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ABSTRACT: We report the formation of new cyclic porphyrin
tetrads 1 and 2, which were obtained from the reaction between
dihydroxytin(IV) porphyrin and cis-dihydroxy-21-thiaporphyrin/
21,23-dithiaporphyrin. The unique oxophilicity of tin(IV)
porphyrin was the driving force for the formation of these tetrads.
Moreover, these novel tetrads represent the first examples of cyclic
porphyrins containing tin(IV) that are constructed exclusively on
the basis of the “Sn−O” interaction without any other
complementary, noncompetitive mode of interactions. The
molecular structures of the cyclic tetrads have been investigated by matrix-assisted laser desorption ionization time-of-flight
mass spectrometry, NMR spectroscopy, quantum-mechanical calculations, and, in one case, single-crystal X-ray crystallography.
The X-ray structure revealed that the two cis-dihydroxy-N2S2 porphyrins were coordinated at the axial positions of two tin(IV)
porphyrins, leading to the symmetric cyclic tetrad structure. The optical properties of tetrads were studied, and these compounds
were stable under redox conditions. Preliminary photophysical studies carried out on the tetrads indicated efficient energy
transfer from tin(IV) porphyrin to the thiaporphyrin unit, which highlights their potential applications in energy and electron
transfer in the future.

■ INTRODUCTION

Synthetic multiporphyrin arrays have often been used in
optoelectronic devices and have also served as structural and
functional models to understand energy- and electron-transfer
processes in nature.1−14 Both covalent and noncovalent
approaches have been used for the construction of multi-
porphyrin arrays. There are certain limitations associated with
the covalent strategies that have been employed previously,
such as the need for multistep reactions and separation of the
resulting statistical mixture of products that often involves
tedious column chromatographic purifications and low product
yields. These limitations can be overcome by the use of
noncovalent strategies that lead to the easier isolation of
products with higher yields.15−19 In previous studies,
coordination, multiple hydrogen bonds, or a combination of
the two have been widely used as the source of noncovalent
interactions.5,20−22 An “axial-bonding” approach has also be
used to create “donor−acceptor” multiporphyrin arrays, where
porphyrins with a peripheral functional group are coordinated
to the metal center of a metalloporphyrin.9 In this case, the
porphyrins or metalloporphyrins serve as suitable building
blocks if they contain donor groups such as pyridyl, imidazole,
aryloxide, and carboxyaryl moieties at peripheral position(s)

that are capable of coordinating to the metal center of a
metalloporphyrin.21,22 In turn, metalloporphyrins can act as
acceptors if they have vacant axial coordination site(s) on the
metal center. It is well documented in the literature that
porphyrins containing N-donor ligands such as pyridyl,
imidazole, pyrazole, or amine functional groups prefer
coordinating to metalloporphyrins with a ZnII, RuII, OsII, RhII,
PtII, or PdII center.5,23−27 In contrast, porphyrins with O-donor
ligands such as carboxylate or aryloxide groups prefer
coordinating to FeIII-, MnIII-, AlIII- or SnIV-containing metal-
loporphyrins to form axial multiporphyrin arrays. Multi-
porphyrin arrays based on metal−N interactions have been
extensively investigated in the literature.5,16,28 However,
multiporphyrin arrays containing metal−O interactions are
rather limited.24,25,29−33

Tin(IV) porphyrins belong to a class of oxophilic metal-
loporphyrins34−41 that are ideal building blocks for the
construction of multiporphyrin assemblies for the following
reasons:42,43 (a) Tin(IV) porphyrins are stable in both acidic
and basic environments. (b) They are diamagnetic, which
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Chart 1. Molecular Structures of Acyclic Arrays That Are Based on Tin(IV) Porphyrin Involving Noncompetitive Interactions

Chart 2. Molecular Structures of Cyclic Arrays That Are Based on Tin(IV) Porphyrin Involving Complementary Interactions
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makes them highly suitable for structure determination by
NMR spectroscopy; moreover, Sn is an NMR-active nucleus
that can be used as a structural probe. (c) The optical
properties of tin(IV) porphyrins are attractive, and these
complexes are also luminescent. (d) Tin(IV) porphyrins are
easier to reduce in comparison with other diamagnetic
metalloporphyrins. (e) Tin(IV) porphyrins exhibit coordina-
tion specificity toward O-donor ligands. Sanders and other
researchers have previously demonstrated the construction of
elegant tin(IV) porphyrins that were based on the supra-
molecular structures shown in Chart 1.6,23,25,44−47 Interestingly,
supramolecular systems based on tin(IV) porphyrins in the
literature have always been constructed using porphyrins with a

single O-donor group such as a phenoxy or an arylcarboxy
group.7,9,23,25,30,31,48 Moreover, tin(IV) porphyrin based cyclic
porphyrin arrays have been constructed with “Sn−O” and other
complementary, noncompetitive metal−ligand interactions,
such as, “Ru−N or Zn−N” interactions (Chart 2).44,48

However, to the best of our knowledge, tin(IV) porphyrin
based cyclic multiporphyrin arrays with porphyrins containing
two O-donor groups that are based exclusively on “Sn−O”
interactions have not been reported in the literature thus far.48

Here, we report the first examples of cyclic porphyrin tetrads 1
and 2 (Chart 3), which were constructed by a reaction between
dihydroxytin(IV) porphyrins and cis-dihydroxyphenyl thiapor-
phyrins, exclusively involving “Sn−O” interactions as a driving

Chart 3. Molecular Structures of Cyclic Tetrads 1 and 2 That Were Synthesized in This Study
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force. These cyclic tetrads are robust to column chromato-
graphic purification and have been characterized by mass
spectrometry (MS), 1D and 2D NMR, absorption, and
fluorescence spectroscopy, and electrochemical and quantum-
mechanical studies. In particular, the single-crystal X-ray
crystallography, quantum-mechanical density functional theory
(DFT), and time-dependent DFT (TD-DFT) studies were
used to understand the geometric structure and optical
properties of the cyclic tetrads. The photophysical studies
supported the possibility of energy transfer from tin(IV)
porphyrin to N2S2 porphyrin, which, in turn, indicates their
potential applications in energy- and electron-transfer reactions.

