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Abstract: The influence of preorgan-
ised 7,7-diphenylnorbornane in the sta-
bility (Ka) of host ± guest complexes as
well as in the determination of the
energy of edge-to-face aromatic inter-
actions has been investigated. The guest
molecules studied bind more strongly
with hosts that contain the cofacial 7,7-
diphenylnorbornane subunit than with

similar hosts that have a 1,1-diphenyl-
cyclohexane subunit. On the other hand,
the value of the edge-to-face aromatic
interactions calculated for our com-

plexes (ÿ0.2� 0.6 kJ molÿ1) is signifi-
cantly lower (by a factor of seven) than
the one previously reported in the
literature. This result highlights the
importance of entropic factors in the
determination of weak noncovalent in-
teractions.
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Introduction

Although noncovalent interactions have been known for
more than a century,[1] it is mainly during the last decades that
the essential role they play in biology, chemistry and materials
science has been shown.[2, 3] Despite their importance, the
study of these weak interactions is not always easy[4] because
frequently they act simultaneously or are masked by other
interactions, especially in biological systems. Therefore, the
design of adequate models for the study of a particular
interaction is an important tool in chemistry and, in some
cases, remains a challenge.

An interesting approach to the quantification of aromatic
edge-to-face interactions[6] by using chemical double-mutant
cycles (a combination of thermodynamic cycles and muta-
genesis) has recently been proposed.[5] In this approach, a
value of ÿ1.4� 0.8 kJ molÿ1 for the aromatic edge-to-face
interaction was obtained by comparing the stabilities (DG) of
complexes A ± D (Scheme 1). The accuracy of this method-
ology is based on the assumption that both the host and the
guest are essentially rigid; therefore, ªthe experiments are not
complicated by losses of conformational mobility on com-
plexationº and, as a consequence, the geometry of the
interactions is almost the same in each complex.[5] However,
this argument has received some criticism[7] on the basis that

the models in Scheme 1 are not in fact rigid because of the
rotatable benzylic bonds. This fact makes entropic contributions
non-negligible because conformations may be different in
each complex.[7] On the other hand, the structural determination
of supramolecular aggregates remains a major problem,
particularly in the case of weakly bonded complexes. Thus,
there is some doubt about the face-to-face or propeller-like
conformation of the aryl groups of the 1,1-diphenylcyclohex-
ane subunit in the supramolecular-zipper systems A ± D.[5]

Results and Discussion

As can be seen in Scheme 1, the main nucleus of the host
molecules in complexes A ± D is a subunit of 1,1-diphenylcy-
clohexane (DPC; 1). In our opinion, the lack of conforma-
tional stability in this subunit of the complexes could also
affect the determination of the free energy of complexation of
compounds 3 b and 3 c. Diphenylmethane (DPM) and some of
its derivatives are frequently used in the construction of
macrocycles,[8] catenanes,[9] rotaxanes[9a, 10] and other host
molecules.[11] This subunit provides an electron-rich zone able
to facilitate the complexation of the guest, especially in
neutral hosts;[8d±j, m, 11e] the face-to-face arrangement being the
optimal conformation for the formation of host ± guest com-
plexes in most cases. However, the DPC subunit is far from
being rigid, even when placed in the structure of macrocycles.
Surprisingly, no thermodynamic study of the conformations of
DPC has been carried out until now. Only calculations of the
potential energy surface (PES) of the parent compound,
DPM, have been published.[12] A rotational barrier of about
2.7 kJ molÿ1 has been determined for DPM and its more stable
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conformation has the aryl groups arranged in a propeller-like
conformation (C2 symmetry, torsional angle 57.08 according to
the B3LYP/6-31G* method[12b]). This situation has prompted
us to undertake the calculation of the free energy surface
(FES) of DPC by using the ab initio RHF/STO-3G method.[13]

The energies and free energies (at 20 8C) of the cofacial,
propeller and perpendicular conformations are given in
Table 1. The global minimum corresponds to the propeller
conformation 1 b, with Cipso-C-Cipso'-Cortho torsional angles of
ÿ58.18 and ÿ71.78. The perpendicular 1 c and cofacial 1 a
conformations are first-order saddle points (an imaginary
frequency was found for both conformations). The global
maximum is the cofacial conformation 1 a.

