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Synthesis and physicochemical properties of
(5-thiaporphyrinato)zinc and linear tetrapyrroles
carrying a thioketo group

Hideki Uno, 2 Muneki Hayakawa, & Akuto Takagi® and Tadashi Mizutani (> *

Sulfur analogues of bilin-1-one and bilin-1,19-dione were prepared and their spectroscopic properties
and reactivities were investigated. meso-Arylbilin-1,19-dione, obtained by coupled oxidation of iron
meso-arylporphyrin, was converted to 19-thioxobilin-1-one via the 5-oxaporphyrin zinc complex. The
5-thiaporphyrin zinc complex was prepared by cyclization of 19-thioxobilin-1-one in 78% yield at 0 °C.
At higher temperatures a mixture of (5-thiaporphyrinato)zinc and (5-oxaporphyrinato)zinc was obtained. The
temperature-dependent regioselectivity was ascribed to a lower activation energy of cyclization of bilin-1-
thione than that of bilin-1-one. Ring-opening of (5-thiaporphyrinato)zinc with benzenethiolate gave 19-
phenylsulfanylbilin-1-thione. The rate constant of formation of (5-thiaporphyrinato)zinc from 19-
phenylsulfanylbilin-1-thione (0.01 mM) and zinc acetate (0.1 mM) in CHsCN-H,O (1/1) at 25 °C was 10*
times larger than that of 19-phenylsulfanylbilin-1-one. Copper(i), cobalt(), nickel(l), magnesium and cad-
mium ions also induced cyclization of 19-phenylsulfanylbilin-1-thione to afford the corresponding metal
complexes of 5-thiaporphyrin. The sulfur analogues of bilin-1-one and bilin-1,19-dione showed bathochro-
mically shifted UV-visible spectra, up to 100 nm, compared to the corresponding bilin-1-one and bilin-1,19-
dione. Due to much higher reactivity and lower energy gap of bilin-1-thione than bilin-1-one, linear tetrapyr-
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Introduction

Porphyrins and phthalocyanines are important tetrapyrrolic
dyes and find applications in diverse fields such as biological
and materials science. Carbon atoms bridge pyrroles in por-
phyrin while nitrogen atoms bridge pyrroles in porphyrazine
and phthalocyanine. 5-Oxaporphyrin, in which an oxygen atom
bridges pyrroles, has received attention, because an iron
complex of 5-oxaporphyrin is an intermediate of catabolism
of heme catalyzed by heme oxygenase.'” Introduction of
nitrogen or oxygen atoms into the aromatic framework of
porphyrin lowers the energy levels of the frontier orbitals
(Table S1), causing significant changes in the reactivity as well as
their optical and redox properties. Preparation of meso-heteroatom
porphyrins and related compounds has been the subject of studies
in recent decades.*”® For instance, 5-oxaporphyrin has been used as
a precursor for various linear tetrapyrroles,® that constitute an
important class of dyes frequently employed in biological”® and
functional materials research.'®"® Compared to 5-oxaporphyrin,
fewer investigations were reported for 5-thiaporphyrin.'*™°
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roles with a thioketo group should find applications in chemistry, biochemistry and materials science.

Since the electronegativity of sulfur is close to that of carbon,
the electronic properties of 5-thiaporphyrin are expected to be
similar to those of porphyrin. For chemical stability of these
analogues, Fuhrhop et al. reported that ring-opening reactions
of meso-heteroatom porphyrins proceed under basic and acidic
conditions, with the relative stability decreasing in the order, 5-
methine- > 5-aza- » 5-thia- > 5-oxaporphyrins.'” The pre-
viously reported 5-heteroporphyrins have been substituted with
eight alkyl groups at the B-positions of the pyrrole rings. In
contrast, we have reported the synthesis and reactivity of 5-
oxaporphyrins bearing four phenyl groups at the meso-
positions."® We conducted a kinetic study of the cyclization
reaction of bilinthione leading to the formation of 5-
thiaporphyrin, which has been scarcely reported in previous
studies, in comparison with the cyclization reactions of its
oxygen analogues. Linear tetrapyrroles having a thioketo group
at the terminal such as 19-thioxobilin-1-one 3 showed much
higher reactivity than the corresponding oxygen analogue, due
to the higher nucleophilicity of sulfur. We showed that ring-
closing reaction of bilin-1-thione proceeded 10* faster than its
oxygen analogue. We focus on the reversible reactions of linear
tetrapyrroles and meso-heteroatom porphyrins, where conden-
sation-cyclization (CC) and nucleophilic ring-opening (NR)
reactions are involved (see Scheme 1).
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Bilindione 1

(5-Oxaporphyrinato)zinc 2

Thioxobilinone 3 (5-Thiaporphyrinato)zinc 4

Scheme 1 Reversible nucleophilic ring-opening (NR) and condensation—cyclization (CC) reactions of bilindiones and 5-oxa- or 5-thiaporphyrins. Ar =

p-C6H4—COOCH3.

