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In allosteric receptors the binding of one substrate is influenced 

by the binding of a second substrate at a remote site. Allosteric 

effects play an important role in regulating biological processes 

like oxygen transport and enzyme activity.1 There are only a 

few reports in literature on synthetic receptors in which binding 

is regulated by the allosteric effect. Most of these reports concern 

hosts with binding sites for metal ions.2 Very recently, Schneider 

and Ruf have described a synthetic receptor which shows enhanced 

binding of aromatic substrates in the presence of C u2+ or Zn2+, 

due to an allosteric effect.3 W e  report herein a molecular receptor 

(1), that can exist in different conformations, one of which is able 

to bind 1,3-dinitrobenzene by tt-tt interactions. Moreover, we 

describe a bis-crown ether analogue of this receptor (2) in which 

a dinitrobenzene-binding conformation can be induced by addition 

of a metal salt (Figure la).

1a R = H 
1b R = OAc 
1c R = OMe

Compound lb exists in C D C l3 solution as a mixture of con- 

formers, that interconvert slowly on the N M R  time scale. This 

process could be monitored with a two-dimensional *H N M R  

exchange experiment.4 Inspection of C P K  models and molecular

(1) Koshland, D. E. Jr. In The Enzymes', Boyer, P., Ed.; Academic Press: 
New York, 1970; Vol. 1, p 341.

(2) (a) Rebek, J. Jr.; Costello, T.; Marshall, J.; Wattley, R.; Gadwood, R. 

C.; Onan, K. J. Am. Chem. Soc. 1985, 7481. (b) Beer, P. D. J. Chem. Soc., 
Chem. Commun. 1988, 52.

(3) Schneider, H.-J.; Ruf, D. Angew. Chem. 1990, 102, 1192.
(4) Perrin, C. L.; Gipe, R. K. J. Am. Chem. Soc. 1984, 106, 4036.

ss sa aa

Figure 1. (a) Induced binding of 1,3-dinitrobenzene in 2 by addition of 

metal ions and (b) modeled structures of the three conformations of la.

mechanics calculations5 on la suggest that compounds 1 can exist 

in three conformations of similar energy, designated as ss (syn 

syn), sa (syn anti), and aa (anti anti), respectively (Figure lb). 

This feature is in accordance with the presence of four A B  patterns 

in the 'H  N M R  spectrum for the methylene protons of lb, one 

AB  pattern for each of the aa and ss conformers, and two for the 

less symmetric as conformer.6 The N M R  data show that at 25 

°C, 91% of molecules lb are in the as conformation, 4.7% in the 

ss conformation, and 4.3% in the aa conformation. Compound 

lc, of which an even lower proportion of the molecules is present 

in the aa conformation, forms a complex with 1,3-dinitrobenzene 

(D N B ) in CHC13, as can be concluded from the development of 

a yellow color upon addition of this substrate. In the 'H  N M R  

spectrum of lc, the intensity of the signals of the aa conformer 

shift and increase in intensity when D N B  is added, whereas the 

signals of the other conformers decrease in intensity.7 Therefore 

this receptor has a higher affinity for D N B  in its aa conformation, 

leading to an induced fit type of binding mechanism. From a U V  

titration in C H C 13, the association constant for D N B  was cal

culated to be Ka = 4.2 ± 0.4 M -1.

Compound 2 is an analogue of 1, in which the naphthalene 

moieties are bridged by two aza crown ether rings. Compounds 

similar to 2 are strong binders of alkali-metal ions.8 Like lb and 

lc, 2 exists predominantly in the sa conformation. In this con

formation as well as in the ss form, the crown ether parts of the 

molecule cannot effectively bind an alkali-metal ion due to in

terference by the glycoluril part of the molecule. C P K  models 

show, however, that in the aa conformation each of the crown ether 

moieties can wrap nicely around an ion. Addition of a potassium 

salt to a solution of 2 leads to an increase in intensity of the ‘H  

N M R  signals of the aa conformation. When a solution of 2 in 

CDCl3/DMSO-i/6 (3:1 v/v) was titrated with potassium picrate, 

initially 2.08 potassium ions were required to bring one molecule 

of 2 in the aa conformer. This indicates that 2 binds potassium 

ions in a 1:2 stoechiometry.

