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In organic medium, bisprophyrins1-6 connected by aromatic linkers self-assemble via subtle forces
such as van der Waals,π-π stacking, and CH/π to form supramolecular dimers. The structures of
bisporphyrin dimer1‚1 were discussed using our chemical shift simulation, revealing that1‚1 mainly
adopts the self-complementary structureA. ESI mass experiments of the bisporphyrins showed that1-4
form only the dimers; however, trimers as well as the dimers of5 and6 were observed in the gas phase.
Thus, the assemblies of bisporphyrin5 and6 should adopt structureB, which still has a binding site to
which another bisporphyrin can fit to form oligomeric structures. The dimerization constant of bisporphyrin
1 is dependent on the solvent polarity: the values decrease in the order of toluene> chloroform> 20%
methanol-chloroform. The thermodynamic studies of the dimerization processes revealed that desolvation
as well asπ-π stacking interactions play a key role in the formation of the self-complementary dimers.
The binding studies of bisporphyrin1 with a variety of electron deficient aromatic guests9-17 were
carried out in chloroform. Soret and Q-bands of1 showed the characteristic changes with the addition of
guests9-13 and15, and large upfield shifts of their protons were observed in their complexation studies
with 1H NMR spectroscopy. These results suggested that the electron deficient aromatic guests bound
within the cleft of bisporphyrin1 via charge transfer as well asπ-π stacking interactions between the
guests and the porphyrin rings. The dimerization constant of1‚1 is much smaller than the association
constant of1‚9, suggesting that the dissociation of dimer1‚1 can be regulated by binding of9 within the
cleft. The addition of9 into the solution of1‚1 resulted in the quick dissociation of the dimer and the
formation of1‚9.

Introduction

Porphyrin is one of the most promising platforms for the
construction of large molecular architectures. Numerous syn-
theses of porphyrin derivatives have been reported with unique
functions. Above all, huge multiporphyrin architectures are the
most challenging targets on the subject of mimicking the
bacterial photosynthetic reaction center, light-harvesting antenna
complexes, and electron-transfer processes in protein possessing
heme groups. In fact, various artificial systems based on
multiporphyrins have been designed and synthesized, which

show photoinduced molecular switches, fluorescence sensors,
photonic wires, and molecular elements for information storage.1

Nanometric multiporphyrin arrays arising from the covalent
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synthesis have been reported.2 However, conventional synthetic
strategies to access multiporphyrin structures take multistep
synthesis. In contrast, noncovalent synthesis based on self-
assembly has emerged as a versatile alternative to covalent
synthesis, and offers the easy and quick construction of huge
multiporphyrin architectures. Metal coordination and hydrogen
bonding are the most useful interactions for self-assembly.
Numerous examples of multiporphyrin architectures via self-
assembly through these interactions have been reported so far.3 On the other hand, examples for self-assemblies of porphyrins

due to the subtle forces such as van der Waals and CH/π
interactions in organic medium are limited although porphyrin
provides a flat, wide, and electron-rich surface, creating van
der Waals,π-π stacking, charge-transfer interactions, which
play a significant role for self-assemblies.4

We have found that simple bisporphyrins connected by
aromatic spacers showed self-dimerizations to form self-
complementary structures via weak noncovalent interactions in
organic solvent.5 In this paper we report a full account of the
self-dimerization behaviors and their properties for the recogni-
tion of aromatic guests within the clefts.

Results and Discussion

Bisporphyrins1-6 were prepared by simple acylations of
diacid chlorides7a-f

6 and porphyrin8.7 Their 1H NMR spectra
were concentration dependent in chloroform. As the concentra-
tions of 1 were increased, protons H1, H2, H3, and H4 were
shifted upfield. Particularly, two broad multiplets of H3 and H4

appeared at 4.25 and 5.14 ppm at the concentration of 15.2
mmol/L. These unusual upfield shifts of the pyridyl protons
place them in the strong shielding region of the porphyrin rings,
forming supramolecular assemblies. Electrospray ionization
(ESI) techniques have become a versatile tool to study a wide
range of chemical and biological species.8 The ESI mass
measurements of the bisporphyrins gave an important insight
into the structures of the assemblies formed. The ESI mass
measurement of bisporphyrin1 taken in positive mode revealed
the intense peaks atm/z 2782 and 1391 attributable to [1‚1 +
H]+ and [1‚1 + 2H]2+. The measured isotopic pattern for [1+
H]+ and [1‚1 + 2H]2+ matched the calculated abundance,
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FIGURE 1. Schematic representation of dimeric and host-guest complexes of bisporphyrins.

FIGURE 2. Building blocks for the bisporphyrin synthesis.
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confirming the elemental composition and the dimeric nature
of the complex (Figure 4a,d). The ESI mass measurement of
bisporphyrin2 also indicated the formation of dimer2‚2 in the
gas phase (Figure 4c). More clear evidence of the formation of
the dimers can be given by the mass measurement of a 1:1
mixture of 1 and2. The spectrum showed the peaksm/z 2882
and 1442 belonged to dimeric species [1‚2 + H]+ and [1‚2 +
2H]2+, resulting from the heterodimerization between bispor-
phyrins1 and2 (Figure 4b).

