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of Chemistry A cyclo[4]pyrrole bearing pyrrole C(a)-C(g) direct linkages, a contracted porphyrin analogue with no meso-

carbon bridge, was synthesized from an oligoketone-related precursor. X-ray crystallography and StrainViz
analysis revealed a non-planar structure with a total strain of 20.8 kcal mol™t. The cyclo[4lpyrrole emits
fluorescence in the visible region with a quantum yield of 0.026. The NICS calculations indicated a local
6m-aromatic character for each pyrrole unit, and the global m-electronic communication among the
four pyrrole units was shown by the frontier orbitals in the neutral form. The cyclo[4]pyrrole underwent
reversible stepwise electrochemical two-electron oxidation and the spin density of the radical cation
the 3,2:5,3"-terpyrrole
measurements and theoretical calculations indicated the contribution of a triplet diradical dication form
with the spin density delocalized across the four pyrrole units and smaller dihedral angles between
neighboring aromatic rings. The structural and electrochemical behavior of cyclo[4]pyrrole demonstrated
the effects of ring contraction and recombination of the pyrrole—pyrrole linkages on the cyclo[n]pyrrole
system.

intermediate localized on moiety. However, spectroelectrochemical
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porphyrins, including corroles,® norcorroles,® subporphyrins,
and triphyrins(2.1.1)," because of their distinctive ring-

Introduction

Cyclo[n]pyrroles (1) are porphyrin-related macrocycles
composed of n pyrrole units connected by direct C(pyrrole)-
C(pyrrole) linkages. Since the synthesis of cyclo[8]pyrrole ([30]
octaphyrin(0.0.0.0.0.0.0.0)) by Sessler and co-workers,*
a number of cyclo[n]pyrroles and their furan and thiophene
analogues have been reported, with an increasing focus on their
anion binding, aromaticity, redox and optical properties.>® The
typical synthesis of cyclo[n]pyrroles uses fully g-substituted 2,2'-
bipyrrole precursors for oxidative C(pyrrole-a)-C(pyrrole-«)
coupling reactions, which can facilitate the formation of cyclo
[6]- to cyclo[10]pyrroles.*™ Cyclo[n]pyrroles with n = 5 are
classified as expanded porphyrins, and cyclo[4]pyrroles are
regarded as contracted porphyrins, because they lack four meso-
carbon bridges compared with the formal porphyrin skeleton.”
Recently, there has been growing interest in contracted

“Division of Applied Chemistry, Faculty of Engineering, Hokkaido University, Kita 13,
Nishi 8, Kita-ku, Sapporo, Hokkaido, 060-8628, Japan. E-mail: inokuma@eng.
hokudai.ac.jp

*Department of Applied Chemistry, Graduate School of Engineering and Centre for
Molecular Systems (CMS), Kyushu University, Fukuoka 819-0395, Japan

‘Institute for Chemical Reaction Design and Discovery (WPI-ICReDD), Hokkaido
University, Kita 21, Nishi 10, Kita-ku, Sapporo, Hokkaido, 001-0021, Japan
‘Department of Molecular Engineering, Graduate School of Engineering, Kyoto
University, Nishikyo-ku, Kyoto 615-8510, Japan. E-mail: tanaka@moleng. kyoto-u.ac.jp
T Electronic supplementary information (ESI) available: Experimental procedures,
characterization data, theoretical calculations and copies of NMR spectra. CCDC
2382889 and 2382890. For ESI and crystallographic data in CIF or other electronic
format see DOI: https://doi.org/10.1039/d45c06670g