■ RESULTS AND DISCUSSION

Preparation of the Cyclic Arrays. The desired key
building blocks cis-dihydroxyphenyl monothiaporphyrin 3 (N3S
core) and cis-dihydroxyphenyl dithiaporphyrin 4 (N2S2 core)
for construction of the cyclic tetrads were synthesized
according to Scheme 1. Condensation of 2,5-bis(p-
tolylhydroxylmethyl)thiophene (thiophene diol) 5 (1 equiv)

with 4-hydroxybenzaldehyde (2 equiv) and pyrrole (3 equiv) in
propionic acid at reflux conditions followed by silica gel column
chromatographic purification yielded compound 3 in 10% yield.
The second building block, cis-dihydroxyphenyl-21,23-dithia-
porphyrin 4, was synthesized in two steps. In principle,
condensation of 16-thiatr ipyrrane with 2,5-bis(4-
hydroxyphenyl)hydroxymethylthiophene should yield 4. How-
ever, the difficulty involved in the synthesis of 2,5-bis(4-
hydroxyphenyl)hydroxymethylthiophene prompted us to de-
vise a two-step synthesis for 4. First, the building block cis-
dimethoxyphenyl-21,23-dithiaporphyrin 6 was synthesized by
the Lewis acid catalyzed condensation of 16-thiatripyrrane and
2,5-bis(p-anisyl)hydroxymethylthiophene 8 followed by 2,3-
dichloro-5,6-dicyanobenzoquinone (DDQ) oxidation in di-
chloromethane. In the next step, porphyrin 6 was refluxed
with 49% hydrogen bromide/water to obtain 4 in good yield.
The dihydroxytin(IV) porphyrin building block 9 [SnTPP-
(OH)2] was synthesized by following a method previously
reported by us.49 The building blocks 3, 4, and 9 were fully
characterized by MS and NMR and absorption spectroscopy.

Scheme 1. Synthesis of the Monomeric Building Blocks 3 and 4
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The cyclic arrays, 1 and 2, were synthesized as depicted in
Scheme 2. The reaction was carried out by refluxing 9 (1 equiv)
with 3/4 (1 equiv) in benzene for a period of 12 h. The
progress of the reaction was followed by thin-layer chromatog-
raphy (TLC) analysis and absorption spectroscopy. The UV−
vis spectrum of an aliquot of the reaction mixture displayed
broad absorption bands that were bathochromically shifted in
comparison with a 1:1 mixture of monomers, indicating
formation of the product. Similar TLC and absorption spectral
patterns were observed when 2 equiv of 3 or 4 were used in the
reaction. This indicated that changing the ratio of the
monomers from 1:1 to 1:2 in the reaction did not affect the

formation of the final product. As shown in Scheme 2, the
reaction between 9 and 3 or 4 can yield two different types of
cyclic porphyrin arrays, namely, either a tetrad (1 or 2) or an
octad. The first evidence in favor of tetrad formation was the
presence of a molecular ion peak at 2956.7 corresponding to
the molecular structure of tetrad 1 in the matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) MS spec-
trum of 1 (Figure S8). A detailed analysis of the NMR spectra
will be presented later because the 1H NMR spectrum for both
the octad and tetrad is expected to be similar in terms of proton
integration ratios. To further strengthen the observation of a
tetrad in the MALDI-TOF MS spectrum, we performed DOSY

Scheme 2. Synthesis of Cyclic Arrays 1 and 2 That Are Based on Tin(IV) Porphyrin
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NMR spectroscopy and computationally estimated the
thermodynamics of cyclic array formation and X-ray crystallog-
raphy.
DOSY NMR Spectroscopy of the Cyclic Arrays. We

performed DOSY NMR spectroscopy to understand the nature
of the cyclic arrays that were formed in the reaction because it
provides a direct measure of the diffusion coefficients of
molecules in solution. Moreover, the diffusion coefficients
depend on the size and shape of the molecules, which makes it
possible to distinguish between the formation of tetrads or
octads in the reaction. The DOSY experiments revealed that
the diffusion coefficients of the cyclic array 1 and tin(IV)
porphyrin monomer 9 were 3.63 × 10−10 and 5.37 × 10−10 m2

s−1, respectively. These coefficients suggest that monomer 9,
which is smaller in size, diffuses faster than the cyclic array 1.
Further, DOSY spectroscopy of a mixture containing the
tin(IV) porphyrin monomer 9, a linear triad,33 and the cyclic
array 1 (Figure 1) indicated that the triad and cyclic array
exhibited similar diffusion coefficients. Because the diffusion
coefficients did not vary significantly from the triad to the cyclic
array under examination, this suggests that the compound with
a diffusion coefficient of 3.63 × 10−10 m2 s−1 represents a cyclic
tetrad and not an octad.

Thermodynamic Investigations of Cyclic Array For-
mation. We performed computational studies in order to
identify the thermodynamically preferred pathway for the
formation of cyclic arrays, namely, tetrads and octads (Schemes
S1−S3 and Figures S4−S6). We conceived the structures of the
tetrad, octad, and all of the intermediates starting from the
monomeric unit (Figure 2), and the structures were optimized
and characterized as minima on a potential energy surface.
Initially, the probable pathways for the formation of a tetrad
and an octad were analyzed by considering the stoichiometric
equation that includes the reactants, dihydroxytin(IV)
porphyrin (SP) and cis-dihydroxythiaporphyrin (TP), and
products (tetrad and octad). The equations with the estimated
reaction energies that were obtained for the formation of the
tetrad and octad are shown in eqs 1 and 2, respectively:

The estimated reaction energies for the formation of the
tetrad and octad obtained from the computational studies were
−79.1 and −48.2 kcal mol−1, respectively, which revealed that
the formation of the tetrad is thermodynamically preferred over