Results and discussion
Synthesis of (5-thiaporphyrinato)zinc

No studies have been reported on how the reactivity of linear
tetrapyrroles bearing a thioketo group differs from that of their
oxygen analogues. To address this question, we first carried out the
synthesis of 5-thiaporphyrin, which is a key precursor for various
linear tetrapyrroles having a thioketo group at the terminal.
Preparation of (5-thiaporphyrinato)zinc is shown in Scheme 2.
Bilindione 1 was prepared by coupled oxidation of iron tetraar-
ylporphyrin 5. In this reaction, biladienone 6 was obtained as

1) Oy, pyridine,
ascorbic acid
R — > R
2) 1M HCI

5 Biladienone 6

Zn(OAc),
Ac,0

2 6% from 5

R

19-Thioxobilin-1-one 3

a major product,> and bilindione 1 was obtained as a minor one.
Ring-closing reaction of bilindione 1 to (5-oxaporphyrinato)zinc 2
was performed according to the Fuhrhop procedure to quantita-
tively obtain the (5-oxaporphyrinato)zinc 2. We also found that the
acyl group of biladienone 6 was successfully cleaved to obtain the
5-oxaporphyrin copper complex 7 in the previous paper.** Because
biladienones can be prepared from tetraarylporphyrin in various
ways,”>° transformation of biladienone to 5-oxaporphyrin is
synthetically useful and highly valuable. These 5-oxaporphyrins
are versatile precursors for various bilinones, using nucleophilic
ring-opening reactions shown in Scheme 1. The yield of

44% yield 6% yield

R R = COOMe

(5-Thiaporphyrinato)zinc 4

Scheme 2 Preparation of (5-thiaporphyrinato)zinc 4 from (tetraarylporphyrinato)iron(i) 5. Compounds 2, 4, and 7 were isolated as CFzCOO™ salts using

trifluoroacetic acid-containing eluant for column chromatography.
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5-oxaporphyrins 7 and 2 from the iron porphyrin 5 was 33.5 and
6%, respectively. The reaction of 7 and 2 with NaSH proceeded
quickly to yield 19-thioxobilin-1-one 3 (Scheme 2).*' We
attempted to prepare 5-thiaporphyrin by ring-closing reaction
of 19-thioxobilinone 3.

However, the reaction resulted in unexpected results.
Fuhrhop et al.** and Saito et al.>® reported the conversion of
bilin-1,19-dione to (5-oxaporphyrinato)zinc by refluxing bilin-
1,19-dione, zinc acetate, and acetic anhydride. Shinokubo and
coworkers reported that cyclization of octaethyl-19-thioxo-1-
bilinone with trifluoromethanesufonic anhydride at room tem-
perature yielded 30% 5-thiaporphyrinium cation and 1% 5-oxa-
porphyrinium cation.’® Reaction of 19-thioxobilin-1-one 3 with
zinc acetate and acetic anhydride at room temperature for
30 min gave a 1:1 mixture of (5-oxaporphyrinato)zinc 2 and
(5-thiaporphyrinato)zinc 4. The regioselectivity changed when the
reaction temperature was varied: (5-thiaporphyrinato)zinc 4 was
formed exclusively in a reaction at 0 °C for 90 min (Table 1).
We assumed that the activation energy of formation of
(5-oxaporphyrinato)zinc is higher than that of the formation of
(5-thiaporphyrinato)zinc, and the formation of 4 is favorable at a
low temperature. However, the selectivity of the reaction at 60 °C
cannot be explained solely by the difference in the activation
energy. The ring-opening reaction of 2 with CH;COS™ can proceed
at 60 °C to lower the yield of 2.

In order to determine the activation energy of the reaction
forming (5-thiaporphyrinato)zinc and (5-oxaporphyrin-ato)zinc, we
determined the rates of ring-closure reaction of bilin-1,19-dithione 8
and bilin-1,19-dione 1 at various temperatures. Bilin-1,19-dithione 8
was prepared from (5-thiaporphyrinato)zinc 4 as shown in
Scheme 3. Bilin-1,19-dithione 8 (0.01 mM), zinc acetate (0.1 mM)
and acetic anhydride (2 mM) in toluene were allowed to react at 10,
30, and 50 °C, and the progress of formation of (5-thiapor-
phyrinato)zinc 4 was monitored by UV-visible spectroscopy. From
the Arrhenius plot of the pseudo-first order rate constants (Fig. S25),
the activation energy was determined to be 14.6 k] mol . Similarly,
the rate of (5-oxaporphyrinato)zinc 2 formation from bilin-1,19-
dione 1 was determined. The activation energy was 34.3 k] mol .
These results indicate that the activation energy of formation of
(5-thiaporphyrinato)zinc is lower than that of the formation of
(5-oxaporphyrinato)zinc.

