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pyrrole analoguesf

Cite this: /norg. Chem. Front., 2024,
11, 3548

Keita Watanabe,? Kotaro Shibata,® Tomoya Ichino,*® Yuki Ide, (2 °

Tomoki Yoneda, () @ Satoshi Maeda (2 °€ and Yasuhide Inokuma (2 ¥

The coordination chemistry of ring-contracted porphyrinoids, such as subporphyrins and calix[3]pyrroles,
has been largely unexplored owing to the synthetic difficulty of their free-base analogues. Here, we
report strain-based molecular design and high-yield synthesis of thiazole-containing calix[3]pyrrole ana-
logues for metal complexation. The artificial force induced reaction and StrainViz analysis methods were
used to perform a conformational search and evaluate/visualize the ring strain. The results indicated that
the thiazole-containing analogues are less strained than the parent calix[3]pyrrole, while incorporation of
imidazole or oxazole unexpectedly leads to an increase in the total strain. Calix[1]furan[2]thiazole was
obtained in 60% yield by the direct macrocyclization between a-bromoketone and bis(thioamide),
whereas the meso—N(spZ)—bridged analogue, which was calculated to be 5.1 kcal mol™ more strained,
was only obtained in a 2% yield. Calix[1]furan[2]thiazole was converted to calix[l]pyrrole[2]thiazole to
investigate metal complexation. Through the reaction with Et,Zn, calix[1]pyrrole[2]thiazole bound a Zn(i)
ion in a tridentate fashion adopting a cone conformation, giving a water/air stable organozinc complex
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that catalyzes polymerization of lactide. Conversely, Ag() and Pd(i) ions coordinated to the partial cone
conformation of calix[1]pyrrole[2]thiazole in a bidentate fashion. Strain-based molecular design expands
the synthetic access to contracted porphyrinoids and provides the opportunity to take advantage of their
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Introduction

Contracted porphyrins, such as subphthalocyanines and sub-
porphyrins, have recently attracted much attention owing to
their bowl-shaped structures, l4m-aromatic characters, and
visible absorption/emission properties.'™ Since the discovery
of boron(m)-subphthalocyanine by Meller and Ossko in 1972,*
boron-templated synthesis has played a central role in develop-
ing their analogues by core modification and peripheral
functionalization.” The boron template is almost essential for
the synthesis of triphyrin(1.1.1)-type contracted porphyrinoids,
because the boron-free analogues have not yet been obtained
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from the direct macrocyclization of pyrrole monomers. While
most subphthalocyanines and subporphyrins are obtained as
boron(m)-complexes, removal of the boron atom remains
unsuccessful. The unavailability of boron-free contracted por-
phyrins has hampered the development of their coordination
chemistry, although metal complexation has endowed other
porphyrinoids with various properties, such as catalysis,®
photosensitization,” and coordination-driven self-assembly.®

Recent advances have demonstrated that boron-free subpor-
phyrin® and calix[3]pyrrole (1),'® a porphyrinogen-type conge-
ner of subporphyrin, stably exist without any template atoms,
which has provided the opportunity to explore their metal
complexes. However, the low synthetic yields of the free-base
analogues still hinder further investigations. Suzuki-Miyaura
cross coupling gives the subporphyrin free-base only in 4%
yield, and synthesis of 1 requires five steps from a commercial
precursor with a total yield of 4%. Simple, high-yield synthetic
routes for boron-free contracted porphyrinoids are still being
pursued in this research area.

