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Porphyrinoids in the 20π-electron state have been extensively
studied from the fundamental viewpoint of investigating their
structure–antiaromaticity relationships. However, most of the
20π porphyrinoids are highly distorted and unstable in air,
which hinder the comprehensive analysis of paratropic ring-
current effects derived from planar π-electron systems. Herein,
we present the first examples of antiaromatic Sn(IV) complexes
of 5,10,15,20-tetraaryl-5,15-diazaporphyrinoids (SnX2TADAPs),
prepared by the complexation of the corresponding freebases
with Sn(II) chloride under aerobic conditions and subsequent
metathesis of the axial ligands, that show paratropic ring-

current effects. Notably, both neutral 20π-electron derivatives
and 19π-electron radical cations of SnX2TADAP are extremely
stable in air owing to the intrinsic electronic effects of the
central Sn(IV) unit and meso nitrogen atoms. NMR spectroscopy,
cyclic voltammetry, and density functional theory calculations
were performed to assess the ring-current effects and orbital
energies of a series of the 20π-electron SnX2TADAPs, and the
results reveal that the paratropic ring-current effects arising
from the planar 20π-electron DAP ring increases with a decrease
in the HOMO–LUMO energy gap.

Introduction

Porphyrins are well known aromatic macrocycles that complex
with metal ions, and their 18π-electron platforms have been
widely used for constructing various functional dyes, semi-
conductors, and metal catalysts. In contrast, 20π porphyrins, the
2e-reduced species of regular porphyrins, are inherently anti-
aromatic macrocycles, and their structure–property relationship
has long been a subject of interest for understanding the key
factors that govern their antiaromaticity and optical
properties.[1] To avoid the use of extremely air- and moisture-
sensitive porphyrin dianions, several elaborate strategies have
been adopted to isolate neutral 20π-electron porphyrinoids,
including N-alkylation,[2] core modification with chalcogen and/

or phosphorus atoms,[3,4] complexation with main-group
elements,[5] and peripheral substitution of the porphyrin ring
with strongly electron-withdrawing groups[6] or multiple aryl
groups.[7] These approaches were developed to energetically
stabilize the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of the 20π-
electron system by creating an isophlorin circuit. For example,
Vaid et al. reported hexacoordinate Si(IV) and Ge(IV) complexes
of 5,10,15,20-tetraphenylporphyrin (TPP; P1),[5a,b] in which the
metal center was coordinated by the significantly ruffled
isophlorin-type tetraanionic N4-ligand. Owing to the paratropic
ring-current effects originating from the isophlorin circuit, the
1H NMR spectra of P1 had upfield-shifted signals of pyrrolic-β
protons (Cβ-H) and downfield-shifted signals of axial pyridine
ring protons. However, most of the isophlorin-type 20π-electron
systems, excepting a few examples,[3a,c,6b] are highly distorted,
making quantitative and systematic evaluation of the paratropic
ring-current effects difficult. In addition, some derivatives are
sensitive to air and moisture. Therefore, it is important to
develop chemically stable and highly planar platforms for
evaluating the antiaromaticity of 20π porphyrinoids.

Apart from these isophlorin derivatives, several types of 20π
azaporphyrinoids with nitrogen atoms at the meso positions
have been reported, and their antiaromatic characters have
been discussed in terms of the ring-current effects estimated by
NMR spectroscopy and theoretical calculations.[8–10] For example,
Muranaka et al. reported weak paratropic ring-current effects of
hemiporphyrazines[8a] and benzitetraazaporphyrin[8b] as 20π-
electron systems, while Shinokubo et al. reported strong para-
tropic ring-current effects of 10,20-diaryl-5,15-dihydro-5,15-
diazaporphyrinoid (P2).[9a] Our group has independently re-
ported metal complexes of 5,10,15,20-tetraaryl-5,15-diazapor-
phyrinoid (MTADAP; P3) that were readily obtained by the

[a] Prof. Dr. Y. Matano
Department of Chemistry, Faculty of Science,
Niigata University, Nishi-ku, Niigata 950-2181 (Japan)
E-mail: matano@chem.sc.niigata-u.ac.jp

[b] H. Suzuki
Department of Fundamental Sciences, Graduate School of Science and
Technology
Niigata University, Nishi-ku, Niigata 950-2181 (Japan)

[c] Prof. Dr. M. Minoura
Department of Chemistry, College of Science
Rikkyo University, Toshima-ku, Tokyo 171-8501 (Japan)

[d] Prof. Dr. K. Furukawa
Center for Coordination of Research Facilities, Institute for Research
Administration
Niigata University, Nishi-ku, Niigata 950-2181 (Japan)