Figure 1. DOSY NMR spectra of (a) a mixture of tetrad 1 and SnTTP(OH)2 9 and (b) a mixture of triad, tetrad 1, and SnTTP(OH)2 9.
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that of the octad. Optimization of the geometry of the reactants
and products was initially performed at the PM3 level followed
by single-point-energy evaluations at M06/LanL2DZ on the
PM3-optimized geometry (note that detailed DFT optimiza-
tion of the cyclic tetrad using an appropriate basis set is
described later). The thermodynamics calculations were
performed with the Gaussian 09 program package,50 and unless
otherwise specified, the energetics used for the discussion were
obtained at the M06/LanL2DZ level. The reaction energy
profiles generated for the unit-wise addition along with the
optimized structures are depicted in Figure 2. The initial
formation of the dyad (II), which involves the reaction between
SP and TP, was exothermic by 6.4 kcal mol−1. The next step of
the formation of the triad (III) could proceed by attack of
either TP on II, giving rise to III-1 (reaction energy of −3.3
kcal mol−1), or SP on II, giving rise to III-2 (reaction energy of
−3.6 kcal mol−1). The difference of 0.3 kcal mol between the
two possible pathways suggested the feasibility of the formation
of both triads. To obtain further insight into the reaction, we
evaluated the HOMO−LUMO energy gap between II and the
monomers (SP and TP), respectively. The orbital energies for
SP, TP, II, and III-1 are depicted in Figure 2. The energy gaps,
ΔEHOMO(II)−LUMO(TP) and ΔELUMO(II)−HOMO(TP), for the for-
mation of III-1 were 2.45 and 2.54 eV, respectively, and the
gaps, ΔEHOMO(II)−LUMO(SP) and ΔELUMO(II)−HOMO(SP), for the
formation of III-2 were 2.50 and 2.88 eV, respectively. The
lower HOMO−LUMO gap in the former suggests that TP
attacks II, thereby resulting in the formation of III-1, which is
then likely attacked by one more unit of TP, which could either
result in the formation of a cyclic tetrad (−29.9 kcal mol−1) or
proceed toward the formation of an octad through the
formation of an acyclic tetrad (−6.9 kcal mol−1). These results
suggest that the formation of a cyclic tetrad is thermodynami-

cally preferred to that of an acyclic tetrad by about 22.2 kcal
mol−1. Thus, the estimated thermodynamic parameters indicate
that there is a clear preference for the formation of the cyclic
tetrad in comparison with the acyclic alternative, which is a
necessary precursor for the formation of an octad.

1D and 2D NMR Spectroscopy of the Cyclic Tetrads.
After eliminating the possibility of the formation of an octad as
a product of the reaction by MALDI-TOF, DOSY, and
computational studies, we proceeded to assign the 1H NMR
spectra of the cyclic tetrads. A comparison of the 1H NMR
spectrum of tetrad 1 with those of its corresponding monomers
9 and 3 is shown in Figure 3a, and the key regions of the
1H−1H COSY NMR spectra of tetrad 1 are shown in Figure
3b,c. The different regions of the NOESY NMR spectrum and
the possible NOE correlation patterns observed for tetrad 1 are
shown in Figure 4. It is clear from Figure 3a that tetrad 1 shows
a large number of signals due to protons from the β-heterocycle
and meso-aryl groups, which were shifted either upfield or
downfield in comparison with the porphyrin monomers 9 and
3. It should also be noted that, because of the cyclic nature of
the tetrads, there could be the formation of a cavity where four
meso-tolyl groups from the two tin(IV) porphyrin units and the
two pyrrole groups from the N3S porphyrin units in 1 or the
two thiophene groups from the N2S2 porphyrin units in 2 were
located inside the cavity. The key feature of the 1H NMR
spectra of the tetrads 1 and 2 was the large upfield shift for the
α- and β-proton resonances of the phenoxo group of the N3S or
N2S2 porphyrin unit that was connected to the tin(IV) center of
the metalloporphyrins. For example, the two doublets at 7.20
and 7.60 ppm that were observed for the α- and β-protons of
the meso-hydroxyphenyl group of the N3S porphyrin monomer
3 were shifted to the upfield region in tetrad 1 and were
observed at 2.46 and 6.70 ppm, respectively. This observation

Figure 2. Schematic depicting relative energy profiles for the unit-wise addition of the formation of a tetrad and an octad calculated at M06/
LanL2DZ on PM3-optimized geometries. Also shown are the energy values (in eV) for the HOMO (normal) and LUMO (italics) of SP, TP, and II.
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was attributed to the influence of both the inherent deshielding
effect of the N3S porphyrin unit and the shielding effect of the
tin(IV) porphyrin unit exhibited by the α- and β-protons
(Figure 3a). The cross-peak correlation for these two sets of
protons in 1H−1H COSY NMR confirmed this observation.
The 1H NMR spectrum of tetrad 1 exhibited six doublets in

the 6.82−8.51 ppm region with J couplings of 7.6−7.9 Hz
corresponding to the meso-aryl protons of both of the
porphyrin units excluding the phenoxo group of protons, four
doublets at 7.58, 8.19, 9.31, and 9.48 ppm with J couplings of
4.6 Hz corresponding to the β-pyrrole protons, four singlets at
8.88, 9.51, 9.55, and 9.88 ppm corresponding to the β-pyrrole
and β-thiophene protons, and three singlets at 2.16, 2.57, and

2.82 ppm corresponding to the methyl protons. The inner core
NH from both of the N3S porphyrin units displayed a singlet at
−2.88 ppm corresponding to two protons. The doublet at 6.70
ppm (J = 8.2 Hz) that was attributed to the type β proton of
the phenoxo connector displayed NOE correlations with a
singlet and a doublet at 8.88 and 7.58 ppm (J = 4.6 Hz),
respectively. The same doublet peak at 7.58 ppm showed a
COSY correlation to a doublet at 8.19 ppm (J = 4.6 Hz). These
correlations revealed that the singlet at 8.88 ppm was due to
type e proton resonance from the β-pyrrole protons of the N3S
porphyrins flanked by two phenoxo linkers. The doublets at
7.58 and 8.19 ppm were attributed to type f and g proton
resonances, respectively, from the β-pyrrole protons of the N3S