Recent studies have suggested that the synthetic difficulty
arises from the unusual increase in the ring strain during the
formation of tripyrrolic macrocycles from linear precursors.''
Although synthetic and theoretical evaluation of the calix[n]
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furan[3 — n]pyrrole (n = 0-3) system indicates that the ring
strain increases as the number of NH units increases, the
relationship between the ring strain and synthetic accessibility
is still unclear. Here, we report the strain-based molecular
design and efficient synthesis of thiazole-containing, boron-
free calix[3]pyrrole analogues, calix[1]pyrrole[2]thiazole (2) and
calix[1]furan[2]thiazole (5), as well as the derivatization of 2 to
metal complexes. For the design of less-strained macrocycles,
we used the Artificial Force Induced Reaction (AFIR)'> method-
based conformational search and visualization of the macro-
cyclic ring strain using the StrainViz analysis,"”® which was
developed by Justi and co-workers for the evaluation of the
strain of cycloparaphenylenes. Contrary to our semi-empirical
expectation, replacement of two pyrrole units in calix[3]pyrrole
1 with oxazole or imidazole rings resulted in a significant
increase in the total strain, while the thiazole-containing ana-
logues were less strained. The validity of the theoretical expec-
tations was confirmed through the synthesis of 5 and its meso-
N(sp?)-bridged analogue 10. While 5 was obtained in 60%
yield, 10, which was calculated to be 5.1 kcal mol™ more
strained, was only obtained in 2% yield. Calix[3]pyrrole-related
ligand 2 switched its conformation between the partial cone
and the cone to chelate various metal ions to provide a moist-
ure-stable organozinc catalyst for rac-lactide polymerization
and coordination assembly, demonstrating the unique coordi-
nation chemistry of the contracted calixpyrrole.

Results and discussion

To design a less-strained calix[3]pyrrole analogue for metal
complexation, we theoretically evaluated several heteroarene-
embedded macrocycles 2-5 (see the ESIf for the compu-
tational details). On the basis of the semi-empirical trends
obtained for calix[n]furan[3 — n]pyrrole, we expected that repla-
cing the two pyrrole units in 1 with thiazole, imidazole, or
oxazole rings would reduce the total strain owing to the
decreasing number of inner NH protons, since the strain-
induced ring expansion reaction occurred for n = 0 and 1, but
not for n = 2, 3. Furthermore, the iminic nitrogen atoms in
these heteroarenes would contribute to form metal complexes.
To evaluate the ring strain, the lowest energy conformations of
1-5 were obtained by a searched using the AFIR method, and
they were further optimized by the density functional theory
(DFT) calculations at the M06-2X/6-311+G(2d,p) level (Fig. 1a).
The optimized structure of calix[3]pyrrole (1) adopted a partial
cone conformation, as observed in its crystal structure. The di-
hedral strain (11.7 kcal mol™") greatly contributed to the total
strain of 13.4 kcal mol™" (Fig. 1c). The StrainViz analysis
revealed that the C(pyrrole-a)-C(meso) bond had the
maximum strain (Fig. 1b). Calix[1]pyrrole[2]thiazole (2) exhibi-
ted a cone conformation with a NH---N distance of 2.11 A, and
the dihedral strain was significantly reduced compared with
that of 1. The total strain of 2 was 2.9 kcal mol™" lower than
that of 1, suggesting that 2 is more easily accessible. Contrary
to our empirical expectation, the lowest energy conformation
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of imidazole derivative 3 had three inner NH protons
(Fig. S4t). Because of the increased dihedral strain, the total
strain of 3 was 2.2 kcal mol™" larger than that of 1. Although
oxazole derivative 4 showed a cone conformation similar to
that of 2, the total strain was comparable to that of 3 owing to
the large contribution of the dihedral strain around the
C(meso)-C(pyrrole-a) bonds. When the pyrrole unit in the
less-strained 2 was replaced with furan, the angle strain was
reduced by 0.6 kcal mol™, but the dihedral strain increased
by 1.0 kcal mol™", resulting in 2 and 5 having similar total
strain energies. According to the theoretical calculations,
thiazole-containing derivatives 2 and 5 are the most feasible
among the evaluated compounds 1-5. Given the synthetic
availability of furan precursor 6,'* we investigated direct
macrocyclization synthesis of 5 using a Hantzsch-type thia-
zole formation reaction."®

To our delight, the condensation reaction between 6 and
2,2-dimethylpropanebis(thioamide) (7)'® in refluxing ethanol
gave calix[1]furan[2]thiazole (5) in 60% yield (Scheme 1), along
with a double sized macrocycle, calix[2]furan[4]thiazole, in
16% yield (compound 14 in ESIt). The "H NMR spectrum of 5
in CDCl; showed time-averaged C,, molecular symmetry, fea-
turing four singlet signals at 6.78, 5.88, 1.93, and 1.63 ppm
assignable to thiazole, furan and two different methyl protons,
respectively.

