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ABSTRACT: An ether cleavage reaction of A2B-type subporphyrin bearing an ortho-anisyl substituent 

afforded a phenolate-bridged dimer. A head-to-tail structure of the dimer was unambiguously elucidated 

by single crystal X-ray diffraction analysis. UV/vis absorption and magnetic circular dichroism spectra 

indicated a minor interaction between the subporphyrin chromophores. Density functional theory 

calculations provided a detailed insight into the electronic structures of the subporphyrin dimer. 
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INTRODUCTION 

Subporphyrin is a contracted porphyrin analog comprising three pyrrole rings bridged to each other by a methine 

carbon atom [1]. In contrast to its structural analogs, subpyriporphyrin [2] and triphyrins [3–6], subporphyrin has been 

exclusively obtained as its boron complex because the trigonal pyramidal coordination of boron plays a crucial role in 

forming the tripyrrolic core structure of subporphyrin: tribenzosubporphyrin is synthesized from (3-oxo-2,3-dihydro-

1H-isoindol-1-yl)acetic acid or phthalimide and arylacetic acid using boric acid as a template [7–9], whereas meso-aryl-

substituted subporphyrin is synthesized from tripyrrolylborane as a key precursor [10–12]. In addition to the 

indispensable role of the central boron in the synthesis, its axial reactivity is also a unique feature of subporphyrin. For 

example, in an axial ligand exchange reaction of B-alkoxy and B-hydroxy subporphyrins, bowl-to-bowl inversion 

occurs via a planar borenium cation intermediate formed in a SN1-type heterolysis of the B–O bond [13]. The axial 

reactivity can also be used for creating molecular assemblies such as a face-to-face homo-dimer, a face-to-face hetero-

triad with phthalocyanine [14] and head-to-tail homo-dimer and homo-trimer [15, 16] (Fig. 1). Recently, in the 

synthesis of the peripherally-fused chiral subporphyrin from A2B-type subporphyrin bearing an ortho-anisyl substituent 

[17], we accidentally obtained a phenolate-bridged head-to-tail subporphyrin dimer, in which the ortho-hydroxyphenyl 

group at the meso-position formed a B–O bond with the adjacent molecule. Despite the slipped stacking structure in 

close proximity, this dimer exhibited similar UV/vis absorption and magnetic circular dichroism (MCD) spectra to 

those of the corresponding monomer. Here, we report the synthesis and optical properties of the phenolate-bridged 

dimer and discuss its electronic structure based on the density functional theory (DFT) calculations. 

 

(Fig. 1) 
Fig. 1. (a) Face-to-face homo-dimer (left) and hetero-triad with phthalocyanine (right) and (b) head-to-tail homo-dimer (left) and 

homo-trimer (right). 

EXPERIMENTAL 

General procedure 

High-resolution mass spectrometry (HR-MS) was performed on a Bruker Daltonics solariX 9.4T spectrometer (FT-

ICR (Fourier transform ion cyclotron resonance) mode). 1H NMR spectra were recorded on a Bruker AVANCE 500 

(operating at 500.133 MHz) spectrometer using the residual solvent as an internal reference for 1H (d = 7.26 ppm for 

CDCl3). Electronic absorption spectra were recorded on a JASCO V-570 spectrophotometer. Fluorescence spectra and 

absolute fluorescence quantum yields were measured using a Hamamatsu Photonics A10104-01 calibrated integrating 

sphere system. MCD spectra were recorded on a JASCO J-725 spectrodichrometer by applying parallel and antiparallel 

magnetic fields to the light propagation with an electromagnet, which produces magnetic fields of up to 1.03 T (1T = 1 

tesla). The magnitudes were expressed in terms of molar ellipticity per tesla ([q]M/deg dm3 mol–1 cm–1 T–1). Preparative 

separations were performed by silica gel column chromatography (Silica gel 60, Merck), alumina gel column 

chromatography (Wako), gel permeation chromatography (GPC) (Bio-Beads S-X1) and recycling preparative GPC-

HPLC (JAI LC-9210 NEXT with preparative JAIGEL-2.5H and 3H columns). All reagents and solvents were of 

commercial reagent grade and were used without further purification except where noted. 



