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Abstract: Trans-diaqua[meso-tetrakis(4-pyridyl)porphyrinato]Sn(IV) dinitrate complexes were as-
sembled in a two-dimensional manner via hydrogen bonding between aqua ligands and pyridyl
substituents. Interestingly, this supramolecular assembly was accompanied by unconventional nonco-
valent interactions, such as anion---anion and anion---7 interactions, which were confirmed by X-ray
crystallographic analysis. Two nitrate anions close to 2.070 A were constrained in a confined space
surrounded by four hydrogen-bonded Sn(IV)-porphyrin cations. The nitrate anion was also 3.433 A
away from the adjacent pyrrole ring, and the dihedral angle between the two mean planes was
estimated to be 7.39°. The preference of the anion---7 interaction was related to the electron-deficient
m-system owing to the high-valent Sn(IV) center and cationic nature of the porphyrin complex.
These two unconventional noncovalent interactions played an important role in the formation of a
one-dimensional array with pairs of Sn(IV)-porphyrin cation and nitrate anion.

Keywords: supramolecular assembly; anion---anion interaction; anion---7 interaction

1. Introduction

The supramolecular assembly of metalloporphyrins provides valuable insights for
elucidating biochemical processes and developing photoelectronic materials [1-9]. Nonco-
valent intermolecular interactions, such as metal-ligand coordination [10-13], hydrogen
bonding [14,15], and 7-stacking [16-18], have been mainly utilized in the supramolecular as-
sembly of metalloporphyrins. Introduction of specific functional groups onto the peripheral
positions enables the corresponding intermolecular interactions. In this context, Sn(IV)-
porphyrin is a more attractive motif for constructing self-assembled metalloporphyrin
nanostructures [19-22], because they can exhibit unique features by strongly adopting
functional ligands at their axial positions [23,24]. Thus, cooperative interactions between
two different functional groups in six-coordinated Sn(IV)-porphyrins have led to various
assembled structures for the development of functional porphyrin materials [25-33]. Re-
cently, nanomaterials based on the assembly of Sn(IV)-porphyrins have been intensively
studied for application to visible light-sensitive photocatalysis [34—41].

Among the various types of supramolecular assemblies, ionic assemblies are accompa-
nied by the coupling of structurally different ionic building blocks via strong electrostatic
interactions [42]. The predominant driving force arises from the attractive electrostatic
interaction between cation and anion species. Accordingly, anions and cations are ar-
ranged in a way that minimizes the distance between oppositely charged species, whereas
electrostatic repulsion maximizes the space between like-charged species (cation---cation
or anion---anion). However, certain ionic assembled structures involve unconventional
interactions, indicated by the unusual proximity between like-charged species [43—45].
Moreover, these types of contacts can play an important role in the formation of specific
supramolecular assemblies [46—49].
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In contrast, porphyrin macrocycles are composed of well-defined and largely de-
localized 7-electron systems. The m-electronic nature of porphyrin molecules crucially
contributes to the supramolecular assembly through n-stacking [16-18]. Owing to their
electron-deficient character, cation species can attractively interact with 7-electron systems,
commonly known as cation---7 interactions [50-52]. However, anion---7 interactions are
unconventional because anions and 7-electron systems are expected to interact repulsively
with each other due to the involvement of electron-rich entities [53,54]. In stark contrast to
the mature research field regarding cation- -7 interaction, anion---7t interaction remains a
challenging area to explore in supramolecular chemistry [55].

The supramolecular assembly of an amphoteric Sn(IV)-porphyrin cation complex is
reported here, in which unconventional noncovalent interactions such as anion---anion
and anion---7t notably occurred and played an important role in constructing a specific
supramolecular array. Sn(IV)-porphyrin cation complexes exhibiting unconventional inter-
actions of anion:--anion and anion:--7t could provide new insights for creating elaborate
ionic assemblies.

