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Can dispersion forces govern aromatic stacking in an organic

solvent?

Lixu Yang, John B. Brazier, Thomas A. Hubbard, David M. Rogers and Scott L. Cockroft*

Abstract: Experimental support for the dominance of van der Waals
dispersion forces in aromatic stacking interactions occurring in
organic solution is surprisingly limited. Here, we have examined the
size-dependence of aromatic stacking in an organic solvent. The
interaction energy was found to vary by ~7.5 kJ mol~' on going from
a phenyl-phenyl to an anthracene-pyrene stack. Strikingly, the
experimental data were highly correlated with dispersion energies
determined using symmetry-adapted perturbation theory (SAPT),
while the induction, exchange, electrostatic and solvation energy
components correlated poorly. Both the experimental data and the
SAPT-dispersion energies gave high-quality correlations with the
change in solvent accessible area upon complexation. Thus, the
size-dependence of aromatic stacking interactions is consistent with
the dominance of van der Waals dispersion forces even in the
presence of a competing polarizable solvent.

Non-covalent interactions involving aromatic rings pervade
chemistry and biology.["! Aromatic stacking interactions have
attracted particular interest due to their roles in nucleic acid and
protein chemistry.[? Stacking has also been widely exploited in
supramolecular chemistry® and in the rational design of
synthetic and re-engineered biological catalysts.! Accordingly,
numerous experimental and theoretical investigations have
sought to unravel the underlying physicochemical principles
governing stacking interactions.!- 3 Although different theoretical
approaches give differing estimates of the precise contributions
of different interaction sub-components to aromatic stacking,
there is general agreement on the importance of dispersion, " €l
a finding that is corroborated by gas-phase experimental data.]
The importance of the dispersion component of van der Waals
interactions is also apparent in the solid-state where polycyclic
aromatic compounds display stacked herringbone crystal
structures, while smaller aromatics such as benzene and
naphthalene adopt edge-to-face geometries.Bl Similarly, the
solubilities of polycyclic aromatic hydrocarbons decrease with
size.’l These trends can be rationalized as arising from an
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increase in the relative importance of attractive van der Waals
dispersion forces between the aromatic faces over polar edge-
to-face interactions as the size of the aromatic groups
increase.'”]

While the significance of dispersion forces in the solid-
state and gas-phase is undoubted, the role of dispersion forces
in molecular recognition processes is complicated by solvent
effects.['l Aromatic stacking interactions present an interesting
case in this regard since large van der Waals contacts can be
made between the highly complementary planar surfaces, while
organic solvents contain large volumes of free space. For
example, chloroform consists of 47% free space.['? Additionally,
solvent structure may be locally perturbed at extended apolar
surfaces.['"™ Thus, aromatic stacking interactions present a case
where significant net gains in dispersion interactions might
prevail, even in the presence of a competing solvent.

Experimental investigations of aromatic stacking in solution
have mostly examined relatively small aromatic contacts in
systems where contributions from van der Waals dispersion
forces might be masked by electrostatic, solvophobic, or
competitive dispersion interactions with the solvent.5: 4 Kool
has measured natural and unnatural base stacking in the
context of DNA and found hydrophobic effects to be generally
dominant.['*" 81 |n contrast, Schneider identified additive energy
increments in charged synthetic complexes that were attributed
to net gains in dispersion interactions involving aromatic
contacts due to the low polarizability of the aqueous solvent.[''®:
1%, 181 Grimme has suggested that the inclusion of dispersion
forces is necessary to account for stacking energies measured
using molecular balances developed by Gung, even in organic
solvents.5" 71 Meanwhile, Shimizu recently found that varying
the size and polarizability of one of the aromatic rings involved in
a stacking interaction had little effect on the strength of the
interaction in chloroform, suggesting that the dispersion term is
largely cancelled by competitive dispersive interactions with the
organic solvent.® Similarly, recent research from our own group
has shown that dispersion forces between hydrocarbons are
measurable, but very strongly attenuated in solution [ 11e. 14d]
Thus, the question remains whether the dispersion component
of van der Waals forces make a substantial contribution to
aromatic stacking in polarizable organic solvents.

