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Abstract
A bis(resorcinarene) substituted 2,2′-bipyridine was found to bind weakly to small esters like ethyl acetate whereas more bulky

esters were not recognized by this hemicarcerand. This size selective molecular recognition could be controlled by a negative

cooperative allosteric effect: coordination of a triscarbonyl rhenium chloride fragment to the bipyridine causes a conformational

rearrangement that orientates the resorcinarene moieties in different directions so that they cannot act cooperatively in the binding

of the substrate.
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Introduction
Nature uses allosteric effects in a very elegant manner to control

numerous biochemical pathways [1]. Thus, the transfer of this

principle to artificial systems is both challenging and promising

to  regulate  supramolecular  functionality  [2].  The  idea  is  to

employ cooperative effects in the selective association of more

than one substrate to different binding sites of a single receptor.

This causes conformational rearrangements that switch on or off

a function that is inherently embedded in the different parts of

the molecule but which need to be specially arranged in space

in order to act in an optimized cooperative fashion. Some time

ago we were able to report on a heterotropic positive cooper-

ative allosteric analogue (1) [3] of some well known hemicar-

cerands [4,5] (Scheme 1). Their recognition behaviour towards

non-polar  substrates  could  be  dramatically  changed  upon

coordination of a late transition metal ion such as silver(I) as an

effector or modulator to a central 2,2′-bipyridine. This structure

has proved to be an excellent allosteric centre [6-26] due to its

well  defined  ability  to  switch  between  syn-  and  an  anti-

conformations [27].  Recently,  we were able to synthesize a

number  of  derivatives  of  this  first  example  of  an  allosteric

hemicarcerand and their metal complexes formed upon coordin-

ation  to  metal  salts  or  complexes  like  AgBF4,  CuBF4,

[Cuphen]BF4 ,  or  [ (CO)5ReCl]  [28] .  Among  these,

bis(resorcin[4]arene) substituted 2,2′-bipyridine 2 is a structural

isomer of  1  differing only in  the  substitution pattern of  the

central  bipyridine  unit:  whereas  in  1  the  2,2′-bipyridine  is

substituted  in  the  4,4′-position  it  carries  the  resorcinarene

moieties  in  4,6′-position  in  2.
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Scheme 1: Bis(resorcinarene) esters of 4,4′- and 4,6′-(2,2′-bipyridyl)dicarboxylic acid, 1 and 2, respectively.

This,  however,  causes  a  very  important  difference  in  the

receptor’s function: 1 is an example of a receptor that can be

controlled by a heterotropic positive allosteric effect because it

has an open conformation in its non-coordinated form since the

2,2′-bipyridine adopts an anti-conformation which is inactive as

a receptor. Therefore, it needs to be activated by the coordina-

tion  of  a  transition  metal  ion  in  order  to  form  the  closed

conformation where  the  two resorcinarene moieties  can act

together to bind to the substrate. 2, however, can adopt a closed

conformation that is ready to act as a receptor but can be trans-

ferred into an inactive open form upon coordination of a transi-

tion metal ion as an effector. Thus, 2 is designed to act as a first

example for a heterotropic negative cooperative allosteric hemi-

carcerand whose function as a receptor can be switched off by

adding a transition metal ion as an effector. In this account we

present a proof of principle that this concept indeed works: 2

was found to have a weak affinity for simple esters in a size

selective manner in the absence of an effector whereas it does

not  show  any  binding  affinity  when  it  is  coordinated  to  a

tris(carbonyl)rhenium  chloride  fragment  –  thus  showing

negative  cooperative  allosteric  behaviour.

Results and Discussion
Molecular mechanics studies (MMFF force field, Spartan 08)

indicate that 2 offers only a very small cavity surrounded by

rather non-polar acetal and aryl groups for the encapsulation of

a small non-polar substrate via dispersive interactions. Unfortu-

nately,  2  is  soluble only in rather non-polar solvents which,

however, are reasonably good guests for 2 themselves if they

are small enough to fit into the cavity. Moreover, they are also

good solvents for any other non-polar substrate. Thus, we did

not expect to observe high affinities in these binding studies. In

order to minimize the competition of the substrates with the

solvent for the encapsulation we chose to do the binding studies

in mesitylene-d12 which seemed to be too large to fit into the

cavity of 2. We then chose to test its ability to bind to simple

esters like ethyl acetate (3), n-propyl propionate (4), n-butyl

butyrate (5), isopropyl isobutyrate (6), and tert-butyl pivalate

(7) (Scheme 2) because esters show reasonably low polarity and

can easily be obtained in different sizes and shapes.