[e] Prof. Dr. H. Nakano
Department of Chemistry, Graduate School of Science,
Kyushu University, Nishi-ku, Fukuoka 819-0395 (Japan)

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202404092

Wiley VCH Montag, 03.02.2025

2509 / 390097 [S. 179/187] 1

Chem. Eur. J. 2025, 31, e202404092 (1 of 9) © 2024 Wiley-VCH GmbH

Chemistry—A European Journal 

www.chemeurj.org

Research Article
doi.org/10.1002/chem.202404092

http://orcid.org/0000-0001-8321-0318
http://orcid.org/0000-0001-7665-8296
http://orcid.org/0000-0002-7008-0312
http://orcid.org/0000-0003-3377-0004
https://doi.org/10.1002/chem.202404092
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202404092&domain=pdf&date_stamp=2024-12-27


metal-templated cyclization of the corresponding metal–
bis(dipyrrin) complexes.[11] Recently, our group also established
a general method for the synthesis of a freebase (H2TADAP) and
its conversion to a difluorosilicon(IV) complex (SiF2TADAP).

[12] In
contrast to the air-sensitive meso-N� H derivatives, most of the
20π-electron derivatives of P3 are air stable in the solid state. It
should also be noted that P3 provides the same flat π-network
consisting of 18 C� C/C� N bonds of the DAP ring (bold line in
Figure 1) to form the 20π-, 19π-, and 18π-electron systems
through the participation of two lone electron pairs on the
meso-N atoms in the HOMO and LUMO. Considering these
characteristics, we prepared doubly strapped NiTADAP deriva-
tives and investigated the intrinsic ring-current effects on their
alkyl-chain straps.[11d] However, these derivatives were unsuit-
able for assessing the subtle differences in the electronic effects
of the peripheral substituents and central metal atom.

Hexacoordinate group 14 metal(IV) complexes of porphyrins
are well suited to experimentally investigate the ring-current

effects, because their central metal in these complexes can also
be exploited as probes for multinuclear NMR spectroscopy.[13,14]

Furthermore, the HOMO and LUMO levels can be fine-tuned by
changing the central metal and axial ligands. Herein, we report
the first instances of hexacoordinate Sn(IV) complexes of TADAP
with different axial ligands and meso substituents (SnX2TADAP;
X=axial ligands) synthesized from the corresponding H2TADAP
and Sn(II) chloride. The optical and electrochemical properties
and antiaromatic character of SnX2TADAP derivatives are
discussed based on both experimental and theoretical results.

Results and Discussion

Figure 2 summarizes the structures of freebases and Sn(IV)
complexes of 20π-electron TADAP, and Scheme 1 depicts the
syntheses of 20π- and 19π-electron SnX2TADAP derivatives.
Freebases 1a, 1b, and 1c were prepared according to
previously reported methods.[11,12] The Sn(IV) complexes were
synthesized as follows: a mixture of 1a, SnCl2·2H2O, and
pyridine was refluxed under aerobic conditions and then
treated with an aqueous HCl solution to obtain SnCl2TADAP 2a-
Cl. Subsequently, 2a-Cl was converted to several derivatives by
the metathesis of the axial chlorine ligands with other anions.
In brief, heating a mixture of 2a-Cl and excess K2CO3 in THF/
H2O resulted in metathesis, furnishing Sn(OH)2TADAP 2a-OH.
The subsequent reaction of 2a-OH with an aqueous HF solution
in a Teflon container yielded SnF2TADAP 2a-F. Finally, the
reaction of 2a-Cl with phenol, 4-chlorophenol, 4-nitrophenol,
and 4-methoxyphenol under basic conditions in refluxing
toluene afforded Sn(OAr)2TADAP 2a-OAr1, 2a-OAr2, 2a-OAr3,
and 2a-OAr4, respectively. The metathesis of 2a-Cl with benzoic
acid was realized in the presence of K2CO3 in toluene to obtain
Sn(OBz)2TADAP 2a-OBz. The same protocol was used to
synthesize 2b-X and 2c-X (X=Cl, F, and OH) from 1b and 1c,
respectively. The one-electron oxidation of 2a,b,c-X with AgPF6
in CH2Cl2 yielded the corresponding 19π-electron radical
cations, 3a,b,c-X, as air-stable solids. However, 18π-electron
dications, produced by the two-electron oxidation of 2a-X,

Figure 1. Selected examples of 20π porphyrinoids.

Figure 2. Structures of 20π-electron TADAP freebases 1a,b,c and Sn(IV) complexes 2a,b,c-X.
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could not be isolated because of their facile reduction to radical
cations under ambient conditions.