Here, we have employed supramolecular complexes to
examine whether dispersion forces contribute to the size
dependence of aromatic stacking interactions in an organic
solvent (Figures 1 and 2). We have compared our data with
SAPT computations and previous measurements of aromatic
stacking interactions to determine whether electrostatic,
exchange, induction, dispersion, or solvent effects dominate the
interaction trends as the sizes of both halves of the stacked
interface are varied (Figure 2).

We set out to design a series of structurally well-defined
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Figure 1. A) and B) Supramolecular complexes used to measure aromatic
stacking interactions in solution. C) Experimental complexation free energies
determined in 5% (v/v) CD3CN in CDCIz at 298 K. Dissected experimental
stacking free energies AGsick are displayed in kJ mol™ to the right of the bar
for each X-Y contact (as determined using the equation shown in A). Errors in
AG are < 1.1 kJ mol™ in all cases (twice the standard error). All data and
errors are provided in the SI.

supramolecular complexes that would enable systematic
variation of the hydrocarbon groups brought into contact upon
complexation (Figure 1A). The structures of the naphthyridine
and urea partners were inspired by complexes previously
developed by Zimmerman ['8 Fuentes,!'® and Wilson.?% A series
of geometry minimizations performed at various levels of theory
revealed that these complex designs accommodated stacked X-
Y contacts (Figures S3 to S7). Thus, five different naphthyridine
guests (1-X) and four different urea hosts (2-Y) were
synthesized in which functional groups X and Y were varied
(Figure 1). Apolar X and Y groups were selected to minimize the
contribution of electrostatic interactions to the binding free
energies (Figure S1). The complexes were found to have
suitable solubilities and binding constants in 5% (v/v) CDCN3 in
CDClI; to allow determination of thermodynamic data at room
temperature using NMR titrations (see Sl for experimental
details).?" Titration data for all combinations of 1-X and 2-Y
gave high-quality fits to a 1:1 binding model (<2% error in A3,
Figures S10-S29), with Job plots also indicating 1:1
complexation (Figure S30). Association free energies, AGcomplex
for all combinations of X and Y were calculated from the fitted
association constants using AGcompiex = —RT InKa,, where R is the
gas constant and T is the absolute temperature. The
experimental association free energies of the complexes ranged
from —16 kJ mol~' to —26 kJ mol~" falling in the energy range of
other triple H-bond complexes (Figure 1C).2
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While no method of dissecting individual functional group
interactions is ideal,?® an estimate of the contribution of the X-Y
stacking interactions to AGcompiex Can be obtained by subtracting
the complexation free energy of the control complex where X =
H for each set of complexes where Y is kept constant. These
dissected AGsuck values spanned a range of 7.5 kJ mol™
(labelled to the right of the bars in Figure 1C). The X =Y =
difluorophenyl (ArF) complex gave the least favorable stacking
interaction energy of +3.3 kJ mol~', while the most favorable
energy of —4.2 kJ mol~! was found in the X = anthracenyl (Ant),
Y = pyrenyl (Pyr) complex. The 7.5 kJ mol~' energy difference is
notable given that it is equal to the strength of three OH-OH
hydrogen bonds in chloroform solution?? The data shown in
Figure 1 give a qualitative indication that the X-Y interactions
become more favorable as the sizes of the interacting groups
increase.

To investigate the physicochemical origins of the size-related
trend, symmetry-adapted perturbation theory (SAPT)?% was
used to analyze the X-Y interactions in the geometry-minimized
H-bonded complexes determined at both the B3LYP/6-31G*
and M06-2X/6-31G* levels (see Sl for details). SAPT allows the
factors contributing to intermolecular interactions to be
separated into dispersion, induction, electrostatic and exchange
components. More specifically, density-fitted SAPT calculations
were performed at the SAPTO level® using the PSI4 electronic
structure program?”l with the aug-cc-pVDZ' truncated basis
setl?® and frozen carbon and fluorine 1s core orbitals. Strikingly,
the experimental aromatic stacking free energies AGstack
correlated most strongly with the calculated SAPT dispersion
energy component for both sets of interaction geometries (R? =
0.95 and R? = 0.82) AEgispersion, blue circles in Figures 2A-B).
Highly scattered or weak correlations were seen against the
exchange, electrostatic and induction components, (R% < 0.76 in
all cases). Solvation energy changes calculated using the SM8
model®® (see S| for details) were also highly scattered when
plotted against the experimental data (gray points in Figures 2A-
B). The finding that only AEispersion,sapt correlated well with the
experimental stacking data is a strong indication that the
observed interaction trend as the sizes of the aromatic X and Y
groups were varied is dominated by dispersion forces, even in
the presence of a polarizable organic solvent.