Scheme 2: Simple esters used as model substrates in this study.

With respect to the huge mass difference we decided to use an

excess of guest rather than the host to get some initial qualita-

tive information about the recognition behaviour from NMR

investigations and in order to avoid solubility problems and

other unspecific aggregation of 2. Thus, in a first set of experi-

ments 15 equivalents of the respective esters were added to a 5

mM solution of 2 in mesitylene-d12 in order to observe an effect

for the signals of the bis(resorcinarene) host, whereas effects for

the guests were only expected in case of slow guest exchange

behaviour on the NMR timescale (Figure 1).
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Figure 1: Qualitative binding studies of 2 and the model substrates 3–7. 1H NMR spectra (500.1 MHz, 298 K in mesitylene-d12, c0(2) = 5 mmol/L) of
a) 2, b) 2 and 15 equiv of 3, c) 2 and 15 equiv of 4, d) 2 and 15 equiv of 5, e) 2 and 15 equiv of 6, f) 2 and 15 equiv of 7. Marked in red rectangles are
the regions of the signals of the acetal and some of the bipyridine hydrogen atoms of 2.

As expected, only the smallest esters 3 and 4 cause small but

significant shifts of some of the receptor’s proton signals that

can be assigned to hydrogen atoms of the acetal bridges of the

resorcinarenes (4.2–4.8 and 5.3–5.9 ppm) and of the bipyridine

(7.5–8.0 ppm), respectively. Note that these hydrogen atoms are

all located more or less inside the cavity which clearly indicates

encapsulation  of  the  esters  rather  than  a  kind  of  accidental

binding to the receptor’s convex outer surface or within the long

alkyl  chains  in  its  periphery,  whose  signals  remain  almost

unchanged.

The guest exchange, however, was found to be fast on the NMR

time-scale since we could not detect different sets of signals for

the encapsulated guest and the free guest but rather observed an

averaged signal very close to the one of the free guest due to the

large excess of the free substrate. Despite the large excess of the

free guest this also hints at a rather low binding affinity of 2

towards  the  esters  as  expected for  the  reasons given above.

Addition of the larger esters 5–7, however, did not result in any

significant shifts indicating size-selective discrimination of the

different esters.

In order to evaluate this phenomenon further we performed an

NMR titration to determine the association constant  for  the

binding of the arguably best guest ethyl acetate assuming a 1:1

stoichiometry of the resulting host-guest complex (Figure 2).

Figure 2: 1H NMR titration (500.1 MHz, 298 K, c0(2) = 5.3 mmol/L) of
2 with increasing amounts of ethyl acetate. HA and HB are both signals
of protons of the 2,2′-bipyridine (see Supporting Information for further
details).

Analysis  of  the  binding  isotherms by  non-linear  regression

revealed only a small association constant of K = 9 ± 1 M−1
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Scheme 3: Binding model of the negative cooperative allosteric behaviour of 2.

which, however, was not unexpected given the fact that binding

occurs mainly due to quite weak dispersive interactions in a

rather competitive solvent (for this kind of interactions).

Having established  the  successful,  but  weak,  binding  in  its

active conformation we then examined its recognition behav-

iour in the presence of an effector. As demonstrated in an earlier

study [28] pentacarbonylrhenium(I) chloride is able to form a

stable complex [(CO)3Re(2)Cl] that was found to be soluble in

mesitylene-d12. Usually, 2,2′-bipyridyl complexes of rhenium

are kinetically almost inert. In this case, however, we were able

to show that  the rhenium can indeed be removed by adding

ethylene  diamine  tetraacetic  acid  (EDTA).  Thus,  pentacar-

bonylrhenium(I) chloride seemed indeed an excellent effector

here because it can be used to switch off 2 by coordination to

the bipyridine and switch it on again when it is removed. When

we repeated the titration with this complex we did observe some

shifts of the host signals but these did not reach any saturation

and the analysis of these curves did result  in an association

constant K < 1 M−1. This, however, indicates that the recogni-

tion behaviour of 2 can indeed be controlled in a heterotropic

negative cooperative allosteric fashion (Scheme 3).

