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The association of aromatic surfaces with one another is believed 
to play a significant role in the folding and complexation behavior 
of biopolymers.1 The forces that drive aromatic-aromatic 
interactions, however, are not yet clear. Hydrocarbon aromatic 
groups are generally considered to be "hydrophobic" moieties, 
because of the distinctive thermodynamic signature that benzene 
and derivatives show for transfer from the pure liquid to aqueous 
solution at room temperature (AH is small and positive, AS is 
large and negative, ACP is large and positive).2 This thermo
dynamic profile, also displayed by saturated hydrocarbons, has 
been commonly interpreted to imply that dissolution is opposed 
by water's preference for interacting with itself relative to 
interacting with the hydrocarbon, and that water molecules forced 
to reside near the nonpolar solute have excess energy that is 
manifested in a higher degree of order than that of bulk water.3 

In contrast, the thermodynamic signatures for self-association of 
purine and pyrimidine derivatives in aqueous solution (enthal-
pically favorable but entropically unfavorable)4 have been 
interpreted to imply that these associations are driven by intrinsic 
attractions between the heterocyclic rings, rather than by their 
mutual exclusion from water.40 This conclusion has been 
reinforced by thermodynamic data for intramolecular stacking 
in dinucleotides5 and in compounds in which pairs of heterocycles 
are connected via polymethylene chains.6 The nature of the 
attraction between heterocycles is uncertain; both dispersion forces 
and interactions between partial charges within adjacent rings 
have been invoked.40'7 Furthermore, several workers have 
concluded that there is a "hidden" hydrophobic component to 
this type of interaction.40'8 
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We present a direct comparison of the stacking tendencies of 
representative hydrocarbon (phenyl and naphthyl) and hetero
cyclic (adenine) aromatic moieties. (The term "stacking" is used 
here in a strictly geometric sense.) We have focused on 
intramolecular pairwise associations because in this situation the 
covalent linker determines which groups come together in solution. 
By choosing a linker that contains three sp3 carbon atoms, we 
limit the aromatic-aromatic juxtapositions to those in which the 
aromatic rings are nearly parallel (either fully stacked or partially 
offset).9-11 Our linkers contain carboxylate groups to provide 
sufficient aqueous solubility, in the monomeric state, for NMR 
study. 

Adenine-adenine stacking was examined by comparing bis-
adenine 1 to control compound 2. Leonard etal. previously studied 
stacking with the neutral analogues (propylene linker), observing 
a hypochromicity at 258 nm of 15% for the bis-adenine relative 
to ̂ -propyladenine in water at room temperature.12 We observed 
16% hypochromicity for 1 vs 2, which indicates that the 
carboxylate substituent does not disrupt stacking. Stacking was 
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also detectable via upfield shifts of the adenine ring 1H NMR 
resonances of 1 (0.5 mM) relative to 2 (2 mM) at 22 0C: H2 
A8 = -0.27, and H8 A8 = -0.14. These shifts are similar in size 
to those resulting from stacking in the adenine dinucleotide ApA.13 

Optical measurements by Leonard et al. indicate a decrease in 
stacking at elevated temperatures,12 and we observed smaller A8 
values for 1 vs 2 at 88 0C: -0.16 for H2 and +0.01 for H8. 
Consistent with prior reports in a number of systems,6-14 we found 
no evidence of adenine-adenine stacking in DMSO solution. 

No evidence of intramolecular naphthy-naphthyl association 
was detected for 3 in aqueous solution at 22 0C; the aromatic 
regions of the 1H NMR spectra of 3 (0.28 mM) and 4 (4 mM) 
are identical.15'16 Similar behavior was observed for the phenyl 

analogues of 3 and 4.15 A crystal structure of the bis-phenyl 
compound in its free acid form (not shown) revealed the aromatic 
rings to be splayed apart, in contrast to the reported crystal 
structures of two propylene-linked heterocycles, 1,3-propanediyl 
bis(8-theophylline)9a and 1,3-propanediyl bis( 1 -thymine),9b both 

(9) Crystal structures of a bis-thymine and a bis-theophylline, both 
containing propylene linkers, show intramolecularly stacked conformations: 
(a) Rosen, L. S., Hybl, A. Acta Crystallogr. 1971, B27, 952. (b) Frank, J. 
K.; Paul, I. C. J. Am. Chem. Soc. 1973, 95, 2i2A. 