The change in solvent accessible area upon bringing the
aromatic X and Y groups into contact was also found to be
highly correlated with both the calculated AEgispersion (R = 0.98)
and the experimental stacking energies AGgok (R = 0.85-0.91)
(Figures 2C-D). However, such correlations might have
contributions from both dispersion and the solvophobic effect.'4
Solvent screening data for aromatic stacking previously reported
by Cubberley and Iversonl'“d correlates strongly with the
cohesive energy density of the solvent (ced), which encodes
solvophobic effects arising from cohesive solvent-solvent
interactions (Figure S9).d The gradients of the correlations
shown in Figure S9 can be normalized by the calculated change
in solvent accessible area in each complex (Tables S4-S5) to
estimate the solvophobic effect with the change in solvent
accessible area in the solvent used in the present study. The
gray wedges at the bottom of Figures 2C-D indicate the ranges
of these potential solvophobic contributions (using a
conservative error estimate of two standard deviations). The
solvent used in the present investigation was 5% (v/v) CD3CN in
CDCIl3, which has a very low ced of 88 cal cm= (cf. pure
chloroform = 85 cal cm™).B% Accordingly, the gray-colored
wedges in Figures 2C-D that represent the solvophobic
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Figure 2. A) and B) Experimental stacking free energies vs. partitioned energy
components for stacked X-Y geometries calculated using DF-SAPTO with the
aug-cc-pVDZ' basis set. Solvation energy changes in chloroform calculated
using SM8 are also shown. The dispersion energy component correlated most
strongly with the experimental data. Circles correspond to Y = aryl group while
crosses are Y = n-butyl. C) and D) Correlation of experimental stacking free
energies (black) and calculated SAPTO dispersion energies (blue) against the
change in solvent accessible area on association of X and Y in the model
complexes. Solvophobic contributions were estimated from independent
measurements of solvent effects on aromatic stacking interactions previously
reported by Cubberley and Iverson (gray) (see Figure S9).['%a 14 The
geometries of each X-Y interaction used in the SAPTO, SM8 and solvent
accessible area calculations were determined from minimized structures of the
H-bonded complexes using either the B3LYP or M06-2X level of theory and
the 6-31G* basis set as indicated. The intercepts of solvophobic contributions
are offset to match those of the experimental data to ease comparison of the
gradients. Error bars in the experimental energies are <1.1 kJ mol™" in all
cases. Correlation coefficients are only shown where R? > 0.76.

estimates (offset to facilitate gradient comparison) are markedly
shallow compared with our experimental stacking data (black
points). The finding is consistent with data obtained for the
association of similarly sized hydrocarbons, which also gave
very small solvophobic contributions of <1 kJ mol=" in organic
solvents with ced values of <100 cal cm=3.'"l  However, it
should be noted that solvophobic effects would still be expected
dominate the association of apolar aromatic groups in more
cohesive solvents such as methanol/water solutions (ced = 209 -
550 cal cm™3).[4al

Given the small contribution from solvophobic effects in the
weakly cohesive solvent used in the present investigation, the
difference in the gradients of the calculated SAPT dispersion
energies and the experimental data shown in Figures 2C-D
indicate the degree to which dispersion forces are attenuated by
the organic solvent. Since dispersion is neglected by B3LYP, but
taken into account during the M06-2X geometry minimization,
the data plotted in Figure 2D should provide the most
representative indication of the difference between dispersion
forces in the gas-phase vs. solution. The very large difference
between the experimental and calculated SAPT gradients is
consistent with very strong, but incomplete attenuation of
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dispersion forces due to solvent competition such that the size-
dependence of stacking interactions is still governed by
dispersion. However, it is notable that the experimental data
correlates better with both the SAPT dispersion energies and the
changes in solvent accessible area determined using the B3LYP
complex geometries (Figures 2A and 2C) rather than the M06-
2X geometries (Figures 2B and D). The implication (although
this cannot be proven without a means of determining high-
resolution structures in solution) is that the B3LYP-structures
may more closely resemble the experimental condition in which
dispersion forces are very strongly attenuated by competitive
dispersion interactions with the solvent. Furthermore, the
differences in the magnitudes of the calculated SAPT dispersion
energies in the B3LYP (up to 50 kJ mol') and MO06-2X
minimized structures (up to 140 kJ mol=") serve to underline the
challenge facing the computational modelling of dispersion
forces in dynamic complexes in solution where small differences
in geometry can have a very large effects on the magnitude of
the interaction.

