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Synthesis and Characterization of an Air-Stable Tin(IV) β-
Tetracyanoisophlorin Complex: Enhanced Antiaromaticity
through Metal Complexation
Haruna Sugimura,[a] Kana Nakajima,[a] and Ken-ichi Yamashita*[a, b]

Isophlorins, which are two-electron reduced porphyrins, have
garnered significant interest because of their potential antiar-
omaticity and unique electronic properties. However, the
isolation of stable antiaromatic isophlorins remains challenging
because they are prone to oxidation or reduction to the
corresponding aromatic molecules, or are structurally distorted,
resulting in loss of antiaromaticity. Here, we report the synthesis
and characterization of a Sn(IV) β-tetracyanoisophlorin complex
obtained through two-electron reduction of the corresponding
Sn(IV) β-tetracyanoporphyrin complex. This Sn(IV) complex
exhibits enhanced antiaromaticity owing to its highly planar
structure, facilitated by the central Sn atom. X-ray crystal

diffraction analysis revealed that the Sn(IV) isophlorin complex
contains two methoxy groups as axial ligands and that it exists
as a divalent anion, demonstrating the oxophilic nature of the
Sn(IV) isophlorin complexes. Notably, this Sn(IV) isophlorin
complex is stable under air, distinguishing it from previously
reported Si(IV) and Ge(IV) isophlorin complexes without cyano
groups. This study thus presents the first isolation of an air-
stable metal complex of antiaromatic isophlorin, opening new
possibilities for exploring the unique properties of antiaromatic
porphyrinoids for various applications, including catalysis and
materials science.

Introduction

Isophlorins, which are the two-electron-reduced forms of
porphyrins, were first proposed by Woodward as intermediates
in porphyrin synthesis.[1–3] According to Hückel’s theory, these
compounds potentially possess 20π antiaromatic character.
Antiaromatic molecules, including isophlorins, are typically
unstable, prone to oxidation or reduction to the corresponding
aromatic molecules, or are structurally distorted, resulting in
loss of antiaromaticity. Isophlorins tend to become nonaromatic
because of the disrupted planarity caused by steric hindrance
from the hydrogen atoms at the ring center.

Two main strategies have been employed to synthesize
planar and antiaromatic isophlorins: (1) introducing a bridging
structure at the isophlorin center (Figure 1a) using tetravalent
metals, such as Si or Ge, or their analogs, such as C=C or B� B, to
enhance planarity,[4–7] and (2) replacing nitrogen atoms with
heteroatoms to reduce the steric hindrance caused by the inner

NHs (Figure 1b).[8–11] Various antiaromatic isophlorins have been
synthesized using these techniques.

We have previously reported the generation of antiaromatic
β-tetracyanoisophlorins through two-electron reduction of β-
tetracyanoporphyrins (Figure 1c).[12,13] β-Tetracyanoporphyrins
exhibit high reduction potentials due to their four cyano
groups, allowing for easy reduction by weak reducing agents
such as hydrazine. The dithia analog of β-tetracyanoporphyrin,
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Figure 1. Reported antiaromatic isophlorins that have been characterized
and/or isolated.
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2a, had a sufficiently high reduction potential to form the
corresponding β-tetracyanoisophlorin [1a]2� .[12] However, the β-
tetracyanoporphyrin 2b could not be fully reduced under the
conditions used to access [1a]2� . By introducing additional
electron-withdrawing CF3 substituents on the phenyl groups,
we synthesized a new β-tetracyanoporphyrin 2c that could be
reduced to isophlorin [1c]2� using hydrazine.[13] UV-Vis/NIR
absorption, NMR, and crystallographic analyses confirmed the
antiaromatic nature of the isophlorins.

Isophlorin–metal complexes have been studied electro-
chemically, including measurements on the Zn complex of
meso-tetrarylporphyrin by Müllen et al. in 1989.[14] However,
only Si(IV) and Ge(IV) isophlorin complexes have been success-
fully isolated.[4,5] These complexes are highly sensitive to air and
challenging to handle under atmospheric conditions.

