Provided a large internal cavity, these macrocycles show
interesting host—guest binding interactions with fullerenes
and pyridine derivatives.
Symmetric porphyrin monomers (1—3) bearing ethynylene
groups were designed and synthesized as the building blocks for
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the cyclic trimers 4 and 5 (Scheme 1). Since alkyne metathesis
is a reversible reaction, the equilibrium can be driven to the

Scheme 1. Synthesis of Cyclic Porphyrin Trimers
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product side by removal of one alkyne product. Either
(benzoyldiphenyl)acetylene (PPT) or propynyl substituents
were attached to the phenyl groups on the 5- and 15-meso
positions, in order to easily remove byproduct bis-
(benzoyldiphenyl)acetylene (PPT—=—PPT) by precipita-
tion or 2-butyne by trapping in 5 A molecular sieves. Although
the precipitation-driven alkyne metathesis approach is not atom
economic, installation of polar PPT groups facilitates the
purification of monomers (e.g., the purification of monomer 1
was much easier than monomer 2). Tetradecyl chains were
installed on monomer 3 to obtain the macrocyclic product with

Received: May 3, 2016
Published: June 6, 2016

DOI: 10.1021/acs.orglett.6b01293
Org. Lett. 2016, 18, 2946—2949



Organic Letters

better solubility. Alkyne metathesis**~>’ was then conducted at

45 °C for 16 h using an in situ generated molybdenum catalyst
consisting of a multidentate triphenolsilane ligand.”® The
desired product 4 was obtained in good isolated yields either
from monomer 1 (83%) or from monomer 2 (80%). Similarly,
macrocycle 5 was obtained in good yield (82%) from monomer
3 through the precipitation-driven alkyne metathesis approach.
The Zn-metalated analogue (Zn-4) was conveniently obtained
from macrocycle 4 in high yield (93%).

As mentioned previously, one-step cyclooligomerization
through dynamic alkyne metathesis is conceptually different
from the kinetically controlled cross-coupling approach. The
former provides the most thermodynamically favored product
at the equilibrium, whereas product distribution is kinetically
determined in the latter approach. It has been reported that
Glaser coupling of a similar porphyrin building block
substituted with 3-ethynylphenyl groups at $5,15-positions
yielded a mixture of a cyclic dimer (20%) and a cyclic trimer
(18%) under high dilution conditions in the presence of large
excess of Cu(I) catalyst (0.5 mM monomer solution, 120 equiv
cat, 80 °C for 24 h).*® This is in great contrast to the
predominant formation of the thermodynamic product, cyclic
trimer (4/5, >80%), under high concentration (120 mM
monomer solution) and mild conditions (3 mol % cat., 45 °C
for 16 h) presented herein, highlighting the power of the
dynamic covalent assembly approach.

The cyclic porphyrin trimers 4 and $ were fully characterized
using gel permeation chromatography (GPC), matrix-assisted
laser desorption/ionization-time-of-flight mass spectrometry
(MALDI-TOF MS), and 'H and C NMR spectra. The
GPC trace of macrocycle 4 showed a narrow peak (PDI =
1.04), indicating that a single species was formed (Figure S1).
MALDI-TOF mass spectra of 4 and S5 showed molecular ion
peaks ([M + Li]*) at m/z 2642.07 and 3346.83, respectively,
which are consistent with the calculated theoretical values
(Figure S2). Both 'H and "*C NMR spectra displayed one set
of signals for each aromatic proton on the backbone of the ring,
confirming the high symmetry of the macrocycle. Two singlets
were observed for aromatic protons (Hf and H8) of the mesityl
group, and three singlets were observed for the methyl protons
(H" H!, and H). This result indicates that the rotation of the
mesityl ring is restricted within the NMR time scale,
presumably due to the rigidity of the structure and the steric
hindrance between the methyl group and porphyrin hydrogen.
The structures of 4 and 5 were further confirmed by various 2D
NMR spectra (gCOSY, gHSQC, gHMBC, and ROESY, Figures
$20—S30).