Plausible mechanism of ring-closing reaction of 3 to form 2
and 4 is initiated by acetylation of O or S to form intermediates
A and E (Fig. 1). Then intramolecular nucleophilic attack of O
or S resulted in the formation of intermediates C and G.
Dissociation of AcO or AcS leads to the final products D and H.
We performed quantum chemical calculations® of transformation

Table 1 Yields and selectivity of the ring-closure reaction of 19-
thioxobilin-1-one 3 to afford meso-heteroatom porphyrins 2 or 4

(5-Oxaporphyrinato)
zine 2 (%)

(5-Thiaporphyrinato)
zine 4 (%)

60 °C, 30 min 31 45
rt, 30 min 39 40
0 °C, 90 min Trace 78

18284 | New J Chem., 2025, 49, 18282-18291
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9:Nu=0OCH3  95% yield
R 10: Nu=OCoHs 85% yield
11: Nu = SPh 30% yield

Scheme 3 Preparation of 19-substituted bilin-1-thiones 8-11.

from 19-acetoxybilin-1-thione or 19-acetylthiobilin-1-one to (5-thia-
or 5-oxaporphyrinato)zinc. In Fig. 1 are shown the total energies of
19-acetoxybilin-1-thione or 19-acetylthiobilin-1-one (structures
between A and C or E and G, Fig. 1) with the distance between S
or O atoms and C-19 varied. Similarly, the total energies of the
tetrahedral intermediates (structures between C and D or G and H,
Fig. 1) with the distance between C-19 and O or S atoms varied are
shown in Fig. 1. The distance between S and C-19 in the transition
state (B, Fig. 1) was 2.36 A. The distance between O and C-19
in the transition state for the formation of (5-oxaporp-
hyrinato)zine (F, Fig. 1) was 1.85 A. The transition states B and F
have a single imaginary frequency of 239.0i cm™ " and 394.8i cm™ ",
respectively. The activation energy of (5-thiaporphyrinato)zinc for-
mation was lower than that of (5-oxaporphyrinato)zinc. These
results support our assumption that the temperature dependence
of regioselectivity of the reaction shown in Scheme 2 is ascribed to a
difference in the activation energies. According to the quantum
chemical calculations, the formation of (5-thiaporphyrinato)zinc is
exothermic, while the formation of (5-oxaporphyrinato)zinc is not.
The DFT-optimized structures of bilindithione 8 and bilin-
dione 1 are shown in Fig. 2. Both compounds adopt a helical
conformation. The distance between thiocarbonyl carbons was
larger than that between the carbonyl carbons. The helical
pitch of bilinthione 8 is greater than that of bilindione 1.

Spectroscopic properties of (5-thiaporphyrinato)zinc

Fig. 3 compares the UV-visible spectra of (5-thiaporphyri-
nato)zinc 4 and (5-oxaporphyrinato)zinc 2. The UV-visible spec-
trum of 4 is characterized by an intense Soret band at 433 nm
and a weak Q-band at 646 nm. Time dependent density func-
tional theory calculations (B3LYP/6-31+G(D,P)) showed that 4
exhibits absorption at 568.5 nm ( f= 0.1896, HOMO — LUMO
61.6%) and 430.9 nm (f = 0.2515, HOMO—3 — LUMO+1,
51.4%). We assigned the Soret band to the latter transition
and the Q-band to the former transition. The transition
moments of both bands were parallel to a line connecting

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 1 Energy profiles of transformation of bilin-1-one or bilin-1-thione to an intermediate, and to 5-thia- or (5-oxaporphyrinato)zinc. Energy was
calculated with B3LYP/6-31+G(D,P) with optimization of all the coordinates except for ry, rp, and rs.

C10-C20. The UV-visible spectrum of 2 is characterized by a split
Soret band at 390 and 411 nm and a Q-band at 646 nm."® As
shown in Fig. S19, the fluorescence quantum yield of 4 was quite
low. The fluorescence quantum yield of (5-thiaporphyrinato)zinc 4
was 0.0016, whereas that of (5-oxaporphyrinato)zinc 2 was
0.071. The low fluorescence quantum yield of (B-octaethyl-5-
thiaporphyrinato)zinc was also reported in the literature."™®

"H NMR and "*C NMR results of 4 are shown in Fig. S1-54.
The HMQC spectrum of 4 revealed that the proton at 8.70 ppm
is bonded to the carbon at 136.8 ppm and the proton at
8.84 ppm is bonded to the carbon at 129.5 ppm. According to
the quantum chemical calculations, C-3 should have the smal-
lest chemical shift among the pyrrole B-carbons. The 'H-'H
COSY spectrum (Fig. S3) indicates that the protons at 8.70 ppm
and those at 8.84 ppm are vicinal. Therefore, we assigned the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

signals at 8.84 and 129.5 ppm to H-3 and C-3, respectively.
Signals in the '"H NMR were assigned as shown in Fig. S1.
Table 2 compares the chemical shifts of '"H NMR of meso-
heteroporphyrins with those of the parent porphyrin. The
chemical shifts of pyrrole B-protons of (5-thiaporphyrinato)zinc
were ca. 0.5 ppm downfield shifted compared to those of (5-oxa-
porphyrinato)zinc. Downfield chemical shifts in (5-thiapor-
phyrinato)zinc indicate that there is a larger aromatic ring current
in (5-thiaporphyrinato)zinc than in (5-oxaporphyrinato)zinc.
Nucleus independent chemical shifts (NICS)*® were calculated
for zinc porphine, zinc 5-oxaporphine and zinc 5-thiaporphine.
The ghost atom was placed 3 A above the zinc atom. The values of
NICS(3),, obtained based on the HF/6-311G(D,P) level were —23.3,
—10.9, and —13.2 ppm for zinc porphine, zinc 5-oxaporphine and
zinc 5-thiaporphine, respectively. These results indicate that the

New J. Chem., 2025, 49, 18282-18291 | 18285
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Bilindithione 8

Bilindione 1

Fig. 2 Comparison of optimized structures of bilindithione 8 and bilindione 1.
The structures were optimized with B3LYP/6-31++G(D,P). The distances
between C1 and C19 are shown. meso-Aryl groups were omitted for calculation.