Although Group 14 elements can adopt both divalent and
tetravalent oxidation states, the stability of the tetravalent state
decreases in the order Si>Ge>Sn. For Sn, the inert pair effect
stabilizes the divalent state more significantly than for Si or
Ge.[4,5] Consequently, when SnIV(tpp) (tpp= tetraphenylporphyr-
inato dianion) is reduced, metal reduction is favored over
porphyrin reduction, which has previously prevented the
isolation of Sn isophlorin complexes.[5]

Sn(IV)–porphyrin complexes have been studied extensively,
particularly in photocatalysis and photodynamic therapy.[15,16]

They are significantly easier to synthesize than other Group 14
metal–porphyrin complexes (Si(IV) and Ge(IV)) and exhibit
higher reduction potentials than many other metal–porphyrin
complexes.[17]

We hypothesized that using the β-tetracyanoporphyrin as a
ligand for Sn, which has a significantly higher reduction
potential than TPP, might lead to selective ligand reduction and
the formation of the desired isophlorin. While β-tetracyanopor-
phyrin complexes with various metals (Zn, V, Fe, Co, Ni and Cu)
have been reported in the literature,[18–25] tin complexes have
yet to be synthesized. Herein, we report the synthesis of a Sn(IV)
complex of β-tetracyanoisophlorin SnL2-1b (L: axial ligand)
(Figure 2) by reducing the corresponding Sn(IV) porphyrin
SnCl2-2b. The complex exhibits unique aromaticity/antiaroma-
ticity properties that may lead to the development of new
molecular switches or sensors.

Results and Discussion

Sn(IV) β-tetracyanoporphyrin complex SnCl2-2b was synthe-
sized using SnCl2·2H2O as reported previously.[26] The structure
of SnCl2-2b was confirmed by X-ray crystal structure, NMR, ESI-

HRMS, and elemental analyses. The X-ray crystal structure
(Figure 3) confirmed that SnCl2-2b has two Cl axial ligands,
indicating the complexation of a tetravalent Sn ion. The
porphyrin macrocycle shows high planarity with a small mean
plane deviation of 0.035 Å, similar to the reported Sn(IV)
porphyrins.[15] The bond length between Cl and the Sn(IV) ion
(2.4083(9) Å) was shorter than those in [SnIV(tpp)Cl2] (2.420(1)
Å)[27] and [SnIV(oep)Cl2] (oep=octaethylporphyrinato dianion)
(2.453(2) Å).[28] The Sn� N bond length to the five-membered
ring bearing the CN groups was 2.112(3) Å and that toward the
unsubstituted ring was 2.097(3) Å. These structural features are
attributed to the strong electron-withdrawing properties of the
cyano groups on the porphyrin periphery.

In the 1H NMR spectrum of SnCl2-2b in CDCl3 (Figure 4a),
the signal for the β-proton was observed at 9.1 ppm as a singlet
with small satellite peaks derived from the spin-spin couplings
of 119Sn and 117Sn. The coupling constant 4JH–Sn was 15.2 Hz,
which is in good agreement with that of [SnIV(tpp)Cl2].

[29]

The redox potentials of SnCl2-2b were determined using
cyclic and differential pulse voltammetry (Figure S2 in the
Supporting Information and Table 1). In CH2Cl2, SnCl2-2b
exhibited two reversible reduction waves at � 0.42 V and
� 0.87 V, and an irreversible oxidation wave at 1.42 V. In DMSO,
the reduction waves were positively shifted by approximately
0.2 V, indicating that SnCl2-2b was more easily reduced in polar

Figure 2. The target molecule in this study.

Figure 3. X-ray crystal structure of SnCl2-2b with thermal ellipsoid represen-
tations (50% probability level). Solvated molecules (cyclohexane) are
omitted for clarity. C=gray, H=white, N=blue, Sn=dark blue, and
Cl=green. (a) Top view, (b) side view, and (c) selected bond lengths (Å) from
the crystal structure.
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solvents, similar to free bases 2a, 2b, and 2c.[12,13] The second
reduction potential of SnCl2-2b (� 0.60 V in DMSO) was more
positively shifted than 2c (� 0.74 V in DMSO) and comparable
to that of 2a (� 0.61 V in DMSO). The difference between the
second and first reduction potentials of SnCl2-2b was 0.45 V in
CH2Cl2 and 0.41 V in DMSO. These differences are larger than
those of free bases 2a, 2b, and 2c, indicating the greater
stability of the one-electron reduced form of SnCl2-2b.