Although calix[3]pyrrole analogues typically
undergo strain-induced ring expansion reactions under acidic
conditions,"* macrocycle 5 was sufficiently stable to exist in
the presence of trifluoroacetic acid (TFA) in CH,Cl,. Vapor
diffusion of hexane into a dichloromethane/TFA solution of 5
gave single crystals of the protonated form 5-TFA (Fig. 2). X-ray
diffraction analysis revealed that 5-TFA adopted a cone confor-
mation that is commonly observed for less-strained calix[3]
pyrrole analogues.'® The C-N-C bond angles of the thiazole
units were 116.9° and 112.5°, indicating that the former was
the N-protonated moiety.

When 5 was treated with aqueous hydrochloric acid, the
furan moiety was hydrolyzed to give 1,4-diketone-linked macro-
cycle 8 quantitatively. The Paal-Knorr reaction of 8 with
ammonium acetate gave calix[1]pyrrole[2]thiazole (2) in 78%
yield. The total yield of 2 from the known precursors was 30%
in three steps, which is markedly higher than those reported
for 1 and the subporphyrin free-base. The 'H NMR spectrum
of 2 recorded in CDCl; also exhibited a C,,-symmetric signal
pattern. The NH proton was observed at 12.17 ppm, indicating
a hydrogen bond with the thiazole units. Similar to 5, macro-
cycle 2 did not undergo a strain-induced ring expansion reac-
tion under standard conditions using TFA.'' Single crystal
X-ray diffraction analysis confirmed that 2 had a cone confor-
mation, which was predicted by an AFIR-based conformational
search. The N(thiazole)-N(thiazole) and N( pyrrole)-N(thiazole)
distances were 2.820 and 2.702 A, respectively, suggesting the
potential for the cooperative coordination of metal ions using
three nitrogen atoms.

The significance of evaluating the ring strain before con-
ducting a synthetic examination was demonstrated by the syn-

strained
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strain
strain 147 strain strain
1.52 1.03 2.57
0.01 1.52 0.01 2.57
kcal/mol kcal/mol
(c)

Compound 1 2 3 4 5 10
Total strain 134 10.5 15.6 15.5 10.7 15.8
Bond strain 0.5 0.5 0.5 0.7 0.5 2.3
Angle strain 1.1 1.8 1.3 1.9 1.2 5.4
Dihedral strain  11.7 8.1 13.8 12.9 9.1 8.0

Fig. 1

(energy in kcal/mol)

(a) Optimized structures of the lowest energy conformations of calix[3]pyrrole (1) and its analogues 2—5, and 10. (b) Visualization of the total

ring strain of 1-5 and 10 using the StrainViz analysis. (c) Calculated total, bond, angle, and dihedral strain energies of 1-5 and 10 (in kcal mol™).

thesis of meso-N(sp®)-bridged analogue 10. An AFIR-based con-
formational search revealed that the most stable conformation
of 10 is an uncommon gable-like conformation, in which the
N-bridged bis(thiazole) unit is almost planar, but the total
strain (15.8 kcal mol™") is the largest of the series of molecules
(Fig. 1). Despite our tremendous efforts, reaction between 7
and 9 gave only a trace amount (2% yield) of the target 10
(Scheme 1), while a calix[6]-type macrocycle was obtained in
32% yield along with other oligomeric products (compound 15
in ESIf). Single crystal X-ray analysis also showed the gable-like
conformation of 10 (Fig. 2¢). Through the imine-enamine tau-
tomerism, the meso-N atom lost a hydrogen atom, resulting in
the formation of an inner NH group. Owing to the intra-
molecular hydrogen-bonding interaction, the inner NH proton
was observed at 18.67 ppm in the "H NMR spectrum recorded
in CDCIl;. These results demonstrated that the AFIR method is
useful for searching for the stable conformations, and the
comparison of the calculated total strains can indicate the syn-
thetic feasibility of calix[3]pyrrole derivatives.

