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ABSTRACT: Octa-(meta-methoxyphenyl) substituted tetraazaporphyrin (TAP, 1) and corrolazine (Cor,
4) phosphorus(V) complexes have been synthesized and characterized. 1 has a blue-shifted, small charge
transfer (CT) band while para-methoxyphenyl substituted PTAP 2 has a red-shifted, intense CT band.
The difference could be interpreted as an inductive effect of the meta-methoxy groups. The position and
intensity of the absorption bands of 1 are well matched to the trend of para-substituted PTAPs. The
synthesis of PCor from free-base TAP was also investigated. The PCor was not generated directly but
from a PTAP intermediate.
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INTRODUCTION

Azaporphyrinoids, such as tetraazaporphyrins (TAPs), corrolazines (Cors), and phthalocyanines (Pcs) are well-
established artificial organic dyes and pigments. Many easily-synthesized azaporphyrinoids have a symmetrical 18w
electron aromatic macrocycle and unique optical and electrochemical properties. Since their optical properties in
solution often correlate with function for practical applications, tuning the absorption properties is one of the most
fascinating research topics in porphyrinoid chemistry.[1] We have recently proposed a novel and simple “x electron-
unmodified” approach by the introduction of the phosphorus(V) ion into the central core of azaporphyrinoid
macrocycles.[2] Here, the choice of macrocycles is critical, since the effect of the phosphorus(V) ion depends on the
type of macrocycle. In the case of TAPs, an intense charge-transfer (CT) band appeared between the Soret and Q bands
in the absorption spectrum of the TAP phosphorus(V) complex (PTAP). The position and intensity of the CT bands
could be tuned by peripheral aryl substitution groups,[3] axial ligands of the phosphorus atom([4] and the introduction of
heteroatoms.[5] Most previous approach for modulating optical properties have focused on the “two” intense absorption
bands (Q and Soret bands),[6] while for PTAPs, “the third” intense absorption band (CT band) can be utilized in the
visibleregion (Fig. 1).
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Fig. 1. Representative absorption spectrum of tetrazaporphyrin phosphorus(V) complex (PTAP).

In this article, we have synthesized and characterized octa-(meta-methoxyphenyl) substituted PTAPs (Fig. 2).
Although the electronegativity of oxygen is larger than that of carbon, a para-substituted methoxy group is a well-
known electron donating group (EDG). This EDG ability originates from the mesomeric effect (M effect) of oxygen
lone pairs. However, meta-substituted methoxy groups cannot use the M effect, so that an inductive effect (I effect)
dominates the substitution effect. The Hammett equation has been one of the most widely used means for the
quantitative analysis of these electronic effects.[7] The Hammett o values of para- and meta- substituted methoxy
group are —0.27 and 0.12, respectively, indicating that the role of the methoxy group depends on its position. The
Hammett value can be useful for rationalizing the physical properties for new functional molecules.[8] In our previous
research, the absorption spectra of octa-(para-substituted phenyl) substituted PTAP exhibit a correlation with the
Hammett o, values value of substituents on the peripheral moieties.[3] Comparisons between meta- and para-
substituted PTAPs with the same functional group can estimate the generality of thistrend.

Corrolazine (triazacorrole) is an aza-analog of corrole, in which one meso nitrogen atom is missing. A facile
synthesis of PCors and metal complexes has been reported by Goldberg et al.[9] and many applications of Cors
proposed to date.[2d,10] A typical synthesis of PCors is the direct ring contraction of free-base TAP by phosphorus(l11)
reagents. However, we observed in our experiments that the PCor may be generated by a stepwise reaction viaa PTAP.

The reaction mechanism is also discussed in this article.
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Fig. 2. Structures of PTAPsin thiswork.

EXPERIMENTAL

M easur ments

Electronic absorption spectra were recorded on a JASCO V-570 spectrophotometer. NMR spectra were obtained on
a Bruker AVANCE |11 500 spectrometer using CDCl; as solvent unless otherwise noted. Chemical shifts and coupling
constants are expressed in §(ppm) values and in hertz (Hz), respectively. '"H-NMR spectra were referenced to the
residual solvent as an internal standard. *P-NMR spectra were referenced to an external 85% H,PO, solution (0.0 ppm).
The following abbreviations are used: s = singlet, d = doublet, and m = multiplet. High-resolution mass spectra (HRMS)

were recorded on a Bruker Daltonics Apex-I11 spectrometer.