1.5 —— (5-thiaporphyrinato)zinc 4

------ (5-oxaporphyrinato)zinc 2

1.0

Absorbance

0.5

0.0 T = T T T =
300 400 500 600 700 800 900
Wavelength, nm
Fig. 3 UV-visible spectra of (5-thiaporphyrinato)zinc 4 and (5-

oxaporphyrinato)zinc 2, 1.35 x 107> M in CHCls.

aromaticity of these porphyrins decreases in the order: zinc
porphine > zinc 5-thiaporphine > zinc 5-oxaporphine.
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Preparation of 19-substituted bilin-1-thione from (5-
thiaporphyrinato)zinc

Ring-opening reaction of (5-thiaporphyrinato)zinc 4 with
nucleophiles proceeded with high yields in many cases. For
instance, (5-thiaporphyrinato)zinc 4 was reacted with sodium
methoxide and sodium ethoxide, giving 19-methoxy- and 19-
ethoxybilin-1-thione in 95% and 85% yield, respectively
(Scheme 3). On the other hand, the reaction between (5-
thiaporphyrinato)zinc 4 and sodium benzenethiolate gave 19-
phenylsulfanylbilin-1-thione in 31% yield. Although the ring-
opening reaction with sodium benzenethiolate proceeded
rapidly, the reverse reaction, the ring-closure reaction also
proceeded during the acidic work-up to lower the yield of 19-
phenylsulfanylbilin-1-thione. A similar behavior was also
observed in the ring-opening reaction of the copper complex
of 5-oxaporphyrin 7 to prepare 19-phenoxybilin-1-one 15.>*
Ring-opening reaction of 7 with phenoxide proceeded rapidly,
but a considerable amount of 7 was regenerated during
workup. Attempts to prepare 19-phenoxybilin-1-thione by
ring-opening of 4 with phenoxide failed, probably because the
reverse ring-closing reaction occurred rapidly.

Bilindiones and biliverdins show two bands in the UV-
visible spectra at ~380 and ~650 nm.*® In Fig. 4 are shown
the UV-visible spectra of bilin-1,19-dione 1, 19-thioxobilin-1-
one 3, and bilin-1,19-dithione 8. The absorption maxima of
bilin-1,19-dione 1 (Ayax = 401 and 624 nm)*® were bathochro-
mically shifted to 442 and 672 nm for 19-thioxobilin-1-one 3
and 485 and 726 nm for bilin-1,19-dithione 8. These three
bilins showed absorption bands in different wavelengths, and
can be clearly distinguished by UV-visible spectroscopy.

UV-visible spectra of 19-substituted bilin-1-thiones 9-11 are
compared with those of the corresponding bilin-1-ones 12-14
(for the structures, see Chart 1) in Fig. 5. The absorption
maxima of the B-band of bilin-1-thione were 30-45 nm bath-
ochromically shifted compared with those of bilin-1-ones.
Similarly, the absorption maxima of the Q-band of bilin-1-
thiones were 31-53 nm bathochromically shifted.

Metal ion templated ring-closing reaction of 19-substituted
bilin-1-thione

Balch and coworkers reported that the copper complex of 19-
formylbilin-1-one was converted to (5-oxaporphyrinato)copper(u)
by the reaction with dioxygen and trifluoroacetic acid.*” We
reported that bilin-1-one having an appropriate leaving group
such as C4HsO- at the 19-carbon undergoes cyclization to form
(5-oxaporphyrinato)zinc or (5-oxaporphyrinato)copper upon the

Table 2 Comparison of chemical shifts (8/ppm) of *H NMR and **C NMR of [5,10,15,20-tetrakis(4-methoxycarbonylphenyl)porphyrinatolzinc, (5-

oxaporphyrinato)zinc 2 and (5-thiaporphyrinato)zinc 4

[Porphyrinato]zinc (5-Oxaporphyrinato)zinc 2 (5-Thiaporphyrinato)zinc 4
B-Pyrrole H 8.82 7.76, 7.92, 8.09, 8.22 8.29, 8.41, 8.70, 8.84
meso-Phenylene 8.44, 8.3 7.94-8.06, 8.31, 8.34 8.16, 8.38, 8.41
C-2 138.6 136.7
C-3 120.0 129.2
C-12, 13 130.8, 134.5 133.1, 135.4

18286 | New J. Chem., 2025, 49, 18282-18291
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—— 19-Thioxobilin-1-one 3
—— Bilin-1,19-dithione 8

1.2+ 442
1.0
0.8
0.6

Absorbance

0.4
0.2
0.0

T T T T T
300 400 500 600 700 800 900
Wavelength, nm

Fig. 4 UV-visible spectra of bilindione, thioxobilinone, and bilindithione, 2
x 107> M in CH,Cl,.

