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Suitable conformations and proper alignment of
complex natural macrocycles are essential for achiev-
ing their unique properties. However, such artificial
macrocycle prototypes are still limited due to syn-
thetic difficulties. In this respect, directly linked por-
phyrin analog dimers display tunable conformations
and intriguing properties, and thus, they may be
employed as a class of promising platforms. Herein,
we report that one-pot oxidative dimerization of thia-
hydrosapphyrin 1 yields dimers, 2,,; and 2.y, com-
prising a transoid-oriented plate-like bipyrrolo[1,2-a]
indolylidene. The thiophene-containing tetrapyrrole
arching subunits in 2 lie at the opposite (anti) and
same (syn) sides of the plate, respectively. Meanwhile,
multiply fused cisoid-orientated dimer 3 was also
obtained; a polycyclic pyrrolo-bridged bipyrroloin-
dole derivative tethered with fully n-conjugated
bridges was formed. Notably, the anti-dimer 2.
underwent subsequent oxidative fusion to furnish a
further-fused [6.5.5.7.5.5.5.6]-octacyclic compound
4,nii. In contrast, the syn-orientated 2., could not be
further fused due to the long distance between the
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potential reaction sites. This study provides a unique
approach to the fused dimeric porphyrin analogs for
potential near-infrared optical materials by a simple
oxidation reaction. It also reveals the importance of
conformation-modulated reactivity for constructing
complex porphyrin arrays.
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Introduction

Complex macrocycles and related supramolecular sys-
tems are ubiquitous structural motifs in natural systems.
Multiple scientific communities are interested in mim-
icking and surpassing their distinctive properties." For
various natural systems, suitable conformations and
proper alignment of the macrocycles often play key
roles in their chemical reactivities and physicochemical
properties.*”” However, because of synthetic difficulties,
the structure-property correlation has not been fully
revealed due to the lack of proper artificial macrocycle
prototypes.®™®

As a representative class of r-conjugated compounds,
the naturally occurring porphyrins and their analogs
have attracted extensive interest because of their bio-
logical relevance and interesting photophysical and

electronic properties applicable in various research
fields.°™ In particular, directly connected (and fused)
porphyrin arrays are potential functional materials that
show near-infrared (NIR) optical features, multiple redox
responses, honlinear optical properties, and so on."* " To
date, many directly coupled porphyrin dimers have been
reported by oxidative reactions (Figure 1a).”? However,
the rigid and planar conformations of porphyrin macro-
cycles are difficult to modulate and thus limit the relevant
research on the conformation-dependent properties. To
address this problem, nonplanar porphyrin analogs, that
is, porphyrinoids, may be employed to construct the
corresponding dimers as promising artificial platforms.
The coupling reaction of aromatic compounds using an
oxidant is one of the most straightforward synthetic
strategies for achieving the desired-array structures from
suitable monomeric precursors.?>? Such reactions usually
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Figure 1| (a) Representative oxidatively coupled porphyrin arrays. (b) Structures of pyrrole-pyrrole linked dimeric
species based on mislinked porphyrinoids. (c) Overview of the oxidative cyclization and subsequent macrocyclic
transformation of oligopyrroles with terminal p-pyrrolyl/thieny! units.
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proceed through the radical mechanism if the substrate is
reasonably electron rich. In this regard, porphyrins and
their analogs are suitable platforms for stabilizing various
electronic states, including open-shell radical species,
which offer specific reactivity.?*?* Because the regioselec-
tivity of the oxidative coupling reactions strongly depends
on the distinct electronic structure (i.e., electron density)
and steric factors, the elaborately designed porphyrin
analogs with mislinked pyrrole units (e.g., a-p, a-p’, or N-p
modes) in the corresponding scaffolds show selective
reactivity.?*? Thus, chemical oxidation of N-confused
porphyrin,**** N-fused porphyrin,**=*® neo-confused cor-
role (norrole),**? and neo-confused hexaphyrin,*“*
afforded the three-dimensional dimeric structures*°
with high regioselectivity via dehydrogenative C-C bond
formation (Figure 1b).