The isolated SnX2TADAP derivatives were characterized
using NMR spectroscopy, high-resolution mass spectrometry
(HRMS), and X-ray crystallography. In the HRMS profiles, intense
peaks corresponding to [M]+ and [M � PF6]

+ ions were
detected for only a few samples, reflecting the labile nature of
the axial ligands in the ionization process.

Figure 3 depicts the crystal structures and selected bond
lengths of 2a-Cl, 2a-F, 2c-F, and 2a-OAr1. In each compound,
the Sn(IV) center adopted an octahedral geometry with the two
halogen (Cl or F) or oxygen atoms located at axial positions. All
compounds were found to have highly planar DAP rings with
root-mean-square deviations (ΔdRMS) of 0.030–0.058 Å. The
meso-aryl groups were almost perpendicular to the DAP ring
(dihedral angles are 75.7–89.4°), suggesting negligible π-
conjugation between them (Figures S1–S4). The average values

Scheme 1. Syntheses of SnX2TADAP derivatives 2-X and 3-X. Figure 3. ORTEP diagrams (50% probability ellipsoids), selected bond
lengths, and root-mean-square deviations (ΔdRMS) of a) 2a-Cl, b) 2a-F, c) 2c-
F, d) 2a-OAr1. Hydrogen atoms are omitted for clarity.
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of the harmonic oscillator model of aromaticity (HOMA)[15]

determined from 18 C� X (X=C, N) bonds that make up the
20π-electron network are 0.762–0.807, which are somewhat
smaller than the value calculated for the previously reported
20π-electron NiTADAP P3 (M=Ni; HOMA=0.837). These data
suggest that 2-X has a more significant antiaromatic character
than NiTADAP in terms of the geometrical criterion. Further-
more, 2a-Cl has a slightly long Sn–Cl bond length (2.438 Å) but
a slightly short Sn–N bond length (2.083 Å) compared with
those in SnCl2TPP (Sn–Cl: 2.420 Å; Sn–N: 2.098 Å).[16] This is likely
due to the core size of the DAP ligand, which is contracted
relative to that of porphyrin. The plot of the Sn–N bond length
vs. pKa of the conjugate acid of X for a series of hexacoordinate
Sn(IV) complexes of TPP (SnX2TPP) evidently reveals the effect
of ligand basicity on the Sn–N bond length; the smaller the pKa
of HX is, the shorter the Sn–N bond length is.[17] However, no
notable difference was observed in the Sn–N bond lengths of
2a-Cl, 2a-F, 2c-F, and 2a-OAr1 (~2.08 Å).

Figure 4 presents the 1H NMR spectra of 2a-Cl, 2a-F, and
2a-OAr1, in which the Cβ1–H/Cβ2–H signals are observed at 3.30/
2.23, 3.34/2.29, and 3.31/2.01 ppm, respectively, and the axial
phenoxy-H signals of 2a-OAr1 are observed at 11.1 (ortho), 8.27
(meta), and 7.65 (para) ppm.[18] The observed upfield and
downfield shifts of the proton signals are due to the paratropic
ring-current effects derived from the 20π-electron DAP ring,
indicating the antiaromatic character of 2-X. The Cβ1–H/Cβ2–H
signals of 2a-F (3.66/2.46 ppm in C6D6) were more shielded
than those of previously reported 20π-electron MTADAP
derivatives P3 with the same meso-aryl groups (4.64/3.37 ppm
for M=Ni; 4.07/3.02 ppm for M=Zn; and 4.66/3.32 ppm for
M=SiF2 in C6D6). The

119Sn-NMR signals of 2a-X (X=Cl, F, OBz,

and OH) appeared downfield relative to the corresponding
signals of SnX2TPP; differences in chemical shifts (ΔδSn) were
47.9–57.9 ppm.[19] These NMR data also reflect the effects of the
paratropic ring current on the Sn nucleus in the 20π-electron
SnX2TADAP. The effects of the axial ligands, meso-substituents,
and central metal atom on the ring current will be discussed
later.

The experimentally acquired and simulated electron para-
magnetic resonance (EPR) spectra of 3a-Cl are shown in
Figure 5. The hyperfine-coupling structure observed for 3a-Cl
and the electron spin densities calculated for 3m-Cl revealed
that the unshared electron of the π-cation radical was efficiently
delocalized over the entire DAP ring.

The UV/Vis/NIR absorption spectra of 1, 2-X, and 3-X in
CH2Cl2 are shown in Figures 6 and S5, and their optical data are
summarized in Table 1. The spectral features of 2-X and 3-X are
similar to those of the known 20π- and 19π-electron MTADAP,
respectively. For both 2-X and 3-X, the absorption maxima (λmax)
varied slightly depending on the axial ligands. To understand
the orbital characteristics and the nature of electronic excita-
tions in the SnX2TADAP chromophores, we performed density

Figure 4. 1H NMR spectra (400 MHz, CDCl3) of a) 2a-Cl, b) 2a-F, c) 2a-OAr
1.