Plotting the chemical shift changes vs the concentrations of
the bisporphyrins produced the curves which nicely fit a simple
dimerization model and yield formation constantsKD (Table
1). Judging from the resultant binding data for1 and 2 vs 5
and6, the presence of nitrogen in the aromatic ring linking two

porphyrins plays a key role in the formation of the dimers. The
substitution of the hexyloxy group on the aromatic rings reduces
the stability of the dimers. Moreover, the obvious solvent effect
is seen in bisporphyrins1 and2; the stabilities of the dimers in
toluene dramatically increased as compared with those in
chloroform.

Determining the structures of the dimers in solution should
be informative for understanding what drives the formation of
the dimers. While the structures of the assembled dimers remain
to be determined, theoretical calculations should provide helpful
discussion. The molecular orbital (MO) method should be a first
choice for the geometry calculation of the dimer. However, the
reproduction of the precise geometries for such aromatic layered
structures is a difficult issue in MO calculations; the effect of
electron correlation (MP2) has to be included in the MO
calculation to reproduce the layered geometries. However, dimer
1‚1 is too large to be calculated in that way. The geometry
calculation of dimer1‚1 was carried out by using MM3* as
implemented in MacroModel V.6.5;9 however, it resulted in the
unlikely structure in which the cleft of the two porphyrin rings
collapsed. For those reasons, the interporphyrin distance was
constrained to be ca. 7 Å, which is based on the interaromatic
distance between two quinone rings in the crystal structure of
a quinone/porphyrin/quinone sandwich molecule.10 The molec-
ular modeling study gave rise to two plausible structures: one
is structureA, in which the two molecules arranged in a self-
complementary fashion, and the other is head-to-tail dimeric
structureB (Figure 5).

The determination of a solution structure of a supramolecular
assembly is quite a challenging issue. The complexation induced
shift (CIS) changes of the protons give useful information to
determine which is predominant in solution. The CIS changes
for all assignable protons of the bisporphyrins were estimated
by nonlinear least-squares regression analyses (Table 2). In both
structures, H3, H4, H10, and H11 protons experienced the large
shielding effect due to the anisotropic contribution of the
porphyrin rings, causing their large upfield shifts, which place
them between the bisporphyrin rings.

We have developed a chemical shift simulation program,11

which can estimate a local anisotropic shielding contribution
of a porphyrin ring as well as an aromatic ring, to present the
complexation induced chemical shift changes of protons along
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FIGURE 3. 1H NMR spectra of bisporphyrin1 in chloroform-d at
the concentrations of (a) 1.30, (b) 5.20, (c) 10.6, and (d) 15.2 mM.

FIGURE 4. ESI mass spectra of (a)1, (b) a 1:1 mixture of1 and2,
and (c)2 in CHCl3-CH3OH (8:2). Inset d shows the calculated (straight
lines) and experimental isotopic pattern (curve). The calculated isotopic
pattern is estimated on the basis of the composition of 30% [1‚1 +
2H]2+ and 70% [1 + H]+.

TABLE 1. Dimerization Constants KD of Bisporphyrins 1-6 at
295 K

compd solvent KD (M-1) ∆G (kcal‚mol-1)

1 CDCl3 310( 20 -3.4( 0.1
1 toluene-d8 5500( 500 -5.0( 0.1
2 CDCl3 75 ( 1 -2.5( 0.1
2 toluene-d8 830( 30 -3.9( 0.1
3 CDCl3 205( 4 -3.1( 0.1
4 CDCl3 121( 2 -2.8( 0.1
5 CDCl3 98 ( 2 -2.7( 0.1
6 CDCl3 15.8( 0.4 -1.6( 0.1
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the formation of an assembly having aromatic rings. Our
chemical shift simulation method was applied for estimating
the CIS changes of the protons of1‚1 via dimerization. The
induced shift changes of protons H2-H8 of the linker moiety
were calculated with the structures given in Figure 5.

Protons H3 and H4 in structureA show larger upfield shifts
than those inB, and the given values for structureA are closer
to those observed. These results conclude that dimer1‚1
predominantly adopts structureA. In contrast, other dimers
showed smaller CIS shift changes for the pyridyl protons; the
presence of the substituents at the para position of the pyridyl
ring reduce the values, and isophthalamide linker is worse for
complementary dimerization. These results do not allow us to
rule out the presence of structureB in these dimers.

StructureB still has a binding site in one of the two bispor-
phyrin clefts, in which another bisporphyrin can bind to form a
trimer. To confirm the presence of the trimeric structures, the
electrospray mass measurements were carried out (Figure 6).

