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Ni'" porphyrin (P) and Ni"' 5,15-diazaporphyrin (DAP) hybrid tapes were synthesized by Suzuki—Miyaura
cross-coupling reactions of meso- or B-borylated P with B-brominated DAP followed by intramolecular
oxidative fusion reactions. Meso-B doubly linked hybrid tapes were synthesized by oxidation of singly
linked precursors with DDQ-FeCls. Synthesis of triply linked hybrid tapes was achieved by oxidation with
DDQ-FeClz-AgOTf with suppression of peripheral B-chlorination. In these tapes, DAP segments were
present as a 20m-electronic unit, but their local antiaromatic contribution was trivial. Remarkably, these

hybrid tapes were stable and exhibited extremely enhanced absorption bands in the NIR region and
Received 1st March 2024

Accepted 23rd May 2024 multiple reversible redox waves. A pentameric hybrid tape showed a remarkably sharp and red-shifted

band at 1168 nm with ¢ = 5.75 x 10° M~* cm™. Singly linked P-DAP dyads were oxidized with DDQ-
DOI 10.1039/d4sc01450b FeCls to give stable radicals, which were oxidized further to afford dimeric hybrid tapes possessing

rsc.li/chemical-science a nitrogen atom at the peripheral-side meso-position.

Introduction Shinokubo et al.,**® but porphyrin-diazaporphyrin hybrid tapes
have not been reported before.
Highly conjugated molecules have attracted considerable
interest in light of their applications in diverse materials . )
chemistry." As representative molecules, meso-meso, B-B, B- Results and discussion
B triply linked Zn"-porphyrin tapes were developed by oxidative
conversion of meso-meso singly linked Zn"-porphyrin oligo-
mers.>® This conversion caused an orthogonal-to-coplanar
structural change to realize remarkable red-shifts of absorp-
tion, which eventually reached the infrared region.> While
a range of potential applications of porphyrin tapes have been
demonstrated,® they became increasingly unstable upon elon-
gation of the array owing to the steady lift-up of the HOMO level,
which is a serious drawback.>* We hypothesized that nitrogen
doping at the meso-positions of a porphyrin tape may stabilize
the HOMO and induce novel optical and electronic properties.*
Furthermore, nitrogen-doped porphyrin tapes could be
appealing as a unique and discrete N-doped graphene model.?
5,15-Diazaporphyrins have been explored by Matano et al. and

In this paper, we report the synthesis of nitrogen-doped
porphyrin tapes consisting of Ni'-porphyrin (P) and Ni"-5,15-
diazaporphyrin (DAP). Synthetic routes were concise, involving
Suzuki-Miyaura coupling and a subsequent intramolecular
oxidative fusion reaction. As the first trial, isomeric triads 3a
and 3b were prepared in 28% yields, respectively, by the cross-
coupling reactions of 1a with 2 (ca. 1:1 mixture of 2a and 2b)
followed by chromatographic separation (Scheme 1). Triads 3a
and 3b were been to be syn- and anti-isomers, respectively, by X-
ray analysis (Fig. 1). In both triads, the DAP segment showed
a planar structure but P segments showed less planar struc-
tures. The dihedral angles between DAP and P were 74.6° and
53.8° in 3a and 65.3° in 3b, respectively.

We attempted the synthesis of meso, B doubly linked
porphyrin tapes from 3a and 3b. Through many attempts, we
“Key Laboratory of Chemical Biology and Traditional Chinese Medicine Research found that hybrid tapes 4a and 4b were obtained in 30% and
(Ministry of Education of China), Key Laboratory of the Assembly and Application of ~ 32% yields by oxidation of 3a and 3b, respectively, with DDQ and
Organic Functional Molecules of Hunan Province, College of Chemistry and ~FeCl; (Scheme 1). Hybrid tapes 4a and 4b showed parent-ion
Chemical Engineering, Hunan Normal University, Changsha 410081, China. E-mail: peaks at m/z = 2459.1427 (ca]cd for [ClaoHlele 4Ni3]+ =
Jxsong@hunmu.edu.cn } o 2459.1631) and at m/z = 2459.1584 (caled for [C6oH;65N;4Niz ] =
;gz :rgo";_':sg 52;’::”3” Graduate School of Science, Kyoto University, Sakyo-ku, 2459.1631), respectively. X-ray diffraction revealed the anti-
T Electronic supplementary information (ESI) available. CCDC 2310178-2310184 structure of 4b to be considerably bent (Fig. 1). Importantly, 4b
and 2336241, For ESI and crystallographic data in CIF or other electronic ~had anu{eutral 207t-DAP unit with average Nmeso_ca: Nineso—Cp, and
format see DOI: https://doi.org/10.1039/d4sc01450b Cimeso—Cpp bond lengths of 1.38, 1.41, and 1.44 A, respectively,
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4b (32%) A

