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Aromatic interactions are common motifs in biomolecular Table 1. Rotational Barriers (kcal/mol) of Substituted Benzyl
structure and molecular recognitiér® However, despite their ~ Pyridinium Bromides in Water

frequent occurrence, there is no unifying picture of the factors that  compd X AG* AAGH -y AAG -y
contribute to the interaction, which include electrostatic (quadra- 1 H 16.81 _ _
pole-quadrapole and quadrapeldipole, and dipole-dipole)? 2a 4-CHg 16.80 —0.01 -
hydrophobi225 and van der Waals interactiof&id This is 2b 3-Chg 16.86 0.05 0.06
complicated by the fact that aromatic rings interact in several gg igl(_jc'-h)z 123? 8'82 B
different conformations, each of which is favored by a different 3ph 3-Ch 17.17 0.36 0.30
combination of force$.These conformations include the edge 3c 3,5-(CR)2 17.47 0.66 -
face interaction for two unsubstituted benzene rings, the offset  4a 4-NG, 16.91 0.1 -

4b 3-NO, 17.13 0.32 0.22

stacked conformation for substituted aromatic rings, and the face-
face stacked geometry for the interaction of benzene with perfluo-
robenzene. The offset stacked geometry is the most common 2Energies were measured at 332 K as described in the text. Propagation
geometry for aromatic interactions, but the least well studied. To ©f €Tors gives an uncertainty of less th#0.04 kcal/mol!

clarify the factors that influence offset stacking, we have undertaken  |nspection of the rotational barriers in Table 1 indicates that there
a quantitative study of substituent effects on this interaction in js a small substituent effect on offset stacking in which electron-
aqueous solution. We have found that the magnitude of the offsetjthdrawing groups increase the magnitude of the rotational barrier,
stacked interaction is dependent on the orientation of the rings, andand that it is larger for meta-substituents than para-substitéents.
it appears that a direct interaction between the ring hydrogens andcomparison of the electrostatic potential surfaces of compolinds
the substituents themselves may Significantly influence the mag- (X = H) and4a(x = 4'NOZ) Suggests that the h|gher barrier found

4c 3,5-(NOy)2 17.32 0.51 -

nitude of the interaction. with electron-withdrawing groups in the para position is due to the
reduced electron density on the face of tBering relative to
R OF compoundl (Figure 1)? Reduction in the electron density on the
f -+ F—QF face of one ring has been shown to decrease the repulsive
@ H—@ F@ component resulting from interaction of theclouds in the face-

face stacked conformatidf.The effect is significantly smaller in

the offset-stacked conformation, presumably due to the reduced
As a model system for offset stacking interactions, we investi- interaction of ther-clouds in this geometry.

gated meta- and para-substitutétibenzyl-2-(2-fluorophenyl)-

pyridinium bromides of the typel, which stack in the offset

conformation in the solid stafeThe single methylene linker

between theB and C rings prohibits edgeface interactions. The

pyridinium ring provides water solqbilitx and the prtho-fluoro group 1 4a %

W.as mcorpo.ratEd to desymmetrlze riRg making H’ a_nd H . Figure 1. Ab initio electrostatic potential calculations &f 4a, and4b

diastereotopic. The relative strengths of the stacking interactions jygicating the interactions of the faces of thetop) andC (bottom) rings?

with various substituents, X, were determined by measuring rate

constants for restricted rotation around the biaryl bond in which ~ The larger rotational barrier observed for the meta-substituents

the stacking interaction between ringsandC must be disrupted relative to the para-substituents cannot be explained by changes in

in the transition state. The rotational barrier was determined by the electron density on the face of the rings alone. For example,

dynamic NMR through simulation of the line-broadened spectra compoundb (X = 3-NO,) has a similar degree of electron density

of Haand H, in D,O.7 Because the substituent, X, does not interact on the face of theC ring as compoundta (Figure 1), but the

with the A or B ring in the transition state either through space or rotational barrier fodb is 0.22 kcal/mol higher in energy than that

via conjugation, changes in the rotational barrier can be attributed of 4a Modeling studies indicate that an oxygen onttfeitro group