The derived spectrum of bisporphyrin5 showed several
characteristic peaks, appearing atm/z 2781, 2086, and 1391,
two of which were easily attributable to [5‚5 + H]+ and [5‚5
+ 2H]2+; the other peak appearing atm/z 2086 was assigned to
be doubly charged trimeric ion [5‚5‚5 + 2H]2+. bisporphyrins
6 also showed the formation of trimer [6‚6‚6 + 2H]2+ as well
as dimers [6‚6 + H]+ and [6‚6 + 2H]2+ in the gas phase. A 1:1
mixture of5 and6 should give the four possible combinations
of the trimeric structures:5‚5‚5, 5‚5‚6, 5‚6‚6, and6‚6‚6. The
peaks of the trimeric charged species appeared as [5‚5‚5 +
2H]2+, [5‚5‚6 + 2H]2+, [5‚6‚6 + 2H]2+, and [6‚6‚6 + 2H]2+

in Figure 6b, providing a further support that bisporphyrins5
and6 adopt structureB.

For all bisporphyrins1-6, the observedm/z peaks and their
relative abundances to their monomer peaks are shown in Table
4. The formation of trimers was not detected in the cases of
bisporphyrins1-4, whereas the trimers of5 and6 possessing
isophthalamide linkers stably formed in the gas phase. These

FIGURE 5. Schematic representations and calculated structures for two plausible self-assembled dimers1‚1.

TABLE 2. The Complexation Induced Chemical Shift Changes,∆δ, of Bisporphyrins 1-6

∆δ/ppm

compd H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13

1 -0.80 -2.10 -5.09 -5.69 -0.28 -0.27 -0.25 -0.59
2 -0.10 -0.66 -2.84 0.14 -0.21 -0.37 -0.64 -3.29 -2.02 -1.18 -0.07
3 -0.39 -1.51 -3.90 -0.09 -0.24 -0.34 -0.67
4 -0.29 -1.31 -3.56 a -0.23 -0.40 -0.79
5 -0.11 -0.86 -2.98 -4.05 -0.60 -0.47 -1.13 -1.49 -0.81
6 a -0.79 -1.28 0.25 -0.50 -1.22 -1.03 -0.47 -1.84 -1.26 -1.09 -0.23

a Upfield shift.
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results allow us to conclude that the dimers of bisporphyrins
1-4 possessing the pyridyl linkers mainly adopt the self-
complementary structureA while structureB should be pre-
dominant in the dimers formed from5 and6.

Thermodynamic Studies of the Dimerization.Van’t Hoff
analysis of the dimerization provides further insights into the
role of the bisporphyrin cleft. The dimerization constants of the
bisporphyrins were determined at four different temperatures.
Van’t Hoff plots gave good linear correlations, providing
thermodynamic parameters for their dimerization (Figure 7,
Table 5).

These association events are enthalpically favored. The
porphyrin ring provides a flat and electron-rich surface, which
createsπ-π stacking, van der Waals, and charge transfer
interactions. These interactions should work within the cleft of
the bisporphyrins when the flat aromatic linker moieties stay
between the two porphyrin rings; thus, the main part of the
enthalpic gain should come from these weak interactions
working between the cleft and the linkers. The self-assembly
of 2 enforces the hexyl chain into the cleft. This arrangement
of the hexyl chain creates extra enthalpic benefit by means of
a multitude of van der Waals contacts to the porphyrin rings,
but has to pay the entropic cost due to the loss of the rotational
freedom. As a result, the negative entropic contribution reduces
the free energy of the assembly.

The pyridyl ring plays a key role in forming the dimerization
(1 and 2 vs 5 and 6). The nitrogen atom of the pyridyl ring
produces the hydrogen bonds to the amide N-H protons, fixing
the conformational freedom around the pyridyl ring whereas
such hydrogen bonds are not present in isophthalamide unit
(Figure 8).12 The well-preorganized cleft of bisporphyrins1 and

2 brings further free energy gains for the dimerization when
compared to5 and6.13

Interestingly, the stability of the dimers1‚1 and2‚2 decreased
along with the increase of the solvent polarities: the dimerization
constants decrease in the order of toluene-d8 > chloroform-d1

> 20% methanol-d4-chloroform-d1. This solvent effect shows
the unique solvation property of the bisporphyrins. Methanol
and chloroform solvate the planar surfaces of the electron-rich
porphyrin rings as well as the polar functionalities via van der
Waals, CH/π, and hydrogen bonding interactions; thus the
dimerization has to liberate some of the solvent molecules.
Indeed, the positive value of the entropy for the dimerization
in 20% methanol-d4-chloroform-d1 was observed, supporting
that desolvation plays an important role for this association
(Figure 9).14

Guest Binding Studies.It is known that the bisporphyrin
family provides the electron-rich cleft in which electron deficient
aromatic guests are accommodated in organic solvents.15 If
bisporphyrin1 binds some aromatic guests, its self-assembly
can be regulated by guest binding. Judging from the dimerization
constant of1 at 298 K in chloroform-d1, the molar fraction of
the monomer of1 is more than 97% when its concentration is
lower than 2× 10-5 mol/L. The titration experiments of1 with
the aromatic guests were carried out in this concentration by
using absorption spectra (Figure 10).