Several investigators have recently questioned whether
aromatic and non-aromatic hydrocarbons have distinct
interaction characteristics.®" ¢ 31 The present study facilitates a
comparison of alkyl-aryl (Y = n-butyl) and aryl--aryl interactions
(Y = aryl group). Interestingly, the SAPT-calculated dispersion
components for both n-butyl-aryl (blue crosses) and aryl--aryl
interactions (blue circles) form single, high-quality correlations
with the calculated changes in solvent accessible area (Figures
2C-D). This suggests that a difference in the dispersive
properties of alkyl and aryl groups is not responsible for the
experimental alkyl-aryl interaction energies being a few kJ mol™
more favorable than aryl--aryl interactions involving similar
changes in solvent accessible area (black crosses and circles,
respectively in Figures 2C-D). Further insight can be gained
from the SAPT energy decomposition data plotted in Figures 2A-
B, which reveal that the minimized alkyl--aryl interactions are
consistently less repulsive than the aryl--aryl contacts examined
in the present study (AEexchange, red crosses and circles
respectively). Indeed, an n-butyl chain has sufficient flexibility
that the repulsive (steric) exchange interactions imposed by the
H-bonded part of the complex can be minimized, while the
aromatic groups are substantially more rigid. Furthermore, such
flexibility differences between alkyl-aryl and aryl-aryl stacking
might be manifested entropically. The result is commensurate
with previous experimentall'®: 11e. 32 gnd theoretical studies(®® 3':
331 that have also found similarly sized alkyl-aryl and aryl--aryl
interactions to have similar stabilities.

In summary, a new class of supramolecular complex has
been developed for measuring the size-dependency of aromatic
stacking in organic solution. The interaction energies were found
to span a range of 7.5 kJ mol~' from a phenyl-phenyl to an
anthracene-pyrene stack. A theoretical energy decomposition
analysis was performed using symmetry-adapted perturbation
theory (SAPT), and the experimental data were found to be
highly correlated with only the dispersion component of the
interaction. Both the SAPT-calculated dispersion energies and
the experimental data correlated strongly with the change in
solvent accessible area determined from calculated structures of
the stacked complexes. Despite the strong attenuation of
dispersion forces by competition with a polarizable organic
solvent, the results suggest that dispersion forces can govern
aromatic stacking in an organic solvent. We hope that these
measurements will assist the development of theoretical
approaches for modelling non-covalent interactions in solution.



Keywords
emolecular recognition e aromatic interactions e supramolecular
chemistry

References

(1

[2]

13

[41

(5]

[6]

[71

(8]
[9]

[10]

[11]

2]
(3]
[14]

L. M. Salonen, M. Ellermann, F. Diederich, Angew. Chem. Int. Ed. 2011,
50, 4808-4842.

a) J. D. Watson, F. H. C. Crick, Nature 1953, 171, 737-738; b) K. E.
Riley, P. Hobza, Acc. Chem. Res. 2013, 927-936; c) L. W. Marcey,
Peptide Sci. 2004, 76, 435-445.

a) H.-J. Schneider, Angew. Chem. Int. Ed. 2009, 48, 3924-3977; b) H.-J.
Schneider, Angew. Chem. 2009, 121, 3982-4036; c) E. Persch, O.
Dumele, F. Diederich, Angew. Chem. Int. Ed. 2015, 54, 3290-3327; d)
E. Persch, O. Dumele, F. Diederich, Angew. Chem. 2015, 127, 3341-
3382.

a) H. Xu, S. J. Zuend, M. G. Woll, Y. Tao, E. N. Jacobsen, Science
2010, 327, 986-990; b) D. Rothlisberger, O. Khersonsky, A. M.
Wollacott, L. Jiang, J. DeChancie, J. Betker, J. L. Gallaher, E. A. Althoff,
A. Zanghellini, O. Dym, S. Albeck, K. N. Houk, D. S. Tawfik, D. Baker,
Nature 2008, 453, 190-195.