Edge-Face Offset Stacked Face-Face Stacked

solely to changes in the ground-state interaction. is in close proximity to i of theA ring in compoundib, suggesting
that there may be an attractive electrostatic interaction between the
Xn 1 edge hydrogend+) and oxygen ¢—) of the nitro group that is
A 1:X=H 3b: X = 3-CFs o . : . . .
@ lc, 2aX=4CHy  3X=35CR) e Br not possible inl or 4a (Figure 2), and that this may contribute to
F / % ‘UHB,G BX3CH AaX-eho Py Qa)ib the higher rotational barrier fotb relative to4a _
B My  3aX=4CFy 41X =35(NOp, SJ) g Support for the presence of an interaction between a ring
%o

hydrogen and the nitro substituent 4 comes from'H NMR
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Figure 2. Space-filling models ol, 4a, and4b indicating the interaction
of Hq on ring A (front) with the substituent on rin@ (back).

chemical shift data. If interaction of Hvith the nitro group irdb

does indeed increase the stability of the offset stacked geometry,
conformationl should be favored over conformatidh (Scheme

1). We compared the chemical shifts of End H, on theC ring

of 4b to a control compounds, in which theA ring is missing.

The relative upfield shifts of fland H. should reflect the relative
populations of andll . Both Hyand H in compoundb are upfield
shifted relative to the ortho hydrogens in compodndut Hy is
upfield shifted by about 0.1 ppm more than ig, lihdicating that

| is in fact the lower energy conformatiéf.

In summary, our results indicate that the orientation of two
stacked rings can have a significant effect on the magnitude of the
interactions! Although variations in interaction strength are small,

these variations can have a considerable effect in the context of a

protein, in which many of such weak interactions are involved.
The variation in the magnitude of the stacking interaction with the
meta-substituents in this system appears to be due in part to direct
interaction of the edge hydrogens of one ring with electronegative
substituents on the other rin@his may have implications for
stacking of other substituted rings such as the DNA bases. The
generality of these findings is currently under investigation.
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Scheme 1. Possible Conformations for Meta-Substituted

Compounds

The difference in barriers &a (X = 4-Ck;) and3b (X = 3-CFK)
shows the same trend as for thee and p-nitro-substituted
compounds. As with the 3-Nroup, modeling studies indicate a
close contact between the €§roup and K and H. of the A ring
in 3b (Figure 3) that is not possible Be. Because fluorine is poorly
solvated by water, the larger interaction with thes@Foup may
also be due to the hydrophobic effect. However, no significant
difference between the rotational barriers is observed forpthe
and m-methyl compound®a (X = 4-CH;) and2b (X = 3-CHy),
despite the fact that the 3-Gldroup is also in close proximity to
the edge of thé\ ring. This suggests that the hydrophobic effect
alone cannot explain the difference in rotational barriers of
compounds3a and 3b.

2b

Figure 3. Space-filling models o2b and3b indicating the interaction of
Hq and H on ring A (front) with the substituent on rin@ (back).

3b

Because the meta-substituted compounds are in rapid confor-
mational equilibrium, the magnitude of the rotational barrier reflects
the relative ground-state populationsladndll . If the interaction
of the meta-substituent with the ring is important, as proposed, then
the rotational barrier should be higher for a compound with two
meta-substituents. This is in fact what was found with compounds
3cand4c. For example, the rotational barrier for compoBizi(X
= 3-CR) is 0.36 kcal/mol greater than that for compouh@X =
H), and the barrier foBc (X = 3,5-(CR),) is 0.66 kcal/mol greater
than that for compound. In contrast, as foRb (X = 3-CHg),
compound2c (X = 3,5-(CH),) showed a negligible increase in
rotational barrier.
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Electrostatic potential surfaces were generated by mapping 6-311G*
electrostatic potentials onto surfaces of molecular electron density using
Spartan (Wavefunction, Inc, Irvine, CA). The potential energy range is
50—125 kcal/mol for all surfaces shown. Red indicates areas of greater
electron density and blue indicates areas of less electron density.

The sum of the upfield shifts of¢hnd H (1.25 ppm) agrees well with

the value of 1.24 ppm calculated from the crystal structurll-benzyl-
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proportion of their time in the offset stacked conformation in solution.
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