Figure 3. (a) Comparison of 1H NMR spectra of tetrad 1 with its corresponding monomers 9 and 3 in CDCl3. (b and c) Partial 1H−1H COSY
NMR spectra of tetrad 1.
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porphyrin units that were located between the phenoxo linker
and tolyl groups. The singlet peak at 9.55 ppm that
corresponded to four protons was assigned to the β-thiophene
proton resonance of the N3S porphyrin units. This singlet at
9.55 ppm showed a NOE correlation with a doublet at 7.90
ppm (J = 7.9 Hz), which, in turn, showed a COSY correlation
with a doublet at 7.44 ppm (J = 7.9 Hz). A NOE correlation
was also observed between the doublet at 7.44 ppm (J = 7.9
Hz) and the singlet at 2.57 ppm. Hence, following these
observations, we assigned the doublets at 7.90 and 7.44 ppm to
type o″ and m″ proton resonances, respectively, and the singlet
peak at 2.57 ppm to the methyl protons of type II from the
meso-tolyl groups of the N3S porphyrin units.
The singlet peak at 2.16 ppm displayed a NOE correlation to

a doublet at 6.83 ppm (J = 7.6 Hz), which, in turn, showed a
COSY correlation to a doublet at 8.20 ppm (J = 7.6 Hz). The
same doublet at 8.20 ppm also showed two NOE correlations:
one with a doublet at 9.31 ppm (J = 4.6 Hz) and the second
with a singlet at 9.88 ppm. Also, the doublet at 9.31 ppm
showed a COSY correlation with a doublet at 9.48 ppm. These
observations indicate that the doublets at 6.83 and 8.20 ppm
were due to type m′ and o′ proton resonances, respectively,

from the meso-tolyl groups of the tin(IV) porphyrin units
present inside the cavity of the cyclic tetrad. The doublets at
9.31 and 9.48 ppm and the singlet at 9.88 ppm were attributed
to the β-proton resonances of types a−c, respectively. The
singlet at 2.16 ppm was assigned to CH3 protons of type I from
the meso-tolyl groups of the tin(IV) porphyrins that were
located inside the cavity of the cyclic tetrad.
The doublet peak at 8.51 ppm (J = 7.9 Hz) showed a NOE

correlation with a singlet at 9.51 ppm and a COSY correlation
with a doublet at 7.77 ppm (J = 7.9 Hz). The doublet at 7.77
ppm also showed a NOE correlation with a singlet at 2.82 ppm.
These observations indicated that the doublets at 8.51 and 7.77
ppm were due to type o and m protons, respectively, from the
tolyl groups of the tin(IV) porphyrin units that were present
outside the cavity of the cyclic tetrad. The singlet at 9.51 ppm
was due to type d β-pyrrole protons. The singlet peak at 2.82
ppm was unambiguously assigned to type III methyl protons
from the meso-tolyl groups of the tin(IV) porphyrin units that
were located on the outer periphery of the cyclic tetrad. The
tetrad 2 also displayed similar 1H NMR resonances that were
assigned by adopting a approach based on 1D and 2D NMR
spectra similar to that described for tetrad 1 (Figures S9−S11).

Figure 4. Partial 1H−1H NOESY NMR spectra of tetrad 1.
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Single-Crystal X-ray Crystallography. The crystals of
compound 2 suitable for single-crystal X-ray diffraction were
obtained by the slow diffusion of hexanes into a CH2Cl2
solution of 2 over a period of 2 weeks. The crystallographic
data are presented in Table S1. Compound 2 crystallized in the
triclinic space group P1̅ along with a solvated molecule of
dichloromethane. The prospective view of the crystal structure
is shown in Figure 5. The crystal structure explicitly
corroborates the formation of a tetrad in which two cis-
dihydroxyphenyl N2S2 porphyrins are axially ligated to two
tin(IV) porphyrins, as predicted by DOSY NMR and
computational studies. The tin(IV) porphyrins present a
perfect octahedral geometry with a planar porphyrin core,

whereas the N2S2 porphyrin core is slightly ruffled (5°) because
of relatively large sulfur atoms. In the tetrad, the two tin(IV)
porphyrins are geometrically placed at an angle of 49° with
each other in order to minimize the steric repulsions that arise
from the corresponding meso-aryl groups (Figure S12). The
two axially coordinated N2S2 porphyrins are positioned
orthogonally at angles of 79° and 52° with respect to the
mean planes of tin(IV) porphyrins. The average “Sn−N” and
“Sn−O” bond distances are 2.09 and 2.03 Å, while the “Sn−O−
C” bond angles are 124° and 127°, which are in line with those
of the reported51 tin(IV) porphyrin based systems. Thus,
comprehensive analysis of the bond angles and distances reveals
that the positions of two hydroxyl groups of the (12.5 Å) N2S2

Figure 5. Single-crystal X-ray structure of tetrad 2: (a) top view; (b) side view. Thermal ellipsoids are drawn at 50% probability. The hydrogen atoms
and meso aryl groups were removed for clarity.

Figure 6. Q and Soret band (inset) absorption spectra of tetrads (a) 1 and (b) 2 (solid line) with a 1:1 mixture of monomers (dotted line) recorded
in toluene.

Table 1. Absorption Parameters for Tetrads 1 and 2 and the Corresponding Monomers

λ, nm (log ε, M−1 cm−1)

compd Soret band Q bands

9 427 562 (4.51) 603 (4.46)
3 430 (6.06) 515 (4.51) 551 (4.15) 618 (3.74) 675 (4.14)
1 431 (6.27) 521 (4.69) 562 (4.81) 604 (4.58) 685 (4.32)
1:1 mixture of 3 and 9 427 (6.07) 516 (4.28) 562 (4.32) 604 (4.20) 675 (3.85)
4 437 (6.00) 515 (4.50) 551 (4.13) 634 (3.37) 699 (3.89)
2 431 (6.20), 448 (5.80) 523 (4.70) 562 (4.89) 602 (4.54) 710 (4.38)
1:1 mixture of 4 and 9 427 (6.07), 439 (5.72) 516 (4.23) 561 (4.35) 603 (4.21) 700 (3.57)
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porphyrin, which are well separated by a distance of 12.2 Å, are
crucial in order to construct a less constrained and stable cyclic
tetrad rather than an octad. In the crystal packing of 2, the two
N2S2 porphyrins of the tetrad overlap with the N2S2 porphyrins
of the adjacent tetrad, leading to an extended one-dimensional
stack. However, the π−π distance was measured to be slightly
longer (4.0 Å) than the usual acceptable π−π bond distances
(3.3−3.8 Å; Figure S12). On the other hand, no such stacking
interactions were noticed between the tin(IV) porphyrin units
of the tetrad, which indicates that the tetrads are stabilized by
secondary interactions such as C−H···π and C−H···O and
other weak (meso-aryl−meso-aryl) π−π interactions in the solid
state.
Electrochemical and Photophysical Investigations of