During the addition of9, the absorption spectra showed
characteristic changes at Soret and Q-bands, and isosbestic
points appeared, indicating that bisporphyrin1 takes up electron
deficient aromatic guest9 within the cleft to form a 1:1 host-
guest complex. Plotting the changes of the absorption at 434
nm vs the concentration of9 produced a curve, nicely fit to a
1:1 host-guest model to yield the binding constant (Ka: 410 000
( 10 000 L mol-1).

The structural information of the host-guest complex was
given by the 1H NMR spectra. The five discrete proton
resonances of guest9 appear in the aromatic region (Figure 12a).
When a stoichiometric amount of bisporphyrin1 was added
into the solution of9, the guest protons shifted upfield and
their signals were relatively broadened due to the large differ-
ence between the chemical shifts of the bound and free guests
(Figure 12b). Further addition of1 to the solution of9 resulted
in the sharp signals with the large upfield shifts (Table 6),
indicating that the guest was completely taken up within the
bisporphyrin cleft in which its protons experienced the high
shielding effect.

A molecular modeling study of the host-guest complexes
provides further information of the molecular structure of them.
A stereoplot of the calculated structure of1‚9 is shown in Figure
13. In the calculated structure, guest9 stacks nicely between
the two porphyrin rings, which rationalizes the large upfield
shifts of the guest protons.

Other aromatic guests10-17were assessed in the same way.
Every bound guest shows the large CIS values, indicating that
the bisporphyrin takes up its guest within the cleft. Electron

(12) (a) Hunter, C. A.; Purvis, D. H.Angew. Chem., Int. Ed. Engl.1992,
31, 792-795. (b) Hamuro, Y.; Geib, S. J.; Hamilton, A. D.Angew. Chem.,
Int. Ed. Engl.1994, 33, 446-448.

(13) Cram, D. J.Angew. Chem., Int. Ed. Engl.1988, 27, 1009-1020.
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125, 12082-12083.

FIGURE 6. Mass spectra of (a)5, (b) a 1:1 mixture of5 and6, and
(c) 6 in CHCl3-CH3OH (8:2).

TABLE 3. The Estimated Chemical Shift Changes via the
Formation of Dimer 1‚1

structure H2 H3 H4 H5 H6 H7 H8

A -4.61 -5.46 -5.90 -0.15 0.04 0.05 -0.47
B -2.89 -3.30 -2.94 -0.13 -0.24 0.25 -0.24

obsd -2.10 -5.09 -5.69 -0.28 -0.27 -0.25 -0.59
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deficient planar aromatic guests9-11 possessing the wide
contact surfaces for the bisporphyrin resulted in distinctively
strong binding affinities. The notable trends for the stability of
the host-guest complexes are seen in the series of benzene
derivatives12-14 and 15-17; the more electron deficient
benzene ring works rather well as a guest compared to the others
(12 and15 vs 13, 14 ,and16, 17). On the basis of the binding

data (Table 6), it is concluded that theπ-π stacking and charge
transfer interactions between the bound guest and the two
porphyrin rings mainly drive these associations.

The association constant of aromatic guest9 to the bispor-
phyrin is more than 1000 times as large as its dimerization
constant. The association of the dimer can thus be regulated by
the addition of the guest. Decomplexation of bisporphyrin dimer
1‚1 was carried out by the addition of9 in chloroform-d1.

The molar fraction of dimer1‚1 is about 60% at the
concentration of 7.0 mmol L-1 in chloroform-d1. When a small
amount of9 was added into the solution of the dimer, the sharp
signals of the bound guest appeared in the range between 4
and 7 ppm whereas the signals of the aromatic region were
broadened due to the equilibrium among1‚1, 1, 9, and 1‚9
(Figure 14b,c). Further addition of9 resulted in the relatively
sharp and well-split signals in the aromatic regions. The

TABLE 4. Electrospray Mass Measurements for Bisporphyrins 1-6

obs. mass % abundance

compd MF monomer dimer trimer monomer dimer trimer

1 C95H63N11O2 1392 2783 100 13 0
1 + 2 C196H138N22O5 2882 100 8 0
2 C101H75N11O3 1492 2983 100 6 0
3 C95H62N11O2Cl 1426 2851 100 17 0
4 C95H62N11O2Br 1471 2941 100 14 0
5 C96H64N10O2 1391 2781 2086 100 6 7
5 + 6 C198H140N20O5 2880 2136, 2186 100 5 7, 5
6 C102H76N10O3 1491 2981 2235 100 6 13

FIGURE 7. The titration curves for1 in chloroform-d1 at (a) 253, (b) 263, (c) 273, and (d) 295 K, and its Van’t Hoff plot.