© 2024 The Author(s). Published by the Royal Society of Chemistry

contraction effects on the structural, w-electronic and coordi-
nation properties.” Nevertheless, cyclo[4]pyrroles remain
unexplored, with the exception of tetraaza[8]circulene (2)," in
which the $-g-linked cyclo[4]pyrrole structure is embedded as
a planar subcomponent of the circulene skeleton (Fig. 1).
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Fig. 1 Cyclo[n]pyrroles and analogous macrocycles.
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Cyclo[4]pyrrole has several structural isomers depending on
the connectivity of the four pyrrole units. The all a-a-linked
isomer, i.e. 1 (for n = 4), appears to be synthetically unfeasible
because of the large bend angle of the pyrrole-2,5-diyl unit
(~131°)."® Whereas, f-g-linked macrocycles, such as 2, have
been investigated owing to the intrinsic interest in their
aromaticity derived from the central cyclooctatetraene struc-
ture. Among the cyclo[4]pyrrole isomers, the a—@-linked isomer
3 is of interest because of its [2.2](2,5)pyrrolophane structure,
which is analogous to 4,"*'® and its expected nonplanar -
conjugated circuit. Pyrrole-containing cyclophane-type macro-
cycles remain a challenging target in the synthetic chemistry.
The development of novel precursors and synthetic methodol-
ogies for these target molecules will also contribute to the
generation of other novel cyclophane- and porphyrin-related
macrocycles. Here, we report the synthesis, structural analysis
and optical and electrochemical properties of cyclo[4]pyrrole 3,
a ring-contracted porphyrin analogue. X-ray crystallographic
analysis of 3 revealed a strained macrocyclic structure with
remarkably large deformation angles. Upon electrochemical
oxidation, the dihedral angles between neighboring pyrrole
units remarkably changed, which interrupted or connected the
m-electronic communications among the four pyrrole units,
demonstrating the unique ring-contraction effects on the cyclo
[n]pyrrole system.

Results and discussion

Recent research has demonstrated that some ring-contracted
porphyrinoids are inaccessible through conventional conden-
sation reactions of pyrrole-based precursors because of unusual
ring strain or steric repulsion during macrocyclization.™* To
circumvent this problem, alternative methodologies have been
developed. For example, calix[3]pyrrole, a highly strained tri-
pyrrolic macrocycle, was synthesized using a cyclic hexaketone
precursor via the triple Paal-Knorr pyrrole formation reaction at
the 1,4-diketone units."” The synthesis of a boron-free sub-
porphyrin®® and [2.2](2,5)pyrrolophane 4, an o-phenylene
linked analogue of 3, has been achieved with Pd-catalyzed cross-
coupling reactions. For the synthesis of 3, we combined
polyketone-based precursor synthesis and Pd-catalyzed cross-
coupling macrocyclization as illustrated in Scheme 1.

The important components of 3, namely, 3,2":5',3"-terpyrrole
derivatives 10 and 11, were synthesized from 1,1,2,2-tetraace-
tylethane 5.* Treatment of 5 with n-butylamine afforded 3,4-
diacetylpyrrole analogue 6 in 80% yield. Retro-Friedel-Crafts
acylation of 6 with p-toluenesulfonic acid (p-TsOH) and ethylene
glycol resulted in the removal of one acyl group to give 7 in 84%
yield. A lithium enolate species generated from 7 and lithium
diisopropylamide (LDA) was homo-coupled using CuCl, in
dimethylformamide to afford a 3,2':5',3"-terpyrrole synthon 8 in
39% yield. The pyrrole 8-CH groups in 8 were further bromi-
nated with N-bromosuccinimide (NBS) giving 9 in 88% yield.
Suzuki-Miyaura cross-coupling reaction between 9 and 2,5-
diborylpyrrole*® at 285 mM concentration afforded macrocycle
10 in 24% yield. In this reaction, a larger [2 + 2] type macrocycle
was formed only in <1% yield (see ESIf), whereas a similar
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Scheme 1 Synthesis of cyclo[4]pyrrole 3.

macrocyclization reaction for the synthesis of [2.2](2,5)pyrrolo-
phane 4 (ref. 14) required highly diluted conditions (4 mM
substrate) for the selective [1 + 1] macrocyclization.