the Cyclic Tetrads. A comparison of the Q and Soret band
regions of the absorption spectra of the cyclic tetrads 1 and 2
and the corresponding 1:1 mixture of monomers in toluene are
shown in parts a and b of Figure 6, respectively. The
corresponding spectral parameters are presented in Table 1.
The absorption spectra of tetrads 1 and 2 displayed features of
both of the constituent monomers and appeared as a near-
superimposition of their absorption spectra with minimal shifts
in the peak positions. For example, the absorption spectrum of
tetrad 2 showed bands at 431, 448, 523, 562, 602, and 710 nm.
Among these, the bands at 431, 562, and 602 nm were due to a
contribution from the tin(IV) porphyrin unit and the bands at
448, 523, and 710 nm arise from the 21,23-dithiaporphyrin
unit. The absorption bands of tetrads 1 and 2 were slightly red-
shifted with enhanced molar extinction coefficient values in
comparison with a 1:1 mixture of the constituted monomers.
The cyclic voltammograms of the cyclic tetrads 1 and 2 and

the corresponding monomers in dichloromethane with
tetrabutylammonium perchlorate (TBAP) as the supporting
electrolyte are presented in Table 2. The reduction waves of

tetrads 1 and 2 are shown in parts a and b of Figure 7,
respectively. The redox potentials of tetrads 1 and 2 were in the
same range as those of the corresponding monomers. For
example, tetrad 1 displayed three oxidation peaks at 0.95, 1.28,
and 1.42 V and three reduction peaks at −0.92, −1.11, and
−1.34 V. The oxidation peaks at 0.95 and 1.28 V were
attributed to the 21-thiaporphyrin unit, and the oxidation peak
at 1.42 V was due to the tin(IV) porphyrin unit. The reduction
potentials that were observed for tetrad 1 were also attributed
to contributions from both of the constituent monomers
because they possess similar reduction potentials. Thus, the
electrochemical studies indicate that the redox properties of the
cyclic tetrads 1 and 2 did not vary significantly in comparison
with the corresponding monomers.
The steady-state fluorescence properties of tetrads 1 and 2 in

toluene are presented in Table 3. Tetrads 1 and 2 were excited
at 515 and 560 nm, respectively, where thiaporphyrin and

tin(IV) porphyrin display relatively strong absorption peaks. A
comparison of the fluorescence spectra of tetrad 1 and a 1:1
mixture of the corresponding monomers at an excitation
wavelength of 560 nm, where the tin(IV) porphyrin unit is a
dominant absorber, is shown in Figure 8. When tetrads 1 and 2
were excited at 515 nm, where the thiaporphyrin unit is a
dominant absorber, the fluorescence that was observed is
exclusively from the thiaporphyrin unit. However, with

Table 2. Redox Potentials (V) for Tetrads 1 and 2 and the
Corresponding Monomers

E1/2, V vs SCE

compd oxidation reduction

9 1.41 −0.97 −1.36
3 1.27 0.94 −1.04 −1.23
1 1.42 1.28 0.95 −0.92 −1.11 −1.34
4 1.26 0.94 −0.97 −1.36
2 1.36 1.23 0.96 −1.00 −1.38

Figure 7. Overlay of the reduction waves of the cyclic voltammograms
(thick line) and differential pulse voltammograms (dotted line) of
tetrads (a) 1 and (b) 2 recorded in dichloromethane containing 0.1 M
TBAP as the supporting electrolyte (scan rate 50 mV s−1).

Table 3. Photophysical Data for Tetrads 1 and 2 and the
Corresponding Monomers

compd
λex,
nm ΦN2XYP % Q ΦSnP % Q ΦENT,

a %

SnTTP(OH)2
(9)

560 0.025

N3STTP 515 0.017
1 560 0.00033 98 0.00065 97 57

515 0.0012 92
N2S2TTP 515 0.007
2 560 0.00069 97 0.00035 99 62

515 0.0029 60
aΦENT % = [1 − FDA/FD] × 100%

Figure 8. Comparison of the normalized emission spectra of tetrad 1
(dashed line) and a 1:1 mixture of monomers 9 and 3 (solid line)
recorded in toluene at an excitation wavelength, λex, of 560 nm.
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excitation at 515 nm, the quantum yield of the thiaporphyrin
unit in tetrads 1 and 2 was substantially decreased in
comparison with the monomeric thiaporphyrin because of
coordination to two heavy tin(IV) atoms. Interestingly, when
tetrads 1 and 2 were excited at 560 nm, where the tin(IV)
porphyrin unit is a dominant absorber, the emission from the
tin(IV) porphyrin unit was quenched significantly and a major
emission was observed from the thiaporphyrin unit. This was
very clear in tetrad 2, where the emission from the 21,23-
dithiaporphyrin unit was dominant and the emission from the
tin(IV) porphyrin unit was quenched significantly (Figure S13).
The excitation spectra of tetrads 1 and 2 that were recorded at
710 and 720 nm, respectively, closely resembled the
corresponding absorption spectra of tetrads 1 and 2.
Furthermore, the 1:1 mixture of the corresponding monomers

of tetrads 1 and 2 upon excitation at 560 nm showed dominant
emission from the tin(IV) porphyrin monomer, with a
negligible emission from the thiaporphyrin monomer. All of
these observations suggest that, in the cyclic tetrads 1 and 2,
upon excitation at 560 nm, there is a possibility of singlet
energy transfer from the tin(IV) porphyrin unit to the
thiaporphyrin unit. Although the decrease in the fluorescence
intensity of the tin(IV) porphyrin unit in tetrads 1 and 2 upon
excitation at 560 nm was largely attributed to energy transfer
from the tin(IV) porphyrin unit to the thiaporphyrin unit, we
cannot rule out the contribution of photoinduced electron
transfer between the tin(IV) porphyrin and thiaporphyrin units
in tetrads for the same. However, detailed ultrafast photo-
physical studies are required to quantify the energy-transfer
dynamics in the cyclic tetrads 1 and 2.

Figure 9. Relaxed equilibrium DFT structure of the monomers (a) 3, (b) 4, and (c) 9. Also shown is a side view of each monomer. The carbon,
hydrogen, nitrogen, oxygen, sulfur, and tin atoms are shown in brown, pink, blue, red, yellow, and gray, respectively.

