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It was observed that the relative position of the arene substituents has a profound influence on the
strength of p–p stacking in the 9-benzyl-substituted triptycene system. A new series of model com-
pounds (3a–i) capable of revealing quantitatively p–p stacking interactions was studied. This series of
compounds (3a–i) has an ortho-substituted methyl group in one of the two interacting arenes and the
syn/anti ratios were determined and compared to a series previously studied compounds (4a–i) that have
a para methyl group on the corresponding arene. A greater than 50% increase in the strength of p–p stack-
ing interactions was observed with the methyl group in the ortho position comparing to that in the para
position. No difference in p–p stacking interactions was observed when the other aromatic ring was a
pentafluorobenzoate group.

� 2009 Elsevier Ltd. All rights reserved.
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Noncovalent interactions play an increasingly important role in
modern chemical research.1–3 The concept of p-stacking interac-
tions has been used in a wide ranging field of science including
materials science,4 template-directed synthesis,5 and enzyme de-
sign.6 Currently there is a strong interest to understand the origins
and the mechanism of substituent effects in p–p stacking interac-
tions.7–9

It has been reported that a direct interaction between the aro-
matic ring hydrogens and the substituents themselves may influ-
ence the magnitude of arene–arene interaction.10 Theoretical
studies also corroborated this observation using benzene dimers
with multiple substituents. The substituent effects were found to
be nearly additive in sandwich configurations, which would not
be consistent with the traditional model of aromatic substituent
effects.8 More recently, computational studies by Wheeler and
Houk directly challenged the conventional concept of substituent
effects.7 Their study suggests that substituents interact directly
with another aromatic ring, rather than through the polarization
of the arene. According to this study, the traditional concept of
p–p interactions tuned by substituents through electron-with-
drawing or electron-donating to the aromatic rings is flawed and
should be corrected by direct interactions between the substitu-
ents and the unsubstituted ring. In this Letter, we report experi-
mental observations which show that the relative position of the
arene substituents has a strong influence on p–p stacking strength,
thus appears to suggest a direct interaction between a substituent
and another aromatic ring.
ll rights reserved.
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The 1,9-disubstituted triptycene system has proven to be a
valuable tool in our examination of arene–arene interactions, 1
( Fig. 1).11–13 The rotation of the C(9) benzyl group around the
Csp3–Csp3 bond gives rise to three rotational minima: one anti
and two syn conformations. In each of these three conformations,
the C(9) phenyl ring is fit snugly between the rigid triptycene skel-
eton aromatic rings, but has no forced contact. The rotation around
the C(9)–benzyl carbon bond in 1 is hindered by the triptycene
Figure 1. Sketches illustrating the syn and anti conformational isomers derived
from 1,9-di-substituted triptycene derivative, 1 (the sketch is a modified version of
the drawing by Oki).14
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Figure 3. Temperature dependent 1H NMR (300 MHz) signals for the C(9) benzyl
protons of model compound 3a.
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scaffold. When the rotation becomes sufficiently slow at below rt,
the 1H NMR signals for the syn and anti conformations of com-
pound 1 decoalesce, with the former an AB quartet and the latter
a singlet (see Supplementary data). The benzyl CH2 group serves
as an effective conformational reporter. A statistical 2:1 syn/anti ra-
tio is expected when there is no interaction between the C(1) and
the C(9) groups. Because the triptycene scaffold provides an other-
wise identical environment for the syn and anti conformations, the
syn/anti ratio represents the degree of preference for the interac-
tions between the C1 and the C9 groups. In this study, we compare
the syn/anti ratios on ortho-substituted benzene at the C(9) posi-
tion (3) and the corresponding para-substituted model compounds
(4).

The new series of triptycene compounds (3a–3i) were synthe-
sized using the procedures similar to our previously reported
methods.11–13,23 Crystal structures for compounds 3a and 3e were
obtained, and X-ray structure analysis shows the parallel-displaced
stacking conformation (i.e., syn conformation) is also preferred in
the solid state (Fig. 2). The X-ray structures of model compounds
3a and 3e displayed an inter-arene distance of�3.5 Å and a vertical
displacement of �1.2 Å. This is consistent with our previous stud-
ies using the triptycene-derived models, which showed a similar
parallel displaced conformation. While the model compounds used
to study p stacking interactions such as 4a–4i did not show clear
signals for the syn and anti isomers until�40 �C, distinct AB quartet
for compounds 3a–3i could be observed at �10 �C ( Fig. 3). The
ortho methyl substitution is believed to further raise the rotational
barrier around the C–C bond linking the bridgehead C(9) and the
benzyl group because a greater steric congestion is encountered
when the ortho methyl-substituted benzyl group rotates pass the
triptycene blades in the rotational transition states. This makes
model compound 3 series more convenient conformational report-
ers in the experimental measurements.