Synthesis

Free-base tetraazaporphyrin 3 and para-substituted PTAP 2 were prepared according to the literature.[3]

Preparation of (m-MeOPh),;TAP phosphorus(V) complex (1). POBr; (150 mg, 0.52 mmol) was added to a
solution of 3 (15 mg, 13 umol) in 1 mL of pyridine and stirred for 1 h at 90°C. After removing the solvent in vacuo, the
residue was dissolved in a mixed solvent of CH,Cl,/MeOH (/1 v/v) and stirred for 2 h at room temperature. The
organic layer was collected, washed with 2N HClag, sat. NaHCO,aq and water, and the solvent removed to yield a dark
green product. The resulting solid was dissolved in CH;CN/CH,CI, (1/1 v/v), then NaClO, added. After stirring the
mixture for 3 h at room temperature, the solvent was removed, and the residue recrystallized from CH,Cl,/n-hexane, to
afford the title compound as a green-purple powder (11 mg, 68%). 500 MHz 'H-NMR (CDCl,) § (ppm): 7.81 (br, 8H),
7.78 (s, 8H), 7.55 (br, 8H), 7.25-7.23 (m, 8H), 3.69 (s, 24H), —1.79 (d, 6H, 3Jp, = 28.3 Hz). 200 MHz *P-NMR (CDCl,)
d (ppm): =179. LR-MALDI Calcd for C,,HgNgO;oP [M—CIO,]*: 1253.4. Found: 1253.4. UV—vis(CH,CI,/TFA = 99/1)
Amax. 644, 533, 361 nm.

Preparation of (m-MeOPh)sCorrolazine phosphorus(V) complex (4). PBr; (0.20 mL, 2.2 mmol) was added to a
solution of 3 (100 mg, 86 pumol) in 2 mL of pyridine and stirred for 2 h at rt. Then, 1 mL of MeOH was added, and the
mixture stirred for 2 h under reflux. The organic layer was collected, washed with 2N HClag, sat. NaHCO,aq and water,
and the organic layer dried over MgSO,, and concentrated in vacuo. The product was purified by silica gel column
chromatography (CH,Cl,/MeOH = 95/5), to give the title compound as a green solid (70 mg, 70%). 500 MHz *H-NMR
(CDCly) 8 (ppm): 7.95 (br, 2H), 7.90 (br, 2H), 7.83-7.75 (m, 6H), 7.68 (br, 2H), 7.53-7.48 (m, 6H), 7.41-7.38 (m, 2H),
7.15-7.14 (m, 6H), 7.05 (br, 4H), 6.85-6.84 (m, 2H), 3.75 (br, 6H), 3.71 (br, 6H), 3.67 (br, 6H), 3.63 (br, 6H). 200 MHz



SP.NMR (CDCly) 8 (ppm): —111. HRMS-MALDI Calcd for Cp,HegN,OqP [M—H]: 1193.3872. Found: 1193.3871. UV—
ViS(CH,Cl,) A (10%): 631 (6.70), 585 (1.55), 440 (11.0) nm.

Computational details

Geometry optimization for all molecules was performed at the DFT level, by means of the hybrid Becke3LY P[11]
(B3LYP) functional as implemented in Gaussian 2009.[12] The 6-31G* basis set was used for all atoms. After the
geometry optimization, time-dependent (TD) DFT calculations[13] were performed to evaluate the stick absorption
spectrum, employing BLY P functionals with long-range correction (LC)[14] (LC-BLY P) with the same basis set. All
stationary points were optimized without any symmetry assumptions and characterized by normal coordinate analysis at

the same level of theory (number of imaginary frequency, Nimag, 0).