12: Nu = OCH3
13: Nu = OCyH5
14: Nu = SPh
15: Nu = OPh

Chart 1 19-Substituted bilin-1-ones.

—— 0-OMe 12
—— O-OEt 13
—— O-SPh 14
—— S-OMe 9

S-OEt 10
—— S-SPh 11

Absorbance
o
(2]
|

0.4 —

0.2

0.0 —

300 400 500 600 700 800 900
Wavelength, nm

Fig. 5 UV-visible spectra of 19-substituted bilin-1-ones 12—-14 and bilin-
1-thiones 9-11. 2 x 107> M in CH,Cl, at 298 K.

addition of zinc or copper ions under ambient conditions.*® In
order to examine similar condensation-cyclization for the sulfur
analogues, we investigated the reaction of bilin-1-thiones 9-11
with various metal acetates.

Fig. 6 shows the UV-visible spectral changes of 19-
phenylsulfanylbilin-1-thione 11 upon the addition of zinc acet-
ate. The peaks of bilin-1-thione 11 at 371, 471, and 685 nm
decreased with concomitant increase in absorbance at 425 and
638 nm with several isosbestic points. Table 3 lists the rate
constants of formation of 5-heteroatom porphyrins from 11, 14
and 15. The rate constant of the ring-closing reaction of 19-
phenylsulfanylbilin-1-thione 11 in the presence of zinc acetate
is 10" times greater than that of 19-phenylsulfanylbilin-1-one
14, demonstrating higher nucleophilicity of sulfur than oxygen.
Pearson et al. reported that the ratio of the rate constant of
nucleophilic substitution of iodomethane with benzenethiolate

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 6 UV-visible spectral changes of 1 x 10~> M 19-phenylsulfanylbilin-
1-thione 11 and 0.1 mM zinc acetate in 50%(v/v) acetonitrile in water at
298 K. Spectra were recorded every 4 seconds.

to that with phenolate is 14 700.*° Thus, a 10 000-fold accelera-
tion can reasonably be attributed to the difference in
nucleophilicity.

The reaction proceeds via two steps as shown in Scheme 4.*®
Bilin-1-thione forms a metal complex followed by cyclization to
(5-thiaporphyrinato)zinc. The spectral changes shown in Fig. 6 are
different from those observed for the reaction of 19-phenoxybilin-
1-one 15 with zinc acetate.® For the reaction of 15, rapid increase
in a band at 800 nm due to the zinc complex of 19-phenoxybilin-1-
one was observed initially, followed by subsequent increase in a
band at 650 nm due to (5-oxaporphyrinato)zinc with concomitant
decrease in the 800 nm band. This spectral change indicates that
the first step in Scheme 4, the metal complex formation step, is
faster than the second cyclization step. In contrast, the spectral
changes observed for the reaction between 11 and Zn(OAc), shown
in Fig. 6 indicate that formation of the zinc complex of 11 was not
detected in the UV-visible spectra. Therefore, the cyclization step is
faster than the metal complexation step of bilin-1-thione 11. It is
noteworthy that Mg®*, Ni**, and Cd*" also induced cyclization of
11, while these metal ions cannot induce cyclization of 14 or 15.
The metal complexes of 5-thiaporphyrins were characterized by
MALDI-TOF mass spectroscopy (Fig. S20-S24). The computer-
simulated patterns for the composition are identical to the experi-
mental patterns, supporting the formation of the metal complexes.
The UV-visible spectra of these complexes are shown in Fig. S18.
The absorption maxima of the B-band of the zinc, cobalt, nickel
and magnesium complexes of 5-thiaporphyrin were 425 nm, while
those of the copper complex and the cadmium complex were 420
and 434 nm, respectively. The absorption maxima of the Q-band of
the zinc, copper, cobalt, nickel and magnesium complexes of 5-
thiaporphyrin were 637-639 nm, while that of the cadmium
complex was 644 nm. 19-Methoxybilin-1-thione 9 also reacts with
copper(m) acetate to form (5-thiaporphyrinato)copper slowly, the
half-life of the reaction being approximately 2 h. Balch and cow-
orkers reported that 19-methoxyoctaethylbilin-1-one is converted
to the 5-oxaporphyrin cobalt complex upon the addition of Co(i).*®

Conclusions

We elucidated how the reaction rate for the formation of 5-
thiaporphyrin from a linear tetrapyrrole bearing a thioketo
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Table 3 The first-order rate constants of the ring-closure reaction of 19-phenylsulfanylbilin-1-thione 11 (0.01 mM) and various metal acetates (0.1 mM)

in 50% (v/v) acetonitrile-water at 298 K

k[s™]

19-Phenylsulfanylbilin-1-thione 11

19-Phenylsulfanylbilin-1-one 14%*

19-Phenoxybilin-1-one 15%*

cu* >0.1

Zn** (4.4 £0.1) x 1072
Co™* (1.24 £ 0.06) x 107*
cd* (5.5 +0.2) x 10°°
Ni** (5.8 £0.2) x 10°°
Mg** (2.24 £ 0.03) x 107°

(2.5 £ 0.2) x 102
(4.0 £ 0.2) x 10°°

(1.04£0.1) x 107"
(1.3 £0.1) x 1072
(1.3+0.2)x 107"