Having established this first example for a negative allosteric

hemicarcerand we are now working on the improvement of the

performance of  our  allosteric  receptors,  e.g.  by using other

cavitand-building blocks  with  deeper  cavities.

Experimental
Compound 2 and its complex [(CO)3Re(2)Cl] were prepared

according to our recently published procedure [28]. Esters 3–7

were purchased in p.a. quality. Mesitylene-d12 and [(CO)5ReCl]

were obtained form commercial sources and used as received.

NMR spectra were recorded on a Bruker DRX 500 spectro-

meter. 1H NMR Chemical shifts are reported as δ values (ppm)

relative  to  residual  non-deuterated  solvent  as  the  internal

standard.

Analysis of the binding isotherms obtained from the NMR titra-

tion experiments was done by non-linear regression methods.
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Supporting Information
Binding isotherms obtained from the NMR titrations.

Supporting Information File 1
NMR Titrations

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-6-10-S1.pdf]

Acknowledgements
Financial  support  from  the  DFG  (SFB  624)  is  gratefully

acknowledged.

References
1. Nelson, D. L.; Cox, M. M. Lehninger Biochemie, 3rd ed.; Springer:

Berlin, 2001.
2. Kovbasyuk, L.; Krämer, R. Chem. Rev. 2004, 104, 3161–3187.

doi:10.1021/cr030673a
3. Lützen, A.; Haß, O.; Bruhn, T. Tetrahedron Lett. 2002, 43, 1807–1811.

doi:10.1016/S0040-4039(02)00086-2
4. Cram, D. J.; Cram, M. J. Container Molecules and Their Guests; Royal

Society of Chemistry: Cambridge, U.K., 1994.
5. Sherman, J. C. Tetrahedron 1995, 51, 3395–3422.

doi:10.1016/0040-4020(94)01072-8
6. Rebek, J., Jr.; Trend, J. E.; Wattley, R. V.; Chakravorti, S.

J. Am. Chem. Soc. 1979, 101, 4333–4337. doi:10.1021/ja00509a047
7. Rebek, J., Jr.; Wattley, R. V. J. Am. Chem. Soc. 1980, 102,

4853–4854. doi:10.1021/ja00534a058
8. Rebek, J., Jr. Acc. Chem. Res. 1984, 17, 258–264.

doi:10.1021/ar00103a006
9. Rebek, J., Jr.; Costello, T.; Marshall, L.; Wattley, R. V.;

Gadwood, R. C.; Onan, K. J. Am. Chem. Soc. 1985, 107, 7481–7487.
doi:10.1021/ja00311a043

10. Beer, P. D.; Rothin, A. S. J. Chem. Soc., Chem. Commun. 1988,
52–54. doi:10.1039/C39880000052

11. Redman, J. E.; Beer, P. D.; Dent, S. W.; Drew, M. G. B.
Chem. Commun. 1998, 231–232. doi:10.1039/a707680k

12. Beer, P. D.; Dent, S. W. Chem. Commun. 1998, 825–826.
doi:10.1039/a800356d

13. Cooper, J. B.; Drew, M. G. B.; Beer, P. D. J. Chem. Soc., Dalton Trans.
2000, 2721–2728. doi:10.1039/b003569f

14. Watanabe, S.; Higashi, N.; Kobayashi, M.; Hamanaka, K.; Takata, Y.;
Yoshida, K. Tetrahedron Lett. 2000, 41, 4583–4586.
doi:10.1016/S0040-4039(00)00635-3

15. Nakashima, K.; Shinkai, S. Chem. Lett. 1994, 1267–1270.
doi:10.1246/cl.1994.1267

16. Sandanayake, K. R. A. S.; James, T. D.; Shinkai, S. Pure Appl. Chem.
1996, 68, 1207–1212. doi:10.1351/pac199668061207

17. Mizuno, T.; Takeuchi, M.; Hamachi, I.; Nakashima, K.; Shinkai, S.
Chem. Commun. 1997, 1793–1794. doi:10.1039/a704041e

18. Mizuno, T.; Takeuchi, M.; Hamachi, I.; Nakashima, K.; Shinkai, S.
J. Chem. Soc., Perkin Trans. 2 1998, 2281–2288.
doi:10.1039/a803382j