Asterisks indicate residual solvent peaks.

Figure 5. a) EPR spectra of 3a-Cl observed in CH2Cl2 (red) and simulated
(blue). b) Spin-density distribution at the optimized structure (left) and
electron spin densities at the DAP ring (right) of 3m-Cl; calculated by the
DFT method.

Figure 6. UV/Vis/NIR absorption spectra of 2a-Cl, 3a-Cl, 2a-OAr1, and 3a-
OAr1 in CH2Cl2.
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functional theory (DFT) calculations of model compounds 2m-X
(X=F, Cl, or OPh) (Figure 7) and 3m-Cl (Figure 5). The HOMO
and LUMO energies of 2m-F and 2m-Cl were lower than those
of 2m-OPh, reflecting the different electronic effects of the axial
ligands. Time-dependent DFT (TD-DFT) calculations (Table S1)
revealed that the HOMO-to-LUMO excitation of 2m-X is sym-
metrically forbidden (oscillator strength is nearly equal to zero).
Indeed, no clear absorption band due to the HOMO-to-LUMO
excitation was detected above 550 nm for 2-X. The intense
visible band of 2-X below 550 nm (λmax=510–517 nm; X=F, Cl,
or OPh) is mainly due to the HOMO-to-LUMO+1 π–π*

excitation, whereas the intense NIR band of 3-Cl (λmax=863–
872 nm) can be attributed to β-HOMO-to-β-SOMO π–π* excita-
tion (SOMO= singly occupied molecular orbital).

The electrochemical properties of 1 and 2-X in CH2Cl2 were
evaluated through cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) using Bu4NPF6 as a supporting electro-
lyte. The voltammograms are shown in Figures 8 and S6, and
the redox potentials (E) vs. ferrocene/ferrocenium couple (Fc/
Fc+) are listed in Table 1. The 21π/20π and 20π/19π redox
processes of SnX2TADAPs occurred in the potential ranges of
� 1.63 to � 1.46 V and � 0.18 to +0.05 V, respectively. For some
derivatives, the 19π/18π redox process was clearly observed in
the relatively positive potential range (E > +0.54 V), reflecting
the highly electron-accepting character of the 18π-electron
dications of SnX2TADAPs (vide supra). The redox potentials of
2a-X were considerably shifted to the positive side relative to
those of previously reported P3 (M=Zn, Ni, Cu, and SiF2) with
the same meso-aryl groups,[11,12] highlighting the strongly
electron-withdrawing nature of the SnX2 unit to stabilize the
frontier orbitals of the DAP ring. Furthermore, the electro-
chemical HOMO–LUMO gaps (ΔEH-L) of the 20π-electron
MTADAP decreased in the order of H2TADAP 1a (1.57 V) >

Table 1. Optical and electrochemical data for SnX2TADAPs in CH2Cl2.

TADAP λmax/nm (log ɛ)[a] E/V[b] ΔEH-L
[c]

1a[d] 426 (4.80), 488 (4.53) � 1.99, � 0.42, +0.21 1.57

1b 425 (4.72), 488 (4.45) � 2.02, � 0.43, +0.21 1.59

1c 425 (4.98), 486 (4.73) � 1.93, � 0.30, +0.28 1.63

2a-Cl 446 (5.21), 516 (4.86) � 1.49,[e] � 0.08, +0.73 1.43[f]

2b-Cl 445 (5.20), 515 (4.84) � 1.49,[e] � 0.06, +0.74 1.43

2c-Cl 445 (5.24), 512 (4.90) � 1.43,[e] +0.05, +0.83 1.48

2a-F 443 (5.15), 516 (4.76) � 1.56, � 0.11, +0.70 1.45

2b-F 442 (5.30), 513 (4.90) � 1.56, � 0.11, +0.70 1.45

2c-F 441 (5.27), 510 (4.89) � 1.49, 0.00, +0.77 1.49

2a-OH 444 (5.27), 516 (4.91) � 1.63, � 0.18, +0.58 1.45

2b-OH 443 (5.20), 514 (4.82) � 1.62, � 0.18, +0.48 1.44

2c-OH 443 (5.27), 512 (4.93) � 1.54, � 0.08, +0.54 1.46

2a-OBz 446 (5.27), 517 (4.90) � 1.60, � 0.15 1.45

2a-OAr1 446 (5.34), 517 (5.09) � 1.63, � 0.16 1.47

2a-OAr2 446 (5.21), 517 (4.97) � 1.56, � 0.10 1.46

2a-OAr3 446 (5.33), 515 (4.97) � 1.46, +0.02, +0.80 1.48

2a-OAr4 445 (5.25), 517 (4.95) � 1.62, � 0.16 1.46

3a-Cl 386 (4.67), 442 (4.73), 863 (4.54)