In this regard, we have previously demonstrated
that the cyclization of a pentapyrrane with two terminal
B-pyrrolyl units (Ps) afforded a highly twisted dihydro-
sapphyrin possessing a meso-sp3-carbon atom, which
exhibited an unusual skeletal transformation reaction
(Figure 1¢).32 To extend a divergent N-confusion strate-
gy, we herein report the cyclization and subsequent
dimerization of a hetero-pentapyrrane (S-P4) contain-
ing terminal a-thienyl and p-pyrrolyl units to afford sets
of fused dimers bearing a bipyrroloindolyl moiety with
double rm-conjugated straps. Therefore, upon cycliza-
tion, the incorporated o-linked thienyl unit makes a
coplanar pyrrole-thiophene geometry, leading to spatial
proximity between the pyrrole and the adjacent meso
-pentafluorophenyl ring.*** In addition, the thiophene
ring has a higher extent of 6z aromaticity than the
pyrrole unit, leading to chemical stabilization. Thus, the
local N-fusion forms the tricyclic aza-benzopentalenyl
moiety protruding from the macrocycle, affording un-
usual dimers (i.e., 2) by radical-mediated oxidative reac-
tions (Figure 1¢).>* Notably, the stereoisomeric 2,0t and
2.yn exhibit distinct shape-pertinent reactivity; only 2anti
afforded a further-fused product (4anti), comprising a
multiply fused [6.5.5.7.5.5.5.6]-octacyclic moiety sur-
rounded by the n-conjugated arches. These heterocyclic
aromatic hydrocarbons with arcaded =-conjugated
bridges demonstrated unique NIR optical features upon
protonation.

Experimental Methods

Commercially available solvents and reagents of analyti-
cal grade were used without further purification unless
otherwise mentioned. The experimental details are pro-
vided in the Supporting Information, including the general
experimental instruments, testing methods, theoretical
calculation details, and the synthetic processes and struc-
tural characterization of the compounds.
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Results and Discussion

Syntheses, characterization, crystal
structures, and aromaticity

The synthetic details are outlined in Scheme 1. The key
precursor thienyl-tetrapyrrole S-P4 was prepared
through a [2+3] condensation route (see Supporting
Information Figures S1, S3, and S23). Direct oxidation
of S-P4 with various oxidants like 2,3-dichloro-5,6-
dicyano-p-benzoquinone (DDQ) and p-chloranil
afforded unidentified mixtures of highly polar com-
pounds. Considering the possible template effect on the
cyclization of oligopyrranes,®™8 we tried various metal
ions. We found that zinc acetate afforded the desired
cyclization product 1 (Supporting Information Figure
S24) in a reasonable yield (23%). Single-crystal X-ray
diffraction analysis of 1 demonstrated a non-globally
conjugated structure containing an sp3-hybridized car-
bon (C5) (Scheme 1) as similar to the corresponding
dihydrosapphyrin (Supporting Information Figures S7,
S8, and S29).* The confused pyrrole (ring A) is directly
linked to the a-position of thiophene (ring E). Consistent
with the crystal structure, the 1D and 2D 'H NMR spectra
of 1 in acetone-dg indicated distinctive nonaromatic
features. The peripheral CH signals are observed in the
range of 5.79-6.94 ppm, and the characteristic singlet
signal at 7.89 ppm can be assigned to be the meso-sp?®
CH (Supporting Information Figures S3-S6).
Considering the presence of a meso-sp® CH in 1, it was
treated with common oxidants to check whether it can be
oxidized to fully conjugated molecules.?®3? Interestingly,
heating 1in N,N-dimethylformamide (DMF) under aerobic
conditions afforded three fused dimeric species, 2anti,
2.yn, and 3, in yields of 46%, 1.5%, and 4%, respectively.
The high-resolution electrospray ionization mass spec-
trometry (HR-ESI-MS) analysis of 24pt and 2gy, demon-
strated almost identical molecular ion peaks at
2073.0876 and 2073.0874 ([M + HJ*, calcd for CogHoz
F3sNgS,: 2073.0880), respectively, indicating dimeric
structures along with the elimination of two fluorine and
eight hydrogen atoms (Supporting Information Figures
S25 and S26). The HR-ESI-MS of 3 exhibited the molecule
ion peak at 2071.0715 ([M + HJ", calcd for CggHxF3gNgS-:
2071.0724) (Supporting Information Figure S27), indica-
tive of a further-fused dimeric structure (Supporting
Information Figure S17). To probe the effect of dimeriza-
tion conditions on the yields of the dimers, the DMF
solution of 1 was purged of air and heated under N,
atmosphere, which resulted in negligible dimers, suggest-
ing that air is essential for generating the dimers. To
further check the effect of the oxidant, 1 was heated in
DMF with p-chloranil under N, atmosphere. Dimers 2anti
and 4, (vide infra) were generated, whereas no 24y, or 3
could be detected. When stronger oxidants like DDQ or
Ag(l) salts were added slowly into the solutions of 1, only
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Scheme 1| Syntheses of thia-hydrosapphyrin T and its fused dimers 2 and 3. Reaction conditions: (i) Zn(OAc)>2H-0,
p-chloranil, CHsCN; (ii) air, DMF, 100 °C, 12 h, Ar = CgF 5. The fluorine atoms attached to rings F/F' within the fused rings
are omitted for clarity. Partial meso-aryl rings in the crystal structure of 1 are omitted for clarity.