Figure 10. Relaxed equilibrium DFT structure of the tetrads (a) 1 and (b) 2. Also shown is a side view of each tetrad. The carbon, hydrogen,
nitrogen, oxygen, sulfur, and tin atoms are shown in brown, pink, blue, red, yellow, and gray, respectively.
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Quantum-Mechanical DFT and TD-DFT Calculations.
The monomers (3, 4 and 9) and tetrads (1 and 2) were
investigated by quantum-mechanical DFT calculations. The
relaxed equilibrium DFT structures are presented in Figures 9
and 10, and the corresponding structural parameters are shown
in Tables 4 and 5. The bond lengths and angles in the relaxed

DFT structures of the monomers (Figure 9 and Tables 4 and
5) are in good agreement with the respective X-ray crystal
structures52−58 and calculated structures in the literature.59−63

A notable feature of the tin(IV) ion in monomer 9 is that it
displayed a distorted octahedral geometry, where the O−Sn−O
bond was tilted toward the mean plane of the macrocycle
(Table 5), which is also in agreement with X-ray crystal and
computational structures.57,58,62

In the relaxed DFT structures of tetrads 1 and 2, the two
thiaporphyrin units that were coordinated to the tin(IV)
porphyrin created the appearance of a cavity where all four
porphyrin molecules of the tetrad are in van der Waals contact
with each other (Figure 10). The interporphyrin distances were
≤5 Å, which are in agreement with the crystallographic data of
2. Moreover, the relaxed tetrad structures resembled a ruffled
ring where the angles between the mean plane of thiaporphyrin
and the respective tin(IV) porphyrin were ∼25° and ∼50°,
respectively (Table 4). The planarity of each porphyrin subunit
decreased upon formation of the tetrad, which is in agreement
with the observed 1H NMR chemical shifts. The formation of
both tetrads resulted in changes in the dihedral angles,
planarity, and coordination geometry of the tin(IV) ion that
are listed in Tables 4 and 5.
Shown in Figures S14−S16 are the charge-density distribu-

tions of the frontier molecular orbitals of monomers 3−5,
respectively, which were calculated from the corresponding
relaxed DFT structures. It was observed that each monomer
exhibited standard Gouterman-type orbitals. The LUMOs of
monomers 3 and 4 displayed charge density on the sulfur
atoms, which was absent in the LUMO+1 orbital (Figures S14
and S15). This is in agreement with the bathochromic shift that

was observed for the low-energy Q bands (and absent in the
higher-energy bands). Similarly, the corresponding HOMO−
LUMO gap for the thiaporphyrin and tin(IV) porphyrin units
of tetrad 1 was in agreement with the bathochromic shifts
observed in the absorption spectrum.
The calculated charge-density distributions of tetrads 1 and 2

are shown in Figures S17 and S18, respectively. As can be seen
in Figures S17 and S18, the charge density was primarily
localized on the monomeric units. Moreover, the frontier
molecular orbitals of tetrads 1 and 2 were relatively similar to
minor differences. Both of the tetrads exhibited a similar
charge-density distribution in the unoccupied orbitals, where
the LUMO and LUMO+1 orbitals resembled the tin(IV)-
porphyrin and the LUMO+2 and LUMO+3 resembled the
thiaporphyrin. The ordering of the LUMO of the thiaporphyrin
subunits is preserved between the monomers and tetrads. In
contrast, the order of the occupied orbitals was switched in the
tetrads where the HOMOs of tetrads 1 and 2 resembled the
HOMO of the thiaporphyrin.
The relaxed DFT structures of the monomers and tetrads

were also studied by TD-DFT to understand the bathochromic
shifts that were observed in the experimental absorption
spectra. As can be seen in Figures S19 and S20, the Q bands of
the absorption spectra predicted by TD-DFT are in qualitative
agreement with the experimental spectra shown in Figure 6.
The calculated spectra predicted that the Q bands of the
thiaporphyrin unit were shifted by ∼15−25 nm, whereas there
was no observable shift of the tin(IV)porphyrin bands upon
tetrad formation, which is in agreement with the experimental
spectra.

■ CONCLUSIONS

In conclusion, syntheses of the first examples of tin(IV)
porphyrin based cyclic arrays 1 and 2 containing tin(IV)
porphyrin and thiaporphyrin units were reported. These arrays
were constructed exclusively by utilizing the oxophilic nature of
tin(IV) porphyrins. These arrays were confirmed as cyclic
tetrads based on MALDI-TOF MS, DOSY NMR, computa-
tional, and X-ray crystallographic studies. These cyclic tetrads
were stable in solution as well as under redox conditions. The
preliminary photophysical studies indicated a possible energy
transfer within the cyclic systems, and detailed studies are
currently underway in our laboratory. The DFT and TD-DFT
studies on the monomers and tetrads indicated that the
porphyrin subunits exhibit small minimum mixing of orbitals.
Moreover, formation of the tetrad produces small perturbations
of the porphyrin macrocyclic structure, yielding spectra similar
to those of the monomers.

Table 4. Planarity of the Porphyrin Macrocycle and the Dihedral Angles of meso-Aryl Substituents in Tetrads 1 and 2 and the
Corresponding Monomers

species

tetrad 1 tetrad 2

parameter 3 4 9 N3S Sn N2S2 Sn

Δ 24 0.00 0.00 0.00 0.078 0.035 0.088 0.035
Δ N −0.004 −0.002 0.005 0.074 0.024 0.099 0.029
Sn 0.01 0.019 0.021
hetero ring 0.6 0.6 1.3 5.2 2.3 6.0 2.3
meso-aryl 85.1 84.7 88.0 59.4 76.0 56.2 76.0
planar dihedral 25.7 49.6 24.4 51.5

Table 5. Interatomic Distances in Tetrads 1 and 2 and the
Corresponding Monomers

species

parameter 9 3 4 tetrad 1 tetrad 2

Sn−Sn 12.7 12.8
O−O 12.9 13.0 13.05 13.15
Sn−O 2.04 2.07 2.07
Sn−N 2.13 2.12 2.12
O−Sn−O 180 174 174
O−Sn−O tilt 3 3 3
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■ EXPERIMENTAL SECTION
Chemicals. All general chemicals and solvents were procured from

SD Fine Chemicals, India. Column chromatography was performed
using silica gel and basic alumina obtained from Sisco Research
Laboratories, India. All of the solvents used were of analytical grade
and were purified and dried by routine procedures immediately before
use.
Instrumentation. 1H NMR spectra were recorded with a Bruker