2. Results and Discussion

Trans-diaqua[meso-tetrakis(4-pyridyl)porphyrinato]Sn(IV) dication complex (SnP?*)
was prepared using an acid-base equilibrium reaction between trans-dihydroxo[meso-
tetrakis(4-pyridyl)porphyrinato]Sn(IV) (SnP) [56] and trans-diaqua[meso-tetrakis(4-pyri-
dinium)porphyrinato]Sn(IV) hexacation complex (SnP%") [57] (Scheme 1). SnP has six
Lewis-base atoms from the hydroxo ligand and pyridyl substituent, whereas SnP%* has
six acidic hydrogen atoms. Accordingly, the two complementary complexes produced an
amphoteric complex, SnP?*, via the acid-base reaction.

— — 6+ — -2+
H,0
..
B(NO5") 2(NOy)
2equiv. SnP 1equiv. SnP%* 3equiv. SnP%*

Scheme 1. Preparation of SnP?*, and chemical structures of Sn(IV)-porphyrin complexes.

In the ESI mass spectrum, a parent ion peak appeared at m/z 753.1, which is con-
sistent with the formula of the [SnP?**~OH]" species (Figure Sla). A molecular ion peak
corresponding to NO3 ™ was also observed in the negative mode of the ESI mass spectrum
(Figure S1b). In the IH NMR spectrum of SnP?* in DMSO-dy (Figure S2), the resonances
for the pyridyl and B-pyrrolic protons were notably shifted to a lower field compared to
SnP (Ad = 0.07 (Hpy-«), 0.08 (Hpy-p), and 0.30 (Hpyrrole) ppm). However, compared to the
six-valent charged analog, SnP%*, the resonances for SnP?* were oppositely shifted to a
higher field (Ad = —0.06 (Hpy-«), —0.11 (Hpy-p), and —0.05 (Hpyrole) ppm). Therefore, the
'H NMR spectral feature of SnP?* indicated that the electronic characteristics of SnP?*
were intermediate between SnP and SnP%". In the comparison of FT-IR spectra of SnP and
SnP?* (Figure S3), the characteristic band for the NO3;~ anion (1350 cm~ 1) was found only
in SnP2*,

The hydrogen-bonded supramolecular assembly of SnP [56] and the supramolecular
assembly of SnP® stabilized by ionic hydrogen-bonding interactions [57] were previ-
ously reported, and have been intensively studied, including X-ray crystallography. SnP
or SnP%" provides a unilateral component for hydrogen bonding. SnP and SnP® have
hydrogen-bonding acceptors (hydroxo ligand and pyridyl substituent) and donors (aqua
ligand and pyridinium substituent), respectively. Furthermore, SnP** can perform both
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functions (aqua ligand as the donor and a pyridyl substituent as the acceptor). Therefore,
the supramolecular assembly of SnP?* based on hydrogen bonding and ionic interac-
tions is of interest. A single crystal suitable for X-ray crystallographic analysis was ob-
tained from the bulk as-synthesized samples. SnP?* crystallized into a monoclinic system
with a P2 /c space group. Crystallographic analysis identified three chemical species:
(i) trans-diaqua[meso-tetrakis(4-pyridyl)porphyrinato]Sn(IV) cation, (ii) nitrate anion, and
(i1i) clathrate acetone molecules, which were formulated as [Sn(OH;),(TPyP)](NOs3),-2acetone.

Figure 1 shows the structure of SnP?* cation in the crystal. The central Sn(IV) ion
adopts an octahedral geometry with the porphyrin occupying the square base and the
axial coordination of two aqua ligands. The Sn(IV) ion lies on an inversion center, so
that the two aqua ligands lie in an exact trans orientation with respect to each other. The
average Sn—N bond distance was estimated to be 2.091(4) A, which was shorter than that
of SnP (2.101(3) A) and longer than that of SnP%* (2.083(2) A). The aqua ligand in SnP?*
was clearly distinguished from the hydroxo ligand coordinated to Sn(IV)-porphyrin by
comparing their bond distances. The Sn—O,qua bond distance of 2.093(2) A in SnP?* is
significantly longer than the Sn-Opyqroxo bond distance of 2.014(3) A in SnP, but is similar
to that of SnP®* (2.1024(19) A). The structural parameters related to the Sn(IV) center in
SnP?* are summarized in Table 1 and compared with those for SnP®* and SnP.

