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Abstract—This Letter reports the design and synthesis of a new type of hydrogen bonding-mediated foldamer-derived tweezer recep-
tors that are incorporated with two peripheral (zinc)porphyrin units. Due to the existence of four intramolecular hydrogen bonds,
the (zinc)porphyrin units are forced to approach and stack with each other. 1H NMR and fluorescent studies revealed that the new
receptors could form 1:1 complexes with planar electron-deficient molecules such as naphthalene and benzene diimides and paraquat
through a unique sandwich-styled binding pattern. The association constants of the new complexes have been evaluated by the 1H
NMR or fluorescent titration methods.
� 2007 Elsevier Ltd. All rights reserved.
Molecular tweezers are a family of synthetic receptors,
which are composed with two binding units and a linker
to adopt a convergent conformation.1 Typically, the
linkers are constructed with rigid polycyclic skeletons,
which enable the tweezers to hold size- and binding
sites-matched guests.2 However, the structural rigidity
also reduces their binding ability for mismatched guests
because such kind of tweezers lack the ability of adjust-
ing the relative orientation of their binding units to
achieve better complexation. Moreover, their syntheses
are usually of low efficiency or time-consuming. With
the advent of foldamer chemistry,3 we have recently
initiated a project to develop new generation of acyclic
receptors for molecular recognition by making use of
hydrogen bonding-induced aromatic oligoamide-derived
foldamers as frameworks.4,5 By incorporating zinc
porphyrins to well-designed rigidified aromatic amide
back-bones, we have constructed two series of non-
covalently driven tweezers that strongly complex large
spheric fullerenes and their derivatives.6 We herein
report the design and synthesis of two new elastic
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bisporphyrin receptors 1a and 1b and their binding
properties toward planar guests 2–5.

Receptors 1a and 1b consist of two electron-rich
porphyrin units and an aromatic tetraamide linker.
Dynamic modeling suggested that, due to the existence
of the continuous intramolecular three-center hydrogen
bonding7,8 and the inherent planarity of the aromatic
amide unit, the peripheral electron-rich (zinc)porphyrins
could be forced to approach and stack with each other,
giving rise to two low-energy structures (Fig. 1). Planar
electron-deficient guests might be driven by the donor–
acceptor interaction to insert between the two porphyrin
units, leading to new complexes of sandwich-styled
binding pattern.9

The synthetic routes for 1a and 1b are shown in Scheme
1. Thus, amine 610 was first treated with 711 in dichloro-
methane in the presence of triethylamine to afford 8 in
80% yield. Raney Ni-catalyzed hydrogenation of 8 in
THF gave 9 in 90% yield. Compound 9 was then cou-
pled with 1012 in dichloromethane to produce 11 in
60% yield. Treatment of 11 with concd sulfuric acid in
dichloromethane gave metal-free 1a in 54% yield.13

The latter was then reacted with zinc acetate in hot
dichloromethane and methanol to afford 1b in 90%
yield.13 For comparison, 12a and 12b were also prepared
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Figure 1. Two low-energy conformations 1a: (a) with a mirror plane
symmetry and (b) with a C2 symmetry. The former is more stable than
the latter with a 6 kcal/mol energy difference.
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from 8 under similar conditions. All the new porphyrin
compounds were soluble in organic solvents such as
chloroform and acetone.

The 1H NMR spectra of compounds 1a, 1b, and 12b in
chloroform-d (4 mM) was of high resolution and exhib-
ited one set of signals (see Figs. 2 and 3, vide infra), indi-
cating that the possible conformational isomers of 1a
and 1b, which might be formed as a result of the differ-
ent orientation of the two porphyrin units relative to
each other, exchanged quickly on the 1H NMR time
scale. The signals in the downfield area have been as-
signed by the NOESY and COSY experiments. The sig-
nals of the three-center hydrogen bonded H-1 (see the
structure in the text for numbering) of 1a and 1b
appeared at the downfield area, clearly showing their
involvement of the intramolecular hydrogen bonding.7,8