The solvent had a pronounced influence on the UV-Vis/
near-infrared (NIR) absorption spectra. In the UV-Vis/NIR
absorption spectrum of SnCl2-2b in CH2Cl2, the Soret band was
observed at approximately 450 nm, and the Q bands were
observed at 600–660 nm (Figure 5), which are typical of
aromatic porphyrins. In contrast, the UV-Vis/NIR absorption
spectrum of SnCl2-2b in DMSO exhibited a new broad
absorption band at 800–1000 nm. This behavior was also
observed for free bases 2a and 2c,[12,13] and the broad bands
can be attributed to the one-electron reduced anion radical of
SnCl2-2b. The generation of anion radical species was also
supported by electron spin resonance (ESR) measurements. The
ESR spectrum of SnCl2-2b in DMSO showed a signal at g=

2.00191, supporting the generation of an anion radical (Fig-
ure S3). In contrast, no ESR signal was observed for ligand 2b in
DMSO. These results are due to the higher first reduction
potential of SnCl2-2b than of 2b.

The reduction of SnCl2-2b was performed as described for
the reduction of 2a and 2c to obtain the corresponding
isophlorin.[12,13] Treatment of SnCl2-2b with hydrazine monohy-
drate in DMSO resulted in a rapid color change from yellow to
reddish-purple. The 1H NMR spectrum of SnCl2-2b reduced with
NH2NH2·H2O in [D6]DMSO indicated the formation of antiar-
omatic isophlorin SnL2-1b as the sole product (Figure 4b). A
signal for the β-protons was observed at δ=3.8 ppm as a
singlet with Sn satellite peaks (4JH-Sn=14.5 Hz), which was
significantly upfield shifted compared to that of SnCl2-2b,
suggesting a switch from an aromatic to an antiaromatic
environment. The chemical shift was more upfield shifted
compared to the reported free bases [1a]2� , [1b]2� , and [1c]2�

(5.0–5.2 ppm),[12,13] which indicated that the complexation of the
Sn(IV) ion enhanced the antiaromaticity in SnL2-1b. However,
compared to the corresponding chemical shifts of previously
reported Ge(IV)[5] and Si(IV)[4] isophlorins without cyano groups
(0.6 and 1.3 ppm, respectively), this chemical shift was more
downfield shifted. This suggests that the antiaromaticity of
SnL2-1b is weaker than that of those Ge and Si isophlorins. This
difference is likely not due to the change in metal, but rather,
as we have previously discussed,[12,13] the electronic perturbation
of the isophlorin macrocycle by π-conjugation with the cyano
groups, which reduces the antiaromaticity. The obtained
isophlorin SnL2-1b was stable in the presence of hydrazine
even under the air like [1a]2� and [1c]2� .

From the NMR analyses, we could not determine the axial
ligands L of SnL2-1b in solution; possible candidates are
solvated molecules (DMSO, H2O, and NH2NH2) and OH or Cl
anions. Therefore, ESI-HRMS measurements were performed to
determine the axial ligands. Because DMSO is generally
unsuitable as a solvent for ESI-MS measurements, we prepared
samples by diluting the DMSO solution of SnL2-1b with a large
excess of methanol prior to measurement. The primary ion
peaks observed in the resulting spectrum were attributed to

Figure 4. 1H NMR spectra (500 MHz) showing the reduction of SnCl2-2b to
SnL2-1b. (a) SnCl2-2b in CDCl3 at 25 °C. (b) SnL2-1b was generated in situ by
reduction with NH2NH2·H2O (1 drop) in [D6]DMSO at 40 °C. Asterisks indicate
Sn satellite peaks.

Table 1. Half-wave potentials (V vs. Fc/Fc+) of SnCl2-2b, 2a, 2b, and 2c
obtained from differential pulse voltammetry (DPV).