TABLE 5. Thermodynamic Parameters for the Dimerization of Bisporphyrins 1-6

compd solvent ∆H (kcal mol-1) ∆S(cal mol-1 K-1) ∆G (kcal mol-1)

1 toluene-d8 -7.1( 0.2 -5.8( 0.5 -5.0( 0.1
1 CDCl3 -3.8( 0.1 -1.7( 0.2 -3.4( 0.1
1 20% CD3OD-CDCl3 -1.3( 0.1 3.8( 0.5 -2.4( 0.1
2 toluene-d8 -7.2( 0.1 -10.6( 0.1 -3.9( 0.1
2 CDCl3 -5.1( 0.1 -9.1( 0.5 -2.5( 0.1
3 CDCl3 -4.7( 0.1 -5.3( 0.2 -3.1( 0.1
4 CDCl3 -4.0( 0.3 -4.1( 1.0 -2.8( 0.1
5 CDCl3 -3.3( 0.1 -2.0( 0.4 -2.7( 0.1
6 CDCl3 -4.4( 0.2 -9.3( 0.9 -1.6( 0.1

FIGURE 8. Preferential conformations of bisporphyrins.

FIGURE 9. Schematic representation of the desolvation via self-assembly.
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chemical shifts of H7 and H8 reached 8.82 and 8.37 ppm, which
are common chemical shifts observed for pyridyl protons. These
results indicate that dimer1‚1 was completely dissociated by
the complexation of9 to form monomeric bisporphyrin complex
1‚9.

Conclusion

Bisporphyrins1-6 assemble to form the dimers and the
trimers. Our chemical shift simulation predicted the complex-
ation-induced shifts for dimer1‚1. Judging from a comparison

between the predicted and observed values, the dimer adopts
self-complementary structureA. On the basis of the thermo-
dynamic studies for the self-assemblies, it is clear that not only
many subtle interactions such as van der Waals, CH/π, andπ-π
stacking interaction but also the desolvation regulate the self-
assembling phenomena. The bisporphyrin can work as a good
host for flat aromatic guests. Electron deficient guests bound
between the bisporphyrin cleft via charge transfer as well as
van der Waals, CH/π, andπ-π stacking interactions. During
the studies, we found very good aromatic guests9-11, which
showed extremely strong binding affinities for1. The decom-
plexation of1‚1 was achieved by addition of9 to form 1‚9.
The self-assembling of1 can be regulated by the guest
complexation, giving a wide range of possible scope for the
application including molecular devices and information storage.

Experimental Section

N,N′-Bis[3-(10,15,20-triphenyl-21H,23H-porphin-5-yl)phenyl]-
2,6-pyridinedicarboxamide (1).To a solution of8 (85.0 mg, 0.135
mmol), a catalytic amount of 4-(dimethylamino)pyridine, and
triethylamine (0.10 mL, 0.70 mmol) in THF (6 mL) was added a
solution of7a (12.0 mg, 0.061 mmol) in THF (2 mL) at 0°C. After
being stirred overnight, the reaction mixture was diluted with
methylene chloride. The organic layer was washed with aqueous

FIGURE 10. Aromatic guests.

FIGURE 11. Absorption spectra of1 (2.0 × 10-5 mol L-1) in the
presence of9 at 298 K in chloroform. The concentrations of9 are from
the bottom (a) 0.0, (b) 0.8× 10-5, (c) 1.6× 10-5, (d) 2.4× 10-5, (e)
3.2 × 10-5, and (f) 40.0× 10-5 mol L-1.

FIGURE 12. 1H NMR spectra of9 (1.0 × 10-3 mol L-1) in the
presence of1 at 298 K in chloroform-d1. The concentrations of1 are
(a) 0.0, (b) 1.0× 10-3, and (c) 2.0× 10-3 mol L-1.

TABLE 6. Binding Constants of 1 with Aromatic Guests 9-17 at
298 K in Chloroform and Their Complexation Induced Shifts (∆δ)

guest Ka (M-1) ∆G (kcal‚mol-1) CIS (δδ)/ppm

9 410 000( 10 000 -7.65( 0.01 H1:-4.02, H2:-3.33,
H3: -5.27,H4:-2.65,

10 170 000( 30 000 -7.1( 0.1 H5:-2.20
11 121 000( 6000 -6.93( 0.02 -7.56
12 8500( 200 -5.36( 0.01 -6.78
13 290( 7 -3.36( 0.01 -2.86
14 N.B.
15 8700( 600 -5.37( 0.04 -6.87
16 N.B.
17 N.B.

FIGURE 13. Stereoplot of the calculated structure for the host-guest
complex of1 with 9.