400 MHz instrument using tetramethylsilane as an internal standard.
1H−1H COSY, NOESY, and DOSY NMR experiments were
performed on a Bruker 400 MHz instrument. All NMR measurements
were carried out at room temperature in deuterated chloroform
(CDCl3). Absorption and steady-state fluorescence spectra were
recorded on PerkinElmer Lambda-35 and Varian Cary-Eclipse
instruments, respectively. The concentrations used for the absorption
study were 1 × 10−6 and 1 × 10−5 M for the Soret and Q bands,
respectively. The concentration used for the steady-state fluorescence
study was 1 × 10−6 M. The fluorescence quantum yields (Φf) were
estimated from the emission and absorption spectra by a comparative
method. The time-resolved fluorescence decay measurements were
carried out at magic angle using a picosecond diode-laser-based time-
correlated single-photon-counting (TCSPC) fluorescence spectrom-
eter from IBH, Swindon, U.K. MALDI-TOF MS spectra were
recorded from a MALDI-TOF Spec-2E instrument manufactured by
Micromass, Wilmslow, U.K. Cyclic and differential-pulse voltammetric
studies were carried out on a BAS electrochemical system utilizing the
three-electrode configuration consisting of glassy carbon (working),
platinum wire (auxiliary), and saturated calomel (reference) electrodes
in dry dichloromethane using 0.1 M TBAP as the supporting
electrolyte.
Single crystals of suitable size for the X-ray diffractometer were

selected under a microscope and mounted on the tip of a glass fiber,
which was positioned on a copper pin. The X-ray data for tetrad 2
(CCDC 1564602) were collected on a Bruker Kappa CCD
diffractometer, employing graphite-monochromated Mo Kα radiation
at 200 K and the θ−2θ scan mode. The space group for tetrad 2 was
determined on the basis of systematic absences and intensity statistics,
and the structure of tetrad 2 was solved by direct methods using SIR92
or SIR97 and refined with SHELXL-97.64

Dihydroxy[5,10,15,20-tetrakis(p-tolyl)porphyrinato]tin(IV)
[9; SnIVTTP(OH)2]. Compound 9 was synthesized by treating H2TTP
(3 mmol) in CHCl3 with 10 equiv of SnCl2·2H2O. The progress of the
reaction was monitored by TLC and absorption spectroscopy. After
the formation of a new spot on the TLC spectrum and the
disappearance of the starting materials, the reaction was stopped and
subjected to basic alumina column chromatography. The required
compound 9 was collected in 90% yield as a purple solid.49 Mp: >300
°C. 1H NMR (400 MHz, CDCl3): δ −7.43 (s, 2H, br, axial OH), 2.70
(s, 12H, CH3), 7.61 (d, J = 7.8 Hz, 8H, Ar), 8.20 (d, J = 7.8 Hz, 8H,
Ar), 9.13 (s, satellite, J = 10.7 Hz, 8H, β-pyrrole).
5,10-Bis(p-hydroxyphenyl)-15,20-bis(p-tolyl)-21-dithiapor-

phyrin (3). The required porphyrin 3 was synthesized by condensing
2,5-bis(p-tolylhydroxyl)methylthiophene (5; 12.29 mmol, 1.25 mL)
and p-hydroxybenzaldehyde (4.09 mmol, 500 mg) with pyrrole (16.39
mmol, 1.11 mL) in propionic acid at 70 °C for about 4 h. The crude
compound was showing about six spots on the TLC spectrum, which
was purified by silica gel column chromatography using a CH2Cl2/
petroleum ether mixture (2:3) as the eluent to afford 3 in 10% yield.
Mp: >300 °C. 1H NMR (400 MHz, CDCl3): δ −2.69 (s, 1H, NH),
2.70 (s, 6H, CH3), 7.18 (d, J = 7.9 Hz, 4H, Ar), 7.61 (d, J = 7.9 Hz,
4H, Ar), 8.10 (d, J = 8.2 Hz, 4H, Ar), 8.18 (d, J = 8.2 Hz, 4H, Ar), 8.60
(d, J = 4.60 Hz, β-pyrrole), 8.70 (d, J = 4.60 Hz, β-pyrrole), 8.90 (s,
2H, β-pyrrole), 9.75 (s, 2H, β-thiophene). ES-MS. Calcd for
C46H33N3O2S ([M]+): m/z 691.8. Obsd: m/z 691.5.
5,10-Bis(p-methoxyphenyl)-15,20-bis(p-tolyl)-21,23-dithia-

porphyr in (6 ) . The s amp l e s o f 2 , 5 - b i s (p - a n i s y l ) -
hydroxymethylthiophene (8; 0.5 g, 1.53 mmol) and 16-thiatripyrrane
(0.65 g, 1.53 mmol) were dissolved in dichloromethane (300 mL), and
the reaction flask was degassed with nitrogen for 10 min with stirring.
The condensation was initiated by adding BF3·OEt2 (0.4 mL of a 2.5

M solution) while the reaction mixture was stirred at room
temperature for 1 h under a nitrogen atmosphere. 2,3-Dichloro-5,6-
dicyanobenzoquinone (DDQ; 0.33 g, 1.53 mmol) was then added, and
the reaction mixture was stirred in air for an additional 1 h. The
solvent was removed under reduced pressure, and the crude
compound was purified by silica gel column chromatography using
petroleum ether/dichloromethane (60:40) to afford porphyrin 6.
Yield: 20%. Mp: >300 °C. 1H NMR (400 MHz, CDCl3): δ 2.70 (s,
6H, CH3), 4.10 (s, 6H, OCH3), 7.32 (d, J = 8.7 Hz, 4H, Ar), 7.61 (d, J
= 7.8 Hz, 4H, Ar), 8.09 (d, J = 8.2 Hz, 4H, Ar), 8.12 (d, J = 7.8 Hz,
4H, Ar), 8.68 (s, 4H, β-pyrrole), 9.68 (s, 4H, β-thiophene). HRMS
(ES+). Calcd for C48H36N2O2S2: m/z 736.9416 ([M]+). Found: m/z
737.2287 ([M + H]+).