Scheme 1 Synthesis of 4a and 4b. Reagents and conditions: (a)
Pds(dba)z, PPhz, Cs,COs, CsF, toluene/DMF, reflux, 48 h; (b) DDQ-
FeCls, CH,Clo/MeNO,, rt., 1 h. Art = 3,5-di-tert-butylphenyl, Ar® =
2,4,6-trimethylphenyl.

embedded in a bent-tape structure. Observed N,,.,~C, and
N,,.es0-Cp bond distances were distinctly shorter than the normal
N-C bond length (1.47 A). In line with the structures, a singlet set
and two sets of signals due to Ar* protons were observed for 4b
and 4a, respectively. In addition, singlet signals due to the
f proton at the DAP unit were observed at 9.04 and 9.01 ppm in
4a and 4b, respectively. These high chemical shifts were contrary
to what was expected for a paratropic ring current arising from
the 207t-DAP unit judging from low chemical shifts (4.6-3.3 ppm)
of antiaromatic 207t-DAP monomers.*® Instead, DFT calculations
indicated that the molecular orbitals of 4a and 4b were well
spread over entire tapes (Fig. 2a-d), and the local antiaromaticity
of DAP units did not remain in 4a or 4b based on NICS(0) values
therein (Fig. S6, S27).

Triply linked hybrid tape 6 was synthesized via triads 5a and
5b, which were prepared in 33% and 37% yields, respectively, by
the cross-coupling reactions of 1b with 2 followed by chro-
matographic separation (Scheme 2). Syn- and anti-structures
were confirmed for 5a and 5b, respectively, by X-ray analysis
(Fig. 3). In both cases, the DAP segment showed a planar
structure, and P units showed less planar structures. The
dihedral angles between DAP and P were 45.1° and 45.2° in 5a
and 25.7° in 5b, respectively.

10208 | Chem. Sci, 2024, 15, 10207-10213

Fig. 1 X-ray crystal structures of 3a, 3b and 4b. (a) Top view and (b)
side view of 3a. (c) Top view and (d) side view of 3b. (e) Top view and (f)
side view for one configuration of 4b. Top view and side view refers to
the central DAP unit. Solvent molecules, tert-butyl of meso-aryl
substituents, and all hydrogen atoms have been omitted for clarity. The
thermal ellipsoids of 3a are scaled to 20% probability. The thermal
ellipsoids of 3b are scaled to 50% probability. The thermal ellipsoids of
4b are scaled to 30% probability.
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Fig. 2 Molecular orbital diagrams of 4a, 4b, 6 and 10. (a) HOMO and
(b) LUMO of 4a. (c) HOMO and (d) LUMO of 4b. (e) HOMO and (f)
LUMO of 6. (g HOMO and (h) LUMO+1 of 10. Molecular orbital
diagrams are based on optimized structures, 3,5-di-tert-butylphenyl
and 2,4,6-trimethylphenyl have been replaced by phenyl for simplifi-
cation. DFT calculations were performed at the B3LYP/6-31G(d) level.

In the next step, oxidation of a mixture of 5a and 5b with
DDQ and FeCl; under similar conditions led to the formation of
6 (25%) along with B-chlorinated hybrid tapes 6-Cl (10%)
(Scheme 2). Meanwhile, we found that addition of an excess

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of 6. Reagents and conditions: (a) Pd,(dba)s,
PPhs, Cs,CO3, CsF, toluene/DMF, reflux, 48 h; (b) DDQ-FeClz-AgOTHf,
CH2Cla/MeNOy, rit., 1 h. Art = 3,5-di-tert-butylphenyl, Ar? = 2,4,6-
trimethylphenyl.

amount of AgOTf could improve the yield of 6 by suppressing
the formation of B-chlorinated tapes. Namely, a solution of 5a
and/or 5b in CH,Cl, was stirred at room temperature for 1 h in
the presence of DDQ (10 equiv.), FeCl; (10 equiv.), and AgOTf
(100 equiv.), and subsequent chromatographic separation gave
6 in 45% yield. The parent-ion peak of 6 was detected at m/z =
2455.1405 (caled for [Cy6oH164N14Niz]" = 2455.1318 ([M]")). The
structure of 6 was confirmed by X-ray diffraction. In the crystal
of 6, two structures were found: a bent structure (Fig. 3e and f)
and planar structure (Fig. 3g and h). Here, the center was
a formal 207-DAP carrying two neutral meso-nitrogen atoms
with average Nieso—Coy Nineso=Cineso, and Cg—Cp bond lengths of
1.381, 1.425, and 1.428 A, and of 1.373, 1.417, and 1.410 A,
respectively. The 'H NMR spectrum indicated one pair of
doublets due to edge B-protons at 8.81 and 8.76 ppm and two
singlet signals due to inner B-protons at 9.14 and 8.13 ppm
being much lower as compared with the trimeric Zn" porphyrin
tape.” These data also excluded a possible paratropic ring
current of 20m-DAP. DFT calculations indicated that the
molecular orbital of 6 was well delocalized over the whole tape
(Fig. 2e and f).