In our previous report, we found that absorption spectra of
calix[3]pyrrole analogues show characteristically red-shifted

3550 | /norg. Chem. Front., 2024, 11, 3548-3554

absorption as a result of strained ring system.'” Compounds 2
and 5 also exhibited similar broad bands around 300 nm in di-
chloromethane (Fig. S261). In the case of N(sp®)-linked 10, a
strong absorption band with absorption coefficient of ¢ = 1.9 x
10* M™' cm™" was observed at 339 nm, showing the effect of
n-conjugation through the meso-N atom.

The reliable synthetic route of 2 allowed further investi-
gation of its coordination chemistry. Among porphyrin-related
ligands, calix[4]pyrroles, a parent tetrapyrrolic macrocycle of 1,
have shown their unique metal binding behavior. Depending
on the metal ions, calix[4]pyrroles can switch their confor-
mations and the coordination mode of each pyrrole unit from
n'- to n’-manners."® After several attempts using various metal
salts, we found that Et,Zn, Pd(MeCN),(BF,),, and AgBF, can
form isolable metal complexes with 2.

When 2 was treated with diethylzinc in dry toluene, ethyl
zinc complex 11 was obtained as a yellow crystalline solid in
72% yield (Fig. 3). "H NMR spectroscopy of 11 confirmed that
the pyrrole NH proton disappeared, while the ethyl proton
signals were observed at 0.54(q) and 1.37(t) ppm. The single
crystal X-ray structure of 11 showed a cone-shaped confor-

This journal is © the Partner Organisations 2024
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Scheme 1 Synthesis of thiazole-containing calix[3]pyrrole analogues.

Fig. 2 Single crystal X-ray structures (left, top view; right, side view) of
(@) 5:-TFA, (b) 2, and (c) 10 drawn at the 50% probability level of the
thermal ellipsoids (H, white; C, gray; N, blue; O, red; S, yellow; and F,
yellow green).

mation of the ligand that chelated to the ethyl Zn(u) moiety in
a monoanionic tridentate manner. Because three meso-Me sub-
stituents were located in an almost perpendicular fashion to

This journal is © the Partner Organisations 2024
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rac-lactide

Fig. 3 (a) Synthesis and crystal structure of organozinc complex 11. (b)
Polymerization of rac-lactide catalyzed by 11.

the macrocycle, the zinc center was sterically protected by the
ligand. The UV-vis absorption spectrum of 11 showed that the
absorption bands of ligand 2 were slightly red-shifted with
broadening upon zinc complexation (Fig. S267).

Organozinc complex 11 showed remarkable stability toward
water, alcohol, and air at room temperature, and it can thus be
treated in organic solutions without special care.'® When
complex 11 was dissolved in wet CDCl; at 13 mM (containing
>5.0 equiv. of H,0), hydrolysis was not observed after 1 h at
room temperature by "H NMR spectroscopy, while diethylzinc
was immediately decomposed under similar conditions.
Similar tests with >70 equiv. of methanol, ethanol, and isopro-
pyl alcohol exhibited recovery of >97% of 11 after 1 h
(Fig. S21%). Whereas, addition of more acidic phenol or
benzoic acid (3.0 equiv.) resulted in the considerable demetal-
lation of 11 to give 2. Air oxidation of 11 was not observed after
standing a chloroform solution of 11 or the crystalline solids
in an aerobic atmosphere for more than 2 days.

Organozinc complex 11 is sufficiently stable to be handled
under non-dried aerobic conditions, and it shows catalytic
activity for the polymerization of rac-lactide.”® When a toluene
solution of rac-lactide was heated to reflux in the presence of
11 and benzyl alcohol (2 mol% each), >95% of the monomer
was converted in 30 min to give poly(lactide) with number-
average molecular weight of 9.0 kg mol™ and polydispersity
index of 1.4.