Multiphorphyrinic  structures have been reported to be
excellent fullerene receptors.”***~*' Hydrogen-bonded or
metal—ligand-bonded supramolecules containing porphyrin
moieties are most commonly studied, while robust covalently
linked multiporphyrin hosts are relatively less explored,
primarily due to their laborious syntheses.*” Cyclic porphyrin
trimers (4, S, and Zn-4) were examined as possible hosts for
fullerenes. "H NMR titration experiments of the macrocycles
with fullerenes were conducted at room temperature in
toluene-dg. Interestingly, we did not observe any binding
interactions of these macrocycles with Cqy or Cgy On the
contrary, all three macrocycles showed high affinity for C,,.
Upon C;, binding, the resonance peaks of endo protons (H°
and H') showed significant downfield shifts, and those of exo
protons (H and H") shifted slightly upfield (Figures S5, S9,
and S13). Analysis of the Job plot (Figures S7, S11, and S14)
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showed that the binding interactions between C,, and these
macrocycles are in 1:1 stoichiometry, with association constants
(Kyssoc) of 6.1 X 10% 6.9 X 10% and 6.2 X 10> M, respectively,
for 4, S, and Zn-4. Such host—guest interactions between Cy,
and the macrocycles are further confirmed by MALDI-TOF
MS of a mixture of C,, and each macrocycle, which showed the
peaks corresponding to the pure macrocycle and the 1:1
complex (e.g., C,o@4). The selectivity toward C,, over Cg, and
Cygy likely arises from the rigidity of these trimers, which
provides a well-defined cavity of a certain size with
preorganized functional groups (i.e, porphyrin) interacting
with fullerenes. The internal cavity of the macrocycle (diameter
~1.4 nm) is likely too small to accommodate Cg, and too large
for binding Cg;. Our results show the great advantage of rigid
ethynylene-linked macrocyclic structures, offering preorganiza-
tion and size-based recognition and thus high guest-binding
affinities and selectivity.

The binding selectivity of these macrocycles toward C, over
Cgo and Cgy is attractive, which could have potential
applications in fullerene purification. We envisioned that the
fullerenes encapsulated inside the cavity can be released by the
addition of a proper guest with a higher binding affinity. We
chose tritopic Zn-4 consisting of three metalated porphyrin
moieties as the model system and tridentate 2,4,6-tri(4-
pyridyl)-1,3,5-triazine (Py;T) as the replacing ligand, which
has good shape complementarity with the cavity of the host.
Sanders and co-workers previously reported that a butadiyne-
linked cyclic porphyrin trimer has an affinity of ca. 10’ M~ for
Py;T.**** Similarly, ethynylene-linked Zn-4 shows a high
binding affinity toward Py;T. We performed 'H NMR and
UV—vis titration experiments in order to evaluate the binding
affinity of Py;T to Zn-4. In the NMR titration experiment
(Figure S16), the addition of Py,T to the solution of Zn-4
resulted in the decreasing signals of free Zn-4 with the
appearance of a new set of peaks in the more downfield region.
The presence of two distinct sets of NMR signals
corresponding to free Zn-4 and the ligand-encapsulated
complex Py;T@Zn-4 indicates that the ligand dissociation/
association is slow on the NMR time scale at room
temperature. When 1.0 equiv of Py;T was added, the proton
peaks of the free host almost completely disappear and the
signals corresponding to the complex Py;T@Zn-4 increase to
the full intensity. In the UV—vis titration experiment (Figure
S17), we observed decreasing absorption of the free host and
increasing absorption of the complex. UV—vis titration data
further support the formation of a 1:1 inclusion host—guest
complex. The binding constant for Py;T@Zn-4 was estimated
to be around 4 X 10° M™%,