We have previously shown[14] that 7,7-diphenylnorbornane
(DPN; 2 ; Scheme 1) is a highly preorganised diphenylme-
thane derivative in which, due to the steric hindrance of the
exo-H of the norbornane framework, the most stable con-
formation has the aryl rings in an apical face-to-face arrange-
ment with C2v symmetry. As a consequence, a new homo-

conjugative band is observed in
the UV spectrum. This sub-
strate has been used to study
the nature of aromatic face-to-
face interactions,[15] in the syn-
thesis of homoconjugated poly-
mers[16] and in the preparation
of new homoconjugated chro-
mophores with nonlinear optic
(NLO) properties.[17]

In view of the above, we
decided to reinvestigate the
quantification of the aromatic
edge-to-face interaction by us-
ing host molecules in which
DPC was replaced by DPN
(complexes E ± H, Scheme 1).
In our opinion, this change
should contribute to the study
of the entropic contributions
that affect the measurement of
the edge-to-face interactions.
The results of our study are
summarised in Table 2, togeth-
er with literature values for the
related complexes A ± D. The
values in Table 2 were deter-
mined by assuming a 1:1 stoi-
chiometry in the formation of
complexes E ± H[18] and that
association (dimerisation) of
the components is negligible.
Association constants (Ka)
were determined by using the
Benesi ± Hildebrand equa-
tion.[18, 19]

At first sight, the data report-
ed in Table 2 show that the
association constants (Ka) in

the complexes with a DPC subunit (A ± D) are very similar
to those with a DPN (E ± H) subunit. However, a more
detailed analysis reveals some important differences. We
measured the association constant of complex A and obtained
a value of 31� 2mÿ1, which is significantly lower than the one
reported in the literature (48� 2mÿ1).[5] Therefore, complex E

Scheme 1. Structures of DPC, DPN and complexes A ± H.

Table 1. Energies (E) and free energies (G) (no scaled values) of the
cofacial (point group Cs), propeller (C1) and perpendicular (Cs) conforma-
tions of DFC calculated with the ab initio RHF/STO-3G method.

1a, Cs 1b, C1 1c, Cs

E [kJ molÿ1] ÿ 1 798 374.1 ÿ 1 798 379.4 ÿ 1 798 376.7
G [kJ molÿ1] ÿ 1 797 451.7 ÿ 1 797 459.5 ÿ 1 797 458.4
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has a higher Ka than A or, in other words, the guest molecule
binds more strongly to a host possessing a DPN subunit that is
preorganised with the aryl groups in a face-to-face conforma-
tion.

Some interesting conclusions about the structure of the
complexes can be reached from the energy data obtained
from thermochemical calculations. As can be seen (Table 1),
the energy difference (DE) between the more stable propeller
(1 b) and the cofacial (1 c) conformations of DPC is
5.3 kJ molÿ1. On the other hand, by considering the difference
between rotational and vibrational entropies of the whole
molecule, an intrinsic DG value of 7.8 kJ molÿ1 (at 20 8C) is
obtained for the formation of complexes in a cofacial
configuration (in relation to the propeller conformation)
from the isolated molecules of DPC (Table 1). Besides this,
the fact that the propeller ± cofacial change causes a decrease
in the entropy of mixing of Rln2 should be considered.[20] This
represents an increase of free energy of 1.7 kJ molÿ1 at 20 8C.
Therefore, the formation of a complex with the DPC subunit
in a cofacial conformation requires an increase of free energy
(DG) of 9.5 kJ molÿ1 in comparison with the propeller
conformation. In the case of complexes from the substituted
DPC subunit, 3 b and 3 c (Scheme 1), this DG value should be
even higher because, due to the electrostatic repulsion
between the electron-rich aryl rings in the cofacial disposition,
DE is expected to be higher.[15] It can be concluded that
cofacial supramolecular complexes derived from the DPN
subunit 4 b or 4 c (Scheme 1) should be more stable (by
ca. 9.5 kJ molÿ1) than complexes derived from 3 b or 3 c.
However, this assumption is not in agreement with the
experimental results (Table 2). As can be seen, the free energy
difference between complexes A and E is only 1.2 kJ molÿ1