Although macrocycle 10 was considered one of the most
plausible precursors for cyclo[4]pyrrole 3, Paal-Knorr reactions
with ammonium acetate under various conditions were
unsuccessful. Analysis of the reaction mixture indicated that
intramolecular nucleophilic addition of the pyrrolic NH group
occurred, as observed during the oxidation reaction of 4
(ESIt).**2* In contrast, Paal-Knorr reaction of 9 with ammonium
acetate gave dibrominated 3,2’:5',3"-terpyrrole 11 in 60% yield.
Subsequent Pd-catalyzed cross-coupling macrocyclization
between 11 and 2,5-diborylpyrrole at 285 mM concentration
afforded cyclo[4]pyrrole 3 in 25% yield as a colorless solid. The
'"H NMR spectrum of 3 recorded in CDCl; showed a time-
averaged C,p-symmetric signal pattern featuring pyrrolic NH
and $-CH protons at 6.34 and 6.21 ppm, respectively (Fig. S457).
High-resolution electrospray ionization time-of-flight mass
spectrometry revealed an adduct peak at m/z = 451.2822, which
was assigned to a sodium adduct [3 + Na]" (calculated for
C,sH36N,Na, m/z 451.2833).

Single crystal X-ray diffraction analysis revealed a non-planar
macrocyclic structure of 3 (Fig. 2). The two N-butylated pyrrole
moieties were positioned on the same plane, and the other two
pyrrole units were arranged almost parallel with a mean inter-
planar distance of 2.4 A. The dihedral angle between the two
adjacent pyrrole units was 54.78°. The dihedral angle between
the pyrrole and benzene planes in the o-phenylene-linked pyr-
rolophane 4 was slightly larger (57.78°), while both 3 and 4
exhibited C,,-symmetric conformations with two pyrrole-2,5-
diyl units slip-stacked in an anti-parallel fashion with a mean

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Deformation

angle 3 4 10
a (°) 5.95 5.07 2.09
AQ) 17.48 17.55 10.01

Fig. 2 X-ray crystal structures of (a) 3 and (b) 10. (Left: top view; right:
side view; thermal ellipsoids are set at the 50% probability; N-butyl
groups are omitted for clarity in the side views). (c) Deformation angles
«a and  for the colored pyrrole rings in 3, 4 and 10. « is the averaged
deviation angle between the mean planes of N-C(3)-C(4) and N—
C(2)-C(3), and g is the averaged deviation angle between the mean
plane N-C(2)-C(3) and a C(2)-C(external) bond.

distance of 2.4 A. Diketone-bridged 10 also exhibited a non-
planar conformation for the 3,2":5,3"-terpyrrole unit. The
dihedral angles between the two adjacent pyrrole units were
53.18° and 68.58°.

The deformation angles « and ( represent the deformation
of the pyrrole ring from planarity and the displacement of the
carbon atom externally connected to the pyrrole-a position
from the bow of the pyrrole ring.>*> Cyclo[4]pyrrole 3 showed the
largest deformation angle « (5.95°) in the series, while its angle
B (17.48°) was comparable to that of 4 (17.55°). Considering
deformation angles, cyclo[4]pyrrole 3 is a more strained mac-
rocycle than calix[3]pyrrole (e = 2.52°, § = 9.20°) and related
macrocycles.” In contrast, diketone-linked 10 exhibited notably
smaller o and @8 of 2.09° and 10.01°, respectively.

To further evaluate the macrocyclic ring strain,” we
employed StrainViz analysis®® for compounds 3, 4 and 10 using
DFT calculations at the M06-2X%/6-311+G(2d,p) level of theory.
This analysis revealed that all the macrocycles exhibited the
maximum strain energy around the C-C single bonds between
two aromatic rings (Fig. 3). However, the total strain of 3 and 4
was approximately twice than that of 10, and the bond and
angle strain energies were similar. The dihedral strain greatly
contributed to the total strain of these macrocycles (Fig. S47).
Although cyclo[4]pyrrole 3 exhibited the largest deformation
angle « in the crystal structure, the maximum and total strain
(1.92 and 20.8 kcal mol ™", respectively) were slightly smaller
than that of 4 (2.12 and 22.7 kcal mol ', respectively). As shown

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Visualization of the total strain of (a) 3, (b) 4 and (c) 10 using
StrainViz analysis at the M06-2X/6-311+G(2d,p) level. (d) Calculated
total, bond, angle and dihedral strain energies (in kcal mol™) of 3, 4 and
10.

in Fig. S5a,t the steric effect of the methyl group in 3 affected
the strain energy and torsional motion, which resulted in less
strain. Furthermore, pyrrolophane 4 has a smaller macrocyclic
cavity than 3, which resulted in a larger total strain (Fig. S5b¥).
The large difference in total strain between 3 and 10 is
a possible reason for the unsuccessful conversion of 10 to 3 in
the Paal-Knorr reaction.”