Given the high binding affinity of Zn-4 toward Py,T, we
performed a guest exchange experiment (i.e., releasing of Cy
from the host—guest complex C,,@Zn-4 and re-encapsulation
of Py,T) (Figure 1). Since the guest molecules are bound to the
hosts through supramolecular interactions, their release and
rebinding are under equilibrium. The introduction of a second
guest would cause the competition between the two guest
molecules to complex with Zn-4. To demonstrate the release of
C,, and re-encapsulation of Py;T, we titrated the mixture of
Zn-4 and C; (1:1 molar ratio) with Py;T. On addition of Py;T
to the mixture, we observed a decrease of the original peaks of
C,y@Zn-4 and emergence of a new set of peaks corresponding
to Py;T@Zn-4 (Figure S18). When ~1.0 equiv of Py;T was
added, clean formation of Py;T@Zn-4 was observed, indicating
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Figure 1. (I) Schematic representation of the guest exchange
experiment; (II) 'H NMR spectra of free Zn-4 (a), a complex
obtained after the addition of 1 equiv of Cy, to Zn-4 (b), a complex
obtained after the addition of Py;T to the solution in b (c), and a
complex obtained from a 1:1 molar ratio of Zn-4 and Py,T (d).

nearly complete release of C,, and replacement by Py;T
(Figure 1).

Previously, our group reported the free base bis-porphyrinic
cage COPS (Figure 2b), which can reversibly bind with

(@ Cno COP5
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Figure 2. (a) Host exchange experiment: In the presence of COPS,
C,, is released from macrocycle 4 and re-encapsulated by COPS; (b)
the structure of COPS; (c) 'H NMR spectra of COPS5 (1), C,,@
COPS5 (2), a mixture of 4 and C,, in 1:3 molar ratio (3), and the
mixtures after addition of 0.2, 0.4, 0.8, 1.2, and 1.6 equiv of COPS (4—
8, respectively).
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fullerenes upon acid/base stimuli.”> With a binding constant of
1.5 X 10® M™! toward C,, and 1.4 X 10° M™! toward Cg, in
toluene, COPS is one of the most C,-selective hosts reported
and has shown great promise for purification of fullerenes.
Given the ~10° times higher binding affinity of COPS toward
C;o compared to that of macrocycle 4, we were interested in
competitive C,, binding between host molecules. We thus
conducted a host exchange experiment (Figure 2a) by titrating
the solution of C,,@4 obtained from a mixture of macrocycle 4
and 3 equiv of C,, with an increasing amount of COPS. As
shown in Figure 2c, we observed the emergence of a new set of
peaks corresponding to C,,@COPS, which indicates the
encapsulation of C,, in COPS. On the contrary, the original
host—guest complex C,;@4 releases C, which was evidenced
by the significant upfield shifts of the endo protons (H® and H')
and downfield shifts of the exo protons (H® and H") of
macrocycle 4. Such reversible guest binding illustrated by guest
exchange and host exchange experiments provides a nice
platform for investigating self-sorting (i.e.,, binding specificity)
behavior of host—guest complexes. To the best of our
knowledge, although guest exchange experiments have been
reported,*”*® this is the first report of a host exchange study for
fullerenes.

In summary, ethynylene-linked cyclic porphyrin trimers were
synthesized through template-free one-step alkyne metathesis
cyclooligomerization in good isolated yields, and their host—
guest chemistry was explored. Fullerene binding studies show
that these macrocycles selectively bind C;, over Cg, and Cg,,
with binding constants of around 6 X 10> M™" in toluene at
room temperature. The trapped C,, in the host—guest complex
C,0@Zn-4 can be released from the macrocycle through a guest
exchange experiment upon the addition of 2,4,6-tri(4-pyridyl)-
1,3,5-triazine. Host exchange behavior of C,, was also observed
when COPS with a higher binding affinity was added to the
solution of C,y@4. The ready accessibility and interesting
properties of these multiporphyrin macrocycles will advance
further exploration of their various applications in chemistry,
biology, and materials science.
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