M = Cu, Zn, Co,
Cd, Ni, Mg

Scheme 4 Metal ion templated ring-closing reaction of 19-substituted bilin-1-thione 11 or 9.

group differs from that for the formation of 5-oxaporphyrin
from a linear tetrapyrrole bearing a keto group. In addition, the
spectral properties of thiaporphyrin and the linear tetrapyrrole
containing a thioketo group, including their 'H- and *C-NMR
spectra and UV-visible absorption spectra, were also examined.
The reaction of 19-thioxobilin-1-one with acetic anhydride and
zinc acetate afforded two products, (5-thiaporphyrinato)zinc and
(5-oxaporphyrinato)zinc. Formation of (5-thiaporphyrinato)zinc
was favored at a low temperature. The activation energy of
cyclization to afford (5-thiaporphyrinato)zinc was lower than that
of cyclization to afford (5-oxaporphyrinato)zinc. Compared to
(5-oxaporphyrinato)zinc, the UV-visible spectrum of (5-thia-
porphyrinato)zinc was closer to that of porphyrin. The linear
tetrapyrroles with a thioketo group showed unique reactivity.
Metal ion induced-cyclization of 19-substituted bilin-1-thione
proceeded faster than that of 19-substituted bilin-1-one. The rate
constant of the reaction between 19-phenylsulfanylbilin-1-thione
and zinc ion was 10* larger than that between 19-phenyl-
sulfanylbilin-1-one and zinc ion. We demonstrated that 5-
thiaporphyrin is thermodynamically stable and bilin-1-thione is
kinetically labile compared to their oxygen counterparts.

Experimental

Bilindione 1 and biladienone 6 were prepared according to ref.
19 and 23, respectively. 5-Oxaporphyrins 2 and 7 were prepared
according to ref. 18 and 24, respectively. Bilinone 3 was
prepared from 2 according to ref. 31 or from 5 as described
in the SI. Bilin-1-ones with a substituent at 19 position 12-15
were prepared according to the published procedure.**

18288 | New J. Chem., 2025, 49, 18282-18291

[21,23-Didehydro-10,15,20-tris(4-methoxycarbonylphenyl)-23 H-
5-thiaporphyrinato](trifluoroacetato) zinc(u) 4

A solution of (42,92,15Z)-5,10,15-Tris(4-methoxycarbo-
nylphenyl)-(21H,23H,24H)-19-thioxo-1,19,21,24-tetrahydrobilin-
l-one 3 233 mg (0.431 mmol) and zinc acetate 135 mg
(0.733 mmol, 1.7 eq) in amylene-stabilized chloroform
100 mL was cooled in an ice-water bath, and acetic anhydride
8.16 mL (86.3 mmol, 200 eq) was added. The mixture was
stirred for 1 h in an ice-water bath. The chloroform solution
was washed with water twice. After drying over Na,SO,, eva-
poration of the solvent afforded a green solid. It was purified
with silica gel column (CH,Cl,: acetone: TFA = 20:1:0.1). The
first fraction was 5-oxaporphyrin, and the second blue-green
fraction was collected. Evaporation of the solvent yielded
305.7 mg (0.341 mmol, 79%) of (5-thiaporphyrinato)zinc 4.

"H NMR (500 MHz, CDCl;) §/ppm: 4.08 (s, 3H), 4.10 (s, 6H),
8.16 (br. d, = 8 Hz, 6H), 8.29 (d,J = 4.6 Hz, 2H), 8.38 (d,J = 8 Hz,
2H), 8.411 (d, J = 5.2 Hz, 2H), 8.414 (d, ] = 8 Hz, 4H), 8.70 (d, ] =
5.2 Hz, 2H, H-2), 8.84 (d, J = 4.6 Hz, 2H, H-3). *C NMR
(126 MHz, CDCl;) d/ppm: 52.5 (OCHj3), 52.6 (OCHj), 127.9
(phenylene meta), 128.2 (phenylene meta), 129.2 (pyrrole C-3),
130.5, 130.6, 132.1, 133.1 (pyrrole C-12), 133.5 (phenylene
ortho), 133.6 (phenylene ortho), 135.4 (pyrrole C-13), 136.7
(pyrrole C-2), 136.8, 144.7, 145.2, 148.9, 151.5, 154.3, 155.6,
166.9, 166.9. MS (MALDI-TOF): caled for C43H,06N,SZn ([4 -
CF;C00]") m/z = 793.11; found 793.15. UV-visible (CH,Cl,,
25 °C): Jmax (emax) 431 nm (1.06 x 10° M~ ' em™'), 644 nm
(4.06 x 10* M~ em™). Anal. Caled for CysH,oF3N,OgSZn-
2.4H,0: C, 56.52; H, 3.56; N, 5.86; S, 3.35. Found: C, 56.51; H,
3.09; N, 5.87; S, 3.24.
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(42,97,157)-1,21-Dihydro-19-methoxy-5,10,15-tris(4-
methoxycarbonylphenyl)-23H-bilin-1-thione 9

To (5-thiaporphyrinato)zinc 4 30 mg (0.033 mmol) was added a
solution of sodium methoxide 7.7 mg (0.142 mmol, 4.3 eq) in dry
methanol (5 mL). The mixture was stirred for 5 min at room
temperature. Aqueous NH,Cl (10%, 20 mL) was added and the
solution was stirred for 5 min. Chloroform (100 mL) was added and
the solution was washed with 10% aqueous NH,Cl, 1 M HCI, and
saturated aqueous NaCl. The chloroform layer was dried over Na,SO,
and the solvent was evaporated. Purification with silica gel column
(CHCly) afforded a green solid of 9 23.9 mg (0.031 mmol, 95%).