The UV-vis absorption spectrum of 3, recorded in acetoni-
trile, showed an absorption band at 276 nm with an absorption

(@ 5
1 [}
4 -2
- 4 128
! o
£ 3 =
= g
= 1 -
c
O T 1 T 1
200 300 400 500 600 700
wavelength (nm)
(b)
-
L I T T ™1
0.8 0.4 0 -0.4 -0.8
potential / V (vs. Fc/Fc*)
Fig. 4 (a) UV-vis absorption (black) and fluorescence (red) spectra of 3

in acetonitrile. (b) Cyclic voltammogram of 3 in CH,Cl,.
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coefficient ¢ of 4.25 x 10* M~' cm™" (Fig. 4). The absorption
edge reached to 350 nm, and no absorption band was observed
in the visible region. Other 3,2":5',3"-terpyrrole analogues, such
as 10 and 11, also exhibited absorption bands in a similar
region to 3 (Fig. S9 and S107). Upon photoexcitation at 270 nm,
cyclo[4]pyrrole exhibited fluorescence emission at 434 nm with
a fluorescence quantum yield of 2.6%. The fluorescence decay
measurement revealed that the emission lifetime of 3 in
acetonitrile was 3.05 ns. The cyclic voltammogram of 3 was
recorded in dichloromethane containing 0.1 M tetrabuty-
lammonium hexafluorophosphate, and the reversible oxidation
waves were observed at —0.20 V and 0.28 V against a ferrocene/
ferrocenium (Fc/Fc") ion couple. Terpyrrole analogues 10 and 11
also showed reversible oxidation waves (Fig. S12 and S137).
While the oxidation potentials of 11 (—0.06 V and 0.43 V) were
comparable to those of 3, the oxidation potential of 10 (0.36 V)
was rather high because of the electron-withdrawing carbonyl
groups.

The molecular orbital (MO) calculation at the B3LYP/6-
311G(d,p) level revealed that 3 exhibited relatively high
HOMO and HOMO-1 energy levels as compared with 4,
consistent with the lower electrochemical oxidation potentials,
and the orbital coefficients were well-spread over the four
pyrrole units (Fig. 5). Cyclic terpyrrole 10 had a HOMO with
large orbital coefficients on the three pyrrole units, but its

E(eV) 118 —= 0.22
M7 =5 020
0+
1 123—— =049
-1.0+ 76 =—— -0.83 122=—= -0.92
| 75— 135 4.76 eV
-1.54
419ev
3.93 eV
8T 116 b —4.56
T 15 -4.64
=7 121 ke 5,11
T 74 w528
14— -5.43
=T 120 mmmm 5,68
604 73 m—-5.92

N

s

75 LUMO 117 LUMO 122 LUMO
74 HOMO 116 HOMO 121 HOMO

Fig.5 Frontier orbitals of 4 (left), 3 (middle) and 10 (right) calculated at
the B3LYP/6-311G(d,p) level.
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energy level was lower than that of 3 because of the electron-
withdrawing carbonyl groups. Given the reversible two-
electron oxidation event of 3 observed by cyclic voltammetry,
we further investigated the electrochemical oxidation of 3 using
spectroelectrochemical and theoretical analyses.

The UV-vis absorption spectra recorded in dichloromethane
during electrochemical oxidation at 0.6 V (vs. Ag/Ag') showed
two-step spectral changes (Fig. 6a). At lower oxidation potentials
(0.2-0.5 V), new intense bands at 350-500 nm and broad bands
covering the 700-1000 nm region appeared, concomitant with
a decrease in the absorption at 278 nm, assignable to neutral 3.
During the first spectral changes, an isosbestic point was
observed at 322 nm. The application of a higher voltage (0.5-0.6
V) led to the appearance of other new absorption bands at
300 nm and 500-600 nm, resulting in a broad absorption
spectrum covering from the ultraviolet to the near-infrared
region.