3b-Cl 385 (4.55), 443 (4.72), 862 (4.46)

3c-Cl 385 (4.53), 440 (4.71), 872 (4.42)

3a-F 386 (4.77), 442 (4.82), 866 (4.68)

3b-F 385 (4.61), 442 (4.79), 867 (4.55)

3c-F 384 (4.75), 440 (4.93), 873 (4.64)

3a-OH 386 (4.68), 442 (4.74), 864 (4.56)

3b-OH 385 (4.79), 442 (4.97), 867 (4.72)

3c-OH 384 (4.66), 440 (4.83), 873 (4.53)

3a-OBz 386 (4.79), 442 (4.85), 861 (4.64)

3a-OAr1 387 (4.80), 442 (4.83), 871 (4.63)

3a-OAr2 387 (4.89), 442 (4.95), 865 (4.77)

3a-OAr3 385 (4.78), 442 (4.83), 867 (4.67)

3a-OAr4 385 (4.78), 442 (4.84), 866 (4.66)

[a] Absorption maxima (λmax; >350 nm) and logarithm of molecular
extinction coefficients (log ɛ >4). [b] Half-wave potentials (vs. Fc/Fc+) of
the reversible 21π/20π, 20π/19π, and 19π/18π redox couples unless
otherwise noted. [c] ΔEH–L=E(20π/19π) – E(21π/20π). [d] Data from ref. [9b]. [e]
Irreversible processes: E(21π/20π) values were determined using DPV. [f] The
E(20π/19π) value of � 0.06 V, determined using DPV, was used for calculating
ΔEH–L.

Figure 7. Selected Kohn-Sham orbitals and their energies of 2m-Cl, 2m-F,
2m-OPh (trans) and NICS(0) values at three positions on the DAP ring of
2m-X.
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SiF2TADAP P3 (M=SiF2; 1.52 V) > SnF2TADAP 2a-F (1.45 V).
These data indicate that Sn(IV) is more effective than Si(IV) for
constructing 20π-electron azaporphyrinoids with a smaller ΔEH-
L. As shown in Figure 8, the 20π/19π and 20π/21π redox
processes of 2a-X shifted to the positive side in the order of
2a-OH, 2a-OAr1, 2a-OBz, 2a-F, 2a-Cl, which unambiguously
reflects the order of the pKa of the corresponding conjugate
acids (HX; X=OH, OPh, OCOPh, F, Cl) of the axial ligands. Thus,
the HOMO and LUMO energies of 2a-X increased as the basicity
of the axial ligand increased, which can allow the redox
potentials and ΔEH-L of the 20π-electron DAP ring to be fine-
tuned. Among the aryloxy-substituted derivatives, the redox
processes shifted to the positive side in the order of 2a-OAr1,
2a-OAr4 <2a-OAr2 <2a-OAr3, also reflecting the electronic
effect of the para-substituents of their axial ligands (H, OMe, Cl,
NO2) on the HOMO and LUMO energies. However, the ΔEH-L of
2a-X (1.43–1.48 V) was only slightly altered by the axial ligands;
consequently, no clear correlation could be established
between the base strength of axial ligands and ΔEH-L. The para-
substituents on the N-aryl groups also affected the redox
potentials. When the axial ligands were the same, the E values
of p-CF3 derivatives 2c-X were positively shifted relative to
those of p-H derivatives 2a-X and p-OMe derivatives 2b-X. The
substituent effects of the meso-N-aryl groups had a more
pronounced effect on the 20π/19π redox couple than on the
21π/20π redox couple. Consequently, the ΔEH-L of 2c-X (1.46–
1.49 eV) were appreciably larger than those of 2a-X and 2b-X
(1.43–1.45 eV) with the same axial ligands. The small differences
between the ΔEH-L of 2a-X and 2b-X are probably due to the

suppression of the resonance effect of the p-OMe group by the
vertical orientation of the meso-N-aryl rings.