(10) In order to assess the aromatic-aromatic geometries allowed by the 
propylene linker, we carried out conformational searches for 1,3-diphenyl-
propane using the "Multiconformer" mode of MacroModel v3.0, with both 
the MM2 and OPLS/A force fields (Mohamdi, F.; Richards, N. G. J.; Guida, 
W. C; Liskamp, R.; Lipton, M.; Caufield, C; Chang, C; Change, G.; 
Hendrickson, T.; Still, W. C. J. Comput. Chem. 1990,11,440 and references 
therein). All of the resulting local minima with the phenyl groups near one 
another had the rings roughly parallel (fully stacked or offset). Perpendicular 
phenyl juxtapositions are apparently not allowed by the three-atom linker. 
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R.; Siegel, J. S. J. Am. Chem. Soc. 1993,115, 5330 and references therein. 
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of which show intramolecular stacking. (The angles between the 
mean planes of the linked heterocycles in these structures are 
9.3° and 6.6°, respectively.) Although one must be cautious in 
comparing the behavior of flexible molecules in solution and the 
solid state, it seems noteworthy that the trend we detect under 
dynamic conditions is mirrored in the available crystallographic 
data. 

Carboxylate 5 (0.5 mM) was compared to control compounds 
2 (1 mM) and 4 (1 mM) in order to examine the stacking 
propensity between a hydrocarbon/heterocyclic aromatic pair.15-17 

NH2 

I Na . fi 

1 9 

The A5 values determined in aqueous solution at 22 0C indicated 
considerable stacking: adenine H2 = -0.28, H8 = -0.12; naphthyl 
Hl = -0.42, H3 = -0.32, H4 = -0.31, H6 = -0.19, H7 =-0.11, 
H8 = -0.11, H9 = -0.31. Little evidence of stacking could be 
detected for 5 in DMSO solution, which is similar to the behavior 
of bis-adenine 2. The naphthyl-adenine stacking in 5 did not 
appear to be as effectively disrupted by elevated temperature as 
was adenine-adenine stacking in 2 (for 5 in aqueous solution at 
88 0C, the A5 values were adenine H2 = -0.23, H8 = -0.13; and 
naphthyl Hl = -0.38, H3 = -0.26, H4 = -0.29, H6 = -0.15, H7 
=-0.07, H8 = -0.07, H9 = -0.25). 

General conclusions about the nature of aromatic stacking 
interactions may be drawn from our results if we assume (i) that 
adenine is representative of all nucleotide bases and related 
heterocycles and (ii) that the juxtaposition(s) of aromatic groups 
allowed by the propylene linker are representative of "stacked" 
geometries commonly achieved in nucleic acids. Our data suggest 
that the favorable stacking between two heterocyclic moieties, or 

(15) Spectroscopic data may be found in the supplementary material. 
(16) Aggregation of various substrates was examined by monitoring the 

concentration dependence of 1H NMR chemical shifts in D2O at room 
temperature (data may be found in the supplementary material). Data for 
1,2,4, and 5 indicated that aggregation does not occur at the concentrations 
used for the measurements described in the text. The low solubility of bis-
naphthyl 3 precluded a concentration dependence study; however, the similarity 
of the aromatic proton chemical shifts of 3 and 4 indicates that 3 does not 
aggregate at the concentration used for our studies (0.28 mM). The possibility 
that 3 forms conventional micelles at this concentration was further ruled out 
by the observation that the hydrophobic dye orange OT was not solubilized 
by a 0.3 mM aqueous solution of 3. 

(17) Enthalpically driven intramolecular stacking has been detected between 
an aromatic group and a diketo piperazine ring in a number of solvents: Kopple, 
K. D.; Marr, D. H. J. Am. Chem. Soc. 1967, 89, 6193. 

between a hydrocarbon and a heterocycle, is not a result of the 
"hydrophobic effect" that opposes the aqueous solubility of 
aromatic and nonaromatic hydrocarbons. If this classical 
hydrophobic effect were an important driving force for aromatic 
stacking, we should have observed stacking in bis-naphthyl 3. We 
also conclude that dispersion attraction is not a dominant promoter 
of stacking in 1 or 5, because this source of attraction should have 
been available to bis-naphthyl 3. Our observations seem most 
consistent with stacking arising in 1 and 5 from attractive 
interactions between partial positive and negative charges on atoms 
in the neighboring aromatic groups. This mechanism of attraction 
has been proposed for related systems by others,40,17 often based 
upon intermolecular potential energy calculations,lb'7c,<1,18 although 
previous workers have usually concluded that dispersion and/or 
hydrophobic effects were also important. If the partial charge 
interaction hypothesis is correct, then it seems curious that water 
does not disrupt the stacking interaction as effectively as does 
DMSO. It is possible that water is not well suited to solvation 
of partially charged atoms when those atoms occur in an extended 
planar array. If this last supposition is correct, then aromatic 
stacking in aqueous solution may be viewed as resulting, at least 
in part, from a nonclassical hydrophobic effect. 
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