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The complexation of monomers of biomacromolecules via hy- 
drogen bonding and r-stacking is receiving increased attention.' 
Foremost are synthetic receptors for nucleotide bases2 In con- 
trast, only a small number of hosts for monosaccharides have been 
de~eloped,~ even though practical applications for carbohydrate 
hosts are pos~ible.~ The parallel alignment or divergence of 
hydrogen bond donors and acceptors within nucleotide bases does 
not allow substantial intramolecular hydrogen bonding. Con- 
versely, we find that the ability to form intramolecular hydrogen 
bonds within carbohydrate analogues (cyclitols) dominates the 
selectivity and strength of binding to polyaza cleft 1. 

Key steps in the synthetic pathway to ls (Scheme I) are as 
follows: (a) formylation of the aldol product6 3 with N,N-di- 
methylformamide dimethyl acetal,' (b) protection of ethyl 3,3- 
diaminopropenoate' with 3,4-dimethoxybenzyl (4), (c) enamine 
formation from 5 using trimethylsilylpyrrolidine~ (d) vacuum flash 

( I )  Rebek, J., Jr. Science 1987,235, 1478-1484. Hong, J . 4 ;  Namgoong, 
S. K.; Bernardi, A.; Still, W. C. J. Am. Chem. Soc. 1991, 113, 51 11-51 12. 
Pant, N.; Hamilton, A. D. J. Am. Chem. Soc. l!NB, 110,6903. Zimmerman, 
S. C.; Wu, W.; Zeng, 2. J. Am. Chem. Soc. 1991,113, 196-201. Galan, A.; 
Pueyo, E.; Slameron, A.; Mendola, J. D. Tetrahedron Lett. 1991, 32, 
1827-1830. Amalia, G.; Mendoza, J. D.; Toiron, C.; Bruix, M.; Deslongch- 
amps, G.; Rebek, J., Jr. J. Am. Chem. Soc. 1991, 113,9424-9425. 

(2) Goswami. S.; Hamilton, A. D.; Van Engen, D. J. Am. Chem. Soc. 
1989, I l l ,  3425-3426. Hamilton, A. D.; Little, D. J. Chem. Soc., Chem. 
Commun. 1990,297-300. Rebek, J., Jr. Angew. Chem., Int. Ed. Engl. 1990, 
29, 245-255. Zimmerman, S. C.; Wu, W. J. Am. Chem. Soc. 1989, Ill, 
8054-8055. Chen, C.-W.; Whitlock, H. W., Jr. J. Am. Chem.Soc. 1978,100, 
4921-4922. Lehn, J.-M.; Maxal, M.; DeCian, A.; Fischer, J. J. Chem. Soc., 
Chem. Commun. 1990.479-481. Adrian, J. C., Jr.; Wilcox, C. S. J. Am. 
Chem. Soc. 1989,111.8055-8057. Furuta, H.; Magda, D.; Sessler, J. L. J. 
Am. Chem. Soc. 1991, 113.978-985. 

(3) Aoyama, Y.; Tanaka, Y.; Toi, H.; Ogoshi, H. J. Am. Chem. Soc. 1988, 
110,643. Aoyama, Y.; Tanaka, Y.; Sugahara, S. J. Am. Chem. Soc. 1989, 
I l l ,  5397-5404. Kikuchi, Y.; Kato, Y.; Tanaka, Y.; Toi, H.; Aoyama, Y. 
J. Am. Chem. Soc. 1991,113, 1349-1354. Bonar-Law, R. P.; Davis, A. P.; 
Murray, B. A. Angew. Chem., Inr. Ed. Engl. 1990, 29, 1407. Kinneary, J. 
F.; Roy, T. M.; Albert, H.; Yoon, T. R.; Wagner, L.; Shen, J.; Rurrows, C. 
J. J. Inclusion Phenom. Mol. Recognit. Chem. 1989.7, 155. Greenspoon, N.; 
Wachtel, E. J. Am. Chem. Soc. 1991, 113,7233-7236. 
(4) Kurihara, K.; Ohto, K.; Tanaka, Y.; Aoyama, Y.; Kunitake, T. J. Am. 

Chem. Soc. 1991,113,4~4450. Fendlar, J. H. Membrane Mimetic Chem- 
istry; Wiley Interscience: New York, 1982. Davies, J. T.; Rideal, E. K. 
Interfacial Phenomena; Academic Press: New York, 196 1. 

( 5 )  Compound 1: ' H  NMR (CDCI,, 300 MHz), 6 7.99 (s, 2 H), 6.60 (br, 
4 H), 4.46 (q, 2 H), 4.34 (4. 4 H), 2.48 (t, 8 H), 2.18 (t, 4 H), 1.41 (m, 9 

142.0, 141.3, 132.0, 123.6, 107.0, 62.0, 61.1, 31.9, 28.4, 27.4, 14.3; high- 
resolution MS (100 eV, CI) m/e calcd for CmH33NS06 559.243084, measured 
559.243 432. 
(6) Baltzly, R.; Lorz, E.; Russell, P. B.; Smith, F. M. J. Am. Chem. Soc. 