Their chemical shifts were very close (9.99 and
10.04 ppm, respectively). In contrast, compared to that
of H-2 of 1a (9.16 ppm), the signal (9.31 ppm) of H-2
of 1b shifted to the downfield area notably, which may
be attributed to the increased deshielding effect pro-
duced by the stacked zinc porphyrin units in 1b.6a,14

Reducing the concentration of 1a and 1b from 5 mM
to 0.2 mM did not cause salient shifting (60.04 ppm)
for the peaks of their aromatic protons. Within the con-
centration range of less than 1.5 lM, their UV–vis
absorbance (the Soret band at 428 nm) observed Beer’s
law. These results supported that no important intermo-
lecular stacking took place for both compounds. Within
the concentration range of 0.2–2.0 lM in chloroform,
the emission intensity (at 605 nm) of the fluorescent
spectra of 1b was always approximately 12% lower than
that of 12b of the identical concentration of the porphy-
rin units. This result indicates that there existed intramo-
lecular stacking of the porphyrin units in 1b, which was
obviously driven by the intramolecular hydrogen bond-
ing and caused the fluorescent self-quenching.15 Com-
pared to those of 12b, the 1H NMR signals of the
aromatic protons of 1b of the identical porphyrin con-
centration in chloroform-d also notably shifted upfield,
further supporting intramolecular stacking of the por-
phyrin units of 1b.

Adding 1b to the solution of naphthalene diimide 216 in
chloroform-d caused remarkable upfield shifting of the
singlet of H-1 of 2 (Dd P 1.41 ppm). The typical 1H
NMR spectra of their mixture solutions are presented
in Figure 2. Similar upfield shifting was also observed
for the mixture solution of 2 and 12b (Fig. 3). Neverthe-
less, the changing value of the chemical shifting of H-1
of 2 under the identical conditions was remarkably
smaller (Dd � 0.33 ppm). Intermolecular NOE connec-
tions were observed between the pyrrole protons of 1b
and H-1 of 2 for their 1:1 solution (5 mM) (Fig. 4). In
contrast, no similar connection was exhibited by the
1:1 solution of 2 and 12b even at the higher concentra-
tion of 8 mM. These results show that intermolecular
donor–acceptor interaction occurred between the elec-
tron-rich porphyrin units of 1b and 12b and the elec-
tron-deficient naphthalene diimide of 2,17 but the
interaction of 1b was substantially stronger than that
of 12b. This difference can be explained by the formation
of a sandwich-styled complex between 1b and 2, in
which the porphyrin units of 1b cooperatively interacted
with 2 as shown in Figure 4. 1H NMR titration experi-
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ments were then performed in chloroform-d. By fitting
the change values of the chemical shifting of the H-1 sig-
nal of 2 with the concentration of 1b and 12b, the asso-
ciation constants (Kassoc) of complexes 1bÆ2 and 2Æ12b
were evaluated to be 850 (±100) and 90 (±10) M�1,
respectively.18,19

Mixing 1b with 2 did not cause salient change of the
chemical shift of the H-1 signal of 1b (Fig. 2). However,
its H-2 signal shifted upfield significantly (up to
0.20 ppm). No similar shifting was displayed for the
NH signal of 12b (Fig. 3). This difference may be
explained by considering that the insertion of 2 between
the stacking porphyrin units of 1b increased the distance
of the two porphyrin units and consequently weakened
the shielding effect of the porphyrin unit on the proton
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of the amide attached to another one. Another possibil-
ity is that the insertion would weaken the strength of the
intramolecular hydrogen bonding of H-2. The result
also implies that intramolecular hydrogen bonding still
existed in 1b after the binding, showing an elastic feature
of its amide linker.

