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Abstract: The first neo-confused hexaphyrin(1.1.1.1.1.0) was
synthesized by oxidative ring closure of a hexapyrrane bearing
two terminal “confused” pyrroles. The new compound displays
a folded conformation with a short interpyrrolic C-N distance
0f 3.102 A, and thus it readily underwent ring fusion to afford
a neo-fused hexaphyrin with an unprecedented 5,5,5,7-tetracy-
clic ring structure. Furthermore, coordination of Cu" triggered
a ring opening/contracting reaction to afford a Cu" complex of
an N-linked pentaphyrin derivative. The roles of reactive N—C
bonds in the porphyrinoid macrocycles were demonstrated.

I n recent years, porphyrin analogues have received increas-
ing interest due to their rich structural diversity, properties,
and functions that cannot be realized by regular porphyrins.'!
Expanding the macrocycle size is an important approach for
developing novel porphyrin analogues. For example, hexa-
phyrins are one of the representative expanded porphyrins,
which have demonstrated various conformations due to the
large flexible skeletons.”! Another important approach is
changing the linking modes between the pyrrole units. In this
respect, by incorporation of “mislinked” pyrrole rings, in what
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we call the “confusion approach”,F! a variety of novel
porphyrin analogues have been developed with unique
properties.*'% Typical examples include N-confused porphy-
rin,¥! N-fused porphyrin,® corrorin, neo-confused corrole
(norrole),® neo-confused porphyrin,”! and expanded norrole
(Scheme 1).' In these compounds, the confused pyrrole
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Scheme 1. Structures of N-confused porphyrin and related porphyrin
analogues.

units are linked in the o,f’-mode (confused) or N,-mode
(neo-confused). By applying the confusion approach to
hexaphyrins, we have synthesized singly, doubly, and triply
N-confused hexaphyrins with rectanglular and triangular
conformations, respectively.?“!!]

Recently, we reported that the pentaphyrin (Ps) with two
confused pyrroles at both ends exhibited a unique ring closure
reaction and subsequent ring contraction/expansion reactions
with neo-confused linkage.!'” The unexpected transformation
of the confused oligopyrroles as well as the unique structures
of the macrocycles tempted us to explore the reactions for
a series of related oligomers. Herein we report a hexapyrrane
(Pg) with two terminal N-confused pyrroles, which underwent
an oxidative ring closure reaction to yield an unprecedented
neo-confused hexaphyrin (1) with two confused pyrroles
directly linked, and further oxidation induced an intramolec-
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ular ring fusion reaction to afford a neo-fused hexaphyrin (2)
containing a 5,5,5,7-tetracyclic ring in the skeleton. Further-
more, the coordination of 2 with Cu" afforded a complex (3)
with an N-linked pentaphyrin framework appending a pyrrolyl
moiety. In brief, the oxidative ring closure reaction of Pg
afforded a neo-confused hexaphyrin (1), which was eventually
transformed to an N-linked pentaphyrin (3) through the
formation and cleavage of reactive C—N bonds.

Details of the syntheses are outlined in Scheme 2
(path A). For comparison, the reactions observed with
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Scheme 2. Reactions of oligopyrroles Pg (path A) and Ps (path B).'? ) DDQ, CH,Cl,, 14%;
ii) DDQ, CH,Cl,, 87%; iii) Cu(OAc),-H,0, MeOH, air, 6%; iv) DDQ, CH,Cl,, 70%; v) Et;N,

CH;CN, air, 90%,; vi) DDQ, CH,Cl,, 20%.

pentapyrrane Py are also shown (path B).'” The key pre-
cursor, the doubly terminal-confused hexapyrrane (Pg), was
synthesized by the acid condensation of bilane with N-
triisopropylsilyl 3-pyrrole carbinol, followed by deprotection
with Bu,NE["®! Then P¢ was oxidized with 4 equiv of 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). In contrast
to the ring closure at both the a-positions of the confused
pyrroles observed with P41 the cyclization proceeded with
a B,N-a,p linking mode, affording neo-confused hexaphyrin
(1) and neo-fused hexaphyrin (2) in yields of 14 % and 2%,
respectively. The ratio of 1 and 2 is highly dependent on the
amount of DDQ used. When 5.5 equiv of DDQ was applied, 2
was obtained as the main product with a yield of 12 %, and
almost no 1 was obtained, indicating that 1 was further
oxidized to afford 2. Supporting this, the oxidation of 1 with
equimolar DDQ afforded 2 in a yield of 87 %.

The '"H NMR spectrum of 1 in CDCI, exhibits four NH
peaks and 13 CH signals (Figure S11), and the number of
pyrrolic CH signals is one less than that of the hexapyrrane,
indicative of macrocycle formation through the generation of
a C—N bond, which is consistent with the crystal structure
(vide infra). Two inner NH groups (& =12.30 and 10.70 ppm)
may be involved in intramolecular hydrogen bonds. The

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

signal of an outer NH group (6=8.32ppm) is highly
dependent on the solvent (Figure 1), which may be ascribed
to the formation of an intermolecular hydrogen bond.
Another NH signal at a relatively high field of & =6.40 ppm
is slightly dependent on the solvent, which indicates the
difficulty in forming either intramolecular or intermolecular
hydrogen bonds. Upon further oxidation to 2, the number of
NH and CH signals was each reduced by 1 (Figures S4 and
S12), indicating the formation of an additional C—N bond,
which is consistent with the ring fusion structure of 2 (vide
infra).