As mentioned above, 2-X have the highly planar 20π-
electron conjugated circuits that are difficult to construct with
isophlorin-type porphyrinoids. When an antiaromatic com-
pound with a small ΔEH-L is placed in a magnetic field, the
paramagnetic term in the NMR shielding constant formulation
gains in importance to chemical shifts (δ) owing to mixing of
the excited-state and ground-state wavefunctions.[20] Thus, the
paratropic ring-current effects observed by NMR spectroscopy
have been used as a measure of the antiaromaticity of cyclic π-
conjugated molecules with 4n π electrons; the smaller the ΔEH-L
is, the larger the paratropic ring-current effect is. Table S2
summarizes the correlations between the ΔEH-L and NMR
chemical shifts of several protons of 2-X and the related 20π-
electron TADAP. Figures 9a and 9b show the plots of (ΔEH-L)

� 1

versus the upfield shifts (ΔδH) of the Cβ–H signals of 2-X relative
to those of the corresponding dipyrrin precursors 4a,b,c[21]

(dipyrrin-ref; in Table S2), and Figure 9c shows the plots of (ΔEH-
L)
� 1 versus the 119Sn chemical shifts (δSn) of 2a,b,c-X (X=F, Cl,

OH). Further, the plots of (ΔEH-L)
� 1 versus ΔδH of the ortho- and

para-methyl signals of 2a,b,c-X are shown in Figure S7. The
nuclear-independent chemical shift (NICS)[22] values calculatedFigure 8. Cyclic voltammograms of 1a, P3 (M=SiF2), 2a-Cl, 2a-F, 2a-OBz,

2a-OAr1, and 2a-OH. Measured in CH2Cl2 with Bu4NPF6; scan rate=60 mVs� 1.
The half-wave potentials and ΔEH–L are indicated. See also Table 1.

Figure 9. Plots of (ΔEH-L)
� 1 vs. a) ΔδH of Cβ1-H, b) ΔδH of Cβ2-H, and c) δSn of

2a-X, 2b-X, and 2c-X (X=Cl, F, and OH).
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for three positions in the π-plane of the corresponding models,
i. e., 2m-X are listed in Figure 7. With these data, the relation-
ship between the ΔEH-L and paratropic ring-current effects on
the 1H and 119Sn nuclei are discussed. First, the effects of the
axial ligands on the ΔEH-L and ΔδH are compared using the data
for 2a-X with the same meso-aryl groups. The ΔEH-L of 2a-X
ranged from 1.43 to 1.48 eV, while the ΔδH of the peripheral
Cβ1–H and Cβ2–H signals ranged from � 3.04 to � 3.30 ppm and
� 3.74 to � 4.21 ppm, respectively. As shown in Figure S7a, no
clear correlation could be established between the (ΔEH-L)

� 1 and
ΔδH for the 2a-X series. This is partly due to the non-negligible
influence of the through-space anisotropic effects of the axial
ligands on the Cβ–H signals of 2a-X. For example, the relatively
large upfield shifts of the Cβ–H signals of 2a-OAr1 compared
with those of 2a-OH are attributable to additional shielding
effects derived from their axial phenoxy ligands. This was
further supported by the NICS calculations of 2m-OPh (Fig-
ure S8). The NICS(0) values for positions a and b of the cis
conformer and for positions a, b, and e of the trans conformer
differed considerably, indicating that the local ring currents
derived from the tilted benzene rings in the axial ligands
contributed to the overall shielding effects on the Cβ–H signals.

We next compared the effects of the meso-N-aryl groups
using the data for compounds with the same axial ligands, viz.,
2a-X, 2b-X, and 2c-X (X=F, Cl, OH). As mentioned above, the
ΔEH–L values of 2c-X (ΔEH-L=1.46–1.49 eV) were larger than
those of 2a-X and 2b-X (ΔEH-L=1.43–1.45 eV). A clear correla-
tion was found between the ΔEH–L and ΔδH for each
SnX2TADAP; the smaller the ΔEH–L was, the larger the absolute
ΔδH was. The plots in Figures 9a,b and S7b,c reveal that the
shielding effects on the Cβ-H and para-Me signals and the
deshielding effects on the ortho-Me signals observed for 2a-X
and 2b-X are greater than the corresponding effects observed
for 2c-X. These results are consistent with the prediction that
the paratropic ring-current effects arising from the antiaromatic
20π-electron porphyrin rings increase with increasing the (ΔEH-
L)
� 1 value. The 119Sn-NMR and 19F-NMR signals of 2a-X and 2b-X

appeared downfield compared with those of 2c-X (X=Cl, F,
and OH). As the differences in the 19F–119Sn coupling constants
of the 20π-electron SnF2TADAP are small (JF–Sn=1796 Hz for 2a-
F, 1797 Hz for 2b-F, and 1802 Hz for 2c-F), the differences in
the δSn and δF values mainly reflected the different paratropic
ring-current effects of 2a-F, 2b-F, and 2c-F. These data provide
clear evidence of the relationship between the antiaromatic
character of the DAP ring and ΔEH-L.