a) J. Hwang, B. E. Dial, P. Li, M. E. Kozik, M. D. Smith, K. D. Shimizu,
Chem. Sci. 2015, 6, 4358-4364; b) M. Harder, M. A. Carnero Corrales,
N. Trapp, B. Kuhn, F. Diederich, Chem. Eur. J. 2015, 21, 8455-8463; c)
E. Meyer, A., R. K. Castellano, F. Diederich, Angew. Chem. Int. Ed.
2003, 42, 1210-1250; d) E. A. Meyer, R. K. Castellano, F. Diederich,
Angew. Chem. 2003, 115, 4254-4254; e) S. E. Wheeler, J. W. G.
Bloom, J. Phys. Chem. A. 2014, 118, 6133-6147; f) S. Ehrlich, J.
Moellmann, S. Grimme, Acc. Chem. Res. 2013, 46, 916-926; g) S. E.
Wheeler, Acc. Chem. Res. 2013, 46, 1029-1038; h) C. R. Martinez, B.
L. Iverson, Chem. Sci. 2012, 3, 2191-2201; i) S. E. Wheeler, A. J.
McNeil, P. Mdller, T. M. Swager, K. N. Houk, J. Am. Chem. Soc. 2010,
132, 3304-3311.

a) J. P. Wagner, P. R. Schreiner, Angew. Chem. Int. Ed. 2015, DOI:
10.1002/anie.201503476; b) J. Echeverria, G. Aullon, D. Danovich, S.
Shaik, S. Alvarez, Nat. Chem. 2011, 3, 323-330; c) S. Grimme, Angew.
Chem. Int. Ed. 2008, 47, 3430-3434; d) A. L. Ringer, C. D. Sherrill, J.
Am. Chem. Soc. 2009, 131, 4574-4575; e) M. Watt, L. K. E. Hardebeck,
C. C. Kirkpatrick, M. Lewis, J. Am. Chem. Soc. 2011, 133, 3854-3862;
f) S. Grimme, J. Antony, T. Schwabe, C. Muck-Lichtenfeld, Org. Biomol.
Chem. 2007, 5, 741-758; g) R. M. Parrish, C. D. Sherrill, J. Am. Chem.
Soc. 2014, 136, 17386-17389.

C. F.R. A C. Lima, M. A. A. Rocha, L. R. Gomes, J. N. Low, A. M. S.
Silva, L. M. N. B. F. Santos, Chem. Eur. J. 2012, 18, 8934-8943.

G. R. Desiraju, A. Gavezzotti, Acta Crystal. Sect. B 1989, 45, 473-482.
M. D. Watson, A. Fechtenkétter, K. Millen, Chem. Rev. 2001, 101,
1267-1300.

a) S. Paliwal, S. Geib, C. S. Wilcox, J. Am. Chem. Soc. 1994, 116,
4497-4498; b) E.-i. Kim, S. Paliwal, C. S. Wilcox, J. Am. Chem. Soc.
1998, 120, 11192-11193.

a) C. A. Hunter, Chem. Sci. 2013, 4, 834-848; b) T. Liu, H.-J. Schneider,
Angew. Chem. Int. Ed. 2002, 41, 1368-1370; c) T. Liu, H.-J. Schneider,
Angew. Chem. 2002, 114, 1418-1420; d) L. Yang, C. Adam, G. S.
Nichol, S. L. Cockroft, Nat. Chem. 2013, 5, 1006-1010; e) C. Adam, L.
Yang, S. L. Cockroft, Angew. Chem. Int. Ed. 2015, 54, 1164-1167; f)
H.-J. Schneider, Acc. Chem. Res. 2015, 48, 1815-1822; g) L.
Schweighauser, M. A. Strauss, S. Bellotto, H. A. Wegner, Angew.
Chem. Int. Ed. 2015, DOI: 10.1002/anie.201506126;, Angew. Chem.
2015, 10.1002/ange.201506126.