(from our results). This discrepancy clearly shows that the aryl
rings of 3 b and 3 c are not arranged in a cofacial conformation
in their complexes[21] and seems to indicate that in complexes
A ± D this subunit is almost in the propeller C1 conformation,
depicted in Table 1, but with hindered racemisation (libra-
tion) due to the interactions between the ring of the
isophthaloyl moiety and the aryl rings of 3 b/3 c. Moreover,
the difference between the free energy of complexes E ± H
and the free energy of complexes A ± D reported in the
literature[5a] (DDG ; Table 2), varies from ÿ0.1 to 0.7. If the
geometry of the central nucleus of complexes A ± D were be
the same as in complexes E ± H, the value of DDG should be
constant. The variations observed can be explained by
considering that the conformation of subunit 3 b/3 c in

complexes A ± D is not the same in each case. On going from
complex B to complex D the value of DDG decreases with the
stability of the complexes; this shows that the edge-to-face
interactions between the three central aryl rings are not
constant. Thus, as a result of the decrease of the central edge-
to-face interaction, there is an increase in the mobility of the
aryl rings of 3 b and 3 c and, therefore, in the racemisation rate
of the complexes; while in E ± H, the DFN subunit is fixed in a
cofacial conformation.

The difference in stability between the two complexes A
and E is also revealed by the differences in complexation-
induced changes in the 1H NMR chemical shift (Figure 1). As

Figure 1. Complexation-induced changes in 1H NMR (CDCl3) shifts of
complexes E and A (in brackets).

can be seen, the values of the induced changes in chemical
shifts (measured at the same concentration) in complex E are
more pronounced than in complex A (in brackets) due to the
fact that in complex A the aromatic pocket of the host is
arranged in a propeller conformation. As a result of this, the
geometry of the complexes is different, with the distance
between the host and the guest probably larger in the case of
A than in E because of a weaker binding complexation. A
relevant argument in favour of this assumption is that the
highest differences in the complexation-induced changes in
chemical shifts are observed in the aromatic proton of the
isophthaloyl group of the guest, which lies directly in the
aromatic pocket of the host, and the protons involved in the
hydrogen bonds, the main forces stabilising the complexes.

The question now is what influence the use of complexes
E ± H (with higher preorganisation and Ka) may have on the
determination of the edge-to-face interaction between the
terminal rings of complexes A and E. The magnitude of this
interaction is given by the equation: (DGAÿDGB)ÿ (DGCÿ
DGD). According to this, a value ofÿ0.2� 0.6 kJ molÿ1 for the
aromatic edge-to-face interaction is obtained from our DG
values; this is considerably lower (by a factor of 7) than the
result reported previously with complexes A ± D (ÿ1.4�
0.8 kJ molÿ1).[5] Moreover, in complexes E ± H the interaction
between the CÿH bonds of the terminal aryl rings of the host
and the C�O carbonyl amide of the guest, whose value is
given by DGCÿDGD (Scheme 1), is stronger (ÿ1.5�
0.8 kJ molÿ1) than the aromatic edge-to-face interaction. In

Table 2. Association constants (Ka) [molÿ1] and free energies (DG) [kJ molÿ1] of
complexes A ± H and value of the chemical shift of the pure complex relative to the
shift of the pure guest in solution (Do) for the isophthaloyl proton H1.