FIGURE 14. 1H NMR spectra of1 (7.0 × 10-3 mol L-1) in the
presence of9 at 298 K in chloroform-d1. The concentrations of9 are
(a) 0.0, (b) 2.8× 10-3, (c) 4.9× 10-3, (d) 7.7× 10-3, and (e) 9.8×
10-3 mol L-1. An asterisk denotes bound guest signals.
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sodium bicarbonate, dried over sodium sulfate, and concentrated
in vacuo. The residue was purified by column chromatography on
silica gel (80% CH2Cl2-hexane) to give purple solid1 (26.0 mg,
31%).1H NMR (500 MHz, 10 mM, CDCl3) δ 8.78 (m, 8H), 8.73
(d, 4H, J ) 4.9 Hz), 8.70 (d, 4H,J ) 4.9 Hz), 8.45 (s, 2H), 8.36
(br s, 2H), 8.22 (d, 2H,J ) 7.3 Hz), 8.16-8.13 (m, 6H), 8.07 (d,
4H, J ) 7.3 Hz), 7.79 (d, 2H,J ) 8.0 Hz), 7.71 (d, 2H,J ) 8.0
Hz), 7.70-7.48 (m, 18H), 7.47 (t, 2H,J ) 8.0 Hz), 5.43 (br s,
2H), 4.59 (br s, 1H),-3.32 (br s, 4H) ppm;13C NMR (125 MHz,
10 mM, CDCl3) δ 159.4, 145.4, 142.8, 142.1, 142.0, 135.6, 135.5,
134.6, 134.5, 131.2, 127.6, 127.0, 126.6, 125.7, 122.2, 120.3, 120.0,
119.0, 118.9 ppm; IR (KBr) 3375, 3314, 1689, 1532 cm-1; UV-
vis (CHCl3) λmax (ε) 418.5 (7.66× 105), 515.5 (3.33× 104), 550.5
(1.33× 104), 590.0 (9.65× 103), 645.5 (5.96× 103) nm; ESI-MS
m/z 1392.0 [1 + H]+, 2782.5 [1‚1 + H]+; FAB-MS m/z 1391 [1 +
H]+; HRMS (FAB+) m/z calcd for C95H64N11O2 1390.5244, found
1390.5210 [M+ H]+. Anal. Calcd for C95H63N11O2‚2.5H2O: C
79.47, H 4.78, N 10.73. Found: C 79.39, H 4.54, N 10.73.

4-(Hexyloxy)-N,N′-bis[3-(10,15,20-triphenyl-21H,23H-porphin-
5-yl)phenyl]-2,6-pyridinedicarboxamide (2).To a solution of8
(21.0 mg, 0.033 mmol), a catalytic amount of 4-(dimethylamino)-
pyridine, and triethylamine (0.021 mL, 0.15 mmol) in THF (1 mL)
was added a solution of7b (5.0 mg, 0.016 mmol) in THF (1 mL)
at 0 °C. After being stirred overnight, the reaction mixture was
diluted with methylene chloride. The organic layer was washed
with aqueous sodium bicarbonate, dried over sodium sulfate, and
concentrated in vacuo. The residue was purified by column
chromatography on silica gel (80% CH2Cl2-hexane) to give purple
solid 2 (17.0 mg, 41%).1H NMR (500 MHz, 10 mM, CDCl3) δ
9.51 (s, 2H), 8.85 (d, 4H,J ) 4.6 Hz), 8.83 (d, 4H,J ) 4.6 Hz),
8.78 (d, 4H,J ) 4.6 Hz), 8.74 (d, 4H,J ) 4.6 Hz), 8.66 (s, 2H),
8.25 (d, 2H,J ) 6.7 Hz), 8.17-8.14 (m, 10H), 7.85 (d, 2H,J )
7.6 Hz), 7.79 (d, 2H,J ) 7.6 Hz), 7.72-7.54 (m, 18H), 7.45 (t,
2H, J ) 7.6 Hz), 6.87 (br s, 2H), 2.86 (br s, 2H), 1.14 (m, 2H),
1.04-0.98 (m, 4H), 0.91 (m, 2H), 0.80 (t, 3H,J ) 7.3 Hz),-2.88
(br s, 4H) ppm;13C NMR (125 MHz, 10 mM, CDCl3) δ 167.0,
161.0, 149.8, 143.0, 142.2, 142.0, 135.6, 134.6, 134.5, 131.2, 127.7,
127.6, 127.1, 126.64, 126.57, 126.4, 120.25, 120.16, 119.5, 119.0,
110.7, 68.3, 31.2, 28.0, 25.0, 22.3, 13.9 ppm; IR (KBr) 3373, 3314,
1691, 1530 cm-1; UV-vis (CHCl3) λmax (ε) 418.5 (7.39× 105),
516.0 (3.37× 104), 551.0 (1.47× 104), 590.0 (1.07× 104), 646.0
(6.24 × 103) nm; ESI-MSm/z 1491.9 [2 + H]+, 2982.5 [2‚2 +
H]+; FAB-MS m/z 1491 [2 + H]+; HR MS (FAB+) m/z calcd for
C101H76N11O3 1490.6133, found 1490.6161 [M+ H]+. Anal. Calcd
for C101H75N11O3‚3PrOH‚CH3CN: C 78.57, H 6.02, N 9.82.
Found: C 78.47, H 6.31, N 9.86.