We also attempted the synthesis of a pentameric hybrid tape
10 (Scheme 3). Brominated dyad 7 (ca. 1 : 1 mixture of 7a and 7b)
was prepared by the cross-coupling reaction of 1b with 2 in 51%
yield. This brominated mixture was coupled with diborylated
Ni"' porphyrin 8 to afford a mixture of pentameric precursors
(9a, 9b, and 9¢) in 61% yield. The parent-ion peak was detected

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 X-ray crystal structures of 5a, 5b and 6. (a) Top view and (b) side
view of 5a. (c) Top view and (d) side view of 5b. (e) Top view and (f) side
view of 6. (g) Top view and (h) side view for another configuration of 6.
Solvent molecules, tert-butyl of meso-aryl substituents, and all
hydrogen atoms have been omitted for clarity. The thermal ellipsoids
of 5a and 5b are scaled to 50% probability. The thermal ellipsoids of 6
are scaled to 30% probability.

at m/z = 3804.6985 (caled for (Cpa4Hy40N24Nis)" = 3804.6984 ([M
+ HJ")). Oxidation of pentameric precursors with DDQ, FeCls,
and AgOTf produced pentameric hybrid tape 10 in 16% yield.
The parent-ion peak of 10 was detected at m/z = 3791.5733
(caled for [Cpa4Hz36N24Ni5)" = 3791.5955 ([M]")). The 'H NMR
spectrum showed one pair of doublets at 8.82 and 8.76 ppm and
four singlets at 9.17, 9.05, 8.20, and 8.00 ppm. These data
indicated the trivial contribution of a paratropic ring current of
207-DAP but a global diatropic ring current. DFT calculations
indicated a delocalized nature of HOMO and LUMO+1 over the
entire tape (Fig. 2g and h).

Finally, we examined the synthesis of dimeric hybrid tapes
which had N-unsubstituted DAP at the periphery. Meso-f linked
P—DAP dyad 12 was prepared by the cross-coupling of 1a (ref.
10) with 11 (ref. 11) in 71% yield (Scheme 4). Oxidation of 12
with DDQ and FeCl; in a mixture of CH,Cl, and nitromethane at
room temperature for 1 h gave a stable product, 12-0x, which
exhibited the parent-ion peak at 1531.6771 (caled for
CogHooNyoNi,, m/z = 1531.6756 ([M]")), which was 2H less than
that of 12. The '"H NMR spectrum of 12-ox was extremely broad,
suggesting its radical character. In fact, 12-ox in degassed
toluene exhibited an EPR signal at g = 1.9995 (Fig. S1-S237).
The signal did not have hyperfine coupling (hfc) features,
indicating small hfc constants due to effective spin delocaliza-
tion over the m-system. It is important to note that 12-ox is

Chem. Sci., 2024, 15, 10207-10213 | 10209
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Ar! Ar? Ar' Ar? Ar'
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Scheme 3 Synthesis of 10. Reagents and conditions: (a) Pd,(dba)s,
PPhs, Cs,COs, CsF, toluene/DMF, reflux, 24 h; (b) Pd,(dba)s, PPhs,
Cs,COs3, CsF, toluene/DMF, reflux, 48 h; (c) DDQ-FeClz-AgOTf,
CH,Clp/MeNO,, rit., 1 h. Art = 3,5-di-tert-butylphenyl, Ar? = 2,4,6-
trimethylphenyl.

