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ABSTRACT: By the acid-catalyzed [2 + 2] condensation, an ,.::'/\f"” ‘::x.':"” N Mty
unprecedented neo-N-confused phlorin (neo-NCphlorin 1) was success- Con W CNH ! >/,., &
tully synthesized. By treating 1 with N-chlorosuccinimide, the correspond- * A Q_ __,n;fL” ar—{ N
; ; ) : SN OHN J-N O HNT, —NH N=
ing chloro-substituted neo-NCphlorin (1-Cl) was obtained. The G s '\\,'»\_fuh_/ LA Ay
oxidization of 1 with FeCl; afforded the neo-N-confused phlorinone Ar Ar ke

(neo-NCphlorinone 2), which bears a relatively coplanar conformation,
different from the highly distorted ones observed for 1 and 1-Cl. Notably,
2 shows striking long-wavelength absorption beyond 1300 nm upon 1

addition of TBAF.

As a class of naturally occurring macrocycles, porphyrins
exhibit outstanding photophysical, redox, and optoelec-
tronic properties, applicable in many fields.'~* In recent years,
interesting porphyrin analogues developed through contraction,
confusion, and interruption of the porphyrin conjugation
frameworks (Scheme 1) have aroused intensive interest in

Scheme 1. Chemical Structures of Porphyrin and Its
Analogues
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expanding the structures and properties of porphyrins. For
example, N-confused porphyrins (NCPs) are featured with a
pyrrolic unit incorporated into the macrocycle through the
linkage of its a,f#’-positions rather than that of a,a’-positions for
normal porphyrins (Scheme 1).>° Because of the presence of
peripheral NH and inner CH moieties and the possibility of
coordinating as trianionic ligands, NCPs have been extensively
used as anion sensors, building blocks for constructing
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supramolecular assemblies, and reagents for stabilizing high
valent metal ions which may find applications in catalysis.”
Unlike fully conjugated porphyrin analogues, phlorins and
calixpyrroles contain one or more sp> meso-carbons”’ which
interrupt the conjugated macrocycles, resulting in the tendency
of adopting nonplanar structures, which will be favorable for
binding and sensing anions at the NH moieties.'”"" In contrast
to the extensively investigated calixpyrroles, phlorins, especially
N-confused phlorins (NCphlorins), remain relatively unex-
plored.'” Studies on rational and controllable syntheses and
properties of N-confused types of phlorins are thus highly
desired.

Herein, we report the efficient and rational syntheses of neo-
N-confused phlorin (1), its chloro derivative (1-Cl), and
further oxidized product neo-N-confused phlorinone (2). X-ray
analyses revealed more distorted conformations for the neo-N-
confused phlorins 1 and 1-Cl relative to that of normal phlorins
and roughly planar conformation of neo-N-confused phlor-
inone (2). The F -detecting behavior and electrochemistry of
these compounds have also been explored.

The synthetic routes are depicted in Scheme 2. Compound b
is a key intermediate for constructing the “N-confused” part.
Interestingly, the synthesis of b is highly dependent on the
reaction media. As expected, the acylation of §,5’-diphenyldi-
pyrromethane with C4F;COCIl in toluene affords the
corresponding a,a'-diacylated product.**” When we changed
the reaction media to THF, in addition to the a,a’-diacylated
product (a, 32% yield, see the Supporting Information), the
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Scheme 2. Syntheses of Neo-N-confused Phlorin and Its
Derivatives (Ar = C¢Fy, dpm = §-
Pentafluorophenyldipyrromethane)
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desired a,f'-diacylated compound b was separated as a more
polar fraction in a yield of 18%. Compared with the symmetric
molecule a, the 'H NMR spectrum of b exhibits an
unsymmetric character, with the pyrrolic NH peaks at 6 =
9.25 and 8.55 ppm, respectively (Figures S1 and S9). The
remaining pyrrolic a-CH appears at a relatively downfield
region with 6 = 7.21 ppm because of the electron-withdrawing
effect of the neighboring f-acyl group."” Reduction of b with
NaBH, in THF/MeOH (3/1) generated the corresponding
dicarbinol, which was condensed with S-(pentafluorophenyl)-
dipyrromethane in CH,Cl, using TFA as the catalyst followed
by oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) to afford the neo-N-confused phlorin 1 in 12% yield.