complicated mixtures of highly polar compounds could
be obtained, and no stable products could be isolated.
However, formation of the dimers is accompanied by
simultaneous removal of hydrogen and fluorine atoms,
which may involve the elimination of hydrogen fluoride
(HF) molecules (vide infra, Supporting Information Figure
S34), and thus it is anticipated that bases may be favor-
able for such dimerization reactions. Moreover, the addi-
tion of bases like EtzN and NaOH indeed accelerated the
reactions, whereas the yields of the dimers were notice-
ably lower due to more side products. Based on these
results, the optimized condition for the dimerization reac-
tions is to heat 1in DMF under aerobic conditions without
adding any base or other oxidants.

Dimer 244ti contains an (E)-1,1'-bipyrrolo[1,2-aJindolyli-
dene core with two rn-conjugated thia-tetrapyrrin arches
directly linked at the C5/C5’ and C9/C9’ positions
(Figure 2a,e,l and Supporting Information Table S1),
which was constructed by the defluorinated N-fusion
reaction between the meso-pentafluorophenyl group
(ring F) and the neighboring pyrrole (ring B), followed
by oxidative CH coupling at the outward C7 position.
The macrocyclic arches lie in the anti-fashion to the
mean plane of the bipyrrole-indolylidene core through
the double-bond linkage at C7-C7’ (1.385(3) A)
(Supporting Information Figure S30).
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A similar reaction mode was observed in generating
2;yn. However, unlike 2,44, two heteropyrrolic arching
subunits lie at the same (syn) side of the central core.
Due to the syn orientation, the fused FGB-B'G’F’ core is
bent with a torsion angle of 18.8° (Figure 2b,f,j).

Consistent with the non-interconvertible orientation
of the arch moieties associated with the steric hindrance,
the syn/anti-structural symmetry is reflected by the sub-
tle difference between the 'H NMR spectra of 2anti
and 2gy, (Supporting Information Figures S9 and S14).
Notably, the CH signals of C8(C8’) in 24nti and 2gyn
appear at 5.75 and 5.33 ppm, respectively, and they
are highly shielded due to the local ring current proximi-
ty of the confused pyrrole (rings A and A’) (Supporting
Information Figures S11 and S16). The nucleus-
independent chemical shift (NICS) values® are consis-
tent with the weakly aromatic quinoidal-like electronic
structure of the aza-pentalenylidene core (rings B, G, B/,
and G’) in the central scaffold (Figure 2i,j). The outer
CH protons of 2,ht and 2gy, lie in the typical alkene
regions of 5.75-7.18 and 5.33-6.96 ppm (Supporting
Information Figures S9-S16), respectively, suggesting
the nonaromatic character of 2,nti and 24y,. To further
elucidate the nonaromatic character, anisotropy of
the induced current density (ACID)®° plots of 2.n4 and
2,yn Were calculated, and no obvious clockwise or
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Figure 2 | Perspective molecular structures of 2,p4i (3, €), 2syn (b, ), 3 (¢, @), and 4ansi (A, ). CsF 5 groups and hydrogen
atoms attached to carbon atoms are omitted for clarity. The dotted lines represent hydrogen bonds. (i-1) The NICS(1)
(cyan) and NICS(-1)., (blue) values of the fused cores Of 2apt; 2syn 3, and 4ape, With the distances between the
potential reaction sites indicated by the values above the arrows in panels (i) and ().

counterclockwise current was observed from the ACID
plots (Supporting Information Figure S38). In addition,
the NICS(0O) values around the cavity center were calcu-
lated to be —0.23 and —0.61, respectively, in agreement
with the nonaromatic character of 2,nt and 2gyp.