5,10-Bis(p-hydroxyphenyl)-15,20-bis(p-tolyl)-21,23-dithia-
porphyrin (4). Compound 4 was synthesized by refluxing porphyrin
6 (0.1 g, 14 mmol) in 30 mL of hydrogen bromide/water (49%) for 4
h. The reaction mixture was extracted with dichloromethane and
washed several times with water and a dilute ammonia solution (25%,
v/v). The organic layer was evaporated under reduced pressure and
subjected to silica gel column chromatographic purification using
dichloromethane to afford pure 9. Yield: 68%. Mp: >300 °C. 1H NMR
(400 MHz, CDCl3): δ 2.70 (s, 6H, CH3), 7.20 (d, J = 9.0 Hz, 4H, Ar),
7.61 (d, J = 7.8 Hz, 4H, Ar), 8.10 (d, J = 8.2 Hz, 4H, Ar), 8.19 (d, J =
7.8 Hz, 4H, Ar), 8.70 (s, 4H, β-pyrrole), 9.71 (s, 4H, β-thiophene).
HRMS (ES+). calcd for C46H32N2O2S2 ([M]+): m/z 708.8885. Found:
m/z 709.2002 ([M + H]+).

General Synthesis of Tetrads 1 and 2. Tetrads 1 and 2 were
synthesized by refluxing 1 equiv of 9 with 1 equiv of 3 and 4,
respectively, in dry benzene for 12 h under a nitrogen atmosphere.
The solvent was evaporated under reduced pressure, and the resulting
residue was subjected to an alumina column. The desired product was
eluted with petroleum ether/dicholoromethane (30:70) to afford
tetrads 1 and 2 in 65−70% yield.

Tetrad 1. Yield: 65%. 1H NMR (400 MHz, CDCl3): δ −2.88 (s,
2H, inner NH), 2.16 (s, 12H, CH3 type I), 2.46 (d, J = 8.24 Hz, 8H,
phenoxo type α), 2.57 (s, 12H, CH3 type II), 2.82 (s, 12H, CH3 type
III), 6.70 (d, J = 8.24 Hz, 8H, phenoxo type β), 6.83 (d, J = 7.64 Hz,
8H, Ar, type m′), 7.44 (d, J = 7.88 Hz, 8H, Ar, type m″), 7.58 (d, J =
4.68 Hz, 4H, β-pyrrole N3S unit, type f), 7.77 (d, J = 7.92 Hz, 8H, Ar,
type m), 7.90 (d, J = 7.88 Hz, 8H, Ar, type o″), 8.19 (d, J = 4.60 Hz,
4H, β-pyrrole N3S unit, type g), 8.20 (d, J = 7.76 Hz, 8H, Ar, type o′),
8.51 (d, J = 7.88 Hz, 8H, Ar, type o), 8.88 (s, 4H, β-pyrrole N3S unit,
type e), 9.31 (d, J = 4.60 Hz, 4H, β-pyrrole SnP, type a), 9.48 (d, J =
4.60 Hz, 4H, β-pyrrole SnP, type b), 9.51 (s, 4H, β-pyrrole SnP, type
d), 9.55 (s, 4H, β-thiophene N3S), 9.88 (s, 4H, β-pyrrole SnP, type c).
MALDI-TOF MS. Calcd: m/z 2954.7 ([M]+). Found: m/z 2956.7
(M+ + 2).

Tetrad 2. Yield: 70%. 1H NMR (400 MHz, CDCl3): δ 2.06 (s,
12H, CH3 type I), 2.52 (d, J = 7.2 Hz 8H, phenoxo type α), 2.59 (s,
12H, CH3 type II), 2.83 (s, 12H, CH3 type III), 6.77 (d, J = 7.2 Hz,
8H, phenoxo type β), 6.78 (d, J = 7.4 Hz, 8H, Ar, type m′), 7.46 (d, J =
7.9 Hz, 8H, Ar, type m″), 7.54 (d, J = 4.7 Hz, 4H, β-pyrrole N3S unit,
type f), 7.78 (d, J = 8.0 Hz, 8H, Ar, type m), 7.92 (d, J = 7.9 Hz, 8H,
Ar, type o″), 8.16 (d, J = 7.9 Hz, 8H, Ar, type o′), 8.23 (d, J = 4.6 Hz,
4H, β-pyrrole N3S unit, type g), 8.51 (d, J = 8.0 Hz, 8H, Ar, type o),
9.27 (d, J = 4.6 Hz, 4H, β-pyrrole SnP, type a), 9.47 (d, J = 4.6 Hz, 4H,
β-pyrrole SnP, type b), 9.51 (s, 4H, β-pyrrole SnP, type d), 9.53 (s,
4H, β-thiophene N3S), 9.62 (s,4H, β-thiophene N3S), 9.89 (s, β-
pyrrole SnP, type c). MALDI-TOF MS. Calcd: ([M]+): m/z 2988.8.
Found: m/z 2990.6 (M+ + 2).

DFT Calculations of Monomers 3, 4, and 9 and Tetrads 1
and 2. The geometry optimizations were performed using the Vienna
ab initio software package (VASP).65 The PBE functional66 and the
projected-augmented-wave67 potential method embedded in the VASP
code were used to describe the core−valence electron interactions.
Long-range dispersion interactions were described using the DFT-D2
method of Stefan Grimme.68 The initial positions for monomers 3, 4,
and 9 were constructed and relaxed in the Avogadro software
package.69 Tetrads 1 and 2 were constructed from their respective
monomers and subjected to simulated annealing. Subsequently, the
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structures were relaxed in Avogadro.69 The resulting coordinates were
transposed to the center of a periodic box, and a vacuum space of ∼0.5
nm was provided to prevent electronic interactions between periodic
cells. The spin-polarized molecular wave functions of the relaxed
structures were decomposed into energy bands of valence electrons
and compared to the results obtained in the succeeding sentences. The
electronic structure calculations were performed on relaxed structures
using DFT at the B3LYP/6-31G(d)70 level of theory and the
RIJCOSX71−74 and Newton−Rhapson self-consistent-field approx-
imations using the ORCA electron structure package.75−77 The
LANL2DZ effective core potential basis set78−80 was used to for S and
Sn, and the def2/J81 auxiliary basis set was applied to all elements.
Solvent effects were approximated by the conductor-like polarization
continuum model82 solvation model using the refractive index and
dielectric of toluene. TD-DFT83−86 was used to predict the electronic
transitions and absorption spectra of monomers 3, 4, and 9 and tetrads
1 and 2. The simulated spectra were generated using the wavelengths
of absorption predicted in the TD-DFT calculations by superimposing
Gaussian functions with arbitrary widths and peak heights. Visual-
ization of the electronic orbitals and molecular structures was
performed with the software program Chemcraf t (http://www.
chemcraftprog.com).
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