S. Mecozzi, J. J. Rebek, Chem. Eur. J. 1998, 4, 1016-1022.

D. Chandler, Nature 2005, 437, 640-647.

a) M. S. Cubberley, B. L. Iverson, J. Am. Chem. Soc. 2001, 123, 7560-
7563; b) L. F. Newcomb, S. H. Gellman, J. Am. Chem. Soc. 1994, 116,
4993-4994; c) S. L. McKay, B. Haptonstall, S. H. Gellman, J. Am. Chem.
Soc. 2001, 723, 1244-1245; d) L. Yang, C. Adam, S. L. Cockroft, J. Am.
Chem. Soc. 2015, 137, 10084-10087; e) J. Hwang, P. Li, W. R. Carroll,
P. J. Pellechia, K. D. Shimizu, J. Am. Chem. Soc. 2014, 136, 14060—
14067; f) K. M. Guckian, B. A. Schweitzer, R. X. F. Ren, C. J. Sheils, D.
C. Tahmassebi, E. T. Kool, J. Am. Chem. Soc. 2000, 122, 2213-2222;
g) Y. S. Chong, W. R. Carroll, W. G. Burns, M. D. Smith, K. D. Shimizu,
Chem. Eur. J. 2009, 15, 9117-9126; h) W. R. Carroll, P. Pellechia, K. D.

(18]

[16]

71

(18]

[19]
[20]

[21]

[22]

[23]

[24]
[25]

[26]
[27]

[28]

[29]

[30]
[31]

[32]

[33]

WILEY-VCH

Shimizu, Org. Lett. 2008, 10, 3547-3550; i) B. Askew, P. Ballester, C.
Buhr, K. S. Jeong, S. Jones, K. Parris, K. Williams, J. Rebek, J. Am.
Chem. Soc. 1989, 111, 1082-1090; j) K. Wiliams, B. Askew, P.
Ballester, C. Buhr, K. S. Jeong, S. Jones, J. Rebek, J. Am. Chem. Soc.
1989, 7111, 1090-1094; k) V. M. Rotello, E. A. Viani, G. Deslongchamps,
B. A. Murray, J. Rebek, J. Am. Chem. Soc. 1993, 115, 797-798; ) S. L.
Cockroft, C. A. Hunter, K. R. Lawson, J. Perkins, C. J. Urch, J. Am.
Chem. Soc. 2005, 127, 8594-8595; m) S. L. Cockroft, J. Perkins, C.
Zonta, H. Adams, S. E. Spey, C. M. R. Low, J. G. Vinter, K. R. Lawson,
C. J. Urche, C. A. Hunter, Org. Biomol. Chem. 2007, 5, 1062-1080; n) Z.
Chen, B. Fimmel, F. Wirthner, Org. Biomol. Chem. 2012, 10, 5845-
5855; o) F. Cozzi, M. Cinquini, R. Annunziata, T. Dwyer, J. S. Siegel, J.
Am. Chem. Soc. 1992, 114, 5729-5733; p) F. Cozzi, M. Cinquini, R.
Annuziata, J. S. Siegel, J. Am. Chem. Soc. 1993, 115, 5330-5331; q) F.
Cozzi, R. Annunziata, M. Benaglia, K. K. Baldridge, G. Aguirre, J. s.
Estrada, Y. Sritana-Anantd, J. S. Siegel, Phys. Chem. Chem. Phys.
2008, 70, 2686-2694.

K. M. Guckian, B. A. Schweitzer, R. X. F. Ren, C. J. Sheils, P. L. Paris,
D. C. Tahmassebi, E. T. Kool, J. Am. Chem. Soc. 1996, 118, 8182-
8183.

a) H. J. Schneider, T. Schiestel, P. Zimmermann, J. Am. Chem. Soc.
1992, 114, 7698-7703; b) H.-J. Schneider, M. Wang, J. Org. Chem.
1994, 59, 7464-7472.

a) . K. Mati, S. L. Cockroft, Chem. Soc. Rev. 2010, 39, 4195-4205; b) B.
W. Gung, X. Xue, Y. Zou, J. Org. Chem. 2007, 72, 2469-2475; c) B. W.
Gung, M. Patel, X. Xue, J. Org. Chem. 2005, 70, 10532-10537; d) B. W.
Gung, B. U. Emenike, C. N. Alverez, J. Rakovan, K. Kirschbaum, N.
Jain, Tetrahedron Lett. 2010, 51, 1648-1650; e) B. W. Gung, X. W. Xue,
H. J. Reich, J. Org. Chem. 2005, 70, 3641.