4-(Chloro)-N,N′-bis[3-(10,15,20-triphenyl-21H,23H-porphin-
5-yl)phenyl]-2,6-pyridinedicarboxamide (3).To a solution of8
(370.0 mg, 0.59 mmol), a catalytic amount of 4-(dimethylamino)-
pyridine, and pyridine (0.5 mL, 6.18 mmol) in THF (10 mL) was
added a solution of7c (54.0 mg, 0.23 mmol) in THF (3 mL) at 0
°C. After being stirred overnight, the reaction mixture was diluted
with methylenechloride. The organic layer was washed with
aqueous sodium bicarbonate, dried over sodium sulfate, and
concentrated in vacuo. The residue was purified by column
chromatography on silica gel (80% CH2Cl2-hexane) to give purple
solid 3 (95.0 mg, 29%).1H NMR (500 MHz, 10 mM, CDCl3) δ
8.83 (d, 4H,J ) 4.6 Hz), 8.80 (d, 4H,J ) 4.6 Hz), 8.72 (m, 8H),
8.66 (br s, 2H), 8.52 (s, 2H), 8.24 (d, 2H,J ) 6.8 Hz), 8.19-8.18
(m, 6H), 8.08 (d, 4H,J ) 7.0 Hz), 7.83 (d, 2H,J ) 7.4 Hz), 7.70-
7.51 (m, 20H), 7.42 (t, 2H,J ) 7.6 Hz), 6.13 (br s, 2H),-3.08 (s,
4H) ppm; 13C NMR (75 MHz, 10 mM, CDCl3) δ 158.8, 142.9,
142.1, 142.0, 135.2, 134.6, 134.4, 131.3, 127.6, 127.1, 126.6, 126.0,
123.3, 120.4, 120.1, 119.3, 118.7 ppm; IR (KBr) 3389, 3314, 1692,
1535 cm-1; UV-vis (CHCl3) λmax (ε) 418.0 (8.37× 105), 515.0
(3.72× 104), 550.0 (1.50× 104), 590.0 (1.09× 104), 646.0 (7.52
× 103) nm; FAB-MS m/z 1425 [4 + H]+; ESI-MS m/z 1426.4 [4
+ H]+, 2851.1 [4‚4 + H]+; HR MS (FAB+) m/zcalcd for C95H63

37-
ClN11O2 1426.4825, found 1426.4845 [M+ H]+.

4-(Bromo)-N,N′-bis[3-(10,15,20-triphenyl-21H,23H-porphin-
5-yl)phenyl]-2,6-pyridinedicarboxamide (4).To a solution of8
(228.0 mg, 0.360 mmol), a catalytic amount of 4-(dimethylamino)-
pyridine, and pyridine (0.5 mL, 6.18 mmol) in THF (10 mL) was
added a solution of7d (49.0 mg, 0.17 mmol) in THF (3 mL) at 0
°C. After being stirred overnight, the reaction mixture was diluted
with methylene chloride. The organic layer was washed with
aqueous sodium bicarbonate, dried over sodium sulfate, and
concentrated in vacuo. The residue was purified by column
chromatography on silica gel (80% CH2Cl2-hexane) to give purple
solid 4 (107.0 mg, 43%).1H NMR (500 MHz, 10 mM, CDCl3) δ
8.87 (br s, 2), 8.84 (d, 4H,J ) 4.6 Hz), 8.81 (d, 4H,J ) 4.6 Hz),
8.74-8.73 (m, 8H), 8.56 (s, 2H), 8.25(d, 2H,J ) 7.4 Hz), 8.18 (d,
6H, J ) 7.4 Hz), 8.10 (d, 4H,J ) 7.4 Hz), 7.84 (d, 2H,J ) 7.4
Hz), 7.72-7.49 (m, 20H), 7.40 (t, 2H,J ) 7.4 Hz), 6.77 (br s,
2H), -3.00 (br s, 4H) ppm;13C NMR (125 MHz, 10 mM, CDCl3)
δ 159.1, 147.7, 142.9, 142.1, 142.0, 135.1, 134.6, 131.3, 127.6,
127.1, 126.6, 126.2, 120.4, 120.1, 119.4, 118.7 ppm; IR (KBr)
3407, 3319, 1685, 1531 cm-1; UV-vis (CHCl3) λmax (ε) 418.0 (8.27
× 105), 515.0 (3.68× 104), 550.0 (1.53× 104), 591.0 (1.19×
104), 646.0 (6.90× 103) nm; FAB-MS m/z 1470 [5 + H]+;
ESI-MSm/z1471.2 [5 + H]+, 2940.7 [5‚5 + H]+; HR MS (FAB+)
m/z calcd for C95H63

81ClN11O2 1470.4329, found 1470.4327 [M+
H]+.