Upon complexation with Pd(MeCN),(BF,),, macrocycle 2
formed cationic Pd(un) complex 12 adopting a partial cone con-
formation (Fig. 4). The quantitative complexation behavior was
monitored by "H NMR spectroscopy (Fig. $231). Upon addition
of the Pd(u) salt to a CD3;CN solution of 2 at 5.6 mM, new
signals assignable to the thiazole and pyrrole protons of 12
appeared at 7.68 and 6.72 ppm, respectively. After the addition
of 1.0 equiv. of the salt, the signals of 2 were almost converted
to those of 12, indicating its quantitative formation. Vapor
diffusion of diethyl ether into an acetonitrile solution of 12
gave diffraction grade single crystals. Crystallographic analysis
revealed a partial cone conformation of 12 in which ligand 2
coordinated to the Pd(n) ion in a square planar coordination

Inorg. Chem. Front., 2024, 1, 3548-3554 | 3551
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Fig. 4 Transition metal complexes of ligand 2 with partial cone confor-
mations. (a) Chemical structure (left) ORTEP drawing of the crystal
structure (center), and anion binding mode in the solid state (right) of
Pd-complex 12. (b) Chemical structure (left) and ORTEP drawing (right)
of Ag(i)-linked coordination assembly 13.

geometry with two thiazole nitrogen atoms, leaving the pyrrole
unit uncoordinated. The pyrrole NH site was hydrogen bonded
to a BF, anion, which was also in a close proximity to two thia-
zole planes. NCI plot analysis®* suggested that weak but non-
trivial anion-rn interactions existed between the BF, anion and
thiazole moieties (Fig. S181). Although such anion binding be-
havior was not observed in solution, these observations indi-
cated the unique structural and supramolecular properties of
calix[3]pyrrole-related ligand 2.

Complexation with AgBF, also gave a coordination assem-
bly of 2. 'H NMR titration of 2 with the Ag(i) salt in CD;CN
exhibited a gradual shift of the proton signals due to 2, indi-
cating reversible metal coordination with a rapid exchanging
rate on the NMR time scale. Job’s plot analysis indicated a
1:1 complexation of 2 with Ag(i) ions in solution at ~10 mM
concentration (Fig. S24}). However, when single crystals of
the Ag(i)-complex were grown from the solution, Ag(1)-linked
dyad 13 was obtained (Fig. 4). Complex 13 was composed of
an Ag(1) ion and two ligands 2 in different conformations.
The ligand 2 in the partial cone conformation coordinated
to the Ag(i) ion using two N(thiazole) atoms in a similar
fashion to 12, while the Ag-C(pyrrole-p) distance of 2.66 A
indicated coordination of the pyrrole unit in an n' fashion.
The other ligand 2 in the cone conformation chelated to the
Ag(1) ion with n>-pyrrole-Ag(i) coordination bonds, leaving
the thiazole units uncoordinated. When the crystals of 13
were dissolved in CD;CN, the "H NMR spectrum of an equi-
librated solution, which was also observed during titration
with Ag(i), was obtained due to the reversible metal coordi-
nation. Nevertheless, the formation of complex 13 demon-
strated the possibility of coordination self-assembly of 2,
which can be used as the principal interactions to construct
giant supramolecules.

3552 | /norg. Chem. Front,, 2024, 11, 3548-3554
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Conclusions

In conclusion, a conformational search and strain visualiza-
tion using the AFIR and StrainViz methods allowed the
rational design of less-strained thiazole-containing calix[3]
pyrrole analogues, 2 and 5. The total strain energy and syn-
thetic yield were found to be almost inversely proportional.
Hence, strain calculations are more important than semi-
empirical design for considering the feasible synthetic targets.
The scalable synthetic route for 2 enabled investigation of
metal complexes of the calix[3]pyrrole-type ligand. Formation
of the moisture-stable organozinc complex 11 demonstrated
the unique properties of ligand 2 that can protect the metal
center within the narrow cavity. Complexation with Pd(u) and
Ag(1) ions showed the conformational flexibility of 2 during
metal coordination and the possibility of coordination self-
assembly to produce giant supramolecules. The present results
will lead to various types of contracted porphyrins without
template atoms through strain-based design, allowing further
synthetic functionalization and metal complexation. Moreover,
as a novel class of ligands, boron-free calix[3]pyrrole-type
macrocycles will produce a range of organometallic complexes,
metal clusters, and coordination polymers, which will contrib-
ute to advance in the field of inorganic chemistry.
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