T. Park, S. C. Zimmerman, S. Nakashima, J. Am. Chem. Soc. 2005,
127, 6520-6521.

M. L. Clarke, J. A. Fuentes, Angew. Chem. Int. Ed. 2007, 46, 930-933.
A. Gooch, A. M. McGhee, M. L. Pellizzaro, C. I. Lindsay, A. J. Wilson,
Org. Lett. 2010, 13, 240-243.

B. A. Blight, A. Camara-Campos, S. Djurdjevic, M. Kaller, D. A. Leigh, F.
M. McMillan, H. McNab, A. M. Z. Slawin, J. Am. Chem. Soc. 2009, 131,
14116-14122.

T. J. Murray, S. C. Zimmerman, J. Am. Chem. Soc. 1992, 114, 4010-
4011.

a) S. L. Cockroft, C. A. Hunter, Chem. Soc. Rev. 2007, 36, 172-188; b)
A. G. Martinez, J. O. Barcina, A. D. Cerezo, Chem. Eur. J. 2001, 7,
1171-1175; c) A. E. Mark, W. F. van Gunsteren, J. Mol. Biol. 1994, 240,
167-176; d) H. Gardarsson, W. B. Schweizer, N. Trapp, F. Diederich,
Chem. Eur. J. 2014, 20, 4608-4616.

C. A. Hunter, Angew. Chem. Int. Ed. 2004, 43, 5310-5324.

B. Jeziorski, R. Moszynski, K. Szalewicz, Chem. Rev. 1994, 94, 1887-
1930.

E. G. Hohenstein, C. D. Sherrill, J. Chem. Phys. 2010, 132, 184111.

J. M. Turney, A. C. Simmonett, R. M. Parrish, E. G. Hohenstein, F. A.
Evangelista, J. T. Fermann, B. J. Mintz, L. A. Burns, J. J. Wilke, M. L.
Abrams, N. J. Russ, M. L. Leininger, C. L. Janssen, E. T. Seidl, W. D.
Allen, H. F. Schaefer, R. A. King, E. F. Valeev, C. D. Sherrill, T. D.
Crawford, WIREs Comp. Mol. Sci. 2012, 2, 556-565.

a) T. H. Dunning, J. Chem. Phys. 1989, 90, 1007-1023; b) R. A. Kendall,
T. H. Dunning, R. J. Harrison, J. Chem. Phys. 1992, 96, 6796-6806.

A. V. Marenich, R. M. Olson, C. P. Kelly, C. J. Cramer, D. G. Truhlar, J.
Chem. Theory Comput. 2007, 3, 2011-2033.

M. R. J. Dack, Chem. Soc. Rev. 1975, 4, 211-229.

a) J. W. G. Bloom, S. E. Wheeler, Angew. Chem. Int. Ed. 2011, 50,
7847-7849; b) K. S. Kim, S. Karthikeyan, N. J. Singh, J. Chem. Theor.
Comput. 2011, 7, 3471-3477.

a) C. Zhao, P. Li, M. D. Smith, P. J. Pellechia, K. D. Shimizu, Org. Lett.
2014, 16, 3520-3523; b) W. R. Carroll, C. Zhao, M. D. Smith, P. J.
Pellechia, K. D. Shimizu, Org. Lett. 2011, 13, 4320-4323; c) C. Zhao, R.
M. Parrish, M. D. Smith, P. J. Pellechia, C. D. Sherrill, K. D. Shimizu, J.
Am. Chem. Soc. 2012, 134, 14306-14309; d) B. W. Gung, B. U.
Emenike, M. Lewis, K. Kirschbaum, Chem. Eur. J. 2010, 16, 12357—
12362.

A. A. Fokin, D. Gerbig, P. R. Schreiner, J. Am. Chem. Soc. 2011, 133,
20036-20039.



Entry for the Table of Contents

Layout 2:
COMMUNICATION

Q
|

WArea vs. (» efjf\i*
0 D €21

Size Matters: Dispersion forces govern the stacking interactions even in the
presence of a competitive polarizable organic solvent.

o N
Z—I W N

z—

WILEY-VCH

Lixu Yang, John B. Brazier, Thomas A.
Hubbard, David M. Rogers and Scott L.
Cockroft*

Page No. — Page No.

Can dispersion forces govern
aromatic stacking in an organic
solvent?