In contrast to the transoid isomers of 2.t and
2,yn, aza-benzopentalenylidene moieties (BGF and
B'G'F’) within 3 are oriented in a cisoid configuration
(Figure 2c¢,g9), and the parts of the two conjugated
arches lie at opposite sides of the core. The confused
pyrrole rings participate in further fusion to generate a
bicyclo[4.2.2]deca-2,4-diene structure by forming the
bonds C3-C5’ and C3’'-C5. Moreover, the C7-C7’ bond
length of 1.461(1) A is longer than the corresponding
values of 1.385(3) and 1.443(6) A for the double bond
linkage within dimers 2,0 and 2gyn, respectively
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(Supporting Information Figures S30-S32). The result-
ing structural change in the bipyrrole-indolylidene moi-
eties is reflected in the distinct NICS(1/-1) values of the
core moieties (B, G, and F) (Figure 2k).

Plausible mechanism

For the conversion reactions from monomer 1 to dimers
2 and 3, we speculated the involvement of radical
intermediates (Figure 3 and Supporting Information
Figure S34). As expected, the dimerization was disturbed
by the radical scavenger 2,2,6,6-tetramethylpiperidine
(TEMPO). Therefore, the N-C fusion reaction with the
meso-CgFs group may lead to the fused radical species
5 (Scheme 2). The possible radical species 5 could un-
dergo further self-dimerization to afford the dimeric

e
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Dimerization
[Ox]
3
—2H

Figure 3 | Plausible mechanisms proposed for generating 2 and 3 from 1 by oxidation.

intermediates 6 and 7. The spin density map of 5, which
shows a higher coefficient at the less hindered C7 posi-
tion of the aza-benzopentalenylidene moiety, indicated
the regioselectivity of the self-dimerization (Supporting
Information Figure S34). The cis conformation of 6 would
be favorable for the radical oxidation to form 3 by re-
moving four hydrogens. Meanwhile, the trans conforma-
tion of 7 would be favorable for the radical oxidation to
form 2 by removing two hydrogens directly. In addition,
compared to 2, the lower yield of 24y, can be antici-
pated considering the higher relative energy of 24y, by
7.3 kJ/mol (Supporting Information Figure S36).2

Conformation-modulated reactivity

The major structural difference between the isomeric
dimers 2,nti and 2gy, lies in their distinct transoid and
cisoid conformations. These may serve as ideal artificial
prototypes to understand the conformation-dependent
chemical reactivities. Interestingly, dimer 2,4 readily
undergoes a further oxidative fusion reaction to acquire
4.nti (Supporting Information Figure S28) in a high yield
of 91% by linking C1 and C8’ from pyrroles A and B/,
respectively (Scheme 2). In contrast, treatment of 24y,
with various oxidants only afforded undefined

+

6% [by method (i)]

4'anti
(i) A

91%

Scheme 2| Structure of the proposed intermediate to afford multiply further-fused compound 4an:. Reaction
conditions: (i) p-chloranil in toluene; (i) DDQ in CH>Cls, Ar = CgFs The fluorine atoms attached to rings F/F within

4.nti are omitted for clarity.
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complicated mixtures. In the structure of 4,4, the two
monomeric units are further linked between the sp* C1
and sp? C8 to form a seven-membered ring H in a
nonplanar envelope conformation (Figure 2d,h,| and
Scheme 2). As a result, a unique [6.5.5.7.5.5.5.6]-octa-
cyclic fused ring structure is formed, incorporating a
roughly planar bipyrrolo-indolylidene core associated
with the confused pyrrole A (Supporting Information
Figure S33). The '"H NMR spectrum of 4., exhibits an
unsymmetrical structural feature; a lack of a confused
pyrrole NH peak and a shift of the a-CH of the same ring
to the deshielded region (6 = 8.36 ppm) are observed
(Supporting Information Figures S18-S21). In addition,
the sp*-hybridized carbon (Cl) signal resonates at
8439 ppm in the ®C NMR spectrum (Supporting
Information Figure S22).