Figure 1. Molecular structure of SnP?*. Ellipsoids were drawn at 50% probability, and hydrogen
atoms of the porphyrin ligand were omitted for clarity.

Table 1. Selected bond distances (A) and angles (°) of SnP2* in comparison with SnP%* and SnP.

SnP2+ SnP6+ [a] SnP [b]

Sn-O1W 2.093(2) 2.1024(19) 2.014(3)
Sn-N1 2.093(2) 2.087(2) 2.098(3)
Sn-N2 2.089(2) 2.078(2) 2.104(3)
/N1-Sn-N2 90.27(9) 90.52(8) 90.19(11)
/N1-Sn-O1W 90.95(9) 89.64(8) 93.12(11)
/N2-Sn-O1W 90.43(9) 87.56(8) 89.83(12)

Data from [a] [57] and [b] [56].

The aqua ligand of SnP?* was hydrogen-bonded to the pyridyl nitrogen atom of
an adjacent Sn(IV)-porphyrin cation, as shown in Figure 2a. The structural parameters
associated with hydrogen bonding are summarized in Table 2. The distance from the
aqua oxygen atom to the hydrogen-bonded pyridyl nitrogen atom was estimated to be
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2.695(4) A (O1W---N3) including 1.90 A of HIWA---N3. The three atoms for hydrogen
bonding (O1W-H1WA.--N3) were arranged almost linearly at an angle of 165.2°. Thus,
the Sn(IV)-porphyrin building blocks were assembled in a two-dimensional (2D) manner
through hydrogen bonding between the aqua ligand and the pyridyl substituent. Figure 2b
shows a hydrogen-bonded array of Sn(IV)-porphyrin cations.

Figure 2. (a) Hydrogen bonds between the aqua ligands and the pyridyl substituents of SnP?*.
(b) The two-dimensional array of the Sn(IV)-porphyrin cations via hydrogen bonding. Hydrogen
bonds are indicated by dotted lines. Hydrogen atoms of the porphyrin ligand, nitrate anions, and
clathrate acetone molecules were omitted for clarity.

Table 2. Selected bond distances (A) and angles (°) associated with hydrogen bonding (D, donor
atom; A, acceptor atom).

D-H---A d(D-H) dH---A) d(D---A) Z(DHA)
O1W-HIWA..-N3 0.82 1.90 2.695(4) 165.2
O1W-H1WB---O2 0.82 1.81 2.610(7) 167.6
O1W-H1IWB-:--N5 0.82 2.62 3.394(7) 157.8

Symmetry codes: (i) —x+1, y+1/2, —z+1/2.

In contrast, two nitrate anions reside in a confined space surrounded by four Sn(IV)-
porphyrin cations, as shown in Figure 3a. The nitrate anion, which acts as a hydrogen-
bonding acceptor, is also structurally linked with the Sn(IV)-porphyrin cation. The aqua
ligand hooked the nitrate anion via hydrogen bonding in the supramolecular assembly
of SnP?* (Figure 3b). The distance from the nitrate oxygen atom to the hydrogen-bonded
aqua oxygen atom is estimated to be 2.610(7) A (O1W---O2) including 1.81 A of HIWB.--O2.
The three atoms for hydrogen bonding (O1W-H1WB-:--O2) were arranged almost linearly
at an angle of 167.6°.