RESULTSAND DISCUSSION

Synthesis

The synthetic procedure for tetraazaporphyrin and corrolazine phosphorus(V) complexes is shown in Scheme 1. The
common precursor free-base TAP 3 was first prepared according to literature procedures in moderate yields.[1] For the
preparation of PTAP 1, phosphorus oxybromide (P(V) reagent) was used as previously reported.[2—4] Finally, the
desired complex was isolated as the perchlorate salt. For the preparation of PCor 4, phosphorus tribromide (P(I11)
reagent) was first used as in Goldberg’s procedure.[9b] However, the MS spectrum of the reaction mixture indicated
that only PTAP was generated. When heteroatom-substituted PTAPs were synthesized, we also observed the similar
phenomenon.[5] Surprisingly, when a mixture of the reaction mixture and methanol was heated, PTAP was converted
to the desired PCor. A plausible mechanism is shown in Scheme 2. PTAP appeared to be generated at first (a portion of
the phosphorus tribromide may be oxidized by air), and then the good electron acceptor PTAP[2a] was reduced by the
remaining phosphorus tribromide, generating PCor. A similar reaction mechanism was reported in the synthesis of a

tetrabenzotriazacorrole germanium complex via reduction of a Pc germanium complex.[15]
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Scheme 1. Synthesis of tetraazaporphyrin and corrolazine phosphorus(V) complexes. Reagents and conditions: (i) POBr, (40 eq),
pyridine, 90°C, 1 h, then NaClO,, CH,CI,/MeOH, rt 2 h, 68%; (ii) PBr, (25 eq), pyridine, rt, 2 h, then MeOH, reflux, 2 h, 70%.
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Scheme 2. Plausible mechanism for the formation of 4.

Both compounds 1 and 4 could be fully characterized by NMR and M S spectroscopy. The *"H NMR spectrum of 1
exhibited a characteristic doublet assignable to axial methoxy groups at high field (ca. —1.8 ppm). No signal was
observed at thisfield in the *"H NMR of 4, supporting the premise that the axial ligand of 4 is a hydroxyl group. The P
NMR spectra of 1 and 4 exhibit signals at =179 and =111 ppm, respectively. **P NMR spectroscopy is sensitive to the
coordination number of the phosphorus center[10e,16] so that the number of axial ligands of 1 and 4 can be determined
(2 and 1, respectively). The MS spectra also supported their coordination number. Unfortunately, suitable single
crystals for X-ray diffraction analysis could not be obtained.

Electronic absor ption spectra and substitution effect of PTAPs

The absorption spectra of PTAPs (1 and 2) and PCor 4 in CH,Cl, are shown in Fig. 3. An intense absorption
assignable to a CT band from peripheral aryl moieties to the central TAP core appeared in the 500-600 nm region in the
absorption spectra of PTAPs.[3] Although aryl moieties are located outside the 18x-conjugation system of the TAP, the
substitution groups at the aryl moieties affect the position and intensity of the CT band. In the case of para-substituted 2,
the CT and Q bands appear at 572 and 675 nm and the bases of the bands overlap. On the other hand, the absorption
spectrum of meta-substituted 1 shows blue-shifted CT and Q bands at 533 and 644 nm, respectively. The weak, blue-
shifted CT band resembles the absorption spectrum of electron-withdrawing group (F or CF;) substituted PTAPs. The
wavelength or energy difference between the CT bands of 1 and 2 (39 nm, 1280 cm™) was larger than that of the Q
bands (31 nm, 710 cm™), supporting the premise that the blue-shifted bands of 1 originate from the substitution effect
of the meta-OMe groups. Finally, the absorption properties of 1 could be interpreted through plots of the position and
intensity of the Q and CT bands versus the Hammett ¢, and o,, constant of the substituents (Fig. 4). The parameters of
meta-substituted 1 constitute a modified straight line for a series of para-substituted PTAPs. Hence, the meta-OMe

groups behave as electron-withdrawing groups.
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Fig. 3. UV-vis-NIR absorption spectra of 1 (solid line) and 2 (dashed line) in CH,Cl,.
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Fig. 4. Plots of (a) position of the CT and Q bands, and (b) ratio of A, to A.; versus Hammtt o-values derived from the PTAPs. The
data of p-'Bu, p-F, and p-CF, were taken from Ref. [3].

The absorption spectrum of 4 shows two intense absorption bands (Fig. 5). Two bands could be assigned to the
Soret (440 nm) and Q (631 nm) bands, while no intense CT band was observed. Cor is atrivalent ligand, so that the MO

levels of the macrocycle are different from those of TAPs. Thus, the interaction between peripheral moieties and the