Since the aa conformer of 2 is expected to display the highest 

affinity for 1,3-dinitrobenzene, we were tempted to assess the 

ability of metal ions to induce substrate binding by an allosteric

(5) Molecular mechanics calculations with the MMP2(85) force field 
parameters yield energies for the three conformers that are within 1.6 kcal 

of each other.

(6) Peaks in the spectrum could be assigned on the basis of the fact that 

in the ss and sa conformers the protons of the phenyl groups undergo an 
upfield shift due to the proximity of the naphthalene rings and on the fact that 

the signals from the nonequivalent sides of the sa conformer have the same 

intensity.
(7) From the observed induced shifts on host and guest protons we conclude 

that DN B  is bound with its N 0 2 groups pointing away from the cavity.

(8) Kt = (0.4 - 2.0) X 106 M "1 in CHC13 for a related compound with 

benzene instead of naphthalene walls, cf.: Smeets, J. W . H.; van Dalen, L.; 

Kaats-Richter, V. E. M.; Nolte, R. J. M . J. Org. Chem. 1990, 55, 454.
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mechanism. To this end 2 m M  solutions of 2 in C H C l3/D M S O  

(9:1 v/v) were titrated with D N B  both in the absence and in the 

presence of 8 m M  K S C N . The absorbances of the solutions were 

monitored at 415 nm during the titrations. Fitting of the data 

gave association constants of 1.2 ± 0.3 M "1 and 7.2 ± 1 M “1 for 

the salt-free and the potassium-containing solutions, respectively. 

These results show that binding of D N B  is stronger by a factor 

of 6 in the presence of potassium ions. This enhancement is caused 

by the conversion of 2 into the aa conformer and not by an ionic 

strength effect, as we verified in a control experiment with 2,7- 

dimethoxynaphthalene and D N B .

The magnitude of the allosteric effect depends on the solvent 

mixture used. W e  observed by UV-vis that in C H C l3/ D M S O  

(3:1 v/v) the increase in D N B  binding by K S C N  is only 1.7 (Ka 

without K S C N , 0.3 ± 0.15 M " 1; Ka in the presence of 4 equiv 

K S C N , 0.5 ±0.12 M “1). An approximately 2-fold increase was 

calculated from 'H  N M R  experiments, measuring the induced 

shifts on D N B . Further experiments are in progress.
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While the cyclopentadienide anion (Cp") is the prototype and 

best known of the charged aromatic species, very few experimental 

comparisons of its aromaticity with that of benzene are available. 

W e  here present evidence that the effective aromaticity of Cp" 

is substantially less than that of benzene, contrary to most cal

culations.

When resonance energies of aromatic molecules are calculated, 

the reference compound used is a (hypothetical) polyene with the 

same number of atoms. Thus in a comparison of Cp" with 

benzene, the two reference compounds are different. A  comparison 

of resonance energies can therefore be somewhat misleading. For 

example, both Aihara1 and Trinajstic2 calculate that Cp" has a 

greater resonance energy than benzene. Only Dewar,3 using 

M IN D O /3 ,  has suggested that the aromatic stabilization energy 

(A SE ) of Cp" is about half that of benzene, although he points 

out that his estimate may be too low. Two more recent calculations 

of indices of aromaticity suggest that Cp' might be somewhat less 

aromatic than benzene.4,5 The only experimental evidence, so 

far, comes from Bordwell’s6 measurements of acidity of Cp in 

D M S O , from which he estimates the A S E  of Cp“ to be about 

24-27 kcal/mol, similar to that calculated for benzene. W e  have 

found that aromaticity can be probed by examination of the 

annelation effects from fusion of the aromatic molecule in question 

on to a [14]annulene, dimethyldihydropyrene (l ).7,8 Thus, Cp~ 

can be directly compared to benzene by comparison of the two

B

1 2 3

fused annulenes 2 and 3. The more aromatic species will suppress 

the macrocyclic ring current to a greater extent and will result 

in a less shielded chemical shift for the internal methyl protons 

of 2 or 3, resulting in less deshielded distant protons, H D, in more 

alternating bond orders, and hence, in different vicinal coupling 

constants in the macrocyclic ring of 2 or 3. No hypothetical 

reference molecules are required, and the measurements are 

simple, although in a charged species the effect of the charge will 

have to be considered. To date, however, no large-ring annulenes 

have ever had a Cp" fused on to them; thus the stability of such 

a system was unknown.