The different reactivity for 2,ps and 24y, may be as-
cribed to their distinct conformations. In 2.4, the reactive
A and A’ rings are tilted from the planar FGB-B'G'F’
moiety with dihedral angles of 60.8° and 69.5°, affording
short C1---C8 and C8.---C1’ distances of 3.222(6) and
3.332(6) A, respectively (Figure 2i). In contrast, the larger
A/B’ and B/A’ dihedral angles of 111.8° and 88.6° in 2y,
lead to longer C1---C8’ and C8---C1’" distances of 3.705(1)
and 3.408(1) A, respectively (Figure 2j). Thus, the different
reactivity of 2,nti @and 24y, is attributable to the distances
between the reactive sites, constrained by the alignments
of the macrocycles around the central core. Notably, the
exclusive formation of dimer 45, among the potential

isomers indicates that 4.nti is an energetically favored
isomer compared to the potential ones with different
linking modes (C2-C8 and NI1-C8’) (Supporting Infor-
mation Figure S37). Notably, 4anti also exhibits much
lower relative energy (35.2 kJ/mol) than its hypothetical
syn-isomer 4y, indicating that 4.y, is extremely unstable,
consistent with the observation that 4y, cannot be syn-
thesized from 2gyp.

UV-vis-NIR absorption spectra and acid
response

The absorption spectra of 1-4 were recorded in CH5Cl,
(Figure 4a). Thia-hydrosapphyrin 1 displays an intense
Soret-like peak centered at 418 nm and a broad NIR band
in the 600-950 nm range. Upon dimerization, the iso-
meric dimers 2anti, 2syn, and fused 4,ni demonstrate
considerably broadened absorption bands in the visible
region. In contrast, the absorption spectrum of 3 exhibits
arelatively sharp spectral feature with a less-intense red-
to-NIR band (Amax = 698 nm), resulting from its partially
disrupted m-conjugation at the sp® C5 and C5’ atoms.
Based on the respective onset wavelengths of 990, 1225,
1270, 900, and 1180 nm observed for 1, 2,4pti, 2syn, 3, and
4.+, their optical band gaps were calculated to be 1.25,
1.01, 0.98, 1.38, and 1.05 eV, respectively (Supporting
Information Figure S35), in a sequence which is not fully
consistent with that of the density functional theory
(DFT) calculated highest occupied molecular orbital
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Figure 4 | UV-vis-NIR absorption spectra of 1, 2apti 2syn, 3, and 4ansiin CH>Cl5 (a). Insets: photographs of the solutions.
The absorption spectral changes during the addition of TFA (0-300 equiv) to the solutions of 2apti (b), 2syn (€), 3 (),

and 4anei (e, ) (20 uM in CH>Cl2).
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Figure 5 | Differential pulse voltammograms of 1 (a), 2anti
(b), 2syn (€), 3 (d), and 4apei (€) measured in anhydrous
CH>CI, containing O.1 M tetra-n-butylammonium perchlo-
rate as the supporting electrolyte.