To analyze the observed stepwise oxidation events of 3, we
expanded the scope of calculations for oxidized species. The
optimized structure of 3°" showed increased dihedral angles
around one pyrrole-2,5-diyl unit (>65°), while the other three
pyrrole units underwent coplanarization with dihedral angles of
ca. 38°. These structural features suggest that the m-electronic
conjugation in 3" is roughly divided across the 3,2:5',3"-ter-
pyrrole and single pyrrole units. Indeed, the calculated spin
density is mainly spread over the terpyrrole segment (Fig. 6b).
For the dication 3%, when the structural optimization was

absorbance
o
(=]
1.

0.4
] -\
0.2+ \/&/\\
0+ T T T T T T T 7'“ T T T T T T |
300 400 500 600 700 800 900 1000
wavelength (nm)
(b)
3+ 32+

Fig. 6 (a) UV-vis absorption spectra during the electrochemical
oxidation of 3 in CH,Cl,. (b) Spin density distribution plots for 3'* (left)
and the triplet state of 3%* (right) with an isovalue of 0.001.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conducted at the RB3LYP/6-311G(d,p) level, the structure
changed to the terpyrrole-type structure similar to 3" with the
dihedral angles between the two adjacent pyrrole units of 32°
and 67°. The bond length alternation indicates quinoid-type -
electronic conjugation (Fig. S18T). However, optimization at the
UB3LYP/6-311G(d,p) level revealed that the singlet or triplet
diradical dication states have essentially similar structures to
neutral 3.

Unexpectedly, the total energy comparison indicates that the
triplet diradical dication state is 0.50 kcal mol " more stable
than the closed-shell dication state. The open-shell singlet dir-
adical dication state is much higher in energy (+1.64 kcal mol "
relative to the triplet state). The order of the energy levels is
independent of the calculation levels (Table S17) and a similar
tendency was observed when the calculations were performed
using solvation (CH,Cl,) models (Table S2f). The time-
dependent density functional theory (TDDFT) calculation well-
reproduced the absorption profiles of 3 and 3"", while those of
3*" could not be assigned to the experimental spectra (Fig. S19-
221). It is conceivable that the conformational changes between
the quinoidal form in the closed-shell state and the cyclophane
form in the open-shell triplet state are fast under ambient
conditions, meaning the obtained absorption spectra derive
from both states. The balance between the two states is
susceptible to the spin delocalization in the triplet state (Fig. 6b)
as well as the local aromaticity in the pyrrole segments. The
aromatic nature of the pyrrole segments is compared using the
ACID**?*° and NICS(0)**** calculations (Fig. S23 and S$24%).
Accordingly, the terpyrrole-like segment in the dication state is
only weakly aromatic and the pyrrol-2,5-diyl segment remains
aromatic. In the triplet state, the aromatic character of the
pyrrole segments is slightly weakened. Although NMR and ESR
detection of chemically generated dication species 3** using
oxidants such as magic blue was unsuccessful (Fig. S25-S277),
the electrochemical absorption spectra in Fig. 6a are best
interpreted as a contribution from both the triplet diradical and
closed-shell forms of 3>,

Conclusions

In summary, we synthesized a-g directly linked cyclo[4]pyrrole
3, a ring-contracted congener of the cyclo[n]pyrrole family,
using polyketone-based precursors and a Pd-catalyzed cross-
coupling reaction. As a result of the ring-contraction effect, 3
exhibited a non-planar and highly strained macrocyclic struc-
ture, unlike larger cyclo[n]pyrroles 1. The conformational
restriction in 3 led to unique optical spectral changes during
electrochemical oxidation. In the radical cation form 37, the
dihedral angles around the pyrrol-2,5-diyl segment increased,
which interrupted the global 7-conjugation, resulting in the
formation of a 3,2:5',3"-terpyrrole-localized radical cation. In
contrast, dication 3" largely consisted of the triplet diradical
dication form with the spin density delocalized onto the four
pyrrole units bearing lower dihedral angles. The current results
demonstrate the impact of both the ring contraction and
introduction of the a-@ linkage on the structural and m-elec-
tronic properties of cyclo[n]pyrroles. Further investigation into

© 2024 The Author(s). Published by the Royal Society of Chemistry
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novel isomers of cyclo[n]pyrroles (n = 4) would greatly
contribute to the porphyrin-related chemistry.
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