The best evidence for the formation of
C—N bonds in the macrocyclic structures
of 1 and 2 came from the crystal struc-
tures!" (Figure 2). Interestingly, the bipyr-
role rings in 1 are directly linked in
a unique B,N-a,p mode, which bears sim-
ilarity to the bonding mode in neo-con-
fused corrole (norrole)®! and corrorin,®
and thus 1 is named neo-confused hexa-
phyrin(1.1.1.1.1.0).

The internal ring pathway of 1 contains
a minimum of 22 atoms, and the molecule
contains one imino and five amino N
atoms, whose positions were assigned
based on the bond lengths and C-N-C
bond angles (Figure S13). The highly dis-
torted molecule contains six intercon-
nected pyrrole units A-F, with successive
interplane angles of 18.8°, 24.7°, 19.0°,
47.9°,39.9, and 46.5°, respectively. Finally,
1 exhibits a figure-eight-type, V-shaped
folded conformation (Figure 2b). Within
the macrocycle, N3 is intramolecularly
hydrogen-bonded to H2 and H4 with
N3--N2 and N3---N4 distances of 2.727(4)
and 2.654(4) A, respectively. The N6—H moiety points out of
the macrocycle and may be involved in intermolecular
hydrogen bonds. In contrast, N5—H is hidden in the folded
macrocycle, which hampers the formation of either inter- or
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Figure 1. 400 MHz "H NMR spectra of 1 in different solvents:
a) 0.5 mL CDCl; b)—d) 0.5 mL CDCl; + 1, 5, 20 uL [Dg]DMSO,
€) 0.5 mL [D]DMSO.
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Figure 2. Complementary views of the molecular structures of 1 (a, b),
2 (c,d), and 3 (e, f). C4F; and hydrogen atoms attached to carbons are
omitted for clarity.

intramolecular hydrogen bonds. These observations perfectly
agree with the "H NMR results (vide supra). It is noteworthy
that the folded conformation results in a rather short distance
of 3.102(4) A between C1 of ring A and N5 of ring E, which
may facilitate the formation of a covalent bond between
them. This inference was indeed confirmed in the crystal
structure of 2 (vide infra).

Hexaphyrin 2 was obtained by further oxidation of 1 with
DDQ. Interestingly, in the crystal structure of 2 (Figure 2¢,d),
the formation of a new C—N bond was observed between the
N5 atom of ring E and the C1 atom of ring A as expected.
Thus, an additional seven-membered CsN, ring was generated
and two new interpyrrolic C—N bonds were formed in the
oxidative ring fusion reaction. In fact, ring fusion reactions
between two pyrrolic rings in N-confused porphyrinoids have
been commonly observed and the formed N-fused porphyr-
inoids involve a 5,5,5-tricyclic structure.®”®! In contrast, 2
exhibits an unprecedented 5,5,5,7-tetracyclic structure involv-
ing a seven-membered ring with the pyrroles E, A, and F
linked in an unprecedented a,N-a,N-a,3 mode. Thus, 2 may
be named neo-fused hexaphyrin(1.1.1.1.1.0). Similar to 1, 2
also exhibits a folded conformation and the seven-membered
ring adopts a boat conformation with the A/E, E/F, and F/A
interplane angles of 61.5°, 35.5°, and 39.6°, respectively.

Considering the macrocyclic structures of 1 and 2 with
inner NH and CH moieties available for metal coordination,
we continued to check their metal coordination behavior. The
addition of zinc acetate to solutions of 1 and 2 did not induce
any obvious reactions. However, the color of a solution of 2 in
methanol gradually changed from brown to light yellow upon
addition of Cu(OAc), under aerobic condition (Scheme 2).14!
Thus, 3 was isolated as a dark yellow solid in about 6 % yield.
The low yield was mainly due to decomposition during the
purification on a silica gel column. The '"H NMR spectrum of
3 showed only weak unresolved signals, indicative of the
coordination of a paramagnetic Cu" ion. The mass spectrum
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showed a molecular ion peak at 1392, roughly corresponding
to the adduct of 2, Cu, and a methoxy moiety, which is
consistent with the crystal structure.

