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tail beyond 1400 nm.

Buchwald-Hartwig amination of 5,15-dibromo and 5,10-dibromo Ni(ll)porphyrins with 5-amino
Ni(Il)porphyrin gave linear and bent trimers 4Ni and 5Ni with a central quinodiimine-type
Ni(Il)porphyrinoid. The structures of 4Ni and 5Ni have been confirmed by X-ray diffraction analysis in
both cases. The formation of unusual products 4Ni and 5Ni has been ascribed to facile oxidation of 5,15-
and 5,10-amino Ni(Il) porphyrin unit. Reduction of 4Ni and 5Ni under proper conditions gave NH-bridged
Ni(Il)porphyrin trimers 4Ni-2H and 5Ni-2H in high yields. Trimers 4Ni and 5Ni exhibit the lowest energy
band as compared with 4Ni-2H and 5Ni-2H. Especially the bent trimer 5Ni exhibits a broad absorption

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Porphyrin arrays are organic functional molecules with large -
conjugated systems and have potential applications in optoelec-
tronic devices [1-11], sensors [12-15] and photodynamic therapy
(PDT) [16-18]. In the last decade, porphyrin arrays with alkynes
[19,20], benzene [21] or heterocycles (such as thiophene [22], pyri-
dine [23], pyrrole [24,25]) as bridging units have been intensively
studied. Porphyrin dimers with a single carbon or heteroatom
bridging unit have received much attention due to their unique
photophysical properties, chemical properties, and characteristic
electronic delocalization [26-37]. In 2006, Arnold et al. reported
the first isolation of meso-meso nitrogen-bridged diporphyriny-
lamine 1, which showed a broadened Soret band and red shift
Q bands, indicating substantial electronic interaction between the
porphyrins [27]. Ruppert et al. reported meso-meso, S-meso, B-
B-nitrogen-bridged diporphyrinylamines [29], which were all syn-
thesized by Buchwald-Hartwig amination. Later, Osuka et al. re-
ported that meso-meso nitrogen-bridged Ni(Il) porphyrin dimer
was cleanly converted into aminyl radical 2 and nitrenium cation
3 by oxidation with PbO, and tris(4-bromophenyl)aminiumyl hex-
achloroantimonate (Magic Blue), respectively (Fig. 1) [34]. As an
extension, we report here the synthesis of nitrogen-atom bridged
Ni(II) porphyrin trimers.
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First we attempted to synthesize linear NH-bridged porphyrin
trimer 4Ni-2H by the similar Buchwald-Hartwig amination of 5,15-
dibromo Ni(Il)porphyrin 7Ni with 5-amino Ni(Il)porphyrin 6Ni
[34]. A 4:1 solution of 6Ni and 7Ni in toluene was heated at
100 °C for 12 h in the presence of 0.4 equiv. Pd(OAc),, 0.4 equiv.
BINAP, and 7 equiv. t-BuOK (Scheme 1). To our surprise, only a
linear trimer 4Ni bearing a central quinodiimine-type porphyri-
noid unit was obtained in 38% yield. The matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass spectrum
showed the parent ion of 4Ni at m/z 2627.3453 [M]* (calcd. for
(Ci72H192N4Ni3)*t = 2627.3509) (Fig. S13 in Supporting informa-
tion), which is smaller by two than the expected parent ion peak of
4Ni-2H. The structure of 4Ni has been revealed by X-ray diffraction
structural analysis (Fig. 2 and Fig. S17 in Supporting information).
The bond lengths of C2meso-N (1.300(6) A and 1.304(6) A) are dis-
tinctly shorter than those of Clyeso-N (1.412(6) A and 1.395(7) A).
The "H NMR spectrum of 4Ni showed broadened signals at room
temperature in CDCl3 (Fig. S3 in Supporting information), which
gradually changed to sharp peaks upon cooling down to —60 °C
(Fig. S4 in Supporting information) [38], suggesting conformational
motions at room temperature, which are comparable or faster than
TH NMR timescale. It is noteworthy that four doublets due to the
b-protons of the central quinodiimine unit were observed in the
up-field shifted region at 7.77, 6.76, 5.70 and 3.99 ppm.
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Scheme 1. Syntheses of meso-meso N-bridged porphyrinoid trimers. Conditions: a) Pd(OAc),, BINAP, t-BuOK, toluene, 100 °C, 12 h. Ar = 3,5-di-tert-butylphenyl.
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Scheme 2. Syntheses of meso-meso NH-bridged porphyrin trimers. Conditions: (a) NaBH,4, Pd/C, CH,Cl,/CH30H; (b) NH,-NH,-H,0, CH,Cl,. Ar = 3,5-di-tert-butylphenyl.