The experimentally observed syn/anti ratios for compounds 3a–i
and 4a–i and the corresponding free energies (calculated using the
equation: DG = �RTln Keq = �RTln(ratio of 1/2�syn/anti)) are com-
piled in Table 1. Electron-withdrawing groups increase the syn/anti
ratios for both series. The ortho-methyl model compounds 3a–3i
universally favour the syn conformation, even with electron-donat-
ing groups on the C(1) benzoate group (3a–c). This is in contrast to
what was observed for model compounds 4a–c, which prefer the
anti conformation.13 In addition, all the compounds in the model 3
series show a greater preference for the stacked (syn) conformation
except for the pentafluorobenzoate derivative, 3i, which shows the
same syn/anti ratio as compound 4i.

For the triptycene model system, the preference for the syn/
stacked conformation is either due to attractive interactions in
the syn conformation and/or repulsions in the anti conformation.
Figure 2. X-ray structures of compounds 3a and 3e displayed as stick models. The
structure shows a syn conformation with a parallel p-stacking arrangement
between the C(9) arene and the C(1) benzoate group. The inter-arene distance is
�3.5 Å and the vertical displacement is �1.2 Å.
When the methyl substituent on the C(9) benzyl group is moved
from the para position to the ortho position, either the attractions
increased in the syn conformation or the repulsions increased in
the anti conformation. The fact that model compounds 3i and 4i
have the same preference for the syn conformation seems to sup-
port the notion that there is an increase in attractive interactions
in the syn conformation. Both compounds 3i and 4i have the
pentafluorobenzoate group at C(1). Because a pentafluorobenzoate
group at C(1) sees no difference where the methyl group’s position
is on the C(9) benzene ring, the difference in p-stacking interac-
tions in the mono-substituted benzoate compounds (3a–h and
4a–h) should be due to the relative positions of the substituents
in the syn conformation. This conclusion points to the importance
of the relative positions of the arene substituents on the strength of
p–p stacking interactions. Because there is no apparent steric
effect involved, the importance of the relative positions of the
arene substituents lends support to the notion of direct interac-
tions between substituents and the other aromatic ring.7,15

Other factors to consider include local dipoles of the substituents
and dispersion forces involving the substituents and the aromatic
ring. Benzene and hexafluorobenzene are known to have opposite,
large and permanent quadrupole moments.16,17 These facts led to
the description of aromatic rings as polar groups for studies related
to p–p interactions, and cation–p interactions.18–20 However, when
the aromatic ring is disubstituted, local dipoles of the substituents
should become more important in the interactions with other aro-
matic rings. Model compounds 3 series can be considered to have
a 1,2-disubstituted aromatic ring at C(9) considering the triptycene
scaffold as a substituent. Similarly, model compounds 4 series can be
considered to have the corresponding 1,4-disubstituted aromatic
ring at C(9). Both series have 1,4-disubstituted benzoates at C(1)
to assume a parallel displaced conformation with the C(9) aromatic
ring. It could be argued that because both the substituents on the
C(9) arene are electron-donating groups, 1,2-disubstitution should
lead to a more polarized aromatic ring (3) than the more symmetri-
cal 1,4-disubstituted compounds (4), and consequently a stronger
interaction with the other aromatic ring. This line of analysis would
support the traditional theory of substituent effects. However, we



Table 1
Relative position effect of the aromatic ring substituent on ratios of syn/anti isomers for arene–arene interactions (experiments were performed in CDCl3)
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Entry Ar syn/anti ratio (�50 �C) DGanti?syn in CDCl3
a (kcal/mol) DDG

3 4b 3 4

1 4-MeC6H4 3.4 1.3 �0.24 0.19 0.43
2 4-MeOC6H4 3.5 1.4 �0.26 0.16 0.42
3 C6H5 4.1 1.6 �0.32 0.10 0.42
4 4-FC6H4 5.9 2.5 �0.48 �0.10 0.38
5 4-BrC6H4 6.6 na �0.53 na na
6 4-IC6H4 6.2 3.3 �0.50 �0.22 0.28
7 4-NCC6H4 10.7 6.4 �0.75 �0.52 0.23
8 4-NO2C6H4 13.4 6.7 �0.84 �0.54 0.30
9 F5C6

c 14.4 14.4 �1.0 �1.0 0

a Errors are estimated at ±0.05 kcal/mol (from an average of two runs).
b Ref. 13.
c Determined at �15 �C.
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currently favour the hypothesis proposed by Wheeler and Houk,
that is, substituents interact directly with the other aromatic
ring.7,15 Therefore, the position of the substituent on the aromatic
ring is important with regard to p–p stacking interactions.

In summary, we have demonstrated the importance of the rel-
ative positions of the arene substituents on p–p stacking. It is cur-
rently not clear whether the increased preference for the syn
conformation in the series of model compounds 3 is due to a direct
interaction of the substituent with the other arene or through the
polarization of the aromatic ring. Regardless of the origin of the
enhancement in p–stacking interactions, the present findings have
broad implications considering the use of substituted aromatic
amino acid analogues in the characterization of ligand binding
sites.21,22 Although studies of substituent effects in p–p stacking
have been reported, few studies have focused on the relative posi-
tions of the substituents. Studies with additional substituents of
different electronic properties are currently underway in our
laboratories.
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