In the HRMS of 1, a molecular ion peak was observed at m/z
= 963.1603 ([M + H]"), consistent with the neo-N-confused
phlorin framework. The "H NMR spectrum of 1 revealed that
the 7-conjugation interrupted macrocycle exhibits pyrrolic-CH
signals with typical nonaromatic features, locating between 5.6
and 6.9 ppm. The outer NH appears at 6 = 8.27 ppm, and the
inner NH moieties appears at lower fields with 6 = 9.26 and
9.38 ppm, respectively, owing to the presence of intramolecular
hydrogen bonds, as clearly evidenced in its crystal structure
(vide infra). By treating 1 with N-chlorosuccinimide (NCS), a
slightly less polar compound 1-Cl was obtained in a high yield
of 88%, showing its molecular ion peak at m/z = 997.1212 in its
HRMS, and its '"H NMR spectrum shows almost the same
pattern as that of 1, except for the disappearance of the pyrrolic
a-CH signal (Figure S3). These observations are consistent
with the chlorination of compound 1.

Considering the presence of the reactive free a position of
the confused pyrrolic unit in 1, it is anticipated that 1 may be
susceptible to further oxidation reactions. Consistent with this
expectation, when 1 was treated with anhydrous FeCl; in
CH,Cl,/MeOH for 4 h, a more polar product 2 was obtained
in a yield of 27%. The MS of 2 showed a molecular ion peak at
m/z = 975.13, indicative of the attachment of an oxygen atom.
In the "H NMR spectrum of 2 (Figure S4), an inner NH and
an outer NH were observed at § = 12.12 and 8.98 ppm,
respectively. In addition, the outer pyrrolic a-CH disappeared.
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These observations are in agreement with the phlorinone
structure of 2.

With the purpose of further elucidating the structural identity
of the compounds, we successfully obtained the single crystals
by slow evaporation of the dichloromethane/hexane solutions
for 1 and 1-Cl and the dichloromethane/heptane solution for 2.
Single-crystal X-ray diffraction analyses'* revealed that the
tetrapyrrolic macrocycles of 1 and 1-Cl adopt similarly
distorted conformations. Notably, a confused pyrrole unit is
present in the phlorin frameworks (Figure 1 and Figure S10).

Figure 1. Crystal structures of compounds 1 (a), 1-Cl (b), and 2 (c).
The hydrogen-bonded dimer for 2 is shown in (d). C4Fs groups and
the hydrogens attached to carbons except that of the confused pyrrole
unit are omitted for clarity.

For 1 (Figure la), the pyrrolic rings B and C, opposite to the
sp>-hybridized carbon atom, are essentially coplanar. The
remaining two pyrroles A and D are obviously distorted from
the mean plane of B and C, with dihedral angles of 20.5° and
48.3° respectively. These data indicate that the confused
pyrrole unit D is inclined to be tilted from the macrocycle
owing to the steric hindrance between its CH moiety and the
NH moieties within the macrocycle as well as the absence of
hydrogen bonds involving the CH moiety. Within the
macrocycle, N2 is hydrogen bonded to H1 and H3 with the
N2--N1 and N2---N3 distances of 2.988(5) and 2.891(5) A,
respectively. In the crystal of 1-Cl (Figure 1b), pyrroles A and
D are tilted from the mean plane of rings B and C with dihedral
angles of 17.0° and 53.8°, respectively, indicative of a distorted
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structure similar to that of 1. The crystal structure of 2 (Figure
1c) clearly indicates that the confused pyrrole unit has been
oxidized to the corresponding pyrrinone with an oxygen atom
attached at its o position. Interestingly, the slight modification
at the confused pyrrole ring leads to significant effects on the
conformation of the tetrapyrrolic framework. Unlike the
severely distorted conformation of the phlorins 1 and 1-Cl, 2
displays a relatively coplanar conformation in which pyrrole
rings A—C are essentially coplanar, with the confused pyrrole
unit D slightly tilted from the plane with a small dihedral angle
of 12.2°. Interestingly, four intramolecular hydrogen bonds
exist within the macrocycle involving both the NH and CH
moieties. Thus, H-bonds N1---H3, N3---H3, N1---H4, and N4---
H4 are observed with N1:--N2, N2.--N3, N1---C4, and C4---N4
distances of 2.940(6), 2.971(6), 2.975(6), and 2.897(6) A,
respectively. The multiple intramolecular hydrogen bonds may
be favorable for improving the planarity of 2. In addition,
intermolecular hydrogen bonds are also observed between the
two lactam-like moieties of two neighboring molecules,
affording hydrogen-bonded dimers (Figure 1d).