Similar complexing behavior was also observed for 1b
and electron-deficient benzene diimide 3.20 Adding 1b
(40 mM) to the solution of 3 (5 mM) caused an upfield
shifting of 0.26 ppm for the H-1 signal of 3. This value
is substantially smaller than that observed for 2 in the
above system, reflecting the lower electron accepting
ability of 3 compared to 2.16 In the presence of 12b
(40 mM), the H-1 signal of 3 (5 mM) in chloroform-d
did not move saliently (Dd < 0.04 ppm), suggesting that
complex of 1b and 3 also adopted a sandwich-styled
binding pattern. By using the 1H NMR titration meth-
od, we determined the Kassoc of complex 1bÆ3 in chloro-
form to be 120 (±15) M�1.

Adding 1 equiv of 1b to the solution of 4 (5 mM) in
chloroform-d induced the signal of the methylene signal
of 4 to shift upfield 0.12 ppm in the 1H NMR spectrum.
The aromatic signals did not provide useful information
due to important overlapping and coupling. Similar
result was not observed for the mixture solution of 4
and 12b under the identical condition, therefore the
change should be attributed to the insertion of 4
between the porphyrin units of 1b. It has been estab-
lished that pyrene is not electron-deficient,21 so the driv-
ing force for the insertion may be efficient intermolecular
p–p stacking between the porphyrin and pyrene units.22

The interaction of 1b with ionic electron acceptor 523 in
polar acetone-d6 was also investigated with the 1H NMR
spectroscopy. In the presence of 3 equiv of 1b (4 mM),
the signals of the a- and b-protons of 5 shifted upfield
ca. 0.10 ppm. This value is smaller than those observed
above for 2 or 3, but notably larger than the correspond-
ing value (<0.03 ppm) of 5 caused by 12b, showing a
weak cooperation of the zinc porphyrin units of 1b in
binding 5. This might reflect the competitive effect of
the polar solvent that weakened the intramolecular
hydrogen bonding in 1b. The fluorescent emission of
1b was pronouncedly lower (ca. 15%) than that of 12b
in acetone when their porphyrin concentrations were
kept constant, suggesting a folded conformation for
1b, which facilitated the self-quenching of the porphyrin
emission. Quantitative 1H NMR titration experiments
could not be performed due to the decrease of the spec-
tral resolution at high concentration. However, incre-
mental addition of 5 to the solution of 1b in acetone
caused the emission of 1b to increase pronouncedly.
Based on the titration results, the Kassoc of complex
1bÆ5 was determined to be 600 (±70) M�1 in acetone.

In conclusion, we have reported the synthesis of a new
intramolecular hydrogen bonding-induced bisporphy-
rin-based molecular tweezer that complexes planar elec-
tron-deficient guests. The complexes adopt a sandwich-
styled binding pattern and the hydrogen bonded linker
exhibits an elastic feature upon binding. The result dem-
onstrates the feasibility of utilizing intramolecular
hydrogen bonding to modulate the shape of synthetic
receptors for molecular recognition. In principle,
discrete interacting functional units, such as porphyrin
and C60, can be simultaneously introduced to acid–
base-regulated hydrogen bonded back-bones,24 which
may lead to the construction of a new single molecular
device.
Acknowledgments

This work was financially supported by the National
Natural Science Foundation (Nos. 20321202,
20332040, 20425208, 20572126, 20672137) and the
National Basic Research Program (2007CB808000) of
China.
References and notes

1. (a) Zimmerman, S. C. Top. Curr. Chem. 1993, 165, 71–102;
(b) Harmata, M. Acc. Chem. Res. 2004, 37, 862–873.

2. (a) Sygula, A.; Fronczek, F. R.; Sygula, R.; Rabideau, P.
W.; Olmstead, M. M. J. Am. Chem. Soc. 2007, 129, 3842–
3843; (b) Katz, J. L.; Geller, B. J.; Foster, P. D. Chem.
Commun. 2007, 1026–1028; (c) Zhao, Z.-G.; Liu, X.-L.;
Chen, S.-H. Chin. J. Org. Chem. 2007, 27, 246–251; (d)
Peng, X.-X.; Lu, H.-Y.; Han, T.; Chen, C.-F. Org. Lett.
2007, 9, 895–898; (e) Schaller, T.; Büchele, U. P.; Klärner,
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