stable under ambient conditions. Further oxidation of 12-ox
with tris(4-bromophenyl)aminium hexafluoroantimonate gave
the SbFs~ salt 13 in 60% yield in two steps. The fused dimer 13
showed the parention peak at 1531.6747 (caled for
CogHogoN1Niy, m/z = 1531.6756 ([M-SbF¢]")). Different from the
trimeric and pentameric hybrid tapes, the DAP unit had an 18-
electronic system. The "H NMR spectrum of 13 showed peaks in
the low-field region due to the diamagnetic current. On the
basis of these data, we thought that 12-ox was a neutral radical
(Scheme 4), but we failed to obtain its single crystals.
Similarly, B-p linked P—DAP dyad 14 was prepared by the
cross-coupling of 1b with 11 in 75% yield. It was oxidized with
DDQ and FeCl; to yield 14-ox as an intermediate, which
exhibited the parent-ion peak at 1532.6794 (caled for
CogH100N1oNi,, m/z = 1532.6834 ([M + H]")), which was 2H less
than that of 14. Radical 14-ox in toluene showed an EPR signal
similar to 12-ox at g = 1.9985 without hfc splitting. Radical 14-ox
was also stable. Further oxidation of 14-ox with TBPA-SbF, gave
hybrid tape 15 in a two-step yield of 80%. The parent-ion peak

10210 | Chem. Sci., 2024, 15, 10207-10213
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Ar?  SbFg” Ar?
13 (60% yield in two steps)

15 (80% yield in two steps)

Scheme 4 Synthesis of 13 and 15. Reagents and conditions: (a)
Pds(dba)s, PPhs, Cs,COs, CsF, toluene/DMF, reflux, 48 h; (b) DDQ,
FeCls, CH,Clo/MeNOy, r.t., 1 h; (c) TBPA-SbFs, CH,Cly, rt., 1 h. Art =
3,5-di-tert-butylphenyl, Ar? = 2,4,6-trimethylphenyl.

was observed at m/z = 1531.6747 (caled for CogHgoN;(Ni,, m/z =
1531.6756 ([M-SbFs]")). The "H NMR spectrum of 15 exhibited
broad (but characteristically high-field-shifted) signals at 6.74
and 6.70 ppm due to the B-protons at the meso-nitrogen side.
The structure of 15 was confirmed by X-ray analysis to be a triply
linked P—DAP hybrid bearing a SbFs~ counter anion (Fig. 4). In

b)

) \\S{ A 1.43 /M
N{\\m—c&

cs-N N=cs
145/ 136 \ \N;-C“

7/
Ni [ y/

\N // @)Cé’}:\l/ \N’C/g 1.34
P AN g LN A A

Fig. 4 X-ray crystal structure of 15. (a) Top view, (b) side view and (c)
selected bond lengths of 15. Solvent molecules, tert-butyl of meso-
aryl substituents, and all hydrogen atoms have been omitted for clarity.
The thermal ellipsoids are scaled to 30% probability.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 UV/Vis absorption spectra of 4a, 4b, 6, 10, 12, 12-0x, 13, 14, 14-
ox, and 15. (a) UV/Vis absorption spectra of 4a, 4b, 6, and 10. (b) UV/Vis
absorption spectra of 12, 12-ox, and 13. (c) UV/Vis absorption spectra
of 14, 14-ox, and 15.

15, the P moiety took a domed form but the DAP moiety was
almost planar. The bond lengths of C(1)-C(4), C(2)-N(1) and
C(3)-C(7) bonds were 1.432(8), 1.449(7), and 1.422(8) A,
respectively. Importantly, the bond lengths of C(5)-N(1)
(1.360(7) A) and C(6)-N(1) bonds (1.375(7) A) were distinctly
shorter than the C(2)-N(1) bond, revealing conjugation in the
DAP unit through a positively charged quaternary nitrogen
atom.

Fig. 5a shows the UV/Vis absorption spectra of 4a, 4b, 6, and
10 in CH,Cl,. The absorption spectra of 4a and 4b are different,
showing absorption bands at 412, 473, 565, 814, and 1054 nm
and at 409, 473, 560, 624, and 857 nm, respectively, which re-
flected different syn- and anti-molecular structures. Curiously,
the spectral features of 4a and 4b were quite different from
those of corresponding Zn" porphyrin tapes.’> The observed

View Article Online
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red-shifted band at 1054 nm for 4a was remarkable because the
anti-isomer of the meso-B doubly linked Zn"™ porphyrin tape
showed an intensified band as compared with the syn-isomer.*
Triply-linked hybrid tape 6 displayed three major absorption
bands at 427, 672, and 953 nm. The molar extinction coefficient
of the Q band (A = 953 nm) was 2.90 x 10° M~ ' cm ™', which is
significantly larger than that of the original Zn" porphyrin
trimer tape (Amax = 1406 nm, ¢ = 1.48 x 10° M~ ' em™").° It is
interesting to note that 4a showed a more red-shifted absorp-
tion band than that of 6.