Similarly, Buchwald-Hartwig amination of 5,10-dibromo
Ni(Il)porphyrin 8Ni with 6Ni afforded L-shaped bent trimer
5Ni in 25% yield. The quinodiimine structure of 5Ni has been also
confirmed by X-ray analysis. 5Ni shows that the bond lengths of
C2meso-N (1.299(5) A and 1.302(6) A) are shorter than those of
Clmeso-N bonds (1.399(5) A and 1.413(6) A) (Fig. 2 and Fig. S18 in
Supporting information). The 'H NMR spectrum of 5Ni showed
broadened signals at room temperature that became sharp and
complicated signals at —60 °C in CDCl3 (Figs. S5 and S6 in Sup-
porting information). In line with the quinodiimine structure, the
corresponding B-protons were observed in the high field at 7.07,
6.73, 6.42, 6.33, 5.66, 4.33, and 3.74 ppm.

The structural data of 4Ni shows that lengths of C1e50-N bonds
(1.412(6) A and 1.395(7) A) bond to the terminal porphyrin units
are longer than C2meso-N (1.300(6) A and 1.304(6) A) attached to
the central quinodiimine units. Similarly, 5Ni shows that lengths
of Clpeso-N bonds (1.399(5) A and 1.413(6) A) bond to the ter-
minal porphyrin units are longer than C2meso-N (1.299(5) A and
1.302(6) A) attached to the central quinodiimine units. The ob-
served short C2peso-N bond lengths in 4Ni and 5Ni indicated its
double bond characters significantly [34], which further proved the
structure of 4Ni and 5Ni to be N-bridged (rather than NH-bridged)
porphyrin trimer. The dihedral angles between the terminal por-
phyrins and terminal porphyrin, terminal porphyrin and central
quinodiimine are 66.81(3)°, 56.34(3)° and 58.06(3)° in 4Ni, and
6.83(3)°, 42.67(3)° and 39.34(3)° in 5Ni (Fig. 2 and Figs. S17 and
S18 in Supporting information).
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Electrochemical properties of 4Ni and 5Ni were examined by
cyclic voltammetry and differential-pulse voltammetry in CH,Cl,
against a ferrocene/ferrocenium ion couple (Table 1 and Table S4 in
Supporting information). Reversible oxidation waves were recorded
at 0.22 and 0.52 V for 4Ni, and at 0.12 and 0.23 V for 5Ni. Re-
versible reduction waves were observed at —1.02 and —1.11 V for
4Ni, and at —0.79 and —1.14 V for 5Ni (Figs. S20 and S21 in Sup-
porting information). As a result, the electrochemical HOMO-LUMO
gaps of 4Ni and 5Ni were determined to be 1.24 and 0.91 eV, re-
spectively. The observed reversible reduction waves of 4Ni and 5Ni
encouraged us to examine their chemical reduction. After many at-
tempts, we found that reduction of 5Ni with aqueous hydrazine in
CH,(Cl, afforded 5Ni-2H quantitatively (Scheme 2). Curiously, 4Ni
was not reduced with aqueous hydrazine but was reduced quan-
titatively to give 4Ni-2H with NaBH, and Pd/C in CH,Cl,/CH30H.
TH NMR spectra of both 4Ni-2H and 5Ni-2H are very simple, re-
flecting their symmetric structures with signals of the S-protons
appearing in the range of 8-9 ppm (Fig. 3 and Figs. S7 and S8 in
Supporting information). The structure of 5Ni-2H has been con-
firmed by single crystal X-ray diffraction analysis (Fig. 4 and Fig.
S$19 in Supporting information). In 5Ni-2H, the bond lengths of the
C2meso-N bond and the Clyeso-N bond are similar, being 1.409(8)
A, 1.406(8) A and 1.393(7) A, 1.434(11) A, respectively, in line with
the assigned structures. In addition, the dihedral angles between
the terminal porphyrins and the central porphyrin are 58.29(7)°
and 58.15(7)°, which are larger than those on 5Ni (42.67(3)° and
39.34(3)°).
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Table 1

Electrochemical measurement of 4Ni, 5Ni, 4Ni-2H and 5Ni-2H performed in CH,Cl, at room temperature.?
Compound Eoxs (V) Eoxa (V) Eox1 (V) Erear (V) Eredz (V) En (eV)°
4Ni 0.52 0.22 -1.02 -1.11 1.24
5Ni 0.23 0.12 -0.79 -1.14 0.91
4Ni-2H 0.17 -0.09 -1.92 1.83
4Ni-2H 0.41 0.25 0.11 -1.79 1.90

2 Potentials (V) vs. ferrocene/ferrocenium ion. Scan rate 0.05 V/s; working electrode, glassy carbon; counter electrode, Pt wire; supporting electrolyte, 0.1 mol/L nBuyNPFg
in CH,Cl,; reference electrode, Ag/AgNOs.
b Electrochemical HOMO-LUMO gaps (AEy; = €(Eox1-Ereq1) (€V)).
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Fig. 1. N-Bridged porphyrin oligomers. Ar = 3,5-di-tert-butylphenyl.