Finally, the effects of the central metal units were compared
using the data for 2a-F and SiF2TADAP (P3-SiF2; M=SiF2) with
the same axial ligands and meso-aryl groups. As listed in
Table S2, the degree of the shielding/deshielding effects on the
Cβ-H, para-Me, and ortho-Me signals of 2a-F was greater than
that of P3-SiF2. As shown in Figure 8, the 21π/20π and 20π/19π
redox potentials of 2a-F were positively shifted relative to the
corresponding potentials of P3-SiF2 by 0.25 V and 0.18 V,
respectively, reflecting the different electronegativities of Sn
(1.96) and Si (1.90). The ΔEH-L of 2a-F (1.45 eV) was smaller than
that of P3-SiF2 (1.52 eV), suggesting that the ΔEH–L is the main
factor that affects the degree of paratropic ring-current effects

arising from the 20π-electron DAP rings contained in these
group 14 metal(IV) complexes. The NICS(0) values calculated for
positions a and b of Sn-model complex 2m-F (+7.96 and
+8.61 ppm) are more positive than the corresponding values of
Si-model complex P3-SiF2 (+6.82 and +7.09 ppm). This result
also substantiates the aforementioned relationship between the
ΔEH–L and paratropic ring-current effects arising from the 20π
DAP rings (Figure S9).

Conclusions

Several Sn(IV) complexes of TADAPs (SnX2TADAPs) in the 20π-
and 19π-electron states were synthesized by the complexation
of the corresponding freebases with SnCl2·2H2O, followed by
the metathesis of the axial ligands and subsequent redox
reactions of the DAP rings. The neutral 20π-electron derivatives
were extremely air stable and contained highly planar DAP
rings, which are favorable for assessing their antiaromatic
characters in terms of magnetic and geometrical criteria. The
19π-electron cation radicals were also air stable owing to the
efficient delocalization of the electron spin over the DAP ring.
The shielding/deshielding effects arising from the 20π-electron
circuit of SnX2TADAPs were investigated using NMR spectro-
scopy and DFT calculations. When the chemical shifts of the Cβ–
1H and 119Sn nuclei were used as the indicators of the paratropic
ring-current effects, the additional local anisotropic effects
derived from the axial ligands should be considered. The
comparison of the data obtained for a series of 20π-electron
SnX2TADAPs with the same axial ligands but different meso-N-
substituents indicated that the paratropic ring-current effect of
the 20π-electron system increases as the HOMO–LUMO gap of
the complex decreases. This study not only provides valuable
information on the antiaromaticity of highly planar 20π-electron
porphyrinoids, but also demonstrates that SnX2TADAP is a
promising platform to experimentally quantify paratropic ring-
current effects. Further studies on TADAP-based metal com-
plexes in the 20π-electron state are currently underway in our
laboratory.

Experimental Section
General Remarks: All melting points were recorded on a micro
melting point apparatus and are uncorrected. The NMR spectra
were recorded on 400 MHz (Agilent) and 700 MHz (Bruker) spec-
trometers. The 1H and 13C chemical shifts are reported in ppm as
relative values vs. Me4Si (0 ppm in CDCl3) or a solvent residual
signal (7.16 ppm in C6D6). The

19F chemical shifts are reported in
ppm vs. CFCl3 (0 ppm), and the 119Sn chemical shifts are reported in
ppm vs. Me4Sn (0 ppm). High-resolution mass (HRMS) spectra were
measured on Thermo Fisher Scientific EXACTIVE (electron spray–
quadrupole; ESI) and Bruker Autoflex III smartbeam (matrix assisted
laser desorption/ionization–time of flight; MALDI-TOF) spectrome-
ters. The UV/Vis/NIR absorption spectra were measured on JASCO
V-530 and V-730 spectrometers. The IR (Attenuated Total Reflection;
ATR) spectra were obtained on a JASCO FT/IR4600 spectrometer.
Redox potentials were measured at room temperature on an ALS
model 650E electrochemical workstation using a glassy carbon
working electrode, a platinum wire counter electrode, and an Ag/
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Ag+ [0.01 M AgNO3, 0.1 M Bu4NPF6 (MeCN)] reference electrode.
Thin-layer chromatography was performed with Kieselgel 60 F254,
and preparative column chromatography was performed using
Silica Gel 60 spherical, neutrality. All reactions were performed
under an argon atmosphere unless otherwise noted. Compounds
1a and 1b were prepared following a modified route of the
previously reported method.[12] Other chemicals and solvents were
of reagent grade quality and used without further purification
unless otherwise noted. For the synthesis and all characterization
data of new compounds are reported in the Supporting Informa-
tion.