More importantly, the two adjacent nitrate anions are unusually close to each other
despite the repulsive forces between the same charges. The nitrate anion was 2.070 A
(O3---03’) apart from the other nitrate anions, as shown in Figure 4a. The additional
structural parameters for this contact were 2.435 A for O3---O4” and 2.688 A for O3---N5'.
The two nitrate anions were also coplanar with a dihedral angle of 0°. A similar unusual
proximity around nitrate anions was also found in the literature [58-60], including 2.101(6)
A of the O---O distance between two nitrate anions in a lattice of {{Cd(BMIB)(H,0O),](NO3),}
(BMID = 1,4-bis(4-methyl-imidazolyl)benzene) [58]. The close contact between these two
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nitrate anions means that significant anion---anion interactions have occurred. Forced
contact in a confined space and stabilization by the hydrogen bond with the aqua ligand
resulted in an unconventional anion---anion interaction. Unusual short distances of like-
charged ions may occur because of either packing constraints or additional attractive
interactions, which stabilize the crystal structure [43—45].

(b)

Figure 3. (a) Position of nitrate anions in a confined space surrounded by Sn(IV)-porphyrin cations.
(b) Hydrogen bonds between nitrate anions and aqua ligands. Hydrogen bonds are indicated by
dotted lines. Hydrogen atoms of porphyrin ligand and clathrate acetone molecules were omitted
for clarity.

Figure 4. (a) Close contact between two nitrate anions. Dotted lines indicate anion---anion interactions.
(b) Side view of the anion---7t interaction indicated by dotted lines between the two centroids. (c) Top
view along the axis connecting the two centroids. Pyridyl substituents and hydrogen atoms were
omitted for clarity.

Another peculiarity is the occurrence of a nitrate:--m-system of pyrrole contacts in
the crystal of SnP?* (Figure 4b,c). The centroid of the nitrate anion was 3.433 A from
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that of an adjacent pyrrole ring, and the dihedral angle between the two mean planes
was estimated to be 7.39°. The high-valent Sn(IV) center and the additional cationic
nature of SnP** made the porphyrin ligand an electron-deficient 7-system. Consequently,
the nitrate anion preferentially interacted with the pyrrole ring. Notably, this is a rare
example of crystallographic evidence of the simultaneous occurrence of anion---anion and
anion---7t interactions.

The Sn(IV)-porphyrin cation and nitrate anion layers were alternately stacked to form
a one-dimensional (1D) supramolecular array (Figure 5a). Given the formally repulsive
nature of contact between two nitrate anions, this assembly was expected to have extremely
low energy compared to a cation:--anion array. However, crystal packing was partially
affected by this weak interaction. Consequently, unconventional anion---anion interactions
between the two nitrate anions played a critical role in forming the 1D array with pairs
of Sn(IV)-porphyrin cation and nitrate anion. There were two different directions for the
1D arrays, and these 1D arrays expanded alternately, as shown in Figure 5b. In adjacent
stacked 1D arrays with different orientations, Sn(IV)-porphyrins were tilted at a dihedral
angle of approximately 76.6° with respect to each other.

Figure 5. (a) Packing view of alternating layers of Sn(IV)-porphyrin cations and nitrate anions.
(b) Perspective view of the arrays. Hydrogen atoms and clathrate acetone molecules were omitted
for clarity.

3. Materials and Methods

Trans-dihydroxo[meso-tetrakis(4-pyridyl)porphyrinato]Sn(IV) (SnP) [56] and trans-
diaqua[meso-tetrakis(4-pyridinium)porphyrinato]Sn(IV) (SnP%*) hexanitrate [57] complexes
were prepared using previously reported procedures. UV-vis and IR spectra were recorded
using a Hewlett-Packard 8453 diode array and a Jasco FTIR-460 Plus spectrophotome-
ter, respectively. 'H NMR spectra were obtained using a Bruker BIOSPIN/ AVANCE III
400 spectrometer. Electrospray ionization (ESI) mass spectra were recorded using a Waters
ZQ 2000 LC/MS spectrometer. Elemental analyses were performed using a ThermoQuest
EA 1110 analyzer.