N,N′-Bis[3-(10,15,20-triphenyl-21H,23H-porphin-5-yl)phenyl]-
1,3-benzenedicarboxamide (5).To a solution of8 (130.0 mg, 0.210
mmol), a catalytic amount of 4-(dimethylamino)pyridine, and
pyridine (0.5 mL, 6.18 mmol) in THF (5 mL) was added a solution
of 7e (19.0 mg, 0.10 mmol) in THF (1 mL) at 0°C. After being
stirred overnight, the reaction mixture was diluted with methylene
chloride. The organic layer was washed with aqueous sodium
bicarbonate, dried over sodium sulfate, and concentrated in vacuo.
The residue was purified by column chromatography on silica gel
(80% CH2Cl2-hexane) to give purple solid5 (45.0 mg, 32%).1H
NMR (500 MHz, 10 mM, CDCl3) δ 8.88 (d, 4H,J ) 4.6 Hz), 8.80
(d, 4H,J ) 4.6 Hz), 8.69 (d, 4H,J ) 4.6 Hz), 8.62 (d, 4H,J ) 4.6
Hz), 8.25 (d, 2H,J ) 6.4 Hz), 8.21 (d, 2H,J ) 6.4 Hz), 8.12 (s,
1H), 8.10 (d, 4H,J ) 6.7 Hz), 8.04 (s, 2H), 7.81-7.74 (m, 14H),
7.62 (t, 4H,J ) 7.3 Hz), 7.54 (t, 4H,J ) 7.3 Hz), 7.44 (d, 2H,J
) 7.6 Hz), 7.23-7.18 (m, 6H), 6.59 (br s, 2H), 5.55 (br s, 1H),
-2.87 (br s, 4H) ppm;13C NMR (125 MHz, 10 mM, CDCl3) δ
164.6, 142.7, 142.1, 141.8, 135.8, 134.6, 134.5, 134.4, 134.2, 134.1,
130.9, 129.0, 127.9, 127.8, 127.5, 127.1, 126.71, 126.67, 126.6,
126.53, 126.45, 124.6, 120.4, 120.1, 119.6, 118.9 ppm; IR (KBr)
3419, 3315, 1675, 1540 cm-1; UV-vis (CHCl3) 418.5, 515.5,
551.0, 590.0, 646.0 nm; ESI-MSm/z 1390.8 [6 + H]+, 2780.5 [6‚
6 + H]+; FAB-MS m/z 1390 [6 + H]+; HR MS (FAB+) m/z calcd
for C96H65N10O2 1389.5292, found 1389.5302 [M+ H]+. Anal.
Calcd for C96H64N10O2‚2EtOH: C 81.06, H 5.17, N 9.45. Found:
C 81.24, H 5.18, N 9.72.

5-(Hexyloxy)-N,N′-bis[3-(10,15,20-triphenyl-21H,23H-porphin-
5-yl)phenyl]-1,3-benzenedicarboxamide (6).To a solution of8
(250.0 mg, 0.400 mmol), a catalytic amount of 4-(dimethylamino)-
pyridine, and pyridine (0.5 mL, 6.18 mmol) in THF (4 mL) was
added a solution of7f (55.0 mg, 0.18 mmol) in THF (1 mL) at
0 °C. After being stirred overnight, the reaction mixture was
diluted with methylene chloride. The organic layer was washed
with aqueous sodium bicarbonate, dried over sodium sulfate,
and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (80% CH2Cl2-hexane) to give purple
solid 6 (66.0 mg, 25%).1H NMR (500 MHz, 10 mM, CDCl3)
δ 8.85-8.83 (m, 12H), 8.79 (d, 4H,J ) 4.3 Hz), 8.39 (s, 2H),
8.30 (s, 2H), 8.22 (d, 4H,J ) 6.7 Hz), 8.18 (d, 4H,J ) 6.4 Hz),
8.13 (d, 2H,J ) 6.4 Hz), 7.96 (d, 2H,J ) 7.4 Hz), 7.92 (d, 2H,
J ) 7.4 Hz), 7.79-7.56 (m, 18H), 7.51 (t, 2H,J ) 7.4 Hz), 7.38
(s, 2H), 3.70 (br s, 2H), 1.29-1.16 (m, 6H), 0.79 (t, 3H,J ) 7.0
Hz) ppm; 13C NMR (125 MHz, 10 mM, CDCl3) δ 165.0, 159.7,
143.0, 142.1, 142.0, 136.5, 136.1, 134.5, 131.4, 131.3, 127.7, 127.6,
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127.3, 126.7, 126.6, 120.3, 120.2, 119.6, 119.0, 116.9, 116.8, 116.5,
68.5, 31.4, 28.8, 25.4, 22.4, 13.9 ppm; IR (KBr) 3412, 3315, 1684,
1528 cm-1; UV-vis (CHCl3) λmax (ε) 418.0 (8.43× 105), 515.0
(3.55× 104), 550.0 (1.40× 104), 590.0 (1.00× 104), 645.0 (6.37
× 103) nm; ESI-MSm/z 1490.9 [7 + H]+, 2980.6 [7‚7 + H]+;
FAB-MS m/z 1490 [7 + H]+; HR MS (FAB+) m/z calcd for
C102H77N10O3 1489.6180, found 1489.6178 [M+ H]+. Anal. Calcd

for C102H76N10O3‚1.67EtOH: C 80.75, H 5.54, N 8.94. Found: C
80.51, H 5.81, N 9.16.
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