(HOMO)-lowest unoccupied molecular orbital (LUMO)
gaps in the vacuum approximation (Supporting Infor-
mation Tables S2 and S3). However, time-dependent
DFT calculations of the molecules accounting for solvent
effects of CH,Cl, using the polarizable continuum model
simulated well the optical spectra and optical band gaps.
Thus, the lowest-energy-lying absorption bands mainly
corresponding to HOMO-LUMO transitions were calcu-
lated to be 825, 1118, 1165, 715, and 1109 nm for 1, 2,4pti, 2syn,
3, and 4,4, respectively, in the same sequence revealed
by the optical band gaps (Supporting Information Figures
S39-S43 and Tables S4-S8). In addition to the absorption
spectra, the fluorescence spectra of these compounds
were also measured. They are all nonfluorescent, which
may be related to the occurrence of nonradiative
transitions facilitated by their rather flexible and twisted
conformations. Notably, upon the gradual addition of
trifluoroacetic acid (TFA) to the solution of 2,4 (and
2.yn), the deep NIR absorption band beyond 1200 nm
was intensified (Figure 4b,c). Similarly, an intensified NIR
absorption band was also observed for 3 upon adding
TFA, accompanied by a vivid color change from light
green to wine red (Figure 4d). These changes could have
resulted from the protonation at the imino-nitrogen sites
in the arch subunits. In contrast, a two-step protonation
process was likely observed for the unsymmetrical dimer
4.nti. Which implied different basicity of the nitrogen
sites in ring A and the arch’s pyrroles (Figure 4e,[f). The
acid-induced spectral changes of these derivatives may
be applicable in acid-responsive sensing in the NIR region.
DOI: 10.31635/ccschem.023.202202690
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Electrochemistry

The electrochemical properties of the dimers were studied
using cyclic voltammetry and differential pulse voltam-
metry in CH,Cl, containing 0.1 M tetra-n-butylammonium
perchlorate (TBACIO,) as the supporting electrolyte
(Figure 5a-e and Supporting Information Figure S44
and Table S9). The thia-hydrosapphyrin 1 demonstrated
two quasi-reversible oxidation waves at 0.62 and 0.79 V
and three irreversible reduction peaks at —0.73, —-0.83, and
-1.24 V. Compared to 1, the first reduction potentials of the
transoid isomers of 2,uti and 2y, Were —0.51 and —0.25 V,
respectively, which are remarkably anodically shifted
compared to that of 1. In contrast, the non-fully conjugat-
ed cisoid dimer 3 showed a cathodically shifted first
reduction potential (-0.81 V). In addition, the multiply
fused dimer 4, exhibited split reduction potentials at
—-0.50, —0.74, —0.89, and -1.24 V, respectively, which may
result from its highly unsymmetrical structure. In contrast,
the oxidation potentials of 2—4 were all anodically shifted
compared to 1, which were detected at 0.79, 0.94, 0.87,
and 0.87 V, respectively. Compared to 2., the relatively
positive first oxidation potential of 25y, may partly ratio-
nalize its resistance toward oxidation to afford the corre-
sponding fused dimer 4y, like (Supporting
Information Figure S37). Based on the data above, the
corresponding electrochemical HOMO-LUMO energy
gaps of 2.nti, 2syn, 3, and 4,4, Were determined to be
1.30, 1.19, 1.68, and 1.37 V, respectively, in the same se-
qguence as their optical band gaps (vide supra).

4anti

Conclusion

Here, we have successfully constructed thia-sapphyrin
dimers bearing multiply fused heteroaromatic rings as
effective artificial platforms to reveal the importance of
conformation-governed chemical reactivity for construct-
ing complex macrocycle arrays. Thus, the oxidative fusion
of thia-hydrosapphyrin 1 afforded stereo-dependent di-
meric compounds, 2anti, 2syn, aNd 3 through the intrinsic
radical-mediated coupling of aza-benzopentalenylidene
moieties. Incorporating a terminal thiophene ring into the
sapphyrin scaffold considerably altered the oxidative re-
activity. The resulting isomeric dimers 2anti and 25y With
two n-conjugated straps lying at the opposite (anti) and
same (syn) sides of the cores exhibit dramatically different
chemical reactivities. Dimer 2,nti can be readily oxidized to
afford 4,nti comprising a coplanar annulated [6.5.5.7.
5.5.5.6]-octacyclic framework in a high yield. In contrast,
further oxidation of 2g, only resulted in complicated
undefined mixtures. All the fused products showed effi-
cient light-harvesting ability and an acid-sensitive nature.
These results demonstrate unique examples of synthesiz-
ing m-conjugated porphyrinoid dimers, highlighting the
importance of conformation-modulated reactivity, which
may compose an approach for constructing 3D-twisted
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porphyrin analog arrays and the related functional mole-
cules toward NIR-light applications.

Footnote

@ All calculations were performed with the Gaussianl16
program package. See the Supporting Information for
more details.
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