Crystallographic data collection and structure refinement  

Data collection was conducted at 100 K on a Rigaku R-AXIS RAPID diffractometer with CuKa radiation (l = 

1.54187 Å). The structure was solved by direct methods (SIR2011 [18]) and refined using a full-matrix least squares 

technique (SHELXL [19]). CCDC-2081138 contains the supplementary crystallographic data. 

Theoretical calculation details 

The Gaussian 16 software package [20] was used to perform DFT and TD-DFT calculations using the CAM-B3LYP 

functional [21] with 6-31G(d) basis set [22]. For the model structure of 4, an axially chloro-substituted structure was 

used for simplicity. The hole-electron analysis was conducted by Multiwfn [23, 24]. 

Synthesis of a phenolate-bridged subporphyrin dimer (2) 

Methoxo(5-ortho-anisyl-10,15-diphenylsubporphyrinato)boron(III) 1 was synthesized according to the literature 

procedure [13]. To a dichloromethane solution of 1 (50 mg, 0.094 mmol) was added a 1 M dichloromethane solution of 

boron tribromide (1.0 mL, 10.6 eq). The mixture was stirred for three hours at room temperature, then washed with 

brine, and the organic layer was extracted. After removal of solvent, the obtained mixture was roughly purified by gel 

permeation chromatography (Bio-Beads S-X1) using THF as an eluent. The fraction containing the dimer (2) was 

further purified by recycling GPC-HPLC (JAI LC-9210 NEXT with preparative JAIGEL-2.5H and 3H columns) using 

chloroform as an eluent. 2 was obtained in 8.8% yield (4.0 mg, 8.3 µmol) after recrystallization from dichloromethane 

and hexane. HRMS (MALDI-FT-ICR): m/z 970.33930 (calcd for C66H40B2O2 [M+] 970.33934). 1H NMR (500 MHz, 

CDCl3, 298 K): dH, ppm 8.21 (s, 4H), 7.99 (d, J = 7.5 Hz, 8H), 7.74 (d, J = 4.5 Hz, 4H), 7.69 (dd, J1 = J2 = 7.5 Hz, 8H), 

7.60 (t, J = 7.5 Hz, 4H), 7.33 (d, J = 4.5 Hz, 4H), 6.98 (ddd, J1 = J2 = 7.8 Hz, J3 = 2.0 Hz, 2H), 6.74 (ddd, J1 = J2 = 7.8 

Hz, J3 = 1.0 Hz, 2H), 6.63 (dd, J1 = 7.8 Hz, J2 = 2.0 Hz, 2H), 5.36 (dd, J1 = 7.8 Hz, J2 = 1.0 Hz, 2H). UV/vis (CH2Cl2): 

l, nm (e, M–1 cm–1) 460 (20000), 370 (180000). 

RESULTS AND DISCUSSION 

In the synthesis of the peripherally-fused chiral subporphyrin, an ether cleavage reaction of 5-ortho-anisyl-10,15-

diphenyl-substituted subporphyrin 1 [13] was attempted. Together with the target ortho-hydroxyphenyl-substituted 

subporphyrin 3, a phenolate-bridged dimer (2) was also formed due to the simultaneous dimerization of 3 (Scheme 1). 

Because of the difficulty in purification of 3 at this stage, a mixture of 2 and 3 was used for the synthesis of the 

peripherally-fused chiral subporphyrin in the previous study [17]. Therefore, the axial ligand of 3 was not determined. 

In contrast, 2 could be isolated by gel permeation column chromatography and obtained in 8.8% yield, and the structure 

was characterized. 

(Scheme 1) 
Scheme 1. Synthesis of the phenolate-bridged dimer (2) and ortho-hydroxyphenyl-substituted subporphyrin 3. The axial ligand of 3 

denoted by X was not determined. 