Solvent Eox1 Ered1 Ered2 Ered3

SnCl2-2b CH2Cl2 (1.42)[c] � 0.42 � 0.87 (� 1.56)[c]

DMSO � [d] � 0.19 � 0.60 � [d]

2a [a] CH2Cl2 1.08 � 0.54 � 0.81 � [d]

DMSO � [d] � 0.33 � 0.61 � 2.19

2b [b] CH2Cl2 (0.92)[c] � 0.75 � 1.05 (� 2.50)[c]

2c [b] CH2Cl2 1.10 � 0.60 � 0.94 (� 2.63)[c]

DMSO � [d] � 0.47 � 0.74 (� 2.42)[c]

[a] Data from ref. [12]. [b] Data from ref. [13]. [c] Irreversible peak. [d] Out
of the potential range.

Figure 5. UV-Vis/NIR absorption spectra of SnCl2-2b in CH2Cl2 (black) and in
DMSO (red).
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species in which the axial ligands had been substituted with
methoxy groups, i. e. [Sn(OMe)2-1b]

2� (Figure S4). This substitu-
tion is likely due to the high affinity of Sn ions for oxygen-based
anions.[30] Notably, we were not able to detect clear ion peaks
for samples in the other solvents.

This ligand exchange was also observed in the X-ray crystal
diffraction analysis. The single crystals were only obtained by
slow diffusion of tetraphenylphosphonium bromide in meth-
anol into a solution of SnCl2-2b that had been reduced with
NH2NH2·H2O in DMSO. The X-ray crystal diffraction analysis
revealed the molecular structure of [Sn(OMe)2-1b](PPh4)2 (Fig-
ure 6). In the crystal structure, isophlorin had two methoxy ions
as the axial ligands and two PPh4

+ ions were incorporated into
the crystal for each molecule, indicating tetravalent Sn ions. The
isophlorin macrocycle had high planarity with a small mean
plane deviation value of 0.053 Å. This high planarity contrasts
sharply with the significant distortion observed in previously
reported Ge(IV) and Si(IV) isophlorins without cyano groups.[4,5]

This difference can be attributed to the Sn(IV) ion having an

ideal ionic radius for fitting inside the porphyrin ring, as well as
the weaker antiaromaticity of SnL2-1b compared to the
reported Ge(IV) and Si(IV) isophlorins. A more significant bond
length alternation was observed compared to that of the
porphyrin SnCl2-2b (Figure 3), which suggests a loss of
aromaticity in [Sn(OMe)2-1b](PPh4)2.

The Sn� N bond lengths of 2.140(1) and 2.083(1) Å were
comparable to those of SnCl2-2b. These bond lengths together
with the octahedral six-coordinate geometry around the Sn ion,
clearly indicates the Sn(IV) oxidation state, as a Sn(II) complex
would exhibit elongated bond lengths and prefer a four-
coordinate geometry.[15,31]

The nucleus-independent chemical shift (NICS) of [Sn-
(OMe)2-1b]2� also confirmed its antiaromatic character. The
NICS values of [Sn(OMe)2-1b]

2� and previously reported [1b]2�

are listed in Table 2. The positive NICS(0) value of 9 at point a of
[Sn(OMe)2-1b]2� indicates an antiaromatic character for the
complex. Furthermore, this NICS(0) value was larger than that of
the free-base form [1b]2� (4), indicating that the antiaromaticity
of [Sn(OMe)2-1b]2� was stronger than that of [1b]2� . This result
is consistent with the NMR measurements.

The mean plane deviation (MPD) values of the geometry-
optimized structures of [Sn(OMe)2-1b]2� and [1b]2� were
0.177 Å and 0.471 Å, respectively (Figure S7). The significant
difference in planarity suggests that coordination of the Sn(IV)
ion likely enhances the planarity of isophlorin, which, in turn,
leads to the observed increase in antiaromaticity. Notably, while
the geometry-optimized structure of [Sn(OMe)2-1b]

2� closely
matches its crystal structure, [1b]2� exhibits relatively high
planarity in the crystal. This discrepancy between the calculated
and crystal structures of [1b]2� may be attributed to crystal
packing effects, which are not accounted for in the gas-phase
calculations.