"H NMR (500 MHz, CDCl;) é/ppm: 3.10 (s, 3H), 4.00 (m, 9H),
5.86 (d,J = 4.6 Hz, 1H), 6.56 (dd, J; = 4.6 Hz, ], =2.3 Hz, 1H), 6.71 (dd,
J1 = 5.2 Hz, J, = 2.3 Hz, 1H), 6.75-6.85 (1H), 6.88 (d, J = 4.6 Hz, 1H),
6.97 (d,J = 4.6 Hz, 1H), 7.16 (d, ] = 4.6 Hz, 1H), 7.36 (d, J = 4.6 Hz, 1H),
7.63-7.71 (m, 6H), 8.18-8.22 (m, 6H), 9.92 (s, 1H), 11.30 (s, 1H). °C
NMR (126 MHz, CDCl,) 6/ppm: 52.3, 52.4, 55.2, 117.7, 119.2, 120.6,
125.2, 128.6, 128.8, 129.1, 129.6, 130.1, 130.2, 131.0, 131.5, 131.6,
132.4,133.0, 134.5, 137.2, 137.7, 138.6, 141.5, 141.7, 142.3, 142.6, 146,
147.9, 152.1, 163.8, 166.7, 166.9, 177.3, 188.2 (C=S). MS (MALDI-
TOF) m/z: caled for CuyH35N,05S ([9 + H]') 763.22; found 763.39. UV-
visible (CHCl,, 25 °C): Amax (ema) 357 Nm (4.23 x 10* M ' em™ ),
446 nm (5.28 x 10 M ' em™"), 691 nm (1.12 x 10* M~ " em™").

(42,92,152)-1,21-Dihydro-19-ethoxy-5,10,15-tris(4-
methoxycarbonylphenyl)-23 H-bilin-1-thione 10

To (5-thiaporphyrinato)zinc 4 30 mg (0.033 mmol) was added a
solution of sodium ethoxide 9.7 mg (0.142 mmol, 4.3 eq) in
amylene-stabilized chloroform (100 mL). The mixture was
stirred for 30 min at room temperature. 10% aqueous NH,Cl
(200 mL) was added and the solution was stirred for 5 min. The
organic layer was washed with 10% aqueous NH,Cl, 1 M HCI, and
saturated aqueous NaCl. The chloroform layer was dried over
Na,SO, and the solvent was evaporated. The residue was purified
with silica gel column chromatography eluted with chloroform to
afford a green solid of 10 in 21.9 mg (0.028 mmol, 85%) yield.
"H NMR (500 MHz, CDCls) §/ppm: 0.87 (t, J = 7.2 Hz, 3H)
3.07-3.71 (bd, J = 16.4 Hz, 2H), 3.95-4.02 (m, 9H; COOCHj),
5.85 (d,J = 4.6 Hz, 1H), 6.53 (t, ] = 2.3 Hz, 1H), 6.72 (d, ] = 5.2 Hz,
1H), 6.77 (s, 1H), 6.88 (d, J = 4.6 Hz, 1H), 6.96 (d, ] = 5.2 Hz, 1H),
7.15 (d,J = 4.0 Hz, 1H), 7.37 (d, ] = 5.2 Hz, 1H), 7.68 (dd, J = 16.9,
7.7 Hz, 6H), 8.22-8.18 (m, 6H), 9.96 (s, 1H; NH), 11.30 (s, 1H;
NH). *C NMR (126 MHz, CDCl;) §/ppm: 13.5, 51.3, 51.4, 63.2,
116.7, 118.5, 119.5, 124.2, 127.4, 127.5, 128.1, 128.5, 129.1,
129.1, 130.0, 130.5, 130.8, 131.4, 131.9, 133.4, 136.2, 136.7,
137.4, 140.6, 141.4, 141.8, 145.0, 147.1, 151.0, 162.8, 165.6,
165.7, 165.9, 175.9, 187.1 (C=S). MS (MALDI-TOF) m/z: caled
for C4sH;,N,0,S ([10 + H]") 777.24; found 777.38. UV-visible
(CH,Cly, 25 °C): Amax (6max) 358 Nm (3.21 x 10* M~ ecm ™),
446 nm (4.02 x 10* M~" em™"), 685 nm (8.76 x 10° M~ " em ™).