The dimeric structure of 2 was confirmed by the high-resolution mass spectrometry (Fig. S1), and the head-to-tail 

phenolate-bridged structure was unambiguously elucidated by X-ray diffraction analysis (Fig. 2) [25]. In the crystal 

structure, the convex surfaces of the two subporphyrins are slipped and stacked with a distance of ca. 3.6 Å between the 

linking meso-carbon atom and the boron atom. The B–O–ortho-C bonds point in the same direction so that the mean 

planes of the two subporphyrins are slightly tilted. In the 1H NMR spectrum of 3 (Fig. S2), the proton signals of the 



linking ortho-hydroxyphenyl substituents are shifted upfield (6.98–5.36 ppm) due to the diatropic ring current effect of 

the adjacent aromatic subporphyrin ring. Except for one pyrrolic b-proton signal at 7.33 ppm, which can be assigned to 

the b-protons adjacent to the linking meso-positions, two other types of b-protons resonate at almost similar chemical 

shifts to those of the monomeric subporphyrins (ca. d = 7.7–8.3 ppm), implying minor ring current effects around the 

outer periphery. 

(Fig. 2) 
Fig. 2. X-ray single crystal structure of 2, (a) side view and (b) top view. The thermal ellipsoids are scaled to the 50% probability 

level. Hydrogen atoms and meso-phenyl-substituents are omitted for clarity. 

In the UV/vis absorption spectrum in dichloromethane, 2 exhibits the Soret band at 368 nm and the Q band and its 

shoulder at 460 and 485 nm, respectively (Fig. 3). Corresponding to the Q band absorption (450–520 nm), two couples 

of Faraday B terms with negative-to-positive (500 and 484 nm) and positive-to-negative (462 and 445 nm) envelopes 

are observed in the magnetic circular dichroism (MCD) spectrum [26, 27]. In contrast to the complex MCD spectrum in 

the Q band region, the Soret band region is characterized by a large negative MCD envelop at 366 nm. Despite the 

slight blue shift of the Soret band by 5 nm, both the UV/vis absorption and MCD spectra of 2 resemble those of meso-

phenyl-substituted subporphyrin [11]. In comparison with 1, there is no significant change in the Q band region, 

whereas the Soret band of 2 is slightly broadened (Fig. S3). These results indicate a minor inter-chromophore 

interaction between subporphyrin chromophores in the dimeric structure of 2. The fluorescence spectrum of 2 with a 

similar fluorescence quantum yield (0.12) to those of meso-aryl-substituted subporphyrins also supports a small 

perturbation between the monomer units (Fig. 3). 

The anomalous MCD spectrum of 2 is typical of meso-aryl-substituted subporphyrins, which exhibit various MCD 

spectral profiles depending on the types of meso-aryl substituents [11]. According to Michl's perimeter model for the 

prediction of MCD sign sequences, aromatic 4N+2 p systems with non-degenerate HOMO and HOMO–1 and 

degenerate LUMO such as porphyrin normally exhibit negative-to-positive sign sequences in ascending energy [28–30]. 

By calculating the magnetic moments of the excited states, Ceulemans et al. revealed that quenching of the magnetic 

moments of the excited electrons by the meso-aryl substituents causes the observed MCD sign anomaly of 

subporphyrins [31]. The complex MCD sign sequence of 2 can also be explained by considering that 2 consists of two 

meso-phenyl-substituted subporphyrin with minor inter-chromophore interactions.  

(Fig. 3) 
Fig. 3. UV/vis absorption (bottom, solid line), fluorescence (bottom, dashed line), and MCD (top) spectra of 2 in CH2Cl2. 

To provide a detailed insight into the electronic transitions of 2, theoretical calculations were performed using time-

dependent density functional theory (TD-DFT) at the CAM-B3LYP/6-31G(d) level, and the calculation results were 

compared with those of meso-phenyl-substituted subporphyrin with an axial chlorine ligand (4) as a reference 

compound (Fig. 4 and Table S1–S4). Similarly to porphyrin, the absorption spectrum of subporphyrin can be described 

based on Gouterman's four orbital model [32, 33]. This model explains that the intense Soret bands and weak Q bands 

result from the configurational interactions of transitions from the HOMO and HOMO–1 to the nearly degenerate 