The crystal structure of 31" revealed that the seven-
membered ring in 2 has been opened through the cleavage of
the N1—C29 bond between rings A and F (Scheme 2 and
Figure 2¢,f). Accompanying the interpyrrolic bond cleavage,
an O atom was attached to the a-position of ring F with the
C29-02 distance of 1.234(9) A, indicative of a C=0 bond.
Interestingly, a methoxy group was attached to one of the
meso-carbon atoms with the C20—O1 bond length of
1.464(9) A, typical for a C—O single bond, which may be
formed by the addition of a methanol solvent molecule. Thus,
C20 exists as an sp>-hybridized carbon center, which inter-
rupts the conjugation of the macrocycle. The dicationic Cul
atom is coordinated to three N atoms in the roughly planar
tripyrrin moiety formed by rings B, C, and D. In addition, Cul
is further coordinated to the methoxy O1 atom with an Cu—O
bond length of 2.142(5) A, thus affording a distorted tetrahe-
dral coordination environment. The macrocycle also adopts
a folded conformation, with ring A stacked over the tripyrrin
moiety formed by rings B, C, and D. Finally ring E links these
two parts with the D/E and A/E interplane angles of 80.6° and
82.2°, respectively.

As described above, the coordination of 2 with Cu' led to
oxidative cleavage with concomitant formation of C=0O and
C—O bonds. Similar oxidative cleavage reactions have been
reported for porphyrins and porphyrinoids to afford linear
oligopyrroles.'®! The generation of 3 is unique in that
successive ring fusion and regioselective oxidative cleavage
reactions of a porphyrinoid result in a macrocycle having
a different size'”! and connection mode. The details of the
reaction mechanism are unclear yet. However, it is likely that
coordination of Cu" triggers the dioxygen attack at the C,~N
bond, followed by the addition of methanol at the meso-
position (Scheme S1).

The electrochemical properties of compounds 1-3 were
examined in CH,Cl, containing 0.1M tetra-n-butylammonium
perchlorate and the cyclic voltammograms are illustrated in
Figure S15. Porphyrinoids 1-3 are robust against electro-
chemical oxidation and reduction, exhibiting two reversible
one-electron oxidations and one reversible one-electron
reduction. The measured half-wave potentials (E,,) for the
first oxidation are 0.53 V for 1, 0.62 V for 2, and 0.58 V for 3,
while the FE,, values for the first reduction of these
compounds are —0.98, —1.00, and —0.88V, respectively.
Thus, the HOMO-LUMO gaps were estimated to be 1.51,
1.62, and 1.46eV for 1-3 under the given experimental
conditions.

The absorption spectra of 1-3 exhibit broad Soret-like and
Q-like bands in the ranges of 397-441 and 721-786 nm,
respectively (Figure 3a; Figure S16). Both 1 and 2 display
emission around 900 nm with quantum yields (®5) of 0.06 %
and 0.3 %, respectively (Figure 3b).¥ The higher latter value
may be ascribed to the better rigidity of 2 due to the presence
of an additional seven-membered ring. The emission wave-
lengths are shorter than those observed for reported regular
and confused hexaphyrins,?*"*l which may be explained
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Figure 3. a) Absorption spectra of 1-3 and b) emission spectra of
1 and 2 in CH,Cl,.

by the poorer conjugation owing to the nonplanar folded
conformations.

Density functional theory (DFT) calculations were car-
ried out for compounds 1-3 using the Gaussian 09 program
package (Figures $17-S21).?! The HOMO-LUMO gaps of
1-3 were calculated to be 1.90, 2.00, and 1.76 eV (Fig-
ure S17),2" respectively, which is in good agreement with the
electrochemical data. Time-dependent (TD) DFT calcula-
tions were employed to understand the optical features of
1 and 2, which gave the expected wavelengths (Figure S21).
Compared to the MO energy levels of 1, the HOMO of 2 is
slightly stabilized, which may be ascribed to the newly formed
C—N bond. Thus, a larger HOMO-LUMO gap was observed,
leading to blue shift of the lowest energy absorption band.
Accordingly, the lowest energy bands of 1 and 2 are centered
at 786 and 712 nm, respectively. The open-shell electronic
structure associated with the Cu" ion in 3 results in a smaller
HOMO-LUMO gap relative to those of 1 and 2. The TD-
DFT calculations for compound 3 indicate that the absorption
band at 749 nm arises from a combination of electronic
transitions mainly among the o-spin orbitals, where in
particular the SOMO(a)—>LUMO+2(0) transition contrib-
utes a large fraction (Figure S20).

In summary, we have synthesized three novel hexapyrrolic
porphyrinoids 1-3. A unique B,N-o, bonding mode between
the two confused pyrroles and a folded conformation were
observed for 1 with a short interpyrrolic C--N distance of
3.102(4) A, and thus it readily underwent further ring fusion
to afford the neo-fused hexaphyrin 2 with an unprecedented
5,5,5,7-tetracyclic structure. Furthermore, the coordination of
Cu" triggered a ring-opening reaction to afford 3, which
contains an N-linked pentaphyrin framework. Both 1 and 2

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

exhibit fluorescence emission around 900 nm, and thus they
may find applications as near-infrared luminescent dyes. In
conclusion, by the confusion approach, directly linked
confused pyrrole rings in hexaphyrins result in folded
structures and unique reactivity to afford novel macrocycles
with interesting properties.
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