Hopfs9 route to the indenophane anions looked most promising 

and was adapted for the synthesis of 3 as shown in Scheme I. The 

green cyclopentadiene, 6 , mp 114-116 °C , showed its internal 

methyl protons at 6-4.15 and -4.16, indicating no disturbance 

of the ring current of 1. Since 6 was not very stable, it was 

chromatographed immediately prior to its conversion to 3, which 

was achieved by using K H  in dry ¿/8-THF. The resulting red 

solution of 3 gave the 'H  N M R  data given in Table I. The 

spectrum was also run in the presence of [2.2.2]cryptand to sim

ulate a cation-free anion; however, changes in chemical shift were 

all small (see Table I). Immediately apparent is the large dif

ference between the chemical shift of the methyl protons of 3 and 

the benzo derivative 2. If the methyl protons are not much affected 

by the charge, this would clearly indicate Cp ' to have an aro

maticity substantially less effective than that of benzene! As will 

be explained below, we believe that the effect of the charge on 

the methyl protons of free 3" is small, giving a shielding of about 

0.4 ppm, and that the chemical shift of the methyl protons which 

should be used for comparison with 2 is thus about -2.8 ppm (-3.2 

+  0.4). Two specific approaches and one more general approach 

yield this result. 7T-SCF calculations on free 3" indicate that about 

40%  of the charge is delocalized over the macrocyclic ring. From 

the atom charge densities, corrected chemical shifts for the external 

protons A-H can easily be calculated from known10 relationships, 

and these are given as the corrected values in Table I. The value 

for H d can then be used to predict the chemical shift for the 

internal methyl protons using the correlation11 <5Mc = 16.94 - 

2.606H and yields a value of 5Mc = -2.6 corrected for delocalized 

charge. This correction of about 0.6 ppm is the same as would 

be calculated on the basis of the difference in chemical shift of 

H a between 72' and 72+, which is observed12 to be 2.8 ppm, where 

there is on average a difference of 0.3 unit charge per atom 

between these species. In 3" there is only 0.07 unit charge 

(maximum) per atom. Similarly, the difference in chemical shift 

between H a of the neutral [14]annulene13 8 and the [14]annulenyl 

anion14 9 (5 -1.13 and -0.84, respectively) is also small, as is the 

difference in chemical shift15 of H a (0.4 ppm) in 10 and 11. On 

the basis of molecular mechanics calculations, both have H a placed

(1) Aihara, J. J. Am. Chem. Soc. 1976, 98, 2750-2758; Bull. Chem. Soc. 
Jpn. 1977, 50, 3057-3058.

(2) Gutman, 1.; Milun, M.; Trinajstic, N. J. Am. Chem. Soc. 1977, 99, 

1692-1704. Ilic, P.; Trinajstic, N. J. Org. Chem. 1980, 45, 1738-1748.

(3) Dewar, M. J. S. Pure Appl. Chem. 1975, 44, 767-782.

(4) Jug, K. J. Org. Chem. 1983, 48, 1344-1348.

(5) Kuwajima, S.; Soos, Z. G. J. Am. Chem. Soc. 1987, 109, 107-113.

(6) Bordwell, F. G.; Drucker, G. E.; Fried, E. F. J. Org. Chem. 1981, 46, 
632-635.

(7) Mitchell, R. H.; Venugopalan, S.; Zhou, P.; Dingle, T. W . Tetrahedron 
Lett. 1990, 31, 5281-5284.

(8) Mitchell, R. H.; Zhou, P.; Venugopalan, S.; Dingle, T. W . J. Am.
Chem. Soc. 1990, 112, 7812-7813.

(9) Hopf, H.; Raulfs, F. W . Isr. J. Chem. 1985, 25, 210-216. Frim, R.; 

Faulfs, F. W .; Hopf, H.; Rabinovitz, M. Angew. Chem., Int. Ed. Engl. 1986, 

25, 174-175.
(10) Schaefer, T.; Schneider, W . G. Can. J. Chem. 1963, 41, 966-982.

(11) Reference 8 indicates that A6Mc = -2.60A6H - 0.029; A6Mc = 0.97

— ¿Me and A ¿[-j = 6.13 - ¿H-
(12) Mullen, K.; Meul, T.; Vogel, E.; Kürschner, U.; Schmickler, H.; 

Wennerstrom, O. Tetrahedron Lett. 1985, 26, 3091-3094.
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