Com-
plex

Ka DG(I) Do Com-
plex

Ka DG(II) DDG[a]

E 48� 3 ÿ 9.5� 0.2 ÿ 1.95 A 48� 2[b] ÿ 9.6� 0.1 ÿ 0.1(1.2)[c]

F 25� 2 ÿ 7.8� 0.2 ÿ 2.01 B 17� 2[b] ÿ 7.1� 0.3 0.7
G 20� 2 ÿ 7.3� 0.3 ÿ 0.66 C 15� 3[b] ÿ 6.8� 0.5 0.5
H 11� 2 ÿ 5.8� 0.5 0.97 D 10� 2[b] ÿ 5.7� 0.5 0.1
A 31� 2 ÿ 8.3� 0.2 ÿ 1.75

[a] DDG�DG(II)ÿDG(I). [b] Ref. [5]. [c] Calculated from the DG(I) value
obtained in this work for complex A.
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complexes A ± D, the opposite relationship (ÿ1.1 kJ molÿ1

versus ÿ1.4 kJ molÿ1) is obtained.[5] On the other hand, DGD

reflects the sum of the values of the amide hydrogen bonds
and two edge-to-face aromatic interactions. Assuming that
the contribution of these aromatic interactions is small, the
resulting energy of the amide hydrogen bond, which is nearly
the same in both complexes D and H (� ÿ 2.7� 0.3 kJ molÿ1),
is lower than the average value reported for the amide
hydrogen bond,[7a] probably because the geometry of the
hydrogen bonds in these complexes is not optimal,[7a,b, 22] due
to steric hindrance.

Finally, an important factor that could have an influence on
the determination of the aromatic edge-to-face interaction by
using these models is the variation in the geometry of the
complexes introduced by changes in the substitution of the
host and guest molecules. Although X-ray data are not
available,[21] the value of the chemical shift of the pure
complex relative to the shift of the pure guest in solution (Do),
calculated with the Benesi ± Hildebrand equation,[19] can give
some valuable information. In Table 2 the corresponding
values for proton H1 of the guest (Scheme 1) are reported. As
can be seen, the differences found in the four complexes E ± H
are rather high and difficult to explain only by means of
substituent changes; this points to some differences in the
geometry of the complexes, although it should be remem-
bered that small changes in the geometry cause large
variations in the complexation-induced changes in chemical
shifts, due to the anisotropy of the aromatic rings.[21]

Conclusion

In this work we have reinvestigated the determination of
aromatic edge-to-face interactions through chemical double-
mutant cycles using more preorganised complexes; they were
made by changing the 1,1-diphenylcyclohexane (DPC; 1)
subunit of the hosts to the cofacial 7,7-diphenylnorbornane
(DPN; 2). With this modification, the guest molecules fit into
the cavity of the host better and the resulting complexes show
higher association constants, mainly due to the lower entropic
cost of the complexation.[23] The magnitude of the aromatic
edge-to-face interaction between the terminal aryl groups
calculated by us with complexes E ± H is small (ÿ0.2�
0.6 kJ molÿ1) and lower (by a factor of seven) than the result
reported in the literature obtained with diphenylcyclohexane-
derived host molecules. These results suggest, in agreement
with previous opinions,[7a] that the lack of rigidity of the
molecules chosen as models for this study is an important
limitation in the accurate determination of weak interactions,
since a small change in the structure of the model leads to
considerably different results. Finally, as we mentioned in the
introduction, diphenylmethane derivatives are frequently
used in the construction of supramolecular structures. In our
opinion, 7,7-diphenylnorbornane (2) can advantageously be
used instead of other diphenylmethane derivatives in situa-
tions in which a high preorganisation is required. Further
work on the use of 7,7-diphenylnorbornane in the design of
host molecules is currently under way.