PCor core is less than that between peripheral moieties and the PTAP core. The intense, red-shifted Soret band is a

characteristic of Cors[1,9] The Soret band of 4 is broader than that of tetrabenzotriazacorrole phosphorus(V)

complexes.[2d,17] This broad Soret band might be correlated with the peripheral groups, and further synthetic and

theoretical approaches are currently underway.
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In order to enhance the interpretation of the electronic structures of PTAPs, MO calculations of the cationic segments
of PTAPs 1 and 2 (1" and 2") were performed. The molecular geometries were first optimized at the DFT level using
B3LYP/6-31G(d). The LC-BLYP[14]/6-31G(d) level was used as in our previous paper[2a,3,4] to calculate the
molecular orbitals and excited states. Partial MO energy diagrams with the calculated absorption spectra are shown in
Fig. 6, with the calculated transition energies, oscillator strengths (f), and configurations summarized in Table 1. For
both compounds, the HOMO, LUMO, and LUMO+1 are dominated by the TAP orbitals, which correspond to the a,-,
€y~ and e,-like orbitals in Gouterman’s model.[18] The calculated HOMO-LUMO energy gap of 1" is slightly larger
than that of 2" so that the position of the Q band of 1 shifts slightly to shorter wavelength. The bands calculated at
around 400 nm (for 1%) or 440 nm (for 2) are composed of transitions from orbitals under the HOMO-1 to the LUMO
and LUMO+1 (almost degenerate). The occupied orbitals are delocalized over the entire complex, implying that the CT
transitions from the aryl moieties to the TAP core can occur easily. The CT bands of 1" were estimated to be weaker
than those of 2" in the shorter wavelength region. These results nicely reproduce the experimental absorption spectra of

1 and 2, supporting the conclusion that the methoxy group position can affect the entire absorption spectrum of PTAPs.
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Fig. 6. Partial molecular energy diagram and orbitals of cationic part of 1 and 2 (top) and their calculation absorption spectra
(bottom). Calculations were performed at the LC-BLY P/6-31G*//B3LY P/6-31G* level.

Table 1. Calculated excited wavelength (A) and oscillator strengths (f) for components of selected transition energies.



Compound A (nm) f Composition (%)

1* 669.1 022 | 311->329 (6%), 328->329 (16%), 328->330 (68%)
665.3 022 | 311->330 (5%), 328->329 (69%) 328->330 (15%)
402.8 008 | 310->329 (8%), 317—>329 (18%), 320—>329 (13%),

321->329 (15%)

391.6 036 | 316->330 (5%), 317—>330 (6%), 319->330 (11%),

321->330 (9%), 326->330 (39%)

383.2 034 | 316->329 (16%), 320->329 (24%), 321->329 (6%),

323->329 (14%), 326->329 (6%)

2 698.5 019 | 311->330 (6%), 327—>330 (5%), 328—>329 (59%)
328->330 (20%)
691.6 019 | 311->329 (6%), 328->329 (20%), 328->330 (59%)
463.2 019 | 324->329 (7%), 326->330 (38%), 327—>330 (29%)
444.2 034 | 324->330 (7%), 325->329 (23%), 325->330 (15%)

326->330 (8%), 327—>329 (5%), 327—>330 (19%)

436.4 043 | 324->330 (7%), 325->329 (19%), 326->329 (11%)

326->330 (9%), 327—>329 (21%)

CONCLUSIONS

Octa-(meta-methoxyphenyl) substituted tetraazaporphyrin and corrolazine phosphorus(V) complexes have been
synthesized and characterized. The PTAP and PCor could be synthesized from the common free-base TAP with
different phosphorus reagents. PTAP appears to be an intermediate in generating PCor, so that a stepwise synthesis
improves the yield of PCor. The absorption spectrum of PTAP 1 was rationalized by the Hammett equations and
theoretical calculations. The absorption envelope of 1 was quite different from its para-substituted regioisomer 2. The
trends of absorption parameters correlate well with the Hammett o, or o, constants corresponding to the substituents.
The results of theoretical calculations support the premise that the electronic structure of 1 is similar to that of 2. Hence,
the meta-substituted methoxy groups of 1 behaved as electron-withdrawing groups. No clear, intense CT band was
observed in the absorption spectrum of PCor 4, although the broad Soret band suggested some interaction with the
peripheral aryl groups. The optical properties of 1, thus, expanded the generality of the trends of the absorption spectra
of PTAPs. Moreover, the spectral changes between 1 and 2 demonstrated that the absorption spectrum can be
manipulated without changing the molecular formula, by just altering the substituent position on the peripheral aryl

groups. This methodology provides another tool for manipulating the optical properties of PTAPs.
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