Consistent with the nonconjugated and nonaromatic
structures, the dark green neo-N-confused phlorins 1 and 1-
Cl exhibit typical nonaromatic absorption spectra, which
feature a split absorption around 400 nm and an absorption
peak around 670 nm with comparable intensities (Figure 2). In
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Figure 2. UV—vis—NIR spectra of 1, 1-Cl, and 2 in CH,Cl,. The inset
shows the phtographs of these compounds in CH,Cl,.

addition to the typical absorption bands for 1 and 1-Cl, neo-N-
confused phlorinone 2 exhibits a stronger peak at 342 nm and a
shoulder peak at 450 nm, and the peak around 680 nm is
extremely broad.

The redox properties of neo-N-confused phlorins (1 and 1-
Cl) and phlorinone 2 were investigated by cyclic voltammetry
in CH,Cl, under an inert atmosphere by using 0.1 M tetra-n-
butylammonium perchlorate (TBAP) as the electrolyte and a
saturated calomel reference electrode (SCE) as the reference
electrode. Compound 1 displays two oxidation and two
reduction processes. Similar behavior was observed for
compounds 1-Cl and 2. The HOMO-LUMO gaps were
electrochemically obtained to be 1.84, 1.79, and 1.53 €V for 1,
1-Cl, and 2, respectively (Figure S11 and Table S1).

Theoretically, both 1 and 2 have some potential tautomeric
isomers, la—d and 2a—f (Figure 3 and Figure S12). In fact,
only la and 2a were observed in their respective crystal
structures (vide supra). DFT calculations can be used to
rationalize these results by evaluating the relative energies of all
the possible isomers."® Thus, 1a has the lowest energy among
all its proposed isomers, with the others showing energies 3.3
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Figure 3. Relative energies of the four possible isomers of compound
1.

to 19.0 kJ/mol higher relative to 1a (Figure 3). Similar results
were obtained for 2a (Figure S12).

Oligopyrroles are well known for their abilities to detect
fluoride ions using the pyrrolic NH moieties."”"" As shown in
Figure 4a, the gradual addition of tetra-n-butylammonium
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Figure 4. Changes in the absorption spectra of (a) 1 and (b) 2 (10
uM in CH,Cl,) upon titration with TBAF (0—200 equiv for 1 and 0—
2000 equiv for 2) in CH,Cl,. The inset shows the phtographs of these
compounds in CH,ClL,.

fluoride (TBAF) to the solution of 1 in CH,CI, resulted in
absorption spectral changes with a set of isosbestic points at
321, 410, 525, and 709 nm, indicating that a distinct species was
formed. The addition of F~ to the solution of 1-Cl exhibited
similar results (Figure S13). In contrast, addition of F~ to 2
caused a strikingly long-wavelength absorption up to 1350 nm
(Figure 4b and Figures S14—S16), which may be potentially
applicable in bioimaging and other relevant areas. The 'H
NMR spectral changes of 1, 1-Cl, and 2 upon addition of TBAF
(Figures S17—S19) demonstrate that the F~ anion may act as a
base to deprotonate the compounds, which are accompanied by
the development of absorption peaks at wavelengths beyond
800 nm.

In summary, we herein report the facile and eflicient
syntheses of a neo-N-confused phlorin 1 and its chloro-
derivative 1-Cl. The further oxidation of 1 with FeCl, affords a
neo-N-confused phlorinone 2. X-ray analyses revealed that both
1 and 1-Cl exhibit highly distorted conformations. In contrast,
2 displays a relatively coplanar structure. The structural
differences result in different absorption spectra and F~
detecting behavior. Interestingly, accompanying by the addition
of F~, the absorption spectra of 2 were dramatically extended to
1350 nm.

These results lead us to propose a convenient and efficient
approach for the syntheses of neo-N-confused phlorins and
phlorinone, and the striking long-wavelength absorption
induced by F~ may find applications in bioimaging and relevant
areas.
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