Fig. 4. X-ray single crystal structure of 5Ni-2H. (a) Top view and (b) side view.
The thermal ellipsoids are on 30% probability level. Solvent molecules, 3,5-di-tert-
butylphenyl groups, and hydrogens except those connected to N atoms are omitted
for clarity.

Fig. 2. X-ray single crystal structure of 4Ni and 5Ni. (a) Top view and (b) side view
of 4Ni, (c) top view and d) side view of 5Ni. The thermal ellipsoids are on 30%
probability level. Solvent molecules, 3,5-di-tert-butylphenyl groups, and hydrogens
are omitted for clarity.

o Ni(Il) porphyrin bearing 5,15 or 5,10-aminoporphyrin units. Thus,

a) AH BH AH - pH we examined the electrochemical properties of 4Ni-2H and 5Ni-
N"H “ l M “ u 2H (Table 1 and Table S4 in Supporting information). Actually, the

; \ - JI‘ oo u—)'% reversible oxidation waves were observed at —0.09 and 0.17 V for
10 9 AH 8 4Ni-2H, and at 0.11, 0.25 and 0.41 V for 5Ni-2H (Figs. S22 and S23
b) NH 17 Jl' /T‘H in Supporting information). It is thus conceivable that 4Ni-2H and

| ghx ,'rﬂ;}ubl '\ %L 5Ni-2H are oxidized under the amination conditions with air. So,

T T T T - 1 when we try to oxidized them with PbO, and Magic Blue, neither
10 ® crpEn 8 aminyl radical nor nitrenium cation was found. The possible rea-
Fig. 3. Partial '"H NMR spectra of (a) 4Ni-2H and (b) 5Ni-2H. son may be that the quinodiimine unit is more stable than other

species.
The UV-vis-NIR absorption spectra of 4Ni, 5Ni, 4Ni-2H and
The unexpected formation of 4Ni and 5Ni may be ascribed to 5Ni-2H in CH,Cl, are shown in Fig. 5. 4Ni shows two split Soret
the facile oxidation of 4Ni-2H and 5Ni-2H under the amination bands at 426 and 472 nm, a Q-band at 537 nm, and a broad-
reaction conditions. These trimers have the central electron-rich ened Q-like band at 915 nm. 5Ni shows a Soret band at 429 nm,
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Fig. 5. UV-vis-NIR absorption spectra of 4Ni (black line), 5Ni (red line), 4Ni-2H
(blue line) and 5Ni-2H (green line) in CH,Cl,.

Q-bands at 540 and 581 nm, and a broadened Q-like band at
892 nm. Both 4Ni and 5Ni exhibit characteristic absorption spectra
of quinonoidal porphyrinoid arrays [39-42]. 4Ni-2H shows a Soret
band at 423 nm, and a Q-band at 627 nm. Similarly to 4Ni-2H, the
absorption spectrum of 5Ni-2H shows a Soret band at 418 nm, and
a Q-band at 664 nm. In particular, 4Ni and 5Ni display the lowest
energy band reaching to 1200 nm and 1400 nm, respectively.

Density functional theory (DFT) calculations clearly indicated
that both the HOMO of 4Ni and HOMO-1 5Ni were localized
at terminal porphyrin units, whereas both LUMOs of 4Ni and
5Ni were localized at the central quinodiimine units (Figs. S28
and S29 in Supporting information). Time-dependent density func-
tional theory (TD-DFT) calculations indicated that the absorption
bands around 1000 nm of trimers 4Ni and 5Ni resulted from
the transition from HOMO to LUMO of 4Ni and HOMO-1 to
LUMO of 5Ni, respectively (Figs. S24 and S25 in Supporting in-
formation). These results show that both absorption bands around
1000 nm of 4Ni and 5Ni could be assigned to charge transfer (CT)
band.

In summary, we synthesized N-bridged porphyrinoid trimers
4Ni and 5Ni having the central quinodiimine through Buchwald-
Hartwig amination, under which the oxidations of the NH-bridged
porphyrin trimers 4Ni-2H and 5Ni-2H proceeded smoothly. The
trimer 4Ni-2H was obtained by reduction with NaBH4 and Pd/C,
while 5Ni-2H was obtained by reduction with aqueous hydrazine.
The structures of 4Ni, 5Ni and 5Ni-2H were determined by X-
ray diffraction analysis. The UV-vis-NIR absorption spectra showed
that the trimers 4Ni and 5Ni have the lowest energy band reach-
ing to 1200 nm and 1400 nm, respectively. These N-bridged por-
phyrinoid trimers exhibited interesting spectral properties. Further
exploration of cyclic or larger N-bridged porphyrinoid arrays is on-
going in our laboratory.
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