Dimeric tape 13 displayed a very broad absorption spectrum
with weak peaks at 436, 748, and 1020 nm (Fig. 5b). 12-ox
showed a very broad absorption spectrum with weak peaks at
316,430,472, 543,776, and 1357 nm, which are characteristic of
porphyrinoid radical species.*® 15 displayed a broad absorption
spectrum with peaks at 381, 444, 563, 766, 834, and 974 nm
(Fig. 5c). Similarly, the absorption spectrum of 14-ox shows
bands at 390, 444, 583, 783, 1000, and 1200 nm with a low tail
reaching to ca. 1600 nm.

Electrochemical properties were examined by cyclic voltam-
metry and differential pulse voltammetry (Table 1). Dimer 14
exhibited an irreversible first oxidation potential at 0.53 V and
a reversible first reduction potential at —1.26 V, which corre-
sponded to that of Ni-Por (0.58 V) and that of Ni-DAP (—1.32 V),
respectively. These results revealed that first oxidation would
occur at the porphyrin site, and first reduction would occur at
the DAP site. Radical 14-ox showed reversible redox waves at
—0.24, 0.80, and —0.59 V, and 12-ox displayed reversible redox
waves at —0.32, 0.74, and —0.68 V. Fairly reversible redox waves
and a narrow HOMO-LUMO gap of 14-ox (0.35 eV) and 12-0x
(0.36 eV) are characteristics of porphyrinoid radicals." The first
reduction and oxidation potentials of cation species 15 (—0.22
and 0.80 V) should correspond to the first and second oxidation
potentials of radical 14-ox (—0.24 and 0.80 V), and this obser-
vation could also be found between 12-ox and 13."

As a rare case, doubly linked hybrid tapes 4a and 4b showed
eight reversible waves at 1.03, 0.89, 0.71, 0.20, —0.24, —1.40,
—1.78, and —1.98 V, and at 1.30, 0.75, 0.63, 0.19, —0.23, —1.54,
—1.63, and —2.06 V, respectively, suggesting their potential as
electron reservoirs. Trimeric hybrid tape 6 showed nine
reversible waves at 1.20, 0.86, 0.75, 0.25, —0.16, —1.36, —1.58,
—1.99, and —2.24 V. Pentameric hybrid tape 10 displayed weak
reversible waves at 0.62, probably due to its poor solubility. The
electrochemical HOMO-LUMO gaps increased in the order of

Table 1 Electrochemical properties of 4a, 4b, 6, 10, 13 and 15 in benzonitrile with 0.1 M n-Bu4NPFg®

de Eoxs (V) Eox.a (V) Eoxs3 (V) Eox2 (V) Eoxa (V) Erean (V) Erea (V) Ereas (V) AEHLC (eV)
4a 1.03 0.89 0.71 0.20 —0.24 —1.40 —-1.78 —1.98 1.16
4b 1.30° 0.75 0.63 0.19 —0.23 —1.54 —1.63 —2.06 1.31
6 1.20 0.86 0.75 0.25 —0.16 —1.36 —1.58 —1.99 1.20
10 1.00 0.62 —0.42 —2.26 —2.42 1.04
13 0.75 —0.28 —0.67 1.03
15 0.80 —0.24 —0.57 1.04

“ Potentials [V] vs. ferrocene/ferrocenium ion. Scan rate = 0.05 V s~ '; glassy carbon working electrode and Pt wire counter electrode; supporting
electrolyte = 0.1 M nBuyNPFs in benzonitrile; Ag/AgNO; reference electrode. ? Irreversible peaks. ° Electrochemical HOMO-LUMO gaps (AEgy =

e (on.l - Ered.l) [eV])‘

© 2024 The Author(s). Published by the Royal Society of Chemistry
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10 (1.04 eV) < 4a (1.16 V) < 6 (1.20 eV) < 4b (1.31 eV), which was
in agreement with their optical properties. The cationic tapes 13
and 15 showed small HOMO-LUMO gaps, which were compa-
rable with that of 10.

Conclusions

In summary, we have developed a concise protocol to synthesize
P-DAP hybrid tapes by Suzuki-Miyaura cross-coupling reac-
tions and subsequent suitable oxidations. In hybrid tapes with
DAP, the DAP units were 207-electronic systems, but their local
antiaromatic effects were quite minor. Dimeric tapes were
synthesized as cationic species carrying an 18m-electronic DAP
unit. These hybrid tapes were stable and exhibited intriguing
properties, such as nine reversible redox waves for 6 and
extremely enhanced Q-like absorption bands at 1168 nm with ¢
=5.75 x 10° M~ ' em ™" for 10. Exploration of more extended
porphyrin-DAP hybrid nanotapes is underway in our laboratory.
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