3.1. Preparation of Trans-diaqua[meso-tetrakis(4-pyridyl)porphyrinato]Sn(IV) Dinitrate

Trans-dihydroxo[meso-tetrakis(4-pyridyl)porphyrinato]Sn(IV) (385.0 mg, 0.5 mmol)
and trans-diaqua[meso-tetrakis(4-pyridinium)porphyrinato]Sn(IV) hexanitrate (287.0 mg,
0.25 mmol) were mixed in 20 mL of water. The reaction mixture was heated under reflux for
24 h and stirred at room temperature for an additional 24 h. After the acetone (100 mL) was
layered over for slow diffusion, the solution was allowed to stand for a week. Block-shaped
violet crystals were obtained via filtration. Yield: 86%. 'H NMR (400 MHz, DMSO-dg) §
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9.42 (s, 8H, Hpyrrole), 918 (d, ] = 2.2 Hz, 8H, Hypy-«), 8.38 (d, ] = 4.1 Hz, 8H, Hpy. ). UV-vis
(DMSO, nm): Amax (log €) 410 (4.20), 520 (3.05), 552 (3.78), and 592 (3.52). Mass (ESI): m/z
754.0 [(M-H0)" requires 754.13]. Elemental analysis was performed on evacuated samples.
Anal. Calcd. for C4H,gN710OgSn: C, 53.65; H, 3.15; N, 15.64. Found: C, 53.23; H, 3.58; and
N, 15.21.

3.2. X-ray Crystal Structure Determination

Single crystals in the as-synthesized sample were picked up using Paraton-N hydro-
carbon oil on a glass fiber and mounted on a Bruker APEX-II CCD diffractometer equipped
with a graphite monochromated Mo K« (A = 0.71073 A) radiation source and a CCD
detector. Data were collected at 173(2) K in a cold N, stream. Three sets of 15 frames
of two-dimensional diffraction images were collected and processed to deduce the cell
parameter and orientation matrix. All crystallographic data were corrected for Lorentz
and polarization effects (SAINT) [61]. Empirical absorption correction was applied (SAD-
ABS) [62]. The integration of data using triclinic unit cell yielded 12,463 reflections, of which
4,495 were independent and greater than 20(I). The final cell constants were refined with
4,495 reflections at 2.059° < 6 < 26.998°. Data analysis showed negligible decay during data
collection. The structure was solved using direct methods and the subsequent difference
Fourier syntheses and refined using the SHELXTL software package [63]. Crystallographic
data and additional details of data collection and refinement are summarized in Table S1.
All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were included in
the calculated positions, with isotropic thermal parameters 1.2 times those of the attached
atoms. The final full matrix least-squares refinement of F? converged to Ry = 0.0471 (all
data) and wR; = 0.1192 (I > 20(I)) with GOF = 1.116.

4. Conclusions

SnP?* was synthesized utilizing the acid-base reaction of Lewis bases in SnP and pro-
tons in SnP%, demonstrating that two complementary porphyrin complexes can generate
an amphoteric porphyrin complex from the acid-base reaction. SnP?* has components
for hydrogen bonding, with aqua ligands and pyridyl substituents serving as the donor
and acceptor, respectively. X-ray structural analysis revealed that the Sn(IV)-porphyrin
building blocks were assembled in a 2D manner through hydrogen bonding between
the aqua ligand and pyridyl substituent. Furthermore, the aqua ligand simultaneously
interacted with the nitrate anion via hydrogen bonding in the supramolecular assembly of
SnP?*. More importantly, the unconventional anion---anion interactions of the two nitrate
anions occurred in a confined space surrounded by four Sn(IV)-porphyrin cations. The
anion---7-system interaction, another unconventional interaction, appeared in the proxim-
ity of the nitrate anion with the pyrrole ring. This is a rare example in which anion---anion
and anion---7 interactions occurred simultaneously. These findings can provide new op-
portunities in supramolecular chemistry, particularly for molecular hosts composed of
oligomeric Sn(IV)-porphyrin with multivalent cationic charges to recognize polyanions in
confined spaces.

Supplementary Materials: The following are available online: Figure S1. ESI mass spectra of
SnP?* (a) positive mode, (b) negative mode; Figure S2. 'H NMR spectrum of SnP?* in DMSO-dg;
Figure S3. Comparison of FT-IR spectra of SnP and SnP?* (KBr pellet); Table S1. Crystal and structure
refinement data.
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