Experimental Section

All compounds in this work have been prepared according to procedures
described earlier.[5, 9b, 24]

Compound 4a : M.p. 283.0 ± 285.0 8C; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 6.93 (s, 4 H), 3.20 (s, 4 H), 2.98 ± 2.90 (m, 2H), 2.11 (s, 12H),
1.70 ± 1.50 (m, 4H), 1.30 ± 1.10 (m, 4H); 13C NMR (75 MHz, CDCl3, 25 8C,
TMS): d� 139.7, 136.6, 126.9, 121.5, 62.9, 41.7, 28.7, 17.9; MS (60 eV, EI): m/z
(%): 334 (55) [M]� , 320 (21), 319 (100), 253 (31), 198 (18), 159 (21), 134
(45), 131 (60), 124 (50), 116 (26).

Compound 4 b : M.p. 227.3 ± 229.5 8C; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 7.80 (d, J(H,H)� 8.4 Hz, 4H), 7.48 (d, J(H,H)� 8.4 Hz, 4H),
7.35 (s, 2NH), 7.11 (s, 4H), 3.05 ± 2.97 (m, 2H), 2.15 (s, 12H), 1.75 ± 1.60 (m,
4H), 1.35 (s, 18H), 1.40 ± 1.20 (m, 4 H); 13C NMR (75 MHz, CDCl3, 25 8C,
TMS): d� 165.8, 155.0, 144.7, 135.2, 131.8, 131.3, 127.0, 127.0, 125.5, 64.1,
41.5, 34.9, 31.1, 28.4, 18.7; MS (60 eV, EI): m/z (%): 655 (8) [M�1]� , 654
(18) [M]� , 161 (100); IR (CHCl3): d� 3429 (m), 3155 (m), 1668 (s) cmÿ1.

Compound 4c : M.p. 206.0 ± 209.0 8C; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 7.81 (d, J(H,H)� 8.3 Hz, 2H,), 7.48 (d, J(H,H)� 8.3 Hz, 2H,),
7.33 (s, NH), 7.09 (s, 2H), 7.07 (s, 2H), 6.82 (s, NH), 3.05 ± 2.95 (m, 2 H), 2.15
(s, 6 H), 2.11 (s, 6 H), 1.72 ± 1.58 (m, 4H), 1.35 (s, 9 H), 1.28 (s, 9H), 1.40 ±
1.20 (m, 4 H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d� 176.6, 165.7,
155.1, 144.7, 144.6, 135.1, 135.0, 131.7, 131.3, 131.2, 127.0, 127.0, 127.0, 125.5,
64.0, 41.6, 39.1, 34.9, 31.1, 28.4, 27.7, 18.9, 18.7; MS (60 eV, EI): m/z (%): 579
(37) [M�1]� , 578 (79) [M]� , 563 (26), 502 (29), 402 (24), 161 (100), 57 (95);
IR (CHCl3): d� 3438 (w), 3155 (w), 1668 (s) cmÿ1.

Determination of association constants : Ka values were determined in
CDCl3 by means of 1H NMR titrations and by using the Benesi ± Hilde-
brand equation:[19]

1/D� 1/Ka 1/Do1/ao � 1/Do

in which D is the observed shift of the host (guest) protons for the system in
equilibrium relative to the shift for the pure host (guest) in solution; Do is
the shift for the host (guest) in the pure complex relative to the shift of the
pure host (guest) in solution; ao is the guest (host) concentration; Ka is the
equilibrium constant. The values of Ka and Do were obtained from linear
regression analysis, by plotting 1/D against 1/ao. The concentration of the
host was kept constant while the concentration of the guest was varied from
a ratio of 1:2 to 1:10 . To determine the error of the measurements, at least
three different experiments were carried out and the shifts of 3 ± 4 protons
were considered. A second set of experiments in which the concentration of
the guest remained fixed and the concentration of the host varied was also
carried out. The same conclusions were reached in this case, but due to
limited solubility of the host at high ao values, the accuracy of this
determination was considered to be lower and, therefore, these results are
not included in Table 2.
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