X-ray Crystallographic Analysis: Single crystals used for the
measurements were grown from CH2Cl2–CH3CN (for 2a-Cl and 2c-
F) or CHCl3–CH3CN (for 2a-F and 2a-OAr1) at room temperature.
Deposition Numbers 2395473 (for 2a-Cl), 2395474 (for 2a-F),
2395475 (for 2a-OAr1), 2395476 (for 2c-F) contain the supplemen-
tary 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.
Selected parameters are as follows. 2a-Cl: C50H44Cl2N6O2Sn, MW=

950.50, 0.100×0.100×0.010 mm, monoclinic, P21/c, a=12.9344(16)
Å, b=12.9854(15) Å, c=13.2816(16) Å, β=104.975(4)°, V=

2155.0(4) Å3, Z=2, 1calcd=1.465 gcm� 3, μ=7.66 cm� 1, collected
52367, independent 4939, parameters 281, Rw=0.1559 (all data),
R1=0.0548 (I>2.0σ(I)), GOF=1.188. 2a-F: In terms of unit cell voids,
PLATON/SQUEEZE has been applied to the highly disordered
recrystallisation solvents CH3CN and CHCl3. C50H44F2N6O2Sn, MW=

917.60, 0.100×0.100×0.050 mm, monoclinic, P21/n, a=12.5047(10)
Å, b=14.4943(10) Å, c=15.4490(12) Å, β=111.982(2)°, V=

2596.5(3) Å3, Z=2, 1calcd=1.174 gcm� 3, μ=5.39 cm� 1, collected
61491, independent 5947, parameters 281, Rw=0.0904 (all data),
R1=0.0317 (I>2.0σ(I)), GOF=1.074. 2c-F: C50H38F8N6Sn, MW=

993.55, 0.010×0.010×0.010 mm, monoclinic, P21/c, a=13.668(2) Å,
b=12.647(2) Å, c=12.729(2) Å, β=107.922(2)°, V=2093.6(6) Å3,
Z=2, 1calcd=1.576 gcm� 3, μ=8.13 cm� 1, collected 47209, inde-
pendent 4800, parameters 298, Rw=0.1548 (all data), R1=0.0561
(I>2.0σ(I)), GOF=0.893. 2a-OAr1*(CHCl3)2: C64H56Cl6N6O4Sn, MW=

1304.53, 0.010×0.010×0.010 mm, tetragonal, I41/a, a=30.671(7) Å,
b=30.671(7) Å, c=12.561(3) Å, V=11816(6) Å3, Z=8, 1calcd=

1.467 gcm� 3, μ=6.26 cm� 1, collected 136528, independent 6784,
parameters 371, Rw=0.0816 (all data), R1=0.0297 (I>2.0σ(I)), GOF=

1.031.

DFT Calculations: The geometries of model compounds were
optimized with the density functional theory (DFT) method. The
basis sets used for the optimization were 6–311G(d,p) basis set[23]

for H, C, N, F, and Cl and the LANL08(d) basis set (with effective
core potentials)[24] for Sn. The functional of DFT was the Becke,
three-parameter, Lee–Yang–Parr (B3LYP) exchange-correlation
functional.[25] The optimized geometries were confirmed to be
minima by vibrational analysis. The Cartesian coordinates and
computed total energies of 2m-X and 3m-X are summarized in
Table S3. The excitation energies and oscillator strengths listed in
Table S1 were computed with the time-dependent density func-
tional theory (TD-DFT) method. The solvent effects were incorpo-
rated in both the DFT and TD-DFT calculations using the polarizable
continuum model (PCM) with the integral equation formalism
variant.[26] The nucleus-independent chemical shift (NICS)[14] were
calculated at the Hartree–Fock level with gauge-including atomic
orbitals (GIAOs) at the DFT optimized geometries. The basis sets
used for the NICS calculations were the 6–31+G(d) basis set[27] for
H, C, N, F, and Cl and the LANL2DZdp basis set (with effective core
potentials)[24] for Sn. The solvent effect was not included in the NICS
and ACID calculations. All the calculations were carried out using
the Gaussian 16 suite of programs.[28]

EPR Measurements. The electron paramagnetic resonance (EPR)
spectrum of 3a-Cl was measured at room temperature by using a
JEOL JES-FA200 spectrometer equipped with an OXFORD ESR900
He-flow cryostat. A sample was prepared as a 0.1 mM solution in
CH2Cl2. After three freeze-pump-thaw cycles, the solution sample in
a quartz tube was sealed by frame. Spectral simulation was
performed using EasySpin,[29] which is a MATLAB toolbox meant for
this. The static magnetic field and microwave frequency were
measured by an Echo Electronics EFM-2000 gauss meter and a
TakedaRiken TR5212 microwave counter, respectively.
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