19. Deetz, M. J.; Smith, B. D. Tetrahedron Lett. 1998, 39, 6841–6844.
doi:10.1016/S0040-4039(98)01492-0

20. Liu, Y.; Chen, Y.; Liu, S.-X.; Guan, X.-D.; Wada, T.; Inoue, Y. Org. Lett.
2001, 3, 1657–1660. doi:10.1021/ol015820a

21. Liu, Y.; Chen, Y.; Li, B.; Wada, T.; Inoue, Y. Chem.–Eur. J. 2001, 7,
2528–2535.
doi:10.1002/1521-3765(20010618)7:12<2528::AID-CHEM25280>3.0.C
O;2-9

22. Liu, Y.; Chen, Y.; Li, L.; Zhang, H.-Y.; Liu, S.-X.; Guan, X.-D.
J. Org. Chem. 2001, 66, 8518–8527. doi:10.1021/jo0159789

23. Tomohiro, Y.; Satake, A.; Kobuke, Y. J. Org. Chem. 2001, 66,
8442–8446. doi:10.1021/jo015852b

24. Sakai, K.; Ozawa, H.; Yamada, H.; Tsubomura, T.; Hara, M.;
Higuchi, A.; Haga, M.-A. J. Chem. Soc., Dalton Trans. 2006,
3300–3305. doi:10.1039/b600165c

25. Plitt, P.; Gross, D. E.; Lynch, V. M.; Sessler, J. L. Chem.–Eur. J. 2007,
13, 1374–1381. doi:10.1002/chem.200601514

26. Jeffery, J. C.; Rice, C. R.; Harding, L. P.; Baylies, C. J.;
Riis-Johannssen, T. Chem.–Eur. J. 2007, 13, 5256–5271.
doi:10.1002/chem.200700261

27. Zahn, S.; Reckien, W.; Kirchner, B.; Staats, H.; Matthey, J.; Lützen, A.
Chem.–Eur. J. 2009, 15, 2572–2580. doi:10.1002/chem.200801374

28. Staats, H.; Eggers, F.; Haß, O.; Fahrenkrug, F.; Matthey, J.; Lüning, U.;
Lützen, A. Eur. J. Org. Chem. 2009, 4777–4792.
doi:10.1002/ejoc.200900642

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic

Chemistry terms and conditions:

(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjoc.6.10

http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-6-10-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-6-10-S1.pdf
http://dx.doi.org/10.1021%2Fcr030673a
http://dx.doi.org/10.1016%2FS0040-4039%2802%2900086-2
http://dx.doi.org/10.1016%2F0040-4020%2894%2901072-8
http://dx.doi.org/10.1021%2Fja00509a047
http://dx.doi.org/10.1021%2Fja00534a058
http://dx.doi.org/10.1021%2Far00103a006
http://dx.doi.org/10.1021%2Fja00311a043
http://dx.doi.org/10.1039%2FC39880000052
http://dx.doi.org/10.1039%2Fa707680k
http://dx.doi.org/10.1039%2Fa800356d
http://dx.doi.org/10.1039%2Fb003569f
http://dx.doi.org/10.1016%2FS0040-4039%2800%2900635-3
http://dx.doi.org/10.1246%2Fcl.1994.1267
http://dx.doi.org/10.1351%2Fpac199668061207
http://dx.doi.org/10.1039%2Fa704041e
http://dx.doi.org/10.1039%2Fa803382j
http://dx.doi.org/10.1016%2FS0040-4039%2898%2901492-0
http://dx.doi.org/10.1021%2Fol015820a
http://dx.doi.org/10.1002%2F1521-3765%2820010618%297%3A12%3C2528%3A%3AAID-CHEM25280%3E3.0.CO%3B2-9
http://dx.doi.org/10.1002%2F1521-3765%2820010618%297%3A12%3C2528%3A%3AAID-CHEM25280%3E3.0.CO%3B2-9
http://dx.doi.org/10.1021%2Fjo0159789
http://dx.doi.org/10.1021%2Fjo015852b
http://dx.doi.org/10.1039%2Fb600165c
http://dx.doi.org/10.1002%2Fchem.200601514
http://dx.doi.org/10.1002%2Fchem.200700261
http://dx.doi.org/10.1002%2Fchem.200801374
http://dx.doi.org/10.1002%2Fejoc.200900642
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.6.10

	Abstract
	Introduction
	Results and Discussion
	Experimental
	Supporting Information
	Acknowledgements
	References