1955, 77, 624-628. 
(7) Weigele, M.; Tengi, J. P.; Bemardo, S. D.; Czajkowski, R.; Leimgru- 

ber, W. J. Org. Chem. 1976.41. 388-389. 
(8) Meyer, H.; b r t ,  F.; Horstman, H. Justus fiebigs Ann. Chem. 1w7, 

1895. 
(9) Comi, R.; Franck, R. W.; Reitano, M.; Weinreb, S. M. Tetrahedron 

h t t .  1973, 33, 3107-3109. 

H); I3C('H) NMR (CDCI,, 75 MHt)  6 167.4, 166.3, 158.0, 154.0, 148.8, 

0002-7863/92/ 15 14- 1900%03.00/0 

A 
b 

Figure 1. (A) Crystal structure of 1. (B) Molecular dynamics derived 
structure for the complexation of 1,3/2-cyclohexanetrio! by 1. 
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* DMBn = 3,4-dimethoxybenzyl. 

pyrolysis addition of ethyl glyoxylate1° to 6, and (e) after central 
pyridine formation,I1 deprotection of the amines with CF3C02H.12 

Host 1 is twisted in the solid state13 with a dihedral angle 
between the peripheral pyridines of 79.8" (Figure IA). This twist 
opens up the cavity and allows the complexation of nonplanar 
substrates such as cyclitols. Figure 1B displays the dominant 
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low-energy structure of 1 and 1,3/2-cyclohexanetrio1 generated 
by a molecular dynamics14 run from 0 to 300 K with 5-fs step 
sizes, a path length of 105 ps, and the Amber force field,I5 followed 
by minimizing random structures generated after multiple 4-ps 
intervals. The four hydrogen bonds indicated between 1 and the 
guest are those with interheteroatom distances of 2.9 8, or less 
and hydrogen bonds angles greater than 16Oo.l6 The molecular 
dynamics suggests that 1,3/2-cyclohexanetriol undergoes a re- 
organization to break one intramolecular hydrogen bond upon 
complexation as shown. 

H H  

Binding constants (Table I) in chloroform were determined by 
'H NMR titrations of host into constant concentrations of cyclitols. 
Upfield chemical shifts of the guest CHOH resonances versus host 
concentration were fit to the typical binding algorithm,I7 and 
downfield shifts of the CHOH resonances were observed.I8 Host 
1 binds stronger than 2,19 indicating cooperativity between the 
C2 symmetric halves of 1. Within a series of guests (diols or triols), 
trans arrangements of hydroxyls yield larger binding constants. 
Furthermore, the binding constants are lower than predicted by 
comparison to complexes that possess four hydrogen bonds between 
relatively nonacidic donors and nonbasic acceptors.20 

The selectivity is postulated to arise from competition between 
intramolecular hydrogen bonds in the guests and intermolecular 
hydrogen bonds with the host. Cis 1,2-hydroxyls form stronger 
intramolecular hydrogen bonds than trans 1,2-hydro~yls.~' In- 
frared spectroscopy of the cyclitols in chloroform confirmed the 
intramolecular hydrogen bonds and indicated no guest oligom- 
erization. In addition, the IR spectra of the diols confirmed the 
relative strength of cis versus trans intramolecular hydrogen bonds. 
Thus, trans hydroxyl stereochemistry leads to stronger com- 
plexation since the weaker intramolecular hydrogen bonds are 
broken. The intramolecular hydrogen bonds also depress the 
binding since the energy required to partially break them must 
be paid upon complexation. This competition will likely play a 
similar role in the complexation of saccharides with synthetic hosts 
in aprotic low dielectric solvents. Future saccharide receptors for 
such solvents will need to effectively compete with the intramo- 
lecular hydrogen bonds to achieve large association constants. The 
competition is another factor in addition to secondary interac- 
tions,22 electronic arguments,23 and strength of acid-base con- 
s ide ra t ion~ ,~~  which should be considered in the interpretation of 
binding constants. 
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The role of H and u complexes as reactive intermediates in 
electrophilic aromatic substitution reactions has become common 
textbook kn~wledge .~-~  However, detailed information on the 
structure, reactivity, and energetics is only available for u com- 
plexes, both in solutionS and in the gas phase.6 In contrast, the 
occurrence and properties of H complexes, at  least in the gas 
phase,4 are much less clear. 

The existence of gaseous 7 complexes along with the corre- 
sponding u complexes has been shown in some cases by utilizing 
sophisticated mass spectrometric Moreover, the 
unimolecular formation of noncovalent, Le., purely electrostatically 
bound, ion-neutral complexes during the fragmentation of gaseous 
organic ions has been studied in greater detail.'&l7 For protonated 
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