LUMO. The TD-DFT calculation on 4 nicely reproduces the absorption properties of subporphyrin described by 

Gouterman's four orbital model: the four frontier MOs of 4 contribute to the two bands at 431 nm with small oscillator 

strengths (f) of 0.047 and 0.037 and two intense bands at 325 nm (f = 0.99) and 324 nm (f = 0.99), which can be 

ascribed to the Q and Soret bands, respectively (Table S1). Three nodal planes of the HOMO and HOMO–1 and four 

nodal planes of the LUMO and LUMO+1 also reflect the 14p-electron aromatic conjugation of 4. The MO distribution 



patterns of 2 clearly demonstrate that the eight frontier MOs of 2 from the HOMO–3 to the LUMO+3 are linear 

combination products of the four frontier MOs of 4 (Fig. 4). Due to the small MO interaction of the HOMO of the 

monomer unit, the HOMO and HOMO–1 of 2 are nearly degenerate, whereas the rather significant MO interaction of 

the HOMO–1 of the monomer unit results in the HOMO–2 and HOMO–3 lying with the energy difference of 0.15 eV. 

These frontier MOs contribute to the four weak bands (427, 428 and 431 nm) in the Q band region and several bands 

(336–292 nm) in the Soret band region (Table S2), which reproduces the slightly broadened Soret band and negligible 

changes in the Q band compared with 1. These calculation results indicate minor inter-chromophore interactions in the 

Q band region and small ones in the Soret band region. The hole-electron analysis on the first four transitions 

corresponding to the Q bands reveals similar hole and electron distribution patterns to those of the Q bands of 4 (Figs. 

S4–S5), supporting the minor inter-chromophore interactions in the Q band region [23, 24]. 

(Fig. 4) 
Fig. 4. Partial frontier MO diagram of 2 (left) and 4 (right) at the CAM-B3LYP/6-31G(d) level. Top (top) and side (bottom) views of 

MOs are shown for 2. In the top views of 2, subporphyrin cores are highlighted in light blue and yellow. Nodal planes of frontier 

MOs of 4 are shown by green dotted lines. 

CONCLUSIONS 

In summary, a phenolate-bridged subporphyrin dimer was obtained by an ether cleavage reaction of A2B-type 

subporphyrin bearing an ortho-anisyl substituent. Despite the spatial proximity between the two subporphyrin 

chromophores, the dimer exhibited similar UV/vis absorption, MCD and fluorescence spectra, indicating the minor 

inter-chromophore interactions. The theoretical calculations strongly supported these observed results, and the hole-

electron analysis on transitions was demonstrated to be a powerful tool for estimating the inter-chromophore 

interactions of assembled molecular systems. Considering that the present head-to-tail dimer structure was formed 

because of the presence of the hydroxy group at the ortho-position, meta- and para-hydroxyphenyl-substituted 

subporphyrin can form other types of oligomer assemblies. Research along this direction is of great interest and is 

currently being investigated in our laboratory. 
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Fig. 1. (a) Face-to-face homo-dimer (left) and hetero-triad with phthalocyanine (right) and (b) head-to-tail homo-dimer (left) and 

homo-trimer (right). 

 

Scheme 1. Synthesis of the phenolate-bridged dimer (2) and ortho-hydroxyphenyl-substituted subporphyrin 3. The axial ligand of 3 

denoted by X was not determined. 



 
Fig. 2. X-ray single crystal structure of 2, (a) side view and (b) top view. The thermal ellipsoids are scaled to the 50% probability 

level. Hydrogen atoms and meso-phenyl-substituents are omitted for clarity. 

 
Fig. 3. UV/vis absorption (bottom, solid line), fluorescence (bottom, dashed line), and MCD (top) spectra of 2 in CH2Cl2. 



 
Fig. 4. Partial frontier MO diagram of 2 (left) and 4 (right) at the CAM-B3LYP/6-31G(d) level. Top (top) and side (bottom) views of 

MOs are shown for 2. In the top views of 2, subporphyrin cores are highlighted in light blue and yellow. Nodal planes of frontier 

MOs of 4 are shown by green dotted lines.  