(4z2,92,157)-1,21-Dihydro-5,10,15-tris(4-methoxy-
carbonylphenyl)-19-phenylsulfanyl-23 H-bilin-1-thione 11

To a solution of (5-thiaporphyrinato)zinc 4 36.3 mg (0.04 mmol)
in dry dichloromethane (20 mL) was added a solution of
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benzenethiol 32.8 puL (0.32 mmol, 8 eq) and sodium hydride
60% oil dispersion 44.8 mg (1.12 mmol, 28 eq) in dry THF. The
mixture was stirred for 12 h at room temperature. The reaction
mixture was washed with water, aqueous 1 M HCI, and water.
After the organic layer was dried over Na,SO,, the solvent was
evaporated to afford a green solid. It was purified with silica gel
column using chloroform as an eluant. The first green fraction
was collected, and evaporation of the solvent yielded 10.3 mg
(0.012 mmol, 30.5%) of the desired bilinthione 11.

'H NMR (500 MHz, CD,Cl,) é/ppm: 3.97-3.94 (m, 9H;
COOCH;), 5.79 (d, J = 4.6 Hz, 1H), 6.53 (d, J = 4.6 Hz, 1H), 6.78
(d, ] = 2.0 Hz, 1H), 6.92 (q, J = 1.9 Hz, 1H), 6.95 (d, J = 4.6 Hz, 1H),
7.02 (d, J = 4.6 Hz, 1H), 7.26-7.34 (m, 5H), 7.46 (d, J = 5.2 Hz, 1H),
7.76-7.82 (m, 6H), 8.15-8.22 (m, 6H), 9.75 (s, 1H), 11.25 (s, 1H). *C
NMR (126 MHz, CDCL;) &/ppm: 52.3, 52.4, 118.1, 122.1, 124.3,
124.6, 129.1, 129.2, 129.2, 129.4, 129.6, 129.8, 129.9, 130.4, 130.8,
131.0, 131.5, 131.7, 131.8, 132.8, 133.6, 134.4, 134.8, 136.1, 136.2,
138.6, 141.4, 141.6, 142.0, 142.4, 145.5, 151.6, 152.9, 165.2, 166.7,
166.8, 166.8, 173.8, 188.8 (C—=S). MS (MALDI-TOF): m/z: calcd for
CoH3,N,06S, ([11 + H]") 841.21; found 841.27. UV-~visible (CH,CL,,
25 °C): Jmax (max) 371 N (4.70 x 10* M~" em™"), 471 nm (5.04 x
10° M em™7), 685 nm (8.42 x 10° M~ " em ™).

(42,92,152)-1,21-Dihydro-5,10,15-tris(4-
methoxycarbonylphenyl)-23 H-bilin-1,19-dithione 8

To a solution of (5-thiaporphyrinato)zinc 4 150 mg (0.165 mmol)
in acetone 200 mL was added an aqueous solution of NaSH
(2.6 M, 1.18 mL, 3.07 mmol, 18.6 eq), and the mixture was
stirred at room temperature for 30 sec. Chloroform (200 mL)
was added and the organic layer was washed with aqueous 1 M
HCI and saturated aqueous NaCl. The organic layer was dried
over Na,SO, and evaporation of the solvent afforded a green
solid. It was purified with silica gel column eluted with chloro-
form. The first green fraction was discarded, and the second
green fraction was collected. Evaporation of the solvent
afforded 50.0 mg (0.0654 mmol, 40%) of bilindithione 8.

'H NMR (500 MHz, CDCl;) é/ppm: 3.99 (s, 3H; CH,),4.01
(s, 6H; CH3), 6.46 (d, ] = 5.2 Hz, 2H), 7.00 (d, ] = 4.0 Hz, 2H), 7.34
(d, J = 4.0 Hz, 2H), 7.41 (d, J = 5.2 Hz, 2H), 7.67 (d, J = 8.0 Hz,
4H), 7.84 (d, J = 8.0 Hz, 2H), 8.20 (d, J = 8.6 Hz, 4H), 8.28 (d, J =
8.6 Hz, 2H). *C NMR (126 MHz, CDCl;) é/ppm: 52.5, 52.6,
118.1, 125.8, 129.2, 129.6, 129.7, 130.6, 130.9, 131.0, 131.2,
131.3, 131.3, 132.2, 132.3, 134.4, 141.0, 141.2, 143.1, 166.7,
166.8, 187.8 (C=S). MS (MALDI-TOF) m/z: caled for
C43H33N406S, ([8 + H]') 765.18; found 765.24. UV-visible
(CH,Cl,, 25 °C): Amax (Emax) 385 nm (6.10 x 10* M~* em ™),
485 nm (4.57 x 10* M ' em ™), 726 nm (1.23 x 10* M~ " em ™).
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Supplementary information: Preparation of 3 from 7, NMR and
mass spectra of (5-thiaporphyrinato)zinc and bilin-1-thiones, UV-
visible spectra and mass spectra of the metal complexes of 5-
thiaporphyrin, fluorescence emission spectra of 2 and 4, the
Arrhenius plot of formation of 2 or 4, and optimized structures
of A-H in Fig. 1. HOMO/LUMO energy levels of (porphinato)zinc,
(5-azaporphinato)zinc, (5-oxaporphinato)(trifluoroacetato)zinc,
and (5-thiaporphinato)(trifluoroacetato)zinc calculated at the
B3LYP/6-31G(D) level. See DOI:  https://doi.org/10.1039/
d5nj02301g.
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