In the UV-Vis/NIR spectrum of SnL2-1b (Figure 7), two sharp
absorption bands at approximately 450 and 600 nm and a
broad weak band at 800–1200 nm are observed, which are
similar those of [1a]2� , and [1c]2� recorded under the same
conditions.[12,13] This spectral similarity indicates that the two-
electron reduction of SnCl2-2b occurs on the ligand rather than
on the metal center. Time-dependent density functional theory

Figure 6. X-ray crystal structure of [Sn(OMe)2-1b]
2� with thermal ellipsoid

representations (50% probability level). Solvation molecules (methanol) are
omitted for clarity. C=gray, H=white, N=blue, Sn=dark blue, O= red, and
P=orange. (a) Top view without the PPh4 cations, (b) side view with the
PPh4 cations, and (c) selected bond lengths (Å) from the crystal structure.

Table 2. NICS values for [Sn(OMe)2-1b]
2� and [1b]2� .[a]

A B C

[Sn(OMe)2-1b]2� 9 (50) � 6 (16) 0 (25)

[1b]2� 4 (34) � 8 (2) 0 (24)

[a] NICSiso values are shown. NICSzz values are given in parentheses.
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(TDDFT) calculations suggested that these absorption bands
can be assigned to S0!S1 (HOMO!LUMO), S0!S2 (HOMO!
LUMO+1), and S0!S3 (HOMO � 1!LUMO) transitions (Table S2
and Figure S9). For [1a]2� , and [1c]2� , weak absorption bands
arising from the S0!S1 (HOMO!LUMO) transition were
observed around 1000 nm,[12,13] whereas SnL2-1b exhibited an
absorption band that was more long-wavelength shifted,
extending 1200 nm. This suggests that the HOMO–LUMO gap
of SnL2-1b is smaller than those of [1a]2� , [1b]2� , and [1c]2� .

Similar to previously reported isophlorins [1a]2� and [1c]2� ,
SnL2-1b readily undergoes oxidation to form porphyrin SnCl2-
2b. When attempting to extract SnL2-1b from a DMSO/diluted
aqueous HCl solution with CHCl3, aerial oxidation occurred,
converting SnL2-1b to SnCl2-2b. This was confirmed by 1H NMR
(Figure S5) and UV-vis/NIR (Figure S6) analyses, demonstrating
the reversible nature of the interconversion between SnL2-1b
and SnCl2-2b.

Conclusions

We have synthesized and characterized the 20π antiaromatic
Sn(IV) β-tetracyanoisophlorin complex SnL2-1b. The central Sn
ion enhances the planarity of the isophlorin structure, resulting
in stronger antiaromaticity compared to those of the free-base
forms [1a]2� and [1c]2� . This enhanced antiaromaticity was
confirmed by NMR spectroscopy, X-ray crystallography, and
NICS calculations. Importantly, SnL2-1b is remarkably stable in
air, in contrast to previously reported Si(IV) and Ge(IV) isophlorin
complexes without cyano groups. This stability, combined with
the ease of synthesis using mild reducing agents, makes SnL2-
1b an attractive candidate for further studies and applications.
The unique properties of SnL2-1b, including its tunable
aromaticity/antiaromaticity and high stability, open new possi-
bilities in catalysis and materials science. The ability to switch
between the aromatic and antiaromatic states through redox
processes may lead to the development of new molecular
switches or sensors.

Supporting Information Summary

The authors have cited additional references within the
Supporting Information (Ref. [32–35]). Deposition Numbers
2385350 (for SnCl2-2b), 2385351 (for [Sn(OMe)2-1b](PPh4)2)
contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum
Karlsruhe Access Structures service.
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The synthesis and characterization of
a novel air-stable Sn(IV) β-tetracyanoi-
sophlorin complex is described. The
complex was obtained by reducing
the corresponding Sn(IV) β-tetracya-
noporphyrin with hydrazine. NMR

spectroscopy and nucleus-independ-
ent chemical shift calculations
confirmed increased antiaromaticity
compared to the free-base analogs.
The UV-Vis/NIR absorption spectrum
was extended to 1200 nm.
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